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Abstract: In this paper, we present results of a large-eddy simulation of flow and suspended sediment transport around prototypical
ripples based on “long-wave ripples” as measured at Duck, N.C., in waves of height 1 m and period of 10 s. Solving the volume-filtered
Navier–Stokes equations for the momentum and an advection–diffusion equation with a setting term for the suspended sediment, we
obtain time-dependent, three-dimensional descriptions of the velocity, pressure, and sediment concentration fields. Although the main flow
and sediment transport patterns are governed by a quasi-two-dimensional vortex formation–ejection mechanism, we illustrate the three-
dimensional structure of both, and make qualitative comparisons with the results of other researchers. We conclude with analysis of
concentration time series measured at a point and interpret them within the larger framework of the flow. The present simulations
demonstrate that the flow over these larger-scale ripples resembles that over vortex ripples quite strongly.
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Introduction

Most theories for predicting wave-formed ripple geometry clas-
sify ripples as either orbital, suborbital, or anorbital, depending on
flow and particle characteristics �e.g., Wiberg and Harris 1994;
Nielsen 1981�. Orbital ripples are relatively steep ripples
�O�0.17�� whose wavelength is directly proportional to and on the
order of the wave orbital diameter �Nielsen 1981; Wiberg and
Harris 1994�. Once formed, they are maintained by a balance
between the transport of sediment up the ripple face by the action
of the spanwise vortex which forms in the lee troughs every half
cycle, and the downslope gravity-induced transport. At the other
extreme, the orbital diameter becomes so large relative to the
particle size that the particles may see the flow as a quasi-steady
channel flow �when the ratio of the orbital diameter to the particle
size exceeds 5,000� and the ripple wavelength becomes dependent
only on the particle size. These “anorbital” ripples have short
wavelengths ��500 �particle diameter�� and very mild slopes.
“Suborbital” ripples lie between these two extremes with wave-
lengths and steepness smaller than those of orbital ripples, and
larger than those of anorbital ripples.

However, although these theories match a wide range of labo-
ratory and field data, they fail to predict the nearshore ripple
geometry measurements in energetic wave conditions at Duck,
N.C., of Hanes et al. �2001�. This is not surprising, since equip-
ment for measuring ripple dimensions in strong waves has only
recently been developed �Hanes et al. 2001�. These so-called
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long-wave ripples were both longer by about an order of magni-
tude and less steep than predicted by the Wiberg and Harris
�1994� model. Although the Wiberg and Harris �1994� model
would classify these as anorbital ripples, with wavelengths pro-
portional to the sediment size of �0.08 m, and steepness between
0.01 and 0.1, the measurements of Hanes et al. �2001� recorded
wavelengths on the order of the wave orbital diameter ranging
from 0.35 to 2 m and steepnesses ranging from 0.004 to 0.08.

Although Hanes et al. �2001� could not establish a significant
correlation between their wave and ripple measurements, the scal-
ing of the ripple wavelength with the water particle-motion orbital
diameter suggests they may fall into the orbital ripple category,
possibly formed by prior wave conditions. Indeed, Chang and
Hanes �2004� performed two-dimensional �2D� simulations of os-
cillatory flow over a long-wave ripple measured at Duck, N.C.,
and found that the flow and sediment transport patterns—both
measured and simulated—strongly resembled those observed
over orbital ripples. Typically in this mode of transport, the sedi-
ment is trapped by spanwise vortices which form in the lee of
ripple crests and are lifted over the ripple crest during flow rever-
sal. This vortex formation–ejection mechanism, known to contrib-
ute significantly to suspended sediment concentrations and to en-
train sediment to heights well above the ripple crest �Osborne and
Vincent 1996�, has been observed over orbital ripples in the field
�Osborne and Vincent 1996�, in the laboratory �Sleath 1982; Fred-
soe et al. 1999; Kim et al. 2001; Blondeaux and Vittori 1990; Sato
et al. 1984� and in numerical simulations �Scandura et al. 2000;
Fredsoe et al. 1999; Hansen et al. 1994; Kim et al. 2001;
Blondeaux and Vittori 1990; Sato et al. 1984; Andersen and Lo-
hmann 2001; Watanabe et al. 2003; Chang and Scotti 2004; Barr
and Slinn 2004�.

Although there is an extensive literature on the 2D patterns
over orbital ripples, the three-dimensional �3D� patterns are just
beginning to be understood. Active areas of research include the
development of accurate pickup functions over bed forms �Sleath
and Wallbridge 2002�, and the transition from 2D to 3D flow
which occurs over vortex ripples, and possibly leads to develop-

ment of brick-patterned ripples �Scandura et al. 2000; Watanabe
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et al. 2003�. Although a few 3D numerical simulations of oscil-
latory flow over ripples have been performed, they have been
confined to moderate Reynolds numbers and classical orbital
ripple dimensions. For example, Watanabe et al. �2003� per-
formed 3D large-eddy simulations �LES� of waves over ripples at
moderate Reynolds numbers by specifying the wave velocities at
the horizontal top surface of their numerical domain. This bound-
ary condition allows for the development of a true wave boundary
layer, but is confined to modeling relatively short, small ampli-
tude waves because the computational domain must be an integral
number of wavelengths in length. Scandura et al. �2000�, Barr and
Slinn �2004�, and Chang and Scotti �2004� have performed simu-
lations of lower Reynolds number flows in three dimensions in a
channel flow forced by an oscillating pressure gradient.

The purpose of the present work is to characterize the 3D flow
and sediment transport patterns over a prototypical long-wave
ripple and to determine the extent to which they resemble the
well-established vortex formation–ejection mechanism which
forms over orbital ripples. Our work expands on previous studies
in that �1� the ripples are larger scale; �2� the flow is highly
energetic with Reynolds numbers on the order of 650,000; and �3�
the suspended sediment concentration field is simulated. In this
paper, we present the results of a highly resolved LES of proto-
typical flow and ripple parameters characteristic of the Hanes et
al. �2001� long-wave ripples. We begin with a description of the
equations, numerical method, and computational domain. This is
followed with a description of the flow, the shear stress distribu-
tions and the resultant sediment transport patterns. Finally, we
conclude with interpretations of time series collected at different
points in our domain.

