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LARGE-EDDY SIMULATION OF SEDIMENT TRANSPORT:
CURRENTS OVER RIPPLES

By Emily A. Zedler1 and Robert L. Street,2 Member, ASCE

ABSTRACT: A large-eddy simulation has been performed to study the detailed sediment dynamics that occur
in channel flow over ripples. The code solves the Navier-Stokes equations and an advection-diffusion equation
for the sediment, and has been verified to produce quantitatively accurate hydrodynamic results for the flow
domains used in this study. The main features of interest in this flow are seen because of the high resolution of
the grid, especially near the ripple boundary. This yields a detailed bottom shear stress distribution, properly
identified coherent structures, and resolved sharp gradients in the sediment concentration. Globally, the sediment
is carried up into the flow from locations where the shear stress is high—on the upslopes of ripple crests—and
is advected downstream by the current and upward by the vertical velocity component. Regions of positive
vertical velocity are associated with Görtler vortices, which represent a significant sediment transport mechanism
in this flow.
INTRODUCTION

The writers focus on the initial entrainment and transport of
suspended sediment in flows over ripples at a laboratory scale.
A well-resolved large-eddy simulation (LES) is employed to
examine in some detail the role and effect of coherent struc-
tures that occur near the bed and the consequence of using an
accurate model for the unresolved portions of the flow. There
is considerable evidence that coherent structures such as tur-
bulent bursts and sweeps are important mechanisms for caus-
ing sediment motion both near and away from the bed. This
evidence is cited below. The remainder of the present paper
consists of a review of the numerical and physical situation, a
description of the global and local behaviors of the sediment
according to the simulations, and a set of conclusions.

In general, it is thought that bed load is dominated by sweep
motions in the fluid (Drake et al. 1988; Best 1992), whereas
turbulent bursting events may play a larger role in suspension
of sediment (Jackson 1976; Bennett and Best 1995; Cao et al.
1996). Sweeps carry high-speed fluid down toward the bound-
ary, raise the bed shear stress over a short time period, and
cause increased entrainment over a relatively small area of the
flow domain. This sediment is then carried downstream at a
faster rate than most other bed load particles (Drake et al.
1988). Best (1992) has linked ripple formation to the turbulent
boundary layer. He postulates that ridges may form in the
regions between high-speed streaks and fan out at their ends
to produce flow-transverse perturbations to the bed. These
grow to a critical height above which a recirculation zone
forms in the trough which may cause the propagation of rip-
ples. Thus, the bed load transport appears to be strongly linked
to the detailed dynamics of the turbulent boundary layer.

Sediment suspension events seem also to be strongly cor-
related with large turbulent eddy motion. For example, kolks
and boils can carry sediment concentrations higher than am-
bient values up to the surface of a channel flow over dunes
(Jackson 1976). Lapointe (1996) found turbulent bursting
events to be responsible for 20–90% of the suspension events
in 1–5% of the time in field measurements of sediment con-
centration in an open-channel flow around a bend. Ikeda and
Asaeda (1983) have observed in movable bed channel-flow
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runs that sediment is actively entrained by horseshoe vortices
that form in the lee of the 3D ripples and turbulent bursting
events. They derive a relationship between the sediment con-
centration and the vertical component of turbulent fluctuations
(concentration is proportional to the eighth power of the ver-
tical component of turbulence) based on the assumption that
the sediment moves with the fluid and obtain an expression
for the concentration probability density function that agrees
reasonably well with their data. Kaftori et al. (1995) observed
that funnel vortices carried higher concentrations of particles
(with specific density of 1.05) than the ambient concentrations.
Their finding is established both by measurement of particle
flux inside and outside the vortices as well as by observation
with oxygen microbubbles. They cite funnel vortices as the
dominant entrainment mechanism in their laboratory-scale
channel flow over a flat bottom. Sajjadi et al. (1996) also con-
cluded that vortices that form in the lee of ripples in an os-
cillatory flow are important for entraining sediment.

Although the importance of coherent structures or vortices
to sediment transport is clear, few models specifically aim to
incorporate these dynamics. This is partly due to (1) an in-
complete understanding of sediment-fluid interactions; and (2)
the inability of turbulence models to capture the detailed mo-
tions and incorporate these interactions (Kaftori et al. 1995;
Best et al. 1997).

This first issue has been addressed by various modeling ef-
forts on small scales, both in the bed load and suspended load
regimes. The most detailed models solve the momentum equa-
tions for individual particles as some variant of Maxey and
Riley’s (1983) equation and solve a direct numerical (DNS)
or LES simulation for the fluid mechanics. Such computations
have been performed by Elghobashi and Truesdell (1992)
(DNS) and Wang and Squires (1996) (LES) for particles with
large density ratios. The results in both cases have demon-
strated the success of this modeling technique and have led to
the conclusion that the particles do modify the turbulence
structure.

