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Abstract: A three-dimensional large eddy simulation model is used to simulate the turbulent flow
dynamics around a circular pier in live-bed and clear-water scour conditions. The Navier-Stokes
equations are transformed into a o-coordinate system and solved using a second-order unstructured
triangular finite-volume method. We simulate the bed evolution by solving the Exner-Polya equation
assisted by a sand-slide model as a correction method. The bedload transport rate is based on the
model of Engelund and Fredsce. The model was validated for live-bed conditions in a wide channel
and clear-water conditions in a narrow channel against the experimental data found in the literature.
The in-house model NSMP3D can successfully produce both the live-bed and clear-water scouring
throughout a stable long-term simulation. The flow model was used to study the effects of the
blockage ratio in the flow near the pier in clear-water conditions, particularly the contraction effect
at the zone where the scour hole starts to form. The scour depth in the clear water simulations is
generally deeper than the live-bed simulations. In clear-water, the results show that the present
model is able to qualitatively and quantitatively capture the hydrodynamic and morphodynamic
processes near the bed. In comparison to the wide channel situation, the simulations indicate that the

scour rate is faster in the narrow channel case.

Keywords: 3D flow simulation; clear-water flow; live-bed flow; horseshoe vortex; local scour;

narrow channel

1. Introduction

Scour erosion refers to an increase in local sediment transport at the base of a sub-
merged structure due to the vortices generated by fluid—structure interactions. According
to Raudkivi and Ettema, 1983 [1], scour in rivers can be classified into three categories:

(i) General scour, which occurs irrespective of the presence of an obstacle.

(ii) Contraction scour, which occurs as a result of constriction due to lateral groins, spur
dikes, or bridge abutments.

(iii) Local scour, which is only observed at the base of the obstacle and does not lead to
sediment transport far from the pier.

Raudkivi and Ettema, 1983 [1], distinguish the first and last types as live-bed scour and
clear-water scour, respectively. The shear stress exerted by the approaching flow determines
the type of scour at the base of a structure. Clear-water scour occurs as a result of inflow
shear stresses which are less than or equal to the threshold for sediment motion, whereas
live-bed scour occurs for inflow shear stresses that are greater than this threshold (Melville
etal., 1999 [2]). In the literature, this threshold between clear-water and live-bed conditions
has been described in a number of ways. Ettema et al., 2017 [3], expressed it as the mean
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velocity needed for the entrainment of the bed, while Roulund et al., 2005 [4], expressed it
as a critical value for the Shields number associated with the friction velocity, u;.

Examples of clear-water conditions can be found in nature, such as at the Tahrir and
Imbaba bridges in Cairo, Egypt (Stevens et al., 1991 [5]), and also in laboratory studies
(Williams et al., 2018 [6]). Scouring at the base of bridge piers has been found to be the third
global cause of bridge collapse (Proske, 2018 [7]) after impact and flooding. However, the
leading causes of bridge collapse vary significantly in dependence with the geographical
situation, construction and inspection standards (Arneson et al., 2012 [8]). As a result,
some regional studies have found that bridge scouring is responsible for between 50%
and 64% of bridge failures [9-12]. This problem highlights the importance of studying
the scouring process; hence, there is interest in numerical models capable of accurately
modeling this case.

The characteristics of the flow around a cylindrical pier are well known, and the
turbulent structures present have been extensively described in the past [4,13-15]. Up-
stream from the cylinder, the main structure responsible for scouring is a horseshoe vortex
(HSV) system. This is also the case downstream in live-bed conditions, but in clear-water
conditions, the HSV competes against wake vortices (WV) in the deposition and scouring
processes (Lachaussée et al., 2018 [16]). However, despite the many existing studies on
pier scouring, our current understanding of this process remains incomplete. A recent
study by Lai et al., 2022 [17], pointed out that the gap between the numerical predictions of
equilibrium scouring and experimental results can be traced to the limitations of the current
sediment transport theory. As Lachaussée, 2018 [18], observed, there is a noteworthy
disparity between studies of live-bed scouring [4,19-25] and clear-water scouring [26-29],
the latter being much less studied.

There are many empirical and semi-empirical formulae for predicting bedload trans-
port available in the literature (VanRijn, 1993 [30], but their predictions differ in certain
regimes. Most sediment models need a sand-slide model to control the angles of scour-
ing and deposition (Zhang, 2019 [31]). In clear-water conditions, the majority of models
consider the bed load [27-29], although the suspended load has been considered for flow
velocities in the upper spectrum (Olsen and Melaaen, 1993 [26]. The usual approaches
for turbulence modeling include RANS [26,27] and URANS (Khosronejad et al., 2012 [28])
approaches. The scour equilibrium depth at the upstream face of the cylinder is frequently
reported in studies, while the dune downstream and the kinematics of scour hole evolution
are rarely described (Lai et al., 2022 [17]). Furthermore, while a few studies have been
performed in computational domains that could be considered narrow channels [26,28],
the effects of the channel width on sediment transport tend to be dismissed. This is be-
cause the traditional approach seeks to emulate an open channel by using virtual lateral
walls boundaries.

