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Abstract Coherent structures generated by oscillating turbulent boundary layers
with or without a unidirectional current over a fixed, rippled bed are presented. The
effect of ripple height and current intensity on the characteristics of these structures
was investigated using a series of large-eddy simulations performed at Re, = 23,163.
These flows are typical in coastal regions where complex wave-current interactions
occur. A cartesian flow solver was used with the rippled bed represented using the
immersed boundary (IMB) method. Results are presented for three ripple steepness
values and two current magnitudes. Three different types of coherent structures were
identified with their size, shape and evolution largely depending on ripple steepness,
while, their potential effect on sediment transport is discussed.
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1 Introduction

The wave-induced flow over a rippled bed is of particular interest in coastal en-
gineering applications, i.e., sediment transport. In general, the flow consists of an
oscillatory component due to wave propagation and a unidirectional one due to
wave-generated or other current. A model of this wave-current flow, far above the
bed, is the following combined oscillatory-unidirectional external flow

u, = Uc + U, sin (wt) @)

where Uc is the current velocity, U, is the wave velocity and Uc/U, represents
the relative strength of the current. The radial frequency of oscillation is w = 27/ T
where T is the wave period. The characteristic length scale of the external flow is the
amplitude of the orbital motion, «, = U,/w. The relevant dynamic dimensionless
groups are the Reynolds and Keulegan—Carpenter numbers,

and  KCp=Jo % )
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where the Keulegan—Carpenter number KCy, is defined with respect to the ripple
height £, for each case (see Table 1). The characteristic geometrical dimensions of
coastal bed ripples are their length, L,, and height, /.. In general, sand ripples are
classified as orbital, suborbital or anorbital [21, 22, 30]. The orbital ripples are the
steepest (h,/L, > 0.1) and their length is proportional to and on the order of the
diameter of the orbital motion. The anorbital ripples appear when the diameter
of the orbital motion is large relative to the sand particle size, which results into
ripples with very mild steepness and short length (L,/e,) < 0.1). The dimensions of
suborbital ripples lie between those of orbital and anorbital. Orbital and the larger
suborbital ripples are also called vortex ripples because a vortex is formed due to
separation at their crests twice every wave period. A typical vortex ripple is shown
in Fig. 1. Here, the ripple trough is assumed to have a circular-arc shape of radius r,,
leading to ripples with sharp crests. Typical ripple dimensions, according to field and
experimental data [10, 21], are

L S22 and s

<02 3
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So far, the oscillatory boundary layer over a flat bed has been investigated
by several researchers both experimentally [15, 18] and numerically [25, 26]. In
comparison to a flat bed, the existence of ripples significantly modifies the flow

Table 1 Summary of computational cases at Re, = 23,163

Case Uc/U, h/L, KCy
A0 - 0.125 3.636
BO - 0.159 2.859
CO0 - 0.200 2.272
Bl 0.5 0.159 2.859
B2 1.0 0.159 2.859

A0-CO: purely oscillatory flow cases. B1-B2: oscillatory-unidirectional flow cases
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Fig.1 Computational domain |- 7
and typical grid resolution ii )
(only every 10th
computational node is shown)
for the oscillatory flow over
rippled bed at Re, = 23,163

dynamics in the near wall region, mainly due to flow separation and vortex shedding
at the ripple crest. In these cases, the appearance of stronger secondary turbulent
motions such as those produced by coherent structures, affect the spatiotemporal
distribution of the wall shear stress. These effects are of particular interest in coastal
applications and they are expected to have a profound impact on the sediment
incipient motion, bed load and suspended sediment transport [23, 24, 33].

