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Summary

This thesis is devoted to the mathematical modeling and numerical simulation of inter-
actions between nonlinear ocean waves and fixed marine structures of arbitrary shape,
which can be either submerged or surface-piercing. Particular attention is paid to the
prediction of nonlinear loads on the structure, with emphasis on the analysis of viscous
and turbulent effects.

First, a Numerical Wave Tank (NWT) is developed within the fully nonlinear potential
flow theory (FNPT) in two spatial dimensions. It uses a combination of the Harmonic
Polynomial Cell (HPC) method for solving the Laplace Boundary Value Problem (BVP)
on the wave potential and the Immersed Boundary Method (IBM) for capturing the free
surface motion. To compute the flow around the body and associated pressure field, an
original multi overlapping grid method is implemented. Each grid having its own free
surface, a two-way communication is ensured between the problem in the body vicinity
and the larger scale wave propagation problem. Nonlinear loads on the structure are
computed from an accurate pressure field obtained as a solution of a BVP formulated
on the time derivative of the potential, at the cost of a second matrix inversion at each
time step. This potential NWT was developed from scratch during this thesis. The
mathematical formalism and the numerical methods are first presented. Afterwards, the
stability and convergence properties of the NWT on a highly nonlinear standing wave case
are assessed. Then, the NWT is tested against both numerical and experimental data on
bodies subjected to various regular wave conditions. The wave field and associated loads
are shown to be predicted accurately, for instance up to the third harmonic component
for the horizontal and vertical forces. However, limitations are encountered in some cases,
mostly due to the intrinsic assumptions of the potential flow theory.

For this reason, in a second part, a Reynolds Averaged Navier-Stokes (RANS) solver
is selected and extensively tested with a focus on one case that involves important effects
laying outside of the validity range of the potential theory (occurrence of vortex shedding,
detachment of the flow, re-circulations, etc.). This solver is based on the finite volume
method available in the OpenFOAM® toolkit, using a Volume of Fluid (VoF) technique
to capture the free surface. The model is extensively applied and validated against exper-
iments in a wave flume with a submerged horizontal cylinder of rectangular cross-section.
However, the modeling of turbulent variables is shown to be challenging: it is difficult
to model simultaneously and accurately the dynamics of the fields of turbulent variables
both on a larger scale (wave propagation from the wavemaker to the body) and on a local
scale close to the body.
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Summary

To overcome this issue and optimize the computational resources, two different one-
way coupling strategies with the above-mentioned potential model are set up within the
OpenFOAM® toolkit and tested on the same case. A domain coupling strategy is first
considered. A mesh is defined in the body vicinity on which the RANS equations are
solved. Boundary conditions and interpolation operators from the potential results are
developed in order to enforce the HPC values at the outer boundary in a stable and
accurate manner. Extensive comparisons with the OpenFOAM® simulations on the case
of a fully immersed fixed body with sharps corner show very good agreement for a range
of Keulegan-Carpenter number.

The second coupling strategy considers a decomposition of variables on a local grid
in the body vicinity. Indeed, the HPC simulation provides fields that are solution of
the Euler equations: thus, solving the complete RANS equations in the body vicinity
can be considered as largely redundant. It is possible to define complementary velocity
and pressure components that need to be added to the potential velocity and pressure
in order to obtain a solution of the complete RANS equations. Those complementary
variables are solutions of a modified version of the RANS equations, that are derived
and implemented, again within the OpenFOAM® software. This newly developed solver
shows good performance when compared to either the complete OpenFOAM® simulations
or the domain coupling solver.

Finally, the four simulation methods (fully potential, fully viscous, potential-viscous
coupling with domain decomposition, and potential-viscous coupling with variable de-
composition) are compared on the same set of experiments, and differences in body forces
and hydrodynamic coefficients are discussed.
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Chapter 1. Introduction

1.1 General context of the Ph.D research

In a general context of global warming and climate change, countries worldwide have
at heart to reduce their non renewable footprints. In Europe, commitments to reduce
greenhouse gas emissions have been made, such as for example to increase the share of
renewable energy in energy production to 32% by the 2030 horizon (Monti and Martinez
Romera, 2020). In the majority of the scenarios considered nowadays, the wind turbines
occupy a considerable part. While the technology itself is mature and the costs are
predictable and contained, it becomes harder to start new projects on land mainly due to
population acceptability. Moreover, the constant increase in size and nominal power of
the most efficient turbines (fig. 1.1a) accentuates this difficulty.

(a)

(b)

Figure 1.1: (a) Growth in size and power of
wind turbine (Igwemezie et al., 2019). (b):
European offshore wind resource (Troen and
Petersen, 1989).

Trying to harvest the offshore wind,
more stable and powerful, is a natural fu-
ture step. Acceptance is easier and the size
of the turbine - closely related to power
- is almost only limited by the available
technology. One of the drawbacks is the
environmental impact, especially when lo-
cated on bird migration routes (Bailey et
al., 2014). On the other hand, the reef pro-
vided by the artificial immersed structure
is rapidly used as a habitat by the marine
ecosystem (see e.g. Gercken and Schmidt,
2014).

In the nearshore area, fixed solution
(e.g. monopiles, gravity based structures,
jackets, etc.) are possible foundation solu-
tions. However, the bathymetry can dras-
tically limit the usage of the commonly
employed fixed solutions. Indeed, for wa-
ter depth larger than a few dozen of me-
ters, the cost of the structure becomes
prohibitive and floating supports are con-
sidered instead (see fig. 1.2a). For ex-
ample, while in the south of France, the
Mediterranean exhibits a significant avail-
able wind resource (fig. 1.1b), fixed struc-
tures are hardly conceivable due to large
water depth even in close coastal vicinities.
For these reasons, three of the four floating
wind turbines “pilot projects” awarded in
2016 are located in the Mediterranean Sea.

Anchoring solutions and energy transfer methods to the electrical network onshore are
some examples of new engineering and research challenges arising with these technologies.
Moreover, waves impact and interact with the floating structures. In order to maintain
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(a) (b)

Figure 1.2: (a): Bottom-mounted (fixed) solutions and associated ressource estimate by
depth in the US (Musial, 2007). (b): Overview of some existing solutions and proposed
projects for floating offshore wind turbines (FOWT) (Igwemezie et al., 2019).

and control the state and position of the structure, this interaction must be predicted
accurately. The environmental loads applied on the structure can be extreme and offshore
floating structures must be designed for the worst case scenario. For example, DNV GL
(2018) states that “sea state with return periods of 100 years shall be considered”. Earlier
this year, during the storm Gloria, significant wave heights up to 8 m were measured in the
west Mediterranean (Amores et al., 2020). In the North Sea, the suggested requirement
specification yields a design scenario of significant wave height of 15 m.

Figure 1.3: Examples of experi-
ment of floating wind turbine in
a wind+wave facility (Lacaze,
2015).

Depending on the depth and environmental condi-
tions, different solutions for the floating structure are
possible. Several projects, currently at different stages
of maturity, exist. Some of them, and the associated
selected technologies are shown on fig. 1.2b. Note that
a detailed review of the state of the art in the offshore
wind industry, from which that figure was extracted,
was done by Igwemezie et al. (2019). Current solutions
can be separated into three main categories that are
distinguished by the main physical effect used for the
stabilization, namely the buoyancy force (barge, semi-
submersible, etc.), the mooring tension (tension leg plat-
form, TLP) and the ballast gravity force (center of grav-
ity lower that the center of buoyancy, SPAR).

Even though offshore structures are subjected to
many different sollicitations, especially when consider-
ing floating wind turbines – e.g. wind loads, structural
deformations, mooring loads etc. – this thesis focuses
solely on the wave-body interaction and the associated
loads. Thus, in order to design systems that withstand the mentioned environmental
conditions, an accurate prediction of the loads applied on the structure, as well as its
movements, must be available.

On the one hand, a first possible approach is to conduct experimental studies. A
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Chapter 1. Introduction

physical scaled model of the structure is placed into a wave flume or a wave tank, on
which several external conditions are tested. This approach remains mandatory for a safe
design, and experiments are often conducted multiple times during the design process.
However, the associated costs are relatively significant making it difficult to test a wide
range of models or conditions.

Figure 1.4: Example of numerical simulation
of floating wind turbine.

Numerical simulations, on the other
hand can, at a lower cost, model a range
of phenomena. However, errors are always
made, which are not always straightfor-
ward to quantify or interpret: part of the
underlying physics might be lost or ignored
without even realizing it. Those models are
often validated by comparison with exper-
iments, and trust in the model is extrapo-
lated afterwards to other cases. However,
many different models exist and the asso-
ciated computation costs vary greatly, as
well as the associated accuracy of results.
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1.2 Review of existing models and literature

Remember that all models are wrong,
but some are useful.

George Box, 1978

Many different numerical models and approaches are available, and commonly used, to
predict the wave-structure interaction. In this section, a brief description of some of them
is given. A more extensive and very detailed literature review and model description can
be found in the work of Davidson and Costello (2020) where several existing approaches
are discussed from, but not limited to, the wave energy converter modeling point of view.

1.2.1 Potential models
1.2.1.1 Models not relying on a discretization of the fluid domain

Amongst the different models, the potential theory is often put to use. The potential
assumptions consist in neglecting the vortical part of the flow (which in turns means that
turbulent effects cannot be taken into account) and in assuming that the fluid is inviscid.
On top of this, the linear version is a further reduction that is based on the hypothesis of
a small wave amplitude relative to the wavelength.

Figure 1.5: Validity domains of var-
ious wave theories. h is mean wa-
ter depth, τ the wave period, H the
wave height and g the gravitational
acceleration. From wikimedia, after
Le Méhauté (1976).

Remember that in some cases, mostly extreme
wave conditions, third order (or even higher) effects
can have a significant effect on the wave kinematics
(see e.g., Fedele et al., 2017). In such situations,
both the nonlinear wave dynamics and the non-
linear wave-structure interaction need to be taken
into account. In those cases, alternative approaches
capturing higher-order or fully nonlinear effects are
needed and will be discussed later.

The simplified linear version is often used in
the engineering field due to its low computational
cost, allowing to capture the main effects on a
wide range of parameters at a very contained CPU
cost, for example in a design optimization process.
WAMIT (Lee, 1995), ANSYS-AQWA (Ansys, 2013)
or Nemoh (Fàbregas Flavià et al., 2016) are ex-
amples of such widely used linear models. How-
ever, the linear assumption is often used outside its
prescribed validity domain, for example in extreme
cases where the allegedly small parameters, usually
the wave steepness, become large. In those con-
ditions many aspects of the dynamics of both the
incident waves and the wave-body interaction are
not properly modeled.
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Efforts have been done to extend these potential linear models to weakly nonlinear
conditions, e.g. at second order, mostly by adding terms like the Froude-Krylov forces
or the complete Quadratic Transfer Functions, see e.g. Pinkster (1980) or more recently
Philippe et al. (2015).

Several developments have been made to compute nonlinear effects exactly, or at high
orders, in the case of periodic regular waves in uniform water depth. For example, models
based on analytical theories such as the Stokes wave theory (see e.g. Sobey, 1989) or
the so-called stream function method (Dean, 1965; Rienecker and Fenton, 1981; Fenton,
1988) can only be applied with constant or simple geometry of the sea floor. A review of
several methods to describe wave propagation in a potential flow framework is given by
Fenton (1999).

High Order Spectral (HOS) methods are also fast and accurate to compute the flow
behavior even up to large wave steepness. Such methods, though very efficient in comput-
ing the wave elevation and associated kinematics even for large domains, are difficult to
apply for complex geometries as well as for wide ranges of parameters. They are mostly
applied for wave maker modeling (Ducrozet et al., 2012), or to compute the incident
wave field within a more complex method to resolve the wave-structures interaction. The
SWENSE method (see e.g. Luquet et al., 2007b) on which the diffracted field is computed
separately with a Navier-Stokes based solver, provides an example of the usage of such
approaches.

In order to develop a versatile numerical wave tank (NWT), with the possibility to
include one (or several) body or sea bed with complex geometries, a time domain resolution
involving a mesh in the spatial coordinates appears to be practical at the cost of an increase
in the computational time. The commonly used Boundary Element Method (BEM), in
which the Laplace equation is projected onto the spatially discretized boundaries with
the Green’s identities, has proven to be effective in both 2D and 3D cases. For example,
Grilli and Horrillo (1997) used a high-order BEM method to generate and absorb waves
in 2D. For an overview of work on the BEM methods up to the end of the 20th century,
the reader is referred to Kim et al. (1999). More recently Guerber et al. (2012) presented
in great detail and implemented a complete NWT. Note that under the BEM potential
scheme, a special attention must be given to the treatment of the sharp corners at body
or fluid domain boundaries (Hague and Swan, 2009).

1.2.1.2 Field solvers and the Harmonic Polynomial Cell method (HPC)

By opposition to the BEM methods, in which only boundaries of the fluid domain are
discretized, the name “field” or “volume” solver is attributed when the entire fluid do-
main has to be meshed. Numerically, this drastically increases the number of unknowns,
however, the resulting matrix is mostly sparse allowing the use of efficient solvers. For
example, the Finite Element Method (FEM), which falls in this category, was successfully
applied to solve the nonlinear potential model by Yan and Ma (2007).

A different method that solves for the volume potential was recently proposed by
Shao and Faltinsen (2012b, 2014b,a) and tested against several methods including the
BEM, FDM and FEM. This innovative technique, called the ”Harmonic Polynomial Cell”
(HPC) method, was proven to be promising both in 2D and 3D (Shao and Faltinsen,
2014b; Hanssen et al., 2015, 2017a). Although relatively new, this method was used to
study a relatively large range of flows and phenomena: from a closed flexible fish cage
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(Strand and Faltinsen, 2019) to hydrodynamic lifting problems (Liang et al., 2015), but
also, very recently, a sloshing problem in a circular tank (Liang et al., 2020). It was also
extended to solve the Poisson equation by Bardazzi et al. (2015). The numerical aspects
of the method were studied in details by Ma et al. (2017) and applied as a 2D NWT by
Zhu et al. (2017). For a complete presentation of the method, the reader is also referred
to the Ph.D. of Hanssen (2019), where a significant part is dedicated to this approach.

However, today, only few implementations of this method exist. In a first step, the
current study will focus on the development and implementation of a solver based on this
HPC approach.

1.2.2 Introduction of viscous and turbulent effects

Figure 1.6: Dominant effect(s) of
the wave-structure interaction de-
pending on the wave height H, the
wavelength λ and the characteristic
dimension of the object D. From
Bergdahl (2017).

All models presented above are potential-based.
Thus, they intrinsically cannot capture rotational
and viscous effects. For a range of applications those
assumptions are mostly verified, and those models
are well-adapted to capture the dominant effects.
This is for instance the case when considering a ship-
shaped structure subjected to a common sea state.

Figure 1.6 shows that, in a more general man-
ner, for a fixed structure, diffraction and inertial
effects are dominant when the structure is of large
dimension compared to the wave typical dimensions,
namely wavelength and wave height respectively.
Note that these effects can be captured by a po-
tential approach. However, on other applications a
complete description of all the significant phenom-
ena taking place cannot be correctly captured by
this model. For example, loads applied on a fish
farm, fish net or on an anchor cable are mostly gov-
erned by the viscous drag, neglected in a pure po-
tential approach. More generally, when the object
cross-section is of lower dimension relative to the
wave spatial characteristics, the drag must be taken
into account. When D ≪ λ and D ≪ H the drag
largely dominates (upper left corner of fig. 1.6): in
that case, a Morison-type formulation can be ap-
plied using the incident wave field, with the under-

lying assumption that the wave field is not perturbed by the object presence. Moreover,
for any application where wave breaking or vortex shedding occur and are of prime impor-
tance, the use of a potential model is not recommended: many of the underlying physics
will not be captured.

It is possible, however, for intermediate cases, to add an ad-hoc correction to a potential
model. For instance, one can apply, in addition to the potential solution yielding the
potential part of the loads, the Morison formula to estimate the viscous loads based
on the surrounding velocity. This model is applicable when the considered object does

7



Chapter 1. Introduction

not perturb the wave field in a significant manner (for example an anchor cable) but
is often used outside of its prescribed range, e.g. to take into account a viscous drag
component induced by a heave plate of a semi-submersible platform. Another example
of such correction is the use of a numerical lid to force local dissipation of energy: this
technique is often used to model wave breaking, wave dissipation over very long distance,
or dissipation happening in the gap of side-by-side bodies. See e.g. Chen (2005) or
Ganesan T. and Sen (2016).

The last type of model that we will present here completely changes the approach.
Computational Fluid Dynamics (CFD) codes aim at solving directly the complete Navier-
Stokes (NS) equations with the minimal number of hypotheses. Thus, viscous and vortical
effects are taken into account. However, solving all scales of turbulence is rarely possible
in the context of marine structures, because of the very large required numerical cost, due
to the wide simulation domain. Thus, once again, small scales of the flow can be modeled
in a macro manner. The first and most used of these approaches is the Reynolds-Averaged
Navier-Stokes (RANS) method, which models all the scales of turbulence. Another com-
monly used and studied method is called the Large Eddy Simulation (LES) method, on
which turbulent eddies are simulated down to a threshold length. Smaller eddies are
modeled instead. The latter is more expensive while often considered as more accurate
with interesting properties in terms of convergence. Both however are really expensive
when compared to a potential model.

In the last decade, the use of CFD codes (mainly in conjunction with the RANS
method) has become increasingly popular in the scientific community, see for instance
the applications of industrial or research codes like the Open Field Operation And Ma-
nipulation (OpenFOAM®) package (Jacobsen et al., 2011; Higuera et al., 2013; Hu et al.,
2016; Windt et al., 2019), STAR-CCM+ (Oggiano et al., 2017; Jiao and Huang, 2020),
ANSYS-FLUENT (Kim et al., 2016; Feng and Wu, 2019), and REEF3D (Bihs et al.,
2016), just to mention a few of them. A notable work on a NWT based on the finite
difference method (FDM) is given by Tavassoli and Kim (2001). The FEM was also suc-
cessfully applied to both the potential problem (e.g. Ma and Yan, 2006; Yan and Ma,
2007) and the NS equations (e.g. Wu et al., 2013).

Although these CFD models may be in theory well adapted to capture complex wave-
structure interaction down to small scales, in particular when complex physical processes
such as wave breaking, formation of jets, air entrapment, etc. occur, their use remains
quite limited due to their computational cost. This is particularly true when targeting
applications on ocean domains whose extent is larger than, say, about 10 typical wave-
lengths. Limitations associated with the employed numerical methods (e.g. numerical
diffusion and difficulty to resolve accurately the dynamics of the free surface) are other
reasons which still hinder the applicability of such models to large scale wave-body in-
teraction problems. Thus, models based on a potential flow approach (i.e. neglecting
viscous effects and assuming irrotational flow) remain widely used to describe the dy-
namics of wave-structure interaction flows (see e.g. the review by Tanizawa, 2000). Note
also that even though those models aim to solve for the governing equations, the required
discretization to simulate all phenomena might be prohibitive. Thus, the modeling of the
complete wave-structure in an entirely viscous and turbulent frame remains a challenge
on many aspects.
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1.2.3 Potential-viscous coupling methods
CFD approaches are able to capture several effects that lie outside of the range of the
potential assumptions. Note that, in the context of wave-structure interaction, these
effects are mostly contained in the close vicinity of the object. On the other hand, poten-
tial models are well suited to simulate the propagation phase of waves, because of their
intrinsic low energy dissipation rate. An intuitive idea is thus to apply each model in
the zone where it best performs. This type of method is referred to as a “coupled” or
“hybrid” method. A brief generic presentation of those approaches is given here, while a
more detailed analysis and literature review are presented in the corresponding chapters,
namely sections 5.1.2 and 6.1.2.

The idea of using different models to capture different effects is not new: studies that
tried to include the boundary layer viscous effects, within an otherwise laminar simulation,
can be seen as a hybrid model. For example, the very first boundary layer theory (Prandtl,
1904) falls into that category, as well as the further work by Lighthill (1958).

The introduction in the context of wave flows was done by Dommermuth et al. (1997),
who applied a decomposition of the flow into an irrotational and vortical part to solve the
contact line problem in bow waves.

For quite a while now, authors have suggested and successfully developed coupling
schemes that use each model in the area where it is the most adequate. Those coupling
schemes can be separated into two main categories: domain decomposition methods and
velocity decomposition methods. The first one simply uses different resolution methods
for different domains, that, most of the time, do not overlap each other. Information is
passed between the two models only at common boundaries, or possibly over a common
area of limited extent. Note that a literature review on those approaches will be given in
the corresponding chapters (chapters 5 and 6).

The second type of decomposition leads to a modification of the equations themselves.
A flow that is solution of a simplified set of equations already verifies a significant portion
of the more general equations (respectively Euler equations and NS equations in our case).
Thus, if the simplified equations are solved on the whole domain of interest, solving the
general set of equations independently can be seen as largely redundant. Modifying the
second set of equations to take into account the already computed part is possible, and is
hoped to lead to significant computational cost savings. In this framework we state that
u = u1 + u2 where u is the real total velocity and u1, u2 the velocities computed by the
model 1 and 2, respectively (similar decomposition can be applied to other variables, e.g.
pressure).

A further distinction can be made between one- and two-way coupling methods (also
referred to as weak and strong couplings). Within a one-way framework, the first model
is used to solve a given wave field. The second model imports the (boundary or volume)
values to solve in a more contained zone the more complex set of equations. No feed-
back from the second model to the first one happens, which implies that the first one is
independent and can be employed a priori. In a two-way coupling method, both models
receive information from the other (at their common boundaries on a domain decom-
position approach), each one having an effect on the other. Thus, they have to evolve
simultaneously and “wait” for the other.

In this study, both domain and velocity decomposition approaches will be tackled.
However, as a first step, the focus is made on the one-way coupling approach only.
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1.2.4 Free surface treatment in a field method approach
The treatment of the free surface conditions and body boundary condition can be done in
several ways. A classical and straightforward approach is to use a grid that conforms to
the boundary shape. With this method, the boundary nodes values are explicitly enforced
in the linear system. The drawback of this method is that the grid needs to be deformed
at each time step so as to match the free surface or body position. A lot of solutions
have been successfully applied to tackle this issue. For instance, Ma and Yan (2006) used
a Quasi Arbitrary Lagrangian-Eulerian (ALE) method combined with the FEM spatial
discretization to prevent the mesh to have to be regenerated at each time step. Yan and
Ma (2007) extended the mesh conformation technique to include a freely floating body.
With this same FEM discretization, Wu et al. (2013) used, in addition, a hybrid Cartesian
Immersed Boundary Method (IBM) for the body boundary condition.

Using an IBM for the free surface, i.e. describing the interface with a discretized
surface evolving independently from the background mesh, is also a possibility. This
method was for example applied in the context of a HPC method by Hanssen et al.
(2017a).

Another type of approach consists in the introduction of a global function that indi-
cates in which fluid a given location lays on. Level Set methods, introduced by Osher and
Sethian (1988) and extended in the context of two phase flows by Sussman et al. (1994),
belong to this category: the indicator function is the signed distance from the interface.
The Volume of Fluid (VoF) method (Hirt and Nichols, 1981) is another example. This
time, the function takes the form of a discretized field indicating the fraction of one of the
fluid in a given cell. Both methods have been extensively used in the context of wave-body
interaction.

In the current study, a description of the implementation of an IBM for the free
surface will be given in the context of the HPC method, and afterwards, in the context
of OpenFOAM®, the VoF method will be presented and employed.
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1.3 Introduction of relevant dimensionless parame-
ters

SWL

D

dch

λ = 2π
kw

H

P

2Aw(−dc)
g = 9.806m s−2

x

z

Figure 1.7: Definition sketch of a body submitted to regular water waves. SWL: Still
Water Level. Body boundary in red. P represents a fluid particle.

Some of the notations used throughout this work are introduced in fig. 1.7. From these
physical parameters, others can be defined and are dependent of the latter. For example
the wave number kw = 2π/λ, but also the wave period, denoted T . It is, for example,
assuming linear potential waves, given by:

T = 2π√
gkw tanh(kwh)

(1.1)

where g is the gravitational acceleration (g = 9.806 m s−2).
In order to have a relative overview of the present physical effects, some dimensionless

parameters can be defined and will be used extensively in the manuscript. A brief overview
is given here, as well as their main influence on the flow physics.

Relative depth parameters: h

λ
, h

gT 2 , kwh

These parameters compare the local water depth with the local wavelength and determine
whether the wave ”feels” or not the proximity of the seabed. In case h/λ is low (h/λ <
1/20 or kwh < π/10), the “shallow water” or “long wave” approximation of the dispersion
relation can be used (so-called non-dispersive waves). When h/λ is large (h/λ > 1/2 or
kwh > π), the “deep water” or “short wave” approximation can be used. See fig. 1.5.

Wave steepness parameters: H

λ
, H

gT 2 or kwH

2
These parameters compare the wave height with the wavelength and are used to quantify
the nonlinearity of a given wave. For example, at significant wave steepness (H/λ >
3 − 4%, at large water depth) linear models are expected to yield some errors in the wave
description and a nonlinear model is needed (see fig. 1.5). In the “deep water” limit, wave
breaking occurs at H/λ ≈ 14%.
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Relative body dimension to the wavelength π
D

λ
In fig. 1.6 are shown the different expected dominant effects of the fluid-structure inter-
action for different regimes. When πD

λ
< 0.4 the interaction is mostly driven by inertial

and/or drags effects. These effects can be modeled by the Morison eq. (3.3), on which
further discussions are conducted in section 3.3.3.2. This equation considers that the
diffraction effects are of secondary importance, making it unfit to model the wave-body
interaction when the body is of greater relative dimension (πD

λ
> 0.4).

Wave height relative to the body dimension H/D
This parameter draws one of the limit of the potential assumptions: at high values of H/D
(see regimes VI,V, and III on fig. 1.6) viscous drag effects are of prime importance, and
diffraction+inertial effect, captured by a potential model, are not sufficient to describe
the entire flow physics.

Reynolds number Re = UmD

ν
The classically used Reynolds number is extended to oscillatory flows of velocity amplitude
Um in the direction of the wave (Um can also denote the maximum horizontal velocity
of the flow). This number represents the relative contribution of the inertial effects to
viscous effects. At high Reynolds number, inertial effects are dominant over viscous effects
and the flow is expected to transition to turbulent. For example, this transition occurs at
Re ≥ 103 − 104 for a uniform flow around a sphere.

Keulegan-Carpenter number KC = UmT

D
It is used to compare the horizontal motion amplitude Aw of a fluid particle at the body
elevation (z = −dc) to the body characteristic dimension D in the horizontal direction.
Using the linear wave theory the horizontal amplitude motion is:

Aw = H

2
cosh(kw(h− dc))

sinh(kwh)
(1.2)

which reduces in deep water, to:

Aw = H

2
exp (−kwdc) (1.3)

the KC number can be then expressed as:

KC = π
H

D
exp(−kwdc) (1.4)

At KC ≥ π, the particle motion amplitude is larger than the body horizontal breath.
At this stage, strong circulation is expected (Arai, 1995) and potential models are expected
to be outside of their range of validity. For further discussions about the influence of this
parameter, the reader is referred to Fredsoe and Sumer (1997), Molin (2002), and Guerber
(2011).
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Frequency parameter β = Re

KC
= D2

νT
This dimensionless number combines the Reynolds and Keulegan-Carpenter numbers, and
is a measure of the normalized wave frequency (or period).
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1.4 Objectives and outlines of this thesis
During this study, only cases in two spatial dimensions are considered, and structures
will remain fixed. The overall objective is to evaluate different approaches, in particular
the accuracy of their prediction of wave loads exerted on a body, and their associated
computational costs.

First of all, this work aims to develop and validate a new implementation of the HPC
method to solve the Boundary Value Problem (BVP) on the potential. The necessary fea-
tures to obtain an accurate and versatile NWT, such as to allow for a body inclusion, are
also developed. Afterwards, the main objective is to develop a one-way modular velocity
decomposition coupling scheme within the OpenFOAM® framework. Natural steps to-
wards this objective include the validation of OpenFOAM® to capture the turbulent and
viscous effects and the development of a domain decomposition approach. The coupling
solvers developed are modular in the sense that any other OpenFOAM® formatted case,
can serve as the outer model. The structure of this work reflects those overall goals and
steps.

Firstly, a fully nonlinear potential model is developed in FORTRAN. Chapter 2
presents the mathematical formalism and the various numerical methods implementa-
tions, both developed during this work and inspired from existing literature. It builds on
the method introduced by Shao and Faltinsen (2012a), presented as an efficient solution
of solve the BVP. Afterwards, in chapter 3, the implemented NWT is assessed. As a first
step (section 3.2), a complete convergence study in both space and time is conducted on
a highly nonlinear standing wave. Then, in section 3.3, an extensive validation is con-
ducted against several experimental and numerical results. Note that the deforming mesh
approach, used to fit the free surface, is evaluated in section 3.4, where reasons that led
us to drop this option are detailed.

However, some limits of this NWT are encountered, the main one being related to
its intrinsic potential assumptions. On many engineering cases of practical interest, ne-
glecting the viscosity and turbulence effects leads to ignoring significant aspects of the
wave-body interaction. Thus, in chapter 4, an open source toolkit, OpenFOAM®, and
particularly the RANS multiphase FVM VoF solver is presented, applied, and validated
against experiments. Many variations of parameters are assessed and a conclusion is
drawn about the capabilities of the solver “waveFoam” (part of the wave dedicated tool-
box developed by Jacobsen et al., 2011) to be used as an accurate and reliable NWT.

The last two chapters follow a common objective: use the best of both worlds: i.e.
capturing, thanks to the capabilities of OpenFOAM®, the complex effects of the body
vicinity flow, while employing the developed HPC method to capture the potential part of
the incident and diffracted wave field. These decomposition approaches are both one-way
coupling methods. Chapter 5 focuses on developing a modular domain decomposition
and all the associated tools. Then, the study conducted in chapter 6 concerns a velocity
decomposition method further taking advantage of the fact that the main part of the NS
equations has already been solved, and that we thus have direct access to a solution of
the Euler equations. Both methods are validated against other models presented in this
manuscript, as well as against experimental results.
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1.5 Publications and release of the programs
This work, and more particularly the first part about the HPC methods, has been pre-
sented in a conference, with the following proceedings article:

• Fabien Robaux and Michel Benoit (2018). “Modeling Nonlinear Wave-Body Inter-
action with the Harmonic Polynomial Cell Method Combined with the Immersed
Boundary Method on a Fixed Grid”. In: Proc. 32th International Workshop on
Water Waves and Floating Bodies, Guidel-Plages, France, April 4 to 7.

A journal article was also submitted:
• Fabien Robaux and Michel Benoit (2020). “Development and Validation of a Nu-

merical Wave Tank Based on the Harmonic Polynomial Cell and Immersed Bound-
ary Methods to Model Nonlinear Wave-Structure Interaction”. In: arXiv:2009.08937
[physics]. arXiv: 2009.08937 [physics]. url: http://arxiv.org/ab
s/2009.08937 (visited on 09/21/2020). A large part is common, between this
article and chapters 2 and 3. However, additional methods (section 2.5) and several
validation results are further detailed here.

All the developed codes aim to be released in open source under different licenses.
While they are not published at the time these lines were written, the plan is to make
them available in the course of 2021. They will probably be hosted in a corresponding
github repository at https://github.com/fabienRobaux/. This includes

• The HPC program. However, for licensing reasons, the stream-function model for
the enforcement of the wave field at inlet will not be present. The plan is to include
a Stokes order 5 model instead.

• The conversion routines HPC→OpenFOAM® format.
• The variations of the turbulence model presented in section 4.2.4, as well as the

Larsen and Fuhrman (2018) version slightly modified, only to allow the outputs of
many different fields, investigated here in section 4.5.

• the domain decomposition solver requiring the OpenFOAM® libraries.
• the velocity decomposition solver requiring the OpenFOAM® libraries.

In order to make this work as reproductible as possible, we will try to include the mesh
generation routines and methods as well as tutorial cases when adequate.
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Chapter 2. Solution of the Laplace problem with the HPC method

2.1 Introduction
In order to model ocean waves and their interaction with offshore structures, up to high
degree of nonlinearity, the potential approach is often selected. A suitable numerical
method to resolve such model was introduced by Shao and Faltinsen (2012b) and denoted
Harmonic Polynomial Cell (HPC) method. Based on overlapping cells, the velocity po-
tential is approximated as a weighted sum of harmonic polynomials inside a given cell.
In this framework, the governing Laplace equation is automatically verified in each cell
independently, thus, the linear system resolution is there to ensure that cells that overlap
yield consistent values in their shared area and that all boundary conditions are properly
satisfied. In this document, a HPC cell will be denoted a macro-cell.

The first part of this Ph.D (chapters 2 and 3) focuses on a NWT, developed within the
HPC framework and implemented from scratch. In this chapter 2, we first describe the
mathematical formalism and numerical methods associated with this NWT. Afterwards,
in chapter 3, its convergence will be assessed, and validations against both numerical and
experimental data will be conducted.

Relaxations zones are used to generate and absorb the waves in a similar manner as in
the OpenFOAM® toolbox waves2foam (Jacobsen et al., 2011): in the generation zone, the
values and positions of the free surface nodes are imposed from a stream-function theory
over a given distance. The free surface is tracked in a semi-Lagrangian way following
Hanssen et al. (2017a) whereas for the solid bodies, an additional grid fitted to the body
boundaries is defined, following the recommendations given by Ma et al. (2017).

In order for the NWT to accept free surface piercing bodies several numerical develop-
ments are implemented, for example the addition of a new free surface marker list defined
in the body fitted grid, denoted the “body fitted” free surface. “Background” and “body
fitted” free surfaces thus overlap each other and communicate through relaxation zones.
In order to tackle the singular nodes, a velocity flux method (studied in further details by
Zhu et al., 2017), is imposed at the sharp corners where a Neumann boundary condition
is applied.

The presentation of the different methods and their developments implemented here,
within the HPC framework, are organized in this chapter as follows. First, section 2.2
presents the associated mathematical formulation of the different governing equations.
Then, the numerical methods are presented in section 2.3, with particular attention de-
voted to the treatment of the free surface dynamics (section 2.3.4). Afterwards, a fitted
mesh overlapping grid method is described and implemented in section 2.4, along with
the treatment of the free surface(s) employed when the body pierces the free surface.
Finally, the approach selected to enforce a Neumann condition on a sharp body corner is
presented in section 2.5.

In the following chapter 3, the main results obtained during this work will be presented,
and discussions will be conducted on some of the emphasized advantages and limitations
of this NWT.
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2.2. Fully nonlinear potential flow modeling approach

2.2 Fully nonlinear potential flow modeling approach
Three main assumptions are used in the potential model: i. we consider a fluid of con-
stant and homogeneous density ρ (incompressible flow); ii. the flow is assumed to be
irrotational, implying that ∇ × v = 0, where v(x, y, z, t) denotes the velocity field; and
iii. viscous effects are neglected (ideal fluid). Here, (x, y) denote horizontal coordinates, z
the vertical coordinate on a vertical axis pointing upwards, and t the time. The gradient
operator is defined as ∇f ≡ (fx, fy, fz)T , where subscripts denote partial derivatives (e.g.
fx = ∂f

∂x
).

The complete description of the velocity field v can thus be reduced to the knowledge
of the potential scalar field ϕ(x, y, z, t), such that: v = ∇ϕ. Due to the incompressibility
of the flow, the potential ϕ satisfies the Laplace equation inside the fluid domain:

∇2ϕ = 0, −h(x, y) ≤ z ≤ η(x, y, t) (2.1)

where η(x, y, t) is the free surface elevation and h(x, y) the water depth relative to the
still water level (SWL). In order to solve this equation, boundary conditions need to be
considered. On the time varying free surface z = η(x, y, t), the Kinematic Free Sur-
face Boundary Condition (KFSBC) and the Dynamic Free Surface Boundary Condition
(DFSBC) apply:

ηt + ∇Hη · ∇Hϕ− ϕz = 0 on z = η(x, y, t), (2.2)

ϕt + 1
2

(∇ϕ)2 + gη = 0 on z = η(x, y, t), (2.3)

where ∇Hf ≡ (fx, fy)T denotes the horizontal gradient operator and g the acceleration
due to gravity. At the bottom (impermeable and fixed in time), the Bottom Boundary
Condition (BBC) reads:

∇Hh · ∇Hϕ+ ϕz = 0 on z = −h(x, y). (2.4)

On the body surface, the slip boundary condition expresses that the velocity component
of the flow normal to the body face equals the normal component of the body velocity.
Here, we restrict our attention to fixed bodies, thus, denoting n the unit vector normal
to the body boundary, this condition reduces to:

∂ϕ

∂n = ∇ϕ · n = 0 on the body. (2.5)

Note that, using the free surface velocity potential and the vertical component of the
velocity at the free surface, defined respectively as:

ϕ̃(x, y, t) = ϕ(x, y, η(x, y, t), t) (2.6)

w̃(x, y, t) = ∂ϕ

∂z
(x, y, η(x, y, t), t) (2.7)

the KFSBC and the DFSBC can be reformulated following Zakharov (1968) as:

ηt = −∇Hη · ∇H ϕ̃+ w̃(1 + (∇Hη)2) (2.8)

ϕ̃t = −gη − 1
2

(∇H ϕ̃)2 + 1
2
w̃2(1 + (∇Hη)2) (2.9)
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Chapter 2. Solution of the Laplace problem with the HPC method

It can be noted that the Laplace eq. (2.1), the BBC eq. (2.4) and the body BC eq. (2.5) are
all linear equations. Thus, the nonlinearity of the problem originates uniquely from the
free surface boundary conditions eqs. (2.2) and (2.3) or (eqs. (2.8) and (2.9)). A classical
approach at that point, is to assume that the surface waves are of small amplitudes relative
to the wavelength , so that these boundary conditions can be linearized and applied at
the SWL (i.e. at z = 0). Here, we intend to retain full nonlinearity of wave motion by
considering the complete conditions (eqs. (2.8) and (2.9)). These two equations are used
to compute the time evolution of the free surface elevation η and the free surface potential
ϕ̃. This requires obtaining w̃ from (η, ϕ̃), a problem usually referred to as Dirichlet-to-
Neumann (DtN) problem.

For given values of (η, ϕ̃), the DtN problem is here solved by solving a BVP problem
in the fluid domain on the wave potential ϕ(x, y, z, t), composed of the Laplace eq. (2.1),
the BBC (eq. (2.4)), the body BC (eq. (2.5)), the imposed value ϕ(z = η) = ϕ̃ (Dirichlet
condition) on the free surface z = η, supplemented with boundary conditions on lateral
boundaries of the domain (of e.g. Dirichlet, Neumann, etc type). The numerical methods
to solve the BVP are presented in the next section.
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2.3 The Harmonic Polynomial Cell method (HPC)
with immersed free surface

2.3.1 General principle of the HPC method

In order to solve the above mentioned BVP at a given time, the HPC method introduced
by Shao and Faltinsen (2012b) is used. It is briefly described here, and more details can
be found in Shao and Faltinsen (2014a), Hanssen et al. (2015, 2017a), Hanssen (2019)
and Ma et al. (2017). In this work, the HPC approach is implemented and tested in 2
spatial dimensions, i.e. in the vertical plane (x, z), for a wide range of parameters.

The fluid domain is discretized with overlapping macro-cells which are composed of
9 nodes in 2 dimensions. Those macro-cells are obtained by assembling four adjacent
quadrilateral cells on an underlying quadrangular mesh. The four cells of a macro-cell
share a same vertex node, called the ”central node” or ”center” of the macro-cell. A
typical macro-cell is schematically shown in fig. 2.1, with the corresponding local index
numbers of the 9 nodes. With this convention, any node with global index n has the local
index ”9” in the considered macro-cell and is considered as an interior fluid point, whereas
for example node with local index ”4” can either be a fluid point or a point lying an a
boundary. In the case node “4” is also an interior fluid point, it defines a new macro-cell
overlapping the original one: nodes denoted 6,7,8,9,2 and 1 in fig. 2.1 also belong to this
macro-cell centered by “4”.

1 2

3

4

9

5

6 7
8

Figure 2.1: Definition sketch of 9-node macro-cell used for the HPC method, with local
numbering of the nodes

In each macro-cell, the velocity potential is approximated as a weighted sum of the
8 first harmonic polynomials (HP), the latter being fundamental polynomial solutions of
the Laplace eq. (2.1). A discussion about which of the HP are to be chosen is given in Ma
et al. (2017). Here, we follow Shao and Faltinsen (2012b), and select all polynomials of
order 0 to 3 plus one fourth-order polynomial, namely: f1(x) = 1, f2(x) = x, f3(x) = z,
f4(x) = x2 − z2, f5(x) = xz, f6(x) = x3 − 3xz2, f7(x) = −z3 + 3x2z and f8(x) =
x4 − 6x2z2 + z4. Here, x = (x, z) represents the spatial coordinates. Thereafter, we define
x̄ = x−x9 the same spatial coordinate in the local reference frame of the macro-cell, with
x9 being the center node of the macro cell. From a given macro-cell, the potential can be
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Chapter 2. Solution of the Laplace problem with the HPC method

approximated at a location x as:

ϕ(x) =
8∑

j=1
bjfj(x̄) (2.10)

As every HP is a solution of the Laplace eq. (2.1) which is linear, any linear combination
of them is also solution of this equation. Thus, the goal now becomes to match the local
expressions (LE) given by eq. (2.10): if this equation is verified at each node (j = 1, .., 8)
of each macro-cell, a solution of the BVP is available everywhere.Note that this study
deals with 2D problems, but the method can be extended to 3D cases as shown by Shao
and Faltinsen (2014b) considering cubic-like macro-cells with 27 nodes.

The first objective is to determine the vector of coefficients bj, j = 1, ..., 8 for the
selected macro-cell. Recalling that eq. (2.10) should be verified at the location of each
point of the macro-cell (with local index running from 1 to 9), this equation applied at
the 8 neighboring nodes (1 − 8) of the center yields:

ϕi = ϕ(xi) =
8∑

j=1
bjfj(x̄i) for i = 1, ..., 8 (2.11)

which represents, in vector notation, a relation between the vector of size 8 of the values
of the potential ϕi at the outer nodes with the vector of size 8 of the bj coefficients. The
8x8 local matrix linking these two vectors is denoted C, and defined by Cij = fj(xi). Note
that C is defined geometrically, thus it only depends on the position of the outer nodes i
relatively to the position of the central node. C can be inverted and its inverse is denoted
C−1. The bj coefficients are then obtained for the given macro-cell as a function of the
potentials at the 8 neighboring nodes of the central node of that macro-cell:

bj =
8∑

i=1
C−1

ji ϕi for j = 1, ..., 8. (2.12)

Injecting this result into the interpolation eq. (2.10), a relation is found providing an
approximation for the potential at any point located inside the macro-cell using the values
of the potential of the eight surrounding nodes of the central node:

ϕ(x) =
8∑

i=1

 8∑
j=1

C−1
ji fj(x̄)

ϕi (2.13)

This equation will be referred to as local expression (LE) of the potential. It will be used
to derive the boundary conditions equations and the fluid node equations that need to be
solved in the BVP. Also note that this LE provides a really good interpolation function
that can be used for every additional computation once the nodal values of the potential
are known (i.e. potential derivatives at the free surface or close to the body to compute
the pressure field).

Note that the accuracy of LE depends only on the geometry: coordinates at which
this equation is applied, shape of the macro-cell, etc. Those dependencies are investigated
in details by Ma et al. (2017).
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2.3.2 Treatment of nodes inside the fluid domain
We first consider the general case of macro-cells whose central node is an interior node of
the fluid domain. Applying the LE (eq. (2.13)) at the central node yields a linear relation
between the values of the potential at the nine nodes of this macro-cell:

ϕ9 = ϕ(x9) =
8∑

i=1

 8∑
j=1

C−1
ji fj(x̄9)

ϕi (2.14)

We may further simplify this equation by noting that, as x̄9 = (0, 0) in local coordinates,
all fj(x̄9) vanish, except f1(x̄9) which is constant and equal to 1. Equation (2.14) then
simplifies to:

ϕ9 =
8∑

i=1
C−1

1i ϕi (2.15)

meaning that only the first row of the matrix C−1 is needed here.
In order to solve the global potential problem, i.e. to find the value of the nodal

values of the potential at all grid points (whose total number is denoted N), a global
linear system of equations is formed, with general form A.ϕ = B, or:

N∑
l=1

Aklϕl = Bk for k = 1, ..., N. (2.16)

where k and l are global indexes of the nodes. For each interior node in the fluid domain,
with global index k and associated macro-cell, an equation of the form of eq. (2.15) allows
to fill a row of the global matrix A. This row k of the matrix involves only the considered
node and its 8 neighboring nodes, making the matrix A very sparse (at most 9 non-zero
elements out of N terms). Moreover, the corresponding right-hand-side (RHS) term Bk

is null. Note that all the 8 neighboring nodes of the macro-cell associated with center k
should also have a dedicated equation in the global matrix in order to close the system.

2.3.3 Nodes where a Dirichlet or Neumann boundary condition
is imposed

If a Dirichlet boundary condition with value ϕD of the potential has to be imposed at the
node of global index k, the corresponding equation is simply ϕk = ϕD, so that only the
diagonal element of the global matrix is non-null and equal to 1 for the corresponding
row k: Akl = δkl ∀l ∈ [1, N ]. The corresponding term on the RHS is set to Bk = ϕD.

If a Neumann condition has to imposed at a given node of global index k, the relation
set in the global matrix is found throughthe spatial derivation along the imposed normal
n of the LE (eq. (2.13)) of any macro-cell on which k appears. In practice, the macro-cell
whose center is the closest from the node k is chosen, and we then use:

∇ϕ(xk) · n =
8∑

i=1

 8∑
j=1

C−1
ji ∇fj(x̄k) · n

ϕi (2.17)

Thus, a relation is set in the row k of the global matrix to enforce the value of
Bk = ∇ϕ(xk) · n at position xk. In that case, a maximum of 8 non-zero values appear in
this row on the global matrix as the potential of the central node of the macro-cell does
not intervene here.
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2.3.4 Treatment of the free surface
As already mentioned, in order to solve the BVP at a given time-step, the system of
equations needs to be closed, meaning that each neighbor of a node in the fluid domain
should have a dedicated equation. We consider now the case of nodes lying on or in the
vicinity of the (time varying) free surface. The free surface potential should be involved
here, either directly at a node fitted to the free surface through a Dirichlet condition
described in the previous sub-section, or through alternative techniques.

For instance, an Immersed Boundary Method (IBM) was first suggested in the HPC
framework by Hanssen et al. (2015) to tackle body boundary conditions. More re-
cently, Ma et al. (2017) compared a modified version of the IBM with two different
multi-grid (MG) approaches (fitted or combined with an IBM) for both body and free
surface boundary conditions. Hanssen et al. (2017a) and Hanssen et al. (2017a) also made
in-depth comparisons of the MG and IB approaches, focusing on the free surface track-
ing. Both methods showed promising results. Zhu et al. (2017) introduced a similar yet
slightly different IB approach with one or two ghost node layers, then realized a compari-
son between this IB approach and the original fitted mesh approach. In the present work,
the IBM was chosen for the treatment of the free surface, though the fitting mesh method
is shortly described thereafter.