However, this approach toward modeling sediment and/or
particle-laden flows is less practical at field scales or larger
laboratory scales. The majority of models for sediment trans-
port calculations employ a Reynolds-averaged Navier-Stokes
(RANS) or LES approach to solve a concentration equation
for the sediment and the Navier-Stokes equation for the fluid.
These two approaches are viable at large scales because they
solve for the time-filtered (RANS) or spatially-filtered (LES)
variables and parameterize the effects of the unresolved terms.
At large field scale, Yost and Katopodes (1996) have success-
fully implemented an unsteady, 3D code to simulate the move-
ment of cohesive sediments in a river with a concentration
t to ASCE license or copyright; see http://pubs.asce.org/copyright



approach. They use an LES model with a simple Smagorinsky
closure. Gessler et al. (1999) presented the results of a 3D
model (CH3D-SED) that uses k-ε closure for the fluid, and
solves an advection-diffusion equation for the sediment, in-
cluding the effects of erosion and deposition. In their simu-
lation of sediment transport in flow around a channel bend,
they achieve results that agree with measurements of velocity
and sediment concentration to within 15%. At laboratory
scales, Davies et al. (1997) have performed simulations of the
oscillatory flow (wave plus current) over a plane bed. While
reasonable results are also obtained, it is notable that they fail
to predict the expected peak in the concentration at flow re-
versal, thought to be a convective effect. Given the current
level of understanding of sediment-fluid interactions and sed-
iment entrainment mechanisms, these results are very reason-
able. However, as these detailed processes become better
understood, and as turbulence models improve, predictions of
sediment transport should become more accurate.

In order to study these detailed sediment transport phenom-
ena over ripples and dunes, the writers employ a highly re-
solved large-eddy simulation of the flow and a concentration
equation formulation to examine the short time response of the
suspended sediment. Let us begin with a turbulent channel
flow in statistical equilibrium and then examine the initiation
of sediment transport and short-term behavior of the sus-
pended sediment. The well known pickup function approach
is used to model the entrainment of sediment at the bed; Li
and Davies (1996) suggested that in principle this is the pre-
ferred bottom boundary condition. Our large-eddy simulation,
whose hydrodynamics has been shown to be quantitatively ac-
curate (Salvetti et al. 1997), allows one to examine the flow
and sediment interactions in great detail.

A comparison between sediment transport described by the
writers’ code and equations has been made of flow over two
quite different bed forms to investigate the important sediment
dynamics revealed there. A time-dependent, spatially variable,
and highly resolved shear stress distribution is used to drive
the sediment entrainment. Limitations of the approach used
are discussed as well.

NUMERICAL AND PHYSICAL DETAILS

Numerical Method, Bed Forms, and
Domain Configurations

An LES code has been used to solve the filtered Navier-
Stokes equations for the velocity and pressure fields and a
transport equation for the suspended sediment concentration.
All calculations are in three dimensions and time. The equa-
tions are solved on a nonstaggered, nonorthogonal, and bound-
ary-following computational grid. The code used was devel-
oped by Calhoun (1998) and is based on Zang et al.’s (1994)
LES code. Appropriate boundary conditions and a settling
term in the scalar transport equation have been implemented
by the current authors to model suspended sediment transport.

The equations are discretized in time with a semi-implicit
method that uses a second-order explicit Adams-Bashforth
method for the convective terms and the implicit Crank-Nich-
olson method for the diffusive terms. Spatial derivatives are
discretized with central differences for all terms except for the
advective terms, for which QUICK has been employed.
SHARP has been used to discretize the convective terms in
the transport equation for sediment because of its greater abil-
ity to handle steep gradients (Leonard 1988).

The discretized equations are solved with a fractional step/
projection method. An estimate of the velocity field at the next
time step is obtained with a third-order accurate factorization
technique by solving the momentum equation with the pres-
sure term omitted. Continuity is then enforced by solving a
Downloaded 13 Jun 2009 to 128.171.57.189. Redistribution subje
FIG. 2. 3D Ripple Grid

FIG. 1. Straight-Crested Ripple Grid

pressure Poisson equation with a multigrid method. The pres-
sure gradients are used to correct the estimated velocity field.

Although QUICK has been used to represent the advection
terms, the numerical method does not produce excessive dis-
sipation. Anderson and Meneveau (1999) employed the Zang
et al. (1994) code to evaluate large-eddy simulation models.
In this process they showed that, for the decay of isotropic
turbulence, the natural dissipation of the code (e.g., due to
QUICK and the Poisson solver), is less than the physical dis-
sipation. In addition, Anderson (1995) showed that use of pre-
assigned Smagorinsky model coefficients could lead to excess
dissipation; both works show however that dynamic models
move the computed dissipation toward the experimentally ob-
served dissipation, but do not exceed it.

This code has been verified against experimental and ana-
lytical results for a large variety of laminar and turbulent flow
situations. In particular, it has been successfully used to sim-
ulate 3D lid-driven cavity flow (Zang et al. 1993), the flow of
a round jet in a cross-flow (Yuan et al. 1999), upwelling flows
(Zang and Street 1995), flow of a turbulent current beneath
nonlinear free-surface waves (Hodges and Street 1999), and
flow over a wavy boundary (Calhoun 1998). Simulation results
compare well with experimental and analytical results, pro-
ducing quantitatively and qualitatively accurate descriptions of
these flows.

