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Abstract

In this article, we report on the development of hybrid numerical models used to simu-
late free surface, i.e., wave, hydrodynamics, wave-structure interactions, wave breaking and
nearshore transformation, and wave-induced sediment transport. Specifically, a two- (2D) or
three-dimensional (3D) numerical wave tank (NWT), based onFully Nonlinear Potential Flow
(FNPF) equations, is used to simulate fully nonlinear wave generation and propagation from
the far-field to the near-field, where a Navier-Stokes (NS) model is coupled with or nested
within the NWT, to simulate near-field phenomena of more complex physics. In one pre-
sented application, a 2D-NWT is used to simulate periodic orirregular incident waves whose
kinematics forces simulations of flow and sediment transport over the seabed and around par-
tially buried obstacles. The suspended sediment transportis modeled in the near field in the
NS model, using an immersed-boundary method and an embeddedsediment transport model.
Turbulence is represented by Large Eddy Simulation (LES) inthe NS model, with a subgrid
dynamic Smagorinsky scheme. The 2D- and 3D-NWTs are based ona higher-order Bound-
ary Element Method (BEM), with an explicit second-order time stepping. Hence, only the
NWT boundary is discretized. The solution for the velocity potential and its derivatives along
the boundary is obtained in the BEM, which subsequently provides a solution at any required
internal point within the domain. The NS-LES model domain isboth initialized and driven
for later time by the three-dimensional velocity field computed in the NWT. In the present
formulation, the total velocity and pressure fields are expressed as the sum of irrotational
(incident/far-field) and near-field viscous perturbations. The NS equations are formulated and
solved for the perturbation fields, which are forced by the incident fields computed in the
NWT. The feasibility of coupling the irrotational flow and NSsolutions in an efficient hybrid
manner is demonstrated.

1. INTRODUCTION

Recent progress made in the solution of fully nonlinear freesurface flows, over complex bottom
topography and around structures, combined with the increasing power and affordability of large
computer clusters, have made it increasingly feasible predicting parameters of complex flows, with
an accuracy and a resolution approaching that expected fromexperiments performed in large scale
laboratory wave tanks. For this reason, such computer models are often referred to as Numerical
Wave Tank (NWT), a term coined some 20 years ago [52], at a timewhen NWTs were only the
dream of a distant future.

Nevertheless, as usual with any step increase in model performance and/or computing power, it
is customary for scientists and engineers to immediately formulate a problem that pushes current
resources to the limit, or even is beyond the reach of those. Hence, ever since computer models
were invented and put in operation, for optimum efficiency, one has always tried to limit the model
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“physics” (i.e., such as represented in its equations and boundary conditions) to thatnecessary and
sufficientfor solving a given problem. This might mean, when the physics permits it, for some
problems, that one can assume an incompressible, inviscid,or even irrotational fluid flow, while for
other cases, one needs to deal with possibly compressible and fully viscous, or even multi-phase,
fluid flows.

For problems with multiple scales or large inhomogeneitiesin model domain geometry and/or
nature, however, the required physics might turn out to be different for different parts of the com-
putational domain and one is faced with either using the moreaccurate physics everywhere (a
costly choice) or somehow adapting such physics to the nature of the problem, in various parts
of the computational domain. The latter is best achieved through model coupling or, even better,
through using a hybrid model. Although differences betweenthose might appear minor to most, in
this author’s mind, coupled models are those where one model(with given physics) simply passes
information (in the form of flow kinematics and/or dynamics)to another model (with another
physics and/or different scales of representation), through boundary conditions, along “matching”
boundaries, and/or initialization of one model by another.Coupled models are thus run and oper-
ated independently from each other and the passing of information can simply be effected through
the equivalent of shared data files. Furthermore, in coupledmodels, information will usually only
travel one way, i.e., without feedback from the second modelinto the first one. By contrast, in
hybrid modelsboth model’s equations and numerical procedures are truly integrated with each
other and, if necessary, feedback from the second model ontothe first one may be simulated.

An example of thecoupled modelapproach, in this author’s experience, for instance, is the
computations of tsunami sources, by solving either half-plane elasticity equations for a sub-bottom
dislocation (in a subduction zone), in the case of co-seismic tsunamis [21,51,73], or by perform-
ing full two- (2D) or three- (3D) dimensional simulations of(strongly nonlinear) flow generated
by submarine or subaerial landslides, for landslide tsunamis [1, 2, 21, 27, 28, 36, 37, 60, 63, 64, 81,
93, 100, 101]. Such a source may initially correspond to verycomplex 3D waves but due to the
nature of such problems will rapidly appear as a series of long-wave trains, radiating away from
the source, when moving away from the later (“throw the pebble in the pond” analogy). Hence,
source information might ultimately be best moved, for further computations, into acoupled2D-
horizontal depth-integrated long wave model, for propagation over ocean scales (such as repre-
sented by Linear or Nonlinear Shallow Water or Boussinesq equations [102]). This would require
depth-integration of the source 3D flow fields and re-interpolation onto the 2D long wave model
grid, a series of tasks that are in fact quite trivial. When approaching the coast, long tsunami-wave
trains may then encounter ocean and coastal structures and eventually a sloping beach on which
shoaling, breaking, inundation and runup will occur. The accurate prediction of tsunami forces and
impact on structures as well as inundation and runup, over much smaller length scales than those of
transoceanic propagation, might now require using other types of “nested” models, including finer
coastal grids for long-wave models, even finer and differenttypes of inundation models, as well
as 3D and fully viscous wave-structure interaction models in the near field surrounding specific
structures, making thus for quite challenging simulations[19].

Another example of coupled model approach is found in free surface hydrodynamics, as re-
lated to more traditional wave mechanics. Indeed, once generated, surface gravity waves closely
behave as irrotational inviscid flows, well simulated by potential flow theory or other derived set
of equations (e.g., [102]) up to wave overturning [24, 46, 58, 59, 66, 67, 84]. [Note, when using
fully nonlinear free surface boundary conditions, one refers to these models as “Fully Nonlinear
Potential Flow” models (FNPF).] The interaction of waves with ocean or coastal structures, and
the beach, leading to flow separation and/or breaking, however, requires using more complex vis-
cous/turbulent models, with a free surface representationthat further allow for the representation of
breaking waves beyond overturning (e.g., as provided in a Volume Of Fluids (VOF) approach; e.g.,



Figure 1: Sketch of a 2D-NWT used for wave shoaling and breaking simulations, over a
� � � �

� �
slope. Energy dissipation due to friction or breaking is specified over the (sandy) slope (for

� � � � ) and in an absorbing beach (AB, for� 	 � 
 ); a piston wavemaker is located at� � � � .
(— —) indicates the position of the sand layer in the laboratory wave tank used at ASU, for which
dimensions are in meters [61, 62]; in these experiments, there was a 8.4 cm radius, 50% buried,
cylinder at� � � � � 

m.