Governing Equations and Boundary Conditions

Fluid Equations

The equations governing fluid motion are volume-filtered conti-
nuity ��ui /�xi=0� and full incompressible Navier–Stokes equa-

tions ��ui /�t+� /�xj�ui uj + p̄�ij −��ui /�xj +�ij�=0� with the Bouss-
inesq approximation invoked. Our LES approach is similar to that
of Zedler and Street �2001�, except for changes �detailed in the
following� to the representation of the subfilter scale �SFS� term
and velocity boundary conditions to account for a rough bound-

ary. Here �ij =uiuj −ui uj =SFS term; ui= ith velocity component;
p=pressure divided by the fluid density �; �=kinematic viscosity;
xi= ith Cartesian coordinate �where i=1 is streamwise, i=2 is ver-
tical, and i=3 is spanwise�; t=time variable; �ij =Kronecker delta;
and the overbar denotes spatial filtering with a box filter.

Fluid Boundary Conditions

We are simulating an oscillatory channel flow over ripples with a
flat upper boundary. The streamwise and cross-stream boundaries
are periodic. The top boundary is treated as a free slip surface,
satisfying �u1 /�x2=0, �u3 /�x2=0, and u2=0; the flow is driven by
an uniform oscillatory pressure gradient. Fig. 1 shows a compari-
son between streamwise velocity profiles in the trough collected
at the upstream boundary �i=2� and at the channel center
�i=129� to illustrate that the flow behaves in a spatially periodic
manner and to justify the use of periodic boundary conditions for
this case.
A log-style boundary condition was chosen to treat the bottom
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boundary because of its computational efficiency and comparable
performance with more complicated approximate boundary con-
ditions, such as the full thin-boundary-layer equations �Cabot and
Moin 1999�. The log law is applied as a Neumann boundary
condition, specifying the normal gradient of the velocity compo-
nent which lies in the plane locally tangent to the bed:

�utan

�n
=

u*

�n0
�1�

where utan= tangent velocity magnitude; � /�n refers to the gradi-
ent in the normal direction; �=von Karman’s constant �0.41�;
u*=shear velocity; and n0=roughness height �on the order of one
grain diameter for these simulations since the curvilinear grid
follows the bed forms�. Assuming that the shear stress acts in the
same direction as the velocity nearest to the bed, velocity condi-
tions for u1 and u3 are obtained by breaking this equation up into
components which lie along the x1 and x3 directions �and also in
the tangent plane�, respectively. The value for u* varies both spa-
tially and with time. Values of the magnitude of utan computed
nearest to the bed are input to the log law, which is evaluated at
each grid point and time step to obtain values for u*.

Subfilter Scale Turbulence Model

The total SFS stress in the volume-filtered Navier–Stokes equa-
tions is found to be �ij =uiuj −ui uj, where the overbar denotes the
filtering operation. For these simulations the dynamic mixed
model of Zang et al. �1993� is used to represent the SFS stress.
Chow and Street �2004� and Chow et al. �2004� have shown that
the SFS stress should be decomposed into a reconstructed term
and a sub-grid-scale �SGS� term, with only the latter term needing
to be modeled. They show as well that the dynamic-mixed model
with a Smagorinsky representation of the SGS term as used in
Zang et al. �1993� and in this work is the simplest model that
meets the criteria for the decomposition and reconstruction repre-
sentation.

Additionally, Chow and Street �2004�, Chow et al. �2004� and

Fig. 1. Ensemble- and spanwise-averaged streamwise velocity
profiles in the trough, for various wave phases. This figure compares
profiles in the trough recorded at the upstream edge �i=1, plotted as
a line� and at the channel center �i=129, plotted as cross symbols�.
Nakayama et al. �2004� have shown that a combination of the
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filtering of the fields near the solid boundary and the aspect ratio
of the grid cells there introduces the need for an augmentation of
the SGS stress in the neighborhood of the boundary. Brown et al.
�2001� and the above-referenced papers approached this issue by
augmenting the stress directly. We have approached this problem
slightly differently, through augmentation of the the dynamically
computed eddy viscosity as follows. The total eddy viscosity
��T�total is expressed as the sum of the dynamically computed
eddy viscosity ��T�model and the augmentation function

��T�total = ��T�model + �u*�n2 + n0�cos2��

2

x2

2�x1
� �2�

This augmentation enhances the eddy viscosity near the bottom,
with the increment increasing from �u*n0 at the bottom �as pre-
dicted by mixing length theory� to a maximum at a distance �x1

above the bed and dropping off to zero at a vertical distance of
2�x1 from the bed, where �x1�grid spacing in the streamwise
direction �a constant for this grid�. The augmentation is carried to
the height 2�x1, which is the upper limit of the smallest resolved
near-bed eddy, because the eddies above this level are sufficiently
well resolved.

Our model is equivalent to the dynamic mixed model, with the
addition of augmentation of the eddy viscosity near the wall
�Chow and Street 2004�.

Suspended Sediment Equations

Suspended sediment transport can be modeled either as a con-
tinuum concentration field or as Lagrangian particles. In the past
simulations of Zedler and Street �2001, 2002�, suspended sedi-
ment transport formulations using the continuum formulation
have agreed well with observations in the laboratory and field.
Chang and Scotti �2003� simulated a similar case of channel flow
over sinusoidal ripples but used a Lagrangian description of the
sediment transport. They note that their results compare well with
those of Zedler and Street �2001�. Therefore, for the present simu-
lation, we have employed a continuum formulation of sediment
transport.

The suspended sediment concentration is modeled with a
volume-filtered advection–diffusion equation:

�C̄

�t
+

�

�xj
��uj − ws�i2�C̄ + 	 j� = 0 �3�

where C=sediment concentration by volume fraction;

	 j =ujC−ujC̄=SFS scalar flux term; turbulent Schmidt number

=1; particle diameter d=200 �m; ratio of sediment density to
fluid density s=2.5; settling velocity ws=23.8 nm/s �van Rijn
1984�; and gravitational acceleration g=9.81 m/s2.

The same model is employed for both the SFS stress �ij and
scalar flux 	 j terms. The sum of the eddy diffusivity term �s and
its near bed augmentation is prescribed as equal to that for the
eddy viscosity, consistent with the common assumption that the
turbulent Schmidt number 
=�T /�s=1. The scale similarity, or
Bardina, term is computed separately for the two equations.