In the present study, the sediment transport model men-
tioned above has been implemented to study sediment motions
over the domains pictured in Figs. 1 and 2. Our bottom bound-
ary configurations aim to mimic, on the one hand, straight-
crested transverse ripples

2px
A sin S Dl
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where A = 0.25 cm is the amplitude; and l = 5 cm is the
ripple wavelength. On the other hand, a 3D ripple pattern
(Raudkivi 1998, p. 73) is represented

2px 2py
A sin sinS D S Dl l

The two domains are roughly at the same scale with dimen-
sions (and grid solutions) of 20.3 cm in length 3 2.1 cm in
height 3 7.7 cm in width (120 3 98 3 50) and 15.2 cm in
length 3 2.1 cm in height 3 10.2 cm in width (82 3 98 3
82), respectively. Exponential stretching has been employed in
the vertical to constrain the first grid point (from the bottom
boundary) to lie within half a wall unit. Here, a wall unit is
defined as the ratio of the physical distance from the boundary
to the natural viscous length scale where n is the kine-n/u ,*
matic viscosity, is the shear velocity, defined asu*

where h is the channel depth, r is the fluid2(h/r)(dp/dx),Ï
density, and dp/dx is the driving pressure gradient (a source
term). The stretching ratio (between the vertical dimension of
adjacent finite volumes) is never >1.08 as one moves away
from the wall.

Governing Equations, Boundary Conditions, and
Initial Conditions

Fluid Equations

The governing equations for the fluid are the full Navier-
Stokes equations with the Boussinesq approximation invoked.
These equations are given below in terms of volume-filtered
(barred) variables, where the box filter has been employed

Continuity

­ui = 0 (1)
­xi

Momentum

­u ­ ­ui i
1 u u 1 pd 2 n 1 t = 0 (2)i j ij ijS D

­t ­x ­xj j

where tij = Here ui is the velocity component, nu u 2 u u .i j i j

is the kinematic viscosity, and p is the pressure divided by the
fluid density r. The filtered equations contain a subgrid scale
(SGS) term tij that has been modeled with the Salvetti and
Banerjee (1995) dynamic two-parameter model. [For an ap-
plication of this model with the Zang et al. (1994) code see
Salvetti et al. (1997).] The dynamic two-parameter model is a
so-called ‘‘mixed’’ model composed of a scale-similarity com-
ponent that allows backscatter and a Smagorinsky component
that provides forward scatter and (for momentum) dissipation.
The boundary conditions for the fluid are no-slip on the bot-
tom, free slip (zero stress) on the top, and periodic on all
lateral boundaries. The flow is driven by a uniform pressure
gradient that yields Reynolds numbers of about 2,400, based
on the channel height of 2.1 cm.

Sediment Equations

A filtered equation is used as the model for suspended sed-
iment transport

­C ­ n ­C
1 (u 2 w )C 2 1 x = 0 (3)j s jS D

­t ­x s ­xj j

0.5310n 0.01(s 2 1)gd
w = 1 1 2 1 (4)s FS D G2d n

where C = sediment concentration by volume fraction; ws =
settling velocity (van Rijn 1984); s = Schmidt number; g =
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acceleration due to gravity (9.81 m/s2); d = particle diameter;
s = ratio of the sediment to fluid density; and xj = SGS scalar
flux term (x j = 2 represented by the dynamic two-u C u C),j j

parameter model (Salvetti and Banerjee 1995) in much the
same way as the SGS stress is handled in the equations of
fluid motion. Eq. (3) is the standard scalar transport equation
with a settling term. Inclusion of a molecular component in
the sediment transport equation is essential because near the
smooth bed the SGS scalar flux term dies to zero in order to
satisfy the no-slip condition, as typically found in the literature
s = 1 in the current simulations. The SGS model accounts
both for the transfer of sediment concentration from large- to
small-scale motions (forward scatter or downscale transport,
such as found in an energy cascade) and for the transfer from
small- to large-scale motions (backscatter). The density ratio
s = rs/r and d for the current investigations are 1.5 and 100
mm, respectively. The fluid density is r = 1,000 kg/m3. The
density ratio has been set to 1.5 [e.g., slightly more dense than
lignite breeze or coal (Nielsen 1992)] because the laboratory-
scale flow field studied here has small magnitude shear stresses
on the bottom.

There is some controversy in the literature as to the range
of validity of using a concentration equation such as (3) for
modeling sediment transport. For sediment transport, Villaret
and Davies (1995) stated that this formulation is valid for con-
centrations C < 1023 and point out that in practice, this for-
mulation has been applied to concentrations as high as 0.01.
(The concentrations found in this work are 0.01 or less.) For
heavy particle work where particle mass is typically much
larger than fluid mass, Elghobashi (1994) found that these
equations hold for C < 1026; for concentrations in the range
1026 < C < 1023, he deemed particle-fluid interactions to be
important; for C > 1023, particle-particle interactions also be-
come important. In light of this controversy and the lack of a
universal model for this process, the particle-fluid and particle-
particle interactions have been omitted here except for the set-
tling velocity as it affects the concentration.