Lin and Liu [80], Lubin [83]). Such models typically solve 3DNavier-Stokes (NS) equations over
fine grids, and are thus very computationally intensive. They may also suffer from excessive nu-
merical dissipationover long distances of propagation, implying that incident gravity waves would
dissipate their energy in an excessive non-physical mannerwhen propagated in large domains, for
such models. For this reason, over the past 10 years, Grilli and co-workers have been involved
in the development of coupled (and hybrid) FNPF-NS-VOF models in 2D [46, 65, 66, 72, 77] and
3D [4,17], to study wave shoaling and breaking on slopes and beaches, and wave-structure interac-
tions. In these problems, incident waves generated and propagated in the FNPF model were either
long extreme waves, such as FNPF solitary waves [94] or generated long waves [44], or extreme
periodic waves (a.k.a., freak waves) generated in a 3D-NWT through directional focusing [7,8,35].

More recently, a 2D-FNPF/3D-NS hybrid model was developed to study wave-induced sedi-
ment transport and scouring around bottom obstacles [43,48]. Fig. 1, for instance shows a sketch
for far-field wave generation in a 2D-NWT, and propagation over a sloping bottom, up to close
to breaking (before dissipation in an absorbing beach). A small half-buried cylinder is located on
the bottom, just before the surfzone and the model is used to compute forcing wave fields around
such a bottom obstacles, to be used in a coupled 3D-NS model, with embedded sediment transport
computation.

In the following, after a brief survey of the state of the art in NWTs, we detail various formu-
lations used in coupled and hybrid models developed by Grilli ad co-workers, and present a few
typical applications of these. This includes a summary of governing equations, boundary condi-
tions, and an overview of numerical methods for each model.

2. NWTS FOR THE MODELING OF NONLINEAR WAVES

In parallel with the continuous improvements of experimental wave facilities, recent progress
in the development and application of so-called “NumericalWave Tank” (NWT), combined with
the power of large computer clusters, have made it increasingly possible to accurately and effi-
ciently model complex wave and wave-structure interactionprocesses, such as routinely tested in
the laboratory. These include wave generation, propagation, and interaction of non-breaking and
breaking waves with a beach or ocean structures (submerged,bottom mounted/surface piercing, or
floating). Due to the various geometric scales involved in such processes and the nature of incident
waves of interest (typically intermediate to long), it is anticipated that wave processes should be
adequately resolved in a NWT whose discretization has a� 10-20 cm resolution in each horizontal
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Figure 2: Examples of 3D overturning of a solitary wave over asloping 1/15 ridge (with lateral
sech� modulation), computed in the 3D-FNPF-NWT [45,69]: (a) wideridge; (b) narrow ridge.

(a) (b)

Figure 3: Examples of focused periodic waves computed in a 3D-FNPF-NWT by directional
focusing, using a snake flap wavemaker [7,8]: (a) and (b) showwaves half a period apart.

direction, and similarly in the vertical direction (depending on depth). Considering the size of a
typical large scale laboratory facility (e.g., order 50 by 50 by 2-3 m), such a resolution yields quite
formidable numerical grids when using standard numerical methods (this aspect is detailed later).

Navier-Stokes (NS) equations for a Newtonian fluid, together with relevant free surface, bottom,
and lateral boundary conditions, adequately model all the physics necessary to simulate complex
wave and wave-structure interaction processes, includingbreaking. While great improvements
have recently been made in 3D-NS models of complex wave processes (e.g., [1, 2, 4, 43, 80, 83]),
their application over large computational domains (such as needed for representing a large 3D
laboratory wavetank at proper spatial resolution) is stillcomputationally prohibitive. More impor-
tantly, even if sufficient computer power were available, the excessive numerical diffusion of most
current algorithms used, in fact makes NS models less accurate than inviscid wave models–such
as based on Fully Nonlinear Potential Flow (FNPF) theory, discussed below–for simulating the
essentially inviscid long range (or far field) wave propagation part of the computations [4,46,72].
Indeed, considering the negligible viscous effects in the core of the wave flow and the slow dif-
fusion of vorticity from boundaries, until a breaker jet impacts the free surface, Kelvin theorem
implies that initially irrotational waves, or flows starting from a state of rest (such as during gener-
ation by a wavemaker), will remain irrotational. Hence, prior to breaking, the irrotational solution
of Euler equations, such as modeled in FNPF theory, is nearlyexact. This is particularly true for the
shorter distances of propagation in a physical wavetank, asevidenced by numerous comparisons
of two-dimensional (2D) FNPF results with experimental measurements in precision wavetanks
(e.g., for deep water plunging breakers [24,90], or for shoaling and overturning waves over plane
slopes [56, 58]). In the latter work, a 2D-FNPF model was found to predict the height and kine-
matics of shoaling solitary waves over mild slopes, within 2% of experimental measurements, up
to the breaking point. Other 2D comparisons showed that the shape of such overturning waves is
also accurately modeled up to touch down of a breaker jet [46,59]. Upon impact of a breaker jet,
strong vorticity and energy dissipation eventually occur,and a full Navier-Stokes (NS) model must
be used together with a proper representation of the turbulence, as discussed above. For instance,
NS models with Large Eddy Simulation (LES) of the 3D turbulent fields were successfully used
to simulate 2D [12,13,80] and 3D [83] breaking and post-breaking solitary waves.

Therefore, the state-of-the-art in modeling strongly nonlinear surface wave generation, propa-



gation, and interactions with a complex bottom, up to breaking, is to apply FNPF theory in some
way or form (see [22] for a review). [Note, that the long wave Boussinesq approximation (BM) of
FNPF equations (standard or higher-order [102]) has provensuccessful for modeling long-wave
propagation over a mildly sloping bottom, in the absence of steep submerged, surface-piercing, or
floating structures. In addition to the latter limitations,BMs cannot really model wave generation
by wavemakers and break-down when waves approach breaking.] With FNPF models, by contrast,
various wave generation methods have been used and, when required, local dissipation or wave
absorption has been simulated in anad hocmanner (e.g., [49]).

For space-periodic problems over constant depth, with single-valued free surface elevation, very
accurate and efficient solutions of FNPF equations have beenproposed, based on the Higher-Order
Spectral method or other similar unsteady Fourier theories(e.g., [6, 14, 23, 25, 38]). For non-
periodic problems and/or complex bottom geometry, FNPF equations have typically been solved
using a Boundary Integral Equation (BIE) method. Many such solutions have been proposed for
2D problems since the late 1970s, with the aim of studying overturning waves and other strongly
nonlinear wave processes, first in deep then in shallow water(e.g., [16, 82, 84, 98]). Grilli and
co-workers were among the first to develop efficient and accurate 2D-FNPF models directly in a
physical space region, in which the BIE was solved based on a free space Green’s function, using a
higher-order Boundary Element Method (BEM). Incident waves were generated at one extremity
and reflected, absorbed or radiated at the other extremity (e.g., [46, 49, 50, 53, 55, 56, 58, 59]).
For these reasons, this group was also perhaps the first to have referred to such a model as a
NWT [52]. [A more complete literature review can be found in some of the listed papers.] A
comparatively smaller number of works have reported 3D-FNPF simulation, likely because of the
more complicated geometric representation and intense computational effort. Single-valued 3D
waves were simulated in arbitrary geometry, based on a BIE representation (e.g., [5, 11, 31, 88]),
and 3D overturning waves were calculated in a doubly periodic domain with infinite depth [103,
104]. The latter authors analyzed the kinematics of plunging waves and quantified 3D effects on
the flow. Only a few works to date have modeled 3D overturning waves in non-periodic domains,
with bottom obstacles [9,10].