In a fluid-structure problem tested between two lateral walls, the term “narrow
channel” is used when the lateral walls affect the flow pattern in the vicinity of the structure
and at its wake. A number of conditions will determine whether the wall effect is negligible
or not. Chen et al., 1995 [32], observed a delay in the transition to vortex shedding,
compared with the “free-stream” case, for blockage ratios (i.e., the ratio between the
diameter D of the obstacle and the width W of the channel) D/W > 0.1. Furthermore,
Singha and Sinhamahapatra, 2010 [33] describe three factors in which the presence of the
side walls will alter the flow structure: (i) the incoming flow will be sheared, (ii) the flow
through the gap directly above the obstacle will be higher than the “free-stream” case to
maintain the mass continuity, and (iii) the overall vortex structure will be altered due to
the interaction between the wall vortices and the vortices from the obstacle. Regarding the
effect of the blockage ratio over the scour dynamics, Mignot et al., 2015 [34], state that the
blockage ratio will not influence the scouring process when the obstacle is separated from
the side walls by a fully developed flow with a supercritical Froude number. Lachaussée,
2018 [18], noted that the critical Shields number for the presence of horseshoe vortex-
induced scour will also deviate from the “free-stream” case for blockage ratios D/W > 0.1.
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In the present study, we propose a numerical investigation of the combined effects
of the velocity and the blockage ratio over the scouring process around a vertical cylinder.
The numerical model uses a second-order finite-volume method in o-coordinates, with
a Large Eddy Simulation (LES) method to model the turbulence near the sediment bed
and the cylinder. This model is used alongside the Exner—Polya equation with the bedload
function of Engelund and Fredsee, 1976 [35], similar to the one proposed by Zhang et al.,
2021 [19]. The narrow channel is emulated using a large blockage ratio and non-slip lateral
boundaries, and the wide channel is emulated by a small blockage ratio alongside slip
lateral boundaries. Table 1 highlights the position of the present study by presenting an
overview of different configurations used to simulate the scour process in the literature.
To the best of our knowledge, the present study presents a novel study of the effect of the
blockage ratio and the flow velocity over the scour evolution at the base of a circular pier.

The present study is structured as follows. Section 2 covers the mathematical model,
including the fluid and sediment models. Section 3 focuses on the numerical methods
implemented for the solution of the mathematical model. Section 4 first reproduces the
scour depth evolution of a live-bed experiment in a wide channel in Roulund et al., 2005 [4].
Then, the model is validated with a clear-water case in Lachaussée, 2018 [18]. Finally,
simulations with the same flow conditions of the clear-water case in two channels with
different blockage ratios are presented to assess the effect of the flow confinement in the
scour evolution. Section 5 gives a discussion of the numerical results and the conclusions
of the work, as well as some perspectives on the combined effects of the velocity, blockage,
and relative coarseness, or the shape of the obstacle, over the scour depth.

Table 1. Comparison of numerical techniques used in clear-water scour simulation in the literature.

Reference Numerical Turbulence Sediment Load Rep D/W Lateral
Method Model Model Wall B. C.
Olsen et al., FVM RANS (k —¢) Suspended load 5.02 x 10* 0.2 Slip
1993 [26] (Van Rijn)
Zhao et al., FEM RANS (k — w) Bedload 3.9 x 10* 0.05 Slip
2010 [27] (Engelund and Fredsoe)
and suspended load
(convection-diffusion)
Khosronejad UFVM URANS Bedload 29-63 x 10*  0.14 Slip
etal.,, 2012 [28] (Van Rijn)
Link et al., FVM DES Bedload 3.25 x 104 0.07 Slip
2012 [29] (Lagrangian model)
Bento et al., FDM RANS (k—¢)  Suspended load 3.5 x 10* 0.027-0.055 Non-slip
2023 [36]
Presentstudy =~ UFVM LES Bedload 1.9 x 103 0.1 Non-slip
(Engelund and Fredsoe)

2. Mathematical Model

To investigate the evolution processes of local scour around the cylinder in a rectangu-
lar channel, the flow model solves the Navier—Stokes (N-S) equations using a large eddy
simulation (LES). In the present study, the free surface is neglected because a rigid roof is
used to isolate the effects of the wake vortices on the scouring process (Lachaussée et al.,
2018 [16]). In addition, the model computes near-bed transport separately using an Exner
equation, in which the bedload transport is calculated with the formula given by Engelund
and Fredsee, 1976 [35]. The computational domain is illustrated by Figure 1.
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Figure 1. Sketch of the computational domain used for the numerical simulations (narrow chan-
nel case).

2.1. Hydrodynamic Model

For the flow, the governing equations employed for LES are obtained by filtering the
Navier-Stokes equations (Equations (1) and (2)).

ouw; duu;  19p 9 [ o 9T
o Ty T paw oy \Vax ) o I @
ou; -

where 1; is the i-th filtered velocity component in Cartesian coordinates, p is the filtered
pressure, p is the density, and v is the kinematic viscosity. 7;; is the sub-grid stress (SGS)
tensor required for the LES formulation, defined in Equation (3).

