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ABSTRACT

A Large Eddy Simulation model is developed to seteiithe hydrodynamics and scour process
around a circular cylinder. The Navier-Stokes soigebased on the projection method and a
second-order unstructured finite-volume methodighns-coordinate system is used to obtain an
accurate representation of the evolution of thensexlt-water interface. Bed erosion is simulated
by solving the sediment continuity equation usingass-conservating sand-slide algorithm and
a bedload transport rate, which is based on a igéiser of physical processes (Engelund &
Fredsge, 1976). Simulations of flow around a valteylinder for free-slip bed, rigid bed, and
live-bed cases are done. The mean velocity praflé shear stress validate the accuracy of this
model. Horseshoe vortex and lee-wake vortex shedstiructure are simulated, and the results
are thoroughly discussed in depth. The formatiod #re temporal development of the scour
hole and other topographic bed features are suatlgseproduced. The current paper reports
the first known investigation of both scour evabatiand coherent structure using large-eddy
simulation.

Key words: Non-hydrostatic flows, Horseshoe vorMgke region, Scouring, Bedload transport.
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Three-dimensional simulation of hor seshoe vortex and local scour around a vertical

cylinder using an unstructured finite-volume technique

1. Introduction

One well-known difficulty with regard to scour stad is the local description of flow properties
close to singularities (Baker, 1979; Dargahi, 19Qikil et al., 2008; Kirkil & Constantinescu,
2010, 2015; Nishioka & Sato, 1974; Park, et al98&9Williamson, 1989). Indeed, due to the
presence of obstacles, the flow forms a Horsestw&eX (HV) system upstream and a boundary
layer detachment as well as complicated vortex dihgdat the wake of the structure. These
features of the problem significantly affect thewcas it evolves around the cylinder.

Due to the progress in the availability of compiotal power, numerical studies on scour
around a vertical cylinder are now well-documentédwever, the development of accurate and
efficient models for the scour process is still @nplicated task. First, hydrodynamic and
sediment transport models are coupled such thiatsare equation for the bedload estimation is
required. Second, the sand-slide processes play@ortant role during the formation of a scour
hole, thus, the local bed slope and friction amglthe bed material should be incorporated in the
model. Third, a mesh adaptation around the cylirm®imdary is required to capture the bed
deformation (Khosronejad et al., 2011, 2012). Mnalurbulence models are necessary to
simulate the coherent structures of flow fieldshwthie presence of a HV system. These factors
must be overcome if better models are to be oldaine

Roulund et al. (2005) presented a major advancenmlating local scour around a vertical
cylinder by using a structured finite volume codesolve the Reynolds Averaged Navier-Stokes
(RANS) equations with &w turbulence closure (whekeis the turbulent kinetic energy aid

is the specific dissipation rate). Overall, thewnrerical results coincide with their experimental
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data and the study is frequently referenced in nsamgies (Baykal et al., 2014, 2017; Stahlmann,
2013; Zhou, 2017). The work of Kirkil et al. (2008)d Kirkil & Constantinescu (2010, 2015)
applied a Large-Eddy Simulation (LES) to analyze ¢bherent structure of flow fields with the
presence of a HV system upstream and a wake régioimd a vertical cylinder. However, their
simulations started from an equilibrium hole obégifrom experimental results such that no
scour evolution was analyzed. Khosronejad et @112 2012) developed a Fluid-Structure
Interaction Curvilinear Immersed Boundary (FSI-CUBYmethod with a ke closure model.
Their work has shown that the bluntness of the pignificantly influences the predictive
capabilities of models. Link et al. (2012) used etdehed-Eddy Simulation (DES) to simulate
scour hole evolution around circular and rectangpiars. More recently, Nagel (2018) used a

Eulerian two-phase model to study the live bedieroaround a cylinder.

In the current paper, a 3D numerical study is presskeon local scour around a vertical cylinder
using the Engelund and Fredsge (1976) bedload farempplied to the simulations done by
Roulund et al. (2005), which is classified as & Iped case (Melville & Chiew, 1999). A second-
order unstructured finite-volume model combinedhvat sigma-coordinate system is applied to
describe the dynamic shape of the sediment-waterface. In order to prevent the bed slope
from exceeding the angle of repose for the sedimeaterial, a mass conservating sand-slide
model is developed. Large Eddy Simulation is appieesimulate the HV-system structure at the
base of a vertical cylinder. Large-scale coherémictires in the presence of an HV system in
the near-bed region as well as vortex sheddindnenwake region are observed and discussed
here. Table 1 provides highlights of the currentgtby giving an overview of different terms
handled in the previously cited studies. The curpaper reports the first known investigation of

both scour evolution and coherent structures usifigite volume method.
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The current paper is organized as follows. The rs@csection introduces the hydrodynamic
model. The third section presents the morphodynamaciel in a sigma-coordinate system
including the bedload estimation and sand-slide eho@he fourth section summarizes the
numerical techniques used in the simulation. Thigh fisection presents the numerical
simulations. Finally, the last section gives thanatosions and offers suggestions for future

research.