Similar to their earlier 2D work, Grilli and co-workers developed an accurate 3D-NWT model
[33, 47, 70] for strongly nonlinear wave generation, propagation over complex bottom topogra-
phy, and interaction with obstacles. This model is based on amixed Eulerian-Lagrangian [82]
scheme, with explicit time stepping, and a spatial solutionwith a third-order BEM ensuring local
continuity of the inter-element slopes. Arbitrary waves can be generated in this NWT, directly
on the free surface or using snake wavemakers and, if needed,absorbing conditions can be spec-
ified on lateral boundaries. The higher-order representation and resulting high accuracy of this
model’s algorithms make it particularly well suited for simulating strongly nonlinear wave pro-
cesses, extreme waves, and 3D wave overturning [7, 8, 35, 47,68, 69]. Wave generation by an
underwater landslide [28–30,60] (with experimental validation), or by a moving surface pressure
disturbance [91,92] have also been simulated with this model. A full description of equations and
numerical methods for this model can be found in references [45,47]. Fig. 2, for instance, shows
3D solitary waves overturning over a sloping ridge, with lateral sech� modulation, and Figs. 3, 4
show the propagation of periodic waves, directionally focused using a snake wavemaker. In Fig. 3,
waves exit (i.e., are absorbed in) the NWT through the back end, thanks to an actively absorbing
snake wavemaker boundary. In Fig. 4, due to more intense energy focusing, extreme (“freak”)
waves are created that overturn in the middle of the tank.

The main drawback of the standard solution of FNPF equationswith a BIE is its computational
complexity, which grows with the cube of the discretizationsize
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or, at best, with

�
� for an

optimized iterative solutionsuch as GMRES [68,69,103,104]. This greatly penalizes the efficiency
of computations with a 3D-FNPF NWT, even on a heavily parallel computer cluster. One can



(a) (b)

Figure 4: Examples of overturning extreme waves computed ina 3D-FNPF-NWT by directional
focusing using a snake wavemaker [35, 45]: (a) View of the NWTfree surface; (b) zoom on
overturning wave crest.

(a) (b)

Figure 5: Modeling of a 3D solitary wave breaking over a sloping ridge (as in Fig. 2) in ahybrid
3D-FNPF-NWT/NS-VOF model [4]: (a) Phases of 3D breaking (b)2D cross-sections.

greatly improve on this situation by implementing the Fast Multipole Algorithm (FMA; [41, 76,
86, 87, 89]). Using the FMA in the context of the present 3D-NWT, a

� � � � �
computational

complexity, for
� � � � � � �

, was achieving on a single processor machine [28, 29, 32, 34,35, 45].
Recently, Grilli and co-workers implemented a version of this model for a large parallel cluster
and were able to confirm the performance gain with the FMA up to50,000 nodes, although only
about 80% of each processor speed could be harnessed, in the best case scenario.

Note, the FMA numerical complexity is similar to that of the efficient Fast Fourier Transforms
used, e.g., in HOS or other Fourier methods [6,14,23,25,38], although each computational step is
typically more demanding in CPU time when using a BEM than in aHOS implementation.

3. NWT-NS MODEL COUPLING FOR WAVE-STRUCTURE-BOTTOM INTERACTIONS

FNPF theory is no longer applicable near an ocean or other rigid structure [105,106], in the sur-
fzone, or around steep bottom obstacles, when strongly nonlinear interactions takes place, caus-
ing local wave breaking and/or significant vortex shedding and viscous dissipation (e.g., vertical
circular pile, rubble mound breakwaters, floating bodies with sharp edges, partially buried bot-
tom obstacles, . . . ). Another model solving full NS equations, with a relevant turbulence closure



scheme, or a discrete particle model, must be applied near such structures [20, 26, 107]. As dis-
cussed above, however, full NS modeling can only be realistically performed in the “near-field”,
to achieve sufficient resolution and accuracy of the solution. In such cases, due to the computa-
tional expense, the NS computational domain surrounding the structure can typically only span a
small number of significant dimension of the structure in each direction. Boundary conditions are
usually provided to the NS model from another, simpler, wavemodel or theory based on poten-
tial flow equations, or an approximation or a variation of these. This approach, while accurate in
principle, requires modeling the total flow in the NS model, i.e., incident waves plus perturbation
caused by the structure, and to start computations from a state of rest. Both of these features make
it difficult (or inaccurate) to express the radiation condition for the perturbation flow caused by
the structure, at only a short distance away from it, and hence the size of the NS domain must be
large enough. Additionally, NS computations will be quite demanding, since they must always be
started from a state of rest. Another approach is to explicitly express the perturbation caused by
the structure, bottom, or beach onto the otherwise nearly inviscid, irrotational wave flow.

3.1 Weak NWT-NS hybrid model coupling

Since the late 1990s, Grilli and co-workers pioneered a variety of model coupling, a.k.a.hybrid
modelingstrategies, to achieve a better efficiency and accuracy (since finer grids can be used) in
such computations. Such coupled models combined FNPF modeling of wave propagation and/or
shoaling (up to overturning) phases, to a NS modeling of the surfzone (for wave breaking on
a slope or beach) or wave-structure interactions [4, 17, 46,65, 77]. Fig. 5, for instance, shows
simulations of 3D solitary waves breaking over a sloping ridge, similar to the case shown in Fig.
2, in a 3D-NS model, with a Volume of Fluid (VOF) representation of interfaces, initialized with
results of a 3D-FNPF model [4]. Fig. 6, similarly shows computations of interactions of an
extreme focused periodic wave, similar to the cases of Figs.3, 4, with a circular pile, in a 3D-NS
VOF model. In this case, the NS model is both initialized and has boundary conditions specified
from results of the 3D-FNPF model.

Such cases are referred to asweakly coupled models, since no perturbation of the incident wave
field is included due to the presence of the structure and the NS model is just initialized by the
FNPF-NWT. The following section described a more recent FNPF-NSstrong model couplingap-
proach, which is more accurate in this respect.