~ 1 — 1 (om Oi
Tij = 21/1551‘]‘ + 31—]‘]‘51‘]‘/ 51‘]‘ = 5 <ax; + ag{j) 3)

where v; is the turbulent viscosity at the subgrid scale, gi]- is the rate-of strain tensor at
the resolved scale, and J;; is the Kronecker delta. The eddy viscosity is modeled using
Equation (4) using the Smagorinsky model.

vi=L3IS|, |8 = /25,5, 4

where L; is the sub-grid length scale. This length scale cannot be described with a constant
value when it is located in the near-wall region; instead, it decreases as it approaches the
wall. This effect is captured by the Function (5).

1_1 1
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where n = 2 is the Mason wall matching power (Mason and Thomson, 1992 [37]), Cs = 0.1
is the Smagorinsky constant, A = V1/3 s the average spacing (where V is the volume of the
cell,) x = 0.4 is the Von Kdarman constant, and L, is the distance from the cell center of a
control volume to the wall.
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The present study employs the diameter of the pier (D) and the mean velocity (U) at
the inflow boundary as reference scales for the length and velocity, respectively. Using
these length and velocity scales, we then define the time scale T = D/U. By setting these
reference scales, the governing equations become in terms of the pier Reynolds number,
defined in Equation (6), which is based on the cylinder diameter, the mean flow velocity,
and kinematic viscosity (v = 1 x 1074m?/s).

Rep — 953. ©)

2.2. Morphodynamic Model

The present study analyzes sediment transport in the clear-water and live-bed regimes.
Despite this, the Rouse number (Ws/ur, where W; is the settling velocity) is not high
enough for the suspended load to be significant; therefore, only the bedload formulation
is considered. Thus, the morphological evolution of the sediment bed is described using
Equation (7), also known as the Exner—Polya equation.

azb aqb,‘ o

0, ()

where 17 = 0.4 is the porosity of the bed, z; is the bed elevation, and g, (i = 1,2) is the
bedload transport rate given by Equation (8), proposed by Engelund and Fredee, 1976 [35].

mid
%i = ?ngubi/ (8)

where d is the particle diameter, p,, is the percentage of particles in motion modeled, and
uy, (i = 1,2) are the mean velocity components of a sediment particle in movement. The
value p,; is given by Equation (9).

TTH4
1*&@—&0] 0 ©)
0 . 0<0,.

Per =

Here, i is the dynamic friction coefficient, 8 is the Shields number, and 6, is its critical
value for the initiation of motion. The mean velocity is given by the Equation (10).

Uy, = a (1 —0.74/ %) Uz, (10)

where a is an empirical constant and iy = (1, U, ) is the friction velocity. As implemented
in Zhang et al., 2020 [20], 6. is modelled using Equation (11).

-2 2 .
6. — 0, (cosﬁ\/lsm « tan ‘Bcosucsmﬁ)l (11)

2 Hs

where 6., is the critical Shields number for the initiation of motion in a bed with slope
zero, i is the static friction coefficient, B is the maximum angle of repose, and « is the
difference between the angle of the flow near the bed and the maximum angle of repose
B. The friction velocity is calculated by solving Equation (12), as proposed by Nikuradse,

1950 [38]:
LS ln<z>, (12)
Ur 20

where z( is governed by the friction Reynolds number Re; = uk; /v, with ks being the
so called Nikuradse sand roughness. Based on the value of Re;, three hydraulic regimes
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are defined to compute zy. The flow is hydraulically smooth for Re; < 5, and rough for
Re: > 70. Soulsby, 1997 [39], developed a transitional formula in Equation (13) to link
both regimes:

,forRe; < 5
ur
v ks urks
z0 = 9 + 30[1 - exp(— 271/” ,for5 < Rer < 70 (13)
k
i , for Re; > 70

2.3. Sand-Slide Model for the Sediment Bed

In addition to the Exner-Polya equation, a sand-slide model is implemented to avoid
the occurrence of bed slopes which are larger than the physical value of the angle of
repose. The present study applies the mass-conservation-based algorithm of Khosronejad,
as presented in Zhang et al., 2020 [20]. The bed slope is defined by the elevation gradient
between a point and any neighboring horizontal cell center. Thus, if the slope exceeds
the maximum angle of repose of the material, then a correction will be made to the bed
elevation based on a material angle of repose ¢. The bed corrections are obtained by mass
conservation using the area projection of the cells. This area projection is an appropriate
choice because there is no change in the cell area, as the mesh points move only in the
vertical direction. Details about this algorithm in a triangular mesh can be found in Zhang
et al., 2020 [20].

2.4. Narrow Channel Boundary Conditions

For the narrow channel case (i.e., D/W < 0.1), the shearing zone near the lateral
walls cannot be neglected [32-34]. Therefore, the lateral wall boundaries adopt non-slip
conditions, as well as the bottom boundary. The surface is a rigid boundary with slip
conditions, and the outflow boundary adopts non-reflective conditions. For the inflow
boundary, velocity is defined by a theoretical vertical profile fit for the desired friction
velocity given by Equation (14) (Swamee, 1933 [40]).