2.3.4.1 Fitted mesh approach for the free surface

The first possibility is to fit the mesh to the actual free surface position at any time when
the BVP has to solved. The mesh is deformed so that the upper node at any abscissa
always lies on the free surface. That way, the computational domain is completely closed
and the free surface potential is simply enforced as a Dirichlet boundary condition at the
correct position z = η as explained in section 2.3.3. With this approach, the algorithm,
given the boundary values at the considered time, can be summarized as:

• Deform the mesh to fit the current free surface elevation,
• Build and then invert the local geometric matrices C,
• Fill the global matrix A and RHS B, using the corresponding Dirichlet conditions

at nodes lying on the free surface,
• Invert the global problem to obtain the potential everywhere

Recently, Ma et al. (2017) pointed out that the HPC method efficiency (in terms of ac-
curacy and convergence rate) is greatly improved when a fixed mesh of perfectly-squared
cells is used. In this work, the negative effects of a deforming mesh outlined in the previ-
ous subsection were also encountered. Especially, for some particular cell shapes, a high
increase of the local condition number was observed, leading to difficulty of matrix inver-
sion and important errors on the approximated potential. As a consequence, results were
highly dependent on the mesh deformation method employed, especially in the vicinity
of a fixed fully-immersed body.

2.3.4.2 Immersed free surface approach

In order to work with regular fixed grids, an IBM technique was developed and imple-
mented to describe the free surface dynamics. Hanssen et al. (2015) introduced a first
version of this method applied on the boundaries of a moving body. This method was
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recently extended to the free surface and compared to a fitted MG method by Ma et al.
(2017) and Hanssen et al. (2017a). In the current work, a semi-Lagrangian IB method
introduced by Hanssen et al. (2017a) is chosen.

In this method, the free surface is discretized with markers, evenly spaced and posi-
tioned at each vertical intersection with the background fixed grid, as shown in fig. 2.2).
Those markers are semi-Lagrangian in such a way that they are only allowed to move
vertically, following eqs. (2.8) and (2.9).

Ghost nodes

Centers of macro-cell used for ghost nodes

Markers on the free surface

Inactive nodes

Figure 2.2: Schematic representation of the immersed free surface in a fixed grid

At a given time, every node located below the free surface (i.e. below a marker) is
considered as a node in the fluid domain (”fluid” node), and defines a macro-cell with its
8 neighbors. The global matrix is classically filled with the local expression (eq. (2.13)) at
those nodes. As a consequence, in order to close the system, each neighbor of a node just
above the free surface must also have a dedicated equation in the global matrix. These
neighbors, represented with grey circles on fig. 2.2, are denoted as ”ghost” nodes. The
chosen equation to close the system at a node of this type is the local expression (eq. (2.13))
applied at the marker position in a given macro-cell:

ϕm =
8∑

i=1

 8∑
j=1

C−1
ji fj(x̄m)

ϕi (2.18)

where x̄m = (xm, η(xm)) − xc is the position of the marker in the macro-cell’s reference
frame (xc is the global position of the center node of the chosen macro-cell) and ϕm its
potential (known at this stage). This ensures that the potential at the free surface point
is equal to the potential at the position of the marker from the interpolation equation. In
other words, if one wants to interpolate the computed field ϕ at the particular location of
the marker xm, the results should be consistent and yield the potential ϕm.

Note that this eq. (2.18) is cell dependent (through C−1
ji , the involved ϕi and the

position of the center node xc), but also depends on the chosen marker (throughxm and
ϕm). The only mathematical restriction on the choice the macro-cell to consider is that
the ghost point potential should intervene as one of the ϕi in order to impose the needed
constraint at this point.

An important note is that the latter eq. (2.18) is not dependent on the ghost point in
any fashion. This implies that if the same couple (marker, macro-cell) is chosen to close
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the system at two different ghost points, the global matrix will have two strictly identical
rows. Its inversion would thus not be possible. Particularly, two vertically aligned ghost
points cannot use the same macro-cell equation at the same marker position. Here stands
the differences between the IB method of Hanssen et al. (2017b), Ma et al. (2017) and
the one chosen by Zhu et al. (2017). Zhu et al. (2017) decided to only impose the marker
potential once in the first layer (or two first layers) and to constraint the upper potentials
to an arbitrary value (in practice if the point is not used directly, the potential is set to
the first point below which potential is used). The method used during this work is closer
to the one by Hanssen et al. (2017b) and Ma et al. (2017): if a node needs a constraint but
does not have a marker directly underneath (case of two ghost points vertically aligned),
the ghost point on the top should invoke the local expression of the macro-cell centered on
the closest fluid point instead of the cell centered on the vertically aligned fluid point (case
indicated by an arrow in fig. 2.2). With that method, in such a situation, the potential of
the selected marker – i.e. vertically aligned with the two ghost points – is imposed twice
in two different adjacent macro-cells. A comparison between those two methods had not
been conducted and would be of great interest.

Regardless of the kind of IB method used, the main goal is achieved: it is not needed
to deform the mesh in time. As a consequence, the computation and inversion of the local
(geometric) matrices is only done once, at the beginning of the computation. However, a
step of identification of the type of each node, which was proven to be time consuming,
is needed instead. Note that this identification algorithm could be greatly improved and
is relatively slow in its current implementation. The general algorithm at one time step
becomes:

• Identify nodes inside the fluid domain,
• Identify ghost nodes needed to close the system, associated markers and macro-cells,
• Fill global matrix A and RHS (B),
• Invert global problem to obtain the potential everywhere,

2.3.5 Linear solver and advance in time
To solve the global linear sparse system of equations, an iterative GMRES solver, based
on Arnoldi inversion, was used for all computations. The base solver was developed
by Saad (2003) for sparse matrix (SPARSEKIT library), and includes an incomplete LU
factorization preconditionner. During this work, a modified version was implemented with
the improvement proposed by Baker et al. (2009). Except for stalling during the study
of a standing wave at very long time, this solver was proven to be robust. Improvements
of the construction step of the global matrix could further be made in order to increase
the efficiency of its inversion. Also, the initial guess in the GMRES solver could also be
improved taking advantages of the already computed potential values. The number of
inner iterations of the GMRES algorithm was chosen as m ∈ [30, 60] and the iterative
solution is considered converged when the residual is lower that 5.10−9.

Marching in time thanks to eqs. (2.8) and (2.9) yields the free surface elevation and
the free surface potential at the next time step. Note that the steps of computing the
RHS terms of these equations are straightforward for most terms directly from the local
expression (eq. (2.13)) of the closest macro-cell. In addition, the spatial derivative of η
is computed with a finite difference method. A centered scheme of order 4 is chosen for
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this work with the objective to maintain the theoretical order 4 of spatial convergence
provided by the HPC method.

In order to integrate eqs. (2.8) and (2.9), the classical four-step explicit Runge-Kutta
method of order 4 (RK4) was selected as time-marching algorithm. During a given simu-
lation, the time step (δt) was chosen to remain constant. Its value is made nondimensional
by considering the Courant-Friedrichs-Lewy (CFL) number Co based on the phase velocity
C = λ/T , where λ is the wavelength and T the wave period:

Co = Cδt

δx
= λ/δx

T/δt
(2.19)

The CFL number thus corresponds to the ratio of the number of spatial grid-steps per
wavelength (Nx = λ/δx) divided by the number of time-steps per wave period (Nt =
T/δt), i.e. Co = Nx/Nt.

2.3.6 Computation of the time derivative of the potential
The pressure inside the fluid domain is obtained from the Bernoulli equation:

p(x, z, t) = −ρ
(
∂ϕ

∂t
+ 1

2
(∇ϕ)2 + gz

)
(2.20)

Any potential based NWT needs to solve this equation as the loads applied on the tested
bodies are most of the time of prime importance. In a first attempt, the time derivative
of the potential was estimated using a backward finite difference scheme. However, this
method is not well suited when important variations of the potential are at play. Moreover,
in the case of the IB method, it is not possible to obtain the value of the pressure at a
point that was previously above the free surface, and thus for which a time derivative of
the potential cannot be computed by the finite difference scheme.

A fairly accurate method is to introduce the (Eulerian) time derivative of the potential
as a new variable ϕt = ∂ϕ

∂t
and to solve a similar BVP as described previously on this

newly defined variable, noting that ϕt has to satisfy the same Laplace equation as ϕ in the
fluid domain. This method, first used by Cointe and Geyer (1991) and Tanizawa (1996),
has been used by e.g. Guerber (2011) in the BEM framework or by Ma et al. (2017) in
the HPC method.

Note that the local macro-cell matrices and coefficients, which are only geometrically
dependent, do not change. In the different expressions presented above that are used to fill
the global matrix, the coefficients linking the different potentials are not time dependent.
Thus, the matrix to invert is exactly the same for the ϕt field and the ϕ field. However,
the constant boundary conditions (and thus the RHS) may change. This is the case only
when the RHS is different from zero, as for example, for free surface related closure points.

Remember that the equations at a (non-moving) Neumann condition and at a point
inside the fluid domain yield a zero value in the RHS, and thus the equations at those
points are exactly the same for the potential variable and for its derivative. At a (non-
moving) Dirichlet boundary condition, one would simply impose ϕt = 0 instead of ϕ = ϕD.
At the IB ghost points, the ϕt is imposed to match the derivative of the potential with
respect to time, known at the marker positions from eqs. (2.8) and (2.9).
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Even though the global matrices are exactly the same, the RHS being different and
the chosen resolution method being iterative (GMRES solver), the easiest way is just to
solve twice the almost same problem. A more clever way could maybe be investigated by
taking advantage of the previous inversion, but this is left for future work.
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2.4 Introduction of a fixed body in the NWT

2.4.1 A double mesh strategy to adapt the resolution in the
vicinity of a body

The HPC method applied to nonlinear waves, and particularly the immersed free-surface
strategy will be validated and a convergence study will be conducted in the next chapter
section 3.2. Here, we present the next objective which is to include a body in the fluid
domain, either fully submerged or floating. Obviously, a desirable solution would retain
cells of square shape and constant geometry as much as possible, even in the case of a
moving body (not treated here however).

Once again, different strategies are possible. Hanssen et al. (2015) first introduced an
IB method for bodies in waves in the HPC framework. Ma et al. (2017) compared this
method with an immersed overlapping grid fitted to the boundaries (corresponding to
the body in our case). This newly introduced grid will often be referred to as the ”fitted
mesh” for simplicity. In the current study, the latter strategy is chosen. Two main reasons
led to this choice: first, an oscillatory behavior was exhibited by Ma et al. (2017, Figs.
24, 25) when studying the spatial convergence with an IBM. This oscillatory behavior is
also present when the body is moving, with a large magnitude. This is mainly due to an
incremental change in the chosen ghost nodes which can turn to be favorable at some time
steps (i.e. for certain grid configurations) and unfavorable at some other ones. Moreover,
this oscillatory behavior does not come with a reduction of the error, both for the fixed
and oscillating body.

The second reason is that adding a new fitted mesh allows to decouple the discretiza-
tion of the wave propagation part (usually defined with respect to the wavelength, e.g.
approximately Nx ∈ [40−90] as shown in the previous section) from the discretization ap-
propriate for the resolution of the potential close to the body (usually defined with respect
to the body characteristic dimension, denoted D). Thus, by using two different grids, a
suitable discretization for both the wavelength and the computation of the loads would be
possible. For instance, including a small body relative to the incoming wavelength would
be challenging with the IBM: too many nodes would be required so as to correctly solve
the BVP in the vicinity of the body whereas less nodes would be needed further away.
From a quantitative point of view, the case inspired from Chaplin (1984) and treated
in section 3.3.1 hereafter involves an important ratio λ/D ≈ 15. Thus, if the far-field
discretization is set as Nx = 90 to correctly capture the propagation of the waves, then
D is discretized with only 6 nodes. That high ratio λ/D, often encountered in practical
engineering applications, is more easily taken into account with a second grid fitting the
body than with a choice of higher order cell or with a local refinement of the grid. Note
that the solution combining both a secondary grid and a solid immersed boundary has
been tested by Hanssen (2019) with promising results. On this subject Ma et al. (2017,
§ 4.2.2) applied this combination to model the free surface and obtained an important
reduction of the resulting error.
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2.4.2 The two-way communication inside the fluid domain
Thus, a boundary fitted grid (BFG) is added locally around the body, overlapping the
background grid (BGG). These grids and the points associated to the method are rep-
resented on fig. 2.3. The Laplace problem is solved on both these grids simultaneously,
i.e. both domains are solved in the same global matrix problem. The global matrix size
is increased by the number of nodes of the BFG and decreased by the number of nodes
inactivated in the BGG. One can note that the global matrix is thus almost defined by
block, each corresponding to a grid.

Interpolation nodes

Interpolation nodes

Inactive nodes

Neumann BC nodes

Interpolation

Figure 2.3: Schematic representation of the immersed free surface and body below the
free surface. A circle means an ”interpolation” node (described in the text) while the
colors are used to identify particular nodes on the two grids, as indicated in the legend.

Thus, the boundary nodes of the new BFG also need a dedicated equation in order
for the system to be closed. For a node laying on the body boundary, a simple Neumann
boundary condition is set and enforced in the global matrix, as described in section 2.3.3.
For an ”interpolation node” Pf (green circle markers on fig. 2.3 located on the outer con-
tour of the BFG, the imposed equation in the global matrix is the interpolation equation
from the closest macro-cell in the BGG (eq. (2.13)). On fig. 2.3), a green double arrow
gives a representative example of the link between Pf and the center of the closest macro-
cell in the BGG. This ensures - in an implicit manner - that the potential at the location
xPf

is the same in both meshes:

ϕ
(f)
Pf

= ϕ(bg)(xPf
) (2.21)

where ϕ(f)
Pf

is the potential of the particular node Pf (directly an unknown of our system
of equations), and ϕ(bg)(xPf

) represents the value of the interpolation equation from the
background potential field at the given coordinate xPf

. Further developing eq. (2.21) and
using the closest macro-cell local expression (eq. (2.13)) yields an implicit interpolation
equation:

ϕ
(f)
Pf

=
8∑

i=1

 8∑
j=1

C−1
ji fj(x̄Pf

)

ϕPi

∣∣∣∣∣∣
(bgc)

(2.22)

where the notation |(bgc) emphasizes that the local expression is applied on the closest
background macro-cell. ϕPi

are the potential of the outer nodes of this macro-cell. Only
for those interpolation nodes, the part of the matrix corresponding to the BFG is not
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2.4. Introduction of a fixed body in the NWT

defined by block: the potential of a node Pf in the fitted grid is implicitly linked with the
potentials of the neighboring background nodes.

Points belonging to the BGG situated inside the body are inactivated (black triangles
on fig. 2.3). Thus, equations are needed for the points of the BGG surrounding those
inactive points (red circle markers on fig. 2.3). The same method is used here: the
interpolation eq. (2.13) is enforced such that the interpolation of the fitted grid potential
matches the node potential. In other words, the interpolation is effective from the BFG
to the BGG, using the LE of the closest cell of the fitted mesh. Thus, denoting this point
Pbg and its coordinates xbg:

ϕ
(bg)
Pbg

= ϕ(f)(xPbg
) (2.23)

Here again, this relation is represented for one particular node on fig. 2.3 by a double
arrow.

So, by considering the various type of nodes discussed above, the proposed method
ensures a consistent implicit two-way communication between the two meshes of interest,
as the BVP problems (on ϕ and ϕt) are solved on both grids simultaneously.

2.4.3 Free surface piercing body
At this stage, a two-way communication is ensured between the fitted grid (BFG) and the
background grid (BGG). The problem is closed in the sense that every node involved in
the global matrix has its own dedicated equation. Still, a difficulty arises when the fitted
mesh pierces the free surface. Indeed, it is not possible to interpolate outer points of the
fitted mesh where no solution is computed (above the free surface): This issue is solved
by introducing a new free surface, evolving in the BFG. This method is a variation of
the presented technique in Tong et al. (2019) applied on a piston-type wave maker. This
allows to solve and advance the free surface locally at the scale of the body. In this work,
having a dedicated discretization in the vicinity of the body was proven to be necessary,
when for example the reflection on the body resulted in waves of short wavelength and
large steepness. The free surface evolving in the background grid is truncated such that
no marker is defined inside the body (i.e. markers are only present in the fluid domain)
as can be seen in fig. 2.4.

For simplification purposes, the new free surface evolving in the BFG will be called
”fitted free surface” even though this free surface also uses the IBM described in sec-
tion 2.3.4.2. Thus, we obtain two free surfaces, with different resolutions in space, fol-
lowing their respective grid discretizations, that overlap each other in the vicinity of the
body. To ensure the communication between both free surface curves, the outer nodes
positions and values of variables ϕ and ϕt of one free surface are interpolated and en-
forced througha 1D B-spline interpolation from the other free surface. Referring to the
schematic representation (fig. 2.4), the position and values of the outer right node of the
background free surface is enforced so as to match the fitted free surface. Reciprocally,
the position and values of the outer left node of the fitted free surface is enforced so as to
match the background free surface.

However, if this enforcement affects only one marker at the extremity, instabilities may
occur. For example, a stencil of two points on each side is the minimal length to maintain
a 4th order of spatial convergence with a 1D centered finite difference scheme. To prevent
this from having an important impact, relaxation zones are set to incrementally match
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Chapter 2. Solution of the Laplace problem with the HPC method

Free surfaces before matching

Inactive nodes

Background free surface after relaxation

Fitted free surface after relaxation

Body contour

Figure 2.4: Schematic representation of the background free surface and the fitted free
surface. A matching is enforced between the two free surfaces. The difference between
the two free surfaces is here exaggerated for clarity.

the free surfaces at their extremities. Relaxation formulas and weights are thus needed
for every marker:

γe = (1 − α)γi + αγt (2.24)
where γe represents the value to enforce, γi the initial marker value, γt the target value
(interpolated value from the other free surface) and α an arbitrary weight function of the
marker position that evolves between 0 and 1. Note that for this application, γ stands
for either ϕ, ϕt or η. Many different functions for α were tested and implemented without
significant impact. In practice free surfaces are completely matched over a given length
(i.e. α = 1 if the marker distance to the free surface extremity is lower than a certain
threshold, α = 0 otherwise). The fig. 2.4 emphasizes the effect of such relaxation functions:
it shows the free surfaces before (dotted lines) and after the matching (solid lines) using
this method. Note that if the body is not at the extremity of the computational domain,
a second fitted free surface is needed on the other side of the body. This will be used
in section 3.3.2. From a numerical point of view, the fitted mesh is considered as an
unstructured grid. At a price of additional coding efforts and an increase of CPU time
when identifying points (as well as an increase in the memory usage), a gain is made
on the simplicity of inclusion of complex bodies of arbitrary shape. However, as already
stated, the HPC method implemented requires square cells to be most effective (Ma et al.,
2017). Taking advantages of the fact that the BGG will remain a structured mono block,
it would thus be possible to modify the methods on this grid to reduce both the RAM
requirement and the necessary CPU time associated with identification of node types and
interpolations between the resolutions of the BVP themselves.
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2.5. Treatment of body sharp corners

2.5 Treatment of body sharp corners
In a potential framework, a wall boundary condition is classically imposed with a non-
penetration condition: the velocity component normal to the wall is enforced as null.
Numerically, this means that a null Neumann condition which vector is the surface normal
is enforced on the velocity potential ϕ in the case of a fixedd body:

∂ϕ

∂n
= ∇ϕ · n = 0 (2.25)

When dealing with sharp corners, the problem of choosing the wall normal n at the corner
node arises, as classically, only one equation can be set at a particular node.

Within the HPC framework, a first approach was suggested by Liang et al. (2015).
They apply a domain decomposition method is the extreme vicinity of the apex of the
corner: a local corner-flow solution is coupled with the HPC problem.

1
2

3

4
B

6 A

P

∂φ
∂n

∂φ
∂n

Figure 2.5: Schematic representation of a sharp coner (body boundary in red)

Another method, suggested by Zhu et al. (2017), is to enforce a null value of the total
flux accross the two closest boundary segments. They compared multiple versions of the
application of this flux method, and their respective convergence properties. The different
compared approaches are:

• The original HPC method.
• Overlapped: flux method applied everywhere, where the sum of the flux over the

two neighboring faces are nullified.
• Non-overlapped: flux method applied everywhere, where the sum of the flux over

the half of two neighboring faces are nullified. Two versions of this option were
tested which differ in the treatment of the intersection with a Dirichlet condition.

• Corner-only: the flux method is only applied at sharp corners (in their case, the
lower corners of the studied domain).
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Chapter 2. Solution of the Laplace problem with the HPC method

They found the same convergence rate whatever the applied approach. However, the
corner-only method exhibited a lower overall error.

Thus, this method was selected and implemented in the current version. Currently, the
user is expected to manually enter the corners that need to be treated with this method.
Note that in the next chapter, all of the body corners will be described using this method.
However, outer corners of the computational domain will not make use of this. It was
not thought to be necessary in cases involving wave propagation, as relaxation zones will
impose the selected wave theory over a given length and thus reduce the error associated
with the domain external corners. It would, however, be interesting to apply this feature
on the standing wave case.

The objective is to set an implicit relation between our unknowns (potential at fluid
nodes) such that the flux FAP B over the considered length (A − P − B, see fig. 2.5) is
null. Let’s denote s the curvi-linear scaled abscissa in a given segment CD, such that a
position on this segment is given by x(s) = xC + s(xD − xC), where xC,D represents the
2D coordinates of C and D respectively. The total flux can be derived as:

FAP B = 0
= FAP + FBP

= lAP

∫
AP

∂ϕ

∂n
(x(s))ds+ lP B

∫
P B

∂ϕ

∂n
(x(s))ds

(2.26)

where lAP and lP B are the length of the segments AP and PB respectively.
Let’s recall that our local expression was derived to yield, at any location, the deriva-

tive of ϕ along a given normal n, see eq. (2.17). We here restrict the analysis to straight
boundary segments, it is thus assumed that n does not vary during the integration over
a given segment. The flux across the line PA - selecting the nearest macro-cell of A for
the local expression (i.e. macro-cell centered by the node ”6” in fig. 2.5) - can be written
as:

FP A

lP A

=
∫

P A
(∇ϕ(x(s)) · n) ds =

8∑
i=1


8∑

j=1
C−1

ji

[∫
P A

∇fj(x̄(s))ds
]

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Ij

·n

ϕi (2.27)

The inner integral (Ij) of eq. (2.27) is separated into its spatial components:

Ij =
∫

P A
∇fj(x̄k)ds = (

∫
P A

∂fj(x̄(s))
∂x

ds

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Ixj

)ex + (
∫

P A

∂fj(x̄(s))
∂z

ds

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Izj

)ez (2.28)

where (ex, ez) are the two spatial unit vectors.
Given the expressions of the polynomials fj, see section 2.3.1 but also recalled in

table 2.1, it is possible to obtain the analytical form of the different terms in eq. (2.28). The
integration is done over s, by using x̄(s) = (xP +s∆x, zP +s∆z), where x̄P = (xP , zP ) are
the coordinates of P relative to the considered macro-cell center, and PA = (∆x,∆z). For
example, the analytical expressions of Ixj are given in table 2.1, and the same procedure
can be repeated over the vertical axis.
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2.5. Treatment of body sharp corners

j fj
∂fj

∂x
Ixj

1 1 0 0
2 x 1 1
3 z 0 0
4 x2 − z2 2x 2(∆x/2 + xA)
5 xz z ∆z/2 + zA

6 x3 − 3xz2 3x2 − 3z2 ∆x2 + 3∆xxP + 3x2
P + ∆z2 + 3∆zzP + 3z2

P

7 3x2z − z3 6xz 6(1./3∆x∆z + 1./2.(∆xzP + ∆zxP ) + zPxP )

8 x4 − 6x2z2 + z4 4x3 − 12xz2
4(∆x3/4 + 3∆x2xP/3 + 3∆xx2

P/2 + x3
P

+12(∆x∆z2/4.+ (∆z2xP + 2∆x∆zzP )/3.
+(2∆zxP zP + ∆xz2

P )/2.+ xP z
2
P )

Table 2.1: Analytical expressions of the Ixj integrals over a straight line

Note that however, the expressions were not implemented directly in the form pre-
sented in the table. Rather, a function ia,b was defined:

ia,b(xP , zP ,∆x,∆z) =
∫ s=1

s=0
(xP + s∆x)a(zP + s∆z)bds (2.29)

which was analytically integrated for every pair of whole numbers (a, b) such that a+b ≤ 3.
For example:

Ix8 =
∫

P A

∂f8(x̄(s))
∂x

ds

Ix8 = 4i3,0 − 12i1,2

(2.30)

Remark. The same procedure can be applied in the computation of the integration of
the pressure on a wall segment: The pressure, obtained from the Bernoulli eq. (2.20) can
be analically integrated over each segment. This require however the integration of the
three different terms composing this equation. Note however that additionnal analytical
expressions of ia,b should be calculated ( i.e. for additional values of a, b), due to the
presence of the velocity square term in the integrand, but the presence of the time derivative
of ϕ.

Once the different integrals are computed (Ij = (Ijx, Ijz)) for the segment PA in the
selected macro-cell, it is possible to derive an implicit expression for the flux:

FP A =
8∑

i=1

 8∑
j=1

C−1
ji lAP Ij · n

ϕi (2.31)

The exact same procedure can be repeated to obtain the flux across PB, for which a
different macro-cell can be used. A null total flux eq. (2.26) is enforced in the global matrix
A. Note that it means that two macro-cells potentials might be linked by this equation,
leading to an associated matrix row having up to 16 non-null terms. In practice, for
instance in the situation depicted in fig. 2.5, the selected macro-cells (centered by nodes
“6” and “3”) will share some nodes (only node “P” here), leading to a maximum of 15
non-zero coefficients.
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Chapter 2. Solution of the Laplace problem with the HPC method

Note that no specific study evaluating the influence of such approach will be conducted
in this work. However, a validation of the obtained flux was conducted by computing a
posteriori, by finite difference, the obtained fluxes on the two segments, to verify that they
effectively cancel. In practice, both fluxes were consistently of small amplitude, and the
results proved to be more reliable and stable with this approach than using the classical
singular Neumann node approach.
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Chapter 3. Results and discussion about the HPC model

3.1 Introduction
In chapter 2, the HPC method was presented, along with various associated numerical
techniques. Namely, we described the employed IBM to capture and simulate the evolution
of the free surface, the body fitted grid overlapping the background mesh, but also the
treatment of a sharp body corner. Following this presentation, this chapter aims to assess
the obtained NWT on various test cases.

In section 3.2, a convergence study is performed on a highly nonlinear freely evolving
standing wave case compared to an accurate numerical solution from the stream function
theory. Therefore, the main objective is to assess the correct resolution of the BVP, as
well as the IBM employed for the free surface, and the associated DtN problem.

Afterwards, the double mesh strategy is examined on three selected cases in section 3.3.
The first one (section 3.3.1) is a horizontal fixed circular cylinder, completely immersed
although close to the free surface. Available numerical and experimental results on the
literature will be used as references, in particular the experiments carried out by Chaplin
(1984). The second one (section 3.3.2) involves a free surface piercing body with sharp
corners. The obtained loads and surface elevation are compared with dedicated experi-
mental results obtained during this work. During the experiment, effects laying outside of
the potential theory (wave breaking, air entrapment, etc.) were observed. Hence, a per-
fect agreement is not expected, and the test case purpose is more about finding the limits
of our approach, but also about evaluating the use of the NWT outside its prescribed
range. In order to analyze some of the present phenomena in a finer way, without some
of the free surface strongly non-potential effects, a fully immersed horizontal cylinder of
rectangular cross-section is tested in section 3.3.3.

Then, in section 3.4, a side study will be conducted on the more basic way of treating
the free surface movement: deforming the mesh so as to fit the latter and enforce its
values as a simple Dirichlet condition. Main advantages and drawbacks will be discussed
in there, as well as reasons why this approach was eventually dropped.

Finally, in section 3.5, the main findings from this study will be summarized. Note
that the possible future works and direct follow-ups of this method are mainly discussed
in the general conclusion, in section 7.3.1.
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3.2. Validation and convergence study on a nonlinear standing wave

3.2 Validation and convergence study on a nonlinear
standing wave

3.2.1 Presentation of the test-case
The first case consists in simulating a nonlinear standing wave in a domain of uniform
water depth h whose extent is equal to one wavelength λ. This case is actually challenging
as the wave heightH (difference between the maximum and minimum values of free surface
elevation at anti-node locations) is fixed by choosing a large value of wave steepness
H/λ = 10% (or kH/2 = π/10 ≈ 0.314). We also choose to work in deep water conditions
by selecting h = λ = 64 m (or kh = 2π ≈ 6.28). The water domain at rest has thus a
square shape in the (x, z) plane, as illustrated in fig. 3.1. Initial elevations of free surface
η(x, t = 0) are computed from the numerical method proposed by Tsai and Jeng (1994).
The initial phase is chosen such that the imposed potential field is null at t = 0 at any
point in the water domain. This initial state corresponds to a maximum wave elevation at
the beginning and the end of the domain (x/λ = 0 and 1), and a minimum wave elevation
at the center point of the domain (x/λ = 0.5), these three locations being anti-nodes of
the standing wave.

h = 64m

L = 64m

H = 6.4m

Figure 3.1: Schematic representation of the nonlinear standing wave with steepnessH/λ =
10% at t = 0.

The wave is freely evolving under the effect of gravity: in theory one should observe
a fully periodic motion without any damping as the viscosity is neglected. At each time
step, a spatial L2(η) error on η is computed relative to the theoretical solution of Tsai
and Jeng (1994) (denoted ηth hereafter), and normalized with the wave height:

L2(η, t) = 1
H

√√√√ 1
np

np∑
i=1

(η(xi, t) − ηth(xi, t))2 (3.1)

where i represents the index of a point on the free surface and np the total number of
points on the free surface.
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3.2.2 Behavior of L2(η) error with space and time discretizations

The result of this L2(η)-error is represented as a color map at four different times t/T = 1,
10, 50 and 100 in fig. 3.2 as a function of the number of nodes per wavelength (Nx = λ/δx,
where δx is the spatial step-size) and the CFL number Co (defined in section 2.3.5). Wide
ranges of the two discretization parameters are explored, namely Nx ∈ [10, 90] and Co

∈ [0.05, 4.0]. Simulations that ran till the end of the requested duration of 100T are
represented with coloured squares. A circle is chosen as a marker when the computation
breaks down before the end of that duration. Nonetheless the markers are colored if the
computation did not yet diverge at the time instant shown on the corresponding panel.
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Figure 3.2: L2 error on η on the nonlinear standing wave case at four time instants
(t/T = 1, 10, 50 and 100) as a function of the spatial and temporal discretizations. The
color scale indicates the L2(η) error respective to the theoretical solution by Tsai and Jeng
(1994). See text for explanations on the significance of the markers shapes.

As seen on fig. 3.2, a large number of simulations were completed over this rather
long physical time of 100T . Note that no filter were used along this work, so some of
the numerical simulations tend to be unstable for extreme values of the discretization
parameters. For instance, when Co ≤ 1, the computation is mostly unstable and breaks
down: before 50T when Nx is small (i.e. below 40) and between 50T and 100T when Nx

is larger. Note that Co = 1 corresponds to a time step ranging from Nt = T/δt = 10 to
90, for Nx = 10 and 90 respectively. This value of Co = 1, and associated time step, is
the lower stable limit exhibited by these simulations.

On the other hand, when the Co is too high (i.e. larger than 3.5) instabilities also
occur almost at the beginning of the simulation (t/T < 10), particularly when Nx is small.
For very small Nx (in the range 10-15) and whatever the Co, the computation tends to
be unstable. This is probably due to the discretization of the immersed free surface being
the same as the discretization of the background mesh. A coarse discretization of the free
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surface leads to an inaccurate computation of the spatial derivative of η: instabilities may
then occur.

A suitable range of parameters is thus determined to avoid instabilities: 1.5 ≤ Co ≤ 3.5
and 40 ≤ Nx ≤ 90. This zone is represented in fig. 3.2 as a rectangular box with a dashed
contour. In that zone, all the computations ran with the requested time step over a
duration of 100T . Note that the CPU cost scales with N2

xNt ∼ N3
x/Co and thus the

most expensive computations in this stable zone are approximately 25 times slower than
the least expensive ones in the same zone. Also note that the lowest error is almost
systematically reached in this zone. The L2(η) error is as small as 2.10−6 after 1T . After
100T , the lowest error is approximately 10−4. Moreover, the behavior of the value of the
error is qualitatively consistent with the mesh refinement and time refinement.

The stability was not assessed for finer mesh than Nx = 90 points per wavelength,
due to increasing computation cost on one hand, and the fact that finer resolutions would
lie out of the range of discretizations targeted for real-case applications. In addition, at
long time, a discretization of Nx = 90 already exhibits behavior that does not match the
expected convergence rate, as will be discussed hereafter in greater detail.

3.2.3 Convergence with time discretization
In order to study the convergence of the method in a more quantitative manner, the L2(η)
error is shown as a function of the Co number for different spatial discretizations Nx at
t/T = 1 in fig. 3.3a and at t/T = 100 in fig. 3.3b. A Cα

o regression line is computed and
fitted on the linear convergence range of the log-log of the error. That will be called ”linear
range” for simplicity, though it corresponds to an algebraic rate of convergence of the error.
Note that this linear range corresponds exactly to the zone in which the computations
remain stable (with the exception of one particular point at t/T = 100 and Nx = 90
excluded from the determination of the convergence rate). At t/T = 1, the minimum
error is, as expected, obtained for small Co numbers and large Nx: L2(η) ∼ 10−5 in the
linear range and the minimal error reached is 2.10−6 for the finer discretization Nx = 90.
The algebraic order of convergence is close to 4. This was expected as the temporal
scheme is the RK4 method at order 4. Moreover, at this early stage of the simulation the
error decreases with a power 4 law only when Co ≳ 1.0. The lowest errors are achieved at
Co ≈ 0.75. Below that Co number, a threshold is met: the error remains constant when
the time step (and Co number) is further decreased; it is then controlled by the spatial
discretization. It is also possible to note that the CFL number Co seems to be a relevant
metric when testing the convergence of the method: the range of Co in which the results
converge is the same across the 4 considered spatial discretizations.

Remark. Significant differences in terms of Co with the work of Hanssen et al. (2017a)
have to be stressed. In their simulations of propagating water waves, the chosen numbers
of points per wavelength were similar to the ones used here (Nx ∈ [15, 90]), but the time
step was constant and fixed at a small value of δt/T = 1/Nt = 1/250. This value yields
a Co between 0.06 and 0.36. This range of Co was shown to be out of the domain of
convergence in time in our case. For the same Co (and apparently the same RK4 time
scheme), the computation is indeed converged with respect to the time discretization and
yields low error during the first periods, but instabilities then occur when the wave are
freely evolving on a longer time scale. Hanssen et al. (2017a) also encountered instabilities
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Figure 3.3: Convergence of the L2 error on η (crosses) with respect to the temporal
discretization at two different physical times: t/T = 1 (left panel) and t/T = 100 (right
panel). The spatial discretization is fixed for a given line. Solid lines represent power
regression of the error in the ”linear range”, the computed power is reported in the legend
of the fitted straight lines.

with this IB method. To counteract these instabilities, they used a 12th order Savitzky-
Golay filter in order to suppress, or at least, attenuate them. No filtering nor smoothing
was used in our simulations. This may explain the differences of behavior with Hanssen
et al. (2017a) in terms of Co number. Similarly, in Zhu et al. (2017), also with the
RK4 time scheme, the time-step is chosen as δt/T = 1/200 for a spatial discretization of
δx = h/10. Converted to our numerical case, this would correspond to Nx = 100, and so
a Co fixed at 0.5. On the contrary, the time-step chosen by Ma et al. (2017) to compute
the potential flow around a rigid body in infinite fluid domain, δt/T = 1/40, is closer to
the current range of time-steps. During their investigations on periodic wave propagation,
their spatial discretizations ranged from Nx = 16 to Nx = 128. The equivalent Co number
is thus comprised between 0.4 and 3.2.

At long time t/T = 100 (see fig. 3.3b), the error behaves differently. First, the error
is approximately one order of magnitude higher compared to the time t/T = 1, but
the convergence rate is also slightly different, actually higher. As a matter of fact, at
t/T = 100, an order 4 of convergence is still found on the wave period and on the
amplitude of the computed wave: fig. 3.4 shows the dependence in CFL of the error on
wave period and amplitude at the center of the domain x/λ = 0.5 at t/T = 100 for a
fixed Nx = 30 as a function of the CFL number Co. The reference case used here is the
one with Nx = 100 at Co = 0.05 computed on one period. On a given case, the period
is computed through the mean time separating two successive maximums, then a sliding
Fast Fourier Transformation (FFT) is performed to obtained an accurate estimation of
the amplitude of the free surface elevation.

However, the behavior of the L2(η) error results from a combined effect of both the
error on the wave period and the error on the amplitude. The relative effect of those errors
on the total error is analyzed in detail in appendix A, and a brief summary is given here.
Let e be the relative error between two cosine functions. The first is the target function
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Figure 3.4: Convergence of the error on wave period and amplitude of the wave elevation
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and the second one tends to the first one in amplitude as ϵa = fAd
4 and in period as

ϵt = fTd
4. Here d is a discretization variable -either Co or 1/Nx in our case-, which drives

the convergence. fA and fT are constants with respect to d. At a whole number of periods
– i.e. t/T ∈ N – a Taylor expansion of e when d → 0 can be performed:

e = fAd
4 + 2π2 t

2

T 2f
2
Td

8 + (2π t
T
f 3

T − 2fAπ
2 t

2

T 2f
2
T )d12 +O(d16) (3.2)

Note that fA depends on t/T because the error on amplitude increases with time (in
practice a linear dependence was observed at long time, i.e. fA = f̄At/T ). However
they should not depend on the convergence parameter d. The order 8 of convergence
should disappear for small enough d whatever t/T . In that case, the error on period is
negligible compared to the error amplitude: this results from the presence of the cosine,
which elevates the error to the power 2. However, if the error in amplitude fA increases
in time slower than t2f 2

T , there exists a time after which the error on the wave period
will play a major role (order 8 will be predominant). This effect is thought to explain the
seemingly high order of convergence of the L2(η) error in fig. 3.3b. Appendix A shows
detailed comparisons at t/T = 100 with values of fA and fT extracted from our results.

3.2.4 Convergence with spatial discretization
The convergence with spatial refinement (i.e. as a function of Nx = λ/δx) is analyzed
in the same way and shown in fig. 3.5). The order of convergence in space is again 4.
Due to the choice of the set of HP including polynomials up to order 4, and the fact that
the finite difference scheme of order 4 is used to compute the derivatives of free surface
variables, this order 4 was the expected order of convergence.

At long time the convergence rate exhibits the same behavior as shown in the con-
vergence with time resolution. The latter comments concerning the long time evolution
of the error still holds (with, here, d ≡ δx), and is still thought to explain the increasing
order of convergence of the total error L2(η) with time. Of course the values of the cor-
responding constants fA and fT are different. Another effect also occurs: when the Co

number increases, so does the order of convergence. This small yet clear effect at time

43



Chapter 3. Results and discussion about the HPC model

20 30 40 50 60 70 80 90
Nx = λ/dx

10−5

10−4

10−3

10−2

10−1
L

2
(
η
)

t/T=1

CFL1.5
CFL2.0
CFL2.5
CFL3.0
CFL3.5

:x−3.69

:x−3.82

:x−3.86

:x−4.01

:x−3.90

(a) t/T = 1

20 30 40 50 60 70 80 90
Nx = λ/dx

10−4

10−3

10−2

10−1

L
2
(
η
)

t/T=100

CFL1.5
CFL2.0
CFL2.5
CFL3.0
CFL3.5

:x−5.36

:x−5.57

:x−5.96

:x−5.76

:x−6.17

(b) t/T = 100

Figure 3.5: Convergence of the L2 error on η in mesh refinement, with temporal dis-
cretization fixed. Solid lines correspond to the power regression of the error.

t/T = 100 is not completely understood. It would mean that the value of fT increases
faster with the Co number than the value of fA does.

3.2.5 Summary of numerical convergence study
After a comprehensive numerical study of the HPC method on a challenging nonlinear
standing wave case in deep water conditions, the efficiency and accuracy of the Immersed
Boundary modeling of the free surface applied on a fixed underlying spatial mesh was
demonstrated (again without using filtering nor smoothing of the free surface). Optimal
ranges of spatial and temporal discretization parameters were determined:

• the spatial discretization δx should be chosen to have Nx = λ/δx between 40 and
90 nodes per wavelength, which is a reasonable range of values for practical appli-
cations.

• the temporal discretization δt should be best selected to have a CFL number 1.5 ≤
Co ≤ 3.5, meaning that the number of time steps per period Nt = T/δt, also given
by Nx/Co, is then comprised between Nx/3.5 and Nx/1.5. This is highly beneficial
as it authorizes rather large time-steps for practical applications.

• the present implementation of the HPC shows an algebraic convergence rate with
the spatial resolution of order greater than 4.

• it also shows an algebraic convergence rate with the temporal resolution of order
comprised between 4 and 5 (for long time simulations).
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3.3 Validation and limits of wave-body interaction
against flume experiments

In order to validate the method presented earlier (and in particular the body fitted over-
lapping grid method described in section 2.4), three experimental test cases were selected.
The first one is chosen so as to verify the boundary-fitted overlapping grid method se-
lected to include a fully immersed body: a fully submerged horizontal cylinder of circular
cross-section against literature results. Afterwards (section 3.3.2), a free surface piercing
case is selected: a rectangular barge. Finally, in section 3.3.3, a focus will be made on
a rectangular shaped horizontal cylinder of small dimension, exhibiting sharp corners, in
order to analyze some of the limits intrinsic to the summoned potential assumptions.

3.3.1 Fixed horizontal submerged cylinder
Chaplin (1984) studied in detail a fixed horizontal cylinder, with a low submergence
below the SWL, in regular waves of period T = 1 s. Accurate experimental results about
the nonlinearities of wave loads on the cylinder were given and are often used in order
to validate NWTs (e.g. Guerber, 2011). The total water depth is h = 0.85 m which,
together with the period, imposes a wavelength of approximately λ = 1.56 m (due to
nonlinear effect, this value is slightly varying with the wave height). The cylinder of
diameter D = 0.102 m is immersed with its center located at zc = −D = −0.102 m below
the SWL.

This problem is numerically difficult to solve for volume field methods as the cylinder
is close to the free surface, such that the fluid domain right above the cylinder is reduced
to a small water gap of height D/2 ≈ λ/30 (when the water is at rest). This water gap
needs to be meshed and resolved with the HPC method. Thus, a spatial discretization of
λ/δx ∈ [40, 90] would yield a discretization of this gap with only ∼ 2 − 3 nodes.

The nonlinear regular incident waves are generated using the so-called stream function
theory (Fenton, 1988). To avoid reflection on both the inlet wave maker side and the outlet
Neumann wall and to impose the target incident wave field at the inlet, relaxations zones
are introduced to enforce the requested values over a distance chosen as Lrelax = λ through
a commonly used exponential weighting function (e.g. Jacobsen et al., 2011). Note that
other techniques of waves generation and absorption are possible. For example, Clamond
et al. (2005) introduced a damping term in the Bernoulli equation in order to modify the
DFSBC: the wave elevation is smoothly driven to the SWL. Figure 3.6 shows at scale the
computational domain used for the numerical simulations including the two relaxation
zones.

We focus our attention on the vertical force exerted on the cylinder once the periodic
wave motion is established in the NWT. A Fourier analysis is applied to the computed time
series of vertical force. The normalized amplitudes of the harmonics of the vertical force
and the mean vertical force (drift force) are plotted in fig. 3.7 as a function of the Keulegan-
Carpenter number. On this figure, the results from the present NWT are compared with
the experimental values from Chaplin (1984) and the numerical results from Guerber
(2011). The linear theory results from Ogilvie (1963) are added for comparison of the
amplitude of the first harmonic. The definition and discussions about the KC number are
conducted in section 1.3.
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circles). The amplitude of the first order harmonic based on linear prediction is added as
well as a third order model line, to compare with the evolution of the amplitude of the
third order harmonic.

All harmonics amplitudes up to third order are in relative good agreement with the
BEM simulations from Guerber (2011), although some discrepancies can be denoted. The
mean value and first order are difficult to distinguish between the two sets of numerical
results, whereas the amplitude of the second order harmonics obtained from the experi-
ment are better captured with the current HPC method. For the third harmonic, which
is of very small relative amplitude, it is difficult to identify the most accurate method.

Moreover, the behavior of the different harmonics amplitudes seems to agree with the
expected theoretical results: an increase as KC1 of the first amplitude of the harmonic
(i.e. f̂z1/KC is constant), as KC2 of the drift force and second harmonic amplitude,
and as KC3 of the third harmonic amplitude. Regarding the latter, the HPC method
reproduces more closely an order 3 in KC than both Guerber (2011) and the experimental
results. Of course, limitations in the comparison with the experiments can be observed, in
particular for larger wave heights. This is mainly due to the viscous effects (not considered
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here, nor in the simulations of Guerber (2011)) as this stalling is retrieved in the viscous
computations of Tavassoli and Kim (2001).

However, a difficulty arises with the HPC method when KC increases (i.e. for larger
incident wave heights). The Laplace equation is solved in the different cells inside the
fluid volume. Thus, there should always be at least a fluid point in the volume above the
cylinder top. In waves of large amplitude, the cylinder is very close to the free surface, in
particular when a wave trough passes over the cylinder. In this situation, it is not possible
to keep the number of point per wavelength Nx in the previously selected range [40, 90]
and keep square cells. Saw-tooth instabilities appear as KC exceeds 0.80 approximately.
No filter was used in this work, as the main objective is to emphasis the limits of the
method itself. Above a wave steepness of H/λ = 2.6%, (i.e. KC = 0.86), no computation
could remain stable after two or three wave periods.

As a conclusion, even if a limitation in wave height is met, those results, correct up
to third order, give us confidence on a case which is particularly challenging for volume
field methods.

3.3.2 Free surface piercing body, experiments and numerical
comparison

In order to validate the HPC method with a (fixed) free surface piercing body and sharp
corners, dedicated experiments were conducted in a wave flume at Centrale Marseille with
a body of rectangular cross-section.

3.3.2.1 Experimental setup

The wave flume is 17 m long and 0.65 m wide. The water depth was set to d = 0.509 m.
The body is a rectangular barge of draft 0.10 m for a length of 0.30 m (in the longitudinal
direction of the flume) mounted on a 6-axis load cell measuring device. The width of
the barge spans the width of the flume minus a small water gap of about 2 mm on both
sides between the barge and the flume walls. A perforated metallic beach is placed at the
end of the wave flume to dissipate the energy of the transmitted waves, and so to avoid
reflection. The waves are generated with a flap type wave maker. The body is placed such
that its front face is located at xb = 11.52 m from the wave maker. 13 wave gauges are
installed all along the wave flume. Unfortunately, the wave gauge dedicated to measure
the run-up on the front face of the barge was found a posteriori to be defective. For some
cases, a video of the experiment was recorded in the vicinity of the body, allowing to
extract free surface profile and run-up at the front and rear faces of the barge.

Approximately 40 cases were tested in regular wave conditions, with varying wave
period and height. A focus is made here on two periods: T = 1.1 s and T = 1.5 s. For the
latter one, however, high wave steepness yielded high wave heights, resulting in dewetting
and breaking, with a lot of turbulent effects, recirculations, and air entrainment. Thus,
for this period, few relevant comparisons can be made with the potential model (which
neglects all those effects).
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Figure 3.8: Photograph of the experimental setup of the rectangular barge in the wave
flume close to the body.
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Figure 3.9: Overview of the conducted experiments in the (T,H/λ) plane.