3.2 Strong NWT-NS hybrid model coupling

To more accurately and efficiently simulate strongly nonlinear wave interactions with ocean
structures or a beach, the 3D-FNPF-NWT and NS sub-models canbe implemented concurrently in
overlapping domains. This allows formulating governing equations for these models in astrongly
coupledformalism. In this approach, the FNPF domain geometry encompasses the entire NWT
(e.g., representing a large laboratory facility), featuring wave generation (e.g., by a snake wave-
maker, a landslide,. . . ) and wave energy dissipationon a sloping beach (through numerical absorp-
tion). The NS domain encompasses a smaller “near-field” region surrounding an ocean structure,
the upper beach, or sediment and an obstacle on the ocean bottom . The wave fields, calculated
in the FNPF model, are used to force computations in the NS model. In this methodology, pio-
neered by a few authors [3, 75], the total flow velocity and pressure are expressed as the sum of
an irrotational “wave” component, satisfying FNPF equations, and a viscous perturbation. which
. With this definition, NS equations are expressed for theperturbation fieldsonly and the incident
wave fields yield forcing terms for these equations. While this methodology has been proposed
by others in this form, in earlier work, Grilli and co-workers implemented a similar approach to
simulate wave-induced flow and sediment transport around solid objects on, or partially buried in,
the seabed (Fig. 7a) [42,43]. In this case, a 3D-NS-LES modelcomputational domain was entirely



(a) (b)

Figure 6: Modeling of the interactions of a 3D focused extreme wave and a vertical cylinder in a
hybrid3D-FNPF-NWT and 3D-NS VOF model [17]: (a) and (b), two phasesof wave action.

submerged with a NWT in which far-field wave propagation and transformation were computed,
and the dynamic wave pressure gradient calculated in the NWTwas included as a source term in
the 3D-NS model momentum equations.

In recent work [48], the same problem was re-implemented andsolved following the more
rigorous NS-perturbation field approach mentioned above. In doing so, the entire hybrid model,
both FNPF-NWT and 3D-NS-LES were implemented and optimizedfor parallel processing on
large computer clusters. Governing equations for the coupled-perturbed NS-LES model are given
in the following.

Let us define the dynamic pressure�� and total velocity� � as a mean plus viscous/turbulent
fluctuations,�� � � � � � � � ; � � � � � � 	 � (1)

The time-averaged NS equations for an incompressible isothermal Newtonian fluid thus read,
 � �
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and
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with overbars indicating time-averages and the Reynolds stress tensor being defined as the sum of
an isotropic and deviatoric part,	 � 	 � � �� � � � �  � � � hence
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with � � 	 � 	 � � �
the turbulent kinetic energy. Defining the dynamic turbulent pressure as�� ��� 

�� � � , and using first Eq. (2) and Eq. (3), second Eq. (2) transformsto,
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For turbulence closure, we use a LES model [18, 108]. Accordingly, the deviatoric Reynolds
stress tensor is expressed as,� � � � � � � � � �  � � � �� � and

� � � � �
�

� 
 � �
 � � � 
 � �
 � � � (5)

in which � � is a space varying eddy viscosity, whose parametrization isindicated below,� �� � is a
tensor describing sub-grid scale turbulence, and

� � � is the resolved strain rate tensor. In Eq. (5),



(a) (b)

Figure 7: Strongly coupled 3D-FNPF-NWT/NS LEShybrid model, for near-bed wave-induced
sediment transport [48]: (a) Sketch of model coupling; (b) Typical NS-LES velocity field (vectors)
and suspended sediment concentration (contours) for a wave-induced oscillatory boundary layer,
over parabolic vortex ripples.� � is either 0 or 1, depending on what type of turbulence closurescheme is used. Using Eq. (5),
Eq. (4) becomes,
 � �
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For convenience of the model discretization, we can recast Eq. (6) in the form,
 � �
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with, using Eq. (3),
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For a Smagorinsky model, as used earlier [43], we set
� � � �

and further define the eddy viscosity
as, � � � � �

� � � � � �, where
�

is a problem dependent coefficient and
�

is a grid-filter width
(typically,

� � � � � � � �
�
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where

� � � , � �
� , and

� � � denote characteristic grid length
scales along each axis).

Let us now mark with superscript� the incident wave fields, described by an irrotational flow
velocity, (

� �� � 	 � 
 � � �� � � �� � , see next section for details) satisfying Euler equations,
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and let us define the total mean flow as the sum of flow� and the (rotational and viscous) pertur-
bation flow� , such that,� � � � �� � � �� with �� � �� � � �� �

(10)



Replacing Eqs. (10) into first Eq. (2) and Eq. (6), and using Eqs. (9) yields,
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since irrotationality implies �
� � ��

�
� �

�
� � � �

.

We see, in addition to the viscous and turbulent terms in the right hand side of Eq. (12), there is
a convection-like interaction term between the incident and perturbation velocity fields. The latter
two equations are of the same form as first Eq. (2) and Eq. (6), but for the perturbation flow� ,
with the addition of forcing terms, which are functions of the incident wave fields� , obtained from
the 3D-FNPF NWT “far field” solution. With a BIE/BEM method, this solution is expressed both
directly on the boundary and, through explicit integration, for any interior point as a function of
the boundary solution [47, 69]. Such interior points can be defined as coordinates of the NS-LES
model discretization cell centers, and thus be calculated as time series of velocity

� �� and velocity

gradient� �
� ��

�
� � � �

� ��
�

� � � values.

The above was implemented for a NS-LES domain submerged within a NWT. Current results
in addition assume that the incident wave field is mostly varying in a vertical plane, and hence is
2D, over the lateral scale of the NS domain, due to the latter small size as compared to typical
scales of lateral wave variation. Hence, the 2D version of the FNPF-NWT [44, 49, 53, 55, 61, 62]
was used to compute incident fieldsI, although there is no additional difficulty in principle (except
for a heavier computational cost) to use the 3D version of theNWT [33, 45, 47, 70], with FMA
implementation [28,32,34,35,91,92]. Using a 2D-NWT in fact, has made it possible computing at
moderate cost long term fully nonlinear irregular shoalingfields, to force the 3D-NS-LES model,
such as based on a specified standard wave energy spectrum [39].

An additional difficulty occurs with this methodology, whenthere are surface piercing structures
or a beach, with the possibility of wave breaking and dissipation occurring at the free surface,
thus requiring the NS domain to also be surface piercing. Hence, a similar decomposition into
incident and perturbation fields must be done for the kinematic and dynamic free surface boundary
conditions in the NS model (as, e.g., done in [3] for floating bodies in waves), which, due to
nonlinearity, yields new interaction terms between the� and� fields. The difficulty then resides in
expressing theI forcing fields at the location of the total fields, which in some case may be outside
of the NWT domain (see, e.g., Alessandrini [3] for details, and the application of the method when
using a HOS model to compute theI fields). Note, however, that the presence of fixed (rigid or
flexible) or floating structures [105, 106] in the NS domain only affects the computation of the
perturbation fields and thus is easily included in this coupling method. The no-flow condition on
a fixed rigid structure in the NS model, for instance reads

� �� � � �  � �� � � �  �
� �

�
	 , with � � the

normal vector.

Thus, in the proposed approach, the same numerical model (here solving complete 3D-NS-LES
equations) is used to solve for the perturbation fields� only; as indicated, wave forcing terms in
the modified NS discretized equations are provided from the NWT. One important feature, though,
as indicated above, is that the perturbation flow decays awayfrom the source of perturbation, i.e.,
the ocean structure, bottom, or the surfzone. Hence, boundary conditions for the� fields, on the
“near-field” NS-LES computational domain boundary (e.g., Fig. 7a) become radiation conditions
:

� �� 
 �
, and �� � 
 �

. These, practically, can be modeled as asponge layer, in which the



perturbation fields gradually decay and vanish on the boundary. Since forcing from the incident
wave fields� is included as volume terms in NS equations, there is no need for additional boundary
conditions. Figure 7b shows an example of results obtained in a strongly coupled NWT-NShybrid
model, for wave-induced flow (and sediment suspension) above sand bottom ripples [48].

