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summary

This report aims to investigate the dynamic simulation of an IMOCA 60 sailing yacht in big wave condi-
tions. These yachts are equipped with hydrofoils, which significantly increases their speed. However,
this increase in speed introduces a challenge: when encountering large waves, the yacht can experi-
ence a "crashing” behavior, where rapid acceleration leads to a collision with the wave ahead. These
crashes can be severe enough to cause injuries to the crew onboard, making it essential to understand
and mitigate these occurrences.

A Dynamic Velocity Prediction Program, DVPP, was developed to explore the yacht’s behavior in waves.
This DVPP systematically models all the forces acting on the yacht, allowing them to be solved in the
time domain. Particular attention was given to hydrodynamic forces, with a nonlinear Froude-Krylov
force calculation to accurately represent the effect of waves on the yacht’s hull. Next to this, a correc-
tion has been applied to the diffraction and radiation forces to take the effect of foiling into account.
Furthermore, a correction has been applied to the aerodynamic forces to account for the flapping of
sails due to changes in apparent wind angle.

To validate the DVPP’s accuracy regarding hydrodynamic and static forces, a heave decay test and
RAOs of a Wigley hull were calculated. Based on these results, the DVPP agrees with the refer-
ence data, which gives confidence in the DVPP. A qualitative validation was conducted to evaluate the
DVPP’s ability to simulate an IMOCA 60 in wave conditions. These simulations demonstrated that the
DVPP with the implemented corrections could accurately simulate an IMOCA 60 yacht in waves, as
the results corresponded with those from a DVPP developed for an ocean-racing trimaran.

Further investigation was performed on the effect of the foils on the yacht. A parametric study revealed
a clear correlation between the yacht’s behavior and sea state: higher sea states lead to more severe
crashes. Further investigations into foil chord length and rake angle were also conducted. The analysis
showed that a longer chord length tends to result in less influence of waves on the yachts speed, likely
due to the increased drag associated with a longer chord, which limits the yacht’s speed.

Additionally, it was found that a lower rake angle leads to more severe slowdowns. This is attributed
to the influence of wave orbital motion on the foils; at a lower rake angle, the increased angle of attack
generated by the orbital movement increases lift as the wave approaches the stern of the yacht, leading
to higher speeds and more significant impacts with the wave ahead. Furthermore, recovery from these
crashes is slower with a lower rake angle, as the hydrofoil produces less lift overall. Based on this
parametric study, it can be concluded that a larger chord length and a higher rake angle are preferred
to minimize accelerations during slowdowns. However, further investigation is needed to understand
how the yacht’s overall design influences its behavior in waves.

Lastly, a longer simulation, with challenging environmental conditions, was performed to investigate
whether the DVPP could be used to simulate crashes in waves of an IMOCA 60. The results showed
several slowdowns where the G force was above the threshold for a crash. This indicates that the DVPP
can simulate these extreme events. Upon further analysis, it was concluded that the first part of the
slowdown occurs due to the foil submergences, and a second slowdown occurs when the hull enters
the water. Based on the results of the parametric study, the recommendations of a larger foil chord
length and higher rake angle were applied to the simulation case; with these changes, the slowdowns
were much lower, and the occurrence of crashes was reduced.

Furthermore, it is recommended that future research focus on enhancing the accuracy of the DVPP,
particularly in the modeling of nonlinear hydrodynamic forces, radiation, and diffraction effects. Since
an engineering solution was implemented, incorporating unsteady sail forces into the simulation to
account for the effects of sail trimming on the yacht’s performance is also crucial for stable results in
big waves. Further research is needed to present a method that is backed by further physics.
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Introduction

The quest for higher speeds in offshore sailing yachts has led to the adoption of hydrofoils across vari-
ous classes. These hydrofoils generate hydrodynamic lift, allowing the hull to be partially or fully lifted
out of the water, thereby significantly reducing hydrodynamic resistance. This innovation is particularly
evident in the IMOCA 60 class, where nearly all newly constructed yachts now feature hydrofoils to
improve performance (Gorman, 2023).

