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Abstract

The highly turbulent, sediment-laden flow above rippled beds in the wave
bottom boundary layer (WBBL) is poorly understood and difficult to quantify
mainly because of our failure to understand the fundamental interaction forces
driving sediment transport. However, recent advances in high performance
computing allow for highly resolved simulations of fluid-sediment dynamics in
the WBBL to examine the small-scale fluctuations of boundary layer processes
and characterize seabed morphology. A three-dimensional mixture theory model,
SedMix3D, solves the unfiltered Navier-Stokes equations for the fluid-sediment
mixture with an additional equation describing sediment flux. Mixture theory
treats the fluid-sediment mixture as a single continuum with effective properties
parameterizing the intra- and inter-phase interactions with closure relations for
the mixture viscosity, diffusion, hindered settling, and particle pressure. We
validate results obtained with SedMix3D using temporally and spatially resolved
fluid velocity measurements acquired with a particle image velocimetry (PIV)
system in a free-surface laboratory flume. Measured two-dimensional velocity
fields are compared to two-dimensional vertical slices from the three-
dimensional simulation domain. We examine the hydrodynamics of the flow by
comparing bulk flow statistics, and swirling strength. In general, results from
SedMix3D were in excellent agreement with the observations. We believe
SedMix3D captures the essential physics governing two—phase turbulent flow
over ripples for the conditions represented by the experiments and should
provide us with a powerful research tool for studying the dynamics of seafloor
bedforms.
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1 Introduction

Despite advances in computing and laboratory observational technology, there
still exist many unknowns about the small-scale interactions driving two-phase
hydrodynamics in the seafloor boundary layer. Past work has extensively studied
the flow structure over static (or fixed) sand beds [1-5]. These studies have
broadened our knowledge on vorticity dynamics of oscillatory flow over ripples;
however, they lack the dynamic coupling between the fluid and sediment, which
influences turbulence production/dissipation and resulting bed morphology.
Because strong correlations exist between the sediment transport, near bed fluid
velocity, and bed morphology, coupling these processes will be necessary to
accurately model bottom boundary layer flow and the resulting sediment
entrainment/deposition.

A three-dimensional numerical model solving the unfiltered Navier-Stokes
equations using mixture theory is presented here. Mixture theory treats the fluid-
sediment mixture as a continuum with the inter- and intra-phase interactions
parameterized with closure relations. The model is validated quantitatively
through comparisons of time-dependent and spatially varying velocities as well
as bulk flow statistics measured under scaled laboratory conditions.

2 Experimental set-up

The observations were made in a wave flume at the Fluid Mechanics Laboratory
at Delft University of Technology, Netherlands using a particle image
velocimetry technique [6]. The wave flume is 42 m in length, 0.8 m in width, and
1 m in height, with the bottom covered with a layer of sediment. A material
typically used for sand blasting was chosen for the sediment with a mean grain
diameter of 0.054 cm and a specific gravity of 1.2. A Dantec particle image
velocimeter (PIV) system consisting of a 120 mJ Nd-Yag pulsed laser
synchronized with a 1 MegaPixel camera was used to capture two-dimensional
vertical (x-z) plane optical images. The sampling window (11 cm x 11 cm) was
located approximately 29 m from the wave generator in a water depth of about
0.31 m. For this experiment, the wave generator produced regular waves 5 cm in
height with a period of 2 s.

The laser was placed in a watertight housing located approximately 27 cm
above the bed and the camera was placed outside the flume. An Acoustic
Doppler Velocimeter (ADV) time-synchronized with the PIV system measured
the free-stream velocity approximately 17 cm above the bed. The camera
captured image pairs (10 ms time lag between pair members) of the sampling
window for 60 s bursts at approximately 12 Hz. Suspended sediment, organic
matter, and micro-bubbles acted as seeding agents in the water column. The
velocity vectors were calculated by correlating the image pairs using 64 x 32
pixel interrogation windows with 50% overlap. The resulting spatial resolution
of the vector field was 3.48 mm x 1.74 mm. Outliers were removed with a three
standard deviation filter and replaced with the local ensemble average.
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3 Methodology