The unidirectional, steady flow over ripples has been studied using Direct Numer-
ical Simulations (DNS) [20], and later using large-eddy simulations (LES) [6, 7, 14].
For the oscillatory flow, Scandura et al. [27] presented DNS results for smooth-
crested ripples at relatively low Reynolds numbers (Re, = 1,005) at the onset of
transition, and Barr et al. [3] performed coarse DNS calculations also over smooth-
crested ripples at Re, = 15,600. Chou and Fringer [7] presented coupled LES
over an erodible bed to study the dynamic formation and evolution of ripples. To
reduce the computational cost, in most oscillatory flow cases, the Reynolds-averaged
Navier-Stokes (RANS) equations are solved. Fredsge et al. [11], for example, pre-
sented a combined experimental/numerical study of the flow over a rippled bed using
laser Doppler anemometry (LDA) to measure velocity statistics over the ripples. In
the numerical part of this study [11], a k — o turbulence model [31] was used, which is
usually more accurate than the standard k — € model in separated flows. The overall
agreement between the experiments and the computations was satisfactory but
comparisons were limited to the streamwise horizontal component of velocity.

Recently, we have presented LES of the turbulent boundary layer over vortex
ripples, at Re, = 23, 163, using the external flow given by Eq. 1, and examined in de-
tail the effect of ripple height and current strength on the mean flow and turbulence
statistics [12]. It was found that all results are influenced mainly by the oscillatory
nature of the flow and the ripple height. The effect of current strength was found to
be relatively weak on the forces and the flow patterns developed over the ripples.

The motion of suspended sediment has also been studied both for unidirectional
[8,32] and oscillatory flows [24, 33]. In all of these studies, the importance of instanta-
neous, coherent flow features on bed shear stress and suspended sediment transport
patterns is demonstrated.

In the present study, our primary objective is to extend the work in [12] by report-
ing and analysing the formation, shape and evolution of turbulent coherent structures
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as a function of ripple height and current strength. Here, we focus on instantaneous
flow features: we identify and track the evolution of coherent structures, and discuss
how these could affect sediment transport. All computational cases reported here
were produced using a structured Cartesian solver with optimal conservation prop-
erties combined with the immersed boundary (IMB) method, which facilitates the
incorporation of complex bed shapes in a cost/efficient manner (see details in [12]).

In the following Section 2, we summarise the mathematical formulation and the
numerical method including the procedure to generate the oscillatory motion over
the bed. The parametrization (flow and computational) is presented in Section 3,
while results are presented and discussed in Section 4.

2 Formulation and Numerical Method

In the LES approach, all flow structures are separated into the large, energy-
containing eddies, which are directly resolved by the computational grid as in the
DNS approach, and the sub-grid contribution (SGS), which are parametrized. Using
the characteristic length scales of «,, U, and %pr, velocity and pressure, the
resulting non-dimensional equations of motion for an incompressible flow become,

au;

T 4

™ (4)
ou; | Oul; ip 9ty 1 oud
Sui | Sy _ _oP _ 0% Moy f (5)
ot 0x; 0x; 0x; Re, dx;ox;

where x; (i = 1, 2, 3) are the three Cartesian coordinates (denoted x, y, z, hereafter),
u; are the resolved velocity components in the corresponding directions (denoted
u, v, w, hereafter), p is the pressure, t;; = u;u; — u;u; are the SGS stresses and Re
is the Reynolds number defined in the previous section. The source term f; is an
external forcing function, associated with the immersed boundary method, to mimic
the existence of the ripple boundary. To parameterize the SGS stresses, 7;;, an eddy-
viscosity type model is used:

Tij = —ZUTSU (6)

where vr is the eddy-viscosity and S;; = (1/2)(0u;/0x;+ 0u;/dx;) is the resolved
strain rate tensor. The eddy viscosity is computed using the Filtered Structure
Function (FSF) model developed by [9]:

vr(x, 1) = 0.0014C*A (E (x, A, z)) " (7)

where Cg = 1.4 is the Kolmogorov constant, A = (AxAyAz)'/3 is the filter width,
and F, is a filtered, second order, structure function. Details on the FSF model
formulation can be found in [9]. A detailed validation of the present implementation
can be found in [13] for the unidirectional flow over dunes and in [12] for the
oscillating flow over ripples.

The Cartesian flow solver using Eqgs. 4 and 5 which govern the evolution of the
larger, resolved scales, is based on a fully explicit fractional step, projection method.
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Space discretisation is using a central, second order finite-differences scheme on
a staggered variable arrangement. Time advancement is performed using a fully
explicit Adams—Bashforth scheme (see [13] for details).