Finally note that this coupling method isexactfor the NS equations, even though it may not
appear so at first glance. The only approximation made here isto describe the incident wave fields
as irrotational outside of the NS computational domain (andhence dynamically inviscid).

3.3 Equations and boundary conditions for NWTs

Governing equations for a 2D- or 3D-FNPF-NWT are briefly presented in the following (see
2D [44,49,53,55,61], 3D [33,45,47], for details). The velocity potential for far-field, irrotational
waves,
 � � � � � � � is introduced in the vertical plane� � � � � (2D) or in space� � � � � � � (3D) and the
corresponding velocity is defined by,

� �� � 	 � 
 � � � 	 � � � � � � � . Mass conservation/continuity
equation in the fluid domain� � � � with boundary� � � � is a Laplace’s equation for the potential
(Fig. 1; Fig. 7a),

	 � � 	 � 
 � � � 	 � 
 � � �
in � � � � (13)

Using Green’s 2nd identity, Eq. (13) is transformed into a Boundary Integral Equation (BIE; bold
symbols now indicate vectors),� � � 	 � 
 � � � 	 � � 
 � � 
 
 �


�   
 � 
 

� � � � (14)

where the Green’s functions are defined as,

 � � � � 	 � �  �
� � � � � �

or
�

� � �
 

�

�  � �
�

�
� � �

�
or

 � �
�

�
� � � � (15)

for 2D or 3D problems, respectively, with
� � � � �  � 	 � , � � � � �, � � � � � � � � � � � and � 	 �

� � 	 � � � 	 � � � 	 � position vectors for points on the boundary,� � � � � � � � � � � � � � the outward unit
normal vector to the boundary, and� � � 	 � is a geometric coefficient function of the exterior angle
of the boundary at� 	 (usually� � � �

for a smooth boundary geometry).

Boundary Conditions:On the free surface� � , 
 �
satisfies the kinematic and dynamic boundary

conditions,� � �� � � �


 � � � �� 	 � � � � � � �� � 	 � 
 �

on � � � � � (16)� 
 �� � �  � � � �
� 	 � 
 � 	 � 
 �  � � �� on � � � � � (17)

respectively, with
� � , the position vector on the free surface,� the gravitational acceleration,

�
the vertical coordinate,� �� the free surface pressure, and� the water density. Along the bottom
boundary� � , a no-flow condition is prescribed as,
 
 �


�
� �

on � � (18)

where the overline denotes specified values.



From Bernoulli Eq. (17), the wave-induced dynamic pressurewithin � , is expressed as,

�� � � � ��  � � 
 
 �
 � � �
� � �� � �� � (19)

The computation of the internal solution based on the boundary solution is explicit in the BEM.
Details are given in a section below.

Wave generation:Various methods have been used for wave generation in this NWT [7, 8, 35,
44, 49, 55, 60]. In applications reported here, similar to laboratory wavetank generation of deep
or shallow water periodic or random waves [39, 42, 43, 46, 56,61, 62], waves are generated on
boundary� � using a rigid wavemaker (piston or flap type) moving according to a prescribed
stroke,� � � � � � � at height

� � . For a simple piston wavemaker, for instance, we have,
 
 �

�

�  � � �
� � on � � (20)

where the time derivative follows the wavemaker motion. Wavemaker laws for this and other more
complex wavemaker types can be found in references. [Note, the wavemaker motion is usually
ramped-up over two or three representative wave periods, bymodulating the stroke with a tanh
function of time. See references for details.]

Wave absorption:During shoaling of a periodic wave over a slope and prior to breaking (which,
on a mild slope, approximately occurs when the ratio of wave height over depth� � � � � � � � 

),
wave steepness and asymmetry (both between trough and crestand between front and rear of each
wave; e.g., Fig. 1) continuously increase. The present workfocuses on the viscous flow near
the bottom or around structures induced by such highly nonlinear and asymmetric waves, prior to
breaking. Breaking is prevented in the NWT by dissipating incident wave energy in a numerical
Absorbing Beach (AB), located beyond the area of interest (e.g., Fig. 1).

Following Grilli and Horrillo [49], in the absorbing beach (AB), specified for� 	 � 
 , an ex-
ternal pressure� �� � � 
 is applied to the free surface, by way of the dynamic boundarycondition
(17) (with

� � �
), to create a negative work and absorb wave energy. Typically, additional am-

plitude reduction is induced by causing de-shoaling in the AB, by specifying a bottom geometry
somewhat similar to that of a natural bar (e.g., with a depth increasing from� � � � � to � � ). The AB
“absorbing pressure” is specified proportional to the normal particle velocity on the free surface
(in 2D- or 3D-NWT),� 
 � � � � � � � � � � � � � 
 � � �


 
 �

�

� � � � � � � � � � � � (21)

where� 
 is the AB absorption function defined as,� 
 � � � � � 
 � � � � � � � � � � (22)

where � 
 � is a non-dimensional beach absorption coefficient, and� � � � follows a � 	 
 � variation
for � 
 � � � � � , and � � � � � �

for � � � � � �  . first ramped-up from 0 to� 
 � and then
maintained constant over the AB. More specifically,

An absorbing piston (AP; [15, 49]) is also specified at the extremity of the AB, for � � �  .
This AP moves proportionally to the hydrodynamic pressure force caused by waves, calculated as
a function of time in the NWT (see references for details). For periodic waves, Grilli and Horrillo
showed that the combination AB/AP effectively absorbs incident wave energy in the NWT, to
within any specified small fraction. This was recently verified for irregular waves as well [39].

Bottom friction:For short distances of propagation over a smooth bottom, wave damping due to
bottom friction is quite small, and is usually neglected in numerical models, even for long waves,



when the computational domain only spans a few wavelengths (e.g., [46,56,58,59]). To simulate
wave shoaling over a rippled sandy bed, which may induce moresignificant wave damping due to
bed roughness, Grilli et al. [61,62] simulated an energy dissipation term due to bottom friction in
the NWT. They did so by specifying a surface pressure distribution, similar to that detailed above
for the AB, over the shoaling region for� � � � � � 
 (Fig. 1).

In the applications reported here, we did not assume a rough or moving sediment bed and,
hence, neglected bottom friction effects on wave shape and velocities. Such effects could however
be included if necessary.

Solution for Internal Fields:Internal velocity values, and their gradients, are required to force
NS-LES model computation of the perturbed fields in real time(Eqs. (12)). and velocities, to-
gether with the time derivative of the potential, are neededto calculate the wave-induced internal
dynamic pressure�� �

(Eq. (19)).