The development of hydrofoils can be traced back to the 34th America’s Cup in 2013 when they were
first employed on catamaran hulls. This marked a significant turning point in sailing technology, prompt-
ing extensive research and understanding. Initially, hydrofoils were predominantly used on smaller
sailing boats operating in calm waters with minimal wave interference. However, the application of
hydrofoils in ocean racing expanded when the IMOCA 60 class, a 60-foot monohull designed for single-
handed, round-the-world racing IMOCA Class (n.d.), permitted their use in the 2016 race edition. Only
a hydrofoil placed along the side of the hull is allowed on these yachts, leading to a semi-foiling mode
where the aft portion of the hull remains in the water. Advances in research and design, coupled with
the experience gained from the 2016 race, have led to the development of larger and more powerful
foils. These modern foils allow the yacht to rise nearly above the water surface, as illustrated in Figure
1.1.

© Jean-Marie LIOT / Def

Figure 1.1: Fully foiling IMOCA 60 (Defi-Azimut, 2024)

While this evolution has brought significant speed advantages, the 2023 Ocean Race revealed two
critical challenges these foiling yachts face. First, the yachts experience severe slamming when en-
countering waves. Second, there is a tendency for abrupt pitching or even crashing into the wave
ahead, as shown in Figure 1.2. These incidents lead to rapid deceleration, with boats reducing from
speeds over 35 knots to nearly a complete stop. Such events have resulted in crew injuries (The Ocean
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Race, 2023), highlighting the urgent need for further investigation into the causes and effects of these
crashes.

Figure 1.2: Crashing IMOCA in waves (11th-Hour-Racing-Team, 2023)

The severity of this issue is compounded by the remote locations of these races, where rescue opera-
tions are often not feasible. Therefore, this research aims to investigate the dynamics of these crashes,
focusing on how these yachts can numerically be simulated when sailing in these big waves. Besides,
the influence of the foil design on the yacht’'s behavior in waves is investigated. Specifically, it will
examine the dimensions and angle of attack of hydrofoils.

Current literature offers limited insights into this phenomenon. While some studies have explored the
dynamic simulation of foiling yachts, only a few have focused on ocean-going vessels. Most notably,
a time-domain simulation for an ocean-going trimaran has been conducted. This research seeks to
build upon this knowledge by enhancing the understanding of how foiling monohulls behave in wave
conditions. The central research question guiding this thesis is:

Can the occurrence of wave-induced crashes be investigated by numerically simulating an IMOCA 60
in high waves?

The research will leverage existing dynamic simulation literature and apply these methodologies to build
a numerical simulation for an IMOCA 60. Special attention will be drawn to the implications of sailing
in high waves. The dynamic simulation will be validated with reference data, and improvements to the
current state-of-the-art simulation method are proposed. Based on this improved dynamic simulation,
a parametric study will be conducted to determine which parameters most significantly influence the
sailing behavior in waves. These studies will draw conclusions about the dynamics of an IMOCA 60 in
waves. Lastly, it is investigated whether dynamic simulation can be used to model the occurrence of
extreme decelerations.

The thesis is organized as follows: first, a review of relevant literature is presented in section 2, covering
key topics such as velocity prediction, impact dynamics, CFD analysis of floating bodies, green water
effects, mathematical wave descriptions, and the IMOCA 60. This review provides a comprehensive
overview of the subject matter and identifies potential avenues for further research. The research
questions and methodology are then formulated in section 3, firstly addressing the overlap between
the literature and the problem statement. Based on this overlap, the research questions are formed.
Based on these research questions, an appropriate methodology is proposed.

The first step involves developing a Dynamic Velocity Prediction Program, DVPP, to simulate a yacht’s
behavior in waves, discussed in section 4. In this section, the framework of the DVPP is presented.
Each component is explained, and the relevant implemented formulas are explained. This DVPP is
validated in two ways: firstly, a quantitative validation in section 5. This section presents a decay test
of a sphere and compares it with reference data. Secondly, RAOs of a wigley hull are calculated and
compared with both experimental and numerical results. Based on this validation, a conclusion will be
drawn about the accuracy of the DVPP.



Secondly, a qualitative validation is performed in section 6. This qualitative validation is a comparative
analysis against a similar DVPP developed by Kerdraon (2021), using identical sea states and wind
conditions. This comparison, detailed in section 6, allows for an evaluation of the DVPP’s accuracy in
big waves. Based on this validation, several improvements to the DVPP are proposed, which enhance
the accuracy of a foiling monohull in big waves.