_ —-P
. (z+1/p + [k Mn(e + 9z+)]*1/r’) , (14)

where u = uruy,z =6,z+,and 6, = Uu;l. Here, we consider ¢ = 1 and p = 3/10. Equiva-
lences # = u  fand 2 =z %V are used in Equation (1) due to their dimensionless format.

3. Numerical Method

The numerical model used herein is an evolved version of the program initially
developed by Uh Zapata et al., 2014 [41], to study hydrodynamics problems in irregular
domains. Versions of the model have been used to study the morphodynamic evolution of
sediment [20,42], including the scour around a cylindrical pier in live-bed conditions.

The mobile bed induces variable bathymetry and can lead to discretization problems.
In order to avoid these problems, the o-transformation (defined in the study of Phillips,
1957 [43]) is applied to the system. It consists of the simplification of the geometry of the
domain in the vertical direction. This is achieved by transforming the system into the
coordinate system defined in Equation (15).

h
t*:t,x*:x,y*:y,azz—;l— ;

(15)

where h(x*, y*, t*)and z € [—-h,0] and ¢ € [0, 1]. Anin - explanation of the implementation
can be found in Uh Zapata et al., 2014 [41]. The velocity field and pressure are decoupled
using the projection method initially proposed by Chorin, 1968 [44]. The resulting linear
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systems are solved by the Successive Over-Relaxation method (SOR). Finally, the whole
program operates in parallel using the Message Passing Interface (MPI). Further details can
be found in Uh Zapata et al., 2019 [45].

3.1. Configurations of the Computational Domain

As a result of the implementation of the o-transformation, the research code can only
model partially submerged prismatic obstacles. However, as stated in Lachaussée, 2018 [18],
the influence of the height of the obstacle over the scouring process is negligible for H/D
larger than 3 (H being the height of the pier), which is the case studied herein. Therefore, a
test of height H = 0.09 m is equivalent to one with H = 0.16 m due to its diameter being
D =0.01m.

Figure 1 shows a global view of the computational domain for the narrow channel
case in the present study. The configuration and dimensions are the same as those used in
the laboratory experiments performed by Lachaussée, 2018 [18]. The numerical domain is a
30D long, 10D wide, and 16D deep cuboid with a cylinder situated at the axes’ origin, such
that the domain is symmetrical in the y-direction with 10D upstream and 20D downstream
of the cylinder.

Figure 2 shows a two-dimensional view of the mesh used in the simulations. The mesh
consists of layers of stacked prismatic elements, which are extended from an unstructured
triangular 2D mesh in the horizontal direction. To obtain the turbulent flow around the
cylinder, the minimum size of the mesh (triangle length /) is set about I = 0.015D and
I = 0.02D in the horizontal and vertical directions, respectively. The largest triangles are
close to the walls with an average length of | = 0.25D (zone 1). In the middle region (zone
2), the mesh reaches a maximum of I = 0.1D. Note that higher mesh density is used close
to the cylinder (zone 3) to capture the vortex structure. The total number of vertex and
cell-centered points in the horizontal are 20,123 and 39,721, respectively. For this mesh, we
have 205 vertex points around the cylinder. In the vertical direction, the mesh is comprises
96 layers of elements and the height of the cells increases geometrically as they are further
from the bed. The first cell center near the bed is set to be situated in the viscous sub-layer
(z+ < 5). In the clear-water case, the first cell center close to the bed is at z; = 2.82,
uy = 23.68 at the cell center closest to the surface.

(@ (b)

’ Zone 3

0 10 20
X

Figure 2. (a) Horizontal view of the mesh used for the numerical simulations. (b) Detail of the cells
near the cylinder.

3.2. Initial and Boundary Conditions

To validate the numerical model in the clear-water case, we set the problem using
the PIV measurements by Lachaussée, 2018 [18]. These measurements were performed
close to the bed with a vertical resolution of Azp;y = 8 x 10~% m. To avoid the influence
of waves on the scouring process, a plexiglass sheet is put over the water surface to
prevent a free surface. Due to the flow conditions, the Froude number Fr = U/ (gh)? is
small, so implementing a rigid roof as a surface boundary condition is appropriate. The
experimental configuration produces a flow with a mean velocity U =~ 0.16 m/s and friction
velocity ur ~ 8 =1 mm/s. As Re; ~ 5.4 in this case, according to Soulsby’s formulation
(Equation (13)), the flow approaching the obstacle is in the transitional regime, but very
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close to being hydraulically smooth. Naturally, as the flow approaches the obstacle and its
friction velocity increases, the flow regime is consolidated as transitional.

For the clear-water simulations, we adjust the Swamee profile (14) to the PIV data
while confirming that the friction velocity is conserved, and then we apply the profile to
the inflow boundary condition. As a result, considering D = 0.01 m, the pier Reynolds
number in the numerical model is Rep = 2000.

For the live-bed simulations, the Swamee profile (14) is adjusted to the flow velocity
and pier size described in Roulund et al., 2005 [4]. The mean velocity in this case is
U = 0.46 m/s, the pier diameter is D = 0.1 m, and, therefore, the pier Reynolds number is
Rep = 46,000.

In the present study, the same parameters are used in all the simulations for sediment
density, fluid sediment, grain size, sand roughness, bed porosity, critical Shields number
for a horizontal slope, and static and dynamic friction coefficients. The parameters used in
the tests are summarized in Table 2.