2. Thehydrodynamic and SubGrid-Scale modeling

The Navier-Stokes equations are filtered with apliait spatial filter of characteristic space size.

The resulting equations are given by:

oy,
—L =0, 1
. (1)

— 11 u =9

0, 0 pg o 0P, 0 (o0 30} OnP 2)

ot ox pox 0x| \0x 0x)| 0x

where x (i=1,2,3) are X,y,2, respectively, are the Cartesian coordinates, the over the

variables denotes filteringi are the resolved velocity components of the vejogector, pis
the resolved pressure, and

=4y - Uy, ®3)
is the Sub-Grid Stress (SGS) tensor used to takeaocount the effect of unresolved length
scales.

As suggested by Smagorinsky (1963), the smallestktent eddies are almost isotropic and the

Boussinesq eddy viscosity assumption can be uspdotode an accurate approximation of the
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effects of these unresolved smallest eddies. Aaogrdo the Boussinesq assumption, the
momentum transfer caused by turbulent eddies candukeled with an eddy viscosity, and the

relations between the eddy viscosity and the subgfress tensor can be described as:

s I
=M 424 4)

|

: — _1f oG 0G| _
wheredj is the Kronecker delta$; 25(6—)(' +6_>gjj is the resolved rate-of-strain tensor, ahd
i

is the SGS viscosity:

—12
Vt_lsg

S} (5)

where‘é‘ =23 §)%, andlsg is the sub-grid length scale. In the near wallaegthe length

scale of the sub-grid scale motions cannot be thestwith a constant value but will decrease as
the wall is approached. Thus, a wall damping fumctnust be implemented in addition to the

standard Smagorinsky SGS model to capture thisdayyriayer effect. In the current study, the

near wall damping model of Mason and Thomson (1992jsed to achieve a modified length

scale, described by:

ey wkams ©)
L €A )

wheren is the Mason wall matching power, taken a€Zs the Smagorinsky constamt,is the
average spacing=V'* with V being the volume of the element, ands the von Karman
constant, andl, is the distance from the center of a control vaumthe wall. The value @

= 0.1 previously proposed for channel flow (Deardoif®70) is used in the current study,

where strong anisotropic turbulence occurs in gewall region.
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In the current study, non-dimensional governingatiqus for the flow are derived using the
mean velocitylU, and the cylinder diamete, as velocity and length scales, respectively. The

Reynolds number based on the cylinder diametegfisedd aRg, = UD/v.
3. Thebed morphodynamic model

The current study is focused on the numerical saturh of bedload transport and the suspended
load is negligible. The free surface also is igddbecause small Froude numbers are accounted
for in the proposed model (Roulund et al., 200%)e Bed morphodynamic model includes the

Exner-Polya equation, the bedload estimation, hadand-slide model.
3.1. The Exner-Polya equation

The bed evolution caused by bedload transportviengby the Exner-Polya equation (Yalin,

1977):

-m% -
(A=n)—;+01, =0. (7)

Where z,(x,y,) is the local bed level; is sediment material porosity, awnyg is the bedload
transport rate depending on the hydraulic and sedlimariables. The porosity of the granular
material correlates to the particle arrangemendsgland random) and monodispersity of
materials. For really monodisperse material of iobah beds, the solid volume fraction could
vary between 0.54 and 0.74 depending on the culicahgement or maximum hexahedral
packing. With preparation of the sediment bed itewahe value usually is 0.6 and porositis
taken as 0.4 (Pham Van Bang et al., 2008). Theehtodcalculatey, is described in the next

section.