The boundary conditions implemented for the current sim-
ulations are periodic on all lateral boundaries—no net flux on
the top surface and van Rijn’s (1984) pickup function on the
bottom. There, the normal gradient of concentration is speci-
fied on the bottom as

­C P
= 2

­n n

where n is used here because s = 1 and at the smooth bed the
molecular processes dominate. Here P is the pickup rate (in
units of volume rate of exchange per unit area per unit time)
given by van Rijn’s (1984) expression as [for an unsteady flow
application see Nielsen (1992), p. 225]

1.5 0.6 0.6 0.8u 2 u (s 2 1) g dcr
P = 0.00033 for u > u (5a)crS D 0.2u ncr

P = 0 for u < u (5b)cr

where u = tb/(rs 2 r)gd = Shields parameter, based on the
bottom shear stress tb; and ucr = critical Shields parameter.
Van Rijn’s (1993) expression for ucr, expressed as a function
of = [(s 2 1)g/n2]1/3d, has been employed. The shear stressD*
is computed on the bottom of the channel by linear extrapo-
lation from the two nearest grid points. Note that the simula-
tions are confined to short times as measured from the time at
which sediment is released from the bottom. Little erosion or
deposition occurs over these time scales, which are much
smaller than the time scales of bed formation (McLean et al.
1994). Therefore, a stationary grid has been employed. How-
ever, the equations and boundary condition employed allow
t to ASCE license or copyright; see http://pubs.asce.org/copyright



FIG. 3. Instantaneous Velocity Vectors (x,y Component) Superimposed
on Contours of Sediment Concentration over Straight-Crested Ripples on
Streamwise-Oriented Centerplane over Middle Trough at t = 0.8 s; Ve-
locity Vectors Are Plotted at Every Other Streamwise and Vertical Lo-
cation

erosion or net deposition, and in future work we will track
that net effect.

Initial Conditions

The sediment concentrations are initialized to zero. When
the fluid flow field has reached a statistically steady state, the
bottom boundary condition is turned on, allowing sediment to
be entrained from the bottom.

SIMULATION RESULTS

Global Behavior

This study investigates the time evolution of sediment trans-
port in the flow—from the time of its release to very short
times (on the order of seconds) afterwards. At these early
times, concentrations of sediment remain small—<0.01 by
volume fraction except very close to the bottom, and the model
is valid, to within the error of not representing the particle-
fluid and particle-particle interactions. The temporal evolution
is very well resolved (with time steps of 0.0003 s). The short
response time of the sediment and high resolution of our do-
main allows us to capture the interesting flow structures, such
as vortices and turbulent bursting events, and to determine
their effects on sediment motion directly. Below is a descrip-
tion of the generic patterns observed in this flow field.

Over the straight-crested ripples (Fig. 1), the instantaneous
flow moves downstream, forming recirculation zones on the
lee sides of the ripples. The flow pattern over the 3D ripples
(Fig. 2) is similar but more variable in the spanwise direction.
Along lines of zero streamwise curvature (oriented in the di-
rection of flow), the flow resembles channel flow over a flat
bottom. However, the flow over the lines of maximum stream-
wise curvature resembles that over the straight-crested ripples.
The sediment transport mimics these flow patterns.

The generic streamwise transport is visualized in Figs. 3 and
4, over the straight-crested and 3D ripples, respectively. Both
figures depict concentration contours superimposed on the in-
stantaneous velocity vectors, with dark zones indicating high
concentrations. Fig. 4 illustrates transport along a line of max-
imum streamwise boundary curvature over the 3D ripples. In
general, over both boundaries the flow carries sediment from
the upslopes of ripple crests, where it is picked up, and then
over the recirculation zones in the troughs, corresponding to
the dark (high concentration) zone that forms a finger-like
shape. This high-concentration zone ends roughly halfway
over the trough where it appears to begin to diffuse with some
of the sediment settling out and some of it being transported
Downloaded 13 Jun 2009 to 128.171.57.189. Redistribution subje
FIG. 5. Instantaneous Snapshot of Contours of Viscous Shear Stress
on Straight-Crested Ripples in a Statistically Steady Flow Field; High
Positive Shear Stress Is Indicated by Light Patches and Low Shear Stress
Is Indicated by Dark Patches; Darkest Patches, in the Ripple Troughs,
Indicate Shear Acting in Direction Opposite to that of Main Flow

FIG. 4. Instantaneous Velocity Vectors (x,y Component) Superimposed
on Concentration Contours at t = 16 s (after Introduction of Sediment)
on Streamwise-Oriented Plane at z/l = 0.25 over 3D Ripples (Third
Trough); Velocity Vectors Are Plotted at Every Other Streamwise and
Every Vertical Location

upward into the flow and possibly sideways as well. Some
sediment is also entrained in the recirculation zones in the
flow-adverse direction. This general pattern is observed in both
flow domains, although only over regions of maximum
streamwise curvature on the 3D ripples. This transport pattern
relies on the mechanisms for releasing sediment from the bot-
tom boundary and subsequently entraining it higher into the
flow domain.