Sediment Concentration Boundary Conditions

The streamwise and spanwise boundaries satisfy periodic bound-
ary conditions. It is assumed that there is no net flux of sediment
through the horizontal top boundary �i.e., turbulent diffusion bal-

ances settling�:
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�wsC̄ + �s

�C̄

�x2
	

x2=


= 0 �4�

where �s=eddy diffusivity �obtained from the mixed SFS model�
and 
=location of the top surface.

The condition on the bottom boundary specifies the net turbu-

lent diffusive flux of sediment concentration ��s�C̄ /�x2�bed with
van Rijn’s �1984� empirical pickup function, which gives
the pickup rate as a function of the transport parameter
T= �u*

2−u*,cr
2 � / �u*,cr

2 �. In this case, we have used van Rijn’s �1993,
Eq. 4.1.11� expression for the critical shear velocity u*,cr. The
value for u* is supplied at each time step from the spatially vari-
able shear stress computed on the bottom. Nielsen �1992� sug-
gests the use of this pickup function �as opposed to the use of an
equation for specifying the sediment concentration at the bottom�
as a rational alternative for unsteady flows.

LES Code

The curvilinear momentum equations are discretized to second
order in time and space with a finite volume scheme and are
solved with a fractional step–projection method, in which the
pressure �obtained from the pressure Poisson equation� is used to
enforce continuity. See Zedler and Street �2001� for a full descrip-
tion of the LES code.

Minor modifications were made to the representation of the
setting term ��wsC� /�x2 for these field-scale simulations to pre-
vent unphysical overshoots in concentration in regions of large
concentration gradient �i.e., near the bed�. Central differences
were employed to represent the settling term ��wsC� /�x2 through-
out most of the domain, whereas forward differences were em-
ployed in the first five cells near the bed.

Flow and Ripple Parameters

Oscillatory Flow Parameters

The present work differs from previous simulations of flow over
sinusoidal ripples �Barr and Slinn 2004; Chang and Scotti 2004�
mainly in three ways: �1� the strongly turbulent nature of the flow,
characterized by a large Reynolds number of 650,000, based on
the channel height and maximum flow velocity; �2� simulation of
the sediment concentration field; and �3� the imposition of a log
boundary law at the bed for the velocity.

We sought to mimic the surface-wave-driven oscillatory flow
over ripples at field scales. From observations of flow over ripples
seaward of the surf zone at Duck, N.C., an oscillation period of
T=10 s for waves in D=2–3 m of water and heights on the order
of HW=1 m seemed reasonable �D. Hanes, personal communica-
tion�. Because we are simulating a three-dimensional unsteady
turbulent flow and desire to resolve fully the flow near the ripples,
it was necessary to compromise regarding the domain height. We
chose a channel flow with a mean depth of 0.65 m, a wave period
of 10 s, and a spatially uniform, sinusoidally varying �in time�
momentum source term, −dP /dx cos�2�t� /T with −dP /dx
=0.75 m/s2 being the magnitude of the driving pressure gradient
normalized by the fluid density. This drives a sinusoidal flow �in
a planar-averaged sense� with a maximum horizontal velocity of
Umax=1.19 m/s.
The Duck, N.C., waves have a wavelength of about 44 m ac-
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cording to linear wave theory and are shallow water waves whose
particle motion ellipses are highly elongated in the horizontal
direction. So, we are able to achieve the correct horizontal par-
ticle excursion by use of the oscillating pressure gradient, but the
vertical particle excursion of the water wave is suppressed at the
channel top. In our work, the ratio of ripple amplitude � to chan-
nel height H, � /H=0.17 is large enough to induce some Bernoulli
blocking effects over the ripple crests. Although this “blocking”
effect causes the ejected vortices to travel significantly faster over
crests than troughs, it is unlikely to have a significant effect on the
boundary layer structure. Similar aspect ratios were employed in
the channel flow simulations of Calhoun and Street �2001� and
the oscillatory flow simulations of Barr and Slinn �2004�, where
simulations in deeper flows �with lower aspect ratios� showed
little difference in the vorticity structure. From the excellent
agreement with expected orbital ripple behavior, we conclude that
our approximations to the wave behavior have no other significant
effects.

Ripple Characteristics and Grid

The prototypical ripples in this simulation are represented by a
sine wave with a wavelength of 2.25 m, or 0.6 times the oscilla-
tory flow particle excursion of 3.8 m, and a ripple height of
0.225 m, with a height to wavelength ratio of 1 /10, which is
typically the minimum ratio for orbital ripples �Sleath 1984�. The
computational grid, pictured in Fig. 2, is 0.65 m high, 1.0 m
wide, and two ripple wavelengths long. This grid is sufficiently
large to capture both the development of multiple streamwise
structures across the domain and interactions between the flow
over adjacent ripples �Calhoun 1998�. In addition, since the wave
orbital amplitude is smaller than than the ripple wavelength, the
flow and suspended sediment transport should be periodic about
an individual wavelength, justifying further the use of two ripple
wavelengths in the computational domain. The grid spacing in the
streamwise and spanwise directions is uniform. The grid has been
exponentially stretched with a minimum vertical grid spacing of
�0.003 m and a stretching factor of 1.055 as one moves away

Fig. 2. The computational grid used in all simulations of flow over
prototypical ripples. 4.5 m L�0.65 m H�1.0 m W �258�50�98�.
�=2.25 m.
from the wall and is discretized with 258�50�98 grid points.
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Initial Conditions

The velocity and pressure variables were initialized with the tur-
bulent flow results of a previous simulation of the same case,
during a wave phase when the velocity at the top surface U was
close to zero U�−0.02 m/s. At this time, the sediment concen-
tration field was initialized as a Rouse profile, where the bed
concentration was taken to be constant. With the initial velocity
field at quasi-steady state, the sediment concentration field was
able to respond to the turbulent flow plumes and achieve a peri-
odic behavior within several periods of simulation time.

Description of the Flow Field

The flow over ripples can broadly be characterized in two re-
gions: A near-bed region dominated by the interactions of the flow
with the bed forms, and an outer turbulent region in which the
flow primarily moves back and forth. We devote separate sections
to each of these “outer” and “boundary-layer” flow regions, fol-
lowed by a detailed description of the shear stress distributions
over the bed forms.