The study then focuses on the behavior of IMOCA 60 in waves by conducting a parametric study that
focuses on the environmental and foil parameters. These testing conditions compromise wind speed,
foil chord length, and rake angle. The simulation setup and the results are presented in section 7.
Lastly, the DVPP is used to investigate whether or not the crashes in waves can be simulated, section
8. By setting a threshold on the G-forces on the yacht, a clear distinction can be made as to whether
or not a slowdown is a crash. A longer simulation, combined with extreme environmental conditions,
will be the input setting for the DVPP. The results are analyzed, and conclusions on the usefulness of
the DVPP for these cases are presented.

The report finishes with a discussion of the applied methodology, validation, and the results, section
9. The thesis concludes with answers to the research questions and suggestions for mitigating crash
events in future designs.



Background literature

The literature around sailing hydrofoil yachts can be divided into several objects. The first is velocity
prediction, which entrails all research surrounding the prediction of velocity and attitude of the vessel
in a steady state or in the time domain. This can further be expanded into two different methods, one
based on algebraic equations and one based on computational fluid dynamics. Next to the velocity
prediction, the background of the issue also focuses on the dynamics of impact; this can be further
divided into water entry impact, the hull slamming or crashing in waves, and into green water, water
flowing over the deck. Lastly, the mathematical behavior of waves is a source of literature on how
waves can be fully captured into mathematical formulas.

2.1. Velocity prediction

Currently, there is little literature on velocity prediction of foiling sailing vessels in waves however, there
are some papers on how to model the dynamics of a sailing yacht in 6 degrees of freedom, DoF. Day
et al. (2002) started this work by explaining how, from the current type of Velocity Prediction Program,
VPP, a non-linear time domain solution for the motions can be obtained. And called this a Dynamic
Velocity Prediction Program, DVPP. Based on this work, Boris Horel (2019), Kerdraon et al. (2020), and
Knudsen et al. (2022) build several 6-DoF DVPP for various types of hydrofoiling yachts. This work
uses the same overall system-based approach to solving the motion equation. In this way the com-
putational time is reduced greatly with respect to CFD methods. Each paper uses a different method
to obtain the hydrodynamical forces. For normal sailing yachts most used way to obtain these coeffi-
cients is by the Delft Systematic Yacht Hull Series however, Huetz and Alessandrini (2011) explains
that these coefficients are not accurate for high speeds or newer types of designs, and therefore a
different method is preferred for foiling yachts.

In Boris Horel (2019), the hydrostatic force is calculated by using the hull geometry and obtaining the
hydrostatic pressure at each mesh point of the hull. The damping forces are modeled using linear and
nonlinear coefficients obtained by experimental and CFD decay tests. The hydrodynamic interaction
forces are only modeled in 3-DoF, where the coefficients are identified from captive model tests. The
choice for a 3-DoF model comes from the fact that the transition between foiling and displacement
only takes place when sailing in a straight line. The transition between these two modes is accounted
for by a ratio of the static wetted surface and the instantaneous wetted surface. The appendages are
modeled by approximating the shapes of the rudder and foil with elements and assuming a 2d flow over
each element. Based on the NACA profile of the appendage, the lift and drag can be calculated. Later
Boris Horel and Durand (2019) use the same approach to model an IMOCA 60 while focusing on the
deflection of the hydrofoil due to the forces acting on it. In this approach, instead of using experimental
and CFD decay tests, he uses BEM to calculate the added mass and damping forces and convert this
to a situation where there is a forward speed. This method is numerically efficient because it eliminates
the need for CFD or tank tests, instead it uses the faster BEM calculations.

Kerdraon et al. (2020) models the hydrodynamical maneuvering loads not as hydrodynamic derivatives
but by computing polynomial response surfaces based on numerical computations for different hull at-
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2.2. Green water, Impact dynamics, CFD calculation of floating bodies 5

titudes, sinkage, and speeds. Meanwhile, the wave forces are computed using potential flow methods.
The appendage loads are modeled using a vortex lattice method because it provides a numerically
efficient way to calculate different kinds of lifting surfaces. The aerodynamic loads are calculated us-
ing steady-state polars obtained by RANSE calculations. He concludes that the DVPP can be used
to perform stability assessments and motion stability criteria and quantities to assess the quality of
appendage design. However, further work needs to happen regarding appendage and aerodynamic
loads.

