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Figure 13: Typical wave-induced (mean) sediment concentration (
� � �

) (
�

) computed in the
NS-LES model for periodic wave forcing, around a 75% buried circular cylinder. (a)-(d) denote
various stages of the flow during one wave period (see Fig. 12).
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m, whose axis runs in the spanwise direction. The NS-LES model is discretized
by
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x
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x

� �
grid points. Hence, 82x98 = 8,036 points are used in each vertical plane of the

3D NS-LES domain. The immersed boundary is located above the actual grid boundary so that
the total flow domain height is 0.17 m (discretized by 95 points in the vertical direction over
the flat regions). The obstacle protrudes a vertical distance of 0.042 m into the flow. The wave
forcing is two dimensional, as is the bed and, based on our previous work [43], the main structure
of the vortices in the vertical plane is not significantly influenced by cross-stream resolution in
channel flows. Accordingly, we used a smaller number of of cross-stream grid points, assuming
that while the flow will not be as well resolved in that direction, the results in the vertical plane are
not noticeably impacted. No change in the model or set-up, however, is required to increase the
cross-stream resolution, but the computer time required increases rapidly as one does that. [Such
cases with finer lateral discretization will be run in the near future, with the newly developed MPI
parallel version of the code, on large computer clusters.]

For the coupled simulations with a periodic wave flow, wave forcing is computed in the NWT
at the grid cell centers of the the fixed embedded NS-LES domain. Thus, the NWT provides
the far field velocities and free-surface wave forcing throughout most of the domain� , while the
embedded NS solution provides a well-resolved description of the wave boundary layer within its
domain, with no slip enforced at the bed. Wave generation is ramped-up over three periods in the
NWT and computations are performed until a quasi-steady regime is reached. This usually takes
10 wave periods or so. Internal velocity fields are then calculated in the NWT to both initialize and
subsequently force the NS-LES model. There is no NWT forcing in the transverse direction for



this 2D flow, but turbulent fluctuations will carry momentum laterally to the main flow dreciton,
in the NS-LES model.

Examples of velocity and sediment concentration results computed in the NS-LES model around
the cylinder are shown in Figs. 12 and 13, for the eleventh period of run time (the first 10 periods
are model ramp-up). In this case, the suspended sediment concentration field was initialized as a
function of the bottom shear stress at the end of the tenth period. Results are shown in a verti-
cal plane at

� � �
. [Bedload was not computed for this initial illustration of our coupled model

computations.]

Characteristic of all boundary layers, velocity profiles shown in Fig. 12 tend to zero along the
bed, with larger near-bed velocities surrounding the crest of the cylinder. Shear layers form in
the lee of the mine during wave phases where the velocity tapers off from its maximum value,
as would be expected for a typical oscillatory flow case. As the flow slows enough so that it is
about half its maximum value, some of the near-bed velocities reverse and form what looks to be
the beginning of a typical lee vortex. However, as the flow slows to zero, the pressure gradient
distribution on the cylinder from the NWT acts to intensify the flow in the directiondown the
slope. This jet of fluid is now moving in the direction opposite to the new flow direction. After
the flow switches direction, this near-bed jet of fluid, which opposes the new main flow direction,
rolls up into a spanwise vortex on thestossside of the cylinder.

As expected, the sediment transport patterns in Fig. 13 follow the flow field very closely. How-
ever, the entrainment patterns differ significantly because the boundary condition along the cylin-
der enforces the condition

� � �
. Strictly, this is only a first approximation to the correct boundary

condition, which would allow for deposition and subsequent pickup on the obstacle boundary� � .
For the case studied here, this approximate boundary condition may have contributed to oscilla-
tions in the concentration profiles, which eventually lead to somewhat unrealistic behavior in the
sediment concentration field. In general, sediment is picked up where the shear stresses are greater
than critical along the flat bottom regions both upstream and downstream of the cylinder. It is then
oscillated back and forth over the mine due to the action of the flow. More details and discussions
of such flow and sediment patterns can be found in [43].

5. CONCLUSIONS

The illustrations and applications of hybrid model coupling methodologies presented here show
that, by seamlessly combining and integrating the best features of different fluid models, with
different (but relevant) “physics” (and/or spatial and temporal scales), in various parts of the fluid
domain, one can achieve both an accurate and efficient solution of complex free surface flow
problems, including in the presence of structures and with complex seabed dynamics.

While the presented applications were only aimed at both illustrating and validating model
features, and hence were of limited complexity and size, the MPI parallel implementation of the
models on very large computer clusters makes it possible simulating problems of increasingly
practical interest and relevance to various fields of engineering. Such tools can also be used to
investigate and gain insight into complex physical processes involving, e.g., turbulent boundary
layer flows, the interaction of those with rigid structures, and/or a moving bed, and the sediment
transport that might result.

While the present paper was devoted to the coupling of FNPF-NWT and a (submerged) NS-
LES model, which have been spearheaded by Grilli and co-workers, the same hybrid approach
can of course be (and is being) used to couple other types of models, such as FNPF/HOS or NWT
models with NS models around surface piercing fixed or floating structures, or long wave (e.g.,
BM) model with NS-VOF or SPH models; this currently being researched by various other groups.
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