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Abstract

3D numerical computations are performed to simulate the shallow water flow
through an array of non-submerged cylinders occupying a circular area in the middle of
the domain. A hydrodynamic model capable of capturing the free surface positions is
developed with the SST (shear strain transport) k- turbulence closure. The model is
first verified and validated against experimental data available in the literature. It is
demonstrated that the present model can predict both the average velocity and
turbulence structure well. In addition, both cylinder-scale flow as well as patch-scale
flow can be well reproduced. The velocity field and distribution of bed stress are then
analyzed to study the flow patterns and sediment deposition with different solid volume
fractions and water depths.

1 Introduction

Agquatic vegetation plays a significant role in natural channels because of its influence on
hydraulics and ecosystem. It can change the distribution of flow velocity, turbulence structure and
patterns of deposition and erosion. Vegetation also provides a broader range of ecosystem services.
Water quality can be improved by the production of oxygen and the uptake of nutrients. The removal
of inorganic substances such as nitrogen and phosphorous are also strengthened. Also, vegetation
plays a crucial role in forming the foundation of the food chain, and biodiversity in channels is
promoted by creating different habitats. Therefore, a variety of experiments and numerical
simulations have been carried out to investigate the flow structures, drag and sediment transport
characteristics in flow with vegetation.
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Nezu and Onitsuka [1] and Ghisalberti and Nepf [2] conducted a series of experiments to research
the flow patterns, turbulence and diffusion in shallow water flow with vegetation. In these studies, the
vegetation elements are simplified as rigid bodies, and the vegetation zone is regarded as an array of
solid cylinders [3].

As for the numerical models, the 2D shallow water model is widely used for simulating flow
through vegetation. Yu, et al. [4] used two 2D models (the multi-body model and porous model)
coupled with a scale adaptive simulation (SAS) turbulence model to simulate flow through a circular
patch of emergent cylinders. Their computed results agree well with the experimental data regarding
the mean velocity U and V , but fail to predict the magnitude of the turbulent velocity. The additional
effect of 3D turbulent vortex dissipation and stretching can affect the flow significantly, which is
neglected in the 2D model. The flow around a single cylinder is also three-dimensional and cannot be
accurately reproduced. Moreover, the free surface and bed shear friction are not always included in
the 2D model. When the patch diameter D is large, and the water depth H is low, the bed friction
becomes significant enough to suppress the vortex street and could not be ignored[5]. Then the flow
will become three-dimensional, and a robust 3D model should be considered. In this paper, a 3D non-
hydrostatic FVM model based on unstructured grids is developed and used to simulate shallow water
flow through a circular array of non-submerged cylinders. Furthermore, the flow patterns and bed
shear stress are compared between cases with different solid volume fractions and water depths.

2 Numerical model

2.1 Governing equations

In the present mathematical model, the total pressure is represented as a superposition of the
hydrostatic component p = pg( - z) and the non-hydrostatic component g [6]. Considering the effect
of free surface and bed friction, we transform the vertical coordinate z to the o coordinate[7], and the
modified equations can be rewritten as:
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where 7 is the free surface elevation, h is the still water depth, and H = h+y is the total water depth.
u, v, w are the velocities in x, y, z directions, respectively. o = (z-#)/( h+#), g is gravitational
acceleration,  is the eddy viscosity coefficient. w, is the vertical velocity in ¢ coordinate, and can be
derived from:
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2.2  Turbulence model

To close the system, the Shear-Stress Transport (SST) k —w turbulence model is employed.
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Where Gk and Gy are the production terms, Yy and Y\, are the dissipation terms, Ty and Ty, are the

diffusion coefficients with respect to k and w, and Dy is the orthogonal term. Values of related
parameters can be found in [8].
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3 Computational domain

The proposed model is validated by the experiments carried out by Zong and Nepf [5]. Their tests
were conducted in a channel with a length of 13 m and a width of 1.2 m. A circular patch of wooden
cylinders was put in the middle of the channel in a staggered arrangement. The leading edge of the
patch was 3 m away from the inlet. The diameter of the cylinders d, was 0.6 cm, and the diameter of
the patch D, was 22 cm.

In the simulations, a fine mesh is used near the cylinder wall, and a coarse mesh is employed far
away from the patch zone. Wall function is adopted on the cylinder wall and bed. Discharge boundary
condition is imposed at the inlet, and water level boundary condition is imposed at the outlet. The
time step for computation is 0.0005 s, when the variation of recorded water level at a gauge is within
& 0.001 m, the simulation is assumed to be stable. The computed results during a period of 60 s are
then recorded and output, with the frequency being 20 Hz.

Six cases were simulated in this study, with the solid volume fraction ¢ being 0.03 and 0.10, and
the water depth H varies from 0.0665 m, 0.133 m to 0.266 m. U, = 0.098 m/s, is the velocity at the
inlet, and the cylinder Reynolds number, Req =Ud / v is 588, where U is the mean velocity.