Knudsen et al. (2022) obtains the hydrostatical stiffness matrix by various simulations in static condi-
tions while the hydrodynamical constants are obtained from URANS simulations with forces oscillations,
the advantage of this is that the viscous damping is included in the coefficients. However the time to
compute these coefficients is rather large. They compare the solution to quasi-steady VPP and CFD
and conclude that the model is very close to the dynamic CFD simulations.

Next to the hydrostatic and hydrodynamical forces the aerodynamical forces are modeled in different
ways, the most used way is the method presented in the ORC-VPP (Offshore Racing Congress, 2022),
which obtains the force of the sails by using different lift and drag coefficient for several wind angles.
While others use a more dynamic approach based on the Vortex Lattice Method. In addition, Gerhardt
et al. (2009) showed how to calculate the added mass of the mainsail and concluded that it has a sig-
nificant effect on the movement of the vessel.

The main goal of these studies was to model the maneuvers, only Kerdraon et al. (2020) modeled a
situation where a foiling ship was sailing downwind in waves typical for the southern ocean. Earlier
Angelou and Spyrou (2017) provided a new kind of mathematical model for investigating stability. This
work is expanded by Angelou and Spyrou (2019) and Angelou and Spyrou (2021) by using different
hydrodynamic and aerodynamic models. In the last paper the attention was to downwind sailing condi-
tions where surf-riding occurs.

Besides the work of system-based DVPP, there is also a class of DVPP that solves the motion equa-
tions in a CFD solver. This work started with a 5-DoF coupled VPP and CFD RANSE simulation pre-
sented by J. L. Roux (2008a), where RANSE code Fine/Marine is coupled with aerodynamic software
of ARAVANTI. In recent work Robin et al. (2023) provided a way where the 6-DoF hydrodynamic and
aerodynamics are solved with CFD code, and in this way obtaining steady-state velocity predictions.
By doing this combination he obtained more accurate results than conventional VPP. However, the
computational time for a racing yacht with foils is still very large and the effect of waves is not included
in this work. This work was based on Levin and Larsson (2017) where an empirical sail model is used,
this reduces the computational time that is needed. Both mention that waves could be implemented in
the calculations which will result in more accurate results.

2.2. Green water, Impact dynamics, CFD calculation of floating bod-

1es

A background literature study was conducted on green water, impact dynamics, and CFD calculations
for floating bodies. However, during further stages of the research, it was concluded that these subjects
are outside the scope. Therefore, it is not included in the report. The literature study can be found in
appendix A.

2.3. Numerical modeling of waves

The first type of linear wave theory was developed by Airy (1845), the equations obtained are valid
for fully developed waves, waves that have reached maximum height and length, in deep water. This
theory is based on potential flow to describe the motion of the waves. J. L. Roux (2008b) build upon this
theory and presents higher-order expressions to calculate the wave profile of different waves. These
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equations are modified and simplified to conform the airy wave theory for deep water waves. This is
validated using published data based on the JONSWAP field. Based on these equations, he presents
a theory for linear waves that propagate into shallow water Y. Roux et al. (2008).

Further enhancement in the modeling of waves is the nonlinear wave theory presented by Stokes (1847),
where the potential of the flow is expressed as perturbation series, and using Taylor expansions, a
higher-order solution can be obtained. Rahman (1970) provides the fundamentals of the Stokes the-
ory and notes that the second-order Stokes expansion is only valid for wave amplitudes with a max of
around 26% of the water depth, otherwise the expansion will not converge. He noted that a breaking
wave in shallow water the wave amplitude is almost 40% and therefore the stokes expansion is not a
good approximation.

Further more Fenton (1985) provides formulas for fifth-order Stokes waves where the wave steepness
is used as an expansion parameter. He provides these formulas for deep and shallow water. Next to
this he showed that the provided formulas to describe the fifth-order stokes waves are rather accurate
for waves shorter than 10 times the water depth.