At each time step, the NWT provides the solution for the velocity potential 
 �
, its normal

derivative, and the time derivative of these (due to the second-order time integration scheme used;
see later) on boundary� . Potential
 �

, can then be explicitly calculated, for any point� 	 within
domain� , based on the boundary solution. This is done using the same BIE (14),(15), as solved
on the boundary, but expressed for� 	 � �

at an interior point. If we denote by
	 	 � the gradient

operator with respect to the coordinates of point� 	 � � , Eq. (14) yields,
 
 �
 � � � 	 � � 
 � � 

� 
 �
 � 


�   
 
 �
 � 
 

� � � � (23)

and,

� �� � � 	 � � 
 � � 
 
 �

�

� 	 	 �  �  
 � � 	 	 � 
 

� � � � � (24)

with, in 2D- and 3D-NWT,

	 	 �  � � �� � �
�

or
� �� � � �

	 	 � � 
 

� � � �

� � �
�

�
� �  � � � � �

�
��

� � or
�

� � � � �
� �  � � � � �

�
��

� � (25)

[Note, derivatives with respect to internal point coordinates have been directly applied to the
Green’s functions in the integrand in Eq. (24).] Internal velocity gradients, which are forcing
terms in Eq. (12), are similarly obtained by applying

	 	 � to Eq. (24). See detailed 2D and 3D
expressions in references [43,69].

3.4 Non-cohesive Sediment Transport Model

In work in progress, the strongly coupled hybrid model (2D-NWT and 3D-NS-LES) is used to
simulate non-cohesive sediment transport and resulting scouring around a partially buried rigid
object on the bottom, induced by fully nonlinear irregular and shoaling waves [39, 42, 43, 48]
(Figs. 1, 7). Thus, suspended sediment concentration is modeled with a volume-filtered advection-
diffusion equation,
 �
 � � 

 � � �

� � �� � � ��  � � � � �
� � � 	 � � � � �

(26)

where
�

is sediment concentration by volume fraction, and
� �

is sediment fall velocity (function
of sediment properties, size and shape). Consistent with the common assumption in the literature
that the turbulent Schmidt number�

� �
, the same Smagorinsky subgrid-scale turbulence model



is adopted for the fluctuation terms in both the momentum and this sediment concentration (	 � �
)

equations.

Boundary Conditions:For the inflow/outflow and top boundaries of the NS-LES domain(� � ,� � , � � ), we have used gradient free boundary conditions (Fig. 7a).

For the bottom boundary� � , an empirical function developed by van Rijn [96] is used for
evaluating the sediment concentration near the bed, as it varies along the bed,� 
 � � � � � � � � �� �

� � � �� � � �� with
� � 	 ��  	 �� � � �	 �� � 	 
 and

� � � � � � � � �  � � � �� �

� � �
(27)

where � � � denotes the median grain equivalent diameter of the sediment of dry specific density� � � � � � � , the bottom shear velocity is	 � , the critical shear velocity is	 � � � � (obtained from a
critical Shields parameter curve as a function of

� � ; e.g., Eq. 4.1.1 in [97]), and the roughness
height is� �

.

In order to compute	 � , we solve the boundary layer log (wall) law,	 � 	 � � �
� � � � � � � � � � � � �

(where,� � � � �
is the Von Karman parameter,

� � � � � � � �
, and

�
here denoting the normal di-

rection away from the boundary within the fluid), at each location along the bed, using as inputs
the velocity computed from the previous time step at the gridpoint nearest to the bed location and
the distance of that point to the bed. Nakayama et al. [85] showed that, forsmooth wallflows,
the filtered (in the LES sense) instantaneous wall shear stress and velocity at points above the bed
correlate well, and hence a log-law relationship is reasonable. Nakayama (personal communi-
cation, 2005) further indicated that the relationship holds as well forrough wallsand our recent
simulations (reported below) seem to confirm this statement, by comparing well with laboratory
experiments. Additional justifications and discussions regarding the use and relevance of Eqs.
(27) can be found in references [43,48].

3.5 Summary of Numerical Methods used in Hybrid Models

3.5.1 Numerical Wave Tank

In 2D- and 3D-NWTs, the BIE (14) is solved by a Boundary Element Method (BEM), by ex-
pressing it for

�
discretization nodes on the boundary� � 	  � � � � � � � � � , and defining� higher-

order elements to interpolate in between discretization nodes. In the present 2D applications,
quadratic isoparametric elements are used on lateral and bottom boundaries, and cubic elements
ensuring continuity of the boundary slope are used on the free surface. In these elements, referred
to as Mid Cubic Interpolation (MII) elements, both geometryand field variables are interpolated
between each pair of nodes, using the mid-section of a four-node “sliding” isoparametric ele-
ment [55]. The Green’s function and its normal derivative inEq. (15) are singular as

� 
 �
.

These singularities require additional treatments whose detailed derivations will not be included
here. These can be found in [44, 53, 55], for both 2D isoparametric and MII elements; 3D BEM
and integrations used in the 3D-NWT can be found in [45, 47], with the FMA implementation
in [34]. Note, a recent implementation of accelerated localGreen’s function for the 2D-NWT is
presented in [39]. It should be noted that, when applying Eq.(14) to points� 	 that are very close
to a different part of the boundary (e.g., near corners in Fig. 1), almost-singular integrals will
occur when

�
is very small. The numerical accuracy of such integrals is improved by applying an

adaptive integration method [54,55,57].

Time integration:Free surface boundary conditions (16) and (17) are time integrated based
on two second-order Taylor series expansions expressed in terms of a time step

� �
and of the



Lagrangian time derivative,
� � � �

, for
� � and
 �

,� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � ��
�

�
� �� �
�

� � � � � � � � � � � �


 � � � � � � � � 
 � � � � � � � � 
 �� � � � � � � � � � ��
�

� 
 �� �
�

� � � � � � � � � � � �
(28)

respectively. First-order coefficients in the series correspond to free surface conditions (16) and
(17), in which 
 �

and

 
 � � 


� are obtained from the BEM solution of the BIE (14) for (
 �
,
 
 � � 


� ) at time
�
. Second-order coefficients are expressed as

� � � �
of Eqs. (16) and (17), and

are calculated using the solution of a second similar BIE for(

 
 � � 
 �

,



� 
 � � 
 � 

� ), for which

boundary conditions are obtained from the solution of the first BIE and the time derivative of Eqs.
(17) to (20). Detailed expressions of the Taylor series coefficients for the 2D-NWT can be found
in [44,53]; similar expressions for the 3D-NWT can be found in [33,45,47].

At each time step, the overall numerical accuracy is estimated by computing errors in volume
and energy of the computational domain. Earlier work shows that, for both 2D and 3D prob-
lems, such errors are function of both the size (i.e., distance between nodes) and the degree (i.e.,
quadratic, cubic,...) of boundary elements used in the spatial discretization, and of the size of the
selected time step [47,55,57]. Thus, the optimal time step,is adaptively selected based on a mesh
Courant number, whose optimal value for 2D- or 3D-MII elements was shown to be about 0.45.
This value is used in the present applications.

In long term computations involving finite amplitude waves,mean drift currents occur (“Stokes
drift”), which continuously move free surface discretization nodes/Lagrangian markers away from
the wavemaker into the NWT. Hence, when performing computations over many wave periods
or long time series of irregular waves [39], nodes are redistributed (i.e., regridded at constant
arclength intervals, or over a fixed horizontal grid, on selected sections of the free surface) after
fixed numbers of time steps.

