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Abstract. Scouring around cylinders is greatly affected by the value of bed shear stress entered on sediment
materials of the bed. Regarding the importance of the bed shear stress fluctuations and their influence on the
initiation and development of scouring around cylinders, in this paper, the dynamic bed shear stress
distributions around a circular cylinder in high Reynolds numbers flow is investigated using various
turbulence closures. Since the bed shear stress can be regarded as one of the key parameters in scouring and
erosion predictions, then the accurate calculation of this parameter would be the first step in scour prediction
and calculation. As the vortex shedding at the downstream of a cylinder depends on the turbulence intensity
of flow, a similar behavior may be anticipated for the dynamic bed shear stress. To evaluate the bed shear
stress distribution, several numbers of numerical simulations are conducted to predict the bed shear stress
using the CFD solver FLUENT. Various turbulence models of time-and space-averaged types are used to
simulate the turbulence effects. Regarding the importance of the turbulence models in accurate simulation of
the cylinder wake region, three models of k —& , RSM and LES are evaluated using a comparison of the flow
pattern and the fluctuation of near wake vortices. Results revealed that in the simulation with LES turbulence
model, the wake remains very symmetrical, consisting primarily of two large vortices in the near wake at two
sides of the cylinder. With time passing, a transition occurs between the two states, from the initially
symmetrical to the asymmetrical. Also, comparing the critical bed shear stress pattern in different phases
show that the bed shear stress is repeated again after a certain time period. This is in good agreement with
the fluctuation time period of wake vortices.
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1. Introduction

Scour is a natural phenomenon, caused by the erosive power of the flowing water over alluvial beds in rivers
and streams. It occurs when the critical bed shear stress for initiation of sediment particle transport is
exceeded locally [1]. Local scour around bridge piers is a complex three dimensional phenomenon, which
occurs as a result of the strong flow-sediment-pier interaction. The main cause of the sediment movement in
river beds is the bed shear stress exerted by the turbulent incoming flow. Understanding these interactions
between the flow and sediment particles is in importance to completely know the scouring mechanism and
its reduction [2].

In river beds, the sedimentary materials that affected by the turbulences of flow meet movements which
are completely random and may change in time and place. The probable fluxes of forces on bed sediment
particles are the main cause of this phenomenon. The random movements of sediment particles reveal that
the direction and the amount of sediment particle’s movements completely depend on the turbulence
intensity and flow characteristics. The Complexity of flow around sediment particles causes a little
information can be found in the field of nature and feature of fluxes of forces acted on the particles. In
primary studies conducted in this field, the Gaussian function was basically provided to predict the
distribution pattern of bed shear stress [3-4]. Paintal (1971) was the first researcher that employed the
Gaussian function to predict the non-dimensional bed shear stress distribution and Shields number [5]. Cheng
and Chiew (1998) used the Gaussian function to obtain the velocity distribution along the flow depth. It is
stated that the amount of lift forces entered on sediment particles is a function of shear stress and velocity
distribution [6].

Cheng and Law (2003) showed that predicting the distribution of bed shear stress using a Gaussian
function cannot yield accurate results for different types of sediment beds so that a new Lognormal function
was applied by them to all fields [7]. It was concluded that this new function causes an increasing in the
accuracy of achieved results is considered. Therefore, based on these studies the importance of performing
such studies about the dynamic bed shear stress is clearly revealed. However, in a few studies, the effect of
force fluctuations on the movement of sediment particles is considered.

Researchers like Einstein (1950) [8] Bagnold (1973) [9] and Yalin (1977) [10] evaluated the movement of
sediment particles only under the influence of averaged value of flow parameters. But Grass and Ayoub for
the first time in 1983 investigated the influence of bed shear stress fluctuations on the movement of sediment
particles, and demonstrated that the value of forces resulted from the fluctuations of bed shear stress and
caused the movement of sediment particles, is more than the effect of the averaged value of these forces [11].
In their experimental studies, they studied scouring under two conditions of clear-water and live-bed
considering the effects of velocity fluctuations and turbulence as well as bed shear stress. In line with these
studies, Sumer et al. (2003) obtained similar results and showed that the movement of sediment particles
under the effect of forces entered on the particles, is much more than the averaged amount [12]. They also
investigated the effect of turbulence intensity on the fluctuations of bed shear stress as well as the movement
of sediment materials.