Table 2. Flow and sediment parameters used for all simulations.

Parameter Symbol Clear-Water Case Live-Bed Case
Mean velocity u 19.23 cm/s 46 cm/s
Reynolds number Rep 1923 46,000
Friction velocity Ur 0.9 cm/s 1.8 em/s
Water depth H 16 cm 40 cm
Cylinder diameter D 1cm 10 cm
Sediment density 0s 2500 kg m~3 2500 kg m~3
Fluid density 1Y 1000 kg m—3 1000 kg m~3
Grain size d 0.27 mm 0.27 mm
Sand roughness ks 0.67 x 103 m 0.67 x 103 m
Friction Reynolds Re; 6 12
number
Bed porosity N 0.4 0.4
Critical Shields e, 0.04 0.04
number
Dynamic friction
coefficient Hd 0.62 0.62
Static friction
coefficient Hs 0.63 0.63

From the value of 6, it follows that the critical friction velocity for the incipient
motion of a solid particle on a flat bed is given by Equation (16).

" ‘—[9 d ] 127 %1072 16
terit = |Yep§ (PS/P ) = 1.27 X m/s. (16)

Therefore, the ratio /1. is equal to 0.72, i.e., clear-water conditions.

4. Numerical Results
4.1. Live-Bed and Wide Channel Case

As stated in Section 2, the in-house model was validated in Zhang et al., 2020 [20]
by reproducing the experimental results in Roulund et al., 2005 [4]. The flow and scour
conditions are detailed in the live-bed case in Table 2. In the present study, the Swamee
profile defined in Equation (14) is implemented, which differs from the Poiseuille profile
utilized in Zhang et al., 2020 [20]. Additionally, the blockage ratio for the wide channel
in the present study is D/W = 1/16, while the blockage ratio in Zhang et al., 2020 [20] is
D/W = 1/30. However, for slip walls, it is considered that the sensitivity of the flow near
the obstacle to D/W is minimal when D/W < 0.1 (Chen et al., 1995 [32] and Lachaussée,
2018 [18]). Therefore, the difference in width can be considered negligible.
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Figure 3 compares the experimental measurements from Roulund et al., 2005 [4]
corresponding to the rough bed case with a cylinder Reynolds number Rep = 46,000
with the numerical results of Roulund et al., 2005 [4], and the present study. These
results show that the scour depth development over time can still be reproduced after the
implementation of the current inflow profile. Furthermore, the current estimation is closer
to the experimental data presented originally in Roulund et al., 2005 [4] in terms of scour
depth evolution over time.

14
12 1
1
0.8
Q
(0]
0.6
0.4
m  Roulund (2005) Exp.
0.2 —-—- Roulund (2005) Sim | |
— Present model
0
0 500 1000 1500 2000 2500
t(s)

Figure 3. Scour depth evolution upstream of the cylinder for the live-bed case [4].

4.2. Clear-Water Case

This section shows the capability of the proposed numerical model for reproducing
the hydrodynamics and morphodynamics behavior around the cylinder in clear-water.
The flow results are presented in Figures 4-7, and detailed in the section “Hydrodynamic
validation”, and the morphological results are presented in Figures 8-14, and detailed in
the subsection “Morphodynamic validation”. The numerical simulations are performed in
two stages to avoid inaccuracies produced by the initial state of the flow. We only compute
the hydrodynamic model in the first stage until the flow stabilizes. In the second stage, we
calculate both the flow and sediment evolution. In the beginning, the initial condition of
the pressure is zero, and the inflow Swamee boundary condition is imposed throughout
the domain.

4.2.1. Hydrodynamic Validation

In order to examine the inflow field, the vertical velocity component and the friction
velocity are discussed and compared with experimental data in this section. The evolution
of the flow is analyzed to find the time needed for the velocity to reach an equilibrium. The
study of morphological evolution begins at the conclusion of this warm-up time.

Figure 4 presents the time evolution of the velocity at the first vertical cell and the
friction velocity results. Note that both quantities stabilize as expected. Moreover, there
are no significant changes after t/T = 60. This time agrees with the non-dimensional time
necessary for the flow to travel twice the distance from the inlet to the outlet. It is also
equivalent to dimensional 3.12 s using a time scale of T = 0.052 s. Figure 5 compares the
vertical profile of the resolved approaching flow at x/D = —5 and t/T = 100 with the
experimental measurements in Lachaussée, 2018 [18]. This velocity profile is close to the
PIV measurements for z/D < 2, which is the critical region for scour erosion. In the present
study, the warm-up time is set to t /T = 100.
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Figure 4. Time analysis of (a) the velocity at the first vertical cell above the bed, and (b) the friction
velocity for a flow with Rep ~ 2000 at (x,y) = (—5,0).
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Figure 5. Comparison between the numerical vertical velocity profile at (x,y) = (—5,0) and the PIV
measurements in Lachaussée, 2018 [18] for the flow with Rep = 2000 and U = 0.1923 m/s.