105 3.2. Bedload estimation

106 A two-dimensional bedload formula proposed by Eugeland Fredsge (1976) is applied. The

107 pedload transport rates, is given by:

108 O = % d® ZEZF

Up: Pee = 69-6

c

4V4
1
1+[6”’”d” , U, =au, (- 0.2/6, 18 8)

109 whered is the grain sizepg: is the percentage of particles in motion on the &erfaceUy, is

110 the mean velocity of a moving sediment partitlejs the friction velocityuy = 0.51 represents
111 the dynamic friction coefficient corresponding talue 27° for the angle of repose of sediment
112 material,d is the Shields parameter associated with the fskition, 6 is the critical value of

113 for the initiation of sediment motion on the bedda is an empirical constant. Experimental
114 predictions are generally good far= 10 and a suitable choice éf (Fernandez Luque & van

115 Beek, 1976; Meland & Norrman, 1966). The critichlédds parameter is calculated by:

_sifagtarf 8 cos sirﬁj )

116 6. =6, [cosﬂ\/ 1 5

He Hs
117" wheref,, is the critical Shields parameter for a horizoriiatl, taken as 0.0%s is the static
118 friction coefficient, taken ag = 0.63 for sand (Roulund et al., 2008)s defined as the angle of
119 steepest decent calculated from the elevation gnadif the longitudinal bed, andis the angle
120 petween the flow-velocity vectadp, at the top of the bedload layer and the stedmsslope.

121 The Shields parameter in Eq. (8) is defined by

122 (10)
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wheres=p4dp is the specific gravity of the sediment grainsj gnis the acceleration of gravity.
The friction velocity is determined utilizing a rhed developed by Nikuradse (1933), which is

based on bed roughness in a logarithmic velocivjilpr

) 2.5In(£], (11)
U, Z,

wherez is the distance to the wall, agglis the distance from the boundary at which pdnet t
idealized velocity given by the Wall Law goes togend < > represents time-averaged (Rodi et
al., 2013). According to Nikuradse (1933),is equal tokd30 , in whichks is the Nikuradse
equivalent sand roughness.

In the current study, the bedload is assumed toenmothe same direction as the tangential shear
stress on the bed. The present bedload model redheealgorithm to simple calculation as

shown by Zhou (2017).
3.3. The sand-slide model

Without a sand-slide model, an unrealistic bed-slagich is larger than the physical value of
the angle of repose will occur, and large meslodisin especially will appear, especially around
the vertical cylinder. As a consequence, the sitnarasformation will lose its ability to simulate
scour holes. In order to prevent the bed slope fexeeding the sediment angle of repose, a
mass-conservation-based algorithm for sand-slidebkean applied successfully (Khosronejad et
al., 2011, 2012). The bed slope is defined by tegation gradient between poiptand any
pointi (i=1, 2, 3) of the neighboring cell centers, see E{@). If the slope angle exceeds the
material angle of repose, the sediment particldissiide down to the angle of repose, see Fig.

1(b). The correction to bed elevations is calculdig:
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Al

=tang, (12)

pi

where @ is the material angle of reposg, and z, are the bed elevations at poiptsind itsi™

neighbor;Az,, and Az; are the corresponding corrections, a¥d is the horizontal distance

between these two points. The bed elevation coeorestare obtained by mass conservation as

follows:
Az, - AAZ=0, (13)

where A,, and A, are the area projection of cellsandi, respectively. Since the mesh points

move only in the vertical direction, the bed cell®jected onto the horizontal plane have the

same cell area.
4. Numerical techniques

The hydrodynamic model solves the three-dimensioNavier-Stokes equations using a
projection method combined with a sigma-transforomaand a second-order unstructured finite

volume method.
4.1. The projection method

In this paper, the projection method developed hgrd (1968) and Temam (1968) is used to
decouple the pressure and the velocity field iniaglthe Navier-Stokes equations. In Cartesian
coordinates, the velocity field is obtained by smva convection-diffusion equation and then

the provisional velocity is projected as
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* -Tu”j, (14)

e (15)

— N+l
"’;'ix -0, (16)

wheren andn+1 represent time" andt™*

, respectivelyAt is the time step, and’)(is purely
symbolic; designating the velocity values obtainaffer the first projection step. The
combination of the continuity and momentum equatigields the Poisson equation. The sigma-

transformation is applied to the projection equaion Cartesian coordinates.
4.2. Sigma-transformation

In order to accurately represent bottom geometrg, digma-coordinate system developed by
Phillips (1957) is applied in the current study.isTimethod is applied in order to link the

irregular physical domain to a rectangular compaoia one (see Fig. 2). The conventional
sigma-coordinates map the total water depth whscmeasured from the mobile bottom to the

surface of the water onto a fixed range [0, 1] in the computational domain as follows:

X'=x y' =y, F:t,a—z:]h, (17)

whereh(x',y ,t') is the total water depth, azd= [-h,0] is the vertical coordinate in the physical
domain with the origin at; = 0 on the still water surface level, and -h on the bed level. The

partial differentiation of a variable in the physical domain is transformed as follows:

0p _0¢  _0¢
—=—+0 _—, 18
ot ot° ‘oo (18)
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where
1 oh
o =—0-0)—, 20
! h( )at (20)
1 oh 1 dh 1
:_1— —_—, = — 1— —, = —, 21
o,=-0-0)75. 0, h( a)ayj o= (21)

The foregoing transformation can then be appliedlitdhe terms in the mass and momentum

equations and further details can be found in togkwf Uh Zapata et al. (2014).
4.3. Finite volume discretization

A second-order unstructured finite volume metho&#\WW) is chosen to discretize the Navier-
Stokes equations using a cell-center collocatedl with auxiliary vertex points. The 3D domain
in sigma-coordinates is discretized into prism&ngular elements in the horizontal axis and

layers in the vertical axis. Thus, each prism-stapentrol volume,V, has five facesS

A UFVM for the Poisson equation has already beereldped and tested by the authors of this
study in a previous work (Uh Zapata et al., 20014 implicit Runge-Kutta time-advancement
scheme for the momentum equation of any velocitpmanent in the projection method can be

written as follows:

J-VUi*dV+AtZS: L {Tj T _U%”(ﬁsg) } nds=| 7@ d (22)
1=1 s
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wheren, is the outward normal unit vector at each f&eBy the requirements of the LES
techniqgue and to preserve second order accuraggcton terms are handled by a centered
scheme. The Momentum Interpolation Method (Rhie Bo®, 1983) is applied to prevent a
checkerboard pattern in the pressure field by usirggllocated grid. The discretization of the
diffusive fluxes involves knowledge of the derivess at the interface between two neighboring
control volumes. In the current study, these déikea are approximated as an average over a
prism-shape, delimited by the two cell-centerechfgoand the vertex of the interface. Thus, the
finite volume discretization of the diffusion termalates an unknown value not only with its
surrounding cell-centered values, but also withviex values of a control volume. The value
at any vertex is obtained by averaging over allaurding cell-centered nodal values.

The morphodynamic model, given by Eq. (7), is ink¢gd on each triangular element. After

application of Green’s theorem, the integral forinthe@ right-hand side becomes:

n+l

I ZbT;zgds: _ﬁi [qond, (23)

A =1y

where A indicates a triangular element, whilg and n; (j=1,2,3) represent an edge and the

corresponding unit normal vector of the trianga@ment.

Boundary conditions are integrated into the probbgmupdating the ghost cell-centered values.
In other words, the total number of unknowns inekighot only the values at the cell-centered
points inside the domain, but also the ghost pmuatside of the domain. In the case of Dirichlet
boundary conditions, known values are directly egupat vertex points and included at the cell-
centered points. In the case of Neumann conditiapgroximations can easily be applied for the

cell-centered points using a central approximatidowever, there is no direct way to apply this

11
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condition at vertex values due to the unstructyed. The vertex values are update exclusively
using an interpolation technique.

The current code is fully parallelized using them@n decomposition scheme and Message
Passing Interface (MPI) (Uh Zapata et al., 2016} the code is fully tested on Electricité de

France (EDF)-France ATHOS high performance compuyietel Xeon E 22000 CPUSs).

5. Numerical ssmulations

A sketch of the computational geometry for the nuoad simulations around a circular cylinder
is shown in Fig. 3. The computational domain exgeh@ upstream, 2D downstream and ED
lateral from the cylinder, in whiclb is the cylinder diameter. The origin of the cooade
system is located at the bottom of the cylinde€ster, with thex, y,andz axes corresponding to
the streamwise, spanwise, and ascendant vertiegdtidin, respectively. The calculation domain
is discretized into the order of three millibnite volumes with a fine resolution at the HV
system region around the cylinder and close tdo#tkin the vertical direction. Horizontally, the
first row of elements is situated at 0.@A&way from the cylinder surfaces corresponding4o

wall units. A detailed view of the deformed mesbsel to the cylinder is shown in Fig. 4.

The boundary conditions for the flow field are defi as follows: at the inlet, transverse and
vertical velocities are specifieas zero. The inflow velocity is given by a Poiskuprofile with

a unit mean non-dimensional value and boundary ldyeknessi/D = 0.5. At the outlet, zero-
gradient conditions were applied for all variabl€ee boundary in the spanwise direction is set
as Neumann conditions. As was pointed out in tleeipus section, a rigid surface is used on
the top. Finally, no-slip wall boundary conditioase applied for the cylinder surface and the

bottom bed.