In another investigation conducted by Nicholas (2001) the 2D turbulent characteristics of open channel
flow are investigated using the CFD code FLUENT. The main object of this research is to study the turbulent
characteristics on two types of the gravel bed. The effect of boundary roughness is considered by applying
the two models; the wall function approach and the random elevation model. Also, the sensitivity of the
numerical model analyzed respect to the horizontal and vertical mesh resolution. The results have been
presented based on the variation of "Turbulent Viscosity" and "Turbulent Kinetic Energy" respect to the
boundary roughness of "y/h" [13]. In a paper presented by Pascale et al. (2004) the bed sheat stress around
deflectors experimentally estimated using different methods of log profile, drag, Reynolds and turbulent
kinetic energy over sand beds. Also, three boundary roughness are considered. The investigated methods

include: reach-average bed shear stress (z =pgRS, ), quadratic stress law (z.=0CU°), Reynlolds stress
(z.=-pluw’)), and turbulent kinetic energy (7 =Ci[05p((u")+{v )+ ) ]) [14].

The value of bed shear stresses entered on sediment particles greatly affected the scouring around
cylinders. According to the Shields criteria, the sediment particles around obstructions start moving when the
bed shear stress enacted by the turbulence flow become larger than the critical bed shear stress. Also, the
variation in the value of bed shear stress occurred as a function of secondary flows. In the flow field around
cylinders, two secondary flows occurred; the first secondary flow, which observed in front of the cylinder
called horseshoe vortex, and the secondary one known as wake vortices behind the cylinder in which caused
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by the flow separation at the two sides of the cylinder. The existence of such secondary flows causes occurring
intensive fluctuations in the value of bed shear stress nearby the cylinders. On the other hand, the flow
separation and occurrence of vortex shedding, which fluctuate at near wake region, lead to fluctuating of the
bed shear stress at two sides and downstream of the cylinder. As a result, the movement of the sediment
particles observed in these regions [15].

As it is obvious from published papers about bed shear stress that there are few researchers that focused
on the effect of bed shear stress distribution and its variations on scouring mechanism. Investigating the
available researchers in the field of pier scouring showed that the scouring mechanism strongly affected by
the flow fluctuations, vortex shedding from the sides of the pier, and the bed shear stress. On the other hand,
understanding the role of bed shear stress in the initiation and development of the scour around piers will
lead to getting suitable design methods and countermeasures which may significantly reduce or even prevent
the bed erosion. Considering the importance of bed shear stress fluctuations and its effect on the initiation
and development of scouring around cylinders, it is tried in this paper to analyze the bed shear stress
distribution and its value in different phases of fluctuations. To do this, CFD solver FLUENT software is used
for numerical simulation of the three-dimensional flow field nearby the circular cylinder. To achieve desirable
numerical results, different turbulence closures are investigated to reach the more accurate result for
simulation of the flow turbulence effects.

2. Materials and Methods
2.1. Governing Equations

The governing equations of the turbulent flows are the unsteady, incompressible, filtered time-averaged
Navier-Stokes equations [16]:
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Where 7 is time, u, is the velocity in / direction, p is the total pressure, g, is the gravity acceleration in 7

direction, p is fluid density and 7; shows the stress tensor defined as follows [17]:
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Here p and y, are molecular and turbulent viscosity respectively, k is turbulence kinetic energy and J; is

Kronecker delta [10]. The only difference between the momentum equation in turbulent and laminar flows
is the =AU} term, which is referred to eddy shear stress or turbulent stress. This term is not physically a

stress; however, it indicates the effects of inertia (momentum) exchanges [18].