In order to enforce the no-slip condition along the ripple’s surface, an immersed
boundary method is used. At this part of the computational domain, the solution is
locally reconstructed in the vicinity of the boundaries, since the bed surface is not
aligned with the grid lines. The main advantage of this approach is that the efficient,
energy conserving Cartesian solvers, which have been routinely used in DNS and
LES over the past years, can be applied to complex geometrical configurations in
a straightforward manner. In our implementation, the rippled bed is identified by a
series of material-fixed interfacial markers whose location is defined in the reference
configuration of the solid. This information is then used to identify the Eulerian grid
nodes involved in the reconstruction of the solution near the boundary in a way
that the desired boundary conditions for the fluid are satisfied. The reconstruction
is performed ‘around’ the points in the fluid phase closest to the solid boundary
(all points that have least one neighbor in the solid phase). The details of the
tracking scheme and the solution reconstruction, for stationary boundaries, can be
found in [2]. The resulting solver has excellent parallel efficiency, requires 120 Mb of
physical memory per million nodes, and requires less than 0.07s/iteration per million
nodes, on low-cost personal computers (e.g. a single socket PC using a six-core CPU
such as an AMD-Phenom processor at 3.2GHz).

The key element of performing the simulations presented below is the generation
of the external velocity field given by Eq. 1. We decompose the external far-field
velocity variation into a steady (current) component U¢, and a zero-mean oscillatory
component. The requested variation of the external field is achieved by imposing
an appropriate pressure gradient variation for each case. For this purpose, a time-
varying pressure gradient is introduced into the streamwise momentum equation:

dp (AP
d _ (M)C + wU, (cos (1)) (8)

The first term in the RHS of Eq. 8 acts as a body force which generates a current of
bulk velocity Uc. This term is only active in cases where a unidirectional current
exists (cases B1 and B2 with U¢/U, # 0in Table 1). To evaluate this steady-current
component of the external flow, a preliminary unidirectional simulation was first con-
ducted to obtain the mean pressure gradient component (A P/Ax). of Eq. 8, which
results at the required bulk current velocity Uc. The last term in Eq. 8 generates a
purely sinusoidal zero-mean external oscillatory flow with a velocity amplitude U,,.
This forcing term was computed during the simulation for all cases reported here
(Table 1).

3 Computational Setup and Parametric Space

Table 1 summarizes the cases we considered in the present work at Reynolds number,
Re, =23, 163. Computations were conducted for three different ripple heights,
h,/L, =0.125,0.159,0.20, and two different current strengths, Uc/U, = 0.5, 1.0.
Using these parameters, cases without a unidirectional current correspond to the
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wave dominated regime while cases with a current to a current dominated regime
according to [28]. For all cases the bed consists of two-dimensional, rigid ripples with
sharp crests to match the experimental conditions in [11]. In actual sand ripples, the
sharp crests will be rounded under the action of shear stress [7], and the ripple shape
will eventually become three-dimensional and asymmetric due to sediment transport.
Such effects are not accounted for in our computations, where a fixed, hydraulically
smooth bed surface configuration is assumed. This means that our results are
applicable to a sandy bed surface, as long as the corresponding grain diameter, Dj,
is smaller than half the thickness of the viscous sublayer:

Dl Dsuf, 11.6
— 1 = — T8 Re, < — 9
v o, U, b = 2 ©)

where u . is the maximum friction velocity during a wave period, and 11.6 is the
thickness of the viscous sublayer in wall coordinates according to [10]. For A,/L, =
0.159, «, = 9.6cm and T = 2.5s, which correspond to the experimental case in [11],
we found in [12] that u},,. /U, ~ 0.1, therefore, from Eq. 9, we get D, < 0.24 mm.
The corresponding mobility number is:

(@)’
= G—DzD. > 15 (10)

where S =2.65 is the specific gravity of sand. For W = 15, the ripple steepness
h,/ L, = 0.159 of case BO (see Table 1) is within the observed values reported in [21].
Using B0 as the base case, we will examine the effect of ripple steepness (cases A0, BO
and CO0) and current strength (cases B1 and B2). Note that the ripple steepness of
cases A0, BO and CO are also, in general, within the observed values reported in [21].