4 Model validation

4.1 Mean velocity profiles

To validate the model, the computed mean velocity profiles U (at Y = 0) and V (at Y = D/2) of
case H = 0.133 m are depicted and compared with experimental results in Figure 1 and Figure 2
respectively. The gap between the solid and dash line in Figure 1-2 represents the vegetation zone (0
< x/D < 1). In this region, experimental measurements are not available as the gap distance between
cylinders is very small. In general, good agreements between the predicted and measured curves are
observed, which demonstrates the validity of the present model.
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Figure 1 Mean velocity profiles: along centreline Y =0
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Figure 2 Mean velocity profiles: along Y = D/2

4.2 Turbulent velocity profiles

As the cylinder Reynolds number, Req = 588, is greater than the typical transition value of 190 [4], the
characteristics of flow around single cylinders would become three-dimensional. Hence, the turbulent
velocity profiles are required to assess the performance of the current model. The intensity of

turbulent fluctuations is estimated as the root-mean-square of the fluctuating velocity, u,,, :J@ and
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Figure 3 Turbulent velocity profiles: vims along centreline Y = 0

Vims :J(T’) . Estimated vims along centreline Y = 0 from both experimental and computational results are

shown in Figure 3. The computed results are consistent with the experimental data in both cases.
While the peak in Figure 3(a) indicates that the small-scale flow generated by individual cylinders can
be reproduced, the peak in Figure 3(b) occurs at some distance behind the patch, corresponding to the
patch-scale vortices of the Karman vortex street.

5 Results
5.1 Velocity field

Figure 4 shows the contour map of dimensionless mean velocity (o /U, ) under different densities

and water depths. Because of the porous vegetation zone, the flow can pass through it and alter the
wake structure. As shown in Figure 1 and Figure 4, the diversion flow begins at a distance of about D
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upstream the patch, and the longitudinal velocity U decreases from this region. However, the
transverse velocity V along Y = D/2 increases and reaches its peak at X = 0 in Figure 2, meaning that
the diversion is the strongest at the leading edge of the patch. A wider region of diversion can be
observed in Figure 4(d-f) than that in Figure 4(a-c), and the peak value of V in Figure 2(b) is also
larger than that in Figure 2(a), demonstrating that a dense patch can enhance the diversion flow.
Inside the patch, the diversion flow becomes weaker and the velocity drops rapidly due to drag.
Behind the patch, the reduced velocity remains nearly constant over a certain distance. Within this
region, both the velocity and turbulence are reduced, relative to the adjacent bare bed.[9] Therefore,
this region is called the steady wake region [10]. In general, both the distance of the steady wake
region and the reduced velocity in this region decrease as ¢ increases. Behind the steady wake, the
velocity U begins to increase, recovering toward the free-stream velocity, U.. The von Karman
vortex street can also be found in this region when 0.05 < ¢ < 0.15 [11]. For the sparse patch (¢ =
0.03), the distance of steady wake and recovery region doesn’t change so much with water depth H.

But when ¢ = 0.1, both regions get shorter as H increases.
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Figure 4 Contour map of dimensionless mean velocity

5.2 Bed shear stress

Vegetation can create regions of sediment retention by reducing the flow velocity and shear stress.
Although it is not yet clear that whether sediment transport within vegetation is only related to mean
bed stress, it is reasonable to expect that bed stress plays a contributing rule[9]. Therefore, it is
meaningful and of practical use to analyze the distribution of bed shear stress. In this study, the bed
stress, m is calculated by:

7, = pU. 8
where p is the density of water, u is the friction velocity, and
u.=ku, /In(z/ z,) 9

k is the von Karman parameter, u, is the flow velocity at surface z above the bed, z is the
roughness height used in simulations. The dimensionless bed stress, = / 7o is used in Figure 5 for
comparisons, and z, is the bed stress of bare bed without the patch. As shown in Figure 5, the whole
channel region can be divided into three different zones: the strengthened zone between the shoulder
of the patch and the side wall, the restricted zone in the steady wake and the remaining unaffected
zone. For the case ¢ = 0.03, both the area of the strengthened zone and the value of = / m in this zone
are small. In the restricted zone, the bed stress is strongly restricted as a result of the steady wake, and
the length of this zone in x-direction depends on the distance of steady wake and recovery region. As
@ increases to 0.1, both the strengthened zone and the restricted zone enlarge, the value of bed stress
increases in the strengthened zone and decreases in the restricted zone. There is a small zone near the
leading edge of the patch, where the bed stress is also weakened because of the diversion flow.
Additionally, both the range of the strengthened zone and the magnitude of bed stress in strengthened
zone increases with H. Therefore, the deposition in the wake behind the patch can be enhanced by
increasing ¢.
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Figure 5 Contour map of dimensionless mean bed shear stress

6 Conclusions

In this paper, we present a 3D hydrodynamic model for the shallow water flow through a circular
patch of non-submerged cylinders. This model adopts the SST k - turbulence model and considers
the moving free surface. Six study cases with different solid volume fractions of the patch and water
depths are simulated. The computed results are validated by the experimental data, and good
agreements are shown in both the mean and turbulent velocity profiles. The model not only accurately
predicts the patch-scale flow patterns, but also reproduces the small-scale flow generated by
individual cylinders. The velocity and bed stress field of results are also analyzed and discussed. As a
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conclusion, the density of vegetation is an important factor that alters the flow structure. The
influence of water depth on steady wake is small at low density. What’s more, the bed stress in steady
wake can be reduced greatly with dense patch, which is beneficial for deposition. The bed stress in
strengthened zone increases when water depth increases, which may cause more erosion.
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