2.2. Turbulence Models

Turbulent Reynolds stress in time-averaged equations can be closed by applying any of the several turbulence
closures. No single turbulence closure is accepted universally for solving all types of turbulent problems,
however, selecting a suitable model for a special case depends on the needed accuracy of the results and the
nature of the flow field. The x—& model is the simplest and most widely used two-equation turbulence
closure that solves two separate transport equations and provides an independent determination of the
turbulent kinetic energy & and its dissipation rate ¢ [19]. The Reynolds stress model (RSM) provides closure
of the Reynolds-averaged Navier-Stokes equations for determining the Reynolds stresses by solving transport
equations and providing the energy dissipation rate by another equation [20, 21].

The RSM calculates the effects of circulation, vorticity, streamline curvature, and rapid changes in the
strain rate in a more efficient method than the two-equation eddy viscosity turbulence models. The RSM is
preferred to the other eddy viscosity turbulence models in a simulation of the complex flows, however, it
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needs extensive computational effort and time. Large-eddy simulation (LES) is an alternative method in which
the averaging RANS or conventional time method is not adopted with additional transport equations being
solved to obtain the Reynolds stresses that resulted from the process of averaging. In LES, only the large
scale motions called large eddies which occurred in turbulent flows are directly simulated, and the motions
with sub-grid scales (SGS) are not directly modeled so that computational cost is significantly reduced in
comparison to DNS. It is concluded that LES is more accurate than the RANS methods because the large
eddies that contain most of the turbulent energy and are responsible for most of the turbulent mixing and
momentum transfer, mostly simulated in this turbulence model. Furthermore, it is confirmed that in
turbulence flows, the small scales tend to be more homogeneous and isotropic than the large ones, and thus
modeling the sub-grid scale motions is easier than modeling all scales of motions within a single model in the
RANS approach. Thetefore, currently LES is the most viable/promising numerical approach to simulate the
realistic turbulent flows [21, 22].

2.3. FLUENT CFD Solver

In the present study, the CFD solver FLUENT is used to solve the three-dimensional Reynolds-averaged
Navier-Stokes equations in unsteady incompressible flow. In FLUENT, the governing equations solved
sequentially using the control volume method. To construct discretized algebraic equations for the dependent
variables, the equations are integrated over each control volume so that the discretized equations are
linearized using an implicit method [18].

Appropriate conditions must be considered as the boundaries at computational domain boundaries
depending on the flow nature. In simulations performed in this study, two separate inlets and two separate
outlets respectively at the upstream and downstream end are specified (Fig. 1). At the inlet boundary (left),
the transverse and the vertical velocity (w) components are set to be zero. At the outlet (right), turbulent
quantities in the flow direction and the gradients of the velocity are set to zero and a reference pressure of
zero is given [23]. At the two sides and the top boundaries, zero normal velocity and zero normal gradients
of all variables are applied by defining a symmetrical boundary condition. No-slip boundary condition is
applied to the other solid boundaries. At the bed boundary, the standard wall-function boundary condition
is implemented [24, 25]. Use of wall functions reduces the size of the required meshes at near-wall boundaries
and results in improved computational efficiency. At the water surface boundary, rigid lid boundary condition
is applied.
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Fig. 1. Defined boundaries at different surfaces of the computational domain.
3. Numerical Validation

To validate the three-dimensional numerical results, the characteristics of the model examined in Melville
(1975) experiments have been conducted. The flume was 19 m length, 0.456 m width and 0.15 m water depth
with a constant discharge of 0.0171 m3/s [15]. A weir of 0.085 m height has been installed at the flume outlet
to provide the flow depth of 0.15 m. The depth-averaged velocity was set to be 0.25 m/s. The circular cylinder
with 0.051 m diameter and a hydraulically smooth surface was placed at the center of flume in sediment bed.
The median particle size was 0.385 mm with a uniformity parameter of (the sediment gradation) of 1.5. The
specific grain density of the sediment was 2.66 and angle of repose of the sand was 32°. The flow velocity
(V) was determined to be 0.92 of the critical velocity (1) for initial movement of sediment particles. The 1.
obtained 27.1 cm/s, corresponding to = 0.030. The flow in the flume had a Reynolds number of about
90,000 and Froude number of 0.2.
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To perform numerical simulation with CFD solver of FLUENT, the computational domain is firstly
meshed. To investigate the effect of cell numbers in the computational domain, the free surface level is
evaluated by comparison of three cell numbers of 35000, 50000 and 80000, and the results compared with
the experimental data of Melville [15]. In Fig. 2, the variation of water free surface has been presented. The
results confirm that up to a certain value of cell numbers, the free surface shows considerable vatiations,
however, after this certain value no significant change is observed in free surface.
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Fig. 2. The effect of cell numbers on variation of water free surface.