Solution for Internal Fields:All of the integrals in Eqs. (23) and (24) (and their additional
derivative for velocity gradients) expressing interior fields are non-singular and can be evaluated
by Gauss quadrature. However, for interior points located very close to boundary� , similarly to
corner points in the original discretized BIE (14) (see, e.g., [57] in 2D and [47] in 3D), the integral
kernels will rapidly grow as

�
becomes small, yielding inaccurate numerical integrationover parts

of the boundary nearest those points. This is even more so when the operator
	 	 � has been applied

to the Green’s functions, as in Eqs. (25) (and its additionalderivative for velocity gradients), where
in 2D-NWT, terms are� � � � � � to � � � � � � � for small

�
(and of even higher power in

� � �
for the

3D-NWT). Grilli and Svendsen [57] and Grilli and Subramanya[54] studied these numerical in-
tegrations in detail, referred to as quasi-singular integrals (QSI). Following their method, in NWT
computations, a geometrical analysis of the discretization is made at each time step, where QSIs
are identified based on a distance criterion. During numerical integration of the various BIEs,
both for the boundary solution and for internal points, QSIsare then integrated using an adaptive
integration method, in which elements are subdivided into an increasingly large number of sub-
segments, as a function of a distance-based algorithm. The originally selected number of Gauss
points is used within each sub-segment. Grilli and Subramanya [54] showed that, given enough
sub-segments, this method can provide almost arbitrary numerical accuracy of the QSIs. A similar
method was implemented in the 3D-NWT [47].

3.5.2 Navier-Stokes Model

The scheme referred to as QUICK [78] is used for the spatial discretization of the advection
terms in the 3D momentum Eqs. (12), and central differences for all other terms. The same
methods are used for discretizing the advection-diffusionEq. (26) for the sediment concentration



field, except that SHARP [79] is used in place of QUICK, owing to its improved handling of sharp
gradients. Both equations employ a Crank-Nicolson averaging for the diagonal viscous terms, and
the Adams-Bashforth method for all other terms, which yields a semi-implicit, quasi-tridiagonal
system of equations.

This system of equations is solved with a fractional step method. In this method, an estimate
of the velocity field is first obtained by solving NS equationswithout the pressure term, the pres-
sure Poisson equation is solved for the pressure as driven bythe estimated velocity field, and the
velocity estimate is corrected with the pressure to satisfycontinuity.

Further details about the equations, discretization, and numerical methods can be found in Zang
et al. [108,109] and Tseng and Ferziger [95]. A discussion ofrecent improvements to some of the
above algorithms as well as of the parallel implementation can be found in [48].

Immersed Boundary Method (IBM) :The IBM is used to specify the fluid bottom boundary
condition in the NS-LES model, in case of a moving sediment bed, i.e., a few cells below seabed.
Hence, the IBM works by applying the force necessary at the location of the immersed boundary,
to enforce the physical boundary condition,	 � � �

in this case. [The implementation of a log-
law in the IBM over a complex boundary is difficult so, as an approximation, we assume that the
boundary lies at the

� � , the location where the log-law velocity is zero.] Of the many versions of
the code originally developed by Zang et al. [109], we employthe modified ghost cell method of
Tseng and Ferziger [95].

Additionally, in recent developments [48], the friction velocity is determined locally based on
the horizontal velocity at the first grid point above the wall(i.e., immersed boundary). The bound-
ary has then a stress applied corresponding to the friction velocity More details can be found in
references

4. APPLICATIONS

In addition to applications of the 2D- and 3D-NWTs already discussed, we present here recent
simulations, in a 2D-NWT/3D-NS-LES hybrid model formulated for theperturbation fields P, as
detailed earlier in this paper. These are cases of wave-induced flows near a smooth or a rough
bottom, and sediment transport induced around a partly buried cylinder, which are either new
simulations or repeats of simulations performed with the earlier version of the models, in which
NWT/NS-LES model coupling was effected through the less rigorous pressure gradient term and
the boundary layer wall function was more arbitrarily set [43]. The present models have also
been fully parallelized and optimized for large computer clusters, which will make it possible
simulating problems at very high resolution and over a long time in the near future. [Note, this
work was performed by Grilli and co-workers Harris and Greene [48]. We run the model in its
most recent MPI parallel implementation, on a 16 processor computer.]

The hybrid model set-up is such as shown on Fig. 7a. In these applications, the BEM NWT is
2D and discretized only on its boundary. Waves are generatedat one extremity by a wavemaker
and absorbed with an AB/AP at the other extremity (as in Fig. 1). The 2D wave flow fields are
specified as forcing fields in the 3D-NS-LES model equations expressed for the� fields. The
NS-LES model domain is discretized with regular meshes of size

� � ,
� �

, and
� �

along each
direction.

4.1 Oscillatory laminar boundary layer

This is a more academic application of the hybrid model, to anidealized problem (also know as
Stokes problem), of an oscillatory flow over a smooth (infinite) solid plate, for which there is an
analytic solution. The irrotational flow forcing the NS model, here, is simply a specified uniform
harmonic current

� � � � � � � � � � � � 
 �
�
, of period

� � � � � � , in the� direction, with
�

the vertical



Figure 8: Stoke’s analytical solution (Eq. (29)), for an oscillatory laminar boundary layer, as a
function of phase angle
 �

�
�
.

direction; hence, in this problem, there is actually no needfor computations in the NWT.

Spatial periodicity of the NS solution for the� fields is specified in the� and
�

directions. A
no slip condition	 � � �

is specified on the bottom boundary at
� � �

, and the free stream velocity� �
is specified at

� � � above the plate, with� � � � � �  
 	 � 
 � � � � . For a low Reynolds
number

� �
, the (mean=total) velocity	 � � � � � � � � � � �

near the plate takes the form of a
laminar boundary layer for which an analytical solution canbe derived as,	 � � � � � � � � � 
 �

�  � � �� � � � 
 � �
�  �� �

� � (29)

with � �
� � � � � � , the Stokes layer thickness. This solution applies for

� � � � � � � � � � � � �
.

Hence, by comparing the numerical and analytical solutions, both the NS model result accuracy
and convergence rate can be assessed as a function of grid size and time step.

In the following, we set
� � � �

, � �
� �

,
� � � �

and � � �
. The NS domain dimensions

are � � � � � � in each direction, and the spatial grids are identical in each direction as well (i.e.,� � � � � � � �
). The model is ramped-up for

� � � �
and maximum relative errors on flow veloc-

ity � � � � , are calculated at
� � � � � �

. Figure 8 shows the analytic solutions (Eq. (29)) for 4 phase
angles of the flow,
 �

�
�
and Fig. 9 shows numerical errors when varying time step

� �
for a fixed

grid size (� � � � �
), or varying the grid size for a fixed time step (

� � � � � � � � �
). Errors reduce as

expected when reducing either grid size or time step and closely follow (or outperform) the second-
order convergence (expected from the model’s discretization and time integration schemes) in the
typical range of parameter values.