3.3.2.2 Numerical setup

The computational domain is automatically generated and meshed by the NWT depend-
ing on the case: its length is chosen as 8λ and relaxation zones are set in the inlet and
outlet, with an exponential function over a length of 2λ. A second mesh is fitted to the
body in order to ensure a precise computation of the flow dynamics in its vicinity. The
mesh fitting the body is of breadth 0.30 m on each side (i.e. a total extent of 0.90 m).
Both meshes communicate through previously described interpolation boundaries. Their
free surface curves communicate through relaxation zones of length 0.14 m and constant
function of unitary weight. In order to interpolate the free surface from the other one, a
1D B-spline interpolation is used. Different discretizations of the fitted mesh were tested,
without significant difference.
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3.3.2.3 Numerical results and comparisons with experiments

For the wave period T = 1.1 s, the steepest cases (31-33) were found to numerically break
down. This is due to an important run down which leads to a dewetting at the bottom
left corner of the barge. During the experiments, recirculations and turbulent effects were
clearly visible on those steeper cases.
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Figure 3.10: Comparisons of the free surface elevations recorded at different positions:
HPC (dashed lines), experimental wave gauges (solid lines) and extracted elevation from
the experimental video (circle markers). Waves gauges are divided in three groups (corre-
sponding to subfigures): Incident waves upstream (subfig 1), Front and rear run-up (subfig
2), transmitted waves (downstream waves, subfig 3). Case 30: T = 1.1 s, H/λ = 4.8%.

On figs. 3.10 and 3.11, wave gauge measurements are compared to the free surface
elevation time series from the HPC method for cases 30 and 21 respectively. Only the
waves gauges appearing in both domains are shown (the computational domain is shorter
than the experimental one). Note the time synchronisation between measurements and
simulations was done on the first gauge only, and the determined phase shift was then
applied to all the remaining gauges. This means that relative phases of the wave elevations
in the numerical simulations are represented adequately in these figures. More generally, a
very good agreement is found on both wave amplitudes and phases, at the various locations
along the wave flume. However, some discrepancies of the run-up at the front and rear
faces of the barge as well as concerning the downstream wave elevations can be observed.
Those discrepancies become more marked when the steepness increases. It can be observed
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Figure 3.11: Comparisons of the free surface elevations recorded at different positions:
HPC (dashed lines), experimental wave gauges (solid lines) and extracted elevation from
the experimental video (circle markers). Waves gauges are divided in three groups (corre-
sponding to subfigures): Incident waves upstream (subfig 1), Front and rear run-up (subfig
2), transmitted waves (downstream waves, subfig 3). Case 21: T = 1.1 s, H/λ = 1.2%.

that the HPC potential model tends to overestimate larger run-up events, and transmitted
wave heights. It is thought that the main cause of those discrepancies is related to the
mathematical model itself. It is well known that non-dissipative models cannot correctly
describe the flow in the vicinity of sharp angles even for linear incident waves. Thus, the
present potential model is not perfectly appropriate to model the behavior of this type of
flow. In practice, this effect is often counteracted by introducing a numerical lid in the
vicinity of the body to numerically dissipate some energy (so trying to mimic dissipation
due to viscosity). With such a method, the length and strength of the lid need to be
tuned to match the expected result. This option was not tested here.

Obviously, those differences are expected to impact the loads exerted on the barge,
mainly through the difference of run-up on the front and rear faces, impacting for example
the elevation at which the pressure is set to the atmospheric pressure (dynamic boundary
condition at the free surface).

Figure 3.12 shows at different time instants the free surface elevation in front of the
body obtained from the HPC computation superimposed on snapshots from the experi-
ments. On these pictures, we clearly denote aspects which cannot be taken into account in
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Figure 3.12: Case 30 T = 1.1 s, H/λ = 4.8%. Comparison of the computed free sur-
face elevation in front of the rectangular barge with the experiment at six different time
instants. Incident waves come from the left.

the potential model: during the rise of the water level, air entrainment and wave breaking
take place, leading to important complex turbulent effects. At this stage, it is expected
that the viscous effects play an important role. Although those dissipative effects are
neglected in the HPC model, a relative fair agreement can be seen on the figure. The
run-up is approximately correctly captured, as well as the reflected wave emerging during
the elevation of the run-up. Moreover, the numerically computed reflected wave seems to
be slightly faster than the experimental one. The difference can again be attributed to
viscous effects, delaying the apparition of the reflected wave.

As the objective is to compare loads applied to the barge, time series of horizontal (Fx)
and vertical (Fz) force components on the body are depicted on fig. 3.13 for the cases 21
and 30, respectively the most linear and nonlinear cases with T = 1.1 s. The horizontal
orange lines (symmetric with respect to the zero-force line) represent the amplitude of
linear predictions of these loads. When the incoming waves are close to be linear (case
21), a good agreement is found between the linear and HPC models: the amplitudes are
almost equal though the mean value computed with the HPC model slightly moves the
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Figure 3.13: Case 21 and 30 T = 1.1s, H/λ = 1.2% and H/λ = 4.8%. Time series of the
hydrodynamic loads on the barge: experiments, linear results and HPC simulations.

vertical load extrema from the symmetric horizontal lines of the linear model result. Note
that the effective (local) steepness, which determines the degree of nonlinearity, close to
the body is approximately twice the incident steepness H/λ: only a small part of the
energy is transmitted and thus the reflected wave adds to the incident wave locally. For
a quantitative analysis, the amplitudes of incident and transmitted waves elevation can
be compared in fig. 3.11.

When compared with the experimental data, the computed loads are of approximately
15% higher magnitude. Note that, from an engineering point of view, the model is con-
servative in this case, and as expected, the differences in terms of run-up on the front and
rear sides of the body lead to a slight over-prediction of both the horizontal and vertical
loads. This over-prediction is seen for all cases, and consistently with approximately the
same relative value. For steep incoming waves, the discrepancies between the linear and
nonlinear models increase, as one could expect. In particular, the mean value (drift force)
is no longer null. For the case 30, one can note that, although the loads are over predicted
in magnitude, the shape of the time series of the loads (and thus the magnitude of the
higher order harmonics of the loads) seems to be in good agreement with the experiment.

In order to compare the computed loads with the experimental ones more precisely,
a Fourier decomposition of the time series is performed. The Fourier coefficients of this
decomposition are shown for all the cases performed at T = 1.1 s on fig. 3.14. As ex-
pected the amplitudes of the first harmonic exhibit an over-estimation compared to the
experimental data, whereas the mean values (f̂ 0

xz) are in correct agreement. However, the
behavior of all the harmonics with the wave height is found to be exactly the same as
measured during the experiments (experimental and computed lines are parallel). For the
vertical loads, all harmonics are roughly consistent with the measurements. An impor-
tant difference can be noticed for the third order harmonic of the vertical load for small
steepness. First, it can be denoted that this harmonic is 2 orders of magnitude lower
than the first order harmonic, and even 3 orders magnitude lower than the hydrostatic
force. Thus, an accurate computation as well as an accurate measurement of this small
contribution is difficult to achieve. Moreover the behavior of the potential values seems
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Figure 3.14: T = 1.1 s, Amplitudes of harmonics of the vertical and horizontal loads
on the barge. HPC models (dashed lines), experimental results (dots) and linear transfer
functions (solid orange line). A power function of order 3 is added to compare the increase
rate (solid purple line).

to be more easily fitted with an order 3 model in steepness, which, together with the fact
that numerical and experimental third order harmonics match for higher steepness, tends
to validate the numerical results. It is thought that either measurements is not accurate
enough to capture such a small contribution, or that a physical effect giving energy to
the third harmonic plays a role not properly taken into account by the model.

For the horizontal loads, more discrepancies are visible. First order and drift force
show an overestimation of about 15%. The amplitude of the third order harmonic seems
to be well captured, but the amplitude of the second order one exhibits a larger over-
estimation by about 70%. This effect is still under investigation, but the impact on
the free surface of the viscous effects seems to be significant in this case. Note that the
hydrostatic contribution originating from instantaneous wet free surface is one of the main
contributions to the second order component. In the present setup, this term will play a
role only on the horizontal load as the wet free surface changes only on the vertical walls
of the barge. Thus, an important difference between the experiments and the numerical
model is expected on this particular second order harmonic of the horizontal load: it
was shown previously that our computations do not capture exactly the effective run-up
elevations, probably due to the viscous effects not taken into account in the HPC model.
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3.3.3 Analysis of the limits of the potential approach: rectan-
gular horizontal cylinder

It was shown that the HPC method was not able to capture all physical effects happening
in case of a free surface piercing barge. In order to separate some of the mentioned
effects, a test case where sharp corners are present without piercing the free surface is
selected. This test case will also be used used as the main case to develop and validate
models capable of treating rotational, viscous and turbulent effects that take place here
and largely influence the results.

3.3.3.1 Description of the simulation

Hc = 0.2m

Lc = 0.4m

dc = 0.82m

h = 2.2m

Figure 3.15: Geometric representation of the test case. Note that only the wavelength,
wave elevation and the water depth are not represented at scale

The selected model has been studied experimentally by Arai (1995), Venugopal (2002),
and Venugopal et al. (2006). A numerical investigation was performed with a RANS-VoF
method combined with a k-ϵ turbulence model by Li and Lin (2010).

A geometrical schematic representation of the case is shown in fig. 3.15. The case
consists in a 2D horizontal cylinder fully immersed at a relative depth of h/dc = 2.68.
The cylinder cross-section is of rectangular shape with its longest dimension parallel to
the wave number vector. Its dimensions are given on fig. 3.15. Different wave periods,
and thus the wavelengths will be simulated in this study. For a wave period of T = 2 s,
the cylinder horizontal length relative to the wavelength is πLc/λ ≈ 0.2 which locates the
case in the validity range of the Morison equation (πLc/λ ≤ 0.4, left panels in fig. 1.6),
although some discrepancies might be expected.

The HPC simulation is run with a background mesh of Nx = 60 - following the drawn
conclusion from the convergence study of section 3.2 - spanning over 8 wavelengths: the
horizontal span of the mesh and its discretization thus depend on the selected wavelength
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(i.e. on the selected period). Two relaxation zones are set to respectively generate and
absorb the waves, each one being applied over a two wavelength extent. The waves are
imposed at the inlet boundary (and its vicinity with the relaxation zone) following the
stream function theory (Fenton, 1988).

In addition, a mesh centered on - and fitted to - the cylinder is defined, with a
horizontal width of 1 m and total height of 0.8 m. Square shaped cells are used, of
size 0.02 m×0.02 m. Because this mesh refinement does fulfill the convergence criteria
(Nx > 90), it will remain fixed throughout this study. The computational time steps are
enforced through the CFL number based on the phase velocity of the wave and relative
to the background - propagating the waves - mesh discretization. This CFL number is
chosen as Co = 2 for all computations.

The models are compared using the KC number as the main parameter of the wave
flow. It has been shown (e.g. Venugopal, 2002), that a modification of either the depth
submergence or the frequency parameter (which controls the wave period) does not influ-
ence significantly the obtained hydrodynamic coefficients as long as KC remains constant.

3.3.3.2 Computation of the hydrodynamic coefficients

Literature comparisons are done on the hydrodynamic coefficients (the inertia coefficient
CMx,z and drag coefficient CDx,z) that model the forces applied on the body following the
so-called Morison equation (Morison et al. (1950)):

Fxm = 1/2ρCDxHcux

√
u2

x + u2
z + ρACMxu̇x (3.3a)

Fzm = 1/2ρCDzLcuz

√
u2

x + u2
z + ρACMzu̇z (3.3b)

where Fxm and Fzm are the modeled (by the Morison formula) loads applied on the object.
For simplicity those forces will be called the Morison loads. ux, uz are respectively the
horizontal and vertical velocity of the flow, and u̇x, u̇z are the particle acceleration in the
corresponding direction. Note that the selection of those kinematic values represents a
first significant decision. The Morison equations were originally developed to model the
force applied by a uniform oscillatory flow on an object of small relative dimensions. The
associated assumptions is that the body is subjected to a flow it has a limited impact
on. In this case, the choice of the associated kinematic is straightforward: one should
select the kinematics of the unperturbed flow. By extension, the imposed wave model
at the inlet (here a stream function theory) applied at the location of the center of the
cylinder. In our 2D framework, the loads are expressed in N m−1: Hc and Lc correspond
respectively to the height and width of the cylinder, in turn defining the area of the
rectangular cylinder A = HcLc.

Given a temporal load series, many methods exist so as to access the “corresponding”
hydrodynamic coefficients, i.e. the hydrodynamic coefficients that yield Morison loads
as close as possible to the HPC predicted loads. One of the most common method is
to minimize the square root of the error between the modeled loads and the real ones.
At a given time steps i the error is given by ex,z(i) = Fx,z(i) − Fxm,zm(i). Indexes x, z
represent the horizontal and vertical errors respectively. Thus, one could minimize the
resulting mean square over time of the previously defined error. Following Venugopal
(2002), the coefficients that minimize such error over a certain number of time step N
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can be analytically derived as:

CDx,z = 2
ρD

f1f2 − f3f4

f2f5 − f 2
4

(3.4a)

CMx,z = 2
ρA

f3f5 − f1f4

f2f5 − f 2
4

(3.4b)

where D is either Hc or Lc for the horizontal and vertical coefficients respectively.

f1 =
N∑
i

Fx,z(i)ux,z(i) ∥u(i)∥

f2 =
N∑
i

u̇2
x,z

f3 =
N∑
i

Fx,z(i)u̇x,z

f4 =
N∑
i

ux,z(i) ∥u(i)∥ u̇x,z

f5 =
N∑
i

ux,z(i)4

(3.5)

Remark. Note that another method is presented in Arai (1995): it consists in expanding
in terms of Fourier series the kinematic variables - based on their analytic expressions -
to obtain the Fourier decomposition of the Morison loads. Then, a numerical harmonic
decomposition is also performed on the obtained loads. Finally, both decompositions are
equalized, and the corresponding terms are identified. With this method, the coefficients
are obtained in terms of the Fourier harmonics that constitute the load series. This
method was also implemented in this work, with no major differences in terms of obtained
harmonic coefficients. The results will thus not be presented here.

3.3.3.3 Results and interpretations

On fig. 3.16 all results in terms of hydrodynamic coefficients are depicted: figs. 3.16a
and 3.16b show respectively the obtained horizontal and vertical inertia coefficients,
figs. 3.16c and 3.16d the obtained drag coefficients, and figs. 3.16e and 3.16f the errors
in the reconstruction of the obtained loads via the Morison formula (i.e. the L2 norm of
the error ex,z(i), L2(Fx,z) =

√∑
i e2

x,z/max(Fx,z)). We would like to stress that this error
does not represent a discrepancy between the obtained values and the experimental ones,
but rather the consistence in modeling the loads with the Morison eqs. (3.3a) and (3.3b).
Note that, in order to emphasize discrepancies, the figure limits are chosen so as to fit the
range of the presented data.

The HPC results show that the inertia coefficients are dependent on the wave period
(spanning over ∼ 10%), but are almost constant with respect to KC. In a potential
framework, this could be expected: the first order component of the load is linearly
dependent on the wave height (and thus on the KC number). Moreover, due to the absence
of energy dissipation, the loads should stay in phase with the fluid particle acceleration
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Figure 3.16: Inertia and drag coefficient in the two directions of the Loads obtained with
the HPC method with different wave periods. The L2 norm of the error between the
Morison model and the real loads is also shown.

(no drag). Thus, because the particle acceleration is also linear with the wave height, the
inertia coefficients should stay constant as long as the first order load is dominant. This,
of course, is different from the physical expectations: viscous effects will increase with
the wave height and drastically modify the coefficients. Such a behavior is obtained both
experimentally and with the FVM-VoF method applied by Li and Lin (2010). However,
our method being potential, it is obvious that this will not be correctly captured. Note
that this shortcoming is however not restricted to the HPC method, but will manifest
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T (s) H (m) H/λ Re KC β

1.0

0.01 0.50% 362 0.002

160000

0.02 1.50% 1093 0.007
0.04 2.49% 1842 0.012
0.05 3.46% 2622 0.016
0.07 4.42% 3445 0.022
0.09 5.36% 4321 0.027
0.10 6.28% 5262 0.033

1.5

0.02 0.50% 3415 0.032

106667

0.05 1.50% 10267 0.096
0.09 2.49% 17187 0.161
0.12 3.47% 24216 0.227
0.16 4.44% 31397 0.294
0.19 5.38% 38766 0.363
0.23 6.31% 46359 0.435

2.0

0.03 0.50% 8844 0.111

80000

0.06 1.00% 17695 0.221
0.09 1.50% 26562 0.332
0.15 2.49% 44368 0.555
0.21 3.48% 62323 0.779
0.28 4.45% 80482 1.006
0.34 5.41% 98903 1.236
0.40 6.36% 117641 1.471
0.46 7.28% 136752 1.709

2.3

0.04 0.50% 12551 0.180

69565

0.12 1.50% 37687 0.542
0.19 2.49% 62921 0.904
0.27 3.48% 88322 1.270
0.35 4.46% 113957 1.638
0.43 5.43% 139900 2.011

Table 3.1: Waves parameters for the simulated cases. KC and Re are based on the
horizontal width of the object and the maximum horizontal velocity at the cylinder sub-
mergence depth predicted by the wave theory, see section 1.3. β = Re/KC.

with any potential model.
Another interesting point is the slight change of value obtained for a modification of

the wave period. It is thought it can be explained by the cylinder submergence relative to
the wavelength which is different when the wave period changes. Thus in some cases, the
cylinder will be more impacted by the surface flow dynamics - and retroactively impact
the free surface -, while in some others we will encounter mostly an oscillatory flow less
dependent on surface effects. We think that it was not denoted during the experimental
studies, mainly because of its small influence on the hydrodynamic coefficients compared
to the increase in KC number.

Concerning the drag coefficients - also represented in figs. 3.16c and 3.16d -, they are
not expected to be captured at all with a potential model, they still are shown to emphasize
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Figure 3.17: Case H/λ = 3.5%, T = 2 s. Horizontal and vertical loads predicted by HPC,
and their reconstruction with a Morison model. Kinematics used for reconstruction, i.e.
predicted by the wave model (stream function) at zc = −0.82m. Associated reconstruction
errors (L2(Fx), L2(Fz)) = (2.4%, 3.9%).

that the method predicts very small drag (at least 5 times lower than the experimental
ones). However the best fits are found with Morison models having some small CD values.
This also tends to give confidence in the obtained result and the associated Morison model:
only a very small part of the load is in phase with the particle velocity squared, which
was to be expected in a potential framework.

The obtained L2 errors that are made by modeling the loads with a Morison equation
is adimentionalized by the maximum of the load of concern and shown in figs. 3.16e
and 3.16f. It is possible to note that, especially for small values of KC, the error is
relatively low. Thus, in this range, modeling the HPC loads with the Morison model is
appropriate.

For a constant KC, increasing the period means lowering the value of πD/λ (see
section 1.3) and lowering the value of H/D. Together with the wave-body interaction
regimes depicted in fig. 1.6 (inertial panel I), the Morison equations should be valid for
small period values. It is effectively denoted from figs. 3.16e and 3.16f that, for a constant
KC, decreasing the period improves the Morison modeling.

On the other hand, when KC increases at constant period, significant reconstruction
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Figure 3.18: CaseH/λ = 5.5%, T = 2.3s. Horizontal and vertical loads predicted by HPC,
and their reconstruction with a Morison model. Kinematics used for reconstruction, i.e.
predicted by the wave model (stream function) at zc = −0.82m. Associated reconstruction
errors (L2(Fx), L2(Fz)) = (5.0%, 9.0%).

errors are obtained (up to 9%) when modeling the HPC loads. Note that a relative
error of 9% corresponds to loads that are relatively different and thus only a relative
confidence can be granted in the Morison model in such case (see figs. 3.17 and 3.18, for
which (L2(Fx), L2(Fz)) = (2.4%, 3.9%) and (5.0%, 9%)). Different reasons might explain
this behavior. First, when H/D is large, the viscous drag should be dominant, but is
however not taken into account in the potential model. Then, for small KC, the object
is located deeper, relative to the wave height, and the flow thus behaves more like an
oscillatory flow that can be accurately modeled with a Morison approach. Finally, it
is possible that waves of significant nonlinearity parameter H/λ might be less correctly
captured with either the potential model or the Morison reconstruction. In conclusion,
while our results exhibit significant differences with the conducted experiments and FVM-
VoF method at larger KC number (up to KC = 2.0), these errors seem to emerge from the
potential assumptions themselves. We clearly denote a good agreement with the “linear
value” extracted from Venugopal et al. (2006). However, a limit of the model in simulating
physical wave fields and wave-structure interaction is clearly met: the fact that the viscous
and turbulent effects cannot be taken into account represents a significant shortcoming
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when sharp corners are involved. This type of geometry is known to drastically impact
the flow, especially at high Reynolds number (Tamura and Miyagi, 1999). The Reynolds
number in our case relative to the maximum horizontal velocity and the height of the
cylinder in the vertical direction is of order of Re = 104 (and varies with the KC number,
see table 3.1). Thus, it is obvious that a potential model cannot capture several of the
significant effects of such flow.
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3.4 Fitted mesh method: results and limitations
All the above presented results make use of the IBM to model the free surface. The
associated method was presented in section 2.3.4.2. However, the first natural approach
when developing such a NWT is to allow for a mesh deformation to fit the free surface
topology at any given time. This method is described in section 2.3.4.1. In this section
we consider rapidly some of the cases described in this chapter (namely the standing wave
and the circular cylinder), and recompute the potential solutions obtained with a mesh
deformation method: the free surface condition is simply imposed as a Dirichlet condition
for the BVP problem. It is the occasion of explaining the reasons that led to reconsider
this approach.

3.4.1 Standing wave case
First of all, the standing wave case - described in section 3.2 - is selected. The deformation
method applied on the volume mesh is a simple linearity between the bottom and the
free surface. First, after a topological modification of the free surface, nodes located on
the left and right boundaries are moved vertically taking into account the position of the
intersection of the free surface with the given boundary. Note that, the nodes on the left
and right Neumann boundaries remains evenly distributed at all times.

Afterwards, a 2D Laplace smoothing algorithm is applied on each fluid node (macro-
cell center). A given Laplace iteration moves a point toward the barycentric center of its
surrounding nodes. A strength parameter controls how much the point is moved in this
direction (with a strength= 1 the end point will perfectly match the computed center,
and with a strength= 0 the point will not be moved at all). 10 iterations are used, with
a constant strength set to 0.5. Note that this is not a smoothing in the sense of reducing
instabilities or dissipating energy. It is just a method to ensure an evenly distribution
of nodes in the domain. No free surface node location or value is modified during this
process.

Finally, the BVP can be resolved on a good quality mesh. While the main advantage of
the fitted mesh method is its simplicity, one should remember that within this framework,
one need to invert the local matrices at every time step, as the geometry of the cells might
- and with the selected deformation method will all - change. No comparison in CPU times
are shown because both methods have yet to be optimized.

Figure 3.19 shows with the same color scale and layout as fig. 3.2 the errors that are
obtained after 10 periods - top subfigures - and after 100 periods - bottom subfigures -.
Left subfigures recall the IBM results that can also be seen in the corresponding section
(section 3.2). The maximum of the color scale corresponds to the maximum error obtained
with the IBM method after 100 periods. On this figure, we can see that a greater stability
over very long time is achieved with the fitted mesh method, and the associated errors
seem qualitatively to be of lower magnitude.

Figure 3.20 depicts the convergence of the error with a decrease of the CFL number.
The IBM results are also shown for comparison. Firstly, the achieved minimal error is
lower with the fitted mesh method: once fully converged, the IBM yields errors approxi-
mately 5 to 10 times higher than the fitted mesh method. However, both errors match as
long as the CFL is relatively large, i.e. during the convergence process. The convergence
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Figure 3.19: Comparison of the obtained error L2(η) (see eq. (3.1)) with the fitted mesh
method (right panels) and the IBM free surface (left panels, recalling fig. 3.2) on the
standing wave. H/λ = 0.1. Top and bottom panels are the errors after t/T = 10 and
t/T = 100 respectively.

0.1 1.0 2.0 3.00.05 0.20 0.50 1.50

CFL

10−6

10−5

10−4

10−3

L
2
(η

)

t/T=1.0

Nx60IBM
Nx80IBM
Nx60fitted
Nx80fitted

:x3.70

:x3.73

:x3.85

:x4.02

(a) t/T = 1

0.1 1.0 2.0 3.00.05 0.20 0.50 1.50

CFL

10−5

10−4

10−3

10−2

L
2
(η

)

t/T=100.0

Nx60IBM
Nx80IBM
Nx60fitted
Nx80fitted

:x5.58

:x4.97

:x5.87

:x5.38

(b) t/T = 100

Figure 3.20: Comparison of the convergence with CFL number of the L2η error obtained
with the fitted mesh and immersed boundary methods, for two different discretizations
(Nx = 60 and 80)

rate of the fitted mesh method is slightly higher than the IBM convergence rate but of
comparable magnitude (order 4 is retrieved).

At this stage, it is possible to state that the fitted mesh method yields - in addition
to being simpler and stable across a wider range of parameters - more accurate results on
this standing wave case that the implemented IBM.
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3.4.2 Circular horizontal cylinder case
3.4.2.1 Original case: cylinder submitted to regular waves

The case that is very challenging and made us reconsider the fitted mesh method is the
fixed horizontal cylinder of Chaplin (1984). In the fitted mesh method, a small gap has
to be meshed above the body at all times. A lot of meshes and deformation methods
were implemented to try to stabilize this case with unsuccessful results. Amongst the
numerous tested modifications, here is a non-exhaustive list of the evaluated changes:

• The mesh generation method: number of blocks, their positions and spans, the
usage of an initial Laplace smoothing with its strength and number of iterations,
etc.

• Its deformation method: linear, quadratic - and other powers higher and lower than
1 -, above a certain depth only, Laplace smoothing at each time steps, etc.

• And of course also its discretization: tests were mainly computed approximately in
the range Nx = 64 to 130 points per wavelength.

One of the problems was to maintain a general discretization of around Nx = 90 - value
at which the propagation process is converged - while maintaining a good quality dis-
cretization in the body vicinity and contour. For example, fig. 3.21 depicts two meshes
generated with the same method with two different discretizations. The entire depth is
represented on these figures. The screenshots are taken at the initial time step, and thus
the top boundaries (i.e. free surfaces) are flat.

(a) Nx ∼ 64 (b) Nx ∼ 130

Figure 3.21: Screenshots of the coarsest fitted mesh tested as well as one of the finest in
the vicinity of the body

However, an issue that we think is intrinsic to the HPC method raised: at some
arbitrary time steps, the loads computed on the cylinder was reaching really high values.
This did not yield to any significant perturbation of the wave or flow field. An example
of the obtained load is shown in fig. 3.22.

After investigations, it was found that at those time steps a given macro-cell matrix
(local) - often close to the body - exhibits a large condition number. In other words, its
geometrical shape leads to a matrix that is nearly singular and thus difficult to invert.
The problem is that, in this case, the faulty cell does not seem to be excessively stretched,
nor exhibits a particular, easily identifiable, shape. In practice this cell matrix is still
invertible but the coefficients of the inverted matrix are orders of magnitude greater that
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Figure 3.22: Example of instability of the predicted load at a given time step

the coefficients of the inverted matrices of the neighboring cells (usually 3 to 4 orders of
magnitudes higher). Thus when filling the global matrix, a particular row will contain
values orders of magnitude greater that the values in other rows. This leads in turn to
a bad resolution of the potential in this particular cell. Even though this effect is very
limited in both time and space, the pressure at this instant is then not accurate whether it
was computed by a finite difference method or by solving a Laplace problem on ϕt (which
would have the same flaws as the global matrices of the problems on ϕ and ϕt are equal).

Figure 3.23: Example of obtained potential field at t = 31.6366 s

65



Chapter 3. Results and discussion about the HPC model

Figure 3.23 shows the potential field obtained at the problematic time instant exhibited
by the load behavior in fig. 3.22(on the same case). The spread peak value around the
faulty node is mostly due to the representation effect (paraview): even the direct neighbor
nodes values are almost not affected while the node value of the potential rises.

3.4.2.2 Simplified case: resolution of a BVP

In order to push the investigation further, a simplified BVP was defined. The mesh
topology is extracted at the faulty time instant, and all the external boundaries (“free
surface”, bottom, inlet and outlet) are replaced by Dirichlet conditions for which the
potential is enforced following the analytic expression of the potential of an uniform
horizontal flow around a cylinder:

ϕ = v0r cos θ
(

1 + R2

r2

)
(3.6)

where (r, θ) are the polar coordinates of the boundary node in the cylinder reference
frame, and R is the radius of the cylinder. A unique BVP is resolved which should yield
in the volume, values that correspond to the latter expression.

First, the cylinder outer boundary is also imposed as a Dirichlet condition, using the
above-presented formula. In that case, the problem is “stabilized” and correct results
are obtained. However if we enforce a Neumann condition on the body boundary, by
deriving eq. (3.6) along the normal - i.e. with respect to r - the BVP solution exhibits
once again a significant local disturbance. The two obtained solutions of those BVPs are
shown in fig. 3.24. Note that it was verified that the local cell inversions were correct,
further confirmed by the good quality results obtained with the full Dirichlet BVP.

However, the important values of the inverted local matrix does greatly modify our
iterative inversion when a Neumann condition is used at the body boundary. It should, in
that case, be possible to retrieve correct results by further decreasing the expected residual
during the matrix inversion. They were however, already fixed at 0.5·10−8 and any further
decrease would in turn significantly increase the computational cost. Because only the
global residual is controlled, this tolerance represents a mean error value. Therefore, as
the faulty cell vicinity is harder to properly resolve, it is possible that a tolerance reduction
would not improve the results in this zone.

Even if this problem was investigated at a particular time step on a particular mesh,
the same behavior proved to occur in almost every computation on this circular cylinder
on which the mesh is allowed to deform. Note also that the faulty cell is not always the
same, but almost always in the close vicinity of the body.

Remark. When the mesh is completely fixed, and only the very free surface nodes are
allowed to move, stable results could be obtained. In this case, the wave height is limited
by the discretization (the wave amplitude cannot be larger than the cell size): only very
coarse mesh could compute large wave height cases, which appears as an obvious limitation.
With this method only - of course very limited in terms of achievable wave height - it was
possible to obtain consistent results across cases.
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(a) Cylinder boundary: Dirichlet (b) Cylinder boundary: Neumann

Figure 3.24: Resulting velocity potential ϕ, solution of the BVPs. The outer boundaries
are imposed as Dirichlet condition respecting: eq. (3.6). The cylinder condition is either
directly applyied from eq. (3.6) (Dirichlet, left) or as a Neumann condition which value
is derived from the same equation (right).

3.4.3 Conclusion on the fitted mesh method
The fitted mesh proved to yield very precise and valuable results as well as great con-
vergence properties on the standing wave case. Every exhibited properties - for example
stability, convergence order, achieved accuracy after convergence - are either of equal
quality or better than with the IBM.

However, on the horizontal cylinder case, despite many efforts, it was not possible to
obtain non perturbed results by the phenomenon explored above. At the end, the fitted
mesh method was abandoned, mostly because of the difficulty to establish a clear criterion
in terms of cell distortion that triggers this instability.
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3.5 Summary of conclusions
In this part of the work, an implementation of the Harmonic Polynomial Cell (HPC)
method for solving the fully nonlinear potential flow problem in combination with an
Immersed Boundary Method (IBM) to track the free surface was achieved and validated.
The newly developed NWT allows to simulate a wide range of situations in ocean and
coastal engineering applications, involving nonlinear waves in uniform or variable water
depth as well as wave-body interaction. In this version, the bodies in interaction with
waves can be immersed or surface piercing, but have to be fixed. The numerical techniques
of this NWT have been described, in particular the implications of choosing to work with
non-deforming grids which has led to the development of an accurate and robust IBM
variant.

After investigating the convergence properties of the numerical methods after a long
evolution time with respect to a refinement in space and time on a freely evolving standing
wave, it was shown that the NWT exhibits a high level of accuracy and other interesting
features. First, a large range of time steps are shown to lead to stable computations
over the target duration of 100 wave periods, although for small CFL Co numbers the
results tend to become unstable. This difference can however mostly be explained by the
fact that no filtering nor smoothing were used during this work. Most importantly, the
recommended range of CFL for this HPC implementation was shown to be Co ∈ [1.5, 3.5],
which is of great benefit as these large values permit to use large time steps, and so to
reduce the computational burden. The refinement in space discretization should lie in the
range [40, 90] for the number of nodes per wavelength. On this case, results are found
to be accurate and converging with an order of convergence comprised between 4 and 5,
when refining either the spatial or temporal discretization.

A second BVP is introduced and solved on the time derivative of the potential in
order to obtain an accurate estimation of the pressure in the fluid domain through the
Bernoulli equation. This method ensures a precise computation of loads on bodies, which
will further be needed to compute the movements of a freely floating body.

A multi overlapping-mesh method was also developed as a way to compute the flow
precisely in the vicinity of an object subjected to incoming regular waves with a finer
local grid. In case the body pierces the free surface, a second free surface is added close
to the body and evolves in the body fitted mesh. Specific strategies to couple the two
(here fixed) grids and associated (time varying) free surface curves were proposed. This
double mesh technique ensures a precise computation of complex flow patterns which can
arise due to the presence of the body.

Coupled with relaxation zones to both generate and absorb waves at extremities of
the NWT, the method is shown to be accurate for several 2D cases. In particular, the
double mesh approach is shown to give accurate results on a fully submerged horizontal
cylinder located very close to the free surface (flume experiments by Chaplin, 1984). We
have shown that the mean (drift) vertical force on the cylinder and the amplitudes of
the three first harmonic of this force were properly estimated by the NWT for a range of
Keulegan-Carpenter number. The nonlinear capabilities of the model are thus confirmed.

As a final validation test, the NWT is used to simulate a series of dedicated experiments
performed in the wave flume at Centrale Marseille with a surface piercing rectangular
barge. As the present model does not consider viscous effects, this last case proved to be
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really challenging, in particular in high wave conditions and due to the presence of sharp
corners at the bottom of the barge. In these conditions, indeed, dissipative terms cannot
be neglected if one wants an accurate prediction of the physical values. Nevertheless,
the NWT showed very good results for cases with low steepness incident waves (loads of
the barge, run-up on the barge’s vertical sides, transmitted and reflected waves). As the
wave steepness increases, the simulations still reproduce the time evolution of free surface
elevation, loads and run-up signals, but the differences in amplitude become more marked.
In these conditions, errors versus the experiments can be up to 15% on the amplitude of
the first harmonic of the loads. Higher harmonics tend also to be overestimated compared
to the experimental results. We however like to insist on the fact that some of the cases
simulated here were extreme in the sense that waves started to break on the barge and
we almost reached the dewetting of the front face of the barge (as shown in the pictures
of the experiment on fig. 3.12. This being considered, the ability of the NWT to run on
such cases and to deliver a correct (though slightly overestimated) order of magnitude of
loads and run-up elevations is regarded as a valuable outcome of this study.

A fully immersed horizontal cylinder of rectangular cross section which characteristic
dimension is small compared to the wave dimensions is also tested. It was selected in order
to separate some of the effects observed on the free surface piercing barge. The obtained
hydrodynamic coefficients are compared to literature results, to exhibit that, while their
orders of magnitude are correctly retrieved, their behavior with the KC number cannot
be correctly captured due to the potential assumptions: viscous and turbulent effect are
expected to play a major role, as soon as the KC increases slightly.

Lastly, a rapid investigation on the problem encountered with the approach of de-
forming the mesh to fit the free surface are conducted. It is shown that while there is no
problem theoretically and that the cell matrices are correctly inverted, some macro-cell
topologies yield associated local matrices whose inversions are difficult. In these cases,
the resulting coefficients of the local inverse matrix reach high values. In turn, while the
iterative solver manages to reach a global residual below the specified threshold, potential
values are locally very far from being correctly computed.

The rest of this work aims at coupling this potential NWT with local viscous models in
the vicinity of bodies. Most of the discrepancies observed with this model are consequence
of the potential hypothesis. Namely, turbulent, viscous and rotational effects being ne-
glected, important aspects of the physics are ignored, as was shown here for the case of the
rectangular barge in large wave conditions, but also for the horizontal rectangular-based
cylinder.
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4.1 Introduction

4.1.1 Limitations of the potential approach

The potential HPCmodel presented, developed and validated in chapters 2 and 3 exhibited
interesting results: nonlinearities are correctly captured for a relative range of physical
parameters. However this HPC method - and more generally all potential models - suffer
from inaccuracies when pushed outside the limits of their assumptions. The two main
hypotheses of such models are the irrotationality and inviscid properties of the flow. Those
assumptions are relevant for most of the studied cases and parameters, which makes the
HPC model suitable for a broad range of studies.

However, for some particular cases - for example harsh wave conditions, which are also
key aspects of the design process (see e.g. Fedele et al., 2017) - both those assumptions
can be questioned. For example, any wave breaking event, would lead to vortical and
turbulent effects. Other flow aspects, such as air entrapment or boundary layers are also
impossible to capture with a potential model and may have significant consequences on
the flow description.

In the previous chapters, such limits of the potential model were encountered, par-
ticularly on two test cases. The horizontal fully immersed cylinder described in sec-
tion 3.3.3 possesses sharp corners. Vortices and turbulence are expected. In turn the
hydrodynamic coefficients are reduced when the wave height increases (controlled by the
Keulegan-Carpenter number). This effect was not retrieved under the potential assump-
tions. Circulation effects, around the cylinder are discussed in detail in Arai (1995) and
briefly summarized here. When KC = π, the length of the path of a fluid particle is
equal to the body breadth. At this stage, strong circulations are at play, which implies
significant rotational of the velocity field. Asymptotically when KC increases further, the
flow between the oscillations can be modeled as a unidirectional constant flow. In that
case, the Reynolds number is decisive to understand the behavior of the flow past the
body. Usually, high Reynolds numbers are at play, which means that vortices are shed,
flow detachments occur, and a turbulent transition takes place.

The second test case described and discussed in section 3.3.2 is similar to the latter
with additional effects originating from the free surface piercing by the floating barge. Air
entrapment and wave breaking are at play which is expected to result in a large energy
dissipation, especially for the steepest wave cases. The potential model being energetically
conservative, its limits are exceeded.

In order to develop an accurate model that couples the previously computed potential
flow with a CFD approach, the open source toolbox OpenFOAM® (open Field Operation
And Manipulation, under the GPL v3 licence) is selected. Here we assess its capabilities
to be used as an accurate NWT in an independent manner. Throughout this work, the
considered version remains constant: OpenFOAM® v17.12. The main objective of this
chapter is to obtain precise and consistent results that will serve as reference for the
following chapters. Another goal is to identify correct simulation parameters (mesh and
time discretizations, spatial discretization schemes, turbulence model, etc.) that will be
reused later without being questioned again.
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4.1.2 OpenFOAM®, a widely used toolbox
OpenFOAM® is a powerful open source package that provides many routines to manip-
ulate as well as operate on flow fields and associated meshes. Inside the package, several
solvers are available constructed on those functions to numerically study many types of
physical phenomena. Amongst them, a multiphase solver interFoam is available and
was extensively tested over the years for example in the context of wave hydrodynamics,
especially since the development of the well-known wave dedicated toolbox waves2Foam
by Jacobsen et al. (2011). A specific solver denoted waveFoam is included in this external
toolbox and will be used here.

For example, Chen et al. (2014) studied the interFoam capabilities with in-house
wave generation and absorption programs in 3D. The numerical model was applied to a
vertical cylinder with the laminar assumption. Results showed a good agreement with the
experiments up to the 4th harmonic of the surface elevation. Another study on extreme
waves with the laminar assumption is conducted in Hu et al. (2016). Higuera et al. (2013)
implemented new boundary conditions to mimic the behavior of realist wave makers.

While the cost of this approach is still relatively large compared to other types of
models, practical engineering applications can be studied (see e.g. Islam and Soares, 2018).

The choice of OpenFOAM® in many examples in the literature - and in this work
in future chapters - is driven by the openness of the source code. This allows for an
easy implementation of new functions and routines. Most of the referenced papers here
benefited of this freedom and open source feature: as an example, complicated numerical
methods such as an immersed boundary method can be developed, see e.g. Constant et
al. (2017) and Riahi et al. (2018).

4.1.3 Turbulence modeling
While many applications are made considering the laminar version of the NS equations,
some works have also been done in studying wave flows with the Reynolds Averaged
Navier-Stokes (RANS) equations coupled with different turbulence closure schemes. For
example, Brown et al. (2016) assessed the capabilities of several turbulence models to
capture the behavior of a spilling breaking wave.

However, it was shown by Mayer and Madsen (2001) that the k-ω model of Wilcox
(1998) is unstable under potential waves. This conclusion was recently extended to most
of the commonly used turbulence model by Larsen and Fuhrman (2018), who proved
that under an Airy wave, several turbulence models are formally unstable, and derived
the associated growth rate of the instability. This analysis was conducted neglecting
the convection and diffusion terms of the closure equations. According to the authors,
this instability is thought to explain the observed overestimation of the turbulent kinetic
energy (TKE) in many studies that solve for the RANS equations to simulate wave flows
(Brown et al., 2016; Hsu et al., 2015).

An ad hoc correction, proposed by Mayer and Madsen (2001) and also adopted in
Jacobsen et al. (2011), consists in modifying the production term of the TKE using the
mean rotation rather than the strain rate. Thus, no production will occur in a purely
potential flow.

Recently, Devolder et al. (2017, 2018) developed and released a modified version of
some turbulence models specifically for OpenFOAM®. They first included the necessary
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buoyancy modification, but also added a buoyancy production term directly into the TKE
equation.

However, Larsen and Fuhrman (2018) state that, while the above mentioned modifi-
cations should be included, the instability itself is not prevented. They in turn modified
several of the existing models and made them available. Seemingly this model begins to
be widely used for its effectiveness, especially in engineering problems (e.g. Hsiao et al.,
2020; Patil, 2019). However, even if the stabilization is achieved with the suggested cor-
rected model, undertow TKE profiles still exhibit relative discrepancies when compared
to experiments.

In this work, such instabilities are encountered and the different available models
and corrections will be discussed in further details (section 4.2.4), and then afterwards
extensively tested (section 4.5).

4.1.4 Outline of this chapter
Section 4.2 focuses on briefly recalling the underlying mathematical formalism associated
with both the RANS equations and the volume of fluid (VoF) approach. This section also
presents the available turbulence models, with a focus on the k−ω SST version, and their
associated modification suggested by Devolder et al. (2017) and Larsen and Fuhrman
(2018) in section 4.2.4. We also take the opportunity to propose further modifications to
the latter. Afterwards, the numerical methods are rapidly described in section 4.3.

After defining the selected case and the associated numerical parameters (mesh, time
step size, etc.) in section 4.4, a thorough investigation is conducted on the available
turbulence models and their respective impacts on the local flow description (section 4.5).
Then, in section 4.6 many investigations are performed. Amongst them, the independence
both in the mesh and time step are assessed (section 4.6.2). Finally, a comparison with
literature results of the obtained hydrodynamic coefficients for different wave heights and
periods is performed in section 4.7.
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4.2 Models and equations
In this section, the mathematical backgrounds associated with the different employed
strategies and approaches are briefly recalled. We first focus on deriving the RANS equa-
tions within a multiphase VoF framework, and this framework is also recalled. Finally,
the turbulence model k − ω SST will be presented.

4.2.1 Navier-Stokes equations
The tensor form of the Cauchy momentum equation, in its conservation form, is as follows:

∂ρu
∂t

+ ∇ · (ρu ⊗ u) = ∇ · σ + f (4.1)

where f is the external source force and σ is the Cauchy stress tensor (also denoted
simply the stress tensor). u stands for the velocity vector while ρ is classically the density
of the fluid. The operation denoted with ⊗ is the tensor product, defined such that
(a⊗b)ij = aibj. Within the Newtonian fluid assumption, the stress tensor can be further
developed into:

σ = −p1 + T

= −p1 + 2µD − 2
3
µ∇ · u 1

= −p1 + µ
[
∇u + ∇uT

]
− 2

3
µ∇ · u 1

(4.2)

where µ is the dynamic viscosity, T is the deviatoric (shear) stress tensor, 1 is the identity
matrix, and D = 1

2
[
∇u + ∇uT

]
is the strain rate tensor (or rate-of-strain tensor). Note

that some assumptions have been made to derive this equation: i) the stress does not
directly depends on the velocity u, but on its derivative ∇u, and the dependence in the
latter is linear, ii) the fluid is isotropic and iii) the bulk viscosity was neglected, thus the
mechanical pressure is assumed to be equal to the thermodynamical pressure.

Equation (4.1) can be expressed in terms of the pressure and the shear stress ten-
sor. Along with the conservation of mass for an incompressible flow, the Navier-Stokes
equations are derived: 

∇ · ρu = 0
∂ρu
∂t

+ ∇ · (ρu ⊗ u) = −∇p+ ∇ · T + f

(4.3a)

(4.3b)

4.2.2 Reynolds Averaged Navier-Stokes (RANS) method
A brief summary of the RANS method and the obtained equations is given here. We first
separate the velocity vector into a statistical mean component and a perturbation (also
called fluctuation) component.

u = u + u′ (4.4)

where u = 1
δt

∫ t+δt

t
udt (4.5)
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The Reynolds averaged versions of eqs. (4.3a) and (4.3b) must also be satisfied, and taken
into account that most operations are linear, in particular the shear stress tensor is linear
with respect to u, thus T(u) = T(u) = T, the RANS equations can be derived:


∇ · ρu = 0
∂ρu
∂t

+ ∇ · ρu ⊗ u = −∇p− ∇ · T + f

(4.6a)

(4.6b)

These new equations are very similar to the original NS eqs. (4.3a) and (4.3b), using
u in place of u. However, the nonlinear advective terms are different: u ⊗ u ̸= u ⊗ u.
Developing this terms further, applying the decomposition eq. (4.4), and taking advantage
of the fact that u′ = 0, yields:

∂ρu
∂t

+ ∇ · ρ(u + u′) ⊗ (u + u′) = −∇p− ∇ · T + f

∂ρu
∂t

+ ∇ · ρ(u ⊗ u + u′ ⊗ u′) = −∇p− ∇ · T + f
(4.7)

From the nonlinearity of the convection term, a perturbation terms arises, known
as the Reynolds Stress tensor, that represents the convection of the perturbation by
itself ∇ · ρu′ ⊗ u′. If one wants to capture numerically this tensor and thus resolve the
problem down to the scale of the turbulence, the needed cell size is of the same order of
magnitude as the smallest turbulent scale (i.e. Kolmogorov scale). In that case, the model
would be similar to a direct numerical simulation (DNS). This is out of reach in terms of
computational cost for our particular purpose: we need to simulate large domains with
relatively high Reynolds numbers and be able to explore different physical parameters,
e.g. wave height, period. The associated computational cost would be prohibitive. Thus,
this term is modeled: we assume a local linear relationship of the Reynolds Stress tensor
with respect to the shear stress tensor. This is the Boussinesq assumption:

−ρu′ ⊗ u′ = µt

µ
T − 2

3
ρk1

= µt

[
∇u + ∇uT

]
− 2

3
µt∇ · u 1 − 2

3
ρk1

(4.8)

where µt is an unknown coefficient that is not constant. This variable is denoted the
turbulent dynamic viscosity due to its similarity with the dynamic viscosity µ. k is the
turbulent kinetic energy k = 1

2
u′ · u′. Thus, the resulting system of equations, also named

the RANS equations is:



∇ · ρu = 0
∂ρu
∂t

+ ∇ · ρu ⊗ u = −∇p− ∇ ·
(
µeff

[
∇u + ∇uT

]
− 2

3
µeff∇ · u1 − 2

3
ρk1

)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Teff (u)

+f

(4.9a)

(4.9b)

where the effective viscosity µeff is defined as µeff = µ+µt. In that framework, two new
variables have been incorporated into our problem (k and µt). Thus, closure(s) equation(s)

76



4.2. Models and equations

are required for this system, they are referred to as turbulence models. For example, k− ϵ
or k−ω are two equations closure models while Spalart-Allmaras (Spalart and Allmaras,
1992) is a one-equation closure model. In this study, different versions of the k−ω SST of
Menter (1994) will be used. A description of the corresponding variations of this closure
model is done in section 4.2.4.