12
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In the current paper, a numerical study similaRtmlund et al. (2005) is done. The diameter of
the cylinder isD = 0.1m. The water depth is set to bhe= 4D. The undisturbed mean flow
velocity isU = 0.46n/s The sand size i@ = 0.26nm The equivalent roughness height for the
rough wall function is set to He = 2.5, which determines the skin friction velocity inruIn

the current study, three kinds of calculationsdoee: a free slip bed with Reynolds numBes

= 3,900 is done in order t@lidate the results with experimental data; riggdi calculations with
Re, = 46,000 is applied to investigate the flow featuonly and a live bed scour witRe, =
46,000 is applied to test the morphological mod&he initial condition for live bed scour is
derived from the final results of the rigid bed siation. The conditions in the last two cases are

summarized in Table 2.

5.1. Free slip bed simulation results usingoRe3,900

In order to validate the proposed model, a comparisetween numerical and experimental
results is presented for a free slip bedRat = 3,900and the bottom boundary condition is set as
free-slip. The vertical mean streamwise/J) and spanwisev(U) velocity components at five
different stationsx = 1.06, 2.02, 3.0, 4.0, and 5.4re plotted in Fig. 5. A U-shaped profile is
observed near the wake region. The experimental 803 and OW93 were obtained from
Lourenco (1993) and Ong and Wallace (1996), regmdgt LES B16 corresponds to numerical
results from Bai et al. (2016). It can be seen thatnumerical results largely correlate with the
experimental data, exceptxat 1.06, where the uncertainties in the measurenaetfigh. For
the purpose of demonstrating this discrepancyntimaerical result obtained by Tremblay et al.
(2000) using Direct Numerical Simulation (DNS) Isaincluded in Fig. 5(b). It can be seen that

the current numerical results actually are vergeltn the DNS prediction.

13
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5.2. Rigid bed flow simulation results usingdRe 46,000

5.2.1. Shear stress validation

Figure 6 shows the bed shear-stress iso-valueajnebt from the mean flow simulation and
compared with the results of Roulund et al. (200B)e model reproduces most of the
characteristics observed by Roulund et al. (2005he vicinity of the cylinder but with very
slight discrepancies far away from it. The averaigribution of the shear stress is fairly
axisymmetric. High values are found for shear stres the two sides close to the cylinder,
approximately corresponding to the position whée \telocity is highest, just before the flow

separation line.

5.2.2. Horseshoe vortex system

The HV system is attributable to the separatiorthef incoming boundary layer induced by
adverse pressure gradients, which are generatetthebygylinder obstruction. The turbulence
driven by the resulting flows will result in a nuerbof necklace-like structures around the
upstream side of the cylinder. Because of the daj@essure gradients, these structures stretch
when they fold around the cylinder (Kirkil et &008). Their legs are approximately parallel to
the direction of the incoming flow. Figure 7 showse main coherent structures in an
instantaneous flow associated with a HV system dgid bed withgh = 4D andRe&, = 46,000.
Clearly two primary necklace vortices and two bottattached vortices are present. A U-shaped
Primary Vortex (PV1) wraps around the upstream phathe cylinder, along which a small, but
very coherent, junction vortex appears at the kafséhe cylinder (JV). Another U-shaped
Primary Vortex (PV2) is observed upstream of P\e Tormation of Bottom-Attached Vortices,
BAV1 and BAV2, are induced upstream by the presexridbde primary vortices PV1 and PV2.

Secondary Vortices (SV1) are observed towards PV2.

14
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The location, size, and intensity of the turbuleiM greatly vary in time. Figure 8 shows four
instances of a cycle of oscillation. The main verteres occur in different positions. Clockwise-
rotating primary vortices (PV1, PV2) and countetating bottom-attached vortices (BAV1,
BAV?2) appear at all times during the oscillatiorcley exhibiting a relatively stable behavior.
Smaller secondary vortices (SV) shed randomly fribm separation region of the incoming
boundary layer. These SV are convected toward RMRcan interact and merge with it. The
direction of the oscillation centers of PV1 and PAf2 found to be oppositely positioned to one
another: at = T/2 they move closer, and &t T/4 andt = 3T/4 they move far away from each
other. The amplitude of oscillation in the directiof flow is about 0.D. The structure of the HV
system, observed in the results of current modabus= 4D andRe&, = 46,000, is similar to the

ones of Kirkil et al. (2008) usinig=1.12D andRe&, = 16,000.