Thus, for this value, a good agreement is achieved between the numerical and experimental data. It should
be considered that using finer cells and increasing the cell number over this value, only lead to increasing the
simulation time. So, approximately 80000 cell numbers are provided, in which the cells in three directions of
length, width and height set to be 190x26x16 respectively. According to the cell size, the time step is selected
0.001 seconds. The computed root mean square error (RMSE) for three numbers of cell size is presented in
Table 1 to show the effect of cell number on variations of free surface.

Table 1. Compatison of the RMSE value of different mesh numbers.

Cell number 35000 50000 80000
RMSE 0.478 0.145 0.0727

Considering the influence of meshing type on numerical results, two types of meshing called structured
and unstructured are evaluated. In turbulent flows with high Reynolds number, the vortex shedding process
begins when the separation occurred in the boundary layer of the cylinder. The separated boundary layer rolls
up into the vortices and begins to move into wake region. The vortices continue to grow roughly
symmetrically when they are fed vorticity from the boundary layer. Then, the wake undergoes a transition
and starts to become strongly asymmetrical. In using structured meshing, the wake remains symmetrical and
does not experience the transition. In unstructured meshing, however, the transition occurred in the wake
and the asymmetrical form of vortices appeared at the wake region. Fig. 3 shows the wake region in structured
and unstructured meshing. So, an unstructured type of meshing is provided for other numerical simulations.
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L

Fig. 3. Comparison of the flow pattern around a circular cylinder (a) structured mesh (b) unstructured mesh
(c) Melville experimental data.

4. Results and Discussion
4.1. Comparison of Turbulence Models

The simulated wake region using standard k —¢, is in a symmetrical form, which as mentioned, is not accurate
for the high turbulent flow around the cylinder. In the simulation with RNG model, at the eatlier time of
simulation, the transition occurred and the wake starts to become strongly asymmetrical. Later, contrary to
what was thought, the state of periodic shedding is not simulated and the vortices had no interaction in the
wake region. So that, the flow is considered almost as a steady stream in the far wake of the cylinder.
Regarding the importance of the vortex dynamics and their effects on the fluctuations of bed shear stress,
k —& model may not be an appropriate turbulence closure for simulation of such high turbulent flows.

In the simulation with the RSM turbulence model, the asymmetrical form and the interaction of vortices
(vortex fluctuations) are completely simulated. However, fluctuation of near wake vortices is not periodic and
a certain value cannot be extracted for a period of vortex shedding. In the LES turbulence model, at very
early times, the wake remains very symmetrical and consisting of two large vortices in the near wake at two
sides of the cylinder. With time passing, a transition occurs between the two states, from the initially
symmetrical to the asymmetric one. For the time period of this phenomenon, the different values have been
proposed by different researchers. The asymmetrical form of vortices in initial stages of assimilation is
presented in Fig. 4. This model has capable of reproducing random fluctuating vortices in addition to any
periodic fluctuating vortices. It is concluded that the time period of vortex shedding is about 8 seconds (T=8s)
and their frequency is calculated about 0.78Hz. In Fig. 5, shedding of the vortices in a time period of 8 seconds
has been shown in different fluctuating phases. These results are in good agreement with ones achieved in
Sumer et al. (2003) [12] study. They show that an accurate simulation of bed shear stress depends on strongly
exact applying of the turbulence effects by turbulence closures.