The bottom boundary condition [(5)] is based on a Shields-
type criterion, releasing sediment only where the shear stress
exceeds critical. Madsen and Grant (1976) showed that the
Shields criterion approach could be used successfully with the
instantaneous shear stress as employed here. Over both do-
mains, the shear stress distribution is strongly dependent on
the bottom topography, although magnitudes vary spatially and
temporally owing to the turbulence in the flow, as expected.
Fig. 5 depicts an instantaneous contour plot of shear stress on
the bottom of the straight-crested ripple domain. The shear
stress is highest and positive (light shading) on the upslopes
of the ripple crests. In the ripple troughs the stress is weaker
and negative (dark shading), sometimes entraining sediment in
the opposite direction to the flow, as will be shown later. The
shear stress distribution over the 3D rippled domain is similar
along lines of maximum streamwise curvature (parallel to and
located halfway between the lines of zero streamwise curva-
ture, depicted in Fig. 6 as white lines), reaching positive max-
ima (acting in the direction of the main flow) on the upslopes
JOURNAL OF HYDRAULIC ENGINEERING / JUNE 2001 / 447
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FIG. 6. Contours of Instantaneous Viscous Shear Stress on 3D Ripples
in Statistically Steady Flow Field; High Positive Shear Stress is Indicated
by Light Patches and Low Shear Stress Is Indicated by Dark Patches;
Darkest Patches, in Ripple Troughs, Indicate Negative Shear Acting in
Opposite Direction of Main Flow

of ripple crests and negative maxima (acting adversely to the
main flow) in the troughs. The negative shear in the troughs
over the 3D ripples is weaker than it is over the straight-
crested ripples and is nonuniform in the spanwise direction.
Along the lines of zero streamwise curvature (depicted as
white lines in Fig. 6), the bottom is locally flat (relative to the
main flow direction) and it is notable that the shear stress there
remains positive and small compared to the maximum value
observed on the crests. Between lines of zero and maximum
streamwise curvature, the shear stress profile varies between
these two extremes. Similar distributions of the shear stress
over dunes (i.e., with the maxima occurring on the upslopes
of ripple crests) have been computed from the log law of the
wall by extrapolation of the nearest-wall velocity measure-
ments from laboratory experiments (Bennett and Best 1995).
More significant is the fact that the code has been verified
against laboratory experiments for the straight-crested ripple
configuration (Calhoun and Street 1999).

After the sediment has been released from the bottom
boundary, it is entrained by structures in the flow. Instanta-
neous correlations between the sediment concentration and
regions of the flow where the vertical velocity is relatively
high are apparent for both bed configurations. They are visu-
alized by superimposing the cross-stream component of the
velocity vectors (i.e., where the streamwise component of ve-
locity has been removed) on the sediment concentration con-
tours.

Over the 3D ripples, Fig. 7 illustrates that high sediment
concentrations (dark shading) occur at high elevations in the
flow only where the velocity has a significant vertical com-
ponent to transport it there. Regions where the vertical com-
ponent of the velocity is relatively large are associated with
two different types of flow structures. At point A, a vertical
convergence zone that appears as a narrow jet moving directly
upward is visualized (when the streamwise velocity compo-
nent has been removed and only velocity components in the
vertical spanwise plane are included). The convergence-zone
flow carries sediment with it. This structure seems to form
throughout the flow and could have one of several possible
origins. Either it is associated with the region between two
counterrotating vortices (Fig. 14) or with a turbulent burst, or
both. Vortices that form in the flow represent a second type of
structure that is accompanied by vertical velocities. For ex-
ample, the vertical motions at points B and C appear to be
associated with streamwise vortices that form in the flow. The
concentration of sediment is higher at these locations than it
is in regions where the flow has a smaller vertical component.

Owing to the zero spanwise boundary curvature on the
448 / JOURNAL OF HYDRAULIC ENGINEERING / JUNE 2001
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FIG. 9. Instantaneous Velocity Vectors (y,z Component) Superimposed
on Concentration Contours on Cut Perpendicular to Flow Direction over
Straight-Crested Ripples at x/l = 1.9 at t = 0.8 s

FIG. 8. Instantaneous Velocity Vectors (y,z Component) Superimposed
on Concentration Contours on Cut Perpendicular to Flow Direction over
Straight-Crested Ripples at x/l = 1.78 at t = 0.8 s

FIG. 7. Instantaneous Velocity Vectors (y,z Component) Superimposed
on Concentration Contours on Cut Perpendicular to Flow Direction over
3D Ripples at x/l = 0.15 at t = 6.5 s

straight-crested ripple bed, the sediment transport pattern over
it differs significantly from that over the 3D ripple domain.
Sediment is entrained on ripple crests over the entire channel
width over the straight-crested boundary, visualized in Fig. 8
as the dark band of sediment. Further downstream, this dark
band of sediment breaks up due to vertical velocities that may
be associated with coherent structures in the flow. In Fig. 9,
where high vertical velocities are coincident with high sedi-
ment concentrations, it is clear that these velocities are directly
responsible for carrying the sediment upward into the flow.
Arrows point at the structures of interest. These strips of high
concentration appear to have originated from a horizontal band
of sediment as pictured in Fig. 8. It is possible that they are
associated with a bursting event. The entrainment mechanism
(events including relatively large vertical velocities) occurs at
ect to ASCE license or copyright; see http://pubs.asce.org/copyright



somewhat random locations in the spanwise direction over the
straight-crested ripples.