4.2.3 Volume of Fluid (VoF) method
Many methods exist to capture and simulate the evolution of the interface between two
phases of a given flow. One of them, that does no require any mesh deformation, is the
Volume of Fluid method introduced by Hirt and Nichols (1981). The RANS modeling
within a VoF background is for example discussed in detail in Fan and Anglart (2019).
In this section, the approach and associated equations are summarized.

With this method, the equations are represented in a continuous way across the in-
terface: a scalar function that represents the volume fraction of a given fluid in a given
cell is defined. Thus, the two immiscible fluids are represented and solved as one with
varying physical properties. In OpenFOAM®, the volume fraction is denoted α; it is a
function of t and x. Thus when this scalar equals unity in a given cell, this cell is full of
fluid 1, i.e. water in our case. If it is zero, this cell is full of fluid 2, i.e. air in our case.
Any value in between means that the free surface crosses this cell and gives the relative
fraction of water inside this cell. Density and mixture viscosity are computed as

ρ = αρ1 + (1 − α)ρ2 (4.10)
µ = αµ1 + (1 − α)µ2 (4.11)

where ρ1, ρ2 are respectively the density of the water and air, and µ1 and µ2 their dynamic
viscosities. The following paragraphs describe the different equations of the two-phase
system.

4.2.3.1 Incompressibility

As the phases are assumed to be incompressible and immiscible, the continuity equation
in each phase remains:

∇ · u = 0 (4.12)

4.2.3.2 Transport of the volume fraction

The general continuity equation for any flow of variable density is given by:

∂ρ

∂t
+ ∇ · ρu = 0 (4.13)

Plugging the VoF decomposition eq. (4.10) that parametrizes the evolution of the density
between ρ1 and ρ2 yields:

∂α

∂t
ρ1 − ∂α

∂t
ρ2 + ρ1∇ · αu − ρ2∇ · αu = 0 (4.14)
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It is possible to simplify this equation by dividing by the density difference ρ1 − ρ2 in
order to derive the transport equation of the volume fraction:

∂α

∂t
+ ∇ · αu = 0 (4.15)

An equivalent form, taking into account the incompressibility eq. (4.12), valid for each
fluid independently, reads:

∂α

∂t
+ u · ∇α = 0 (4.16)

Remark. Note that the transport equation for α is just another form of the continuity
equation, thus mass conservation is automatically satisfied in the VoF framework.

4.2.4 Turbulence modeling
Due to the relatively high Reynolds numbers that are locally reached, a model of the
Reynolds stress tensor in the vicinity of the body can be needed. A laminar computation
signifies fixing the turbulent viscosity νt = 0. This assumption is equivalent to neglecting
the Reynolds stress tensor, and thus also the advection of the fluctuating component of
the velocity by itself.

This section focuses on the original k−ω SST model available in OpenFOAM® as well
as the derived models suggested by Devolder et al. (2017) and Larsen and Fuhrman (2018).
Suggestions to improve the behavior of the latter in the presence of vortex shedding are
also given. Results and comparisons between these variations will be later presented in
section 4.5.

4.2.4.1 k − ω SST, original model in OpenFOAM®

Withing the OpenFOAM® toolbox a lot of model are available. In this work, the k − ω
SST model proposed by Menter (1994) is selected for its relative capability to correctly
capture the turbulence at different scales: vortex shedding, flow detachment and turbu-
lence generation in the wall vicinities but also the larger scale effects where the flow is
mostly laminar. The corresponding closure equations for a two-phase fluid are:

∂ρk

∂t
+ ∇ · ρuk = ρPk − β∗ρωk + ∇ · [ρ(ν + σkνt)∇k]

∂ρω

∂t
+ ∇ · ρuω = ρPω − βρω2 + ∇ · [ρ(ν + σωνt)∇ω]

+ 2(1 − F1)
ρσω2

ω
∇k · ∇ω

νt = a1k

max(a1ω,
√

2D : DF2)
Pω = γω

k
G

Pk = min(G, 10β∗kω)
G = 2νtD : ∇u

(4.17a)

(4.17b)

(4.17c)

(4.17d)

(4.17e)
(4.17f)
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ϕ σk σω β γ
ϕ1 0.85034 0.5 0.075 0.5532
ϕ2 1.0 0.85616 0.0828 0.4403

Table 4.1: Values of the different parameters of the k − ω SST model in OpenFOAM®.
Table from Devolder et al. (2017).

We recall that k = 1
2

u′ · u′ is the mean turbulent kinetic energy, ω denotes the specific
dissipation rate, and Pk and Pω are their respective production terms. Note that the
operator “:” is Frobenius inner product A : B = AijBij.

Remark. This system is in reality a blending between the k−ω model (Wilcox, 1998) (in
the vicinity of the walls) and the k− ϵ model (Launder and Sharma, 1974). The blending
functions F1 and F2 evolve from 1 to 0 when moving away from the wall. Also note that
the values of the coefficient σk, σω, β and γ also evolve with respect to the distance to
the closest wall as ϕ = F1ϕ1 + (1 − F1)ϕ2. Thus, the value of these parameters should be
defined in each zone, i.e. indexed 1 and 2. In this work, the default values are used for
those functions, and are recalled in table 4.1.

However, an important note here is that the native OpenFOAM® k − ω SST model
does not directly implement eq. (4.17) but instead its constant density equivalent: the ρ
are taken out of the derivatives and simplified. In a VoF framework, the density however
exhibits large gradients at the free surface. This will of course, greatly impact the results
in this zone. In practice, a significant increase of the TKE in the free surface vicinity zone
is observed, which leads to a large damping of the wave fields and kinematics.

4.2.4.2 Modification suggested by Devolder et al. (2017)

The above discussed shortcoming is corrected by Devolder et al. (2017). They proposed
and released a model that implements the required correction for a multiphase flow (takes
into account the modification of ρ). Still, an unphysical rise of the TKE is obtained. To
counteract this effect, a buoyancy term is added directly in the RHS of the TKE equation:

Gb = −µt

σb

g · ∇ρ (4.18)

where g is the gravity acceleration vector and σb a coefficient set as default to σb = 0.85.
With this term - treated implicitly in the proposed modified model - any large gradient
of ρ in the direction of the gravity will instantly drive the turbulent viscosity to zero,
switching to a laminar model close to the free surface.

Notice that the added/modified terms are different only when the density varies. Thus,
when the density is constant, this model reduces to the native model, and the exact same
behavior should be retrieved close to a body. Hereafter, this model will be referred to as
the “buoyant” k − ω SST model.

4.2.4.3 Modification suggested by Larsen and Fuhrman (2018)

While the latter model greatly reduces the over generation of turbulence in the free surface
zone, according to Larsen and Fuhrman (2018), the turbulent viscosity produced in the
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area where the flow is essentially potential is still orders of magnitude higher than it should
be. These authors have shown that in the case of a potential flow driven by potential water
waves, the turbulence model is unconditionally unstable leading to high eddy viscosity
values and thus a significant unphysical decay of the waves in the propagation zone. To
counteract this shortcoming, they suggested a modification of the model. Their main
analysis is focused on the k − ω model, but equivalent variations of several other models
are also developed. For example, the k− ω SST model is stabilized by introducing a new
limiter that applies to the eddy viscosity denominator:

νt = a1k

max(a1ω,
√
SyF2, a1λ2

β

β∗γ

Sy

Sk

ω)
(4.19)

where Sk = 2D : D and Sy = 2Ω : Ω. Here, Ω is the mean rotation rate tensor (i.e. anti-
symmetric part of the velocity gradient) Ω = 1/2(∇u−∇uT ). The aim of the new limiter
is to increase the denominator whenever the rate of strain is large compared to the rotation
rate, thus reducing the value of νt. Note that diminishing νt also has a retroacting effect
on the production terms of k and ω through the variable G (see eqs. (4.17d) to (4.17f)).
Physically, the goal is to reduce the value of νt itself only in regions where the rate of strain
tensor is high compared to the rotation rate tensor (D : D ≫ Ω : Ω), for example in the
almost potential zones beneath water waves), and retrieve the original model whenever
rotation is at play. Note that a new parameter, λ2 is introduced with this model which
sets the threshold of activation of this limiter.

Also note that a buoyancy term, corresponding to eq. (4.18), is also taken into account
and added in the TKE equation even though its definition in the Larsen and Fuhrman
(2018) model differs slightly. In practice, this model with λ2 = 0 effectively yields the
same results as the buoyant model.

For the rest of this work, this model will be denoted the stabilized k − ω SST model.

4.2.4.4 Additional discussions and suggestions

In section 4.5 it will be shown that, on the test case of interest, the stabilized model
perturbs the flow in the body vicinity, even if it should not be activated in theory. Some
suggestions to counteract this shortcoming are given in this §. Amongst them, the first
two will be implemented and tested. The associated results and discussions are given in
section 4.5.4.

Option a: limiting the decrease of the skew term.
Because the stabilization method activates when Ω : Ω = 0, for example between two
counter-rotative vortices, the first intuitive possibility would be to limit the minimum
value of this term such that the stabilizer stays efficient in the potential regions but does
not activate as soon as the velocity rotational cancels out. For example, one could redefine
the limiting scheme of νt as

νt = a1k

max(a1ω,
√
SyF2, a1λ2

β

β∗γ

Sy

max(Sk, λ2λ3Sy)
ω)

(4.20)
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with λ3 a small constant coefficient. Note that, as stated by Larsen and Fuhrman (2018),
the growth rate of the TKE of their stabilized SST model - obtained with simplifying
assumptions such as neglecting the diffusive and convecting part of the TKE and ω equa-
tions - is given by:

Γ∞ = (Sk − λ2Sy)β∗

λ2

√
α

Syβ
(4.21)

The suggested modification would thus yield a formally stable model given that

max(λ2λ3Sy, Sk) ≤ λ2Sy (4.22)

While the second term of the max in eq. (4.20) reduces to the same stability condition as
in Larsen and Fuhrman (2018) (i.e. Sy/Sk ≥ 0), the newly introduced condition simply
corresponds to λ3 ≤ 1. The aim of this modification is to shut down the νt damping as
soon as the rate of rotation reaches a value large enough to be actually compared to the
rate of strain. This suggestion was implemented and tested, and the corresponding results
will be shown in section 4.5.4. However, no improved behavior of the turbulent viscosity
field will be obtained with this modification.

Option b: smoothing the skew and symmetric variables.
The main reasoning of Larsen and Fuhrman (2018) is valid: in potential zones, Sk is
approximately null while Sy is not, while in turbulence/vortical driven zones Sy is overall
of significant magnitude. The only flaw is that Sy can - and will - locally reach almost
null value.

Thus, one could improve the method itself by computing the limiter ratio Sy/Sk in
a different way, such that it is less dependent on the cell value itself. For example,
the denominator (currently Sk) could be defined as a mean value of 2Ω : Ω within a
certain distance of the considered cell (instead of the cell value of Sk itself). This would
smooth out the sharp reached minima in-between vortices but still be triggered when
the flow is on average driven by potential effects. Moreover, that would remove the high
dependence on the cell size in between the vortices. Even if this exact smoothing function
seems very attractive in principle, it has not been implemented and it is thought that its
major drawback would be the required computational cost. Note however that another
smoothing method, described below, was implemented and tested. The general expression
for the eddy viscosity, with a smoothing of the stabilized model, would read:

νt = a1k

max(a1ω,
√
SyF2, a1λ2

β

β∗γ

s(Sy)
s(Sk)

ω)
(4.23)

with s a smoothing function. In this OpenFOAM® version (17.12) a different smoothing
function than the one suggested above is available that - through multiple iterations -
reduces the highest value of a given function not allowing to increase further than a given
ratio times the neighboring cell values: for all ca and cb two cells that are neighbor, ϕ
a given field and mr a given parameter, if ϕ(ca) > mrϕ(cb) then the ca value is set to
ϕ(ca) = mrϕ(cb), and repeat until convergence.

Based, on this available function, the suggested stabilization modification, eq. (4.23),
was implemented. A modification of the existing routine was implemented, that smooths
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out the minima instead: the new smoothing procedure ensures that a given cell value
is not lower than fs(= 1/mr) times any neighbor cell value. At fs = 0 the smoothing
function is thus not effective (and only costs a verification of algorithmic complexity
O(ncell)). When at fs = 1 no two neighbor cells values can differ: the entire mesh would
share the same value. In that case, the higher reached value is enforced for all cells. This
basically suppresses entirely the damping suggested by Larsen and Fuhrman (2018), but
with a large associated computational price (O(n2

cell)).
The author is aware that this procedure is not optimal and should be regarded as

a first step as - not depending on the gradients but on the cell values themselves - the
smoothing will depend on the chosen spatial discretization. Tests are conducted in the
corresponding section 4.5.4.

Option c: investigations on wall functions
Lastly, another possibility in order to really suppress the stabilizer in the vortex evolution
zone would be to include one of the wall distance functions in the limiter so as to turn
it off in the vicinity of the wall. This idea was however not tested during this work, and
would be only applicable to few turbulence closure models.
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4.3 Numerical methods

4.3.1 Finite Volume Method (FVM)
The equations to solve are discretized using the finite volume method (FVM). A complete
mathematical description of the different FVM are available in several textbooks, for in-
stance in Eymard et al. (2000). In addition, great details on the implementation of this
method, in particular in OpenFOAM®, are given for example in Moukalled et al. (2016).
More VoF focused explanations were found in the document by Damian (2012). Further-
more for a detailed description of the method and the OpenFOAM® implementation, the
reader is referred to the Ph.D. thesis of Jasak (1996) which serves as a reference for many
of the OpenFOAM® implementations. A brief summary and explanations of the main
equations and numerical methods are recalled here.

4.3.1.1 Generic equation

Let’s consider the standard form of an equation for the transport of a quantity q:

∂ρq

∂t
+ ∇ · (ρuq) − ∇ · (ρΓ∇q) = S(q) (4.24)

where Γ is the diffusion parameter for q and S(q) the source term. Note that this quantity
q can be either a scalar or a vector (in which case, the operation between the velocity and
the variable of interest is the outer product: uq ≡ u ⊗ q).

For any volume VP the integral form of eq. (4.24) should be satisfied at every instant
t:

∫ t+∆t

t

 ∂∂t
∫

VP

ρqdV

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Time derivative

+
∫

VP

∇ · ρuqdV
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Convection

−
∫

VP

∇ · (ρΓ∇q)dV
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Diffusion

 dt =
∫ t+∆t

t

∫
Vp

S(q)dV
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Source

dt

(4.25)
The different terms in this equation will be approximated by discretizing them both in
time and space.

4.3.1.2 Discretization of the terms

The volume is discretized into cells, small enough so that the behavior of q inside a given
cell is approximately linear in space. A focus will be briefly made on how each term of
eq. (4.25) is discretized. Each volume integral will be projected onto the faces closing the
cell volume VP using the Gauss theorem.

Convection term
A second-order accurate discretization of the divergence of a given vector field a is ex-
pressed as: ∫

VP

∇ · adV =
∑

faces

(Sf · af ) (4.26)
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where af is the value at the center of the face and Sf its - pointing outward - area vector.
Thus, the convective term of any quantity q can be expressed as:∫

VP

∇ · (ρuq)dV =
∑

faces

(ρfSf · uf )qf =
∑

faces

Ffqf (4.27)

where Ff is the mass flux through the face f . At this stage an interpolation method needs
to be selected in order to obtain the value qf at the face from the values of q at the cell
centers. Many discretizations schemes are available in OpenFOAM® and the selection
is defined in the fvScheme file. The most notable and commonly used types of scheme
are the Central Differencing, Upwind Differencing and Blended Differencing schemes. For
more information the reader is referred to the literature on the FVM method given above.
Note that this eq. (4.27) links, in an implicit way, the value of the quantity q in a given
cell to the neighbor cell values of the same quantity via the faces values. However, as will
be discussed in section 4.3.1.4, this equation is also applied explicitly, for example at the
previous time step.

Given the density and velocity fields, the needed values of ρf and uf are explicitly
interpolated at the center of the face. In OpenFOAM®, the mass flux through the faces
Ff is stored as a “surface field”, i.e. defined on the mesh faces, and denoted rhoPhi.

Remark. When the variable q is the velocity u the convection term is nonlinear. In order
to linearise the equation, the mass flux will be fixed during a given resolution, using the
“old” values of the velocity field (explicit interpolations). Afterwards, a loop can be done
until convergence, i.e. until Ff and u are consistent (PIMPLE algorithm). This will be
further discussed in the coupled velocity-pressure scheme section 4.3.2

Diffusion term
Given a diffusion parameter Γ - which is not necessarily space independent - for the
quantity q, and using again the Gauss theorem, the diffusion term is discretized as:∫

VP

∇ · ρΓ∇qdV =
∑

faces

SρfΓf (∇q)f (4.28)

In that equation, an evaluation of the gradient of q is needed at the faces. Instead of
trying to evaluate it directly, we focus on its product with the surface normal vector. The
surface normal is decomposed into two components Sf = Sfn +Sft, where Sfn is collinear
with vector PNf , with P the centroid of VP and Nf the centroid of the neighbor cell
through the face f . Note that this decomposition is not unique, and a choice has thus to
be made. The different existing decomposition methods are, however, not discussed here
but can be found in the previously-mentioned references. First the orthogonal part of the
product of Sf (∇q)f is calculated with:

Sfn(∇q)f = ∥Sfn∥ qN − qP

∥PNf∥
(4.29)

Then the non-orthogonal part uses the Gauss theorem to compute the gradient at the
center of the cell from the value of q at the faces:

(∇q)P = 1
VP

∑
faces

Sfqf (4.30)
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to further linearly interpolate ∇q onto the faces, using the classical equation:

(∇q)f = fx∇qP + (1 − fx)∇qN (4.31)

where fx is the distance between P and the intersection of PNf with the face. The latter
equation is then multiplied by Sft to compute the non-orthogonal correction.

Note that this method could be directly applied to the complete term. However the
numerical stencil of this method is larger, as obtaining (∇q)f requires the gradient of q
at both neighboring cells, which in turns requires the value of q at all their faces, which,
again requires the value of q at all up to the second neighboring cells. Denoting N (i) the
ith neighbor of the volume VP , it is possible to represent the requirements as:

(∇q)f (∇q)N∀N (1) qf∀N (1) qN∀N (2)
eq. (4.31)
on ∇q

eq. (4.30) eq. (4.31)
on q

Source term
The source term is linearized, with respect to q, inside the cell. We obtain S0 and S1 such
that S(q) = S0 + S1q. Then the respective volume integral is given by:∫

VP

S(q)dV = S0VP + S1qPVP (4.32)

4.3.1.3 Boundary Conditions

Boundary conditions are simply enforced whenever the corresponding face value is needed,
making use of the assumption that the imposed value qb (or gradient of the value in the
case of a Neumann boundary condition (∇q)b) is constant along the whole boundary face.
For further detail, see Jasak (1996, p. 93-96).

4.3.1.4 Temporal discretization

When assuming that the mesh is constant in time, those spatial discretizations applied
onto eq. (4.25) yield the “semi-discretized” equation:

∫ t+∆t

t

 ∂ρq
∂t

∣∣∣∣∣
P

VP +
∑

faces

Ffqf +
∑

faces

SρfΓf (∇q)f

 dt =
∫ t+∆t

t
(S0Vp + S1Vpqp)dt (4.33)

In order to obtain the fully discretized form (i.e. in space and time), the time dis-

cretization assumes a linear behavior of the quantities in time i.e. qn = qn−1+∆t
(
∂q

∂t

)n−1

where the exponents represent the time step. Together with the face-to-cell interpolations
presented above, the total equation, though not written in its entire form here, can be
expressed as:

Aqn + H(qn) = R (4.34)

The matrix A is the diagonal part of the obtained linear system. Its terms mainly arise
from the time derivative and the linear part of the source term, but also when implicit
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interpolations of the values at the faces qf are requested as the value of the cell itself
is needed and maybe asked implicitly. The non-diagonal part H(qn) contains all terms
corresponding to the influence of others cells on the given cell. The source term R
includes all contributions for which the new value qn is not needed. Of course, source
terms are contained in this RHS, but also all explicit values resulting from the different
interpolations. Last time step values are also computed and added to R.

The computation of eq. (4.33) to obtain the matrices of eq. (4.34) depends a lot on
the spatial and temporal discretizations schemes. For example, the explicit temporal dis-
cretization scheme makes the assumption that the face values do not change significantly
in time, and thus the previous time step values can be used whenever a face value is
required. With this method, no term appears in H and the new field can be obtained
explicitly without solving a system (only inverting a diagonal matrix).

For the spatial differencing schemes, the Upwind Differencing scheme uses the values
of either qP or qNf

to compute the values at the faces depending on the sign of the flux at
those faces, whereas the Central Differencing scheme uses both and combine them linearly.

In this work, the Euler time differencing scheme as been used for the time discretiza-
tion. In that method which is first order accurate, the new faces values are implicitly
expressed, i.e. the current unknown value is needed to compute qf .

4.3.2 Coupled velocity-pressure system and its resolution
4.3.2.1 The system of semi-discretized equations

Given a set of equations, either eqs. (4.3a) and (4.3b) or eqs. (4.9a) and (4.9b), it is
possible to obtain the “semi-discretized” form of the momentum equation, as presented
in section 4.3.1:

Au = H(u) + R −∇p+ ρg
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

−∇pd

(4.35)

Note that the source term R could include both the dynamic and static pressure but as
p is not known, a special treatment will be done in order to solve for it. Here, we define
pd the dynamic pressure as pd = p− ρg · x.

Remark. The gradient of the dynamic pressure might not be exactly −∇p+ ρg. Partic-
ularly, it is not true when the volume mass ρ is not uniform. In our case, this remark
applies close to the free surface, and a correcting term is implemented in the source term,
accounting for the difference between the gradient of ρgx and ρg.

Noticing that A is diagonal and thus can be easily inverted, the gradient of the pressure
is expressed as a function of the rest. The divergence operator is then applied to the
obtained equation to yield the Poisson equation for the pressure:

∇ ·
( 1

A
∇pd

)
= ∇ · H(u) + R

A
(4.36)

It is also possible to derive an equation from eq. (4.35) that explicitly gives the velocity
(the fact that in reality u is present in H(u) will be taken into account later):

u = 1
A

(H(u) + R − ∇pd) (4.37)

86



4.3. Numerical methods

Together eqs. (4.36) and (4.37) form the coupled velocity-pressure system.

4.3.2.2 The PISO and PIMPLE loops

In order to find (p,u) that are solutions to the above system of equations, a PISO loop
(Issa, 1986) is used. First, we define h(uf )u such that H(u) = h(uf )u to represent the
fact that H depends nonlinearly on u.

The algorithm can be summarized as:
• (p0,u0) are the velocity and pressure at the beginning of the PISO algorithm
• The face values of the velocity u0

f are computed
• The momentum equation is discretized, in order to obtain A and h(u0

f ).
• if the momentum predictor is activated, solve the equation eq. (4.35) using the

current pressure p0. We obtain a predicted value of u.
• PISO loop

– Update the values of the non diagonal part h(u0
f )u.

– The pressure equation eq. (4.36) is defined and solved. A new pressure field p
is obtained.

– The velocity explicitly is updated using eq. (4.37). A new velocity field u is
obtained.

In eq. (4.37), the velocity is explicitly updated from a given pressure field (−∇pd/A) and a
given velocity field (−H(u)/A). It means that on a given PISO iteration the new pressure
gradient has an impact on the newly computed velocity field. However, the velocity is
explicitly updated: u is thus not strictly solution of eq. (4.37) (the RHS is computed from
a fixed velocity field). This procedure needs to be repeated until convergence.

At the end of the PISO loop, the velocity and pressure fields are consistent and solution
of the nonlinear system composed of eqs. (4.36) and (4.37). However H = h(uf )u also
depends on the face flux values which could also be updated from the new values of the
velocity. This is, however, not done and thus the modification of the face flux is supposed
to have a smaller impact on the H(u) term than a modification of u itself. In other words,
the nonlinear coupling is assumed to be of lesser importance than the velocity-pressure
coupling. To take that into account anyway, the SIMPLE (PIMPLE when in conjunction
with PISO) algorithm is available in OpenFOAM®. This new loop encapsulates the PISO
algorithm. The overall algorithm can be summarized as:

• PIMPLE loop
– Compute α from u and p.
– Compute the face values of uf from the velocity field and update h(uf ).
– Perform the previously explained algorithm, in particular, the PISO loop until

convergence.
– Solve for all other equations of our system. For example, if the flow is turbulent,

compute the effective viscosity.
This algorithm is mainly used to allow for larger time step. However, in the lit-

erature, the PIMPLE loop seems to be rarely used, enforcing a number of iterations
(nOuterCorrector) for the latter to 1.
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4.4 Description of the test case and base parameters
of the simulations

This section aims to describe the test case that will be considered for the rest of this
chapter. Numerical simulation parameters and schemes are also precised: they will be
referred to as the “base” parameters, in the vicinity of which investigations will be later
conducted.

Hc = 0.2m

Lc = 0.4m

dc = 0.82m
h = 2.2m

lh1 ,zl = −0.63m

lh2 ,zl = −0.72m

lv1 ,xl = 0m

Figure 4.1: Schematic representation of the selected case. Note that the sea bottom is
not represented, and everything is at scale, considering a wavelength λ = 6.15 m (half of
it represented) and a wave steepness H/λ = 7.0%. Profiles in the following of this work
will be sampled over the blue lines lv1, lh1 and lh2.

The fully immersed horizontal cylinder of aspect ratio 1/2 presented in section 3.3.3
is selected (see fig. 4.1). It was chosen for mostly two reasons:

• the object is below the free surface. Thus, it will be possible to implement cou-
pling methods HPC/RANS and test it on this case, without having to develop a
corresponding free surface coupling scheme.

• nonetheless it permits to show the limits of the previously presented potential model.
Our goal in this chapter is to produce validation results that could serve as reference
for the following, and in particular the potential-viscous coupling methods. Sharp
corners are known to sensibly modify the flow, even when compared to a slightly
rounded corners (see e.g. Tamura and Miyagi, 1999). Hence we hope that the future
developed (coupled) models will capture these effects although the latter are only
resolved within a limited zone.

The total water depth is h = 2.2 m and the relative submergence depth of the cylinder
is set to h/zc = 2.68, which corresponds to the center of the object being located at
(xc, yc, zc) = (0, 0,−0.82)m.

4.4.1 Generated and absorbed waves
The focus is made on the interaction of the body with a regular wave. Most of the
investigations will be conducted with a wave height H controlled by the KC number fixed
at KC= 0.75. Later, this parameter will vary to allow a comparison with results from
literature. The wave period also will remain, for most of the work, fixed, selecting T = 2s.
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Together with the above mentioned KC, this yields a wave steepness of H/λ = 3.5%. The
corresponding wavelength is λ = 6.15 m within a linear theory.

The toolbox waves2Foam (Jacobsen et al., 2011) is employed to generate the incoming
regular wave, modeled as a Stokes wave of order 5. This theory-based wave model is
imposed over a length of Lri ≈ 2λ through a relaxation zone with the default waveFoam
parameters. This relaxation zone technique ensures that both the wave model is correctly
imposed and the reflected waves are absorbed. At the outlet, another relaxation zone of
length Lro = 2λ is used to absorb the transmitted wave. Those values are the upper limit
of the recommended length (1-2 wavelength) by the authors of the toolbox: Jacobsen et
al. (2011) have studied in detail the reflections levels of such zones up to a length of 2λ and
showed that in the worst case scenario (H/h = 0.4) this span is sufficient to reduce the
reflection coefficient R down to less than 3%. As our case is computed with H/h = 0.095,
i.e. lower than their minimum studied value, a reflection of less than 10−3 is expected.
Actually, they showed that the reflection coefficients can be approximately modeled as
a function of the sole parameter Lrh/(λH) that varied in their cases only in the range
[1, 10]. In the present simulation this coefficient is equal to 20 and extrapolating their
reflection model would yield R < 10−4.

The mesh span is chosen as approximately 4 wavelengths on each side of the body,
including the relaxation length.

4.4.2 Mesh generation and description
In this section, the generation and characteristics of the mesh, that will be referred to as
the “base mesh” is detailed. The general advice from the literature is to use square cells
(see e.g. Larsen et al., 2019) and this recommendation is followed as closely as possible.
However, the free surface itself is refined in the vertical direction. Note that square cells
also help the matching between in the body corners vicinities, leading to a lower degree
of non-orthogonality.

The mesh generation procedure will be maintained throughout this work, and is as
follow. First, a background mesh is generated with the blockMesh utility on which 9
blocks are defined:

• 3 different vertical discretizations: the water, the free surface and the air. All of
them spanning over the entire mesh length (i.e. 48 m)

• 3 different horizontal discretizations: the upstream and downstream propagation
zones and a breadth close to the body

In order to obtain a correct match between those blocks, some of the discretizations are
dependent from another: 3 degrees of freedom are available in each direction. More-
over, square cells will be enforced in the body vicinity, and a horizontal symmetry in
discretization with respect to the body position is chosen. For practical reasons, the air
discretization is equal to the background water one. This reduces the number of degrees
of freedom to 4: 2 in the vertical direction and 2 in the horizontal discretization. Of
course, relative spans of those blocks can also be considered as degrees of freedom, but
some changes were tested during this work without significant impact on the results and
will thus not be shown here.

The vertical span of the free surface zone was however modified later in this work
to permit the capture of greater wave heights. For the main considered wave height
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(H = 0.21 m) a span of 0.6 m was selected, centered on the still water level.
Then, on this by-block defined mesh, the snappyHexMesh utility is used to:
• Snap the body out of the previously designed mesh and refine further in both di-

rections in the vicinity of the body and in the free surface zone
• Refine by splitting the cells of the “center” block (body vicinity) into powers of 2

in each direction, controlled by a refinement level. A level of 1 means that each cell
is split in 4, 2 in 16, etc.

• Discretize the boundary layer such that y+ is limited to an overall maximum value
of about 6. With this discretization of the boundary layer, it is not needed to use
a wall model function for the turbulent variables in the vicinity of the body. This
will be assessed in section 4.6.3

• Refine around the corners in both directions. The level of refinement close to a
corner is always chosen as one higher than the body vicinity refinement level: a
given cell is once again split into 4. Thus the discretization is twice as small in every
direction close to a corner. This has been used in order to reduce non-orthogonality
of the mesh at the location where the viscous boundary layers of the different walls
match. Note that tests were conducted with this corner discretization deactivated
in the mesh independence study section.

This method will be kept during the mesh independence study performed in section 4.6.2.1.
The final discretizations of the base mesh are given in table 4.2.

mesh id Background Free surface Body nCells name
dx dz dx dz dx=dz

1 0.045 0.045 0.01 0.0056 138592 bg045x045dx0056

Table 4.2: Table describing the base mesh densities (in m)

Figure 4.2: Example of mesh grid. (bg045x045dx0056)
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A screenshot of this mesh is shown in fig. 4.2 (“bg045x045dx0056”). The final cell
dimensions obtained in the free surface zones are dzfs = 0.01 m, which corresponds to
describing the wave height H with 21 cells, and dxfs = 0.045 m which means that the
wavelength is discretized with 136 cells. Those values are in the range of the commonly
encountered discretizations in the literature. For details about the cells sizes the reader
is referred to Larsen et al. (2019),

4.4.3 Numerical parameters
According to Larsen et al. (2019), lowering the time step always leads to a significant
improvement in the capture of the free surface interface, but also the associated velocity
profiles in the bulk of the water. A time independence study will be conducted, on which
the controlling parameter is the time step size itself, instead of the maximum authorized
CFL.

The reasoning behind this choice was the difficulty to obtain consistent and stable
results across cases, particularly across meshes. Selecting a constant time step did not
really improved this shortcoming, but rather made easier the comparison in terms of
computational times for different meshes. Also note that the maximum CFL values given
in this work are hardly comparable to the study focusing on the sole wave propagation, as
the highest velocities and smallest cells are - in the current case - obtained in the vicinity
of the body. The time step is then controlled by different effects, and way smaller than it
would have been without body for the same maximum CFL.

Several different schemes and resolution methods (set via the files fvSchemes and
fvSolutions) were also tested during this work, and a relative difficulty to maintain
very consistent results was denoted. No modification of those parameters will be presented
however in this chapter. The selected schemes and parameters are presented hereafter.
A lot of details and recommendations are also given in Larsen et al. (2019). However,
they stated themselves that the “diffusive balance” (in the sense of a balance between
the diffusivity of the chosen scheme vs the time step size) they achieved is not universal.
Furthermore, their study focused on propagating a given wave up to very long time (100
periods). In our case, the needed propagation was only up to about 2 to 4 wavelengths,
and thus most long time effects on the wave shape (e.g. wiggles) were not encountered in
this study.

The Euler time scheme is used, the gradient schemes are set to a leastSquare
method which is a second order scheme. They are limited by a cellMDLimited set to
1.0.

The divergence schemes were all set to Gauss. While the turbulence associated ones
use the upwind version, the advection of the momentum is set to limitedLinearV 1.
Finally, the advection of the volume fraction is a vanLeer01 scheme. In order to keep
a sharp interface, an interface compression scheme is employed: a numerical term is
added in the volume fraction transport equation eq. (4.16), that models the relative
velocity at the crossing of the interface. This terms is classically discretized with the
corresponding scheme interfaceCompression (and the corresponding cAlpha is set
to 1). For further details about this method, the reader is referred to Deshpande et al.
(2012). The discretization of the Laplacian is done with the classically used a Gauss
linear corrected scheme. This scheme requires the keywords for both snGrad and
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interpolation to be defined, that here, were respectively selected as corrected and
linear.

Finally, the number of PIMPLE iterations was set, in this chapter, to a fixed values of
nOuterCorrector= 1 (i.e. usage in PISO mode).
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4.5 Comparison of the different turbulence models
As a first step, we aim to select a turbulence model that would permit to capture the
turbulence effects close to our body. The k − ω SST model is used, this selection was
made for its wide use in the wave-body interaction literature due to its capabilities to
model both highly turbulent flows in the vicinity of the body and recover the stability of
k− ϵ model further away. However, before that, the results of a laminar computation are
discussed.

4.5.1 Laminar computation
As a first try, a laminar model is used to simulate the flow. Of course, this model is not
expected to be adequate, particularly in the body vicinity. The Reynolds number, based
on the vertical height of the body and the horizontal velocity amplitude, is Re = 3.1 · 104.

The temporal load series predicted by this simulation are shown fig. 4.3, and compared
with a modified version of k−ω SST presented in section 4.2.4 and tested in section 4.5.3.
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Figure 4.3: Loads on the cylinder with H/λ = 3.5%, laminar vs turbulent (k − ω SST
buoyant). Computations with OpenFOAM®.

The obtained load series are not completely out of bounds. A non periodic behavior is
obtained, that advocates for the fact that the simulation parameters are not well suited.
It is thought that the main problem is the model itself. However, many references indeed
use a laminar model, even with sharp corners. Some effort was put in trying to stabilize
this laminar computation, without much success. Combined with the aim of producing
correct and consistent turbulence fields that will serve as a reference later in this work,
the laminar model was thus dropped.

Subsequent results are obtained considering different versions of the k−ω SST model.
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4.5.2 Native OpenFOAM® k − ω SST model

(a) t/T = 15 (b) t/T = 25

Figure 4.4: Turbulent kinetic energy field at two different physical times. Native k − ω
SST model. Black dots mark the free surface position (α = 0.5)

Figure 4.4 depicts the turbulent kinetic energy k (TKE) field at two different times
obtained with the k − ω SST model native of OpenFOAM®. The generated TKE due to
the density variation at the interface increases with time and diffuses in the bulk of water.
In turn, the turbulent viscosity follows the same path. Thus, a large damping of the free
surface elevation, increasing rapidly over time, occurs. After t/T = 30 this perturbation
also impacts the body vicinity flow in a significant manner.

In practice, using the native model as it is, reveals impossible because it modifies
too much the free surface behavior and thus the associated velocity profiles in the water.
For these reasons the native OpenFOAM® model is ruled out as it is clear that no good
quality results will be obtained with this model.

4.5.3 Modified k − ω SST models
To counteract this effect, two different modifications of the k − ω SST models developed
in the literature, have been tested. Their associated methods and equations are described
in section 4.2.4.

The first one was developed by Devolder et al. (2017) and adds two features to the
original SST model: i) it takes into account the modification of the density across the
interface, allowing a difference of viscosity for the two phases of the flow, and ii) it adds
into the RHS of the turbulent kinetic energy equation a buoyancy term Gb = −µt

σb

g · ∇ρ,
so that any gradient of density in the direction of the gravity acceleration vector drives
the TKE to 0.

The second implements the same modifications, but additionally sets up a new limiter
during the computation of νt. It was developed by Larsen and Fuhrman (2018) and aims
to damp the intrinsic instability of several turbulence models under a potential wave field.

Figure 4.5 shows a comparison of the TKE (left) and turbulent eddy viscosity (right)
fields for the different variations of the model at t/T = 15. Notice that, while not shown
here, the results obtained with the stabilized model with λ2 = 0 and the buoyant model
are in perfect agreement. An almost perfect agreement in the body vicinity is obtained
also between these models and the native model, but only up to the point where the
spurious turbulence generated begins to drastically perturb the body vicinity flow.
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(a) k, Buoyant (b) νt, Buoyant

(c) k, Stab λ2 = 0.005 (d) νt, Stab λ2 = 0.005

(e) k, Stab λ2 = 0.05 (f) νt, Stab λ2 = 0.05

Figure 4.5: Comparison of the modified turbulence models at t/T = 15: buoyant model
from Devolder et al. (2017) and stabilized model from Larsen and Fuhrman (2018) with
different values of the λ2 parameter. Left column shows the TKE k and right column the
turbulent viscosity νt. Note that λ2 = 0.05 is the default and recommended value.
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While a correct agreement in term of turbulent kinetic energy is obtained between the
stabilized-λ2 = 0.005 and the buoyant model, it is not true for the stabilized-λ2 = 0.05.
Moreover, whatever the value of λ2 a strange phenomenon appears on the turbulent eddy
viscosity field: lines of zero νt are noticeable. It is possible to deduce that, in at least some
regions/cells close to the body, the rate of rotation is very small compared to the rate of
strain thus triggering the newly introduced damping. This however, is not an expected
behavior: the model should be non-intrusive in zones that exhibit non zero rotation. The
introduced limiter should not be triggered in the vicinity of the body.

In order to understand the causes of the behavior of the stabilizer in this zone, the
different terms of eq. (4.19) are computed and shown separately. Let’s recall the definitions
of Sy = 2D : D and Sk = 2Ω : Ω the symmetric and skew terms that appear in the stabilized
model limiter. Those fields, obtained with the stabilized model-λ2 = 0.05, are depicted
at time t/T = 15 on fig. 4.6. From the stabilized νt equation, we may deduce that the
limiter will trigger whenever the ratio Sy/Sk is of great magnitude. To analyze the effect
of the stabilization model, the ratio of the new denominator of the νt expression over
the classical k − ω SST one is computed and depicted on the figure. This ratio is thus
expressed as:

Da = νtnative
νtstab

=
max(a1ω,

√
SyF2, a1λ2

β

β∗γ

Sy

Sk

ω)

max(a1ω,
√
SyF2)

(4.38)

Thus, whenever this “damping” ratio is equal to 1, the stabilization method shuts
off, and the original k − ω SST is retrieved. However, any other value means that the
turbulent viscosity is reduced by Da compared to what the original model would have
yielded. Notice also that a numerical small number ϵnum, that prevents Sy/Sk to reach
infinity is also added in the numerical computation of Da, thus Sy/(Sk +ϵnum) is computed
instead of directly the former.

One can clearly see from fig. 4.5 that the damping reaches very large values in some
regions (way greater than 1). Those regions correspond to the lines of null isovalues of
the skew field, as could be predicted by looking closely at eqs. (4.19) and (4.38). In turn
the turbulent viscosity is highly affected on these lines for all tested values of λ2 (see
e.g. fig. 4.5d). This behavior, although predictable, seems undesired: null values of the
skew field will always appear between counter-rotating vortices, during the change of sign
of the vorticity. Thus, the stabilization process will always perturb the turbulent fields
whenever vortices are emitted.

Notice than the mesh discretization will have a significant leverage on the obtained
effect. A finer discretization will lead to a better capture of the zeros of the rotational,
and thus higher values of the added damping. On the other hand, it will also reduce the
“volume” on which this damping is applied (that will approach the exact mathematical
null isovalues lines of Sk). A similar study was conducted on a coarser mesh, that showed
that the effect is even stronger in this case and can even be seen directly on the TKE for
λ2 = 0.005.

The only new parameter of this stabilization model is λ2, and one could try to reduce it
below the smallest tested value in this work (0.0005, however not shown here). However,
as - with our discretization - Da reaches values higher than 106 with λ2 = 0.05, it is
expected that the stabilization would really shut off everywhere in the body vicinity
when λ2 ∼ 5 · 10−8. Obvisouly, such a small value of λ2 would almost completely shut off
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(a) Sk (b) Sy

(c) a1ω (d) Da

Figure 4.6: Fields obtained with stabilized model at t/T = 15. Note that by definition,
the damping term Da evolves in [1,∼ ∞]. In practice values up to 5 · 106 are obtained
in this region. The complete range is shown for finer analysis. These fields are obtained
with the stabilized model with λ2 = 0.05.

the stabilisation even in the purely potential region. Furthermore, any given mesh would
require a different value of λ2 for this shut off to effectively happen.

In order to compare the stabilization effect on the potential part of the flow in a
quantitative manner, a horizontal line is defined, on which the turbulent viscosity is
sampled. Results are shown on fig. 4.7. The vertical position of the line is chosen as
zl = −0.63 m such that it crosses the vortices above the body. For reference, we recall
that the body spans vertically from −0.72 m to −0.92 m and horizontally from −0.2 m to
0.2 m.

Note that a computation of the stabilized model with λ2 = 0 was performed and
yielded undistinguishable results from the buoyant model. It is thus not shown here for
clarity reasons.

The stabilization clearly plays a significant and expected role away from the body.
The turbulent eddy viscosity is several orders of magnitude lower than the non stabilized
one (either λ2 = 0 or the buoyant model) for the same boundary and initial conditions.
However in the vicinity of the body the stabilization plays a non-negligible role for the
reasons stated previously. In this zone, the recommended λ2 = 0.05 reduces the turbulent
viscosity by a factor ∼ 2. These discrepancies can be reduced by decreasing λ2 but
never actually be suppressed without completely shutting off the stabilized model, as was
demonstrated earlier. Note also that for a NWT the involved simulated times are small.
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Figure 4.7: νt profile along a horizontal line at time t/T = 15 just above the body
zl = −0.63 m for the different computed cases.

Thus, it can be expected that the exponential growth of k and νt shown by Larsen and
Fuhrman (2018) does not actually play a significant role. It is at least not noticeable on
this figure as the magnitude of the turbulent viscosity remains contained in the potential
zone. However it will be shown later that an unstable growth still occurs which in turn,
makes the model relatively dependent on the mesh and the time step size.

4.5.4 Suggested k − ω SST models
The main goals of a modification of the turbulence model are

1. to reduce the overall value of νt inside the potential zone, i.e. to dampen the
instability occurring in the propagations zones and

2. without damaging the obtained turbulence fields in the body vicinity, i.e. retrieving
the obtained values of νt obtained with either λ2 = 0 or with the buoyant model
(but also with the native model prior to the perturbation).

It was shown that the stabilized model with λ2 ̸= 0 fails to fulfill the second requirement
when the buoyancy model (or the stabilized model with λ2 = 0) does not fulfill “1)”.

The two following paragraphs aim to test respectively the first and second suggestions
presented in section 4.2.4.4 and implemented during this work. They are respectively
denoted “skewLimiting” and “smoothing” corrections.

The skew limiting correction

The results of the “correction” added to the Larsen and Fuhrman (2018) model are
presented in fig. 4.8. However, when compared to the original stabilized model, the re-
quirement “2)” is only very slightly improved: the minima of νt in the body vicinity are
slightly higher, whereas the stabilization in the potential zones is less effective (require-
ment “1)”).

While the deterioration of “1)” was expected, the hope was to obtain a better improve-
ment of “2)” when compared to the stabilized model. Due to the small gain obtained,
this modification is neither selected nor recommended.
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Figure 4.8: νt along a horizontal line at time t/T = 15 just above the body zl = −0.63 m
for the different computed cases.

Smoothing of the skew term
Here, we focus on the modification of the stabilized model that consists in smoothing

buoyant
smoothed fs = 0.5 λ2 = 0.05

stab λ2 = 0.05
smoothed fs = 0.625 λ2 = 0.05

stab λ2 = 0.005
smoothed fs = 0.5 λ2 = 0.005
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Figure 4.9: νt along a horizontal line at time t/T = 15 just above the body zl = −0.63 m
for the different computed cases.

out the minima of Sk and Sy (not necessary for the latter but done for consistency)
as presented in section 4.2.4.4. Results are presented on fig. 4.9. It can be denoted a
consistent improvement of the requirement “2)” without modifying “1)” (with fs = 0.5),
when compared to the stabilized model.

Indeed, the smoothed model applied with fs = 0.5 is always better than the stabilized
model with the same λ2 inside the turbulent zone. In the propagation zone, the stabilized
values of νt are rapidly recovered.

For example, even with λ2 = 0.05 the smoothed model is slightly more accurate than
the stabilized one with λ2 = 0.005 in the body vicinity (“2”). Furthermore, a way stronger
damping occurs with the former in the potential zones (“1”). The obtained results and
their implication on both aspects are qualitatively compared in table 4.3. The results are
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aggregated into a double-entry table taking advantage of the fact that fs = 0 is equivalent
to the stabilized model, and λ2 = 0 or fs = 1 is equivalent to the buoyant model.

fs
λ2 0 ≡ buoyant 0.005 0.05

0 ≡ stab

−−

+ ++
0.5 + ++
0.625 +
1 ≡ buoyant −−

0 ≡ buoyant 0.005 0.05

++

+ −
++ +

++
++

Table 4.3: Qualitative performance in fulfilling requirement “1)” (left table) and require-
ment “2)” (right table). See section 4.5.4 for definition of requirements

The same study was conducted using another coarser mesh, on which the same general
conclusion could be drawn: adding the smoothing with a strength parameter of fs = 0.5
always improves the results in the body vicinity zone, without degrading the stability in
the potential zone. We recall that a value of fs = 0.5 means that no two neighbor cells
will, at a given time, have computed values differing of more than a factor 2.

Notice that this smoothing should not alter the stability condition exhibited by Larsen
and Fuhrman (2018) (i.e. λ2 > Sy/Sk), because it does not modify the fundamental
equation, but only the scale over which it is computed and applied. A further step would
be to base the smoothing function on the operand (for exampled on its gradient), so as
not to be dependent on the mesh discretization.

As a conclusion, it is possible to state that while this modification of the Larsen
and Fuhrman (2018) model is only a first step, it seems to greatly improve the non-
intrusive property of the model in the presence of vortices and when turbulent effects
should arise. Note that no generic recommendation can be given for the selection of
the filter strength because the current implementation makes it dependent on the cell
sizes. It seems however, that a low value can only increase the simulation quality. At
fs = 0 the model indeed proved to shut off the smoothing and to reduce almost exactly
to the Larsen and Fuhrman (2018) model. However, the current implementation of the
smoothing process can be computationally expensive, particularly for high fs values.
(+20% at fs = 0.625).