Outer Flow

The vertical extent of the outer layer varies both along the bed
forms and with time, as can be seen in the vertical profiles of u1

plotted at four different phases in Fig. 3. For example, during
maximum flow phases �t /T=0.25,0.75�, the outer layer on the
stoss slope extends almost all the way to the bed, but is much
thinner along the lee slope due to the formation of the spanwise
vortex there. During maximum acceleration �u1�0�, this region
varies considerably over the bed forms, extending all the way to
the bed at the trough.

Boundary Flow

Vortex Formation–Ejection Cycle
The field observations and simulations of Chang and Hanes
�2004� of flow over so-called “large-wave ripples” confirm that
the governing mechanism for flow over ripples of this type is
similar to that over their smaller counterparts. In their field mea-
surements of two specific cases of ripples of wavelength and
height of roughly 1 and 0.05 m, respectively, they show that the
sediment transport and velocity patterns are indicative of span-
wise vortex formation in the lee of the ripple crest during offshore
flow, and its subsequent ejection of momentum and sediment into
the outer flow. Qualitatively, our results are very similar to their
field observations—the flow patterns and sediment transport
mechanisms in both studies are the same, due to the vortex
formation–ejection cycle. However, a further comparison of our
results with those of Chang and Hanes �2004� would not be very
useful because the flow they observe is in the presence of an
offshore current which prevents the spanwise vortex formation
during the reduced velocity onshore—i.e., only one vortex is
formed per period. This is in sharp contrast to our simulations, in
which a spanwise vortex forms on either side of a given ripple
crest during each wave halfcycle.

The Chang and Hanes �2004� conclusion that much of their
suspension is due to the vortex formation–ejection mechanism
leads us to put our work also in the context of orbital ripples.
There is a wide range of possible behaviors of the flow around

orbital ripples, depending on values of �1� the ratio of the flow
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particle orbital amplitude a to the ripple wavelength a /�; �2� the
ripple steepness �2�� /�; and �3� the Reynolds number R� based
on the thickness of the Stokes layer 
��T� /� and the ambient
velocity. Blondeaux and Vittori �1991� simulate laminar flow
over vortex ripples for a range of parameters that includes
a /�=0.5–2.0, �2�� /�=0.05–2.0, and R�=25–100. They con-
clude that �1� the effect of increasing ripple steepness is to inten-
sify the vortex formed during each halfcycle; �2� the effect of
increasing a /� �for constant R� and �2�� /�� is to increase
the Stokes boundary layer height � relative to � because
a /�= ��UmaxT� /�� /� = �
��T� /�Umax� /��
��T� /�� /� = �R��� /�,
and thus, to inhibit the vortex formation process; and �3� the
effect of increasing R� is to decrease the viscous effects. The
present simulation falls into the category of gentle vortex ripples
�2�� /�=0.1 under moderate waves a /�=0.84 but at a Reynolds
number R�=1514 which is larger than those considered in
Blondeaux and Vittori �1991� by more than an order of magni-
tude. Nevertheless, according to their theory, we should expect
formation of a lee vortex during each halfcycle, as they found in
a similar simulation with �2�� /�=0.15, a /�=1.5, and R�=100.
This vortex formation–ejection sequence is illustrated in Fig. 4.

The spanwise vortex begins to form as a very thin shear layer
on the lee side of the ripple crest just as the flow speeds up to its
maximum magnitude, at t /T�0.24. At this point, the near-bed

Fig. 3. Vertical profiles of the spanwise- and phase-averaged velocity
component u1 along the bed forms. Profiles shown during both
maximum and zero-crossing flow phases to illustrate that the depth of
the outer layer varies both in time and along the bed forms.
velocity between the down-slope inflection point and the trough
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on the lee slope has just begun to turn around, opposing the main
direction of the flow. After the flow has reached its maximum
magnitude and has started to decelerate, the turned-around layer
of fluid grows in extent; by t /T=0.28, the recirculation zone is
O�� /4� thick in the region between the crest and the trough. As
the flow slows toward zero, the near-bed layer of fluid that op-
poses the main flow thickens and the recirculation zone is lifted
away from the bottom. The vortex also shortens in its streamwise
extent, and may break into one or more structures, as was ob-
served to occur in many of the Blondeaux and Vittori �1991�
simulations. By t /T=0.44, two spanwise vortices are apparent,
and they are almost at the level of the ripple crest. The vortex now
scales with the ripple dimensions, roughly � /4 in length and � in
height. After the flow changes direction, this process begins again
on the other slope of the ripple crest.

The vortex formation–ejection mechanism is the result of two
complementary processes. First, the wavy bottom boundary intro-
duces perturbations to the flow, causing a favorable pressure gra-
dient between roughly the upslope inflection point and the ripple
crest and an adverse pressure gradient between the ripple crest
and the next ripple upslope inflection point �Calhoun 1998�. Sec-
ond, the driving pressure gradient is out of phase with the velocity
by 90°. During an acceleration quarter cycle, the driving pressure
gradient is favorable. The recirculation zone which forms on the
lee side is due to the boundary-induced pressure gradient, origi-
nating at the inflection point of the ripple, as would be observed
in a unidirectional boundary-layer flow. As the flow begins to
decelerate from its maximum magnitude, the driving pressure gra-

Fig. 4. Instantaneous velocity vectors plotted on a streamwise,
vertically oriented plane at different flow phases to illustrate the
formation of the spanwise vortex. All values are plotted for the last
period simulated, 140–150 s after the pressure gradient is imposed.
dient of the outer flow becomes adverse to the outer flow, but
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favorable to the flow in the recirculation zone, which has already
turned around. This leads to the thickening of the near-bed layer
of flow moving opposite to the direction of the outer flow. When
the outer flow switches direction, the growth of this adverse flow
region ends because the flow aloft is now in the same direction
and the spanwise vortex is advected over the ripple crest.

Although this flow pattern is very similar to that observed in
Blondeaux and Vittori �1991�: �1� we do not observe the genera-
tion of opposite-sense vorticity below the main vortex; and �2�
our spanwise vortex structures appear to dissipate more quickly,
although long outlasted by the clouds of sediment they entrain.
The first difference may be due to a difference in their shape of
the bottom topography, which was more peaked around the crests
and more gradually varying in the troughs, and to their larger
ripple steepness. This may also be due to their use of boundary
forcing to drive their flow as opposed to a uniform oscillatory
pressure gradient. Our simulations were also turbulent and at
much larger values of R�; thus, the resolved and SGS turbulence
may act to break apart the vortex structures more readily.