The computational domain used for the present simulations has dimensions of
L,=2L, L,=2L,, and L, =0954L, (see Fig. 1). Two ripples were included
along the streamwise direction with a length L, =2.2«,. The spanwise length
of the computational box was determined using preliminary simulations ensuring
that values of two-point correlations remain small in order to contain the largest
structures that are important to the flow dynamics. The size of the domain along
the vertical direction was set to L, = 4.2a, to match the experimental conditions
in [11]. Periodic boundary conditions are used both in the streamwise and spanwise
directions. The immersed boundary method was used to impose the no-slip boundary
condition on the solid rippled bed. Along the top boundary, a slip boundary condition
was used.

The computational grid is identical to the one used in [12], consisting of 512 x
128 x 256 nodes in the streamwise, spanwise and vertical directions, respectively. It
is uniform in the streamwise and spanwise directions and stretched in the vertical
direction to cluster points near the rippled bed. The numerical resolution along
the three directions is: Ax/a, =9 x 1073, Ay/a, =3.6 x 1072 and 3.6 x 1073 <
Az/a, < 3.1 x 1072, Approximately 72 nodes are used to resolve a vertical length
equal to the ripple height above the bed. The corresponding grid spacing in wall
units during the cycle lead to maximum values of Ast ~ 8.8 parallel to the bed,
Ayt ~ 30 along the spanwise direction and An™ >~ 1.9 in the wall-normal direction,
which was found sufficient to resolve the near wall structures as well as the outer flow
as explained in [12].
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A detailed validation of our computations for cases with a unidirectional current
only and the oscillatory flow with and without a current together with a grid
refinement study is presented in [12] and will not be discussed here. Overall the
computed mean velocity field as well as the velocity fluctuations were found in good
agreement with the experimental results reported in [11].

4 Results
4.1 Overview

The focus of the present work is on the dynamics of the coherent structures
appearing in such flows and how they are affected dy the ripple height and current
strength. For this purpose, in each flow case we utilized a data-set consisting of
720 instantaneous snapshots, covering six to ten cycles of oscillations. The coherent
structures were identified using different methods such as: (i) locating vortex cores
which correspond to low pressure fluctuations p’, (ii) using the second invariant of
the velocity gradient tensor, Q, (see [17]) or (iii) using the A, criterion (see [19]).
Figure 2 compares the p” and A, criterion for the identification of coherent structures
in a typical instantaneous snapshot. Both methods reveal similar structures at least
for the most organised ones. In the following, we will mostly present structures
identified by p’, but in all cases results where cross-checked with the other criteria for
consistency.

To better quantify the effect of coherent structures on sediment transport, we also
used a quadrant analysis (see [29]), where four types of events are identified as shown
in Fig. 3a. Of particular interest are ejection and sweep events, which can be directly
correlated to the deposition or uplifting of sediment from the bed. We should note
that due to the flow reversal during the decelerating phase of the cycle (180° < wt <
360°), sweeps and ejections have to be reclassified into a different quadrant as shown
in Fig. 3b.

Due to the existence of strong adverse/favourable pressure gradients, the struc-
tures forming over the rippled bed resemble those found on flat plate boundary-
layers, only during parts of the cycle. From all cases we have examined, coherent
structures had a high degree of intermittency and were rapidly changing character-
istics during the cycle. Overall, three commonly dominant structures were identified
for different parts of the cycle: (i) spanwise rollers forming at the lee side of the
ripple, (ii) lambda structures and (iii) arch-like vortices. In the following paragraphs
we discuss their evolution and dynamics, and how they are affected by the ripple
steepness and the relative current strength.