Sediment transport also occurs locally in the recirculation
zones. Figs. 3 and 4 illustrate instantaneous transport along
streamwise-parallel planes over both boundary configurations.
The adverse shear stress in the trough causes entrainment of
sediment in the direction opposite to the main flow direction.
The sediment is picked up and carried in this direction by the
recirculation zone that occurs there. This effect is strongly
present over the straight-crested ripples (Fig. 3) because the
flow is forced to travel over the 2D bottom. However, it is
less prevalent over the 3D ripples because the shear stresses
in the recirculation zone are much weaker. This is clear when
the velocity profiles over the two different grids are compared
in Figs. 3 and 4, respectively, and is due to the fact that the
flow can move around as well as over the ripples in the 3D
case, producing relatively weak recirculation zones behind the
3D ripples.

The observations above are supported by findings in the
literature that coherent structures are an important entrainment
mechanism over a variety of boundary configurations. Al-
though the coherent structures that form over a flat bed differ
from those that form over a rippled bed, they resemble each
other in that both are associated with turbulent bursting (quad-
rant II) events, or the lifting of low-speed fluid away from the
wall. Soulsby et al. (1994) provided evidence that turbulent
bursting was the major suspension mechanism for sand in a
tidal estuary, accounting for 42% of the sediment flux in 12%
of the time. Based on laboratory observations of the intermit-
tency of sediment transport in channel flow over both flat beds
and dunes, Sutherland (1967) postulated that eddies impinging
on the bed initiated sediment motion and were responsible for
suspension. Bennett and Best (1995) measured bursting events
over dunes that occur over the recirculation zone, extending
to the upslopes of the dune crests (‘‘along the shear layer’’).
Wei and Willmarth (1991) showed that positively skewed dis-
tributions of the vertical velocity component form in their
channel flow (in the region >30 wall units above the boundary)
are related to bursting events and cause a net upward momen-
tum flux. They proposed this as an entrainment mechanism.
This has also been established from observations of individual
particle trajectories in laboratory channel flow over both
smooth (Sumer and Oguz 1978) and rough (Sumer and Dei-
gaard 1981) boundaries. Clearly, bursting events and vortex
structures are important for sediment entrainment. While most
of these measurements are established in an averaged sense,
our model results show instantaneous correlations between
regions of the flow with a large vertical velocity component
and high sediment concentration, and provide further evidence
of the importance of these coherent flow structures for sedi-
ment entrainment.

The above descriptions of transport describe global patterns
that are repeated throughout the flow domain and along every
wavelength of the boundary configuration. However, there are
organized structures in the flow that are linked to the transport
of sediment as well as localized flow behavior over the 3D
ripples, owing to its nonzero spanwise curvature. These phe-
nomena are described in the next section.

Local Behavior

The spanwise curvature of the 3D ripple bed organizes the
flow and therefore, the sediment transport, in that direction.
Near lines of zero streamwise curvature, the flow resembles a
channel flow. Near lines of maximum streamwise curvature,
the flow resembles flow over ripples, and the results match
those over the straight-crested ripple domain much more
closely. Returning to Fig. 6, one observes that the shear stress
is reduced along these lines of zero curvature, causing reduced
Downloaded 13 Jun 2009 to 128.171.57.189. Redistribution subj
FIG. 11. Instantaneous Isocontour of Sediment Concentration, C =
0.001, over Straight-Crested Ripples; Shading Is Proportional to Vertical
(y) Coordinate

FIG. 10. Instantaneous Isocontour of Sediment Concentration, C =
0.001, over 3D Ripples, at t = 6.5 s; Shading Is Proportional to Vertical
(y) Coordinate

release of sediment. Additionally, the flow field is less active
there, with no bottom streamwise curvature to cause vertical
fluid motions in these regions. Thus, not only is less sediment
released from the bottom, but it does not rise as high into the
flow. This phenomena—that the suspended sediment is pri-
marily confined to regions between lines of zero streamwise
curvature at early time—is visualized in Fig. 10, which depicts
an isocontour plot of a relatively high concentration of sedi-
ment (0.001) that has been shaded to show the local depth of
the contour. The isocontour plot in Fig. 10 is banded, much
like a corrugated roof, whose trough lines (dark) are phase-
locked to lines of zero streamwise curvature and whose crest
lines (light) correspond to regions of maximum streamwise
curvature. This signifies that sediment rises higher into the
flow along lines of maximum streamwise curvature. This effect
is absent over the straight-crested ripples, as can be seen in
the isocontour plot of C = 0.001 (Fig. 11). Here, the sediment
is released fairly uniformly across the channel, on the average.
In Fig. 11, a series of fingers of relatively high concentration
of sediment are visible. These originate at nonuniformly dis-
tributed locations just upstream of the crestlines, owing to the
nonuniform distribution of the boundary shear stress that oc-
curs there (Fig. 5) and the time-dependent nature of the flow.
The ‘‘fingers’’ do not line up in the streamwise direction.