Even though the spanwise vortex formation–ejection generat-
ing mechanisms are inherently two dimensional, the flow over
vortex ripples becomes three dimensional when the Taylor num-
ber, a ratio of the centrifugal to viscous forces, exceeds Ta�2
�Hara and Mei 1990; Scandura et al. 2000�. Based on these stud-
ies, the present flow, with Ta�127 should be strongly three
dimensional.

Fig. 5 visualizes the vortex formation–ejection process in three
dimensions, showing pictures of the vortex structures at different
phases of the flow. The structures have been plotted as isocon-
tours of �2=−50 �Jeong and Hussein 1995�, where �2=quantity

Fig. 5. Vortex structures plotted with the �2 method, as isocontours
of �2=−50, for different flow phases during the vortex formation–
ejection cycle. Vortex structures are instantaneous and are plotted for
the period 90–100 s after the oscillatory pressure gradient forcing
was implemented.
used to identify regions of local pressure minima. Beginning at
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t /T=0.25 and continuing until t /T=0.30, the flow resembles a
unidirectional channel flow and the streamwise structures form,
similar to the Görtler vortices described by Calhoun and Street
�2001� and Zedler and Street �2001� that form due to boundary
curvature in unidirectional flow over ripples of the same steep-
ness. These structures are advected forward as the flow slows
down; some of them are centered over the ripple crest at
t /T=0.35. At t /T=0.35 a composite structure reminiscent of the
spanwise vortex described previously has formed in the ripple
trough. This structure breaks up into many smaller three-
dimensional structures as the flow slows further, in part because
the streamwise Görtler-like vortices are swept into the recircula-
tion zone, a process which spans t /T=0.40–0.45, although only
t /T=0.45 is visualized. At flow reversal, these complex structures
are lifted off the bottom, and as the flow switches direction they
are advected over the ripple crest �t /T=0.55–0.65�. They are
stretched in the streamwise direction and lose some of their
strength as the flow speeds up to its maximum magnitude at
t /T=0.75, Fig. 5. Meanwhile, new streamwise, Görtler-like vor-
tices form on the upslopes of the ripple crests, and the process is
repeated in the other direction.

Such behavior of the boundary-layer structure has been
described, for example, by Scandura et al. �2000�. Görtler
vortices formed in their flow for the case of Reynolds number
R=R�

2=875, a /�=0.75 and over ripples of steepness 0.12, which
is similar to the present simulations, apart from their lower Rey-
nolds number. Although their comparisons with the theory of
Hara and Mei �1990� show that the Görtler vortices form for a
narrower region in the �R ,a /�� plane, the general trend of their
results suggests that Görtler vortices would form at a /�=0.84 for
large enough Reynolds number, as in the present simulation.

Shear Stress Distribution
In general, results for the shear stress distribution agree well with
those obtained in the Chang and Scotti �2004� and Barr and Slinn
�2004� simulations—shear stresses are highest near the ripple

Fig. 6. Contours of the normalized phase- and spanwise-averaged
bottom shear stress magnitude as it varies along the ripple crests and
in phase. Contours levels shown include ��b� / �max���b���=0.01, 0.2,
0.4, 0.6, 0.8, and 0.95. Arrows indicate the direction of flow at the
maximum velocity wave phase.
crest and, during certain wave phases, can also be large in the
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trough. However, the details of the shear stress distributions are
difficult to compare due to the complex phasing between the os-
cillatory flow and bedforms.

The shear stress distribution in oscillatory flow is similar to
that in the unidirectional flow cases �Zedler and Street 2001�
during wave phases corresponding to maximum velocity
�t /T=0.25,0.75�. Fig. 6 shows the magnitude of the phase- and
spanwise-averaged shear stress as it varies along the ripple and in
time. The arrows indicate the direction of flow and are located at
the phase of maximum velocity.

In general, when the flow reaches its maximum streamwise
velocity, the highest shear stresses occur on the upslopes of the
ripple crests, low shear stresses are found in the troughs, and there
is a recirculation zone that begins to form at roughly t /T=0.2. As
the flow slows down toward zero and as the recirculation zone
intensifies into a coherent spanwise vortex structure, a region of
strong shear comparable in magnitude to that occurring on the
upslopes of ripple crests during the maximum flow phases and
short in duration forms near the ripple inflection point in the
recirculation zone �t /T=0.33–0.44�. Meanwhile, shear stresses

Fig. 7. Phase-averaged near-bed velocity vectors recorded at the grid
point closest to the bed and superimposed on contours of the phase-
averaged bottom shear stress to illustrate the spatial distribution of
the shear stress at various phases of the wave. The color scale is in
units of �� /��=m2/s2.

Fig. 8. Total sediment mass in the channel and total resolved kinetic
oscillating. Sediment transport was initialized at t /T=6 as a Rouse pro
field; the last eight periods were used in the phase average of the se
0.1 s.
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on the ripple upslopes decline. As the flow slows further, the
shear stresses decrease everywhere and the shear stress opposes
the main flow across the entire ripple wavelength. The shear
stress intensifies on the upslopes of ripple crests as the flow
speeds up again, and the pattern is repeated in the other direction.

Fig. 6 also illustrates the length and duration of the recircula-
tion zone. It begins to form just before the flow reaches a maxi-
mum, at t /T�0.2, disappears almost entirely just before the flow
turns around, at t /T�0.45, reforms again just before the flow has
reached it maximum value in the opposite direction, at t /T�0.7,
and disappears again at t /T�0.95. Thus, the recirculation zone
has a duration of roughly a quarter period, varying in streamwise
extent from almost zero to half a ripple wavelength.