4.2 Coherent structure dynamics

The spanwise rollers form just downstream of the ripple crest along the lee side
during the early acceleration phase (wt < 75° and 180° < wt < 255°) as shown
in Figs. 4 and 5. At their early stages, these rollers are nearly two-dimensional.
They start as quasi two-dimensional spanwise roller structures, which is the result
of instability of the free-shear layer originating at the crests. Due to the sharpness
of the ripples considered in the present work (Fig. 1), the separation point is fixed
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wt=100"

Cycle = 3.278, w t = 1180.0"

Fig. 2 Different vortex identification methods, (top) iso-surfaces of negative pressure fluctuations
and (bottom) ), criterion of Jeong and Hussain [19]. Case A0 at wt = 100°. Colors correspond to
dominant quadrant events and the vector field to the wall shear stress components along the bed

and the boundary layer always detaches at the crests. Consequently, the free-shear
layer generated at the crests gradually rolls up to form these quasi two-dimensional
spanwise vortices. At later time during the cycle, as these structures are convected
downstream they are subjected to lateral instabilities, interact with the wall or other
structures, become distorted, and eventually become highly three-dimensional. An
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Fig. 3 Definition of the quadrant analysis events for the positive velocity part of the cycle during
0° < wt < 180° (left), and for the part of the cycle when flow reverses direction during 180° < wt <
360° (right)

example is shown in Fig. 4, where one can follow the evolution of these rollers for
the three ripple heights, i.e. cases A0, BO and C0O. Depending on their initial strength
of rotation, occasionally, large fragments of these rollers could survive even after the
deceleration phase as shorter (along the spanwise direction) isolated rollers. In such
events, these fragments could even reach the next crest, fly over it and interact with
the new primary roller which forms below the shear layer of the next crest.

For the smallest ripple height (case A0) these rollers are initially highly coherent
covering almost the full extent of the spanwise domain (Fig. 4a), remaining very
close to the near wall region as they move on the downslope. As the ripple height
is increased, the interaction of these structures with the wall becomes weaker. In
addition, the increased radius of ripple-curvature generates more energetic detached
shear layers (see also Fig. 12 in [12]), which roll-up into much stronger spanwise
rollers. The higher the ripple height the further away from the bed these rollers are
ejected and evolve rapidly into highly three-dimensional structures through vortex
interactions and pairings (Fig. 4b and c). As already mentioned in [12], the presence
of a unidirectional current does modify the characteristics of the flow primarily
during the deceleration phase. As a result, the effect of current strength on the
spanwise rollers is mainly noticeable during flow reversal. When the flow accelerates
opposite to the current direction, a stronger shear layer forms at the crest, generating
larger and more energetic vortical rollers as shown in Fig. 5. We should also note that
one of the main factors for the loss of spanwise coherence of the roller structures,
particularly for steeper ripples, is their interaction with strong streamwise vortices,
which are formed at the late acceleration phases. At the later part of the cycle (wt 2
75° and wt 2, 255°) and while the flow still accelerates, these interactions lead to a
gradual break up and fragmentation of the spanwise rollers.

The second type of structures identified in the flow field are lambda-shaped
vortices which resemble those found in non-oscillatory turbulent boundary layers.
These were found to form along the ripple troughs as the one shown in Fig. 6 for
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wr=d4s 0081824324 g

Fig. 4 Spanwise roller structures developing at the early stages of positive external velocity for
different ripple heights identified as pressure fluctuations p’/ (% pU02) = —0.2. (top) case AD,
(middle) case B0, (bottom) case C0. Colors correspond to the local distance from the wall and the
vector field to the wall shear stress components along the bed. The red line is the locus of change of
sign for the streamwise component of wall shear stress
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Fig. 5 Effect of a unidirectional current on the typical evolution of spanwise rollers for case B1.
The direction of the current is from left to right. (top figures) spanwise roller evolution at phases of
positive external velocity, (bottom figures) spanwise roller forming during phases of flow reversal,
opposite to the current. The red line is the locus of change of sign for the streamwise component of
wall shear stress and the color corresponds to the local distance from the wall

Case AOQ. Similar structures were also recorded for cases with steeper ripples. The
size and strength of these structures correlates with that of the spanwise rollers,
and therefore it is directly related to the ripple height (see Figs. 6 and 7). In
particular, lambda structures were found to be generated indirectly by fragments
of the distorted primary rollers which interacted with streamwise vortices becoming
warped and stretched around vortex lines [4]. The life-span of these structures was
less than a sixth of a period and they typically appeared during wt~60° — 180° and
wt~=240° — 360°.