Figure 6 displays the three-dimensional instantaneous flow at the non-dimensional
time t/T = 100, just before the beginning of the second stage. The cylinder is represented
by the gray surface and the flow by the black streamlines. Note the complex patterns of the
streamlines close to the cylinder. The adverse pressure gradients induced by the cylinder
obstruction create downflows in front of the cylinder and generate a horseshoe vortex
(HV) near the bottom and wake region behind the cylinder. Figure 6a shows the main
coherent structure in an instantaneous flow associated with an HV using the Q criterion.
We clearly observed a clockwise vortex close to the bottom in Figure 6b, which also presents
3D streamlines of the wake region behind the cylinder. Figure 6¢ presents 3D streamlines
of the wake region behind the cylinder. We note fluid particles situated close to the bed
could be first entrained into the core of this region, and then, from there, toward the surface
by an upwelling anti-clockwise vortex. This counter-clockwise rotating vortex would be
responsible for the scour mechanisms downstream of the cylinder.
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Figure 6. Three-dimensional instantaneous flow visualization at /T = 100: (a) Detailed view of the
vortex structures at the base of the cylinder. (b) Front and (c) side view depicting stream lines.

Finally, Figure 7 shows the horizontal profile of the friction velocity amplification
over the line y = 0 at different time stages. Here, 1, = 1.27 x 1072 m/s as defined in
Equation (16). In this case, the sediment transport starts at /T = 100. Before a dune is
formed, the friction velocity slightly surpasses the critical value. It is worth noting that the
distance between the inflow boundary and the cylinder is enough to stabilize the flow. Thus,
the friction velocity reaches an equilibrium value of 8 & 1 mm/s, remaining unperturbed as
long as it is far enough from the cylinder. This value agrees with the measurements given
by Lachaussée, 2018 [18].
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Figure 7. Friction velocity amplification along the x direction with y = 0 for Rep ~ 2000.

4.2.2. Morphodynamic Validation

This section is devoted to the analysis of the scour around the cylinder. The morpho-
logical model is tested for Rep ~ 2000, in the clear-water regime. Any friction velocity
greater than 1.27 x 1072 m/s will result in a Shields number satisfying the condition 6 > 6.,
and, thus, it will produce sediment transport. Figure 8 illustrates the early evolution of the
obtained scour hole at non-dimensional morphological times ¢/ T equal to 100, 200, 400,
and 800. At these early stages, the development of the scour hole agrees qualitatively with
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the one presented for live-bed conditions in Zhang et al., 2021 [19]. T is the morphological
time scale defined by Sumer, 1992 [46] as follows:

2
Te—e D7 (17)
g(s—1)a3

where d is the grain size and s = p;/p is the relative density of the sediment. In this case,

T = 5.87.
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Figure 8. Bed elevation near the cylinder at different moments in time, demonstrating the evolution
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of the scour hole.

Figure 9 presents the horizontal profiles of the same results shown in Figure 8, offering
a more quantitative insight into the scour hole and the dune. The scour hole upstream
of the cylinder presents a consistent angle of approximately 32°, which is consistent with
the prescribed value for the maximum angle of repose in Lachaussée et al., 2018 [16]. By
contrast, the dune downstream of the cylinder does not have a consistent shape throughout
its formation. While the lee-side angle of the dune is unchanged once it reaches the same
slope as the scour hole, the stoss side of the dune presents more inconsistency. This last
behavior might result from the wake vortices interacting directly on the stoss side of
the dune.
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Figure 9. Horizontal profile of the bed elevation at y = 0, corresponding to the same states shown
in Figure 8.

Additionally, the presence of a horseshoe vortex in the studied range of Rep is in
agreement with Baker, 1979 [47]. The presence of scour induced by the horseshoe vortex
(herein referred to as “horseshoe scour”) in clear-water regime agrees with Lachaussée
et al., 2018 [16]. Three measures are compared with their data: the maximum depth &, and
the characteristic lengths Ly and Ly, illustrated in Figure 10. Ly is defined as the distance
between the pier and the point of the bed where its depth is ¢, /2. Ly is also defined as the
distance between the pier and the point of the bed where its depth is &, /2.
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Figure 10. Characteristic lengths of the scour hole.
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The time evolution of &, Ly, and Ly can be fit to the exponential law

f(t)zA(l—Bexp(—;t)—(1—B)exp(—10tTa>), (18)

where A, B, and T, are empirical parameters. This is illustrated in Figure 11a, where the
square, triangle, and circle markers are the computed maximum depth, and the upstream
and lateral characteristic lengths, respectively. The solid and dashed lines are the adjusted
Equation (18) to fit the evolution of ¢y, Ly, and Ly.

Figure 11 presents a comparison between the numerical and experimental results
with the model Equation (18). Figure 11a illustrates the fitting of the Equation (18) to the
numerical data. The values for the empirical parameters are A = —10.3, B = 0.6, and
T, = 1000 for the time evolution of ¢,,; A = 14.5, B = 0.42, and T, = 1000 for the time
evolution of Ly, and A = 15, B = 0.52, and T, = 1000 for the time evolution of L,.