Although Fig. 6 illustrates the time variability of shear stress
in a spanwise-averaged sense, Fig. 7 shows the spatial distribution
of the magnitude and direction of the shear stress in time at four
different flow phases t /T=0.01, 0.13, 0.25, and 0.37. The distri-
butions are most nonuniform across the channel during low flow
speeds, t /T=0.01–0.37, when vortical structures are present near
the bed. These die out temporarily near the maximum flow phase,
as described in the next section.

y versus time measured relative to the time at which the flow began
ll of these nine periods were used in the phase average of the velocity
concentration. The data were collected at intervals of t /T=0.01, or

Fig. 9. Phase-averaged velocity vectors superimposed on the phase-
averaged sediment concentration contours on the channel centerplane
at different phases of the flow. Arrows show the streamwise relative
velocity at top of channel.
energ
file. A
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Sediment Transport Patterns

The general pattern of sediment entrainment and transport in os-
cillatory flow over both long-wave ripples and vortex ripples is
that sediment is first swept into the lee vortex, and second, carried
with that vortex as it is ejected into the outer flow �Chang and
Hanes 2004; Sleath 1982; Blondeaux and Vittori 1990; Osborne
and Vincent 1996�. Although the generic two-dimensional
streamwise-vertical description is well described in several stud-
ies �Hansen et al. 1994; Sleath 1982; Blondeaux and Vittori
1990�, the details of the three-dimensional transport have not
been characterized. The present simulations both corroborate the
results of other research and expand on them to include descrip-
tions of the three-dimensional transport patterns and their causes.

In the following, the code has been run until the total kinetic
energy behaves in a periodic manner, allowing for the slight
asymmetry of the startup conditions. The total sediment mass is
near an equilibrium state, oscillating about a mean value as shown
in Fig. 8. Scandura et al. �2000� have observed similar aperiodic
behavior in their measurements of the specific energy, a measure
of the energy of the spanwise fluctuations in the flow, in their
three-dimensional simulations of flow over vortex ripples. They
attribute this behavior to nonlinear interactions within the flow; a
similar mechanism may be at work here. The sediment transport
dynamics are quantitatively similar from period to period and the
graphs presented in this section plot phase-averaged velocities
and concentrations from the eight periods �7–15� shown in
Fig. 8.

Two-Dimensional Transport Patterns

Fig. 9 illustrates the vortex ejection of a plume of sediment. As
the flow speeds up to its maximum value �t /T=0.24�, the sedi-

Fig. 10. Concentration contours of the phase-averaged sedimen
t /T=0.02–0.18. Arrows show the streamwise velocity at the top of t
ment is trapped near the bottom in the thin, spanwise vortex. This

JOURNA

Downloaded 13 Jun 2009 to 128.171.57.189. Redistribution subject to
vortex acts as a trapping mechanism both for sediment that is
picked up on the stoss slope and hurled into the lee of the crest
and for sediment picked up by the increasing shear stress in the
recirculation zone near the inflection point. The strong, upward
vertical velocities associated with the recirculation zone cause the
plume of sediment to grow in its vertical extent, reaching its
highest concentrations at t /T�0.44. As the flow slows further,
the spanwise vortex is washed out and sediment continues to
settle out of the plume. When the flow reverses �t /T=0.52�, the
sediment concentrations in the vortex-formed plume remain high
�despite settling� and this plume is swept over the crest. Interest-
ingly, the sediment does not settle out completely in vortex for-
mation time of a quarter period and remains suspended high in the
flow despite the fact that the spanwise vortex has lost most of its
ability to suspend sediment. This is due to the small settling ve-
locity of 0.0238 m/s. This is sufficiently small that all of the
sediment caught in the vortex does not fall to the bottom because
the settling time for sediment to fall completely through the col-
umn is D /ws= �0.65 m� / �0.0238 m/s�=27 s and much longer
than a quarter period T /4=2.5 s.

This phase locking of sediment entrainment events to the bed
forms and of ejection events to the flow reversal time creates
sediment transport patterns that can be described as the interac-
tion of two somewhat distinct plumes of sediment, one entrained
during a previous half cycle which merely travels back and forth
with the outer flow, and a second near-bed plume which, formed
during the current half cycle and initiated on the opposite side of
the ripple crest, is out of phase with it. These plumes exchange
sediment at various phases of the flow but can be easily distin-
guished during most flow phases by examining the distribution of
sediment concentration as it varies in time. The phase-averaged
sediment concentration contours on the channel centerplane are
plotted at intervals of T /12.5 throughout an entire half-wave pe-

centration on the domain centerplane at various wave phases,
nnel.
t con
he cha
riod in Fig. 10 to illustrate this process.
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Just after flow reversal �t /T=0.02, Fig. 10�, two plumes of
sediment exist in the flow. The denser Plume A on the upslope of
the ripple crest is due to trapping of sediment in the lee vortex
formed during the previous quarter cycle. The more disperse
Plume B located well above and slightly downstream of the left
ripple crest—the residual plume—provides evidence of the sedi-
ment that was carried into the outer flow by the vorticies ejected
during �multiple� previous halfcycles. Both plumes are advected
downstream �left to right� as the flow speeds up to just past its
maximum value �t /T=0.26, Fig. 10�. Keeping in mind that the
boundaries are periodic, the dense plume A follows the more dis-
perse plume B, but traveling slightly faster because A has spent
more of its time traveling over crest regions, where the velocities
are higher, and catching up with the disperse plume B by
t /T=0.22, when the two plumes form a single plume B2. This
single plume B2 continues to travel forward with the flow. By
t /T=0.38 it is located over the next ripple trough. As the flow
continues to slow toward zero, sediment continues to settle out of
the plume B2 whereas another plume A2 forms in the lee of the
ripple crest. When the flow reverses direction at t /T=0.5, the

Fig. 11. Isosurfaces of C=0.0005 plotted for different flow
phases during the vortex formation–ejection cycle. Isosurfaces are
instantaneous and are plotted for the period between 90T and 100T
after the oscillatory pressure gradient forcing was implemented.
process repeats in the opposite direction.

188 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / FEBRUARY 200

Downloaded 13 Jun 2009 to 128.171.57.189. Redistribution subject to
Three-Dimensional Transport Patterns

The sediment transport patterns in three dimensions are visualized
as isocontours of concentration C=0.0005 plotted for various
flow phases, beginning with maximum flow at t /T=0.3 �Fig. 11�
and ending just after the flow has reached its maximum value in
the opposite direction at t /T=0.80 �Fig. 11�. The sediment con-
centration above these surfaces is lower than C=0.0005 and
below them is higher than C=0.0005. These plots show that the
sediment transport is quite variable across the channel, but that
the trends are consistent with the previous two-dimensional de-
scription. At t /T=0.25, the concentrations are high close to the
bed and some sediment is being picked up on the ripple upslopes.
As the flow slows down, sediment continues to be picked up on
the ripple upslopes and what does not settle out is advected in the
streamwise direction �t /T=0.25–0.35, Fig. 11�. After the
spanwise vortex forms and as the flow slows to zero
�t /T=0.40–0.50, Fig. 11�, the spanwise vortex both traps the
sediment that is advected into it and entrains sediment on the lee
of the ripple crest, where shear stresses are relatively high for a
short period before the flow reverses direction. This plume of
sediment is then advected over the ripple crest when the flow
switches direction �t /T=0.55–0.65, Fig. 11�. By t /T=0.65, some
of the sediment has settled out; the rest of it has diffused due to
turbulent mixing.