We should also mention that especially for the steepest ripples, strong and rela-
tively long streamwise vortices as those shown in Fig. 8 appeared to form along the
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Fig. 6 Instantaneous snapshot of a lambda coherent structure for Case A0 (top) and its time
evolution (below) between 70-110° at intervals of 5°. The color corresponds to the local distance
from the wall

lee side of the ripple after the primary roller. Although not systematically appearing
as vortex pairs, these structures resemble those produced by a Gortler instability
which is typical of boundary layers over concave surfaces. Similar structures have
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Fig. 7 Instantaneous snapshots of lambda coherent structures for case B0 at wt = 0° (upper figures),
and case CO at wt = 145° (bottom figures). The color corresponds to the local distance from the wall
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Fig. 8 Evolution of large streamwise vortices for Cases C0 before flow reversal, wt = 135 — 165°.
The color corresponds to the local distance from the wall

been observed both computationally and experimentally in the literature for flows
over wavy walls [5, 32], playing a crucial role on sediment erosion [1, 16]. To investi-
gate the importance of such an instability to the formation of these vortices, following
the definition of Calhoun & Street in [5], the Gortler parameter, G(¢) =<U(¢)>
(k(¢)L)?/(vL,), was computed for each case. This number represents the ratio of
curvature effects to viscous effects with « (¢) in the above expression being the local
slope of the streamlines. Figure 9 shows the effect of ripple size on the cycle averaged
Gortler parameter G. Regions of strong positive values indicate possible areas of
generation of Gortler vortices. The spatiotemporal variations of G, correlate with the
onset of strong streamwise vortices. As expected, the higher curvature of the stream-
lines for steeper ripples, makes them more prone to instabilities, which agrees with
the stronger streamwise vortices produced in these cases and their interaction with
the spanwise rollers, as shown in Fig. 8.
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Fig. 9 Effect of ripple height on the cycle averaged Gortler parameter for Cases A0, BO and C0 at
wt = 60°, i.e., positive external velocity

The last dominant structure that was a common feature of the cases examined,
resembles bended, arch-shaped, tornado-like structures such as the one shown in
Fig. 10. These were also found to be generated from the rollers but evolved in a
completely different manner. In occasions where a spanwise roller interacts with an
isolated streamwise vortex, secondary motions are induced along the streamwise
direction. At the early stages of acceleration, these secondary motions start to
organize as arch-like structures wrapped around the rollers at their downstream side.
Even after the fragmentation of the spanwise roller, these structures continue to exist
as they travel downstream.

Interestingly enough, these “arches” form in planes vertical to the spanwise direc-
tion with their “legs” pointing upwind. Their size and life-span were also found to
strongly depend on the ripple height, with steeper ripples generating more energetic
and larger arch-like structures. In several cases, their extend was found to be as large
as L,/2 for the steeper ripples. In the presence of a unidirectional current, these
structures were captured for both the forward and the backwards parts of the cycle.
At the late stages of acceleration (wt 2 75° and wt 2 255°), the upper leg of these
structures travels faster and eventually detaches completely from the recirculation

@ Springer



580 Flow Turbulence Combust (2013) 91:565-585
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Fig. 10 Typical evolution of an arch-like structure for case BO during wt = 240 — 310°. The color
corresponds to the local quadrant event

region as it is advected by the outer flow. The shear action of the outer flow elongates
them further until they are either dissolved or collapse along the bed before the next
crest.

4.3 Effect of coherent structures on bed stress

For all cases examined, it is also evident that the characteristics and evolution of the
structures described in the previous section, strongly affect the distribution of bed
shear stress. It is therefore expected that they play a crucial role on sediment motions.
Rollers for example, were found to strongly correlate with the locus of sign changes
in the streamwise component of wall shear -at least during the early acceleration
phases- as indicated by the thick red lines in Figs. 4, 5, 10 and 11. Their location
and evolution can be simply related to incipient sediment motion if one considers
the stress distribution they generate. By generating a line of stress divergence along
the spanwise direction, they tend to concurrently push sediment towards both the
upwind crest and the downstream one. Thus, they generate a scouring effect at
the ripple trough which periodically transfers sediment towards both crests. In the
presence of a current, they are therefore expected to generate asymmetric crests,
because during flow reversal spanwise rollers become more energetic during flow
reversal (see Fig. 5).