The nonuniformity of transport across the 3D rippled chan-
nel is due to the spanwise nonuniformity of the flow field and
JOURNAL OF HYDRAULIC ENGINEERING / JUNE 2001 / 449

ect to ASCE license or copyright; see http://pubs.asce.org/copyright



FIG. 12. Instantaneous Snapshot of Vortex Cores Plotted As Isocon-
tours of l2 = 2100 in 3D Ripple Domain in Fully Developed Flow Field

is linked to streamwise vortex structures that form in the flow.
The flow field in question contains streamwise vortical struc-
tures that are pictured in Fig. 12. These Görtler vortices are
associated with boundary curvature for this flow field and were
identified by Calhoun and Street (1999). The vortex cores are
plotted in Fig. 12 with the l2 method (Jeong and Hussain
1995), which is a variant of the pressure minimum method. A
brief summary of this method is given in the Appendix. The
vortex cores resemble those that form in channel flow over a
flat bed, but they are longer (700 wall units as opposed to
200), taller (70 wall units as opposed to 50), are spaced in the
spanwise direction at greater distances (350 wall units as op-
posed to 100), and have a greater angle of inclination (187 to
the horizontal as opposed to 9) (Calhoun 1998). These struc-
tures do not appear to cross lines of zero streamwise curvature,
except occasionally high up in the flow. Moreover, they form
on the upslopes of ripple crests and extend downstream to
roughly the location of the middle of the trough, as is evident
in Fig. 12. The presence of these vortices is indicative of in-
creasingly active regions of the flow. Also, as shown before,
vortex-like structures appear to be important for transporting
the sediment vertically upward in the flow. This is even more
clearly visualized by plotting the sediment concentration con-
tours on the vortex cores, as in Fig. 13. Fig. 13 is a blown up
view of the vortex cores that (1) have the cross-stream velocity
vectors superimposed on them; and (2) have been colored ac-
cording to the sediment concentration. The cores are moving
diagonally across the figure from left to right and into a plane
that is perpendicular to the flow. On that plane the cross-stream
velocities and concentration contours have also been plotted.
It is clear from this figure that the sediment concentration is
higher in the vortex cores than it is in the surrounding fluid,
and that therefore, the sediment simulation predicts that the
vortices are an important flow feature for transporting sedi-
ment into the outer flow field. There are some structures in
the flow behind the vertical plane. They have been included
to show the complete picture.

Fig. 14 shows the same illustration, but over the straight-
crested ripples. This illustrates some interesting flow phenom-
ena and verifies that these structures are important to sediment
transport over both boundary configurations. Point A refers to
a location in the flow where the cross-stream velocity is ver-
tical, and in this figure it is evident that the upward transport
of sediment is due to the convergence zone between two coun-
terrotating vortices. This is not to suggest that the phenomena
is ubiquitous, only that it does occur in this flow.

Further evidence that vortex structures are important for en-
training sediment, and perhaps the most convincing, is found
in Fig. 15. This is a top view of the 3D rippled domain. The
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FIG. 14. Vortex Cores Plotted As Isocontours of l2 = 2175 over
Straight-Crested Ripples at t = 1.2 s; Velocity Vectors (y,z Component)
and Concentration Contours Are Superimposed on Isocontours, and Sur-
face Perpendicular to Flow Direction Is at x/l = 2.1, Just Downstream
of Second Ripple Trough (Image Faces Downstream)

FIG. 13. Isocontours of l2 = 290 over 3D Ripples at t = 6.3 s after
Introduction of Sediment; Velocity Vectors (y,z Component) and Con-
centration Contours Are Superimposed on Isocontours, and Surface Per-
pendicular to Flow Direction Is Located at x/l = 0.3, Just Downstream
of Second Ripple Trough (Image Faces Downstream; Arrow Indicates
Direction of Flow)

vortex cores have been plotted; they are delimited by the pres-
ence of the black arrows and are colored with the sediment
concentration. The coloring between vortex cores is on a
roughly bottom-parallel plane to indicate background concen-
trations at about a fourth of the channel depth (although the
vortex cores cut through the plane so that parts of the cores
are above the level of the plane). It is clear from this figure
that the vortex cores generally carry higher concentrations than
does the remainder of the fluid. There are a few locations
where the concentration is high in the absence of a vortex core.
Lateral mixing or other flow phenomena such as turbulent
t to ASCE license or copyright; see http://pubs.asce.org/copyright



FIG. 15. Vortex Cores Plotted as Isocontours of l2 = 225 in 3D Ripple
Domain at t = 8 s; Velocity Vectors (y,z Component) and Concentration
Contours Have Been Superimposed on Isocontours; Roughly Bottom-
Parallel Plane at y/H = 0.25 Is Also Present and Is Colored by Concen-
tration Contours; Isocontours of l2 (Vortex Cores) above This Surface
Are Visible As Concentrated Regions of Black Arrows

bursting cause the imperfect correlation. Lastly, this figure pro-
vides further evidence that vortex cores are localized between
lines of zero streamwise curvature that line up exactly with
the regions between vortex cores.

The issue of the actual fate of individual particles within
and/or near a vortex is one of great interest. The current ap-
proach does not deal with particle dynamics. A next stage of
the authors’ research is to examine actual particle trajectories
in various parts of the flow using techniques such as those of
Wereley and Lueptow (1999). The proven resistance of the
vortices and their relatively stable loci, provides us with a
good opportunity to seed the flow and examine the trajectories
of ‘‘typical’’ particles.