Sediment Entrainment Mechanisms

Although vortex trapping is responsible for localizing the entrain-
ment of sediment into the outer flow to the locations of the lee
side of the ripple crest during a given half period, the signature of
the trapping in the sediment transport patterns would be less ob-
vious or nonexistent if the shear stresses responsible for releasing
the sediment from the bottom were not also localized to strategic
locations capable of supplying a flow of sediment into the vortex
structure. Sleath �1982� identifies two such mechanisms for sup-
plying sand from the bed and into the vortex in his laboratory
experiments over a movable bottom. First, sediment is entrained

Fig. 12. Series of phase-averaged concentration profiles on the
centerplane at t /T=0.32 to illustrate that a jet of sediment is cast over
the ripple crest when the shear stress on the upslope of the ripple
crest is maximum
on the ripple upslopes and carried over the crest during vortex
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formation. Second, sediment is picked up directly from the bed
when the shear stress becomes high in the ripple trough region
just before the flow switches direction. Both of these phenomena
are observed for the present simulation, as described in the
following.

As Sleath �1982� points out, the stream of sediment that is
“hurled” over the crest during vortex formation can be described
as a line source of sediment being released uniformly along the
ripple crest into a uniform flow. Such a jet forms in the present
simulations as visualized by the series of concentration profiles
�each normalized by its local maximum concentration� plotted
along the ripple topography and just downstream of the
ripple crest in Fig. 12. This jet is of short duration, beginning at
t /T=0.30 and ending at t /T=0.35 in the first half cycle, during a
time when the shear stress on the upslopes of the ripple crests
reaches its maximum value. Similarly, when the flow switches
direction, a jet forms on the opposite side of the ripple crest.
Sleath �1982� argued that at a given distance downstream of the
ripple crest this jet should take the form

C = Cmax exp� y − � − hplume

uplume
�2

�5�

where Cmax=maximum concentration along an individual vertical
profile; hplume=local height of the center of the plume above the
bottom; and wplume=width of the plume �as shown in Fig. 12�. We
show that this is the case in the present simulation, even though
the life of the jet is rather short so that it has not had a chance to
reach steady state. Fig. 13 plots the portion of the normalized
concentration profile at a distance x=0.3 m downstream of the
ripple crest �i=82� during t /T=0.30–0.33 along with a fit of a
line to the variables −log�C /Cmax� and �y−�−hplume�2. The line
does not fit as perfectly as it does for Sleath �1982� because: �1�
the width of the plume is not the same as time varies; Sleath
�1982� uses the data from a single time step whereas the present
calculation uses data from several time steps; and �2� the profiles
are not symmetric about hplume because the maximum concentra-
tion still occurs on the bottom. Nevertheless, Figs. 12 and 13
illustrate that a jet of sediment is cast over the ripple crest just
after the flow has tapered off from its maximum magnitude and
during the period when pickup from the upslope of the ripple
crest is greatest.

The second mechanism for entraining sediment from the bed is
established by close examination of the shear stress distribution
over the ripples and in time. Fig. 6 clearly shows that the shear

Fig. 13. Fit of data for concentration to the jet profile proposed by S
collected a distance 0.3 m downstream of the first ripple crest, just a
profiles are instantaneous and collected during the period between 14
Here, Cmax is the concentration on the jet centerline. The line fit to t
stress magnitude on the downslope inflection points during the
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periods t /T=0.35–0.39 and t /T=0.84–0.88 becomes large and
comparable to the bottom stress maxima on the ripple upslopes
during t /T=0.1–0.3 and t /T=0.6–0.8; indeed, the Shields pa-
rameter � satisfies �inflection,max��upslope,max��cr. Thus, the regions
in the flow where intense pickup of sediment occurs shift from the
upslopes of the ripple crests to the downslope inflection region.
As shown previously, this shift also coincides with the disappear-
ance of the jet of sediment cast over the ripple crest.

After t /T=0.39 and before the flow has changed direction, the
shear stress is for a time relatively small over the entire ripple
wavelength. A third mechanism—the vortex trapping of sediment
aloft that travels over the vortex generation region—may contrib-
ute to entrainment of sediment. During this time, however, sedi-
ment falls out of the vortex and a slightly depleted sediment
plume is advected over the ripple crest when the flow reverses.

Concentration Time Series at a Point

Because there is a significant difference in the phasing of concen-
tration time series measured at different locations �Sleath 1982;
Osborne and Vincent 1996�, we have plotted and analyzed the
time series at various locations and interpreted them for the
present flow. Fig. 14 shows the phase-averaged concentration
time series at the locations of the crest, the downslope ripple
inflection point, the trough, and the upslope ripple inflection
point. At each location, the concentration time series are recorded
at three different heights above the bed. The probe locations are
shown and the heights are normalized by the ripple amplitude. We
can make the following observations.
1. There are six peaks in the sediment concentration at the crest,

close to the bed at y /�=0.01. Starting from a wave phase of
t /T=0, the first peak at t /T=0.02 is caused by the ejection of
the vortex formed during the previous half cycle. The second
peak at roughly t /T=0.13 over the crest is due to local
pickup and advection of the just-advected vortex; the shear
stress at the ripple crest during this wave phase is maximum
at the crest. The concentration remains high due to advection
of sediment picked up on the upslopes of the ripple crest as
the flow speeds up to its maximum magnitude, and as the
maximum shear stress region shifts from the crest to the
ripple upslopes. As the flow slows down in the same direc-
tion, the plume formed a distance �� away during the pre-
vious half cycle passes the probe and causes the third peak at

1982�. The concentration profiles used in this fit, shown at left, were
e maximum velocity phase during t /T=0.3–0.33. The concentration
15T after the oscillatory pressure gradient forcing was implemented.
source model is shown at right.
leath �
fter th
T and
he line
t /T=0.28. The three peaks during the second halfcycle are
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caused by similar mechanisms and occur in the opposite
direction.