4.5.5 Instability at long time of the turbulence models.
During this work, an increase of the turbulent eddy viscosity close to the body was de-
noted. This rise was appearing whatever the chosen turbulence model. Althought its
magnitude and growth rate might differ depending on models, numerical parameters,
mesh, etc., its location is rather consistent across cases: the TKE stacks up at approxi-
mately x = 0.5 m to 1.5 m away from the body.

In fig. 4.10 results from three of the selected models are plotted (with consistent
colors) over the sample line presented above (zl = −0.63 m). The obtained profiles
at t/T = 15, 30, 50 are shown. In this figure, a large growth is noticeable. This effect is
present with all turbulence models, whether they are stabilized of not. The reached values
seem to be unphysical: they are of large magnitude compared to the physical kinematic
viscosity ν but more importantly, their magnitude grows past the overall value obtained in
the zone generating the turbulence. It is thought that the generated turbulence feeds the
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Figure 4.10: Turbulent viscosity just above the body (zl = −0.63m) at differrent physical
times, for the different versions of the k−ω SST model (stabilized, buoyant and smoothed),
λ2 = 0.05, fs = 0.5.

instability at this location, where the velocity rotational is not small enough to activate
the stabilizers. Further away, the stabilization - smoothed or not - manages to maintain
a low value of the turbulent viscosity, while the buoyant one shows a steady rise of νt.

4.5.6 Conclusion and selection of a turbulence model
The native k−ω SST model of OpenFOAM® cannot be used in this multiphase approach,
because of the large associated generation of turbulent kinetic energy close to the free
surface. The modifications suggested by Devolder et al. (2017) greatly help in that regard.
The latter model can be validated against the former at short time, before the native model
is affected by the free surface production of TKE. The model of Larsen and Fuhrman
(2018) is also in agreement with those results when we select λ2 = 0. Because it also
implements the modifications suggested by Devolder et al. (2017), this conclusion was
expected.

However, in the vortex shedding zone, the turbulent viscosity is damped as soon as
the limiter parameter λ2 ̸= 0. While it is thought that this scheme should definitely
be selected in an engineering application because the main physical fields (velocity and
pressure) are seemingly not affected in a significant way, it has an intrusive behavior on
the turbulent fields, which is very dependent on the selected λ2 value.

In this work, our main objective is to produce good quality results in terms of local
fields - including the turbulent eddy viscosity - in the body vicinity, in order to com-
pare later with the coupling schemes. Thus, although the stabilized model yields better
results in the potential zone, the non-stabilized model is chosen in this work for future
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computations, not to perturb turbulence mechanism in the vicinity of the body. Hence,
we accept the drawback of not being able to compute long time evolutions of the wave
fields (t/T > 50).

Notice that the “smoothed” variant of the stabilized k − ω SST model was developed
and implemented in the last period of this thesis and will only be considered furtively in
the rest of this work. However, the results presented in this section did exhibit a really
positive effect on the computation of the turbulent effects. For this reason, this type of
modification is recommended, and would have been applied more frequently if it had been
possible.
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4.6 Sensitivity and independence studies
4.6.1 Local periodicity
It was shown that activating a turbulence model has a great effect on the periodicity
of the predicted loads. Here, we assess the periodicity of the local variables on the
selected base mesh (bg045x045dx0056) shown on fig. 4.2 and described in the same section
(section 4.4.2). A vertical line is defined on the top center of the cylinder (xl = 0 m, z ∈
[−0.72,−0.52]m), on which the horizontal velocity profiles are sampled. The results at
two adjacent periods are compared (t/T = 15 and t/T = 16): a scaled time is defined
as t̄ = t%T where % represents the remainder of the Euclidean division. The velocities
profiles at the same scaled t̄ are superimposed and shown fig. 4.11. While only 5 profiles
are shown of each half period for clarity, 20 profiles per half period are actually computed
to obtain a correct envelope. This outer envelopes over these half periods are marked
with crosses (x), such that a marker appears at each intersected face. With this layout, it
seems that the boundary layer is correctly described with approximately 5 points within
- or below - the buffer zone. A finer analysis will however be conducted in section 4.6.3.
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Figure 4.11: Horizontal velocity profiles at the top-center of the cylinder. Two different
periods are represented, namely t//T = 15 and t//T = 16. t̄ is the adimentionalized
remainder of t//T , thick lines represent the extrema of the horizontal velocities. Note
that only those extrema are represented in the inset of each graph.

From this figure we clearly see a good periodicity behavior of the horizontal velocity -
as the profiles overlap almost exactly -, even locally . Slight discrepancies are only visible
at the outer left extrema of the first half period in the boundary layer. Thus, it is assumed
that simulating 15 or 16 wave periods is sufficient to compare converged values.

4.6.2 A significant sensitivity to mesh size and time step
All the computations up to this point were performed on a given mesh, presented in
section 4.4.2. In the previous section the method employed for the mesh generation
was also presented. Hence, this section focuses on trying to evaluate the influence of
a modification of the computational grid, and explain a posteriori why this mesh was
selected in the previous analysis.
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4.6.2.1 Mesh independence study

mesh id Background Free surface Body nCells name
dx dz dx dz dx=dz

0

0.045 0.01

0.0228 112518 bg045x045dx0228
1 0.0113 117990 bg045x045dx0113
2 0.0056 136592 bg045x045dx0056
3 0.0028 218525 bg045x045dx0028
4 0.0225 0.0028 425068 bg023x023dx0028

Table 4.4: Table describing the tested mesh principal densities (in m), sorted by the
number of cells

The selected meshes are described in table 4.4, in which the spatial steps are in meters.
The names of the mesh are based on the cell dimensions in the “background” zone (bg
<dx>x<dz> - i.e. in the bulk of the water, away from the body) and the final cell size
- maintained of square shape - in body vicinity (..dx<dxf>). The last mesh is used to
evaluate the influence of the bulk of the water discretization.

Note that the free surface is mostly described with a stream wise discretization of
dx = 0.045 m and always with a cross stream discretization of dz = 0.01 m. Relative
to the “base” wave height and wave period (T = 2 s; H/λ = 3.5%), those values lead
to a wavelength described with λ/dx = 135 cells and a wave height with H/dz = 21
cells. According to the literature, this is generally sufficient to correctly compute the free
surface. For example, Musiedlak (2019) showed that past 15 cells per wave height, the
results exhibit only minor differences. This author also states that finer discretization
yields numerical instabilities of the free surface.

It is also possible to remark that the number of cells can be roughly separated in 100k
in the background mesh+free surface and the rest serving for the finer discretization close
to the body (except for the finest background were 400k are used prior to refining).

In fig. 4.12 the temporal series of the vertical and horizontal loads are shown. From
this graph, it is possible to perceive discrepancies, but to state nonetheless that they
will not be of large magnitude, especially on the vertical load. It means that except the
coarsest grid, all others are capable of describing the loads series with a relative accuracy.
In order to understand the differences in a finer, and more quantitative point of view, the
averaged amplitudes of the load series are computed and shown on fig. 4.13, as a function
of the average local refinement (“local dx“ average characteristic length of the cells close
to the cylinder). Thus, the abscissa represents the refinement level close to the body.

The background mesh does not seem to play a significant role in the obtained results:
one can compare the amplitude of the loads from the inner discretization of 0.0028 m on a
background mesh of 0.045×0.045 m (bg045x045dx0028) with the same inner discretization
on a background mesh of 0.023 × 0.023 m (i.e. twice as fine, bg023x023dx0028) and find
that they are nearly equal. However, the number of cells in the latter is almost 4 times
larger. This conclusion led us to consider the finest cell characteristic length as a more
correct convergence metric than the more classical total number of cells.

However, the discretization of the corner (“nc”), seems to play a significant role,
especially on the vertical loads amplitude. Note that the corners discretization sizes are
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Figure 4.12: Temporal loads comparisons of the computation on the different meshes
presented table 4.4.“nc” stands for “no corners” which means that the corners were not
additionally refined (see section 4.4.2 for details).
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Figure 4.13: Amplitude of the loads on the cylinder with respect to the average discretiza-
tion in the vicinity of the cylinder for different meshes. “nc” stands for “no corners” which
means that the corners where not additionally refined.

equal for “dx0028 nc” and “dx0056” because the latter has an additional refinement level
in these zones. The obtained loads for those cases, both horizontal and vertical are almost
of same amplitude. It is thus deduced that the discretization of the corners also has a
significant leverage on the obtained results.

Nonetheless, note that the discrepancies are, overall, of relatively small amplitudes. If
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the coarsest mesh is not considered, they are contained within a 4% range, for both the
vertical and horizontal loads. It is supposed that all of the currently considered meshes
(except “dx0228”) are fine enough to be considered converged.
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Figure 4.14: Profile of the computed fields on a horizontal line at zl = −0.72 m (top of
the cylinder) at time t/T = 15

However, comparing the local variables close to the cylinder yields results that are
more difficult to interpret. Figure 4.14 depicts at a given time t/T = 15 the field profiles
along a horizontal line that contains the top wall of the body (zl = −0.72 m). This line
was chosen as the integrated pressure on the top cylinder wall is the main responsible of
the vertical load variations.

This figure emphasizes relatively large differences, especially concerning the turbulent
viscosity. Note that the only three results sets that are in good agreement on νt are in
fact computed with the same body vicinity discretization dx = 0.0028 m, and are in fact,
just three variations, namely: original, fine background, no corner refinement. The latter
seems however to have an impact on the top-right corners values of νt leaving only the
first two in perfect agreement everywhere (and on every field). Thus, no clear convergence
can be extracted basing on the turbulent eddy viscosity field.

The horizontal velocity (particularly, at this given time, the peak located at the top-
right corner of the body, x = 0.25 m) is also sensitive to the spatial discretization. This
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peak does not seem to have converged. Note that here, in a similar manner as for the
loads, “dx0028 nc” and “dx0056” are almost equivalent. This denotes once again that the
corner discretization seems to have a significant influence.

The rather large discrepancies in νt - but also in horizontal velocity in a lower extent
- are thought to be the consequence of the previously encountered turbulent viscosity
rise (see section 4.5.5). This non-convergence, even for very fine meshes compared to the
literature clearly denotes an instability, or at least the fact that the periodic regime in νt

is not yet established. In any case, simulating more than 100 periods for each test case is
hardly feasible due to the associated computational costs.

Apart from that, the obtained results are - except the turbulent eddy viscosity -
relatively converged for all meshes after the inner discretization of dx = 0.0056 m. The
corresponding mesh (bg045x045dx0056) was selected as the base mesh for this reason.

4.6.2.2 Time step independence study

In this section, a focus is made on the modification of the time step size. The mesh
“bg045x045dx0056” presented in table 4.4 is once again selected, even though the more
expensive “bg045x045dx0028” mesh will also be subject to the current study for compar-
ison.
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Figure 4.15: Temporal series of the loads applied on the cylinder for different time step
sizes. A computation with the CFL number controlling the time step is also added,
mesh:“bg045x045dx0056“

Figure 4.15 shows, for different time step sizes, the temporal series of the loads applied
to the cylinder. A case controlled by a maximum local CFL number (i.e. based on the
local velocity, here set to 0.5) is also added. This CFL number enforces a time step of
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approximately 7.5 × 10−4 s to 10 × 10−4 s. This figure shows that even though the time
step has an influence on the wave loads, the latter is limited, and almost only visible on
the vertical load.
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Figure 4.16: Amplitude of the loads as a function of the time step size. A CFL controled
case is added (max(Co) = 0.5 i.e. dt ≈7.5 × 10−4 s to 10 × 10−4 s) with an arbitrary
abscissa of dt = 7.5 × 10−4 s. Two different meshes are used: bg045x045dx0028 (dx =
0.0028 m) and bg045x045dx0056 (dx = 0.0056 m).

The amplitudes of the loads for those two meshes (“bg045x045dx0028” and
“bg045x045dx0056”) are depicted fig. 4.16 in order to quantitatively grasp the time step
size influence more finely.

We retrieve on this figure the limited discrepancies in terms of wave loads amplitudes
for the different time step size used. It also seems that a convergence has been achieved
for the coarser mesh, approximately when dt = 10 × 10−4 s. The finer mesh behavior is
however different. It is not possible to pinpoint a time step size for which it seems to
have converged. Note however that amplitudes of loads are, overall, within a 6% and a
8% range for the horizontal and vertical loads respectively.

The maximum local CFL number is classically enforced to limit the time step size.
This number compares the velocity multiplied by the time step to the cell size, which
means that if the CFL is greater than unity, a given particle would be advected of more
that one cell length in a given time step: first orders schemes would not be able to
capture this. Because the two meshes are different (dx = 0.0028 m is twice as fine as
dx = 0.0056m), the associated CFL numbers differ by a factor two for the same time step
size. It is thus thought that the convergence would be reached for a time step twice as
small for the finer mesh (i.e. the finest computed value 5 × 10−4 s).

With the same layout as previously, the local fields are compared on fig. 4.17: their
profiles over a horizontal line are shown at t/T = 21. Note that this time was selected
because the transient regime duration was longer on certain computational cases, highly
depending on the time step size, and that all the selected time step sizes are dividers of
t/T = 21.

Discrepancies are contained whenever dt is lower than ≈ 10 × 10−4 s but some can
still be seen and it is difficult to conclude on the correct convergence. Once again, the
turbulent viscosity is different and varies greatly with the time step size selection.
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Figure 4.17: Fields sampled over a vertical line at the top most altitude of the cylinder
(zl = −0.72 m), at t/T = 21 for the coarser mesh “bg045x045dx0056”

This behavior of the turbulent viscosity was somewhat expected. Larsen and Fuhrman
(2018) have shown that the turbulent fields were unstable and would follow an exponential
growth under potential waves. It was confirmed here, by the study of the evolution of νt

over time in section 4.5. Thus, we could expect that a modification of the CFL number
would impact this growth in a significant manner.

For the rest of this work, and any other computation shown outside this particular
paragraph, the time step is fixed at dt = 5 × 10−4 s. With this selection, converged results
are expected, at least on the horizontal load for the mesh denoted “dx045x045dx0056”.
It should also in theory yield converged results with the finer mesh. In terms of CFL
number, this time step is approximately obtained with max(Co) ≈ 0.3 on the coarsest of
the two meshes. We would like to recall that this time step is however lower than the one
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obtained at Co = 0.5 without body (and without the associated discretization).

4.6.3 Boundary layer and wall functions.
This section focuses on the impact of the boundary layer discretization and the wall
function associated with the turbulent variables boundary conditions.

In the near wall region, the distance to the wall, denoted y, is adimentionalized:

y+ = yuτ

ν
(4.39)

where uτ is the friction velocity defined using the wall shear stress τw = µ
∂u

∂y

∣∣∣∣∣
y=0

:

uτ =
√
τw

ρ
(4.40)

Then, the near-wall region can be divided into three parts:
• The viscous sub-layer (y+ < 5) where the molecular viscosity dominates over the

turbulent viscosity. In this region the tangential velocity is linear in y+.
• The buffer layer (5 < y+ < 30). In this region the velocity is not well modeled and

this region aim is mainly a transition layer between the two other layers.
• the logarithmic region (30 < y+ < 200) where the turbulent viscosity dominates

over the molecular viscosity. In this region, the velocity follows a log law of y+.
The main purpose of wall functions is to be able to model the above-mentioned behavior
without having to discretize and solve the viscous layer region. Models that can handle
a first cell located in the logarithmic regions are denoted High Reynolds models, whereas
when the first cell should be located in the viscous sub-layer, we employ the term Low
Reynolds model.

Here we verify the correct computation on the previous mesh in the body vicinity by
comparing the results obtained with different wall modeled boundary conditions. The
mesh denoted “bg045x045dx0056“ is selected. A similar mesh is defined, on which the
boundary layer is not refined. This zone treatment is the only difference between the two
meshes.

For the basic mesh, the fist cell is located at y+ = 6.09. Note that this value cor-
responds to the maximum obtained, over all faces and over all times. The averaged
over time and space is y+ = 1.55. When the boundary layer is not discretized however,
max y+ = 117.7 and y+ = 55. It is thus expected that a wall model is necessary for the
second, on which the first cell falls into the logarithmic region, while no model should be
required for the original mesh.

The tested sets of boundary conditions are given in table 4.5. The set denoted “wall2“
was used for all previous computations. Note that the zeroGradient is used to impose
a Neumann boundary condition of a null value, and fixedValue imposes a Dirichlet
condition. A complete description of several available wall functions along with their
implementations details and analysis is given in the document by Liu (2016). We recall
here the main properties of used wall models:
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BC set u p− ρgh k(m2 s−2) ω (s−1) νt

wall1 fV 0 zG fV 10−10 fV:1010 calculated
wall2 fV 0 zG fV 10−10 omegaWallFunction calculated
wall3 fV 0 zG kqRWallFunction omegaWallFunction nutkWallFunction

Table 4.5: sets of wall boundary conditions. zG stands for zeroGradient while fV for
fixedValue and their associated values are precised.

• kqRWallFunction is a simple zeroGradient, and thus should be used to model
a high Reynolds flow in the vicinity of the wall. An equivalent choice, specifically
for low Reynold simulations (viscous sub-layer) is kLowReWallFunction.

• omegaWallFunction is a blending, depending on the computed value of y+, that
is useable for both high Reynolds and low Reynolds simulations.

• nutkWallFunction sets the value in the first cell depending on y+ and the TKE.
The first cell should be located in the logarithmic area (Liu, 2016).

Thus, for the mesh on which the boundary layer is discretized, we expect all boundary
conditions to yield relatively close results. On the other hand, it is expected that only
“wall3” would be relevant when the boundary layer is not solved (max(y+) = 117).
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Figure 4.18: Comparisons of the obtained envelopes of the horizontal velocity (computed
over 40 time steps in a period) along a vertical line (xl = 0) obtained with different wall
models and two meshes (“baseMesh” and “noBdL”) differing by their boundary layer
discretizations (see text for details). (b) is a zoom on the boundary layer region.

The three sets combined with the two different meshes (“bg045x045dx0056” with and
without boundary layer) are computed. Their horizontal velocity over a vertical line
centered on the cylinder are sampled at 40 time steps and the resulting envelopes are
shown on fig. 4.18.

Firstly, the two different sets of modeled walls (wall 2 and 3) always yield the exact
same results. Thus, it is deduced that the ω wall model has a significant effect on the
computation. It is also noticeable that the three envelopes of the horizontal velocity
on baseMesh are grouped together, with discrepancies only noticeable on the zoomed
fig. 4.18b. This tends to indicate that we do not need to invoke a wall model, and that
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the resolution of this zone is well captured and accurate: a fine enough discretization is
used. The same is not true for the computation without boundary layer (noBdL): when
“wall1” (tentative to resolve the boundary layer) is selected as a boundary condition set,
the prediction of velocity is relatively different from those predicted either with “wall2”
or “wall3” (wall models activated).

Nevertheless, the two different groups (“baseMesh” and “noBndL”), when compared
together, exhibit discrepancies. Is was shown that many small differences - for example
the corners discretizations in section 4.6.2.1 - can have a relative impact on the obtained
profiles, of the same orders of magnitude as observed here. In our case, the body vicinity
discretizations - in particular the corner discretizations - are different between the two
meshes. It is thought to be the source of these observed discrepancies.

However, if one should trust one of the obtained field profiles, it would be the baseMesh
results. Even if powerful model can be set up, the quality of a boundary layer resolution
is difficult to match. With the increase in computational powers in the recent years and
due to the marginal added cost of such discretization (when the Reynolds number is not
too high), those effects are mostly solved nowadays.

In this work, and also for every previously shown computations, the “wall2” set was
selected, mostly because this particular study was done at a later date. However, for con-
sistency, either the “wall3” or “wall1” is recommended in this case. In any case, obtained
results were done with the boundary layer discretized, and thus no major differences is
expected between those three sets.

4.6.4 Conclusions on the investigation studies.
It is relatively difficult at this point to select a “best” mesh and “best” time step value.
Both have leverage on the obtained loads and variable fields. While the global variables
seem to stay consistent across changes in the mesh density and time step size - as well
as changes in the used schemes, not presented here - the local fields values, especially the
turbulent viscosity field is sensitive to several of those parameters. One of the issue seems
to be the production of turbulent kinetic energy at the sharp corner which are not really
converging.

However, the major culprit seems to be the instability of the turbulence model pointed
by Larsen and Fuhrman (2018) fed by the generation of TKE at the wall. While every
computation exhibits a good almost periodic behavior, the turbulent viscosity field slowly
grows over time. The effect of this rise on the other variables is however only visible
over long durations (∼ 50 to 100 periods) and thus, good comparison are obtained. At
this stage the mesh “bg045x045dx0056” presented in table 4.4 is selected for its contained
size and relative good convergence behavior that could be observed on the time step size
independence study.

The time step size is selected as a fixed value of 5 × 10−4 s. This value was proved
to yield accurate and converged results, at least concerning the physical fields, as well
as concerning the predicted wave loads (on which the convergence is achieved earlier).
Notice also that the same results are obtained when the time step is controlled by the
maximum CFL value of Co = 0.5 which is a common value from the literature.

However if the computational resources were more limited - or a good capture of
the global variables were the only requirement -, for example during a topological op-
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timisation of the structure, coarser mesh and the associated coarser time step could be
selected without losing much in terms of precision on the load predictions. For example,
it would be advantageous to select “dx00112”, and an associated time step of 2 × 10−3 s,
corresponding to twice the needed time step on our baseMesh to converge the loads am-
plitudes. Savings of 20% in the problem size and of a factor 4 on time step would be
achieved. While of lower impact on the savings, the same conclusion can be drawn on the
presence of a computed boundary layer: We here chose to maintain the boundary layer
discretization, for a cost of approximately 5 × 103 cells (∼ 5% of the simulation with the
dx0056 mesh), but this cost could be lowered by modeling the first cells values without
affecting the global results in a significant manner.
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4.7 Application and comparison with experimental
results

Selecting the mesh “bg045x045dx0056”, the wave height is modified so as to simulate
different KC number conditions. The main goal is to compare in terms of hydrodynamic
coefficients (CM and CD) with the HPC method (section 3.3.3), experiments (Venugopal
et al., 2006; Arai, 1995) and another numerical VoF simulation (Li and Lin, 2010).

4.7.1 Errors during the wave propagation

In order to compute the hydrodynamic coefficients and compare then with literature
results, the same method presented earlier will be used: the minimization of the least
square error between the Morison modeled loads and the computed loads. This method
was presented in section 3.3.3.2 and is not recalled here. Note that the resulting equations
require the knowledge of the kinematic fields (u and u̇) at the location of the body. Those
kinematic fields are of course not directly available and must be determined in another
way. The classical approach is to use the same theory as the one that served to generate
the waves - that is denoted the wave model - and deduce what would be the kinematic
fields at the locations of the body in the absence of the latter. The underlying assumption
is that the body presence does not perturb the flow in a significant manner.

Directly applying the method presented in section 3.3.3.2 to the loads predicted by
OpenFOAM®, unphysical results were obtained: the drag coefficients were for example
negative for large wave heights. In the literature, many numerical errors are pointed out
for happening during the wave propagation, such as for example the intrinsic dissipation
of some employed numerical schemes, or the unphysical rise of the turbulent viscosity
field. For this reason, investigations with OpenFOAM® were conducted on the same
mesh without the body to obtain the real kinematic fields the object is subjected to.

Figure 4.19 depicts the evolution of the free surface elevation over time of such com-
putation. The shown results are obtained with the steepest studied case (H/λ = 8.9%).
A contained error - mostly concerning the amplitude - is done when the main case
(H/λ = 3.5% is selected), and is thus not shown here.

Relatively high discrepancies can be denoted, mostly on the wave amplitude. These
discrepancies are thought to be the results of the selection of the numerical parame-
ters: numerical schemes, convergence algorithm, etc., because they were chosen mostly to
correctly capture the body vicinity effects, and thus differ from the recommendation of
Larsen et al. (2019) to correctly capture the propagation of the wave. However, a wave
amplitude difference - with the same damping for all kinematic fields - would not be much
of a problem as the hydrodynamic coefficients would be modified proportionally. In the
hydrodynamic coefficient figure, we would just expect consistently lower results.

Nonetheless, any phase shift in kinematics proved to greatly modify the decomposition
of the load into its inertial and drag components. From fig. 4.19, the steepest wave
surface elevation exhibits a temporal phase-shift of approximately δt/T = 0.03 at x = 0
(i.e. after propagating for 24 m) and t/T = 15, even though it was negligible when
H/λ = 3.5%. Thus a phase-shift linear interpolation was selected and applied to the
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Figure 4.19: Free surface elevation over time at x = 0 predicted by OpenFOAM® without
body for the steepest wave case (H/h = 8.9%) - Comparison between OpenFOAM® and
a Stokes 5th order theory.

theoretical kinematics to render for the OpenFOAM® errors:

δt(H) = 0.03 H −Hmin

Hmax −Hmin

(4.41)

Hmin and Hmax are the wave heights of respectively the smallest and largest tested waves
(Hmin/λ = 3.5% and Hmax/λ = 8.9%). This maximum value of 3% of the period might
not seem significant but it largely affects the resulting hydrodynamic coefficients. Because
it models more closely the real fields the object is subjected to, it seems fair to apply this
ad hoc correction model.

Note that those values were extracted from computations with T = 2 s but also used,
as it is, on the computations with T = 2.5 s. Also note that no correction is done in
amplitude, due mainly to the fact that an amplitude error could be interpreted on the
figure.

However, those corrections, based solely on the surface elevations at x = 0 are not
perfect. When comparing kinematic themselves (wave model vs computed kinematics) on
the body-free case, the discrepancies (in particular the phase shift) are somewhat different
depending on the considered kinetic field (ux, uz).

Another possibility would be to compute, with OpenFOAM®, for all cases, the body-
free equivalent and extract the kinematic fields from this computation (at every time step).
This is not done due to large associated numerical cost and data storage requirement.

Finally, we would like to stress that no such ad hoc correction was performed on the
HPC results, and more generally, only the waveFoam solver with the current parameters
requires such a correction: future developed solvers will also not invoke any phase shift
correction.
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4.7.2 Results and comments
Figure 4.20 shows the different hydrodynamic coefficients computed in both directions
compared with literature results. The kinematics on which they are based are corrected
from the wave model by a translation in time (see previous §). Note that the other
VoF method authors (Li and Lin, 2010) state that a k-ϵ model was used to compute the
turbulence, but without further details.

Note that the reconstruction errors (figs. 4.20e and 4.20f) show that the loads com-
puted with the period T = 2.5s are not correctly modeled with the Morison decomposition.
Thus, no confidence can be granted to the hydrodynamic coefficients results, especially
concerning the vertical loads at high KC numbers. Note that, changing the incoming
waves period modifies their wavelength, and the mesh (cell sizes, propagation and relax-
ation zones length) as well as the time step should be modified accordingly. This was
however not done which also increases the lack of confidence in those results. In others
words, neither the computation of the loads itself nor their conversion into hydrodynamic
coefficients are trustworthy, and would require further investigations, for this particular
period T = 2.5 s with this particular selected mesh (span and discretization).

However, despite these negative aspects, some interesting results are still obtained.
First, obtained values are within the expected range for all hydrodynamic coefficients. If
we focus on the period (i.e. T = 2 s) for which the mesh was designed and the time step
was selected, horizontal inertia coefficients (fig. 4.20a) compare well with Venugopal et
al. (2006) and are of lower magnitude than both Arai (1995) and Li and Lin (2010). If
the 20% underprediction of the wave elevation were taken into account, results would be
closer from the other VoF method.

The vertical coefficients (fig. 4.20b) at the same period of 2 s are underpredicted, but
a 20% correction would once again gives us a correct prediction with a good agreement
with the literature results. Concerning the drag (figs. 4.20c and 4.20d), the visual impact
of such correction would be of lesser importance, since they are shown in a logarithmic
scale. Anyway, good quality results are obtained for a relative range of wave nonlinearity
(H/λ ∈ [3.5%, 8.9%]).

Altogether, the underestimation of the wave amplitude seems to be the major culprit in
the underprediction of vertical mass coefficients (which is the only coefficient that can be
clearly denoted as underpredicted). In other words, given the real kinematics the cylinder
is subjected to, valuable results in terms of loads are obtain. A further confirmation of
this conclusion is the correct behavior of the coefficients when KC increase.

Finally, from all these observations, the current method is considered as a valuable
improvement over the HPC potential method (see fig. 3.16), that was neither able to
capture the drag coefficients, nor the evolution of the inertia coefficients with the KC
number.
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Figure 4.20: Inertia and drag coefficients in the two directions obtained with OpenFOAM®
with different wave periods. The L2 norm of the error between the Morison model and
the real loads is also shown, i.e. a large error means the Morison model is not well suited
to represent the wave loads obtained with our RANS model.
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4.8 Conclusions on OpenFOAM® as a NWT.
Using any code as a NWT would require it to be able to solve many different types of
flow and interactions at the same time. First, at large scale, the propagation of the wave
should be correctly captured with no significant damping. Using the k-ω SST model
modified by Devolder et al. (2017, 2018) does not satisfy this first criterion (at least at
long times). This would probably be improved with the stabilized technique suggested by
Larsen and Fuhrman (2018).

Then the model should also offer a good quality and accuracy in capturing the turbu-
lent and rotational effects close to body. It was proven in section 4.5 that the stabilized
model (Larsen and Fuhrman, 2018) has too much influence on the eddy viscosity in this
area where, on the contrary the buoyant model (Devolder et al., 2017) is better suited to
capture the turbulent effects.

A further modification of the stabilized version was suggested and tested. It was shown
to combine the advantages of both mentioned turbulence model modifications, thus being
considered as very promising. It consists in a spatial smoothing of some terms of the
limiter introduced by Larsen and Fuhrman (2018) (see sections 4.2.4.4 and 4.5.4).

The selection of numerical parameters, numerical schemes and algorithm that would
fulfill those two requirements is tricky. If we wish that this selection can be extended to
other physical parameters (wave period, wave height, etc.) the task becomes challeng-
ing. We managed to exhibit a set of parameter (mesh, time step, schemes) that deliver
good quality results on the base studied case (H/λ = 3.5%). However, applying this set
to higher wave heights and larger wave periods was shown to yield a significant surface
elevation damping. Overall, the hydrodynamic coefficients are nonetheless correctly cap-
tured, especially if one takes into account the real flow kinematics the body is subjected
to.

In a design workflow, the selection should however be different: an accurate capture
the wave propagation is needed so as to subject the object to the requested wave, even
if is it done at the expense of some precision in the local fields description. An ad hoc
correction consisting in increasing the imposed wave height at the inlet could also be
applyied to counteract the emphasized damping.

Not much effort were put into trying to obtain a perfectly suited selection of parameters
for all aspects of the flow and all studied wave height. We instead keep in mind that we
succeeded in producing relatively good quality results in the body vicinity for the wave
stepness of 3.5%, that will serve as reference for the next chapters. In particular, if the
mesh stays constant, most of the other parameters only have a relatively limited influence
on the body vicinity flow.

CPU costs, orders of magnitude
In table 4.6 are presented some of the execution times observed during this chapter. They
are however indicative and can greatly vary from wave period to wave period and run
to run. Note that the computations were run on a 40 core Intel® Xeon® CPU E5-2650
v3 @ 2.30GHz. The multi-threading possibility was largely used. In particular most
of the expensive computations were run in parallel, using 4 cores: in this case, a star
(*) is added next to the associated execution times. The main studied computational
case (bg045x045dx0056) was run both in serial and parallel, and the two corresponding
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execution times are reported in the table 4.6. When compared, a very effective parallelism
is denoted: 4 cores reduce the execution time for one period by a factor 3.7.

Note that, the first 15 periods are very expensive for the two finest meshes (namely
bg045x045dx0028 and bg023x023dx0028), on which the parallelism seems effective at least
after t/T = 15, as can be seen from the one period execution time. This behavior is not
fully understood yet.

mesh variation ncell dt
execution time for

t/T =0→15 ∆t/T = 1
bg045x045dx0228 112518

5 × 10−4 s

10 h 38 min 0 h 53 min
bg045x045dx0113 117990 16 h 41 min 1 h 13 min

bg045x045dx0056

noBdL 136272 15 h 56 min 1 h 2 min

base 138592

24 h 1 min 1 h 40 min
6 h 11 min* 0 h 27 min*

7.5 × 10−4 s 12 h 47 min 1 h 2 min
10 × 10−4 s 9 h 42 min 0 h 49 min
25 × 10−3 s 4 h 20 min 0 h 24 min

bg045x045dx0028 218525 5 × 10−4 s 47 h 33 min* 1 h 20 min*
bg023x023dx0028 425068 85 h 28 min* 2 h 44 min*

Table 4.6: Execution times on 4 processors (*) or 1 processor, for some of the presented
meshes and variations.

119





Chapter 5
Development of a one-way modular domain
coupling method.

Contents
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.2 Method, implementation and usage . . . . . . . . . . . . . . . . . . . 125
5.3 Validation and comparisons of the different approaches . . . . . . . . 132
5.4 Sensitivity studies and parameters exploration . . . . . . . . . . . . . 143
5.5 Comparison of the hydrodynamic coefficients with results from the

literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

121



Chapter 5. Development of a one-way modular domain coupling method.

5.1 Introduction
5.1.1 Method presentation
When evaluating and validating the HPC method in chapter 3, it was shown that the
potential hypothesis, while very performant to simulate the propagation of water waves,
does encounter limits: for example sharp corners and high Reynolds number effects cannot
be correctly captured. The HPC method is fast and accurate to model waves and wave-
structure interaction up to high orders of nonlinearity, but its underlying assumptions,
namely irrotationality and inviscid fluid, make it unfit to capture effects such as wave
breaking, air entrapment, but also vortex shedding, viscous damping, boundary layer
effects, etc. Some of those effects were shown to have a relative importance on the flow
physics on bodies with sharps corners (sections 3.3.2 and 3.3.3).

On the other hand, RANS models, commonly used to solve such effects, were shown
(chapter 4) to be hard to set up if the goal is to capture both the wave propagation phase
and the small scale effects accurately and consistently. Finally using those approaches
separately, yields to either not captured turbulent effect in the body zone (fully potential
approach), or too large damping in the propagation zone (fully viscous CFD approach).
Furthermore, the computational cost of RANS models is still large, when compared to
any potential model.

In conclusion the HPC potential method is better suited to capture the propagation
of the waves and simulating most of the (potentials) effects, while a RANS approach
is necessary to compute local vortex shedding and fluid-structure interaction at high
Reynolds numbers.

Model 1

ΓB
Γi

Γt

Γo

Γb

Model 2

Figure 5.1: Generic schematic of a domain decomposition (DD) solved by different models.

Based on this analysis, this chapter focuses on developing a coupled algorithm, with
the aim to benefit from each model where it best performs. A first focus is done on the
domain decomposition (DD) method. The general spatial layout is shown on fig. 5.1:
two different models, denoted “model 1” and “model 2” are used to compute the flow in
different manners (i.e. with different sets of equations) in two different - non necessary
overlapping - domains. Usually, the “model 2”, close to a body, is a more complex model
than “model 1”. In this case, body induced effects, that cannot be captured by the outer
model, are assumed to be of small magnitude in the associated domain. This approach
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has been widely used for its relative ease of implementation: no modification of the solver
themselves is required. Hereafter make reference to some of them, without any claim of
completeness. A more detailed review can for example be found in the recent scoping study
of Davidson and Costello (2020). While these authors focus on the applications to Waves
Energy Converters, a complete description of most of the current DD implementations
used in the recent years is given.

5.1.2 Literature review
Such DD methods were first applied in the aerodynamic field (Lock and Williams, 1987)
and were later introduced in the context of ship seakeeping more than two decades ago
by Campana and Di Mascio (1994) and Campana et al. (1995). An early attempt to use
a DD method in the context of moored ship is presented in Bingham (2000). Quéméré
et al. (2001) suggested a coupling approach for highly different block discretizations and
applied it to a RANS/LES coupling in Quéméré and Sagaut (2002).

Many types of models can be interfaced. For example, wave theory based models
can be used in conjunction with potential or RANS models. See e.g. Wei et al. (2017)
or Christensen et al. (2009) for applications of DD, coupling a Boussinesq model and a
RANS solver.

Another widely used combination is the matching of a potential solver with the laminar
Navier-Stokes equations or RANS equations. The potential equations can for example be
solved with a HOS approach (Choi et al., 2018) or a BEM resolution (Colicchio et al.,
2006). Recently Hanssen (2019) and Siddiqui et al. (2018) coupled NS equations with a
HPC method. Siddiqui et al. (2018) studied the wave interaction and hydrodynamic of
a damaged ships, for which they later released two experimental studies (Siddiqui et al.,
2019, 2020).

In Sriram et al. (2014), the FNPT, solved with a BEM, is strongly coupled with a
FEM NS resolution, and applied to a wave breaking problem. This numerical model is
later applied in Kumar et al. (2020) to the estimation of long wave run-up.

A solver denoted “qaleFOAM“ was also developed, coupling a FNPT using a Quasi
Lagrangian Eulerian FEM with OpenFOAM®. The method is presented and applied in
Li et al. (2018a,b), Yan et al. (2019), and Wang et al. (2020).

Another DD, very innovative, presented in Kristiansen and Faltinsen (2012) and Kris-
tiansen et al. (2013), employs a potential viscous model as the external model. The
coupling is then made with a NS based model and both are solved with the finite volume
method.

Once again, many more literature references can be found in Davidson and Costello
(2020, section 4).

5.1.3 Presentation and objectives of the current approach
The final objective is to implement and evaluate a velocity decomposition method (see
chapter 6). Because a DD approach represents a straight-forward intermediate step in
the development of the latter, we present in this chapter the obtained solver and results.
Thus, a one-way domain coupling approach is selected.
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As a first step, the free surface coupling is not tested. The coupling is programmed in
C++ in the OpenFOAM® framework. A plan is to release a public version of the code
under the GPL v3 license.

Hanssen (2019) developed and tested a numerical scheme that couple a HPC method,
with a level-set NS solver originally developed by Colicchio et al. (2006). While Hanssen
(2019) tried to use OpenFOAM® as the CFD solver, his attempts were unsuccessful and
exhibited a lot of drawbacks that are discussed in the cited document. The author explains
those difficulties and the final choice by stating that:

• The volume of fluid method yields a less sharp interface, and thus lower precision
is achieved when passing information to the HPC method.

• The FVM computes the values at the cell centers, while the FDM method he finally
used works with node centered values, resulting in a better consistency with HPC.

• No modification of the source code was done to impose the wanted solution at
boundary. He states that the pre-existing externalCoupled boundary were found
to yield strange results, that made him question the validity of the underlying
implementation.

While the first point is not investigated in this work, because the solver is coupled in an
unidirectional manner as a first step, the rest of the problematics are tackled here and
the last one will be discussed in detail. A new set of boundary conditions along with a
new solver, were developed during this work. Note that the term “solver” simply follows
the OpenFOAM® notations. More precisely, this is just a new C++ file, in which most
of the calls to methods and equations were copied and adapted from the multiphase VoF
solver interFoam. A new file is needed mostly for new definitions and calls to the newly
implemented toolbox dedicated to coupling methods.

5.1.4 Organisation of this chapter
First, we present the methods that are used and implemented in section 5.2. The op-
portunity is taken here to briefly present a case setup. While the potential code used in
this work is developed solely in 2D, thus only allowing 2D computations, the coupling is
relatively modular, such that other external models could be selected without too much
difficulty.

In the following, the method is validated in depth in section 5.3 on the same horizontal
rectangular based cylinder studied in section 3.3.3 and chapter 4. The new solution, while
using the HPC results at the boundary condition, is compared to the full OpenFOAM® so-
lution, used in an independent manner. The latter computation will be denoted waveFoam
to avoid any ambiguity as the newly developed solver also uses the OpenFOAM® package.

After that, studies will be conducted on the sensitivity of the computation to several
parameters (section 5.4). For example, we evaluate the capability of the method to recover
if initialized at a later time (“hotstart” computation, section 5.4.1). It is meant to decrease
the computational cost. We also focus on the effect of changes in boundary conditions
(section 5.4.3) or in the CFD domain breadth (section 5.4.2).

Afterwards, in section 5.5, the hydrodynamic coefficients will be computed and ex-
tracted for varying wave heights and compared with literature results. Finally, in sec-
tion 5.6, a summary of the main results will be given and a conclusion on this approach
will be drawn.
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5.2 Method, implementation and usage
In this section, we describe the numerical methods that are used in the current implemen-
tation of the DD solver. The usage of the solver as well as the set-up of a corresponding
case is also discussed.

The new solver is developed inside the OpenFOAM® framework. It mimics the imple-
mentation of interFoam, the 3D multiphase-VoF solver, but is based on a multi-region
decomposition available in the OpenFOAM® toolbox. Thus, two types of regions are
defined: external and fluid, and stored into the corresponding list externalRegions
and fluidRegions. The first region type is intended for the importation of results from
any external case (also in an OpenFOAM® supported format) while CFD equations are
only solved on the second type region(s).

This approach was selected in order to maintain as much modularity as possible: it
would be possible in the solver to solve for an equation concerning the external regions
as well. In this work, the external regions are computed a priori, and imported onto
the fluid regions: an unidirectional coupling is considered. Altogether, the presented
coupling method is able to use any other OpenFOAM® case as external regions, and tests
were conducted coupling a laminar solution of waveFoam with a local RANS domain. The
associated results will however not be shown here. Although implemented and briefly
tested, no coupling in terms of free surface variables is shown in this work. Thus, the
body is fully immersed and the CFD domain fully encompasses the structure.

Remark. The underlying assumption behind a one-way coupling approach is that the
additions provided by the internal model (model 2, here CFD), do not have a significant
feedback in the outer zone (model 1, here potential). This needs to be respected if one
wants to keep the spatial RANS domain of limited extent and still obtain adequate results.
The potential model inherently conserves energy, thus trying to match boundaries yields
valuable results only if the energy dissipation due to the RANS model is negligible. This
is particularly true if one wants to allow for a free surface coupling at two different
boundaries, e.g. Γi and Γo, see fig. 5.1.

It would, however, be possible to extend the current coupling to free surface piercing
bodies with few different approaches/conditions:

• Use a CFD domain that encompass only the immersed part of the body, in the same
manner as presented in Kristiansen and Faltinsen (2012).

• If the case has an inner free surface that is wall-bounded, for example the case of a
moonpool free surface studied by Kristiansen et al. (2013), this free surface can be
treated independently by a VoF method for example.

• Imposing a matching of the CFD free surface to the potential free surface through
relaxation zones to avoid nonphysical reflection at the CFD domain boundaries
(Zhang, 2018).

5.2.1 Workflow, usage and setup of a domain coupled case
Here is presented the workflow that is followed to prepare and run a case with the current
implementation of the domain coupling solver:

1. Compute the HPC simulation of the case (with the body included in the simulation),
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ΓB
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Γt

Γo

Γb

Free surface (HPC)

Body contour

HPC mesh

OpenFOAM mesh

ΓOpenFOAM boundaries

Figure 5.2: Schematic representation of the domain coupling method applied here. Note
that only one “external” and one “internal” mesh are represented here. In our applica-
tion, two external meshes will be used, corresponding to the different HPC grids, namely
background and immersed.

2. Convert the HPC results into an OpenFOAM®-like case (mesh and fields in the
OpenFOAM® format and locations)

3. Prepare the multi-region OpenFOAM® case:
(a) In the corresponding dictionary define the names of the fluidRegions (to

solve), and the externalRegions (to import)
(b) for each externalRegions, the OpenFOAM® case with its results obtained

in 2.) should be copied in the root directory. Its name should correspond to
the one defined in (a). In practice, a symbolic link was set instead of a pure
copy.

(c) Create also a link to (or copy) the externalRegion mesh in the directory
constant/<externalRegionName>/polyMesh

(d) In the corresponding directories, place selected fluidRegionsmeshes, bound-
ary conditions, etc.

4. Run the domain coupling solver
Note that, the algorithm provides the possibility to have multiple potential cases, each
one being stored into a different externalRegion. This possibility was implemented and
is extensively used to allow the importation of all the used meshes in the HPC method
(background and immersed, see section 2.4 for further detail). In our application, the
finest mesh, located in the vicinity of the body is granted the highest priority, i.e. the
newly defined boundary conditions will try to use interpolations from this mesh first, if
available.

5.2.2 The main algorithm
The one-way coupling method is summarized in pseudo-code in alg. 5.1. A spatial
schematic representation of the coupling method is shown in fig. 5.2 with only one external
and one internal RANS region.
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Algorithm 5.1: Coupling algorithm
1 System Initialization
2 Define external regions
3 Define CFD regions
4

5 while not(endTime)
6 for region in potentialRegions
7 do nothing
8 for region in CFDRegions
9 Solve FVM equations

10 t++

From that simple algorithm two aspects need to be precised. First, the passing of HPC
results to the FVM equations at the boundary conditions is done using Object Oriented
Programming, trying to respect the OpenFOAM® philosophy. New boundary conditions
are developed and used such that a call to one of them - automatically done when solving
the FVM equations - will, when needed, trigger i) the reading of the framing (in time)
fields values of the potential solution, ii) store them into the corresponding registry for
further use and iii) interpolate them at the boundary themselves.

Secondly, the do nothing part is obviously not needed in the current method. How-
ever, if one wants to solve an equation in the external regions, or even send a signal to
another external solver, this place would be adequate. A more advanced time coupling
algorithm (see, e.g. Hanssen, 2019) would be for example implemented in this file.

A choice was made to perform every interpolation within OpenFOAM® solver. An-
other possibility could be to compute externally the values directly on the OpenFOAM®
mesh. This technique would have a significant advantage as the interpolation could be
done directly in HPC code through the interpolation eq. (2.13). This interpolation would
then be very fast and accurate. The current approach, although not the most efficient,
was selected for mostly three reasons:

• If the interpolation were to be done inside HPC, the OpenFOAM® mesh would be
needed before the HPC computation and would behave as an input of the latter, i.e.
each modification of the OpenFOAM® mesh would request a new HPC simulation.

• The usage of dynamic OpenFOAM® mesh would be very restricted and the imple-
mentation of such relatively complex.

• A modular behavior is obtained: we can input any type of precomputed fields, as
long as it respects the OpenFOAM® format, and it is possible in the future to
implement any potential computation directly in the solver. This would request
changes inside the potential loop of alg. 5.1.

A project however is to develop the HPC method within the OpenFOAM® package. In
that case, if the external solution would come from a HPC resolution, the corresponding
interpolation would be used.

5.2.3 The CFD problem
The inner - or CFD - problem, referred as “model 2” on fig. 5.1, is only a slight variation
of the original RANS problem defined in eqs. (4.9a) and (4.9b). The only differences
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concern the outer boundary conditions, at which the potential solution is enforced:

u(i) = u(e) at Γt,b,i,o (5.1)
p(i) = p(e) at Γt,b,i,o (5.2)
ν

(i)
t = 0 at Γt,b,i,o (5.3)

where the exponent represents the model employed to compute the given field. (i) stands
for internal and (e) for external. In order to impose such conditions, we need to have
access to the external variables at any time and at the boundary faces locations.

5.2.4 Spatial interpolation
Let’s, for a given field f , introduce an index, that stands for the mesh on which the
field is defined. Together with the exponent defined above, f (e)

e then represents the field
computed by the external solver, defined on the external mesh. So, once interpolated on
the CFD mesh (inner mesh) the resulting field is denoted f (e)

i . This field will, in our case,
be both the velocity v and dynamic pressure p− ρgh. With other coupling approaches it
could also include the turbulent viscosity νt for a turbulent coupling (e.g. RANS / LES
coupling).