4.2 Oscillatory turbulent boundary layer

This problem is similar in set-up and flow forcing to the previous one, but now for an oscilla-
tory flow with higher Reynolds number over a rough flat plate. This creates a turbulent oscillatory
boundary layer flow structure, for which there is no longer ananalytical solution. In this case,
model results are compared to Jensen et al.’s [74] laboratory experiments, performed in an oscil-



(a) (b)

Figure 9: Relative numerical error of computed velocity, ascompared to Eq. (29), for an oscil-
latory laminar boundary layer, as a function of: (a) time step, for

� � � � � � � �
; (b) grid size for� � � � � � � � �

. (—–) is a best power fit to the data and (- - - -) shows second-order convergence.

lating water tunnel (U-tube), with flows driven by a pressuregradient. The bed roughness was
0.35 mm in experiments (sand paper). For this case as well, there is no need for running the NWT,
but results nevertheless allow to assess the accuracy of allthe important features of the NS-LES
model, i.e., regarding flow forcing, bottom boundary condition, and turbulence representation.
The new parallel implementation is also being validated as well.

The NS-LES model set-up and boundary conditions are identical to the previous case, and
physical parameters are selected to match experiments (case 13) with

� � � �
m/s,

� � � � � �
s,� � � � � � � � � � m� /s (i.e., � �

� � � �
mm and

� � � � � � � �
), and	 � � � � � �

m/s (as measured from
the boundary layer structure near the bed). In the model, we specify a log-layer near the rough
plate, with

� � � � � � � � � � � � � 
mm, which yields	 � � � � � � �

m/s for the Smagorinsky scheme,
thus in close match with experiments. The NS computational domain is 0.384 m long in the

�
direction and half that in each lateral direction; spatial discretization is constant in each direction
as

� � � � � � � � � �
mm and time step is

� � � � � � � �
s. The NS-LES solution is ramped-up

for
� � � � � � � �

s, and both mean and turbulent velocities are computed for
� � � � �

and compared
to experimental measurements.

Figure 10a first shows that the mean horizontal velocity predicted in the model (	 � � �� � � � �
) is in close agreement with experimental measurements at two phases of the flow. Fig.

10b then shows that the RMS of the horizontal turbulent velocity ( 	 � � 	 �
) is in reasonable agree-

ment with measurements at the same phases of the flow. This confirms the overall soundness of the
NS-LES model in representing turbulent oscillatory boundary layers, such as typically induced by
ocean waves near the rough seabed. The good agreement of turbulent flow features, in particular,
is key to the correct modeling of the suspension and transport of fine non-cohesive (i.e., sandy)
sediment. This is illustrated in the next application of thefull hybrid model.

4.3 Wave-induced sediment transport around bottom obstacle due to periodic waves

In this application, the set-up is similar to that shown in Fig. 1, and also detailed in [43,61,62].
Waves are generated in the 2D-NWT and propagate over a small bottom obstacle (such as a small
cylinder). The NS-LES model domain is a small box located around the obstacle and enclosing a
small portion of the seabed with it (as sketched in Fig. 7a).

Although this aspect is not illustrated in the following application, the 2D-NWT was recently
improved [39], both in efficiency for large discretization (through using a localized Green’s func-



(a) (b)

Figure 10: Comparison of horizontal velocity computed in NS-LES model (—–) or (– - –), to
experimental measurements (� ) [74], for a rough turbulent oscillatory boundary layer: (a) mean
velocity for two phase angles; (b) RMS of turbulent velocityfor two phase angles (

� � � �
m/s,� � � � � �

s, � � � � � � � � � � m� /s, � �
� � � �

mm and
� � � � � � � �

).

Figure 11: Typical irregular waves generated in the 2D-NWT based on a specified JONSWAP
spectrum [39].

tion leading to sparse matrices, and a MPI parallel implementation) and in its generation of well
controlled irregular wave sea states. Figure 11 shows for instance a time series of surface elevation
simulated in the model, for irregular waves generated usinga flap wavemaker motion, based on a
specified JONSWAP energy spectrum. A few iterations are performed in the generation, until the
target spectrum is satisfactorily created in the NWT. Once the development and implementation
of the full hybrid model are complete, including the possibility of running the model on very large
computer clusters, such irregular wave forcing could be used to perform long term simulations of
wave-induced sediment transport and resulting scouring orburial of a bottom obstacle. The latter
aspect of moving bed is still being developed and validated.

In the following, we just present typical results of flow and sediment transport induced over a
flat bottom, around a 75% buried circular cylinder of 8.4 cm radius, in a sandy seabed (� � � � � � �
mm, � � � � � � � �

kg/m
�
,

� � � � � � � �
m/s, � � � �

mm) by a (nonlinear) periodic wave of height� � � � � �
m and period

� � � � �  �
s, in water depth� � � � 

m (these are in fact laboratory
scales of earlier laboratory experiments performed with a moving sandy bed [61, 62]). Similar
simulations were performed with the earlier version of the model [43], and are repeated here in
the new hybrid model implementation.



(a) (b)

(c) (d)

Figure 12: Typical wave-induced (mean) velocity fields (
� � �

) (
� � � � �� � � �� ) 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.

NWT discretization. Typical free surface discretization (on� � ) in the 2D-NWT usually have at
least 20 nodes per dominant wavelength (e.g., Fig. 1). Lateral boundaries (� � and�  ) are typically
discretized with only 7-11 nodes. Bottom discretization (on � � ) are usually a little coarser than
on the free surface, but horizontal node spacing (

� � ) is reduced on the bottom under the NS-LES
domain, in order to further increase the accuracy of the integrals used to compute internal fields
in the BEM solution . Adaptive integrations, with up to

� �
subdivisions, are performed within

4 nodes of any corner of the BEM domain, and for all elements located directly under the NS
domain, where points at which internal velocities and theirgradients are calculated and used for
model coupling are specified. Initial time steps are selected based on the free surface node spacing,
to satisfy the optimal mesh Courant number. Time step is subsequently automatically adjusted as a
function of the minimum distance between nodes on the free surface in order to satisfy the Courant
condition. Typical CPU times in the NWT are less than one second per time step on a desktop
computer.

In this applications, the NWT was run without bottom friction, and with no regridding applied
on the free surface, because no long term computations were run for simple periodic waves, as only
a few (10) periods of wave forcing were used in the NS-LES domain. Longer term computations,
for instance with irregular waves (Fig. 11) and/or moving bottom (such as migrating ripples),
would require to include bottom friction dissipation and regridding the free surface (see [61,62]).
An absorbing beach AB and an absorbing piston AP (Fig. 1) are specified in order to damp incident
wave energy and eliminate (or reduce) wave reflection at the NWT extremity.

NS-LES model discretization. The NS-LES model domain dimensions are
� � �

m long by
� � � � �

m high by
� � � � � �

m wide (Fig. 7a). For the partially buried obstacle, the bottom is flat in the
streamwise direction to either side of a central bump, represented by a 75% buried cylinder of
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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).

radius
� � �  �

m, whose axis runs in the spanwise direction. The NS-LES model is discretized
by

 �
x

� 
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 theactual 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 descriptionof 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 forcingin the transverse direction for



this 2D flow, but turbulent fluctuations will carry momentum laterally to the main flow direction,
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 ofour 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 crestof 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, whichopposes 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 subsequentpickup 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 anddownstream 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, theMPI 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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