Vortices, kolks, and boils are well known to entrain sedi-
ment. Similarly, the writers’ model results illustrate an instan-
taneous relationship between the presence of Görtler vortices
and high sediment concentrations. Moreover, our results show
that local sediment transport patterns are strongly coupled to
the shape of the bed, while the important physics causing en-
trainment (perhaps bursting events) between different bound-
ary configurations remains similar. This is consistent with
many and varied observations of sediment transport mecha-
nisms—from kolks and boils that extend to the channel sur-
face (Jackson 1976)—to horseshoe vortices that form in the
lee of ripples (Ikeda and Asaeda 1983).

CONCLUSIONS

The large-eddy simulations produced results that are con-
sistent with observations of sediment transport in the field and
in the laboratory. The results show an instantaneous correlation
between the sediment concentrations and vertical velocity, es-
tablishing that coherent structures such as Görtler vortices may
be an important entrainment mechanism. The fine resolution
of the model allows the influence of the different boundary
configurations to be investigated directly. The short-time, near-
bed evolution of sediment motion, as predicted by the model,
differs significantly over the straight-crested and 3D ripples,
Downloaded 13 Jun 2009 to 128.171.57.189. Redistribution subjec
as would be expected in nature. This effect would occur
mainly close to the boundary and would be poorly represented
(if at all) in other types of codes that solve for the time-av-
eraged sediment concentration, e.g., Reynolds-averaged Na-
vier-Stokes models. As the authors’ fluid flow simulations have
been verified quantitatively against experimental data, the hy-
drodynamics are correct and their convective effects on the
sediment transport, which are difficult to model (Villaret and
Davies 1995), can be visualized directly.

The results presented above also introduce some areas that
will require further study. The hydrodynamics simulation pro-
vides an accurate distribution of the instantaneous bottom
shear stress, which according to Madsen and Grant (1976) can
be used together with the Shield’s criterion to indicate initia-
tion of sediment motion. Nielsen (1992) illustrated successful
application of the unsteady pickup function. Nevertheless, the
magnitude of the unsteady pickup rates needs to be verified
explicitly because the empirical formula used to compute them
is based on the time-averaged bottom shear stress (van Rijn
1984). The hydrodynamics simulation is accurate for the pres-
ent grid configurations and Reynolds numbers considered, but
will require implementation of a rough-bottom boundary con-
dition (as opposed to the current no-slip condition), and pos-
sibly slight modifications to the turbulence model in order to
simulate field-scale flows. The framework for solving the sed-
iment transport and fluid mechanics in the interior of the flow
is in place, but the boundary conditions do present a challenge.

In general, this work has demonstrated the ability of large-
eddy simulation to model the time evolution of sediment trans-
port above idealized ripples and has offered hope that these
techniques (upon some modification) may be applied to further
investigate the mechanisms for entraining sediment.

APPENDIX. l2 METHOD

Created by Jeong and Hussain (1995), the l2 method for
identifying vortex cores is based on the pressure minimum
method. The pressure p at a point is a local minimum if the
curvature at that point is positive in all directions. Mathemat-
ically, this can be expressed as the condition that the eigen-
values of the tensor ­2p/­xi­xj are positive. The minimum in
a plane occurs if two of the three eigenvalues are positive, and
this is the condition used to identify vortex cores with the
pressure minimum method. The l2 method has a similar cri-
terion, but operates on a different tensor, namely

2­ p DSij,kk
2 2 1 nS = S S 1 V Vij ,kk ik kj ik kj

­x ­x Dti j

where Sij and Vij = symmetric and antisymmetric parts of
­ui/­xj; and D/Dt = convective derivative. This tensor, ob-
tained by taking the gradient of the incompressible Navier-
Stokes equations, is the pressure curvature tensor with the ef-
fects of viscosity and the unsteady straining removed. Jeong
and Hussain (1995) defined a vortex core to be contour sur-
faces of negative l2, where l2 is defined at a point to be the
middle eigenvalue of this tensor. Then, if l2 < 0, two of the
eigenvalues of this tensor are less than zero (corresponding to
a pressure minimum in a plane of arbitrary orientation for the
case where the unsteady straining and viscous effects are neg-
ligible). More details of this method can be found in Jeong
and Hussain (1995).
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NOTATION

The following symbols are used in this paper:

C = concentration;
D* = dimensionless particle diameter;

d = particle diameter;
g = acceleration due to gravity;
P = pickup rate;
p = pressure;

Sij = ijth component of symmetric part of velocity gradient ten-
sor;

s = ratio of particle density to fluid density;
t = time;

ui = velocity in ith direction;
u* = shear velocity;
ws = sediment settling velocity;
xi = ith Cartesian coordinate;
dij = ijth component of Kronecker delta;
l2 = middle eigenvalue of tensor Sik Skj 1 V ik Vkj;
n = kinematic viscosity;
r = fluid density;
rs = sediment density;
s = Schmidt number;
tb = bottom shear stress;
tij = ijth component of subgrid scale stress;
u = Shields parameter;

ucr = critical Shields parameter;
Vij = ijth component of antisymmetric part of velocity gradient

tensor; and
x j = jth component of subgrid scale flux term in sediment trans-

port equation.
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