Remark. The HPC method computes and solves for fields defined at the nodes, by op-
position to the FVM that works with cell centered fields. However, OpenFOAM® is able
to read fields defined at nodes. Thus, a point-to-cell field interpolation is used and can be
switched off if the external case already provides a cell centered field.

Hence, we assume that f (e)
e is known and defined on the external mesh (output of

HPC converted from point-to-cell but still on the HPC mesh). This field needs to be
interpolated onto the CFD mesh in order to obtain f (e)

i . For a domain coupling, the
interpolation is needed at least at the outer boundary faces. Note that it is also needed
everywhere if one wants to compute a hot start using the precomputed potential values as
a starting point. Two different types of interpolation functions are currently considered
and described hereafter.

Weighted method

For any point Pi centroid of either a boundary face or a cell of the inner mesh, the
objective is to find all points Pe of the external mesh having an influence on Pi. An
associated weight is computed for each of them. In this work the weighted method used
and tested is based on the inverse distance function. In the implementation of this method,
origin points Pe are searched within a given radius dmax from the location of interest (Pi).
Then their weights are computed as

w =
[

1
d(Pi,Pe)

]p

(5.4)

and normalized afterwards. Here, d(·) is the 3D distance function. With this method, one
needs to take care when selecting the power p: when the external point is farther than

128



5.2. Method, implementation and usage

dmax, the added weight would be small enough to be neglected without significant loss,
i.e., once normalized (1/dmax)p ≪ 1. Note that both the identification process (at first
time step only if the meshes are fixed) and the computation of the interpolated fields (at
each time step) are of increasing CPU cost with dmax. Due to significant increase in the
computational cost without evident gain in the interpolation quality, this method is not
used during this work, but still available in the developed software.

Direct methods

First, we identify the cell ce of the external mesh in which Pi is located. Afterwards,
many methods are available. In this work, the cellPoint method is selected. First, the
external field f (e)

e is interpolated onto the cell nodes giving us access to both nodes and
cell centers values. Then, the cell ce is discretized in tetrahedrons pointing towards the
cell center. Finally, the interpolation is done using the tetrahedron in which the Pi is
situated: the weighting is obtained from its barycentric coordinates with respect to the
tetrahedron vertex locations.

Note that whatever the method, a step of identification is necessary to compute the
addressing (and weights if necessary), before interpolating the field. This process can be
computationally expensive and is required at each time step only if the meshes are moving
relative to each other. So, in our case, the interpolation is updated, when the external
field changes, with the new values of f (e)

e but uses addressing (and weights) that were
computed at the first time step.

Remark. During this work, both methods were re-coded locally, inspired from the source
code of OpenFOAM®. This was necessary as the discretization of CFD and internal
mesh were very different, and the existing routines could be improved in such conditions.
Moreover, no precise interpolation onto the boundaries faces was found: the only one
available seemed to interpolate on the closest cell and directly project its value from there
( i.e. assume a null gradient along the face normal).

5.2.5 Time interpolation
The above described procedure can only be done with the knowledge of f (e)

e . However, this
knowledge is only guaranteed at the external time steps (from the results of the potential
model). The HPC time discretization is however approximately two orders of magnitude
higher than the expected CFD one.

Hence, we first interpolate in space these available fields, giving us the corresponding
fields on the CFD mesh f (e)

i at those time instants only. Afterwards, whenever requested
(i.e. at each CFD time step), a time interpolation is performed from these fields. Cur-
rently the only implemented time interpolation is linear. Recalling that the HPC methods
was working with a time discretization of about T/30, the linear interpolation, currently
used, may not be sufficient to obtain correct results. C++ objects that handle the time
interpolations are defined such that it could be easily modifiable to higher order interpo-
lations.

To sum up, in the current implementation, if we need a potential field on the CFD
mesh at a given time t, we seek the closest potential output result times t1 and t2 framing
t and we then interpolate spatially at these times (if not already done), as described in
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section 5.2.4. Finally, we compute f (e)
i (t) linearly from the obtained fields f (e)

i (t1) and
f (e)
i (t2).

5.2.6 Boundary and initial conditions
In the domain coupling framework, if the field computed with the external solver is defined
on the CFD mesh f (e)

i , it is used to initialize and set the boundary conditions of f (i)
i . Thus,

• At t = t0, f (i)
i = f (e)

i : initialization is made with the fields computed with the
external solver. This is not necessary but permits to drastically approach the initial
solution from the real solution. This way, the periodic behavior is reached within
less iterations. If the starting time of the simulation is not zero - and thus, f (e)

i ̸= 0 -,
this computation is referred to as a “hotStart”. Discussions and results are available
on this method in section 5.4.1.

• At all times, the boundary conditions are set as equal:

f (i)
i = f (e)

i at Γt,b,io (5.5)

Lets recall that f represents (in our case) both the velocity and the pressure fields.
However, eq. (5.5) cannot be enforced directly: in practice, errors are made both during
the computation of u(e)

e (HPC model) and the interpolation from one mesh to the other to
obtain u(e)

i . Thus, if all surrounding boundaries are of Dirichlet type, one would impose
an unbalanced mass flux in the CFD domain. In our case, this excess mass relative order
of magnitude is 10−7, but it is still large enough for OpenFOAM® to trigger a mass
unbalance error. Moreover, as energy is dissipated in the RANS domain, but conserved
in the potential domain, such enforcement would probably lead to stability problems. To
overcome these issues, a lot of types of conditions can be used. The main ones and their
behavior are described below.

• fixedValue: the simple Dirichlet condition. It imposes directly the value at the
face, that will later be used when operators (Laplacian, divergence, gradient, etc.)
are discretized for resolution. See section 4.3 for details.

• zeroGradient: Neumann condition. When evaluated, the boundary face value is
set equal to owner cell value. So a constraint is relieved there and both can evolve
simultaneously. Thus, this boundary condition does not take any input value.

• fixedGradient: Neumann condition. Same as zeroGradient but imposes a user-
entered value for the jump from the nearest cell center to the current face.

• inletOutlet: Mixed Dirichlet-Neumann condition. Switch from fixedValue to
zeroGradient when the fluid flows outwards. The current face mass flux is used
to determine the flow direction. Input values are required, but will only be enforced
as Dirichlet when the fluid flow inwards.

Thus, depending of the boundary type, defining the keywords value or inletValue may
be required.

To effectively set the velocity or pressure at the boundary location from an interpo-
lated field - in other words automatically fill the required inputs presented above - , new
boundary conditions types have been implemented that inherit from the ones presented
above, namely:
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• coupledPressure: equivalent of fixedValue. The enforced value itself, however,
is computed automatically from the existing externalRegions pressure field.

• coupledVelocity: same as coupledPressure but for the velocity field.
• coupledVelocityInletOutet: equivalent of inletOutlet but if the face flux is

positive, the enforced values are computed from the potential field,
and a zeroGradient otherwise. Only the velocity version has been implemented.

Note that those boundary conditions are independent and do not, in theory, require any
input. However their C++ classes inheriting from the default ones presented above, the
same parameters needs to be filled: the keywords are inletValue for
coupledVelocityInletOutlet and value for coupledPressure and coupledVelocity
. Those values are mandatory but dummies and will be overwritten as soon as the bound-
ary is evaluated. The relevant inputs (origin regions for example) are given through global
dictionaries to be able to access them from different parts of the code.

A lot of different combinations of those boundary types were tested with few of them
yielding to a stable computation. Numerically, the combination of
coupledVelocityInletOutlet for the velocity and coupledPressure for the pressure
proved to be a good option, as it allows to impose the pressure as a Dirichlet condition
and the velocity has, at any time, a degree of freedom that can be used to ensure the
mass balance. With this set of outer conditions, every computations ran during this work
proved to be stable.

Remarks.
• With the coupledVelocityInletOutlet option, an inconsistency is present on

the velocity when the flow goes outwards, as there is no physical reason for the flow
to have a null gradient there. A better option would be to implement a boundary
condition that switches at the same moment but can still impose a non null gradient
(originating from the potential velocity field). Due mainly to a lack of time, this
extension was not done during this work.

• Other types of boundaries were also developed and are available. They mainly con-
cern either the volume fraction field α directly or boundaries that change depending
on the volume fraction value (to behave differently in the air and in the water
domain). They are, however, not presented here.
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Chapter 5. Development of a one-way modular domain coupling method.

5.3 Validation and comparisons of the different ap-
proaches

In this section, the method described above is applied on the horizontal rectangular-based
fully-immersed cylinder case that was presented in section 3.3.3. Comparisons are made
with the potential results alone and the full CFD ones presented in section 4.7. The latter
were obtained employing the waveFoam solver (Jacobsen et al., 2011). Thus, this solver
name, “waveFoam”, will be used to reference the associated results. In section 5.3.1 the
selected parameters for the base computation are defined (boundary conditions, input
and numerical parameters, mesh, etc.), and in section 5.3.2 an extensive presentation and
discussion of the results are conducted.

5.3.1 Base parameters of the simulation
Because we aim to reproduce the obtained effects captured by waveFoam, an effort is
made in keeping the parameters as similar as possible.

CFD mesh
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Figure 5.3: Coupled mesh used vs mesh used for the computation with waveFoam alone

The base mesh is inspired from the mesh denoted bg045x045dx0056 presented in sec-
tion 4.4.2 and described in table 4.4. It is generated with the same procedure. The
spatial extent, both vertical and horizontal, are the only major difference. Of course, no
refinement is done close to the SWL (not in the domain).

A comparison of the resulting mesh with the original waveFoam one is shown in fig. 5.3.
Some minor differences in the body vicinity can be noticed. It was shown (chapter 4) that
many differences, that can be considered small, had influence on the results. Thus, one
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BC set boundary u p− ρgh k(m2 s−2) ω (s−1)
1 Γi cIO cfV fV:10−10 IO: 0.88

Γt cIO cfV fV:10−10 IO: 0.88
Γo cIO cfV fV:10−10 IO: 0.88
Γb cIO cfV fV:10−10 IO: 0.88

Table 5.1: Table of the base set of boundary conditions. IO stands for inletOutlet, fV
for fixedValue. A prefix “c” is added when their coupled counterparts are used.

should keep in mind that even this almost inexistant difference in the body vicinity might
affect the results.

The total horizontal breadth of the mesh is chosen initially as Bm = 3 m (i.e. a scaled
value of Bm/λ = 0.48 or Bm/Lc = 7.5) and its height Hm = 1.5 m (Hm/h = 0.68). The
breadth value has been chosen such that the mesh width covers the region where νt is large.
From fig. 4.7, if we wish to encompass all the regions where νt ≥ 2 × 10−8 m2 s−1, this zone
should extend approximately from −1.2 m to 1.3 m at t/T = 15. It was however shown
later (section 4.5.5) that the zone of significant νt expands horizontally over time. Anyway,
a study on the independence with respect to the horizontal width will be conducted in
section 5.4.2.

Note that the resulting mesh has a horizontal span reduced by a factor 16, compared
to the mesh used with waveFoam and a total height reduced by a factor ∼ 1.5. However
even if the area on which the NS equations are solved is thus reduced by a factor ∼ 24, the
relative refinement close to the body generates such a large number of cells that the total
size of the system is only reduced by a factor ∼ 4.5 (138k cells vs 31k). This remark holds
because a relatively fine mesh was chosen as the “base” case: if one wants to compare
coarser meshes (e.g. dx = 0.0112 m in table 4.4), the relative decrease in terms of cell
number would be larger.

Boundaries
The four outer boundaries of the CFD mesh are set as coupledVeloctyInletOutlet
for the velocity and coupledPressure for the pressure. This means that the pressure
will be directly applied as a Dirichlet condition while the velocity will swap between a
null Neumann condition and a fixed imposed value depending on the sign of the face flux
at the boundary face (more details in section 5.2.6). Except the gradient of the velocity,
which is imposed as null when the fluid flows outwards, the values are set according to the
spatial and temporal interpolations from the external mesh (as described in section 5.2).

The turbulent boundary conditions are set as fixedValue for the TKE k and as
inletOutlet for the rate of dissipation ω. They are summarized in table 5.1. The goal
is to enforce almost null values of the turbulent kinetic energy and a dissipation when
the fluid flows towards the domain. Note that influence of variations of the turbulent
boundary conditions are evaluated in section 5.4.3.

Numerical parameters
Some of the schemes employed here are different from the ones presented in section 4.4.3.
The differences are outlined here and their influence will be discussed in section 5.4.4.
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All gradient discretizations are chosen as Gauss linear, which is also selected for
the advection of the volume fraction by the compression flux. The discretization of the
divergence of the velocity advection (∇ · ρu ⊗ u) is done by a Gauss linearUpwind
scheme, which is an upwind approach corrected by the velocity gradient. However,
a mistake in those files was detected here, and is present in almost all computations
discussed in this chapter: surface normal gradients and Laplacian schemes neglect the
non-orthogonal part (i.e., set as orthogonal instead of corrected). However, in the
OpenFOAM® manual, this approach is only recommended when dealing with highly
orthogonal meshes (<5° to 10°). However, it will be shown that its influence is not
significant in the considered case.

Physical parameters & external results
The results denoted here as “external” (potential HPC code) were presented in sec-
tion 3.3.3, i.e. we use a model that already takes into account the body presence. The
corresponding results are converted into an OpenFOAM® format and serve for the impo-
sition of the outer boundary values.

In the same manner as in the previous chapter, the base case involves regular waves of
steepness H/λ = 3.5% and period T = 2s. The corresponding HPC case is thus used here,
in all the computations (except of course, for the varying wave height study performed
later).

Finally both “fitted” and “background” meshes of the HPC case are imported, and
the priority is given to the former: its cell density is larger and thus interpolations, when
available, are expected to be more accurate than if they were done using the “background”
values.

Time step, starting time, & others selected parameters to mimic waveFoam
We here briefly sum-up some parameters that were selected in the previous chapter and
will be maintained for our “base“ DD simulation. The time step is fixed at dt = 5 × 10−4s,
i.e. the value that was selected from the independence study with waveFoam (sec-
tion 4.6.2.2). The starting time is also (in a first approach) set at t0/T = 0. However,
a significant gain can be achieved by modifying this value, a study will afterwards be
conducted on this particular parameter (see section 5.4.1)

As for the turbulence model, we select the buoyant variation suggested by Devolder
et al. (2017) of the k − ω SST model (see section 4.5.3 for details and section 4.5.3 for
results and discussions).

5.3.2 Results
In this section, we aim to validate the current model with the parameters presented above.
The three different models that were computed on this test case, are then compared,
namely:

• The HPC method, presented in chapter 2 for which the results on this test case are
presented in section 3.3.3. Note that this case also serves as the “external” model
in the current approach.

• OpenFOAM® alone, denoted here “waveFoam” to avoid confusion, on which a focus
is made on chapter 4. The corresponding predictions were investigated and discussed
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in section 4.7, then compared with experiments in section 4.6.
• The present domain coupling solver.

Loads of the cylinder
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Figure 5.4: Horizontal and vertical loads obtained from the coupled algorithm compared
with the waveFoam results.

The loads predicted by those three methods are compared in fig. 5.4. They are cor-
rectly predicted by the domain coupling method, especially the horizontal load. However,
the vertical load is less impacted by the presence of the CFD zone: the potential one
is almost retrieved. Remember that, during the waveFoam study, the vertical load was
difficult to capture in a precise manner. It exhibited a higher sensitivity to many changes
than its horizontal counterpart (see e.g. section 4.6.2.1).

Moreover, compared to experiments (section 4.7 and fig. 4.20), the vertical inertia
coefficients were shown to be under predicted with waveFoam. It was thought to be mainly
the result of the kinematic fields damping, happening during the wave propagation. Here,
we rely on HPC for this task, thus, the resulting propagation error expected to be almost
negligible (compared to the one made with waveFoam). On the contrary, at this KC
number of 0.78, HPC was shown to yield an excellent prediction of the vertical inertia
coefficient when compared to experiments (see fig. 3.16b vs fig. 4.20b). Retrieving the
vertical load predicted by HPC is therefore preferable.

Vorticity field
The vorticity field is shown, at the usual time t/T = 15, on fig. 5.5. Some remarks
can be done on the quality and regularity of the vorticity field, particularly close to the
corners. We recall that an added refinement zone was set in the vicinity of each corner.
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The perimeters of these zones are noticeable on the figure due to the relatively large
perturbations that are present. Note that the computation and display of the vorticity is
done by Paraview (and its dedicated “filter”), which might be a source of error. However,
a qualitatively good agreement is deduced from this side-by-side comparison, that shows
that our domain coupling model is able to retrieve rotational effects even with a small
domain which boundary conditions are set as irrotational. This also gives confidence in
the size of the CFD mesh: it is sufficient to capture the effects not taken into account
(and thus not imposed) by the potential model.

(a) domain coupling (b) waveFoam

Figure 5.5: Comparison of the vorticity fields predicted by the domain coupled model and
waveFoam at t/T = 15

Horizontal velocity profiles

To have a more quantitative insight, the horizontal velocity profiles, at different time
steps, predicted by waveFoam and by the domain coupling model are shown on fig. 5.6.
Fields are sampled over a vertical line located at xl = 0 m, from z = −0.72 m to −0.3 m
(whole coupled CFD domain height). The left figs. 5.6a and 5.6c regroup all profiles of
the first half period (t̄ < 0.5, where t̄ is the scaled remainder of the Euclidian division of t
by T ), while the right hand side figs. 5.6b and 5.6d regroup the others (t̄ ≥ 0.5). Bottom
figs. 5.6c and 5.6d are zooms of the data in the boundary layer zone. In addition the
maximum and minimum values of the horizontal velocity are computed at each location
for all the available time steps within the half period of interest (envelopes, marked with
crosses x at each face encountered).

Note that, following the previous notations (introduced in section 5.2.4), the depicted
HPC results are not exactly u(e)

e (i.e. the HPC fields on the HPC mesh), but rather
u(e)

i (i.e. the corresponding fields, but interpolated on the inner mesh). Hence, they
are directly the fields used to impose the BC: if the flux flow inwards, these HPC fields
and the domain coupling ones should exactly match at the boundary location (here at
z = −0.3 m). It will be shown later (vertical velocity profiles, fig. 5.7) that an inward
flow happens approximately in the first half period (left figures). This enforcement can
indeed be noticed on the left fig. 5.6a for all thin lines. A slight phase shift compared to
waveFoam can also be denoted, that our domain coupling method does not recover.
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domainCoupling waveFoam HPC
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Figure 5.6: Horizontal velocity profiles predicted by the three models, at different time
steps (40 time steps per period) separated into half periods, along a vertical line (xl = 0m
z = −0.72 m to −0.3 m). Envelopes computed on these time steps are also added for
comparison. Bottom subfigures are zooms on the boundary layer part. t/T ∈ [15, 16].

Remark. On the body wall, no interpolation was requested (not needed in this framework),
u(e)

i is thus set as default to zero on ΓB. However, this does not mean that HPC yields a
null value there (u(e)

e (ΓB) ̸= 0). This will be taken into account when needed in the next
chapter (see for example fig. 6.7a).

A really good agreement can be denoted between the horizontal velocity field obtained
with the FVM-VoF method alone (waveFoam) and the domain coupling model. Apart
for some small discrepancies in the boundary layer zone, the domain coupling velocity is
correctly computed and resembles a lot more the waveFoam field than the HPC field. This
further emphasizes, this time in a quantitative manner, the capabilities of the current
approach to recover the sought effects (turbulent, vortical), despite the limited CFD
domain span.

Vertical velocity profiles

The vertical velocity profiles, plotted in fig. 5.7, exhibit larger discrepancies. Note that
the zoom is not performed on the same zone as the boundary layer zone does not exhibit
a particular interest for this variable. The profiles are slightly different, seemingly due
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domainCoupling waveFoam HPC
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Figure 5.7: Vertical velocity profiles predicted by the three models, at different time steps
(40 time steps per period) separated into half periods, along a vertical line (xl = 0 m
z = −0.72 m to −0.3 m). Envelopes computed on these time steps are also added for
comparison. Bottom subfigures are zooms on the bottom part. t/T ∈ [15, 16].

to the relative differences between the HPC and waveFoam model at the top boundary
location, i.e. z = −0.3 m. The domain coupling solver tries to follow the HPC values
(imposed at that location) and thus cannot exactly recover the waveFoam results.

In the first half period, the difference in behavior might be due to phase shift: only
40 time steps are used, which proved not to be enough when large time derivatives are at
play, to accurately capture the envelopes. A good indicator for that is the relative spacing
of the thin lines. For example, no line is present between the envelopes of the different
models on the left of fig. 5.7b, which shows that a small phase shift might be the reason
of the envelope discrepancies.

The effect of the coupledVelocityInletOutlet boundary condition (explained in
section 5.2.6) is clearly noticeable on this figure. Indeed, the velocity values are enforced as
Dirichlet conditions when the fluid flows inwards. It means that whenever Uz is negative
at z = −0.3 m, the domain coupled velocity field needs to match the HPC predicted one
at the top. Thus, on the left fig. 5.7a, the vertical velocity is negative and we clearly see
a jump between the face values at zl = −0.3 m and the next values just below that. This
jumps denotes a difficulty for the solver to impose the given values, and retain a smoothed
matching with the rest of the domain.
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However the behavior is smoothed when Uz > 0 (most lines of fig. 5.7b) and we note
that the obtained velocities indeed differ from the HPC values at the boundary location.
This same effect could also be denoted, as was previously pointed out, on the horizontal
velocity in fig. 5.6. However the matching yielded smoother results on the horizontal
velocity than on the vertical one with less difficulty to enforce the boundary condition
when a Dirichlet condition was imposed.

Let’s recall that the domain coupling method does not compute its own free surface
- and associated kinematics - but indirectly summons the HPC free surface via the CFD
domain boundary conditions. Thus, if waveFoam and HPC fields differ, it is logical that
this difference will be retrieved when comparing waveFoam and the domain coupled solver.

Remark. It would however be possible to couple the free surface to try to counteract some
of these discrepancies. However, the dissipation due to the wave propagation that happens
over long distance with waveFoam will not be taken into account with such a small mesh
breadth. It is possible that in our case, no significant improvement would be obtainable.
This coupling in terms of the volume fraction variable α with the discrete HPC free surface
was done during this work. However, for the moment, stability issues were encountered,
and this coupling would require deeper investigations: it is not easy to enforce a potential
free surface ( i.e. no energy dissipation) at both side of the CFD mesh while some energy
is dissipated in the RANS-VoF inner region. Here, a limit of the unidirectional coupling
is obviously met.

Pressure profiles
The pressure that is yielded by HPC is computed from the Bernoulli equation on which
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Figure 5.8: Dynamic pressure profiles predicted by the three models, at different time steps
(40 time steps per period) separated into half periods, along a vertical line (xl = 0 m
z = −0.72 m to −0.3 m). Envelopes computed on these time steps are also added for
comparison. t/T ∈ [15, 16].

the time derivative of the potential is obtained by a resolution of a dedicated Laplace
problem. The obtained pressure is however slightly not periodic (as a consequence, the
HPC horizontal and vertical loads amplitudes vary respectively in a 1.5% and 1.1% range).
Moreover, the HPC and waveFoam pressures differ at the boundary location.
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Thus, discrepancies are expected on this variable. Those discrepancies can easily be
observed on fig. 5.8 on which the envelopes differ. This is not only related to a phase-shift
problem as both HPC envelopes are wider than the waveFoam results (and a time step
marking line is present between the different model envelopes). On this variable, the
domain coupling solver matches almost perfectly the HPC pressure with however small
differences when approaching the body. Note that the obtained curve reproduces almost
exactly the waveFoam pressure behavior: at the end, the waveFoam pressure behavior
is obtained, with a shift, due to the imposed boundary value, that is propagated in the
domain in a constant manner.

Turbulent variables fields

Turbulence modeling is a challenge under potential-like waves. It was shown previ-
ously, on a waveFoam case alone, that the turbulent viscosity field tends to grow over time,
never reaching a physical periodic behavior. Moreover, this instability, and its growth,
are dependent on many - even small - numerical parameter modifications (e.g. mesh size,
corners discretization, time step size, etc.). For further details and discussions, the reader
is referred to section 4.6.

With the aim to maintain the comparison as good as possible, we tried to mimic
as closely as possible the waveFoam simulation: i) the mesh is almost the same as the
one used in the waveFoam computation; ii) the simulation starts at t = 0 to allow the
turbulent viscosity to grow in the same manner; iii) the selected and imposed fixed time
step is the same in both cases.

However some discrepancies, that will play a role in the development of the turbulence
instability are present, namely: 1) the meshes are not exactly the same, 2) once the
turbulence development reaches the edge of the domain coupled inner region it will be
shut off by null boundary conditions and 3) no turbulence will be generated and perturb
our results by both the free surface and the fluid in the potential propagating domain.
Note that the third aspect was found - when using the k − ω SST model modification
suggested by Devolder et al. (2017) - not to be predominant: it was the turbulence
generated at the body walls that was the main source of the TKE growth.

In fig. 5.9 side-by-side maps of the obtained νt field at t/T = 15 are shown. Results are
in good agreement, especially compared to discrepancies observed within the waveFoam
study, when modifications of parameters were tested. The same values are reached in
terms of amplitude, and the spatial patterns are also relatively consistent. Some differ-
ences can be spotted, particularly at the bottom left and top right of the cylinder.

Also note that an instability seems to appear at the top boundary condition of the
CFD domain, represented by a black line on fig. 5.9a. However, the latter does not really
grow in time, but rather follows the behavior of the νt field in its vicinity: when large νt

values are computed close to the boundary with nothing to reduce them, the enforcement
of a null νt at the boundary faces is difficult, leading to the first few cells reaching high
values.

However the generation of turbulent viscosity exhibits the exact same behavior as with
OpenFOAM® alone (section 4.5.5). Eddy viscosity is generated close to the body and
increases progressively in the nearby area reaching nonphysical values over time, even at
locations where the turbulent fields should be negligible. However, it is thought not to be
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(a) domain coupling (b) waveFoam

Figure 5.9: Comparaison of the turbulent viscosity field between the domain coupled case
and the OpenFOAM® only case at t/T = 15. The horizontal black line in fig. 5.9a is the
upper boundary of the CFD region, denoted Γt in fig. 5.2.

a problem specific to the DD, because the exact same issue was observed with waveFoam.
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Figure 5.10: Turbulent viscosity profiles predicted by the two models, at different time
steps (40 time steps per period) separated into half periods, along a vertical line (xl = 0m
z = −0.72 m to −0.3 m). Envelopes computed on these time steps are also added for
comparison. t/T ∈ [15, 16].

While from the fig. 5.9, we expect relatively large discrepancies, we present for the sake
of completeness, the sampling of the eddy viscosity on the same vertical line in fig. 5.10
using the same layout as for the other variables.

Obviously, as HPC assumes an inviscid fluid, no corresponding profile is presented
for this model. One could however add a zero curve at all times to represent it (this is
the enforced value at the top boundary). We clearly notice on this figure the difficulty
to enforce null values at the top boundary, especially at time where the νt field reaches
significant values in its vicinity. A limit of the approach is encountered: we assumed
that the domain was wide enough to contain all turbulent effects, however waveFoam
predicts non null eddy viscosity at the top boundary condition. Note that the time when
waveFoam predicts the highest values are correlated with the “problematic” times of the
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domain coupling νt. However, one should not forget that the obtained waveFoam results
can be questioned in light of the underlying physics: νt reaches 100 times the viscosity
of water at that location. Furthermore, the predictions of waveFoam closer to the wall
are matched with a great agreement, denoting that the eddy viscosity field manages to
recover from the top boundary vicinity problem and yields expected values.
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Figure 5.11: Turbulent specific dissipation rate profiles predicted by the two models, at
different time steps (40 time steps per period) separated into half periods, along a vertical
line (xl = 0 m z = −0.72 m to −0.3 m). Envelopes computed on these time steps are also
added for comparison. t/T ∈ [15, 16].

Note that the specific dissipation rate boundary condition can also play a major role
in this instability: the dissipation rate is imposed as a fixed value only when the fluid
flow inwards (inletOutlet), i.e. mainly during the first half periods, corresponding to
the left subfigures. This behavior is noticeable on associated profiles shown on fig. 5.11.
However, waveFoam predicts higher values of dissipation at this location. Together with
the sharp velocity gradients (term which appears in the TKE production, see eqs. (4.17e)
and (4.17f)), this can be the cause of the large rise of νt close to the boundary (over the
1-3 first cells).

Once again, despite the abrupt variations close to the top boundary, the domain
coupling and waveFoam νt and ω match in a relatively close manner when approaching
the body.

Also note that this effect, even though not impacting other variables, is seemingly
resolvable by changing the top boundary condition on ω to artificially enforce null νt

values. About this, results and discussions will be conducted in section 5.4.3.
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5.4 Sensitivity studies and parameters exploration

5.4.1 Hotstart performance
In order to compare the domain coupling results with the waveFoam prediction, we previ-
ously ran a simulation starting at the exact same physical time (t0 = 0 s). Note that the
propagation distances are almost equal in waveFoam and in HPC (respectively 24 m and
4λ ≈ 25.2 m). However the current model, due to its contained domain size, is subjected
to different phases:

• Waiting for the first waves to arrive. During the first few physical seconds, the
wave is generated at the left HPC boundary condition (and relaxation zone) and
the propagation begins. Thus, the CFD region receives almost null fields at its
outer BC. The local CFD resolution is then dummy. However, if the time step
were controlled by a maximum CFL number, this phase would be cheaper because
the CFL would increase to counteract the almost null velocity values. This phase
(∼ t/T ∈ [0, 5]) accounts for a large part of the computational cost (∼ 32% of the
t/T ∈ [0, 15] simulation), and can be regarded as completely useless.

• Accommodating and solving with non periodic/non converged values of HPC. In
this part, the CFD solver receives and propagates information. This information
is however not relevant and this part could also be avoided. Note also that in this
phase, the involved velocities are of the order of magnitude as the final ones, thus the
time step would not be small, even if the time step were controlled by a maximum
CFL number. (∼ t/T ∈ [5, 10], also 34% of total cost)

• Accommodating and solving with the periodic and converged values yielded by HPC.
This is the only needed and useful part, and it is also expected to take a certain
time to yield relevant and periodic results.

Thus, most of the computational time is spent doing calculations that will not serve,
and could hopefully be avoided (in the case of a unidirectional coupling). Here, we focus
on trying to quantify the time needed for the last phase, and thus on reducing as much a
possible the simulated time. Two new computations, everything else being equal, are set
up and run with a start time at t0/T = 12. We will denote them with:

• ”start“: initializing all field values at a null value at the start time f (i)
i (t0) = 0.

• ”hotstart“: initializing all field values with an interpolation from HPC at the start
time, f (i)

i (t0) = f (e)
i (t0). This method was briefly discussed in section 5.2.6.

Corresponding temporal load series are shown in fig. 5.12. Within 4-6 periods, all com-
putations are in good agreement: maxima exhibit a relative difference of less than 3%.
Note that recovering from a hotstart or from a zeroed initialized start does not seem to
result in major differences. Both recover pretty easily and relatively fast, and the original
case results are retrieved within a few periods.

Figure 5.13 shows the envelopes (only) of the turbulent viscosity field along a vertical
line of abscissa xl = 0. These envelopes are computed during different periods, namely
t/T ∈ [15, 16] for waveFoam, t/T ∈ [15, 16] (nT = 3) and t/T ∈ [16, 19] (nT = 6) for the
domain coupled model.

Comparing the original domain coupled case with the OpenFOAM® one, the νt field
had the same time to evolve and almost the same velocity/pressure values during its

143



Chapter 5. Development of a one-way modular domain coupling method.

Base hotStart Start

−75

−50

−25

0

25

50

f
x
(N

m
−

1
)

10 15 20 25 30 35 40 45 50 55

t(s)

700

750

800

850

900

f
z
(N

m
−

1
)

(a)

−75

−50

−25

0

25

50

36.0 36.5 37.0 37.5 38.0

t(s)

700

750

800

850

900

(b) Zoom

Figure 5.12: Temporal series of the loads when performing a “start” and “hotstart” a
time t0/T = 12. See text for details.

growth. Changing both the evolving time and the surrounding values during this growth
will obviously lead to different fields, whether we face an unstable behavior or simply a
long time convergence. This is what is observed on the figure, and we can note that after
more periods (nT = 6) the behavior is closer from the base case which has evolved over
15T . It will however never be perfectly equal. This does not imply that the “hotstart“
approach cannot be used because it is difficult to judge which one is the most physical.

However, a significant gain in terms of computation cost is achieved. With the original
start at t0 = 0, the previous results were obtained by computing 16 periods (up to
t/T = 16). Here, we managed to reduced it to 7 (up to t/T = 19). In practice, the first
considered “periodic” full period is obtained with a CPU cost of 47% of the original one.

For this reason, all future computations will make use of this improvement and start
at t0/T = 12. Thus, results will now be shown at t/T = 18 (i.e. 6 simulated periods) and
compared with the original waveFoam results at t/T = 15.

5.4.2 Sensitivity to CFD mesh
In chapter 4, it was shown that the mesh discretization has a significant effect on the
obtained results. Thus, we try to keep this discretization intact in order to facilitate
comparisons with the waveFoam results. However, it is still possible to evaluate the effect
of a modification of the CFD mesh horizontal breadth. A mesh of contained span would
be computationally faster. Hence, the main goals here are i) to validate that the current
breadth yield converged results and ii) to investigate on its lower limits to evaluate how
much computational power could be saved.
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Figure 5.13: Horizontal velocity (figs. 5.13a and 5.13b) and turbulent kinematic viscos-
ity (figs. 5.13c and 5.13d) envelopes, computed from different 20 time steps values per
half wave period. For waveFoam and the base domainCoupling t/T ∈ [15, 16]. For
the “hotstart“ case - begining at t0/T = 12, the used values are extracted from times
t/T ∈ [12 + nT, 13 + nT ].

Let’s recall that - in the same manner as with OpenFOAM® alone - the mesh is
refined close to the body, more precisely over the range x ∈ [−0.5, 0.5]m. Thus reducing
the horizontal domain breadth down to Bm = 1m will not largely modify the problem size
(from 31.1 × 103 cells to 27.3 × 103 cells for respectively Bm = 3 m and 1 m). Below this
value however, a significant decrease in the number of cell is achieved (13.3 × 103 cells at
Bm = 0.5 m).

The maxima of the loads are shown on fig. 5.14. We note that while some differences
are exhibited, they are of small amplitudes as soon as Bm ≥ 0.75 m, which already
yields valuable results. Further reducing the mesh width (i.e. Bm = 0.5 m) leads to
large discrepancies. Note that the horizontal width of the object is Lc = 0.4 m, thus, a
0.5 m domain width means that the extent of the CFD domain, past the body sides, is
only of 0.05 m. Let’s define this horizontal meshed length on each side of the cylinder
δlm = (Bm − Lc)/2. Thus relative to the incoming wavelength, the meshed part on each
side is λ/δlm = 123 with the most contained domain. With a mesh breadth of 0.75 m, the
same non-dimenionnal parameter is 35 and reach 20 for the Bm = 1 m mesh. This means
that meshing 1/35th∼1/20th of the wavelength on each side of the cylinder is sufficient
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Figure 5.14: Extracted maxima of the loads obtained with different CFD mesh breadths

BC set boundary u p− ρgh k(m2 s−2) ω (s−1)
1 Γi,t,o,b

cIO cfV fV:10−10
IO: 0.88

2 Γi,t,o,b fV: 0.88
3 Γi,t,o,b fV: 100

Table 5.2: Table of the tested sets of boundary conditions. IO stands for inletOutlet
and fV stands for fixedValue. A prefix “c” is added when their coupled counterparts
are used. For details about these boundaries, see section 5.2.6.

to capture most of the turbulent and vorticity effects in the vicinity of the body. To
remain conservative and because the computation cost is not much higher, we retain the
Bm = 3m CFD mesh for future computations (meshing a length of 1/5th of the wavelength
on each side of the body).

5.4.3 Boundary conditions
Variations of the boundary conditions of the specific dissipation rate of turbulence ω are
tested. The main objective is to reduce the νt peak issue close to the top boundary (see
section 5.3.2). In fig. 5.13d it was emphasized that “hotstart” simulation is also subjected
to this behavior.

Note that, the original boundary value (0.88 s−1) is not exactly the value that is found
by waveFoam at this location, even if it is relatively close: at x = (0, 0,−0.3)m waveFoam
predicts a value of approximately 1.5 s−1 (which is almost constant over time), as could
be denoted on fig. 5.11. However the first intuitive idea, of imposing the waveFoam
predicted value was not selected. First, the dissipation rate is not constant along the
boundary length and at the other boundary locations. Thus selecting the values at this
particular location would be somewhat arbitrary. Moreover, the goal of the presented
method is to be able to avoid a calculation with waveFoam: expensive and not perfect,
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especially in terms of turbulence variables. Thus, if the stability of the presented method
were dependent on a previous waveFoam run, it would have lost most of its interest.

In addition, high gradients of the velocity were shown to appear in top boundary
vicinity. They were noticeable when the fluid flows inwards, i.e. when the velocity
was enforced as a Dirichlet condition. This is expected to increase the production of
turbulence. Thus, to respect a correct value of νt higher values of dissipation rates than
the one predicted by waveFoam are needed. For this reason we evaluate the effect of
larger fixedValue with the hope to obtain a matching at the boundary (i.e. with HPC
results) in a smoother way. However, the main objective remains to maintain the correct
matching with the waveFoam prediction closer from the body.
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Figure 5.15: Loads series obtained with the different BC sets, see table 5.2

Loads series obtained with the three different sets, represented in fig. 5.15, exhibit no
noticeable differences. The local fields are shown in fig. 5.16, at t/T = 18, i.e. after a
simulated time of nT = 6 (all of them are “hotstart“ computations with t0/T = 12).

From these figures, it seems that it is numerically relevant to impose a large value
of dissipation rate of turbulence at the outer boundaries of the CFD mesh. We coupled
with a potential model, which is fundamentally different from the employed RANS model:
for this reason, whatever the value, it is difficult to state that any turbulent boundary
condition is more physically correct than another. The main assumption of the current
DD approach is that turbulent, viscous, and vortical effects are negligible or vanish at the
outer boundaries. One might as well impose them as such - even with numerical artifacts
-, even more so if it does not modify the body vicinity descriptions, as can be noticed on
fig. 5.16.

Thus, the BC set 3 is recommended, and selected. It should be applied in every
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Figure 5.16: Fields profile over a vertical line located at xl = 0. at time t/T = 18 (6
simulated periods) obtained with different boundary condition sets, see table 5.2.

following domain coupled cases. However, a lot of computations having been carried out
prior to this BC investigation, most will still use the boundary condition set 1 instead.
This is not considered as an issue, because it does not fundamentally change the results
of interest in the vicinity of the structure as was demonstrated here.

5.4.4 Numerical parameters, algorithm & schemes
One might notice that the employed schemes were not exactly the ones selected during the
waveFoam study (comparing section 5.3.1 with section 4.4.3). However, using the exact
same parameters and schemes as during the waveFoam focused study (more precisely the
contents of fvSchemes and fvSolutions) yields a very contained difference. The current
domain coupling model using the waveFoam parameters and schemes (see section 4.4.3)
is labeled “domainCouplingII” on figs. 5.17 and 5.18 depicting the obtained load series
and fields profiles at t/T = 18 respectively. The transient results are relatively different
(up to 4% in load magnitude) but after a few periods (∼ 5), loads are nearly equal.
The computation cost is however way lower with the waveFoam selection of parameters,
mostly because only one PIMPLE iteration is imposed (i.e. usage in PISO mode).

A study was conducted to understand the small obtained discrepancies. The problem
is that the process is nonlinear: modifying a parameter might not have the same effect,
depending on the state of an other one. For this reason a lot of tests had to be performed.
Most of the numerical parameters seemed to have a very limited impact. Amongst them,
the various iterative solver setups, but also the number of outer corrector steps were
found not to impact the results. For the latter, it means that the used time step value
is small enough, such that only one PIMPLE iteration is required. In other words, with
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Figure 5.17: Temporal loads series with two different sets of finite volumes schemes and
parameters (see text for details).

the previously applied correction (2 outer correction steps), it would be possible to use a
larger time step. A specific study could be interesting, but was not conducted here.

At the end the two main sources of discrepancies could be traced back to the gradient
and divergence schemes:

• In waveFoam, the gradient schemes are selected as cellMDLimited leastSquares
1.0, while we here used a simpler linear scheme.

• In waveFoam, the main divergence scheme, i.e. the advection of the velocity (div(
rhoPhi,U)) is selected as limitedLinearV 1, while we here used a linearUpwind
grad(U) scheme.

While it is not possible to perfectly assess the influence of each parameter and scheme,
we can observe that this modification does only impact the obtained loads in the first few
wave periods (see fig. 5.17). If anything, the obtained local flow fields agreement with
waveFoam is improved, with the “domainCouplingII” simulation (see fig. 5.18). This could
be expected, as the different parameters used for this simulation are closer to parameters
used for the waveFoam computation. Even though the rest of the computations were
done at an earlier date with the set of parameters presented in section 5.3.1, we do not
expect a noticeable difference on the loads, but some local discrepancies can be explained
by this parameter selection.
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Figure 5.18: Envelope over one period with two different sets of finite volume schemes
and parameters (see text for details).

5.4.5 Turbulence modeling
The last study conducted on this domain coupled model concerns the influence of this
new approach on the turbulence results at long time. It was shown that, with Open-
FOAM® used in an independent manner (waveFoam), the turbulent fields (νt and k)
raised up to values considered as non physical after a long time evolution (see section 4.5.5
and fig. 4.10).

In fig. 5.19 are shown the variable profiles over a horizontal line (zl = −0.63 m),
obtained with the domain coupled model with different variations of the k − ω SST
model at different times. The corresponding models are presented in section 4.2.4 and
the investigation on the obtained results with waveFoam is conducted in section 4.5.
The buoyant curve obtained with waveFoam (earlier shown in fig. 4.10), is also added in
fig. 5.19.

Note that, the buoyant as well as the stabilized-smoothed variation models results are
in good agreement with waveFoam, on every variable. However, once again, a discrepancy
in terms of pressure is noticeable, which seems to emerge from the boundary condition
values (Γi and Γo at x = ±1.5m). Phase shift and damping in the waveFoam propagation
process, denoted in the previous chapter, seem to be the main reason of these differences.

During the study previously conducted on those model variations, we stated that the
obtained loads were within a contained range. This observation still holds in the current
context. However, we mainly focused on the νt profiles, showing that the stabilization
suggested by Larsen and Fuhrman (2018) had an intrusive influence on this variable in
the vortex shedding zone. Here, it is noticeable that this influence is not only restricted
to this variable: other local fields are also affected by the stabilization. Its smoothing is
sufficient to recover the prediction made by the buoyant model variation (Devolder et al.,
2017).

However, the domain coupling does not seem to dampen the behavior of the eddy
viscosity in the relative vicinity of the body, even though a very small value is successfully
enforced at the boundary conditions. The fact that in this region neither the stabilized
method nor its smoothed counterpart manage to damp the turbulent viscosity field rise
indicates that the vorticity is not null. Thus, the instability pointed out by Larsen and
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Figure 5.19: Domain coupled cases with different variations of the k − ω SST turbulence
model, and waveFoam with the buoyant one. Fields sampled over a line at zl = −0.63 m.
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Fuhrman (2018) is fed without any possibility of damping.
Note that the original “set1” of boundary condition (cf. table 5.2) was used here,

and the increase of ω suggested in “set3” could have an effect over a certain distance in
damping the νt field.
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5.5 Comparison of the hydrodynamic coefficients with
results from the literature

Figure 5.20 depicts the obtained load series with different wave heights, varying the wave
steepness from H/λ = 0.5% to 7.5%. We clearly denote that larger wave heights lead to
dissipation, and a reduction over time of the load amplitudes, especially the horizontal
one. The significant rise of the turbulent viscosity field is thought to be responsible of
this behavior. The exact same effect was noticeable with the waveFoam solver, with an
even larger impact.
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Figure 5.20: Loads series for different wave heights, T = 2 s

Figure 5.21 depicts the hydrodynamic coefficients that are obtained with the DD
method versus the literature available ones. Previously presented results, namely from
the HPC method (that is also used to impose the boundary conditions of the current
model) and from waveFoam alone, are also added for comparison.

First and foremost, it is noticed that the DD approach successfully captures a modi-
fication of the inertia coefficients when the wave height increases (controlled by the KC
number). At low KC number, the results of the decomposition match the results of the
FNLP model. When the KC number increases, the DD model leaves the HPC constant
curve, even though the latter is used to impose the boundary conditions of the former.
The decrease in Cm, in agreement with the literature, is encouraging. It is thought that
the physical effects, inherent to the viscous and rotational model, are properly retrieved.

The drag coefficients are however different: domain coupling results do not seem to
match the HPC drag at low KC number. However, let’s recall that the drag predicted
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Figure 5.21: Inertia and drag coefficients in the two directions of the loads obtained with
the DD method at different wave periods. The L2 norm of the error between the Morison
model and the real loads is also shown in the bottom panel.

by the potential approach only results from numerical errors (or abusive application of
the Morison model). A good agreement is nonetheless found in terms of drag coefficients
with our domain coupled model when compared to literature. Based on this finding, it
is possible to further confirm the correct modeling of turbulent and vortical effects. In
the end accurate estimates of the coefficients are found for a large range of wave heights:
these KC numbers correspond to a wide range of nonlinearity parameter H/λ, namely a
value of the latter from 0.5% for the most linear case (KC ≈ 0.1) up to H/λ = 7.5% for
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the steepest case (KC ≈ 1.7).

Errors with Morison model
The errors in modeling the loads with a Morison model are relatively large, up to almost
10%. At this value, it is not possible to state that the Morison formulation - and the
calculated hydrodynamic coefficients - correctly represent the load series.

Morison equations first assumption is that the flow acceleration is approximately uni-
form in the body vicinity. This is assumption is verified when the body is of small
dimension when compared to the wave length. This region corresponds to the left part
of fig. 1.6,i.e. πD/λ ≤ 0.4. In the current considered case, this non dimensional param-
eter is of value 0.2. Thus, those equations should be relatively valid even though some
discrepancies might be expected.

On the other hand, large KC numbers at fixed period imply large wave heights. With
these wave heights, even though the cylinder is located relatively deep, significant effects
on the free surface due to the presence of the cylinder may be expected (its influence,
potential only, would have been taken into account in the HPC simulation in our case).
The Morison model neglects the influence of the body on the flow. Moreover, Chaplin
(1984) states that the Morison equations are not well suited to give a good temporal rep-
resentation of orbital-flow. It is thought that these effects are the cause of the increasing
error with the KC number.
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5.6 Conclusion
A one-way modular domain coupling strategy was developed and implemented within
the OpenFOAM® framework. It is developed with the requirement that the external
results are available in the form of another OpenFOAM® case. Values are interpolated
making use of locally developed routines especially designed to handle and to be optimized
for large discretization differences (during the research of the cell in which a boundary
face is located for example). Afterwards, enforcement of the obtained values is done
through dedicated boundary conditions at the outer perimeter of the CFD domain. This
ensures a correct matching with potential results while allowing numerically some degree of
freedom. A great stability degree and consistency with respect to parameter modifications
is achieved.

A horizontal cylinder of rectangular cross-section at a significant submergence depth
serves as a reference case, to extensively validate the model and its implementation. It is
selected because the potential model - that is used as external model (chapters 2 and 3) -
overlooks several aspects of the underlying physics, but also because a CFD domain, that
fully encompasses the body could be defined with a relative span in all directions, while
remaining entirely in the fluid region. While a coupling in free surface was developed
and briefly tested, it is not shown in this work. Note that the underlying assumption
is that turbulent, vortical and viscous effects should vanish when approaching the outer
boundaries of the CFD domain.