SedMix3D solves the unfiltered Navier-Stokes equations with an additional
sediment flux equation for a fluid-sediment mixture resulting in the time-
dependent sediment concentration and three-component velocity vector field [7].
The model treats the fluid-sediment mixture as a single continuum with effective
properties that parameterize the fluid-sediment and sediment-sediment
interactions including a bulk hindered settling velocity, a shear-induced
diffusion, an effective viscosity, and a particle pressure. The sediment flux
equation models the concentration of sediment by describing the balance
between advection, sedimentation due to gravity, and shear-induced diffusion.
Grid spacing was on the order of a sediment grain diameter and time step was
O(107 s). The model only simulates flow in the boundary layer (i.e., no free
surface). The numerical scheme is finite difference with second-order central
differences employed on a staggered grid. The boundary conditions for the
velocities and concentration are periodic in the horizontal. At the top of the
domain, the u velocity is assumed to follow the free-stream while the v and w
velocities are set to zero. A no-slip condition exists for the velocities at the
bottom boundary (i.e., deep inside the sand bed). The initial concentration is
equal to the concentration of a fully packed bed at the bottom boundary (¢ =
0.63) and zero at the top boundary.

The modeling framework of SedMix3D includes governing equations for
sediment flux, mixture continuity, and mixture momentum. The mixture
continuity equation was derived by combining the fluid and sediment phase

continuity equations,
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where u is the mixture velocity and p is the mixture density,
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where ¢ is the sediment volumetric concentration, and p, and py are the sediment
and fluid densities, respectively. The mixture momentum equation was derived
from the sum of the individual phase momentum equations,
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where P is the mixture pressure, u is the effective viscosity, F is the external
driving force vector per unit volume, and g is gravitational acceleration (981 cm
s7). SedMix3D employs a modified Eilers [8] equation to represent effective
viscosity, i, here scaled by the pure water viscosity, s,
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where [p] is the intrinsic viscosity, a dimensionless parameter representing the
sediment grain shape, and 0.0 < ¢ < 0.63, where the lower bound represents pure
water and upper bound roughly corresponds to the maximum concentration of
unconsolidated sediment. Here, we fix the maximum value of the effective
viscosity by specifying ¢,, = 0.66. The intrinsic viscosity parameter, [u], was 2.5
to represent spherical particles [9].

The concentration of sediment is modeled with a sediment flux equation [10]
that balances the temporal gradients in sediment concentration with advection,
gravity, and shear-induced diffusion,
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where W, is the concentration specific settling rate,

W, =W,(l=9)", (6)
where W), is the settling rate of a single particle in a clear fluid and ¢ is an

empirical constant [11]. The shear-induced diffusion of sediment, D, is a
function of grain size, volumetric concentration, and mixture stresses [12].

4 Results

The model forcing was derived from the free stream velocity measured by the
ADV in the experiment (Fig. 1). The first four wave periods were considered
model spin-up periods. All quantities used in the following comparisons were
calculated after discarding the four model spin-up periods. Flow quantities were
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Figure 1:  Free-stream velocity recorded by the ADV in the experiment (solid
lines) and the four model spin-up periods (dashed lines).

WIT Transactions on Engineering Sciences, Vol 74, © 2012 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics IX 365

time- and ensemble-averaged over a total of 17 wave periods. We compared a
two-dimensional velocity field (x-z plane) from the simulation to the two-
dimensional velocity field extracted from the PIV measurements. The simulated
x-z plane chosen for comparison here resulted from the minimization of the
temporal RMS deviation of the horizontal and vertical velocity RMS deviation.
Here we examine the difference between the simulated and observed mean and
standard deviation of the horizontal velocity and the ensemble-averaged swirling
strength.