5.2.3. Near wake flow

Figure 9 shows mean streamlines on a longitudilaaeplocated behind the cylinder in the wake.
S F, andN denote the saddle points, the centers of foci, raothl points, respectively. The
arrows represent the direction of the flow. It ®iced that a nodal point of attachmet is
present, corresponding to the merging point of shegers emanating from both sides of the
vertical cylinder to form a spanwise-oriented vertds a consequence, fluid particles situated
close to the bed are first entrained into the ajréhis vortex, and then from there toward the
surface by an upwelling anti-clockwise vortex, shdw a foci pointF;. This counter-clockwise

rotating vortex is responsible for the scour medraa downstream of the cylinder.

Figure 10 shows mean flow streamlines on differgmnwise cross sections located at four
different stationsx/D = 0.5, 1.0, 1.5, and 2.0. The streamline patternsabm®st symmetric,

except for the lee wake just behind the cylinderp#ir of vortices is present near the bed
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corresponding to the primary vortex legs. It cansben that even at= 2D, these legs are still
present. The shear layers, emanating from theesides of the cylinder, roll up to form vortices
in the lee wake of the cylinder. These vorticeseenigr upwelling motion of fluid particles
toward the surface. The upwelling motion inside twake region is compensated by

downwelling motion on the outside.

Figure 11 shows mean flow streamlines on horizopl@hes at/D = 0.05, 1.0, and 2.0 in the
wake region. The flow separation points are locatgd= 90°, 105°, and 110° afD = 0.05, 1.0
and 2.0, respectively. It can be seen that theparaton points move downstream &®
increases. This observation is also noted by Kakill Constantinescu (2015). Moreover, Figure
11 shows that the wake region becomes biggerreseg to the surface. Saddle pointsa8d S
indicate the end of the wake region at plagd3 = 0.05 and 1.0 and the corresponding
detachment lengths are D.%nd 1., respectively. Foci points;fx = 0.55 y =0.13), k (x =

1.24 y =0.2) and E(x = 2.05 y = -0.22) show the position of upwelling vortices, ¥,, and \4.

5.3. Live bed scour simulation results atdRe46,000

5.3.1. Horseshoe vortex system

Figure 12 shows the main necklace vortices insige 9cour hole by using th@ criterion.
Similar to the rigid bed case, U-shaped necklaagtioss also appear in the live bed case. They
contain two Primary Vortices (PV1 and PV2), a Bottdttached Vortex (BAV), and a Joint
Vortex (JV) (Dey & Raikar, 2007). The HV system dmsely related to the scour process.
According to Baker (1979) and Kirkil et al. (2008)e number of these necklace vortices and
their extent in the polar direction may change witie Reynolds number. Necklace-like

structures detach from the incoming bottom boundiaygr over a certain range of polar angles
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and then interact with other secondary vorticewitin the primary one. Some of these vortices
merge with the main or another secondary necklawé&ex; others will lose their coherence
rapidly. Consequently, the intensity of the ovekdll system varies substantially over time. In
many cases, the interaction with another neckl&cetsre takes place only over a limited area

of the total length of two vortices.

Figure 13 provides more details on the temporalugham of the streamlines in the scour hole
upstream from the cylinder. The current model sssit#ly simulates the dynamics of the initial
stages of erosion by the unsteady coherent stegctirthe HV system. As the scour hole gets
deeper and extends, the HV system grows in sizelbateases in strength until reaching the
conditions for equilibrium. Such a state of equilim is reached when the shear stresses are
reduced down to a local threshold value for sedtrpanticle entrainment. Once the scour hole
has formed, the HV system becomes more stablenBtine scour process, PV1 still oscillates
around atx = 0.5D upstream the cylinder, as for the rigid bed casel slips down into the
middle of the hole to adapt to a new position ia thed. PV2 grows bigger and increases in
coherence. With the development of PV1 and PV2A¥Y B generated and grows between them.

The vortices corresponding to JV grow bigger assttwr domain develops close to the cylinder.

5.3.2. Near wake flow

Figure 14 shows time-averaged streamlines foritleelded case on a longitudinal plane behind
the cylinder in the wake region. A large recircidatzone is generated due to the changes in bed
topography as the flow moves downstream. As withrigid bed cases, a nodal poiNg, of
attachment positioned at/D = 0.875,z/D = -0.1785) existsThe negative sign indicates that this
level is below the initial bed levdl, corresponds to the merging point of the strearslissued

from the convergence of both lateral sides of fimder. Thus, sediment particles situated close
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to the bed are entrained by the flow: first in #panwise direction and later toward the surface
by an upwelling anti-clockwise vortex, indicated fmci F. The presence of foci and nodal
points in the wake region has already been obsenvegperimentation using= 6D andRe&, =

7000 (Sahin & Ozturk, 2009).