It is shown that every variable exhibits the desired behavior: at the outer boundaries,
they equal the imposed HPC values while matching the waveFoam values when approach-
ing the cylinder walls. As a consequence, loads are seemingly correctly captured even if
no external literature is directly available for comparison (the waveFoam results, obtained
in chapter 4 were used for validation instead).

Several parameters investigations were performed to assess the capabilities of the newly
implemented model. Amongst them, the possibility of starting the computation at a later
time, i.e. using already periodic values yielded by HPC, was proven to greatly reduce
the CPU cost required to reach a periodic behavior of the CFD variables. We have also
shown that even a very limited mesh span (Bm = 1m, i.e. a mesh extent of δlm/λ = 1/20
past the body sides) was sufficient to yield valuable results.

Moreover, the associated hydrodynamic coefficients are in good agreement with results
from the literature, for a large range of KC number. Note that this result is appreciable
as the HPC inertia coefficients exhibited constant values during the variation of the KC
number. The drag coefficients also land in the experimentally obtained ones, which, with
HPC method used here was not possible due to its inherent potential assumptions.

However, difficulties in terms of turbulence modeling are once again encountered. In
the same manner as with the waveFoam solver, the turbulent viscosity grows exponen-
tially and perturbs our results at long time (t/T ∼ 50 when H/λ = 3.5%). The generation
of turbulence close to the wall is thought to be responsible of the feeding of the insta-
bility pointed out by Larsen and Fuhrman (2018). The damped variation suggested by
these authors were however not used, due to their intrusive behavior in the vortex shed-
ding region. Smoothing this damping, however, consistently improves the variable field
descriptions. In any case, no turbulence model variation was able to really reduce the
overall rise of νt at long time.
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Last but not least, the computational time of such DD method could drastically
reduced the waveFoam requirement. On this case, waveFoam needs at least 15 periods
to yield a periodic and stable behavior. With the used CPU, this requires an estimated
execution time of about 24 h. On the contrary, the DD algorithm reaches a periodic
behavior after 6 periods for a cost of about 3 h (40 min for each additional period). A
simple model, that would estimate linearly the CPU savings ratio, would be:

eTwF

eTdC

= nCellwF

nCellDD

nTwF

nTDD

(5.6)

where eT represents the required execution time, nCell the number of cells of each ap-
proach (138 × 103 and 31 × 103 for respectively the CFD domain of the DD approach, and
the waveFoam domain wF ) and nT the required simulation period (respectively 6 and 15).
This formula yields a cost reduction of a factor 11. However, the cost is “only” reduced
by a factor 7.5. Note that during a certain time, waveFoam propagates the waves, and
the problem resolution is faster (the wave did not reach the entire domain yet). Moreover,
in the large used relaxation zones, a significant part is also relatively easy to solve.

When the flow is installed the associated cost could be estimated as

eTwF

eTDD

= nCellwF

nCellDD

(5.7)

which corresponds to a cost reduced by a factor 4.45. In practice, this cost was reduced
by a factor ∼ 3. This difference might be due to a more difficult problem to solve, as
we need to accomodate for large values at the boundaries. Note also that, on a coarser
mesh, less refined in the body vicinity, these theoretical ratios - but also, probably, the
ones obtained in practice - would be larger (higher ratio nCellwF/nCellDD).
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Chapter 6. Restriction of the resolution to the complementary variables: a velocity
decomposition approach

6.1 Introduction
6.1.1 The velocity decomposition method
The domain decomposition method presented in chapter 5 proved to be efficient in pre-
dicting the wave loads for a fraction of the computational price in comparison with the
full CFD simulations. The main reason is the reduction of the physical time that needs to
be simulated to achieve periodic results. Local field descriptions are obtained and show
a good agreement with the experiments - even better than OpenFOAM alone - as far as
the hydrodynamic coefficients are concerned.

However, while the FNLP fields are available over the entire domain, the domain
coupling scheme only makes use of the values at the outer boundaries of the local grid. Yet,
the potential model provides a potential field ϕ - and thus the velocity field - everywhere,
and this is also true for the (potential) pressure. This pressure was obtained via the
Bernoulli equation that requires the time derivative of the potential. This variable ϕt

was in turn obtained by the resolution of a dedicated BVP and thus a relative confidence
can be granted to its accuracy. Together, the potential pressure and velocity are solution
of the Euler equations. As we aim to find the velocity and pressure solution of the
RANS equations, most of the objective has already been fulfilled and the resolution of
the classical RANS equations can be considered as redundant for a large part: we already
have a pressure and velocity field solution of the Euler equations.

An approach that takes advantage of the availability of the full potential solution
consists in separating the velocity and pressure fields into two components, each one
being solution of a different model, and deriving the respective equations so that the
total velocity-pressure fields satisfy the total RANS equations. This approach is often
referred to as a velocity decomposition, velocity coupling or functional decomposition
(by opposition to the more classical spatial decomposition or domain coupling presented
earlier).

Mathematically, two fields are defined, that are solutions of different models:

ut = u1 + u2 (6.1)

where the indexes refer to the models that are employed for the hybrid coupling. The same
decomposition may be performed on other fields of interest, for example the pressure, the
volume fraction and even the turbulent variables. The aim is for the total fields to satisfy
the most complete equations, here the RANS model. In this work, the model 1 will be the
potential HPC model while the model 2 will refer to a modification of the RANS model.
However, this decomposition is not unique and many approaches were employed in the
literature. Some of the existing methods and developments are described hereafter.

6.1.2 Previous works
The acoustic and aerodynamic field of research was the first to consider such type of field
decomposition (Morino, 1986, 1994; Morino et al., 1999; Hafez et al., 2006, 2007) mostly
applied to solving the boundary layer problem where the viscosity plays a major role.

An actively studied and applied methodology in the last two decades was proposed
by Ferrant et al. (2003), Gentaz et al. (2004), and Luquet et al. (2004). The velocity,

160



6.1. Introduction

pressure and surface elevation are decomposed into their incident and diffracted/radiated
components. A potential theory based wave model is used to explicitly obtain the incident
field. Then a modified version of the RANS equations denoted the Spectral Wave Explicit
Navier-Stokes Equations (SWENSE) are derived. Those equations require the explicit
values of the incident fields (such as the potential wave elevation, potential velocities,
…): given a grid at a particular time instant, the potential fields and kinematics are
calculated. Afterwards, the newly derived SWENS equations are solved to yield the
diffracted component. Notice that the potential-viscous coupling scheme is one-way in
the sense that no feedback effect on the potential model is at play. This, however does
not come with any hypothesis but instead with the drawback of having to mesh the
fluid domain up to relatively far from the body of interest: the diffracted fields do not
vanish with the distance to the object. Nevertheless, the main advantage of the method
is to reduce the complexity of the boundary conditions for the SWENS equations, as no
incident wave theory has to be imposed at the SWENSE BC. Thus, only a damping of the
diffracted/radiated wave fields has to be set. The problem often encountered with RANS
simulations addressing the propagation of incoming waves without significant damping
is also avoided. Luquet et al. (2007a) described the methodology and the numerical
implementation in great detail. They also introduced an irregular incident wave potential
simulation, belonging to the family of HOS schemes. Over the years, numerous test cases
were investigated with successful results. For example, Luquet et al. (2007b) focused
on a tension leg platform, Alessandrini et al. (2008) and Monroy et al. (2009) applied
the method for ship sea-keeping, and Li et al. (2017) solved the SWENS equations on
the famous vertical cylinder piercing the free surface. A development of the SWENS
equations with the OpenFOAM package employing a VoF method and thus a two-phase
flow was recently done by Vukčević et al. (2016a,b) and Vukčević (2016). In a similar
manner, while this method was originally developed within a single phase RANS solver,
recent developments were conducted on the use of a fixed grid solver first with the use of
a level-set tracking method (Reliquet et al., 2013, 2019) to recently use the VoF method
within a two-phase solver (Li et al., 2018c,d, 2020).

Another approach was developed by Kim et al. (2005) in which the potential model
is solved with the presence of the body. The complementary velocity is defined as u∗ =
ut − up where ut is the total velocity field that satisfies the Navier-Stokes equations and
up is the potential one that satisfies the Laplace equation. The same decomposition is
performed on the pressure field. Turbulent and rotational effects are thus comprised into
these newly defined fields. In their implementation, a Rankine source type method is used
to solve for the potential field. The studied cases mostly lie in the aerodynamic field of
research.

With another approach, Edmund et al. (2011), Edmund (2012), and Edmund et al.
(2013) also decompose the velocity field into a potential and rotational components. With
the objective of allowing for a truncation of the NS domain, the potential is sought as
a solution of the Laplace equation (without invoking the non-viscous assumption). The
RANS sub-problem does not differ from the original one except at its outer boundary
on which the potential velocity is imposed. Reciprocally, the potential model solves
the Laplace equation with a special coupled boundary on the body surface and is thus
impacted by the NS sub-problem. An iterative method is set to achieve convergence and
consistence of the two sub-problems on the coupled boundaries. An important domain
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reduction is achieved on a steady flow over a NACA profile airfoil. This method was
extended to steady free surface flows in Rosemurgy et al. (2012). Recently, work has been
conducted to develop the unsteady version of this approach by Chen et al. (2015), further
extended to 3D and applied on the Wighley Hull by Chen and Maki (2017) .

Grilli et al. (2009) and Harris and Grilli (2010, 2012) developed a 2D one-way coupling
scheme with a Large Eddy Simulation (LES) model in order to study the wave-induced
transport of sediments near the sea bottom. A fully nonlinear potential wave tank is
used to compute the overall wave field while perturbed NS-LES equations are solved
in order to capture the fine scale viscous effects in the boundary layer zone. Later, a
coupling between a FNTP model (BEM) and a NS Lattice-Boltzmann based on the same
perturbation approach was developed (Janssen et al., 2010; O’Reilly et al., 2015).

In the context of vortex induced vibrations, Li (2017) recently adopted a velocity de-
composition approach to couple a simplified NS solver (denoted Quasi-turbulent model)
with another more complicated RANS model. Here, modifications are made on the equa-
tions of the second model, in a similar manner as Kim et al. (2005). Note that in their
method, to the author understanding, only the turbulent viscosity needs iterations to
match between the domains and the retroactive coupling (from model 2 to model 1) only
occurs on this variable.

In a similar manner as Kim et al. (2005), Zhang (2018) decompose the total fields into
a potential part, solved with a two-phase Euler solver, and complementary fields for which
complementary RANS equations are derived. The coupling is done in a one-way manner
but achieves a domain size reduction and stability by making use of transition zones (also
called relaxation zones) to match the solution at the interface of the two domains.

The current work elaborates on the method introduced by Kim et al. (2005) in a
similar fashion as the one presented in Zhang (2018). However, no transition zones are
used in this work and thus the boundary conditions are applied in a direct way at the
outer perimeter of the domain. As we wish to retain the domain reduction gain described
in chapter 5, and keep a one-way coupling scheme in a first approach, results are not
expected to be in perfect agreement with the RANS method applied in an independent
manner (chapter 4). Thus, the method presented below is only applicable to cases where
the viscous and turbulent effects do not perturb the far field flow in a significant way.
Otherwise, stability issues should be expected at the boundary conditions with a difficulty
to drive the complementary values (and the turbulent eddy viscosity) to zero. We guess
that those problems led Zhang (2018) to consider transition zones at the boundaries of
the complementary domain.
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6.2 Theoretical formulation
Following Kim et al. (2005), the complementary counterpart q∗ of a given variable qp is
defined so that:

qt = qp + q∗ (6.2)
Hereafter, for the sake of clarity, we index a total variable with a t. ut, pt are thus
respectively the total velocity and pressure variables that are sought as solutions of the
original Navier-Stokes equations. Note that qp can be obtained from any solver, and in
the following, the only requirement is for (up, pp) to be solution of the Euler equations.
Applied to the velocity ut, this decomposition with a velocity deriving from a potential,
is the Helmholtz decomposition (ut = ∇×a +∇ψ where a is a vector field and ψ a scalar
field). Thus u∗ contains the rotational part of the total velocity. As stated earlier, the
Helmholtz decomposition is not unique and we focus on solving for u∗, p∗ that complement
our previously obtained potential velocity and pressure(up, pp).

6.2.1 Complementary Navier-Stokes equations - Momentum and
mass conservation

In order to derive the Navier-Stokes equations on the complementary velocity and pres-
sure, it is noticed that the right hand side of the momentum eq. (4.3b) is linear in u.
The shear tensor is dependent on the used velocity. For a given velocity u, this tensor is
denoted T(u):

T(u) = µ∇u + µ∇uT − 2/3µ(∇ · u)1 (6.3)
where 1 is the identity matrix. Thus, inserting the decomposition of ut, pt into the Navier-
Stokes eqs. (4.3a) and (4.3b) and the advection eq. (4.16) for the volume fraction, yields:



∇ · up + ∇ · u∗ = 0
∂ρup

∂t
+ ∂ρu∗

∂t
+ ∇ · ρup ⊗ up + ∇ · ρu∗ ⊗ u∗

+ ∇ · ρup ⊗ u∗ + ∇ · ρu∗ ⊗ up

= −∇p∗ − ∇pp − ∇ · T(up) − ∇ · T(u∗) + f
∂α

∂t
+ (up + u∗)∇α = 0

(6.4a)

(6.4b)

(6.4c)

where f is the volume force field. The potential variables are chosen to be null above
the free surface. Thus, the divergence of the potential velocity is zero whatever the
region. Then, everywhere, the potential part of the continuity equation reduces to zero.
This leads to the classical continuity equation on u∗. The momentum equation greatly
simplifies when stating that the potential velocity up derives from a scalar field solution
of the Laplace equation (also true in the air as up = 0). Together with the fact that the
pressure is computed a posteriori from the Bernoulli equation, it is possible to state that
the Euler momentum equation is verified, i.e.


∇ · up = 0
∂ρup

∂t
+ ∇ · ρup ⊗ up = −∇pp + f

(6.5a)

(6.5b)

163



Chapter 6. Restriction of the resolution to the complementary variables: a velocity
decomposition approach

The volume force reduces to f = ρg in our case. Thus, this source force term will not
appear anymore in the equations with the complementary variables, as it is already taken
into account by the potential solution.

Notice that if the complementary RANS solver were used to describe the free surface,
in a one-way coupling approach, the RANS free surface would have no reason to match the
potential one. Thus, different mass density fields would exist, and the Euler eqs. (6.5a)
and (6.5b) applied with the NS density would not be satisfied as is. Instead they would
be verified using the potential mass density. As a consequence, the corresponding terms
should be kept in the complementary equations and be explicitly discretized as done by
Zhang (2018). It is however thought that, in the case of a free surface coupling, the
underlying assumption that the body does not perturb the far-field in a significant way
would reach its limit. In that case, developing a two-way coupling on which the free
surfaces are matching at any time could be a more appropriate solution.

Remark. An interpolation of the potential pressure from the potential grid to the CFD
grid is needed. In order to minimize the interpolation error, the dynamic potential pressure
is first computed on the potential grid by subtracting ρg·x at any node of the potential grid.
Only then, the interpolation of this dynamic pressure onto the CFD grid is performed.
Afterwards the static pressure will be re-added when needed directly on the CFD grid
points. This prevents from having to interpolate the vertical location of a point and thus
allows to reduce the interpolation error. For further details on the interpolation methods
- both in time and space -, the reader is referred to sections 5.2.4 and 5.2.5.

The divergence of the strain rate tensor applied on the potential velocity field is null
due to both the divergence free property of the up and the fact that µ is constant, such
that ∇ · (µ∇up) = µ∇2up = 0. Note that, if µ were not constant, the latter equality
would not be true. This will happen as we will invoke the Boussinesq assumption when
applying the RANS method on the complementary NS equations.

Thus, the main system of equations on the complementary variables - also called the
complementary NS equations for simplicity - can be expressed as:



∇ · u∗ = 0
∂ρu∗

∂t
+ ∇ · ρu∗ ⊗ u∗ + ∇ · ρup ⊗ u∗ + ∇ · ρu∗ ⊗ up = −∇p∗ − ∇ · T(u∗)

∂α

∂t
+ u∗∇α + up∇α = 0

(6.6a)

(6.6b)

(6.6c)

together with the appropriate BC that will be described later in section 6.2.3. This
system of equations presents similarities with the original NS eqs. (4.3a) and (4.3b) ap-
plied on the complementary variables. However, some differences - that are boxed in the
above equations - appear on the latter. In the momentum equation new convection terms
appear, namely the convection of the potential velocity by the complementary velocity
and reciprocally the convection of the complementary velocity by the potential velocity.
Convection of the volume fraction by the potential velocity is also noticeable on the α
evolution equation. Convection terms of α will however be reunited such that the convec-
tion will be done by the total velocity ut: no modification are thus needed on the volume
fraction evolution scheme.
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6.2.2 Complementary RANS momentum equation
The procedure, presented in section 4.2.2 is repeated, applied this time to the comple-
mentary NS equations. The complementary velocity is decomposed into a time-averaged
and fluctuation components, just as ut. Note that stating that the fluctuating part of the
velocity is fully contained in the complementary velocity yields:

ut = u + u′ = up + u∗ + (up + u∗)′

= up + u∗ + u∗′ (6.7)

Thus, the fluctuating parts of the complementary and total velocities are equal u∗′ = u′.
Consequently, the Reynolds-Averaging method can be applied directly to the momentum
eq. (6.6b) to yield:

∂ρu∗

∂t
+∇·(ρu∗ ⊗u∗ +ρu′ ⊗ u′)+ ∇ · ρup ⊗ u∗ + ∇ · ρu∗ ⊗ up = −∇p−∇·T(u∗) (6.8)

The Boussinesq assumption is applied once again using eq. (4.8) as the Reynolds Stress
tensor did not change. Note that this equation involves the total velocity ut. Thus, one
may apply once again the decomposition ut = up + u∗.

∇ · (ρu′ ⊗ u′) = ∇ · Tt(ut) =∇ · µt([∇u∗ + ∇u∗T ] − 2/3(∇ · u∗)1) − 2/3ρk1
+∇ · µt([∇up + ∇uT

p ] − 2/3(∇ · up)1)
(6.9)

However, in this case - as µt is not constant - it is not possible to state that the
divergence of the turbulent strain rate tensor reduces to zero when applied to the potential
velocity. Thus, the RANS equations on the complementary variables - also called the
complementary RANS equations - are expressed as:



∇ · u∗ = 0
∂ρu∗

∂t
+ ∇ · ρu∗ ⊗ u∗ + ∇ · ρup ⊗ u∗ + ∇ · ρu∗ ⊗ up

= −∇p∗ − ∇ · Teff (u∗) − ∇ · Tt(up)

(6.10a)

(6.10b)

where Teff is the sum of the shear stress tensor and the complementary part of the
Boussinesq assumption of eq. (6.9). Its expression as a function of u is given in eq. (4.9b).
This system of equations is the one that will be implemented and solved.

Remark. A given turbulence model which job is to compute the effective dynamic viscosity
µeff = µ + µt needs the knowledge of the total velocity ut. An error would be to feed it
only with the complementary velocity that we solve for, because it is not the sole generator
and convector of turbulence. Another important note is that trying to solve two turbulence
models - one for the potential terms and one for the complementary terms then sum the
two additional shear stress obtained - would be possible but risky as one needs to ensure
the linearity of the turbulence model with respect to the velocity.
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Given the previous equations, the form of the semi-discretized eq. (4.35) remains
intact. The difference is of course on how to compute diagonal and off-diagonal matrices
of the momentum equation. More precisely, the different tensors are computed according
to eqs. (6.10a) and (6.10b) in place of eqs. (4.9a) and (4.9b). However given an equation,
OpenFOAM® is able to compute those terms. This implies that the pressure equation
routines does not need to be modified. Thus, the methodology described in section 4.3.2
is directly applied, and will not be repeated here.

6.2.3 Boundary conditions

ΓB
Γi

Γt

Γo

Γb

Free surface (HPC)

Body contour

HPC mesh

OpenFOAM mesh

ΓOpenFOAM boundaries

Figure 6.1: Schematic representation of the coupling method

In order to close the velocity-pressure problem, a set of boundary conditions has to be
defined. While a domain coupling model has to enforce its outer boundaries according to
the external solver values, it is not the case in the velocity coupling framework. Deriving
a Dirichlet condition - imposing a total value uD - in this framework yields:

u∗ = uD − up (6.11)

In particular, applied on a no-slip condition (sea bottom or body BC), we get:

u∗ = −up at ΓB (6.12)

At the outer boundary, the same Dirichlet condition can be applied. It is assumed that
the effect described by the complementary equations are restricted to the body vicinity
and thus, the condition is reduced to:

u∗ = 0 (6.13)

A Neumann condition on which the imposed spatial derivative of the total velocity is

imposed as ∂u
∂n

∣∣∣∣∣
N

would reduce to:

∂u∗

∂n
= ∂u
∂n

∣∣∣∣∣
N

− ∂up

∂n
(6.14)

166



6.2. Theoretical formulation

Because of the one-way properties of the scheme, stability problems are expected when
imposing eq. (6.13) at the outer boundaries of the RANS domain: the feedback of the
turbulent and viscous part to the far-field flow cannot be exactly zero. Thus, in order to
counteract this, mixed Neumann-Dirichlet conditions will be used, in the same manner
as in chapter 5. Details on the numerical choices are given in section 6.3.5.
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6.3 Numerical implementation
A focus is made on the description of the numerical implementation of the velocity cou-
pling scheme developed in the OpenFOAM® framework. This section is devoted to
underlining the differences between the original solver (waveFoam available with the
waves2Foam toolbox) and our newly developed velocity decomposition solver (denoted
velocityCoupling). For the sake of modularity, the potential results are still imported
onto the potential mesh and then interpolated onto the CFD mesh. Thus, we assume
that the potential fields (pp, up) are defined and available at any time instant on the CFD
mesh. For further detail, the reader is referred to section 5.2.

6.3.1 PIMPLE loop
The PIMPLE loop, briefly described along with its purpose in section 4.3.2.2, is shown
in alg. 6.1. It encapsulates the solveFluid.H method that defines the PISO loop. A
PIMPLE iteration is also denoted an outer correction step. All developments were made in
a multi-region paradigm in order to allow for multiple disjoint CFD zones. For example,
the heave plates that are added at the base of each column of some semi-submersible
platforms would each receive one CFD domain in their vicinity. This multi CFD zone
possibility was however not tested in the present study. Except for this multi-region
development - and the associated forAll loop - there are no difference compared to the
original scheme.

Algorithm 6.1: Main solver
1

2 // PIMPLE LOOP
3 for (int oCorr=0; oCorr<nOuterCorr; ++oCorr)
4 {
5 const bool finalIterCorr = (oCorr == nOuterCorr-1) ;
6

7 forAll(fluidRegions, i)
8 {
9 l_pimple[i].loop();

10 #include "solveFluid.H"
11 }
12

13

14 #include "isFinalIter.H"
15 #include "correctTurbulenceIfFinalIter.H"
16

17

18

19 if(finalIter)
20 {
21 Info << "finalIter reached, end pimple outer correction

after "<< oCorr +1 << " iterations"<< endl;
22 break;
23 }
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24

25 }

Remark. Every external region is available and defined in memory. If one would
want to perform time based computations it would be called in this file as a forAll(
externalRegions,i) loop. This would, for instance, be the case for a strong coupling
algorithm.

6.3.2 PISO loop
The detail of the file solveFluid.H is shown in alg. 6.2. Notice that, for the sake of
brevity, the part where the variables are defined as references to the storage are omitted
(e.g. volVectorField & Us = l_Us[i] where i represents the index of the fluid region
of interest). The following notations are used in the code: starred (∗, i.e. complementary)
variables are suffixed with an “s”, total ones with a “t” and external ones (potential in
our case) with a “p”. Some of the original routines were not modified and need the total
variables without any suffix to be defined. In this case, we define locally (i.e. sporadically
during the time run) those variables by reference (i.e. pointing) to the total variables.
This approach of changing the name of the main variables greatly helps to verify that the
velocity and pressure are not used and called without our awareness.

The first part of the algorithm (line 7-9) concerns the update of the volume fraction
α using the previous time step values of the velocity and pressure. This part was kept
for the original solver and the volume fraction is solved and allowed to evolve, even if no
coupling in terms of free surface will be shown in this document. In practice all boundary
conditions for α are set to a fixedValue of 1. Those include files require, as “input”,
the total velocity and pressure, which thus need to be defined.

Remark. It is also possible to modify the associated files and only solve for the complemen-
tary volume fraction α∗ such that the total volume fraction (after summing the potential
volume fraction) satisfies the corresponding eq. (6.6). This would however require its own
study and is outside the scope of this work.

Note that the mass flux defined on the cell faces (denoted rhoPhi) is updated during
the update of the volume fraction resolution. Thus, the complementary mass flux rhoPhis
is updated by subtracting the potential mass flux (line 12).

Algorithm 6.2: solveFluid.H
1

2 const surfaceScalarField rhoPhip("rhoPhip",
fvc::interpolate(rho)* l_phip[i]);

3

4

5 /* ---- solve for alpha.water ---- */
6

7 #include "alphaControls.H"
8

9 #include "alphaEqnSubCycle.H"
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10

11 // rho rhoPhi total was modified with the alpha computation, thus
update rhoPhis

12 l_rhoPhis[i] = rhoPhi - rhoPhip;
13

14 l_mixture[i].correct();
15 if (l_pimple[i].frozenFlow())
16 {
17 continue;
18 }
19

20

21

22 /* ---- Define the Us equation, solve if momentumPredictor ---- */
23 #include "UsEqn.H"
24

25

26 /* ---- Piso loop, pressure-velocity coupling algorithm ---- */
27 label it=0;
28 while (l_pimple[i].correct()) //PISO LOOP
29 {
30 it++;
31 Info << "PISO LOOP, iteration" << it << endl;;
32 #include "pEqn.H"
33 }

6.3.3 Momentum equation
The momentum equation that rules the evolution of the complementary velocity u∗ is
defined in the file UsEqn.H. Most changes in that file are inside the equation definition
itself. This file is shown in alg. 6.3, with comments meant to emphasize the newly added
terms corresponding to the boxed terms in eq. (6.10b).

Algorithm 6.3: UsEqn.H
1 fvVectorMatrix UsEqn
2 (
3 fvm::ddt(rho, Us) +
4 fvm::div(rhoPhis, Us)
5 + fvm::div(rhoPhip, Us) // - New - convection of Us by the

potential mass flux.
6 + fvc::div(rhoPhis, Up) // - New - convection of the

potential velocity by Us.
7 + MRF.DDt(rho, Us)
8 + turbulence->divDevRhoReff(rho, Us)
9 /* - New - */

10 /* adding the part of divDevRhoReff which is not taken into
account when using Us previous line */
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11 - fvc::div(rho *turbulence->nut() *dev2(T(fvc::grad(Up))))
12 - fvc::laplacian(rho *turbulence.nut(), Up)
13 /* - end New - */
14 ==
15 fvOptions(rho, Us)
16 );
17

18

19 UsEqn.relax();
20

21 fvOptions.constrain(UsEqn);
22

23 if (pimple.momentumPredictor())
24 {
25 solve
26 (
27 UsEqn
28 ==
29 fvc::reconstruct
30 (
31 (
32 mixture.surfaceTensionForce()
33 - ghf*fvc::snGrad(rho)
34 - fvc::snGrad(p_rghs)
35 ) * mesh.magSf()
36 )
37 );
38

39 fvOptions.correct(Us);
40 Ut=Us+Up;
41

42 }

If the momentum predictor is activated, the resolution is performed using the previous
values of the pressure. In that case, the complementary velocity is updated. We thus
update the total velocity (line 40).

The file pEqn.H is not shown here as it mainly remained intact from the original one
apart for few minor changes of variable definitions and references. The original is however,
shown and described in appendix B.

6.3.4 Turbulence object and equations
In alg. 6.3 a new turbulence term is added, corresponding to the last term in the RHS of
eq. (6.10b). If one were using the base method turbulence->divDevRhoReff directly to
the total velocity field, the computation would require the total viscosity instead of solely
the turbulent viscosity. The last terms (lines 11-12) exactly correspond to the source
code of turbulence->divDevRhoReff using νt instead of νeff . On the other hand, to
ensure that the turbulence object correctly uses the total velocity field when its update
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is required, one needs to take great care of its initialization. This initialization is shown in
alg. 6.4 and performed once, only at the creation of the object. Of course, the turbulence
object keeps a dynamic link (reference) to the given face flux and cell velocity fields.

Algorithm 6.4: Creation of the turbulence object
1 incompressible::turbulenceModel::New
2 (
3 l_U[i],
4 l_phi[i],
5 l_mixture[i]
6 ).ptr()

6.3.5 Boundary conditions
Outer BC of the local grid
Most of the needed boundary conditions can be enforced by already existing code in Open-
FOAM®. For example, the complementary pressure at the outer boundary is enforced as
fixedValue with an imposed value of 0. The same is true for the velocities conditions: if
one wants to impose the conditions as a Dirichlet condition, the fixedValue of 0 should
be selected. However, we will show later (section 6.5.4) that this conditions is too restric-
tive and a mixed Neumann-Dirichlet (inletOutlet) leads to more stable and consistent
results. With the latter, a 0 imposed value for both the gradient when the fluid flows
outwards and the value itself when the opposite is true are fully adequate. Needless to
say, those null values are only valid when the CFD mesh covers the entire area where the
viscous and turbulence have significant effects.
Remark. A zeroed inletOutlet in the velocity coupling framework is not strictly equiv-
alent to a coupledVelocityInletOutlet developed in the domain coupling framework
section 5.2.6 when the fluid flows outwards: the latter enforces a null gradient for the
complementary part of the velocity, while the former does the same thing on the total
velocity. Thus, the complementary inletOutlet would be equivalent to enforcing the
gradient of the potential velocity in coupledVelocityInletOutet for an outward flow
(instead of a null value). In the end, the usage of inletOutlet 0 for the complementary
velocity is entirely justified and does not invoke any approximation.

Also note that the inletOutlet implementation requires the user to specify the flux
that is used to detect the flow direction. By default, a field of name phi is sought, which
is however not defined anymore. Three face fluxes are available in our computation: the
total face flux phit, the potential face flux phip, and the complementary face flux phis.
Let’s recall that we aim to impose null values of the complementary velocity at the outer
boundaries, and thus expect phis to be almost null there. For this reason, it is expected
that using phit or phip to determine the flow direction, would yield similar results (which
moreover would mimic the domain coupling set up). However using the complementary
face flux is conceivable: the complementary velocity would be more often imposed as null
at the condition and would be allowed to flow outside only at time where the solver would
have trouble otherwise. Tests will be conducted on these possible variations and results
and recommendations will be given in section 6.5.4.
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Body BC

A particular no-slip condition must be implemented to ensure the enforcement of
eq. (6.12). It was done during this work, but is not shown in this document for the sake
of relative conciseness. The procedure interpolates the potential velocity at the boundary
faces and imposes its negative counterpart as a fixed value. The name and keywords
allocated to this boundary type is minusCoupledVelocity in the sense that it is exactly
the coupledVelocity developed for the domain coupling scheme (c.f. section 5.2.6) only
differing from a minus sign. Note that, as this condition inherits from the fixedValue
boundary condition, the keyword value needs to be defined even though it will not be
used and immediately replaced by the adequate values from the potential results.

6.3.6 Various other contributions and implementations
A lot of other modifications were made in the solver. They are not described here for
brevity reasons because they are mainly numerical and not of prime importance. For ex-
ample, they relate to the fields generation, reading and instantiating but also the creation
of list objects to simulate multi-region cases. Moreover at this stage an important part
was already implemented and is reused, namely the interfacing and interpolations from
regions to regions (potential to CFD in our particular case).

Note that while the domain coupling approach described in chapter 5 can be interfaced
with any other model (linear potential, stream function theory, laminar CFD), as the total
equations are solved, the current velocity coupling looses some generality as the external
velocity and pressure are required to be solution of the Euler equations. However, the
same analysis could be made with a laminar external flow with just few modifications
of the above presented algorithms. Also note that this shortcoming could be avoided
by discretizing the Euler equations in a similar manner as Zhang (2018). With this
method, the residual of the potential Euler equations would serve as a source term in
the complementary equations. In other words, instead of mathematically simplifying the
adequate terms, we let OpenFOAM® do it for us.
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6.4 Intrinsic differences with OpenFOAM
Some of the computational schemes and procedures of the original OpenFOAM® and the
domain coupling approach cannot be reproduced exactly, and a great care should be taken
in order to avoid nonphysical behavior or resolution.

6.4.1 Upwind schemes
The first one is the consequence of using the existing upwind schemes for the discretization
of the divergence terms. When using this scheme, the resulting discretized terms depend
on a given velocity field, that define the upwind direction, giving more or less importance
depending on where the considered cell lies with respect to the flow velocity. As noted by
Kim et al. (2005) the upwind scheme can be - and is commonly - summoned to discretize
the divergence terms (for both implicit and explicit methods), and bases its selection of
the weights on the same field that the discretized one. In practice, a given mass flux
defined on the cell faces rhoPhi is computed from the velocity field U. This field stays
fixed during a PIMPLE iterations (see section 4.3.2.2 for further detail). A call is made to
div(rhoPhi, U) that spatially discretizes the divergence term. For some discretization
schemes - e.g. upwind schemes - the mass flux is used not only to compute the term itself,
but also to allocate weights depending on the neighboring cell positions relative to the flow
direction. However, calls are here made to div(rhoPhis, Us) which, on the opposite of
a classical upwind approach, will compute the weights based on the complementary flow
instead of the total one. Another way to see it is to state that the OpenFOAM function
div(a,b) may not be linear with respect to a, depending on the applied discretization
scheme, while it mathematically should be.

In order to retrieve the same discretization as with waveFoam or domainCoupling, the
advection terms of the complementary velocity could be summed to retrieve the classical
upwind scheme (based on rhoPhit). It is however not possible for the external velocity
on which only the convection by the complementary velocity remains. From a numerical
point of view, this means that a choice has to be made between separating or aggregating
the advection terms of up.

Algorithm 6.5: Us and Up advection, separated
1 fvVectorMatrix UsEqn
2 (
3 ...
4 fvm::div(rhoPhis, Us)
5 + fvm::div(rhoPhip, Us) // - New - convection of Us by the

*potential* mass flux.
6 + fvc::div(rhoPhis, Up) // - New - convection of the

potential velocity by Us.
7 ...
8 )

Algorithm 6.6: Us and Up advection, Us aggregated
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1 fvVectorMatrix UsEqn
2 (
3 ...
4 + fvm::div(rhoPhit, Us) // - New - convection of Us by the

*total* mass flux.
5 + fvc::div(rhoPhis, Up) // - New - convection of the

potential velocity by Us.
6 ...
7 )

The two possible solutions are shown on algs. 6.5 and 6.6 which correspond respectively
to solving the advection of the complementary velocity in a separated manner:

∇ · ρu∗ ⊗ u∗ + ∇ · ρup ⊗ u∗ + ∇ · ρu∗ ⊗ up (6.15)

or in an aggregated manner:

∇ · ρ(u∗ + up) ⊗ u∗ + ∇ · ρu∗ ⊗ up (6.16)

Mathematically, those equations are equivalent, however numerically the discretization
schemes employed can yield discrepancies. Note that this remark holds for both the
complementary NS equations and the complementary RANS equations, which is why the
averaging symbol · was dropped in eqs. (6.15) and (6.16).

6.4.2 Residual threshold
Another difference is due to the computation of the residuals and the associated con-
vergence criterion. In this framework, the solver does not solve for the total dynamic
pressure but only for the complementary pressure. Orders of magnitude of p∗ and pt are
very different. While not as important on velocities, difference in magnitudes are how-
ever still present. For most of iterative solving procedures, residual values are used as a
convergence criterion. In OpenFOAM, the computation of the mean residual R of a given
variable x that should satisfy Ax = b uses the mean value of x (here denoted x) and is
computed as:

R = |b − Ax|1
|Ax − Ax|1 + |b − Ax|1

(6.17)

In eq. (6.17), the nominator is the dimensional residual. | · |1 is the L1-norm, i.e. the
mean value of the magnitude of the components. The denominator is a scaling factor
that does not depend on the local value of x but on its mean magnitude. Thus, the
dimensional error is divided by something of the same amplitude as the field itself.

Thus, when solving for a complementary variable (especially for p∗ which is orders of
magnitude lower than the original p − ρgh), a given dimensional error will not yield the
same residual as in the original approach. In other words, trying to solve with a tolerance
of 10−7 means that the error relative to the complementary pressure of 10−7 has to be
reached, while in the original approach it would be relative to the total pressure. If, for
example, one wants a dimensional precision of 1 Pa, a target residual of ∼ 10−5 would
be chosen with waveFoam or domainCoupling, while a value of ∼ 10−2 should be chosen
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here. This residual target example depends of course on the relative magnitude of p∗ and
pt, which is obviously case dependent.

A study on the impact of the target tolerances of the linear solvers will be conducted
in section 6.5.3.
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6.5 Stability, convergence and various investigations
This section aims to provide a correct set of numerical parameters and boundary condi-
tions that ensure convergence and stability of the method. Investigations are conducted
extensively on the parameters that inherently differ from the previous computational
approaches, namely the domain coupling method and waveFoam.

6.5.1 Test case
The main test case is the same as the one presented and studied in the preceding chap-
ters, i.e. the immersed horizontal rectangle-shaped cylinder, also studied for example
by Venugopal et al. (2006). The main validation test case consists in regular waves of
steepness H/λ = 0.035 and period T = 2 s propagating and interacting with the cylinder.
The objective is to retrieve the results presented in sections 4.6 and 5.3.2.

Apart from few intrinsic differences, the base parameters of the simulation remain
constant compared to the description given in section 5.3.1. Amongst them, we try to
maintain all numerical schemes identical (PIMPLE and PISO parameters, mesh, time step,
discretization schemes and parameters, etc.). Thus, most of the parameters are not - or
only briefly - recalled here.

With the domain coupling approach as the propagation distance is not simulated
and is calculated a priori by the potential model, the computation could be started at
a later time considering an already developed potential flow. In the same manner, the
computation is started at t0/T = 12 and the complementary values are initialized to zero
at this time. It is equivalent to the “hotStart” (i.e. with values initialized as the potential
ones) setup of domainCoupling solver. This is done hoping that the short domain that
is used does not require as much simulation duration to reach a periodic behavior. A
complete investigation of the benefits of this method was presented with the domain
coupling algorithm in section 5.4.1.

The mesh is also the same as the one presented in section 5.3.1. The mesh breadth in
the horizontal direction is selected as Bm = 3 m which represents 1/2 of the wavelength.
This was proven to be sufficient in a domain coupling framework (see section 5.4.2) and will
not be called into question here. The considered mesh spans vertically from z = −1.8 m
to −0.3 m for a total water depth of h = 2.2 m.

The time step was kept constant and fixed at dt = 5 × 10−4 s. This value originates
from the time independence study performed with the waveFoam solver presented in
section 4.6.2.1.

6.5.2 Numerical scheme and parameters
When applying the parameters (defined in fvSolution and fvSchemes located in system
/<fluidRegionName>/) directly imported from our domain coupled cases (but differing
from our waveFoam simulations, see sections 5.3.1 and 5.4.4 for details), surprising out-
comes are obtained in terms of loads (fig. 6.2). After investigations, a major parameter in
this instability is the number of PIMPLE iterations (defined in fvSolution). On fig. 6.2,
computed loads are shown, obtained with different exit conditions for the PIMPLE loop.
Indeed it is possible to end after a given number of iteration (nOuterCorr) or by con-
trolling the pressure residual at the beginning of the PIMPLE loop denoted rpi, i.e. with
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matrices that are obtained from an updated velocity flux. No computation except the
residual controlled one is stable and yield correct results. This is relatively difficult to
explain as the residual controlled simulation never performs more than two PIMPLE iter-
ations, but instead alternates between one and two. Contrary to expectations, it seems
that more iterations lead to even worse results in terms of stability (See the high frequency
disturbance obtained with nOuterCorr= 3 in fig. 6.2).

rpi = 10−7
nOuterCorr=1 nOuterCorr=2 nOuterCorr=3
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Figure 6.2: Temporal series of the loads obtained with the velocity decomposition method
with different exit conditions for the PIMPLE loop, either a fixed number of iterations
(nOuterCorr) or controlled by the residual target. Boundary set 2. (b) is a focus on
t/T ∈ [15, 16].

In order to understand the origin of this phenomenon, we questioned every term inside
the PIMPLE loop. As the PISO loop (described in section 4.3.2.2) control parameters
did not affect the computations in a significant way, a focus was made on the steps
carried out during the PIMPLE iteration but outside of the PISO loop. No influence of the
momentum predictor on the quality of the results was denoted. Thus, an investigation was
done on the terms discretization methods used in the complementary velocity equation.
In section 6.4.1 a difference between the original waveFoam discretization (same as in
the domain coupling framework) and the current method is described when an upwind
discretization scheme is used. Thus, here are tested the differences between algs. 6.5
and 6.6 denoted respectively “separated” and “aggregated”, recalling that the results
shown in fig. 6.2 were obtained with the “separated” version.

While some differences can be spotted between the different numbers of outer corrector
step we can see (fig. 6.3) that a great stabilization is achieved by reuniting the two
advection terms of the complementary velocity. Note that for two or more outer corrector
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separated rpi = 10−7

aggregated nOuterCorr=2
aggregated rpi = 10−7
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Figure 6.3: Temporal series of the loads obtained with the velocity decomposition method
with different exit conditions for the PIMPLE loop, either a fixed number of iterations
(nOuterCorr) or controlled by the residual target. See text for detail between “separated”
and “aggregated”. Boundary set 2.(b) is a focus on t/T ∈ [15, 16].

steps, we almost retrieve a converged computation that yields consistent results. However
the residual controlled PIMPLE method seems to yield the most stable results and is thus
selected for the rest of this work.

Also note that the other advection term (∇ · ρu∗ ⊗ up) also triggers a different version
of the upwind scheme. However, the counterpart term is not present anymore and thus
the resulting term cannot be aggregated.

6.5.3 Tolerances and residual controls
In this section, a focus is made on the modification of the tolerances that trigger both the
end of the solvers and the end of the PIMPLE Loop. Because the numerical problems are
intrinsically different, the residual cannot be directly compared to the one obtained with
OpenFOAM® as was explained in section 6.4.2. In all previous computations, tolerance
of the linear solvers, i.e. target residual that trigger the solver exit, were set to ru = 10−9

for the velocity and to rp = 10−8 for the pressure. The residual threshold that allows the
exit of the PIMPLE loop (tested at the beginning of an iteration, thus, with H, p, u and
uf up-to-date and consistent), was set to rpi = 10−7. A scalar denoted γ that multiplies
in the same manner all the previously listed tolerances is defined. γ = 1 corresponds
the original tolerances (presented above), while with γ = 100 the tolerances are set to
ru = 10−7, rp = 10−6 and rpi = 10−5. Thus, we expect to obtain a convergence when γ
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decreases along with an increase of the computation cost. Note that all tolerances are left
unchanged for any other variables (volume fraction and turbulence).
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Figure 6.4: Temporal series of the loads obtained with the velocity decomposition method
with different tolerance targets. γ parametrizes the restriction of the target residual values
compared to the base case. See text for details. (b) is a focus on t/T ∈ [15, 16].

Figure 6.4 shows the obtained results with different values of γ. The computation cost
drastically decreases: the first full wave period costs approximately 35 min for γ = 104 and
increase up to 165 min at γ = 10−1. Note that the decrease is not linear: for example the
first full period cost between the two finest cases only differs by a few minutes. Assuming
that the periodic behavior is reached within 8 periods, a rapid extrapolation furnishes
an estimation of the requested computational time to yield valuable results: ∼ 5 h with
γ = 104 and ∼ 22 h with γ = 1 (monoproc, Intel® Xeon® CPU E5-2650 v3 @ 2.30GHz).
However no difference can be seen on fig. 6.4 between the different computation cases.
Thus, it is possible that - for the reasons detailed in section 6.4.2 - larger tolerances
target are sufficient for the complementary RANS equations. However, as no such study
was conducted on the domain coupling or waveFoam solver, it is not possible to securely
guarantee that the same behavior would not be observed.

To ensure that the computations are indeed equivalent, a local analysis is performed
at t/T = 18 (i.e. after 6 simulated periods): the fields are sampled along a vertical line
located on the center top of the cylinder (xl = 0, zl ∈ [−0.72,−0.3]m). The obtained
fields are depicted in fig. 6.5: an almost perfect agreement can be observed across all the
tested range of control parameter γ.

The low amplitudes discrepancies observed on the complementary pressure are orders
of magnitude below the expected errors due to others parameters (such as the mesh itself,
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Figure 6.5: Fields at t/T = 18 (6 simulated periods) over a vertical line at xl = 0 for
different γ parameters. A marker is added every 5 faces encountered. ω variable is shown
on a log-linear scale: it ranges from 1 s−1 to 1 × 104 s−1

the time step value but mostly the turbulent rise). In a quantitative manner, defining the
error with respect to the γ = 0.1 computation, the pressure at zl = −0.67 m differs by
3.1%, 0.06% and 0.0005% for γ = 104, 102 and 1 respectively. Note that those differences
are relative to the maximum observed complementary pressure at this particular time
along the line, ≈12 Pa. It is recalled that the order of magnitude of the total dynamic
pressure along this same line is 700 Pa (see e.g. fig. 5.16 or fig. 5.8) and the static
pressure is even one order of magnitude higher at z = −0.72 m. Thus, the highest tested
tolerances target (γ = 104) is completely acceptable, and a further increase of γ could even
be possible. For the rest of this work, we select γ = 100 to ensure that no discrepancies
originate from this selection.

As a conclusion, it is possible to state that accepting a seemingly important value of
the residual does yield already converged computations. It is thought to be justified by
the reason described in section 6.4.2. Hence, with γ = 100, values for target residuals
are selected as ru∗ = 10−7 for the complementary velocity problem, rp∗ = 10−6 for the
complementary pressure and rpi = 10−5 for the PIMPLE loop.

6.5.4 Boundary conditions
In order to solve for the complementary variables u∗, p∗, a set of boundary conditions has
to be selected for every physical boundary of the CFD domain represented on fig. 6.1.
The natural choice would be, at the external boundaries Γ, to impose a null value for both
u∗ and p∗ as those fields represent the additional (or complementary) fields compared to
the main potential one and that are assumed to vanish away from the body. This set is
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denoted set 1 (see table 6.1). A discussion about the available choices and their numerical
implementation is conducted in section 6.3.5. Note that the body boundary conditions is
selected and will be maintained as minusCoupledVelocity, described in the referenced
section.

BC set boundary u∗ p∗ k(m2 s−2) ω (s−1)
1 Γi,o,t,b fV: 0

fV: 0 fV:10−10 IO: 0.882 Γi,o,t,b IO: 0, u∗
f

3 Γi,o,t,b IO: 0, uft

4 Γi,o,t,b IO: 0, ufp

Table 6.1: Table of the base set of boundary conditions. IO stands for inletOutlet,
fV for fixedValue. Values are precised when necessary (and not dummies). For IO
conditions, we also indicate the face flux used to determine the direction of the flow.
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Figure 6.6: Obtained loads for different complementary velocity boundary conditions
presented in table 6.1. For further details the reader is referred to section 6.3.5.