20

10} ,,-Réi/g -
/ - O  &m(Numerical resuit) > * EnEpeimeta) |
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E o A Luwekarew || E° .« Ly(Eperimenta)
— - - L x(Equation 18) sl — - - Lx(Numerical) ||
O Ly (Numerical resut) « Ly (Experimental)
ol Ly(Equeton18) || ol — - Ly(Numerica)

sk

1

0 10000 20000 30000 40000 2000 4000 6000 8000 10000 12000 14000
YT* YyT*

20

Figure 11. (a) Time evolution of &y, Ly, and Ly. (b) Comparison between the numerical and
experimental data.

As illustrated by Figure 11b, initially, the scour evolution in the numerical results
fits well with the experimental results of Lachaussée, 2018 [18], but the model eventually
over-predicts the maximum scour depth. With regard to the characteristic lengths, the
numerical results present a better fit for L, than L. This is because the numerical results
present a rounder scour hole than the one in the experiment. As a comment, we note that
the maximum depth of the predicted scour hole is often situated in a region that, in the
experimental case, was obscured by the pier, and thus could not be measured.

Figure 12 shows a comparison between the numerical results of the present study and
the experimental results with equivalent flow and sediment conditions reported in the
thesis of Lachaussée, 2018 [18]. Both the scour hole and the dune have a similar magnitude
and angle, with some discrepancy around the limits of the scour hole and downstream of
the dune. The numerical and experimental data in the figure both correspond to an instant
in which the scour hole has not yet reached an equilibrium.
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Figure 12. Comparison between the numerical results at a non-dimensional time ¢/T = 3500 and the
experimental results reported in Lachaussée, 2018 [18] at time t = 2.4 h. The horizontal profiles were
extracted along the lines y = 0 (a), x = 0 (b), and x = —9 mm (c).

Figure 13 shows a topographical comparison at the same time as Figure 12. The shape
and magnitude of the predicted scour hole is very similar to that of the experimental results.
However, while the position and magnitude of the dune in the numerical results agree
with the experimental ones, the width is different. A shallow scour hole is present at the
lee-side of the dune, which is in agreement with the experimental results, although the one
predicted is larger.

This second scour hole seems to be a result of the non-slip conditions at the lateral
walls, as these conditions model the physical walls of a narrow channel. This scour hole
is an example of wake scour, as the wake of the cylinder is trapped inside the channel,
producing scour at the lee-side of the dune. A 3D view is shown in Figure 14.
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Figure 13. (a) Topographical map of the experimental results reported in Lachaussée, 2018 [18] at
time t = 2.4 h. (b) Topographical map of the state of the sediment bed for the numerical results at
non-dimensional time ¢/T = 3500.

(a) (b)

Figure 14. (a) Snapshot of the scour in development at time t = 2.4 h (Lachaussée, 2018 [18]).
(b) Scour hole at non-dimensional time ¢/ T = 3500.

4.3. Effects of the Channel Width on the Clear-Water Local Scour Pattern

In a free-stream, the streamlines lateral to an obstacle will contract, resulting in flow
acceleration. If the flow acceleration results in a supercritical Shields number, the sediment
particles will be set in motion, resulting in scouring. In a narrow channel, the flow is
confined between two lateral walls, and this confinement will accentuate the contraction of
the streamlines, further accelerating the flow past the obstacle. Under this contraction effect,
the dune will be pushed downstream. In clear-water conditions, the region of threshold
overshoot has a larger expansion than in live-bed conditions. In this section, the narrow
channel case has a blockage ratio of D/W = 0.1, and the wide channel has a blockage ratio
D/W = 0.0625.

Figure 15 shows the friction velocity amplification 1+ / i1y, Wwhere 1, is as defined
in Equation (16). The figures show the amplification effect of the friction velocity at the
sides of the cylinder. Roulund et al., 2005 [4], describes this amplification as being caused by
the contraction of the flow streamlines and the horseshoe vortex. The isolines in Figure 15a
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show that the largest amplification is located at an angle within the interval 43° < ¢ < 75°.
This region is approximately 45 percent wider than the equivalent region in the wide
channel case, which is located at 48° < ¢ < 70° (Figure 15b). In the narrow channel case,
the confinement of the flow results in a larger contracted area relative to the wide channel
case, which will result in a larger sediment transport rate at the start of the development.
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Figure 15. Friction velocity amplification distribution for Rep = 2000 in a rigid bed. (a) Narrow
channel case (D/W = 0.1). (b) Wide channel case (D/W = 6.25 x 10~2).

Figure 16 compares the resulting bed topography of the clear-water simulations. It
can be seen that both scour holes and dunes present similar characteristics. The horseshoe
scour hole is circular without reaching the wake-side of the cylinder. The maximum scour
depth is present in both cases at the lee-side of the cylinder, lateral to the stagnation point,
at |y/D| =~ 0.25D. The scour hole in the narrow channel is deeper than the scour hole in
the wide channel by approximately 15%.
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Figure 16. Comparison of the bed topography at equilibrium condition in clear-water conditions in
the narrow channel (a) and the wide channel (b).