Figure 15 shows a 3D view of time-averaged strezsliaround the cylinder. Clearly, a down
flow can be observed at the upstream side of thedgr which generates a primary vortex, as
discussed in the preceding paragraphs. The flowctsire in the wake region also is shown in
this figure. Streamlines wrap the cylinder frombddteral sides. Then, flow in the spanwise
direction converges at nodal point.NFrom N, due to an upwelling vortex {f an important

patch of fluid rises up into the surface layerdraning sediment particles situated on the bed,
and bringing them out of the wake. This phenomemaluces the scour process behind the

cylinder.

5.3.3. General erosion patterns and maximum erosion dpptiction

Figure 16 shows the evolution of the scour holer tivee as obtained by the proposed model at
four times: 30s, 120s, 30 s and 750s. The pattern exhibited by the scour hole closely
resembles the results observed by Roulund et@D5)2 The deepest part of the main scour hole
occupies the upstream and spanwise sides of tiveleyl A maximum angle for the bed slope is
fixed inside this region, equal to the prescribedla of repose: 32°. The exact localization of the
maximum angle corresponds to regions where the-slatel algorithm fuctions and where the
avalanching process is yielded by the model. Adddlly, sand particles are deposited
downstream from the cylinder. Some small bed charage observed far from the main scour

hole. The evolution of sand deposition downstreemmfthe cylinder is almost symmetric with
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the presence of sandpits. These sandpits tenctteats with time without being fully erased at

=750

Figure 17 shows the time evolution of the scourthigp the upstream and downstream sides of
the cylinder compared with the measurements of irwlikt al. (2005). At the beginning of the
scour, both numerical models slightly over-predit depth at the upstream side while under-
predicting the depth at the downstream side condptréhe experimental data. Roulund et al.
(2005) explained the reasons for the downstrerasctrepancy between simulation and
experimental results. One reason is that the sdggkload process is not included in the model,
therefore, the model scour depth remains rathetl glaeng this stage. Another reason is that
the vortex shedding in the lee wake of the cylindaggnored, which will decrease the predicted
scour depth downstream of the cylinder (Sumer .et1888). Here, the second factor has been
taken into consideration in the proposed modelaethe current numerical results on the hole
evolution are in a better agreement with the expenital results both in the upstream and
downstream directions, compared with those of Radilat al. (2005). The simulation results
from Roulund et al. (2005) have reached the equilb condition at about 1000 s, but with
scour depth values are smaller than the experitmeggalts. The current results are closer to the

experimental results in both upstream and downstieaations.

6. Conclusions and futur e work

A Navier-Stokes solver based on the projection oettind a second-order unstructured finite-
volume mesh, using LES is proposed to simulatehydrodynamics and the scour process
around a circular cylinder. A sigma-coordinate sygstis applied to follow the sediment-water

interface. Bed erosion is simulated by solving glediment continuity equation in the bedload
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layer using a mass-conservation-based algorithmsémd-slide and a bedload transport rate
based on a description of the physical processagelind & Fredsge, 1976). The proposed
model has been rigorously validated for the frep Beéd case and the rigid bed case through
comparison with previous studies. Then, the sinmtabf the scour process around a cylinder
for the live bed case with = 4D andRe, = 46,000 is then done. The current study focused o

the coherent structure of the flow fields at thgibring stage of the scour process.

In the free slip bed case, mean streamwise andwsparvelocity profiles on a rigid bed at
different streamwise positions are in good agre¢méh measurements. In the rigid bed case,
the proposed model reproduces shear stress obdgyvedulund et al. (2005) in the vicinity of
the cylinder but with a very slight discrepancy &avay from it. The HV system is relatively
stable and under an oscillating cycle. It is consglogf primary, bottom-attached and secondary
necklace vortices and a small coherent junctioex:oforh = 4D andRe, = 46,000, there are
two primary and two bottom-attached vortices in it&antaneous flows. During an oscillation
cycle, the two primary vortices move in oppositeediions, and in the end, they return to
approximate their initial positions. The oscillgiristance is about M1 The legs of the
primary vortices are nearly parallel to the incognffow and they are still present downstream
from the cylinder until the position= 2D. Indeed, the HV structure in the documented case h

almost the same structure as that for Kirkil e(2008) forh/D = 1.12.