The selection of fully imposing a null fixed value at the outer boundaries for the
complementary velocity (set 1) implies that no fluid can either enter or exit the domain
except if explicitly prescribed by the potential model. While this is consistent with the
recommended span of the mesh, which should be wide enough to encompass all pure CFD
aspects of the flow, it is not possible in practice. This leads to instabilities even if the
model manages to recover without a break-down of the computation. This problem can
be resolved by simply giving the solver the freedom to have a non-null velocity whenever
the face flow is not consistent with the velocity itself. Further allowing inwards and
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outwards complementary flow whenever the potential flux points out of the domain also
stabilizes the computation: that is, in essence, the solution adopted in the domain coupling
framework. Figure 6.6 depicts those described effects on the load series.

For these reasons, the second set of boundary conditions was selected for all the
previous computations and will be maintained for the rest of this work (previous results
also used this set).

6.5.5 Time step influence investigation
Another parameter that could drastically influence the results (and was of prime impor-
tance with waveFoam) but was kept fixed here, is the temporal discretization. Indeed,
most of the former original NS equations are already solved and advanced in time (with
the HPC solver). Thus, the remainder of this equation, the complementary NS equa-
tions, may not need the same time discretization. However, as the time step is mainly
determined by the small scale effects, copying the time step that was emphasized in the
independence study done with waveFoam might not be invalid. Moreover, the CFL num-
ber - which usually controls the time step - should remain below unity because otherwise
a given particle (or scalar field) would be advected of more than one cell in at a given
time instant. In our case, the advection velocity of greater magnitude is still ut, and still
transports all variables except the potential velocity. This further supports the choice of
keeping the same time step size.

Nevertheless, it would be interesting to conduct a complete time independence study
(as well as a grid independence study) with this particular scheme. Due mainly to time
constraint the hypothesis was made that, the influence of such modifications would be
the same on this method as on the resolution with waveFoam. In all the previous and
past computations, the time step size remains constant at dt = 5 × 10−4 s. This value is
close to the minimum time step size obtained when the maximum CFL is set to 0.25 on
the current mesh.
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6.6 Validation of the velocity coupling method
6.6.1 Local comparisons with other models
This section focuses on the local fields over the same vertical line used before, i.e. located
on the top of the cylinder at xl = 0, from z = −0.72 m to −0.3 m (see line lv1 on fig. 4.1).
We compare the velocity coupling results with the obtained results within the domain
decomposition study (domainCoupling), and the independent OpenFOAM® results, de-
noted ”waveFoam”, the available solver part of the waves2Foam toolbox (Jacobsen et al.,
2011).
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Figure 6.7: Comparison of the complementary fields, the potential ones and the resulting
total ones with waveFoam and the domain decomposition solver at a particular time
t/T = 20.

Figure 6.7 shows the different complementary fields along that line at a given physical
time t/T = 20. It is recalled that the coupled algorithms (velocityCoupling and domain-
Coupling) are started at t/T = 12. Discrepancies are present on the figure on each variable
in comparison with both waveFoam and the domain coupling solver. However the same
general effects are captured, amongst them the vortex of center located approximately
at zl = −0.65 m that can be deduced from the velocity figures. It is also noted that the
complementary pressure is of very low order of magnitude when compared to the dynamic
pressure. This adds perspective to the error chasing that we performed on the previous
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sections (e.g. section 6.5.3).
Though the agreement is not perfect, the reader is recalled that a null complementary

pressure is imposed at z = −0.3m, and thus, if waveFoam and HPC disagree on the value
there, our coupled algorithm will not be able to recover the difference. It is illustrated
on fig. 6.7c on which the pressure discrepancy propagates in an almost constant manner
throughout the sample line: the profile of the velocityCoupling total pressure is almost
exactly the same as the waveFoam pressure, with an added shift coming from the imposed
value at the top.

Also notice that this figure depicts the sampled fields at a given time and could be
affected by differences associated with phase-shift. In chapter 4, the occurrence of such
phase-shift was demonstrated during the waveFoam propagation. For this reason, the rest
of the figures depicting the local samplings of the fields will adopt the layout used when
assessing the correct behavior of the domain coupling algorithm in section 5.3.2: multiple
times will be shown on the figures, along with their envelopes at each vertical position.
However, with this layout, it is not possible to depict the decomposed components (u∗ and
up) and maintain readability. Thus, only the total velocity yield by the velocity coupling
scheme will be shown and compared. However, as the potential fields will appear, the
complementary variables can be retrieved by subtraction.

Figure 6.8 depicts those sampled fields obtained with the waveFoam solver, the do-
mainCoupling solver and the velocityCoupling solver. Note that, while the relative time
to period t̄ = t%T - where % denotes the remainder of the Euclidean division - is constant
across cases, the absolute time itself is not. The coupled fields are extracted after 6 sim-
ulated periods (t/T ∈ [18, 19]) following the recommendations exhibited on the hotStart
study section 5.4.1 while the OpenFOAM results are shown at the same time steps as pre-
sented in previous chapters, i.e. t/T ∈ [15, 16]. Thus, the turbulent viscosity instability
might not have the same influence in both cases.

It should, however, have the same behavior between the velocity coupling case and the
domain coupling one. This is not found to be true (figs. 6.8g and 6.8h): the amplitudes
of νt predicted by the velocity coupling are approximately 20% lower than the domain
coupling one (which in turn is relatively consistent with the waveFoam outputs). The
shape and behavior seems however to be well captured and it is completely possible
that the amplitudes would also be recovered after a longer evolution time of the velocity
coupling algorithm. This effect is still under investigation. It could however be the result
of any of the intrinsic differences presented above, or even of the necessary changes made to
the discretization schemes and numerical loops: the turbulent viscosity instability growth
proved to be very sensitive to any parameter change.

Other results however do not seem to be impacted in a significant manner by this
turbulent viscosity difference. As far as the total velocity is concerned, it seems that some
effects are even better captured with the velocity coupling when compared to the original
waveFoam. Note that a period was separated into 40 time steps for the representation,
and the envelopes were calculated based on the values at these time instants. However,
T/40 is not a sufficient description to correctly capture extrema, especially when high
gradients and important temporal derivatives are present. For example, focusing on the
minima of Uz that are noticeable on fig. 6.8d, no other lines lie between the waveFoam
and other model envelopes: the coarse time discretization, conjugated with a small time
shift, might be the reason of this discrepancy.
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Figure 6.8: waveFoam, domain coupling and velocity coupling total fields sampled over a
vertical line (xl = 0m, z = −0.72 m to −0.3 m) at 40 time instants split in two half-periods
(left and right subfigures).
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At this stage it is possible to confirm the capabilities of the velocity coupling algo-
rithm in recovering most of the turbulent and vortical effects. We thus expect correct
comparisons between the experimental results and this scheme.

6.6.2 Obtained loads with the velocity decomposition method
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Figure 6.9: Temporal series of the loads obtained with the waveFoam solver, the domain
decomposition method, the velocity decomposition method and HPC

The forces series are shown on fig. 6.9 which compares the results predicted by our four
models of interest, namely the VoF-FVM RANS solver waveFoam, the potential-RANS
domain decomposition solver, the potential-RANS velocity decomposition solver and the
potential solver based on the HPC method.

The resulting loads exhibited by the velocity coupling solver matches in a really close
manner the domain coupling results. When looking at the predicted pressure on figs. 6.8e
and 6.8f, such a behavior could be expected as the domain and velocity coupling pressure
are in close agreement.

As this stage, it is possible to state that the proposed unidirectional velocity coupling
yields valuables results for only a small portion of the computation cost of a complete
RANS-VoF simulation. In our case, it leads to the possibility to test several parameter
variations. With an industrial approach, it would allow to increase the number of design
cases, for example varying the wave field conditions.
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6.6.3 Comparisons with experiments
For the same case of horizontal cylinder with rectangular cross-section, different wave
heights were already computed within the HPC framework (see section 3.3.3). It is then
straightforward to run the newly implemented model with those cases. Here, we focus
on the cases with incoming regular waves of period T = 2 s. Once again, the obtained
loads can be reduced to four hydrodynamic coefficients. The calculation of the best
(defined with respect to the L2 norm) coefficients to model a given load series is presented
in section 3.3.3.2. The obtained hydrodynamic coefficients are shown for different KC
numbers on fig. 6.10. The error when fitting our loads with a Morison model (L2 error
we minimized) is also depicted on the last two subfigures. Thus, high errors that are
noticeable for high nonlinearity parameters (i.e. high KC numbers) underline that the
Morison equation is not adapted to model the loads from the coupled simulations, and
not that the velocity coupling yields a high error compared to experimental results.

The obtained hydrodynamic coefficients are in good agreement with both the literature
and the domain coupling approach, up to relatively high KC numbers. Once again, the
decrease of the inertia coefficients - that could not be obtained with the potential model -
is retrieved in a consistent manner. Discrepancies however arise for the steepest incoming
waves (H/λ = 7.5%), and limited to the vertical coefficients: an overestimation of the
inertia coefficient and underestimation of the drag coefficients are observed.

Note that no other modification than the selection of the external results (i.e. HPC
case used to obtain the potential variables) was done compared to the base wave height
case previously studied in detail (KC=0.78): neither the mesh nor any of the numerical
parameters (time step, schemes, tolerances, boundary conditions, etc.) were changed
during the variation of the KC number.
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Figure 6.10: Inertia and drag coefficients in the horizontal (x) and vertical (z) directions
obtained with the domain decomposition method, the velocity decomposition method,
the VoF-FVM method (waveFoam) and the HPC method for different KC numbers. The
L2 error of the Morison fitting to the temporal loads series is also shown in the lower
panels. Important error reveals that the Morison model is not well adapted to describe
the temporal series.
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6.7 Conclusions on the velocity decomposition scheme
In this chapter, a velocity coupling scheme was developed in the same manner as the one
proposed by Kim et al. (2005). The mathematical methodology and numerical imple-
mentation were developed with keeping as a goal to allow for a modularity and evolution
of the code. It was developed making use of the open source (GPL v3) OpenFOAM®
library, version 17.12. The plan is to release the developed solver and the corresponding
library publicly by the end of 2020.

The method is then applied and several numerical investigations are conducted. Some
intrinsic differences with the original method were pointed out and their consequences
were extensively assessed. It was shown, for example, that aggregating the two convection
terms of the complementary velocity yields stable results for a wider range of parameters.
However, when a control in terms of PIMPLE residual is chosen, both methods are in
almost perfect agreement.

Another difference concerns the residual of the iterative solvers themselves: the newly
defined problem (matrix, unknown vector and RHS) significantly changed compared to
the original one corresponding to the original RANS equations. Thus a convergence in
terms of target residuals and their effects was conducted, only to show that almost no
influence can be identified on the results themselves even up to important tolerance values
- and thus cheap - resolutions. In fact, choosing the highest tested value of target residual
(corresponding to γ = 104) is completely possible. The maximal observed difference
after 6 simulated periods is of about 0.4 Pa. Compared to the static and dynamic total
pressure, this is completely negligible. For example, the discrepancy between the potential
and the RANS pressures at the outer boundaries - which, on a one-way coupling, cannot
be corrected - is of about 20 Pa. On the other hand, with this parameter value the
computation cost decreases by a factor ∼ 5 compared to the original tolerances.

Results were compared to the previously presented models and a good agreement was
found both in most of the fields and variables, as well as in the load series predictions.
It was possible to show that the major part of the vortical and turbulent effects were
correctly captured and in agreement with the original VoF-FVM method.

A good agreement was found with experimentally obtained hydrodynamic coefficients,
up to important degree of nonlinearity of the incoming waves (H/λ = 7.5%). With Open-
FOAM®, the phase shift of the load had to be corrected according to its propagation error
in order to obtain decent results in terms of hydrodynamic coefficients. This correction
was not needed with this approach, which relies on the HPC model to propagate the
waves. On this regard any model that does not dissipate energy can be very accurate.
Thus, no such correction had to be applied to the obtained load series to extract the
presented hydrodynamic coefficients.

Note that however, some of the drawbacks are recovered: the turbulent viscosity field
does not stabilize in a physical range, as could have been hoped for. It is thought to be
explained by the exponential growth that will always happen under a potential wave-flow
(Larsen and Fuhrman, 2018). In the vicinity of the body, turbulence is generated that
feed the instability slightly further away from the body.

A first continuation of this work on the velocity coupling scheme would be not to
simplify the Euler equations on the potential variables as stated in eq. (6.5), in the manner
suggested by Zhang (2018). In a fully submerged case, this would imply that the error on
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this equation (that can for example arise from the interpolations onto the inner domain)
would behave as a source term in our modified RANS equation. This would also open
the possibility to use the exact same routines with other external models (i.e. a potential
viscous scheme as in Li (2017), a laminar solution, etc.), and give the numerical method
the role of simplifying the adequate terms.

A more detailed description of the future potential works and developments are given
in the general conclusion of this dissertation, the main reason being that most of the
perspectives also apply to the domain coupling approach developed in chapter 5.
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7.1 Summary of the main results
This thesis was devoted to the mathematical modeling and numerical simulation of in-
teractions between nonlinear ocean waves and fixed marine structures of arbitrary shape.
These structures can be either submerged or surface-piercing. Only 2D (x,z) configura-
tions were considered here. Particular attention was paid to the prediction of nonlinear
loads on the structure, with emphasis on the analysis of viscous and turbulent effects.
In total, 4 modeling approaches have been considered and compared: a “fully poten-
tial” approach using a solver based on the HPC method developed from scratch during
this work, a “fully viscous CFD” approach based on the OpenFOAM® toolkit, and two
potential-viscous coupling strategies making use of the above mentioned solvers.

7.1.1 Fully potential approach (HPC)
First, a HPC method was implemented, giving very promising results against experiments.
The obtained numerical wave tank (NWT) was shown to have a great stability and good
accuracy in capturing a highly nonlinear standing wave (H/λ = 10%) freely evolving over
long physical times (100 wave periods). The convergence orders are close to 4 in both
time step size and space discretization, which was expected given the various applied
numerical methods. Good quality results are obtained, on cases of practical interest
including wave-body interaction, up to the third order harmonics of the predicted wave
loads.

Further applying the NWT on a free surface piercing body, but also sharp cornered ob-
jects, a fair agreement of results is shown compared to existing literature results, but also
compared to the dedicated set of experiments performed during this work. No smoothing
of any kind was used during this work in order to test for the inherent stability of the
employed methods, particularly the immersed boundary free surface.

The limits of the potential theory are however encountered, and discrepancies with
experimental data are found. This was expected, as turbulent and rotational effects are
observed to occur with some of the tested wave steepness and body geometry conditions,
such as air entrapment, vortex shedding, etc. Note that some of them were visually
noticed during the experiments.

7.1.2 Fully viscous CFD approach
We have then shown, on the fully immersed, rectangular-based, horizontal cylinder, that
waveFoam is able to capture those effects, at the price of an increase in the CPU require-
ments. In all cases, a good comparison with experimental results was achieved concerning
the loads time-series and magnitudes, especially if one takes into account the discrepancies
originating from the wave propagation phase (in surface elevation amplitude and phase)
to correct the hydrodynamic coefficients.

However, setting up the model and its parameters in order to correctly capture all
the required aspects of the flow has proven to be challenging. It is thought to be mainly
the result of a growing instability of the turbulence closure scheme formally exhibited by
Larsen and Fuhrman (2018), fed by the turbulence generation in the body vicinity in our
case. In order to prevent this, these authors have suggested, and released, a modification
of the turbulence model, in order to dampen the values of the turbulent variables whenever
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the vortical effects are small. In this work we have shown that this model has an intrusive
impact within the vortex shedding region. A further modification was suggested and
preliminary results show good quality behavior. However, none of the tested models were
able to correct entirely the supposedly unphysical growth of the turbulent viscosity.

In order to compute both the wave propagation phase and the body vicinity flow
in an optimized manner, each zone would require its own turbulence model, numerical
parameters and schemes, meshes, and time step. For example, an interesting study in
order to obtain an almost optimized propagation process was performed by Larsen et al.
(2019). The parameters suggested by these authors are however probably not optimized
for wave-body interaction cases.

Because the most efficient resolution method for large scale wave propagation still
is the potential approach, the last two chapters focus on developing and validating two
coupling approaches, implemented making use of the OpenFOAM® package.

7.1.3 Potential-viscous coupling using a domain decomposition
The first one, a one-way domain decomposition method is implemented and largely eval-
uated on the same test case (rectangular horizontal cylinder). The implementation was
done with the objective to be modular, in the sense that any other OpenFOAM® format-
ted set of results can serve as our “external” results (for example a laminar computation).

In our tests, the HPC results were selected, after conversion into an OpenFOAM®
format. The corresponding outer boundary conditions, that enforce the “external” model
values, are developed. A really good agreement with waveFoam is obtained both in terms
of global variables, but also down to local descriptions of flow and turbulent variables.
Even the turbulent viscosity field is in agreement with the waveFoam results, despite its
relatively high sensibility to many parameters, as was denoted in the previous chapter.

Investigations on potential computational time savings were conducted, and will be
detailed in the next section. The significant reduction of CPU costs allowed us to test
several parameters configurations, to obtain a roughly optimized setup.

Some discrepancies, between our domain coupled solver and waveFoam, are however
still noticeable, but seem to be mostly attributed to the difference in the wave propagation
phase: a better confidence is granted to the HPC propagation with which the wave field is
not subjected to any damping, or at least with which the associated numerical errors are
much lower. Note that while no results are shown in this study, the previously described
waveFoam case also proved to work as the “external” model.

7.1.4 Potential-viscous coupling using a velocity decomposition
Finally, a one-way velocity coupling approach is developed. Potential velocity and pressure
fields, as well as their derivatives, were already obtained throughout the whole domain,
via the HPC resolution. Thus a large part of the NS equations is already satisfied ev-
erywhere. For this reason, the velocity and pressure are decomposed into their potential
parts (already known by interpolation of the HPC results) and their complementary com-
ponents. For theses last ones, a variation of the NS equations is derived. This method was
implemented and also yielded good quality results when compared to the other methods
on the same case.
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In particular we showed that it is possible to increase the requested residuals (increas-
ing the tolerance of the solvers) without any loss of overall dimensional precision, and still
obtain a significant decrease in computational cost. This solver, however, proved to be
slightly less robust than the domain coupling one, requiring the PIMPLE algorithm to be
activated and its exit condition controlled by a given tolerance. Note that this was found
to be true with our set of parameters and boundary conditions. Compared to the domain
coupling method, the results are almost equivalent, both in terms of loads and local fields
descriptions, even if the horizontal loads were found to be of slightly higher amplitudes
(4%).

Several implemented features are not shown in this manuscript, such as the free surface
coupling implemented in both methods, because the results are still preliminary and do
not seem to exhibit the wished degree of stability.
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7.2 Analysis of CPU costs
In this section, few CPU costs are compared on the main studied case considered in
section 4.4. Almost all computations were run on a 40 core Intel® Xeon® CPU E5-2650
v3 @ 2.30GHz. We took advantage of the parallelism only in waveFoam computations.

Note that because limited efforts were dedicated to the optimization of the HPC
implementation, no CPU times are given for this model. For example, at 30 × 103 nodes,
the time spent to associate matrix indexes to nodes is overwhelming compared to any
other step. However, the same process is almost instantaneous within OpenFOAM®,
even up to 400 × 103 cells, indicating that this problem is solvable.

Table 7.1 shows some of the lower achieved CPU costs needed to obtain correct results
with the 3 RANS methods. The mesh is the same in terms of discretization (dx = 0.056m
in the body vicinity) but its span, particularly in the stream-wise direction, is different,
respectively 24 m for waveFoam and 3 m for the coupled cases. However, it was shown that
a reduction of this CFD breadth below 3 m was possible with the domain decomposition
method, but, as this variation was not studied, CPU times for this larger breadth are
shown instead, for a fair comparison between those models.

waveFoam domainCoupling velocityCoupling
periodic behavior after t− t0

T
= 15 6 6

number of cells 138 × 103 <31 × 103 <31 × 103

periodic behavior CPU time ∼24 h 4 min 3 h 11 min 3 h 0 min
cost of additional wave period 1 h 46 min 0 h 36 min 0 h 30 min

Table 7.1: CPU costs with the main employed mesh (dx = 0.056 m in the body vicinity)
using one computational core. Note that those CPU time values might not be perfectly
accurate (see text for details).

Moreover, the presented CPU values for waveFoam are estimated (see “∼”) by com-
paring a parallel run (run on 4 cores) and a sequential one over 1 wave period, and thus
might not be perfectly accurate. Moreover, these values also proved to be prone to dif-
ferences even when the same computation is performed (for example the writing results
interval can be a source of variation) and trust can only be granted in their orders of
magnitude, say ±10%. Lastly, no investigation of the requested tolerance was conducted
for waveFoam or domainCoupling methods, and even the one concerning velocityCoupling
could have been pushed further (γ > 104, see section 6.5.3).

Nevertheless, a significant gain is achieved with the coupling approaches without - or
at least not noticeable here - loss of accuracy. The chosen test case is well fitted for such
coupling: immersed body, large wavelength compared to the body dimensions. However,
it is thought that using such method as a further step after a potential computation is
of great interest, for a relatively contained CPU cost. Moreover, performing a mesh/time
step independence study with these methods could be valuable due to the separation of
propagation and body vicinity physics, but also the contained CPU cost.

Remark. Note that these results were drawn from cases with a mesh of dx = 0.056 m
in the body vicinity, and coarser meshes were shown to also yield valuable results with
waveFoam (see section 4.6.2.1). On these meshes (on which the background discretization
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is constant) a span reduction, e.g. by our coupled approaches, would lead to a greater
relative cell number reduction than with the mesh studied here. The relative CPU savings
should be, in turn, more pronounced.
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7.3 Future works and further developments
This final section aims at discussing some of the possible follow-ups of the presented work.
We discuss possibilities and tests that could be conducted in a rather straightforward
manner in the continuation of this work, but also longer term ideas that would require a
greater amount of time investment. The future works associated with HPC approach and
the coupling methods are treated separately due to their independence in this regard.

7.3.1 HPC numerical wave tank
Future developments on this specific part of the work could encompass three main aspects,
briefly outlined hereafter. First, the HPC model needs to be extended to 3D in order to
simulate more realistic cases. Some developments were already done in this direction, but
significant works concerning the IBM free surface (its evolution, but also identifications of
the nodes types: ghosts, inactive and fluid, see section 2.3.4) and the general matrix con-
struction are still required. However, none of the presented approaches are fundamentally
restricted to 2D.

Second, we plan to implement the case of moving bodies in waves. In this direction the
code has already been developed so as to allow a relative motion between the body fitted
mesh and the background mesh. In fact, first tests were conducted but some developments
are still required, particularly the complete computation of the derivative of the potential
ϕt at the moving nodes where a Neumann condition is imposed.

Then, implementing a fully Lagrangian tracking method for the free surface nodes
would be desirable. This is also of particular importance for nodes attached to body
boundaries. The current semi-Lagrangian method can only describe a vertically moving
marker. Many possible approaches exist to overcome this limitation. However, according
to Hanssen (2019) using fully Lagrangian markers for the free surface increases the devel-
opment of sawtooth instabilities (first discovered by Longuet-Higgins and Cokelet (1976)).
In particular, the author had to implement a five-point filter also used and described by
Sun (2007) as his main 12th Savitzky-Golay filter was not sufficient to maintain a good
stability on some of the cases they studied.

Finally, even though it cannot be considered as an improvement of the method itself,
the development of the HPC solver within the OpenFOAM® framework would be inter-
esting for multiple reasons. First, one could directly invoke the precise HPC interpolation
- of spatial order 4 - during the coupling approaches. Then, it would ease the implemen-
tation of a strong coupling method. Last but not least, most of the mesh handling and
utility functions for HPC were developed during this Ph.D., but are far from equaling the
optimizations that OpenFOAM® provides. This last reason is the root of why no CPU
times concerning HPC were given in this study: the resolution of the BVP itself seems
currently instantaneous relative to the mesh manipulations routines.

7.3.2 Domain and velocity decompositions
Several continuations of this project can be drawn. Most of them are common, between
the domain coupling and velocity coupling approaches, and are thus discussed together
hereafter.
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Chapter 7. General conclusions and outlook

Analysis of the effects of the turbulence closure scheme and its parameters
First, it was here shown an overproduction of turbulence in the body vicinity. In turn,
a reduction over - long - time of the predicted wave loads and kinematics is observed. It
may be interesting to conduct a study focusing on the usage of other turbulence closure
models, more adapted in close wall vicinity (for example k − ω) to compare the build-up
of turbulent viscosity.

Assessment of maximal savings, modification of various parameters
Another aspect would be to perform further tests by modifying other parameters, so as
to evaluate the maximal gain that can be obtained. For example, mesh and time step
independence studies could be interesting even though the extrapolation of the waveFoam
results are thought to be adequate in this context: mesh and maximal CFL number were
dependent on effects taking place in the body vicinity. Other parameters such as employed
numerical schemes and solvers can also be of prime interest in reducing the associated
computational burden and finding a more optimal setup, specifically for a coupled solver.

Extension to 3D cases
OpenFOAM® is a 3 spatial dimensions (3D) toolbox. In order to perform a 2D simulation,
one needs to define the 3D equivalent: the mesh is defined with only one cell “depth” (one
cell in the suppressed spatial dimension), and the inactive boundary faces are defined as
empty. Thus, none of the developments presented in this thesis invoked the 2D hypothesis.
While it was not tested in any case involving 3D effects, all the tested simulations were
strictly speaking in 3D. As a matter of fact, in order to import the HPC results in an
OpenFOAM® format (as an OpenFOAM® region), a 3D extrusion of our HPC results
was implemented and applied.

With a 3D extension, one could wonder about the relative computational cost and
the parallelization of the resolution. While confidence can be granted on the fact that
the solving method itself would work with no modification in multi-threading, as only
using similar functions and calls as the original OpenFOAM solver, the interpolation and
communication part would probably require some work, especially if the potential results
themselves were available as a parallel decomposition. It was neither done nor tested
during this work and could represent a significant improvement for the application to 3D
cases of practical interest.

Free surface simulation with RANS-VoF
While not shown in the present manuscript, first tests of the coupling methods have been
conducted to allow a free surface piercing body. In order to do so the free surface in the
vicinity of the body is simulated by the VoF method available in the solver. The volume
fraction α is imposed at the outer boundary following the obtained values in the potential
domain and evolves inside the RANS domain in a classical manner.

Corresponding boundary conditions were developed as well as modified boundaries
for the complementary velocity and pressure that depend on the location (inside or out-
side water). However the method proved to be delicate and very sensitive to boundary
conditions types. Because we are using a one-way coupling scheme, such issues could be
expected, as a fundamental problem is present: a RANS model dissipate energy, thus
directly matching the free surface elevation at both the inlet and outlet boundaries of the
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7.3. Future works and further developments

CFD mesh is possible but with only slight hope of yielding stable results. More compli-
cated matching strategies could be set-up to overcome this difficulty. For example, Zhang
(2018) applied relaxation techniques close to the outer boundaries of the viscous domain
to allow for a smoother enforcement.

However, it is thought that this issue is inherent to one-way approaches and thus could
only be fully resolved by extending to a two-way coupling.

Toward a two-way coupling
With a two-way coupling approach, the turbulent flow also acts on the computation of the
potential flow itself. This method would also ease the matching with the potential free
surface, probably removing the need of invoking any smoothing. On the domain coupling
framework, this is expected to be rather straightforward: the potential mesh could be
reduced with its inner conditions being the outer conditions of the viscous solver.

For the velocity coupling scheme, many solutions are possible. The first one is to use
the method given by e.g. Edmund et al. (2011), and derive a more complex boundary
condition on the body. Another possibility would be to match the free surfaces such that
the BVP is resolved - not necessary at all time instants - using the RANS free surface
topology and values.

Application with other external/internal models
A turbulence modeling approach which seems to gain an always increasing attention in
the recent years is the Large Eddy Simulation (LES) model. This method is already
available in OpenFOAM® and one could use the routines developed during this work to
interface the later with HPC external results. The interesting properties of LES, such as
its good quality results and convergence in space behavior could resolve the turbulence
problem altogether. This, however, would come at the price of a significant increase of
the associated computational burden.
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Appendix A
Convergence of a perturbed cosine in both
period and amplitude at long time

In order to analyze the rate of convergence of our implementation of the HPC method
on the case of the nonlinear standing wave presented in section 3.2, we consider that the
theoretical (reference) solution for the free surface elevation at the center of the numerical
wave tank, denoted fth(t), is a cosine function of period Tth and amplitude ath:

fth(t) = ath cos
(

2π t

Tth

)
(A.1)

Assume then that the HPC solution for the free surface elevation at the same location
can also be expressed as a cosine function:

f(t) = a cos
(

2π t
T

)
(A.2)

with amplitude amplitude a and period T , being close to ath and Tth respectively.
Our numerical convergence tests have shown (see fig. 3.4) that the errors on amplitude

and period of the surface elevation at the center of the tank decrease as C4
o . Lets generalize

this with a more convenient parameter d and thus assume that the error both in amplitude
and period decreases as d4. In this case d ≡ Co but the exact same reasoning can be
applied with d ≡ δx. With this notation we have:

a =ath(1 − eA) = ath(1 − fAd
4) (A.3)

T =Tth(1 − eT ) = Tth(1 − fTd
4) (A.4)

Note that for every representation in this article, we set fA = −5.5 · 10−3 and fT =
−5.4 · 10−5. Those values are extracted from the convergence depicted fig. 3.4 with the
aim of fitting the convergence of our HPC model on the standing wave for d ≡ Co and
t/T = 100.

Lets define e the total relative error at a given time t:

e(t) = fth(t) − f(t)
ath

(A.5)
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Figure A.1: Sketch of the period, amplitude and total error of a perturbed cosine (grey)
at two different whole periods. The assumption is made that eA and eT do not depend
on time.

This error is the combined effect of both the error on amplitude and the error on period. A
representation of the impact of eA and eT and their combined impact - with the assumption
that they are constant in time - are shown in the sketch fig. A.1.

Developing this expression with our cosine models (eqs. (A.1) and (A.2), and inserting
the modeled expression of the error (eqs. (A.3) and (A.4)) yield an expression of the total
error as a function of t and d.

e(t) = cos(2π t

Tth

) − a

ath

cos(2π t
T

) (A.6)

e(t) = (cos(2π t

Tth

) − cos(2π t
T

)) + fAd
4 cos(2π t

T
) (A.7)

This error is computed for different times t

Tth

and shown on fig. A.2 as a function of d.
In the range d ∈ [1.5, 2.5] a power interpolation is computed and added.
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A.1. Taylor expansion

A.1 Taylor expansion
In this part, a Taylor expansion of the latter expression of the total error is done in the
vicinity of a whole number of period t/Tth:

e(t/Tth ∈ N) = (1.− cos(2π t
T

)) + fAd
4 cos(2π t

T
) (A.8)

Let’s first expand t/T using the modeled behavior of T when d → 0 given in the
expression ((A.4)):

2π t
T

= 2π t

Tth

1
1 − fTd4 (A.9)

2π t
T

= 2π t

Tth

(1 + fTd
4 + f 2

Td
8 +O(d16)) (A.10)

2π t
T

= 2π t

Tth

+X (A.11)

where X = 2π t

Tth

(fTd
4 + f 2

Td
8 + O(d16)). X also tends to 0, so it is possible to expand

the cosine in the vicinity of its maximum (whole number of periods):

e(t/Tth ∈ N) = (1 − [1 −X2/2 +O(X4)]) + fAd
4[1 −X2/2 +O(X4)] (A.12)

e(t/Tth ∈ N) = (2π2 t
2

T 2
th

f 2
Td

8 + 2π t

Tth

f 3
Td

12 +O(d16)]) + fAd
4[1 − 2π2 t

2

T 2
th

f 2
Td

8 +O(d12)]

(A.13)

At the end, we obtain the Taylor expansion of e/ath at order 12:

e(t/Tth ∈ N) = fAd
4 + 2π2 t

2

T 2
th

f 2
Td

8 + (2π t

Tth

f 3
T − 2fAπ

2 t
2

T 2
th

f 2
T )d12 +O(d16) (A.14)
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A.2 Representation and interpretation
Equation (3.2) is computed at o(8) and o(12) and represented as a function of d on
fig. A.2 (respectively labelled e(8) and e(12)) at t

Tth

= 100. The parameters are kept
fixed to fA = 5.5 · 10−3 and fT = 5.4 · 10−5 so as to fit the obtained results depicted
on fig. 3.4. Thus, we model the case where Nx/λ = 30 and the error is computed as
the relative difference of the free surface elevation at the center point (x/λ = 0.5) with
d ≡ Co. Moreover, expression (A.5) of e is also shown at different times and for different
convergence parameter in the range [1, 3.5].

For most lines a power regression is computed and added in the figure (dashed lines).
For the sake of simplicity, the values of fA and fT are supposed to be independent of t/Tth

and set from the observed convergence at t/Tth. In reality, this assumption is not verified.
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Figure A.2: Relative error of models in period and amplitude (eT and eA respectively).
Total relative error e after t

Tth

periods between two cosine (eq. (A.5)) as a function of d

which parameterizes the order 4 convergence between their amplitudes and period. e(n)

is the Taylor expansion of e at order n

Note that the order of convergence is 4 when t

Tth

= 0 (i.e. t = 0). For t ≠ 0 the
asymptotic error when d converges to 0 is equal to the amplitude error. Mathematically,
this is due to the square elevation when expanding the cosine. Thus, on fig. A.2, the d4

order model is not shown as it corresponds to the amplitude error.
In order to compare the different regimes of convergence, the ratio between the 8th

order and 4th order is computed

r8,4 =
2π2 t

2

T 2
th

f 2
T

fA

d4 (A.15)
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A.2. Representation and interpretation

If fA increases with time slower than t2f 2
T , then the order 8 will have a growing

importance over time (r8,4 increase). As fA, and fT where set to model the magnitude
of the error after t/Tth = 100 and d ≡ Co, the ratio presented above is computed at
this time step for different parameter d: 8th order and 4th (i.e. r8,4 = 1) are of the
same importance when t

Tth

= 100 as soon as d = 1.75. For d as small as 1.00, the 8th

order already represents r8,4 = 10% of the error. Thus, it is both mathematically and
graphically predictable that the convergence in time in our standing wave case would
be of order higher than 4 after t/Tth = 100 in our range of the Co parameter given the
convergence rate of the amplitude and period at this time step.

It is then also consistent that the orders of convergence seem to increase with t

Tth

for
all other computations.
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Appendix B
Finite Volume Method (FVM) applied in
OpenFOAM for solving the RANS equations

This appendix briefly describes the implementation of the finite volume method applied
to a multiphase case - treated by the volume of fluid method - in the OpenFOAM®
framework. The solver of interest is interFoam, and some of the used corrections are
also detailed, mostly concerning the velocity-pressure resolution.

The call to a PIMPLE loop is done within the main solver (i.e. interFoam) directly
as shown in alg. B.1.

Algorithm B.1: PISO loop
1 /*************** interFoam.C *************************/
2 #include "UEqn.H"
3

4 // --- Pressure corrector loop
5 while (pimple.correct())
6 {
7 #include "pEqn.H"
8 }

Amongst these lines, UEqn.H (shown in alg. B.2) generates the equation for u at a
given time step (eq. (4.9b)) while pEqn.H (shown in alg. B.3) solves the Poisson equation
for the pressure.

Algorithm B.2: UEqn.H
1

2 /*************** UEqn.H *************************/
3 MRF.correctBoundaryVelocity(U);
4

5 fvVectorMatrix UEqn
6 (
7 fvm::ddt(rho, U) + fvm::div(rhoPhi, U)

223



Chapter B. Finite Volume Method (FVM) applied in OpenFOAM for solving the
RANS equations

8 + MRF.DDt(rho, U)
9 + turbulence->divDevRhoReff(rho, U)

10 ==
11 fvOptions(rho, U)
12 );
13

14 UEqn.relax();
15

16 fvOptions.constrain(UEqn);
17

18 if (pimple.momentumPredictor())
19 {
20 solve
21 (
22 UEqn
23 ==
24 fvc::reconstruct
25 (
26 (
27 mixture.surfaceTensionForce()
28 - ghf*fvc::snGrad(rho)
29 - fvc::snGrad(p_rgh)
30 ) * mesh.magSf()
31 )
32 );
33

34 fvOptions.correct(U);
35 }

The main objective here, is to compute the matrices H and A yielded by eq. (4.35) and
needed on eq. (4.36). Thus, the pressure ∇p is omitted in the UEqn equation (lines 5-12)
as it is not needed to compute H and A. Note that the resolutions of this equation is not
mandatory, and done only when the momentumPredictor is activated. In that case only,
we solve for the previously defined equation to be equal to the pressure gradient (lines
17-35).

The pressure equation file is more complex, as it includes the loop correcting for non-
orthogonal meshes, the source file is shown in alg. B.3. The eq. (4.36) is solved through
the definition of HbyA (H/A). Note that the divergence operator is defined as the sum
of a flux over the faces of a cell. The function laplacian(q_1, q_2) is defined as the
divergence of the product of q1 and the gradient of q2. Thus, q1 needs to be a surface
field too. The q2 variable is a volume field, and thus the function perform an implicit
computation of the surface normal gradient of q2.

main algorithm

• HbyA=H/A (line 3)
• forceFlux=-interpolate(gh) * ∇nρ* interpolate(1/A) * magSf (lines 17-23). Note
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that ∇n operator is the surface normal gradient operator. It computes the scalar
value of the gradient along the normal of a face. Its return value is then of type
surfaceScalarField. The interpolate function used here is the explicit interpolation
of a field defined on cell (e.g. volScalarField) to a field defined on the faces (e.g.
surfaceScalarField). magSf is the magitude of the surface normal field, thus it
contains the information on the area of the faces.

• phiHbyA=flux(HbyA)+forceFlux (line 8-13 and 25)
• p_rghEqn: laplacian(interpolate(1/A), p− ρgh) == ∇·(phiHbyA)

Corrections
A lot of corrections are done on top of the steps presented above:

• The flux used in eq. (4.36) to compute the r.h.s. (line 34) is not directly set to the
flux of HbyA. A second flux ϕ2 is added to HbyA (line 12). This corrective flux is
computed as

ϕ2 =
[
ρ

A

]
f

γ

∆t
[ϕn−1 − Sfun

f ] (B.1)

where the exponent n − 1 represent the fields at the previous time step. Members
of this equation are indiced with f to represent them as field defined on the faces.
Sf is the surface magnitude of the faces. The coefficient γ is computed from the
difference of the flux and the velocity interpolated at the faces with

γ = 1 − min(
ϕn−1 − Sfun−1

f

ϕn−1 , 1) (B.2)

Allegedly, this term introduces a numerical stabilization, even if it also introduces
numerical dissipation. More details are given in Vuorinen et al. (2014, section 2.6
and 4.4) where it is shown on the inviscid Taylor-Green vortex case that this extra
terms dissipates energy, particularly for coarse grids.

• The multi reference frame correction (MRF) is disabled in our case, as its purpose
is to allow to solve the equation a non inertial reference frame.

• On line 15, an adjustment of the face flux is done on the boundary conditions.
Wherever the outward flux is adjustable (inlet-outlet conditions, zeroGradient con-
ditions, etc.), we modify it such that the mass is conserved. In this function u is
needed only to know if a given boundary has an adjustable mass.

Remark. This function that adjusts the flux ϕ is also used on the input flux which, after
interpolation onto the CFD mesh, is not conservative enough.

Algorithm B.3: pEqn.H
1 /*************** pEqn.H *************************/
2 {
3 volScalarField rAU("rAU", 1.0/UEqn.A());
4 surfaceScalarField rAUf("rAUf", fvc::interpolate(rAU));
5

6 volVectorField HbyA(constrainHbyA(rAU*UEqn.H(), U, p_rgh));
7
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8 surfaceScalarField phiHbyA
9 (

10 "phiHbyA",
11 fvc::flux(HbyA)
12 + fvc::interpolate(rho*rAU)*fvc::ddtCorr(U, phi)
13 );
14 MRF.makeRelative(phiHbyA);
15 adjustPhi(phiHbyA, U, p_rgh);
16

17 surfaceScalarField phig
18 (
19 (
20 mixture.surfaceTensionForce()
21 - ghf*fvc::snGrad(rho)
22 )*rAUf*mesh.magSf()
23 );
24

25 phiHbyA += phig;
26

27 // Update the pressure BCs to ensure flux consistency
28 constrainPressure(p_rgh, U, phiHbyA, rAUf, MRF);
29

30 while (pimple.correctNonOrthogonal())
31 {
32 fvScalarMatrix p_rghEqn
33 (
34 fvm::laplacian(rAUf, p_rgh) == fvc::div(phiHbyA)
35 );
36

37 p_rghEqn.setReference(pRefCell, getRefCellValue(p_rgh,
pRefCell));

38

39 p_rghEqn.solve(mesh.solver(p_rgh.select(pimple.finalInnerIter())));
40

41 if (pimple.finalNonOrthogonalIter())
42 {
43 phi = phiHbyA - p_rghEqn.flux();
44

45 p_rgh.relax();
46

47 U = HbyA + rAU*fvc::reconstruct((phig -
p_rghEqn.flux())/rAUf);

48 U.correctBoundaryConditions();
49 fvOptions.correct(U);
50 }
51 }
52

53 #include "continuityErrs.H"
54
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55 p == p_rgh + rho*gh;
56

57 if (p_rgh.needReference())
58 {
59 p += dimensionedScalar
60 (
61 "p",
62 p.dimensions(),
63 pRefValue - getRefCellValue(p, pRefCell)
64 );
65 p_rgh = p - rho*gh;
66 }
67 }

In OpenFOAM®, the effective mean rate or stain tensor is computed through the
function divDevRhoReff:

Algorithm B.4: Computing the mean rate of stain tensor
1 /***************** UEqn.H **************************/
2 fvVectorMatrix UEqn
3 (
4 fvm::ddt(rho, U) + fvm::div(rhoPhi, U)
5 + MRF.DDt(rho, U)
6 + turbulence->divDevRhoReff(rho, U)
7 ==
8 fvOptions(rho, U)
9 );

10

11 /************ linearViscousStress.C ***************/
12 Foam::linearViscousStress<BasicTurbulenceModel>::divDevRhoReff
13 (
14 const volScalarField& rho,
15 volVectorField& U
16 ) const
17 {
18 return
19 (
20 -

fvc::div((this->alpha_*rho*this->nuEff())*dev2(T(fvc::grad(U))))
21 - fvm::laplacian(this->alpha_*rho*this->nuEff(), U)
22 );
23 }
24 /**************** tensorI.H *********************/
25 //- Return the deviatoric part of a tensor
26 template<class Cmpt>
27 inline Tensor<Cmpt> dev2(const Tensor<Cmpt>& t)
28 {
29 return t - SphericalTensor<Cmpt>::twoThirdsI*tr(t);
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30 }
31

32

33 }

In alg. B.4, the operator T() is the transpose operator, alpha_ is a member which
was previously set as uniformly equal to one. The deviatoric operator of A is given as
dev(A) = A − 1/3trA. Thus dev2 is the same with a 2/3 factor in place of the 1/3. Note
also that the equality ∇ ·B = tr(∇BT ) was used.





Abstract
This thesis is devoted to the mathematical modeling and numerical simulation of water waves and their inter-
action with fixed bodies. A numerical wave tank is first developed within the fully nonlinear potential theory.
The mathematical formalism and the Harmonic Polynomial Cell (HPC) method, used to solve the boundary
value problems on the wave potential and its time derivative, are described. Numerical strategies employed
to include a body of arbitrary shape and to simulate the free surface are developed. Extensive evaluations of
the model stability and its independence to numerical parameters (mesh, time-step, etc.) are conducted on a
highly nonlinear standing wave case. Afterwards, validations on wave-body interactions problems are realized
by comparing with both literature results and a dedicated experiment performed during this study. Then a
Reynolds Averaged Navier-Stokes (RANS) approach associated with the Volume of Fluid method (VoF) is ex-
tensively tested on a case that was shown to emphasize some limitations of the potential approach. The solver,
available in the OpenFOAM® toolbox, successfully captures additional effects, at the cost of an increase in the
computational resources.

Thus, two one-way coupling approaches are developed within the OpenFOAM® library. First, a domain
decomposition strategy is employed to solve the RANS equations only in the vicinity of the body, enforcing
values yielded by the potential HPC model at the outer boundaries: a large reduction of the domain size is
achieved. Moreover, the incident wave propagation is simulated by the potential method, more efficient, accurate
and easier to set up than the RANS-VoF method for this task. In the second coupling method, on the local
grid close to the body, the pressure and velocity variables are decomposed into their potential components and
complementary parts, these latter ones being expected to vanish away from the body. Modified version of the
RANS equations for the complementary variables are derived and implemented. The two coupling approaches
are extensively tested on the case of a horizontal cylinder of rectangular cross-section. Good agreements with
the original OpenFOAM® results are found, for only a contained part of the computational cost, both in the
time-series of loads on the body and the local flow field variables. Predictions of the associated hydrodynamic
coefficients are accurate when compared to existing experimental and numerical results.

Résumé
Cette thèse est consacrée à la modélisation mathématique et à la simulation numérique des vagues et de leurs
interactions avec des corps fixes. Un canal à houle numérique est tout d’abord développé dans le cadre de la
théorie potentielle non-linéaire. En premier lieu sont décrits le formalisme mathématique ainsi que la méthode
des cellules aux polynômes harmoniques (HPC), utilisée pour résoudre les problèmes aux valeurs limites sur
le potentiel et sur sa dérivée temporelle. Des stratégies numériques utilisées pour inclure un corps de forme
arbitraire et pour simuler la surface libre sont développées. Des évaluations approfondies de la stabilité du
modèle et de son indépendance par rapport aux paramètres numériques (maillage, pas de temps, etc.) sont
menées sur le cas d’une onde stationnaire fortement non-linéaire. Ensuite, la méthode est validée par compara-
ison avec différents résultats d’interactions vagues-structure, pour partie issus de la littérature, et complétés
par des expériences spécifiques réalisées au cours de ce travail. Par la suite, une méthode RANS (Reynolds
Averaged Navier-Stokes) combinée avec la méthode de Volume of Fluid (VoF) est mise en œuvre et testée de
manière approfondie sur un cas de validation dont certains effets physiques sont ignorés dans le cadre de la
théorie potentielle. Le solveur, disponible dans la boîte à outils OpenFOAM®, permet de capturer ces effets
supplémentaires, au prix toutefois d’une augmentation significative du coût de calcul.

Ainsi, pour réduire ces coûts additionnels, deux approches de couplage unidirectionnel sont développées,
utilisant la librairie OpenFOAM®. En premier lieu, une stratégie de décomposition de domaine est proposée
pour résoudre les équations RANS uniquement à proximité du corps, en appliquant les valeurs fournies par
le modèle potentiel HPC sur les frontières extérieures : une réduction importante de la taille du domaine de
calcul est ainsi obtenue. De plus, la propagation de l’onde incidente est simulée par la méthode potentielle, plus
efficace, plus précise et plus facile à mettre en place que la méthode RANS-VoF pour cette tâche. Dans la seconde
méthode de couplage, sur la grille locale proche du corps, les variables de pression et de vitesse sont décomposées
en leurs composantes potentielles et complémentaires, ces dernières étant supposées tendre vers zéro lorsque l’on
s’éloigne du corps. Une version modifiée des équations RANS pour les variables complémentaires est dérivée
et mise en œuvre. Les deux approches de couplage sont ensuite validées sur le cas d’un cylindre horizontal
de section rectangulaire. De bons accords avec les résultats originaux de OpenFOAM® sont obtenus, à la fois
pour les séries temporelles d’efforts sur le corps et les variables décrivant l’écoulement local, avec une réduction
importante du coût de calcul. Les coefficients hydrodynamiques associés sont également correctement prédits,
en comparaison aux résultats expérimentaux et numériques existants.
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