Figure 17 compares the time evolution of the normalized scour depth for the three
scour simulations performed for the present study. Regarding clear-water, it can be ob-
served that, in both cases, the scour depth evolution is largely monotonically increasing.
This continuously growing scour behaviour, although not perfectly monotonic in lab stud-
ies, has been documented in experimental studies on clear-water scour, such as Lachaussée,
2018 [18], Kothyari et al., 2007 [48], and Melville et al., 1999 [2]. Moreover, the scour rate
decreases over time in both cases. From the the beginning of the scour simulation, both
cases presented a similar scour evolution, but the scour rate decreases more rapidly for
the wide channel case. This initial similar behavior can be explained by the similar mag-
nitude reached by the friction velocity in the rigid bed simulation (Figure 16). The area
where the friction velocity overshoots its critical value is only slightly larger in the narrow
channel case, so the faster scour rate does not become apparent in the early time of the
simulation. As a result, the narrow channel effect results in a faster scour process and a
deeper horseshoe scour hole in the clear-water test, as shown in Figure 16.
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Figure 17. Scour depth evolution upstream of the cylinder for the clear-water (CW) and live-bed
(LB) cases.

It is important to note that the live-bed tests were based on the configuration in
Roulund et al., 2005 [4], while the clear-water conditions are based on the configuration in
Lachaussée, 2018 [18]. A notable difference is the pier diameter, which affects the relative
coarseness (D/d) of the model. In the Roulund configuration, D/d ~ 370, while in the
Lachaussée case D /d =~ 37. Several studies have pointed out the influence of the relative
coarseness on the effect of the blockage ratio over the scouring process. Tejada, 2014 [49],
states that, for D /d < 100, the blockage ratio has minimal influence over the scour process.
However, an experimental study by Williams et al., 2018 [6], was performed with a relative
coarseness D /d = 81 and it was found that the larger blockage ratio produced a larger
scour depth. This suggests that the relationship between the relative coarseness and the
blockage ratio may be more complex than previously thought.

The effect of the roughness length zj over the scouring process is a similar consider-
ation to the relative coarseness effect. The behavior of zg, which directly influences the
friction velocity, is directly influenced by the hydraulic regime of the flow (Equation (13)). It
can be seen in Table 2 that the clear-water case is located in the transitional hydraulic regime,
but very close to the smooth hydraulic regime at Rep ~ 6. Furthermore, considering the
largest amplification factor seen in Figure 15, we obtain Rep ~ 22.8, which is within the
transitional hydraulic regime. In contrast, the live-bed configuration (Table 2) results in
a larger friction velocity amplification near the cylinder (Zhang et al., 2020 [20]), which
locally overshoots the threshold for the rough hydraulic regime.

5. Conclusions

Despite important research efforts over the last decade, there are still difficulties in
accurately predict the maximum value of S/D (Harasti et al., 2023 [50]). It is for this reason
that a correct understanding of the kinematics of the scour at the base of an obstacle are
vital for designing and constructing sustainable hydraulic structures. This study presents
a numerical model using the LES approach. The code was initially developed by Zhang
et al., 2020 [20] for a wide channel in live-bed conditions in the turbulent rough regime
(Rep = 46,000). In the present study, we successfully studied the combined effect of the
velocity and the blockage with a focus on an approaching flow near the hydraulically
smooth regime. We consider two different test cases. The first case presents a good
agreement with the experimental findings of Roulund et al., 2005 [4] (Rep = 46,000), with
the objective of acting as a control case to ensure that the model could still accurately
predict the scouring process in the live-bed regime after the extension of the applicability
to the clear-water regime and the generalization of the flow conditions. A moderately low



Appl. Sci. 2023,13, 11501

20 of 22

References

Reynolds number (Rep ~ 2000) is used for the second case to study the model’s ability
to predict clear-water scour. Validation is achieved by qualitatively and quantitatively
comparing the predicted scour depth and time evolution with a laboratory experiment
reported in Lachaussée, 2018 [18].

We obtain fair agreement with the velocity profile obtained using PIV measurements
in the narrow channel with non-slip lateral wall boundary conditions. Although the
numerical model still has discrepancies at the lee-side of the dune and downstream of
it, the accuracy of the predicted angle, size, and depth of the scour hole are very good
near the obstacle. This is despite the difference in the height of the cylinder and despite
the fact that the experimental set-up uses a submerged cylinder while the cylinder in
the numerical set-up is only partially submerged. This behavior is consistent with the
conclusion regarding the height-diameter ratio of the obstacle in Lachaussée, 2018 [18]. The
model can also accurately predict the depth evolution of the scour hole. However, in the
long-term simulation, the model reaches its equilibrium at a greater depth. This behavior
could be a consequence of the sediment bed hypothesis as a continuum, the pier “shadow
effect” on the measurement technique, or a combination of both.

The amplification to the flow contraction caused by the confinement is well described
by the model. In the clear-water case, the narrow channel simulation presented a higher
scour depth than the wide channel simulation. These results show that a large blockage
ratio (D/W > 0.1) can have an important impact over the scour process, despite a low
relative coarseness (D/d < 100). However, because all tests in the present study were
performed for low Froude number values, it would be interesting to perform a similar
study for a higher value Froude number to account for the free surface effects on the
scouring process. Future study will focus on testing similar flow conditions with different
pier geometries.
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