In the live bed case, the HV system is closelyteeldo the scour process. It is unstable at the
initial stage of scour and then becomes more stabliie scour hole is formed. The obstruction
caused by the cylinder generates the local religion of pressure and induces down flows at
the upstream face of the cylinder generating prymanrtices. Streamlines wrap the cylinder

from both lateral sides, converging at a nodal pdawnstream. From there, due to an upwelling
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420 vortex, fluids rise up to the surface, entrainimg tsediment particles situated on the bed,
421  bringing them downstream to deposit somewhere @lsis. generates the scour process behind

422  the cylinder.
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Figurelegends:

Fig. 1. Sand-slide algorithm: (a) an unstructured triangh&d mesh, and (b) definition of
guantities used to adjust the computed bed slope.

Fig. 2. Sigma-transformation links irregular domain teeatangular one.

Fig. 3. Sketch of the geometry of the computational doraaieh specification of the boundary
conditions.

Fig. 4. Detailed view of the deformed mesh close to tHadgr with scouring.

Fig. 5. Mean velocity on a free slip bed at differeneatnwise positions(D) usingRe, =
3,900 (a) streamwiseifU) and (b) spanwise/{U) velocities.

Fig. 6. Non-dimensionabed shear stress distributionRe=46,000. (a) Results from Roulund
et al. (2005) and (b) current numerical simulation.

Fig. 7. Detailed view of the coherent structure with a sj}¢tem on a rigid bed.

Fig. 8. Instantaneous streamlines on the longitudinai@ectpstream of the cylinder at five
instants in time for the rigid bed case.

Fig. 9. Mean flow streamlines on the longitudinal secti@hind the cylinder for the rigid bed
case. The direction of the flow is indicated by &news.

Fig. 10. Mean flow streamlines on the vertical cross sestioehind the cylinder for the rigid
bed case.

Fig. 11. Mean streamlines on different horizontal planegte rigid bed case.

Fig. 12. Visualization of the main necklace vortices ingide scour hole for the live bed case.
Fig. 13. Horseshoe vortex system in the scour hole devetoparound and in front of the

cylinder for the live bed case.
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Fig. 14. Time-averaged streamlines on the longitudinalisediehind the cylinder for the live
bed case.

Fig. 15. 3D time-averaged streamlines of the mean flowtHerlive bed case.

Fig. 16. Instantaneous images of the bed elevation, shotmgvolution of the scour hole
around the cylinder.

Fig. 17. Numerical (Num.) and experimental (Exp.) resuftthe scour depth evolution at the (a)

upstream and (b) downstream side of the cylindethie live bed case.
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564 Table
565 Tablel. List of methods used in scour simulations in défe references
Reference Numerical model Turbulence Sand slide Wa.ter-sedlment Re, Physical
model model interface phenomenon
- . Scour hole
R(%I(;J;)d Stru?rg:[ﬁgjl?::t\e/'\\;glume R(C':))S Upd?é?éjcﬁ?mde Multigrid mesh |  4.6x1H evolution
(Live bed erosion)
Kirkil -
(2008, Str“ﬁ:{ﬁg;‘?ﬁ%‘)"“me LES Fixed bed (no) | Fixedbed (no) 16419 MV System
2010,2015)
. - Scour hole
Khosronejad Unsiructured finite RANS Mass-conservating FSI-CURVIB 4.95%10 evolution
(2012) volume method (UFVM) (k-w) . .
(Live bed erosion)
Scour hole
Link et al. Structured finite volume Lagrangian evolution
(2012) method (FVM) DES No model 3.15x10 (Clear-water
erosion
Scour hole
Baykal et al. | Structured finite volume| RANS Updated particle - evolution
(2014,2017) method (FVM) (k-0) velocity Multigrid mesh | 1.7x10 | 00 ater
erosion)
Zhou Structured finite volume RANS . Dynamic mesh Scour hole
Mass-conservating . 4.6x1d evolution
(2017) method (FVM) (k-w) g deformation . .
(Live bed erosion)
Nagel Structured finite volume RANS Two-phase Scour hole
(2018) method (FVM) (k-0) No model 4.6x1¢ | evolution
(Live bed erosion)
Current - . HV system
paper Unstructured finite LES Mass-conservating Sigma . 4.6x10¢ Scour evolution
volume method (UFVM) transformation . )
(2019) (Live bed erosion)
566 Note:Rg, = Reynolds number
567 Table2. Test conditions around a cylinder in the rigatitand live bed scour cases.
Bed Loose sand
Water depthh 04 m
Cylinder diameterD 0.1m
Boundary layer thickness, 0.2m
Mean flow velocity,U 0.46 m/s
Reynolds numbeReg, 46,000
Froude numbef;, 0.23
Sediment density 2,600 kg/mi
Fluid densityp 1,000 kg/n
Grain sized 0.26 mm
Sand roughness due to skin frictiég, 0.65 mm
568
569
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