4.1 Horizontal velocity mean and standard deviation

The simulated and observed horizontal mean flow profiles at varying locations
over the bed are plotted in fig. 2. The maximum difference between the
simulated and observed mean flow is less than 2 cm/s at all locations along the
ripples. The simulated mean flow agrees very well with the observations over the
peaks of the ripples (e.g., x =3 cm, 7 cm, and 8.5 cm), matching the maximum,
minimum, and shape of the mean horizontal velocity profile. In the first and last
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Figure2: =~ Mean horizontal velocity profiles from the simulation (lines) and
observations (dots) at varying locations above the bed.
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profiles (x =1.5 and 9.8 cm), there is about a 2 cm/s difference between the
simulated and observed horizontal maximum and minimum mean velocity. Fig.
3 is a plot of the standard deviation of the horizontal velocity at the same
locations as fig. 2. Contrary to the mean flow, there is better agreement between
the simulated and observed standard deviation of the velocity in the troughs of
the ripples. In the troughs, the simulated and observed standard deviations are
within 2 cm/s. The model overestimates the standard deviation above the crests
of the ripples by a maximum of 5 cm/s. Except at the crests, there is very good
agreement between the simulated and observed standard deviation profile shape.
Above the boundary layer (i.e., z> 6), the simulated and observed mean and
standard deviation of the horizontal velocity are in very good agreement with the
velocities differing less than 0.3 cm/s.
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Figure 3:  Profiles of the standard deviation of the horizontal velocity from
the simulation (lines) and observations (dots) at varying locations
above the bed.

4.2 Swirling strength

In complex, three-dimensional, and oscillatory flows, the vortex structures are
often difficult to distinguish from the vorticity due to the boundary-generated
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shear. The swirling strength, A;, is used to identify the coherent closed rotational
vortex structures excluding the interference from boundary-generated shear
(fig. 4). The swirling strength is calculated as the imaginary part of the complex
eigenvalues of the velocity gradient and is zero if the eigenvalues are not
complex [13]. The method is effective in determining the location of vortex
cores in boundary layer shear flow, but does not identify the rotational direction.
The ensemble-averaged swirling strength plotted in Fig. 4 illustrates that the
time-varying quantities from the simulation and observations are also in good
agreement. The horizontal and vertical positions of the vortices and the timing
relative to the wave phase predicted by the model are in good agreement with the
observations. The strength of the vortices predicted by the model is only slightly
greater than the observations. The observations show less coherent vortex
structures and are noisier than the simulation.
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Figure 4: Ensemble-averaged simulated and observed swirling strength, A

(s™), at three phase locations of a wave. Flow is initially directed to
the left. Darker areas indicate coherent vortex structures. A time-
average of the simulated and observed bed profile is plotted for
reference.
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5 Discussion

Coherent vortex structures in bottom boundary layer flow over rippled beds have
been found to play a significant role in erosion and deposition of sediment on the
seafloor. Therefore, a numerical model examining the dynamics of bottom
boundary layer flow must accurately predict the temporally and spatially varying
velocity fields. While differences in the magnitude of the velocity and swirling
strength exist, the simulated vortex location, size and shape agreed remarkably
well with the observed vortex structures. The noise associated with making
measurements in a laboratory forces the need to smooth the data to remove any
outliers. Data smoothing damps out the closed streamline paths of the observed
flow measurements, decreasing the strength of the coherent vortices. Typically
only very strong circulation events are recorded in situ [14]. In addition, large
light reflections at the fluid-sediment interface result in a decreased peak
correlation and a lower confidence in the velocity estimates near the bed. The
inherent ability of the model to calculate velocities with equal resolution
everywhere, even in the highly concentrated layer of moving sediment at the bed
would account for some of the differences between the simulated and observed
velocity.

6 Conclusions

The turbulent, three-dimensional nature of the wave bottom boundary layer
forces the need for three-dimensional, time-dependent simulations in order to
fully capture the physics of the flow over ripples. While two-dimensional models
are typically less computationally expensive and generally require less storage
and processing, they must compensate for their deficiencies in the physics by
introducing non-physical terms. Our three-dimensional mixture model has been
validated with laboratory data and provides an unprecedented level of detail
about sand ripple dynamics that exceeds field and laboratory technologies.
Future work will examine the complex, three-dimensionality of the turbulent
bottom boundary layer flow over rippled beds.
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