Fig. 4. Asymmetrical pattern of wake vortices in LES turbulent model.
4.2.  Verification of Bed Shear Stress in Different Fluctuating Phases

Based on the accurate assimilation of vortex fluctuations and shedding in the near wake of the cylinder
provided by LES turbulence closure, this model is applied to investigate the fluctuations of bed shear stresses.
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The time period for analyzing the bed shear stress fluctuations is determined about 8 seconds based on the
time period of vortices shedding at wake region. Fig. 6, shows the different phases of bed shear stress
fluctuations. It should be explained that the figure at the left side shows two areas, firstly, the area that the
value of bed shear stress is larger than the critical value (highlighted with red color), and secondly is the area
that the bed shear stress has lower value than the critical one (highlighted with white color). In figure displayed
in the right side, the picture shows the contours of non-dimensional bed shear stress which may be larger or lower than
the critical value of 0.196N/m?2  The critical bed shear stress is calculated by formula of

7=u2 x1000, u2 =4, (S —1)gdy, -

(e) Phase %T (f) Phase g]’ (g) Phase %T (h) Phase T

Fig. 5. The vortex shedding process in different fluctuating phases using the LES turbulence model.

These phases are according to the vortex fluctuation phases in Fig. 5. The pattern of vortex shedding is
described for the first time by Perry et al. (1982) [1] using particle paths. In the present study, more accurate
description of particle paths and shedding phases are presented. In Perry et al. (1982) shedding of vortices is
discussed using particle paths, however, in this paper, further investigations are conducted about vortex
shedding from one side to another site of the cylinder and near wake region. During the first time of shedding
process, at t =0, the cavity in near wake is open and the flow paths do not penetrate into the cavity. In phase
of 1/8T , the anticlockwise circulation from the lower side of the wake enters into the cavity. At this time,
the maximum critical bed shear stress is measured just below the point that the first circulation is generated.
At t =4/8T , this circulation is shed into the downstream region and the critical bed shear stress decreased at
the lower side of the wake. At t =4/8T , the clockwise circulation from the upper side of the wake penetrates
into the cavity. At this time, by decreasing the bed shear stress in the lower side, increasing in bed shear stress
value occurred at the upper side below the clockwise second. This circulation becomes larger and
simultaneously shed, so that, decreasing in bed shear stress observed at the upper side of the cylinder.
Comparison of the critical bed shear stress patterns in two phases, namely 1/8T and T +1/8T revealed that
the bed shear stress repeated again after a certain time period which equals 8 seconds. This is in good
agreement with the fluctuation time period of wake vortices shown in Fig. 5. So, based on presented results,
it is concluded that the fluctuations of bed shear stress are according to the fluctuations of the vortex shedding.
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Fig. 6. Bed shear stress in different fluctuations phases in a period time of 8 seconds.

Figure 7 shows the predicted phases of bed shear stresses and that is averaged value during the running
time of the simulation. As observed in this figure, in the initial steps of flow development, the bed shear
stress varied progressively according to the fluctuations of wake vortices and after a certain time period,
which is approximately 70 seconds in the present study, at the wake region established a certain fluctuation
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pattern which is obvious in this figure. In Fig. 8, it is presented the bed shear stress fluctuation for the first 8
seconds (72~80) after flow development and establishment of the equilibrium state. The time averaged value
of non-dimensional bed shear stress is about 3.520 respects to the critical one. In second 8 periods (80~88)
shown in Fig. 9, the time averaged value of bed shear stress is 3.553 and in the third 8 seconds (88~96) it
equals 3.560.
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Fig. 7. Fluctuations of the non-dimensional bed shear stress during the numerical simulation.
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Fig. 8. Fluctuations of the non-dimensional bed shear stress in first 8 seconds.

As shown in Fig. 10, the averaged value is about 3.558 in third 8 seconds. Considering the negligible
differences between the averaged values of bed shear stresses in first, second and third time periods, it is
concluded that after a complete development of the flow, the predicted pattern of bed shear stress in a certain
time period, is a sinusoidal curve. Comparing the results with Cheng and Law (2003) [7] ones confirmed that
applying the effects of flow turbulence can yield an accurate and acceptable form of bed shear stress
distribution for different types of sediment beds. Using Gaussian function, however, to predict the
distribution of shear stress cannot be applied to all fields. The distribution pattern of shear stress also is in
good agreement with Cheng and Chiew (1998) [6] distribution pattern which obtained from the velocity
distribution profile. So, it is concluded that predicting the distribution of dynamic bed shear stress using a
shedding pattern of wake vortex can be the best method among models applied to predict the dynamics of
shear stress.
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Fig. 9. Fluctuations of the non-dimensional bed shear stress in second 8 seconds.

ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.cngj.org/) 83



DOI:10.4186/¢j.2017.21.7.75

3.70
5 —e— Fluctuation of Bed Shear Stress
2 3.65 - —e— Averaged Bed Shear Stress
7]
E 360 /\ /
E8 355 - &
g5
Q2 n
§ 350 -
£
o 3.45 -
=
5
= 3.40 ; ; ; ; . . . . .

87.00 88.00 89.00 90.00 91.00 92.00 93.00 94.00 95.00 96.00 97.00

time (s)

Fig. 10. Fluctuations of the non-dimensional bed shear stress in third 8 seconds.

As a second important result extracted from this research, based on the fluctuations of the vortex
shedding and the bed shear stress, the scouring mechanism can be known from another view. Different
researchers showed that two parameters are the main cause of scouring mechanism; down-flow at the cylinder
upstream and flow separation and wake vortices at the sides and downstream of the cylinder. However,
Kardan et al. (2016) showed that the importance of the flow separation is much more than the flow-down,
in which it is the main reason that causes the scour initiates from the sides of the pier and develops to the
downstream and upstream. On the other hand, the vortex shedding is resulted from the flow separation.
Increasing the velocity around the cylinder and the flow separation, result in considerable variation in value
and distribution of bed shear stress. At the first time from flow developing (to 55 seconds at Fig. 7), the bed
shear stress forced random movements on sediments, but after passing about 55 seconds, the bed shear stress
gets a sinusoid form according to the vortices shedding. It can be concluded that if the flow separation and
as a result, the vortices shedding at the two sides of the pier, are decreased, the bed shear stress reduced
considerably along decreasing the flow separation. Consequently, the exerted forces on the bed sediments is
decreased in which this decreasing lead to control the scouring mechanism.

5. Conclusion

In the present study, the vortex shedding at the near wake of a circular cylinder is simulated and more
evaluated using three turbulence models of k —&, RSM and LES. Regarding to the importance of the mesh
type in achieving accurate results in numerical simulation, two types of structured and unstructured meshing
are evaluated by comparisons of the flow pattern. Based on the numerical simulations, the following
conclusions are deduced:

Comparison of the flow pattern in structured and unstructured meshing shows that using the
unstructured mesh lead to achieve accurate results. This is due the fact that the simulated flow in Melville
(1975) study is a turbulent flow with a relatively high Reynolds number, which causes an asymetrical wake
region is observed. In applying structured mesh, the simulated wake region is symmetrical, which is not in
coinciding with the experimental one.

By using the two turbulence models of k —& and RSM, the vortices at the near wake of the cylinder have
simulated as symmetrical pattern. In the LES model, however, asymmetrical shedding of vortices simulated
in good agreement with the experimental one. So, simulation of the flow turbulences using LES turbulence
closure lead to accurate results.

Comparing the fluctuations of the vortices and bed shear stresses demonstrates that the phases of bed
shear stress fluctuation are in good agreement with the vortices fluctuation phases at the near wake region.

The time period of the vortices shedding computed about 8 seconds with a frequency of 0.78Hz.
Regarding to the adoption of the bed shear stress and vortex shedding phases, the time period of the bed
shear stress will be 8 seconds too.

It is confirmed that the flow separation has a very important role in the initiation and development of
the scouring around piers. The flow separation increases the forces exerted on the sediments and causes
movements of them. Also, the flow separation is the main reason of the wake vortices behind the pier. So, it
is concluded that investigation of the development and shedding of the vortices at the near wake region of
the cylinders can yield very useful information about the nature and variation of the bed shear stresses.
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Understanding the mechanism of the flow separation, wake region, the bed shear stress, and the interaction
between these three parameters, lead to present design methods and new countermeasures that significantly
prevent the scouring around cylinders.
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