2. At the probe locations farthest from the bed, the concentra-
tion time series at the crest and trough are �180° out of
phase. This is because the sediment concentration peaks at
the crest are governed by the passage of ejected vortices over
the crests and the casting of sediment �picked up on the
ripple upslopes� over the crest, whereas those at the trough
are due to a sediment plume, formed by a vortex ejected
during the previous half cycle, that traveled the distance from
the crest to the trough �the peaks at t /T=0.2 and t /T=0.7�
and to sediment that escapes from and travels beyond the
recirculation zone during times of vortex formation �the mild

Fig. 14. Time series of phase-averaged sediment concentration at
locations along the bed forms
peaks at t /T=0.4 and t /T=0.9�.
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3. Concentration peaks in the trough are dominated by advec-
tion as opposed to local entrainment. First, the shear stresses
in the trough are small at every wave phase relative to shear
stresses on ripple upslopes and near the inflection point. Sec-
ond, the concentration time series are in phase throughout the
depth. During a period, there are four peaks in the concen-
tration; the first in each halfcycle is due to the passage of the
nearest ejected vortex and occurs �0.15T after flow reversal;
the second is due to the passage of the ejected vortex formed
a distance � away and occurs at �0.38T after flow reversal.
The second peaks at heights of y /�=0.35,4.18 above the
bed are comparable in magnitude to the first ones but are
smaller than those near the bed at y /�=0.01 by a factor

s heights above the bed on the domain centerplane and at various
variou
of 1/5.
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4. The concentration time series at the upslope and downslope
ripple inflection points is the same, but the peaks are shifted
by a half-period relative to each other �to see this, look at the
plots at y /�=0.01 and mentally shift the larger peak of one
of the plots to the right by a half-period�. This makes sense,
because, every half-period, a given inflection point will shift
its orientation relative to the flow, from the stoss �lee� slope,
to the lee �stoss� slope. Hence, we will discuss only one of
them- that for the downslope ripple inflection point.

5. At the downslope ripple inflection point and near to the bed
�at y /�=0.01�, there are two main concentration peaks. Both
are due to periods of high bed shear stress; the larger first

Fig. 15. Time series of instantaneous sediment concentration at vario
along the bed forms
peak at t /T=0.37 is due to the large shear stress formed in
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the recirculation zone �as is evidenced in Figs. 6 and 7, at
t /T=0.37�.

6. Further from the bed, the phasing of the concentration peaks
can be linked to the vortex formation–ejection process. At
y /�=3.2, three main peaks in concentration are discernable.
Two of these occur during the halfcycle when vortex forma-
tion occurs on the same side as the inflection point; the third
occurs during the halfcycle when vortex formation occurs on
the other side of the crest. During vortex formation on
the same side of the crest, which correspond to large bottom
shear stress, the largest concentration peaks occur at
t /T=0.36,0.86 The second largest peaks are due to the pas-

hts above the bed on the domain centerplane and at various locations
us heig
sage of the vortex ejected from the other side of the crest—at
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t /T=0.13,0.23 for the downslope and upslope inflection
points. The third peak is due to the passage of a vortex
formed a wavelength away, occurring at t /T=0.73,0.23 for
the downslope and upslope crests, respectively.

Sleath �1982� presents similar arguments to explain the phas-
ing of concentration time series measured just down stream of
and both above and below the ripple crest height. He attributes
peaks to three mechanisms: �1� vortex ejection from the opposite
side of the ripple crest to the probe; �2� plume advection from
vortices formed further away; and �3� sediment carried over the
ripple crest in a jet. If we extract time series at the same locations
relative to the crest �scaled by the ripple height and wavelength�,
our results are similar to his concentration peaks occur during the
ejection of the vortex formed on the opposite side of the crest,
sediment picked up locally and carried over the crest during the
deceleration phase of the flow, ejection of the vortex formed on
the same side of the crest, and advection of sediment plumes
formed a wavelengths’ distance away from the probe. The main
differences are found in the relative magnitudes of the peaks. Our
simulations yield the largest peak for the vortex formed and
ejected on the same side of the crest as the vortex formation
whereas Sleath’s �1982� results show the largest peaks due to the
ejected vortex formed on the opposite side from the probe.

The time series shown in Fig. 14 were phase averaged; time
series of the instantaneous sediment concentration at the same
locations are plotted in Fig. 15 for all simulated periods to illus-
trate period-to-period variability. The patterns described previ-
ously occur during a given period, although the concentration
peaks differ considerably in magnitude from period to period.

Conclusions

Overall, the findings of this paper are as follows.
1. Our simulation results over prototypical long-wave ripples in

energetic flow conditions strongly resemble flow and sedi-
ment transport patterns in field, laboratory, numerical, and
theoretical studies over orbital ripples. This corroborates the
conclusions of Chang and Hanes �2004� that the vortex
formation–ejection mechanism is important over long-wave
ripples. Thus, it is reasonable to use the simulation results to
interpret the three-dimensional features of this flow.

2. As expected according to the theories of Scandura et al.
�2000� and Hara and Mei �1990� derived for moderate Rey-
nolds number and similar parameters of the flow and ripple
properties, the present high Reynolds number flow is
strongly three dimensional.

3. Scandura et al. �2000� predicted that Görtler vortices would
form in a flow case characterized by a similar orbital ampli-
tude to ripple length of 0.75 �compared to the present value
of 0.84� but for low Reynolds number �875�. They described
these streamwise vortices as forming while the flow sped up
and later being cast into the recirculation zone, inducing
strong three dimensionality to that region. The present simu-
lation captures this effect, as can be seen in Fig. 5.

4. Although the main mechanism for vortex formation is sepa-
ration at the ripple crest, a two-dimensional process occur-
ring in the streamwise-vertical plane, the character of these
vortices becomes progressively three dimensional as the flow
tapers off from its maximum phase toward zero. Shortly after
the vortices are ejected, they lose their structure.

5. The sediment transport patterns lead to concentration distri-

butions in the flow that could be easily misinterpreted if they
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were deduced from field measurements with only a few
probes.

Finally, although we did not have the opportunity to carry out
a simulation with a net current present as in the data of Chang and
Hanes �2004�, such a simulation would be a worthwhile focus of
a future study. This would illuminate the differences in the vortex
formation in the purely oscillating flow �studied here� and the
oscillating with net current flow �Chang and Hanes 2004�.
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