Lambda structures could be responsible for incipient sediment motion and sus-
pended sediment transport in planes perpendicular to the flow direction, i.e., laterally
and vertically. Figure 12 presents the “anatomy” of such a structure with the quadrant
events superimposed. Their legs close to the wall are clearly associated with a local
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Fig. 11 Evolution of the primary roller during wt = 35 — 75° at intervals of 10° for Case A0. The
red line is the locus of sign change for the streamwise component of wall shear stress and the color
corresponds to the local distance of the structure from the wall

variation of the shear stress along the bed. At their part in contact with the wall, these
lambda structures have their legs rotating in a typical clockwise/counterclockwise
fashion. This pattern of rotation, generates lines of stress divergence at their legs and
a region of stress convergence between them (top of Fig. 7). Therefore, the existence
of lambda structures would be expected to: (i) push transported sediment between
the legs of the structure forming a secondary single ripple parallel to the flow and
(ii) scour the bed at the legs generating two secondary troughs oriented along the
streamwise direction.

The rotational pattern between the legs of lambda structures was also found to
generate extremely strong, vertical suction currents from the wall as shown in Fig. 12.
The intensity of these currents even for Case B0, was frequently equal to -and in some
cases even bigger than- the amplitude U, of the external flow. These strong instanta-
neous ejections are clearly illuminated by a large ejection region (Q,, shown as green
region) at the inner part of the structure which was literally ejecting fluid from the
wall to the outer flow. The outer shell of the structure was dominated by Q. sweep
events closer to the wall and interaction events further away from the wall. Thus, the
passage of a lambda structure could be also associated with the uplift of sand grains
and suspension.

Arch-shaped structures (tornado-like) on the other hand, could result in local
scouring as well as redistribution of suspended sediment. As shown in Fig. 13, the part
of the arch-shaped structure in contact with the wall generates a line of stress conver-
gence parallel to the outer flow. This stress distribution could set in motion sediment
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Fig. 12 Snapshot of a lambda coherent structure (upper figure) for Cases B0, and its cross-sections
(bottom figures). The color corresponds to the local quadrant event

@ Springer



Flow Turbulence Combust (2013) 91:565-585

583

NI

 wt=260" =

.
| ]

wt=250° =9

o T 008162432 4

Fig. 13 Evolution of wall shear stress below an arch-like structure for case BO during ot =230 —

300°. The color corresponds to the local distance from the wall

from the bed along the spanwise direction as the structure travels downstream.
Therefore, the existence of these structures could result in local scouring along their
footprint in the streamwise direction (Fig. 13) and the formation of a secondary
streamwise trough along an erodible bed. In cases where these structures survive
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long enough to collapse along the bed, such an event is expected to take place rapidly
following the sudden increase of the local wall shear stress along the line of their col-
lapse. On the other hand, the upper part of these structures away from the wall due to
its rotation, could result in the redistribution of suspended sediment in the horizontal
directions.

5 Conclusions

Large-eddy simulations of oscillatory turbulent boundary layers over a fixed rippled
bed with and without a mean current have been presented. The coherent structures
generated and evolving in these flows were identified and examined with respect to
their anticipated effects on the shear stress distribution along the bed.

Analysis of the examined cases indicates that three fundamentally different coher-
ent flow structures generate, evolve and interact over the ripples. The effect of ripple
steepness on these structures was found to be the most significant, with the higher
ripples generating more energetic and larger structures that tend to entrain and pen-
etrate deeper inside the external flow. In all cases, the reversal of pressure gradient
seemed to destroy the coherency of structures. The effect of current strength was
found to be relatively weaker and was only evident after flow reversal when the oscil-
lation opposed the current, leading to a significant growth of coherent structure size.
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