2.4. IMOCA 60

The IMOCA 60 featured in this study originated in 1991 with the development of a monohull-type sailing
yacht class. This class has an open design, allowing the designers of such boats to have creativity
within certain rules. These rules define the main dimensions, the type of sails and appendages that
can be used, and the required strength of certain parts (IMOCA Class, n.d.). A general plan of an
IMOCA 60 is shown in figure 2.1.

29m

4.5m

18.28m

Figure 2.1: General dimensions IMOCA 60 (Wikipedia contributors, 2024)



2.4. IMOCA 60

A schematic of the front profile of an IMOCA 60 is shown in figure 2.2. The appendage rules differ from
those of conventional sailing vessels, where there is only a keel and rudder. In this class, a canting
keel (item 3 in the figure) is allowed. This keel is able to swivel a maximum of 38 degrees over the
x-axis. Additionally, two hydrofoils are permitted on the hull (items 5 and 6 in the figure), which can be

rotated around the y-axis (referred to as rake), altering the static angle of attack, and translated in and
out of the hull.

Figure 2.2: Front view IMOCA 60 with canting keel and different hydrofoils shown (Wikipedia contributors, 2024)

The IMOCA 60 sails in various conditions, encountering different wind speeds and angles. The sails
carried onboard each have their specific range in wind speed and angle for which they are designed and
perform best. This means that there are several different sail combinations, each working in specific
conditions. A schematic of the different sails can be seen in figure 2.3.

GroB ohne Reff
GroB 1. Reff

\ GroB 2. Reff
| GroB 3. Reff

kurmlock

Y

Fractional 0

Figure 2.3: Sail configurations IMOCA 60. The top shows different mainsail, the middle shows different jib configurations, and
the bottom shows different code-type sails. (Rieker, 2024)

This figure shows that the mainsail can be made smaller by means of a reef, which lowers the entire
sail. For the foresail, different options are present. A J-type sail is used when the boat is sailing into
the wind, with different numbers representing smaller sails. For off wind conditions, Code type sails
are used, designed with more depth and a larger sail area (North Sails, 2022).



Research questions and methodology

Based on the current literature, shown in chapter 2, several research questions surrounding this prob-
lem can be formed. The connection between the background, literature, and the problem is shown in
paragraph 3.1. From these relationships, the research questions are shown in paragraph 3.2. Lastly,
a methodology to solve these research questions is presented in paragraph 3.3.

3.1. Problem statement

The main problem, as stated in the introduction, is that the extra speed due to the hydrofoils fitted to
IMOCA 60s leads to significant crashes in waves. During these crashes, the decelerations become so
big that humans onboard are thrown from their places, and in the most extreme cases, injury results
from this. This phenomenon has not been studied in the current literature, which is the main reason for
this study.

Research exists on velocity prediction programs, more specifically dynamic velocity prediction pro-
grams, where the yacht's behavior is solved in the time domain instead of the steady state (Day et
al., 2002). These programs were originally built to study the maneuvering of traditional yachts. How-
ever, several research papers focus on implementing this method on foiling yachts, but there has been
no research on foiling monohull yachts sailing in big waves. This leads to the main research question:
Can the occurrence of wave-induced crashes in IMOCA 60s be investigated by means of a DVPP.

As for the internals of the DVPP, there is consensus on the main methodology, namely, the system-
based approach, in which the forces are individually modeled. As for these individual forces, there
has been no consensus on how to model the hydrodynamical and wave forces. For both of these
forces there should be a special method to handle the dynamic behavior between foiling and sailing
in displacement mode. A huge change in the hull's wetted surface is present between these modes.
Some use a non-linear Froude-Krylov method in combination with linear boundary element method
damping and added mass, while others use response surfaces built by experimental or RANS tests.
Based on this, the question arises: what methodology is most effective for capturing hydrodynamical
forces in semi-planing/foiling modes?

Similarly, there are different methods for appendage forces: either using the lift and drag coefficient
or the Vortex lattice method. There is a clear method for aerodynamic forces, but various papers rec-
ommend that further research focus on unsteady aerodynamics and imperfect sail trim. This limitation
could pose issues since this research focuses on yacht behavior in big waves. Therefore, a question
arises if perfect sail trim affects the accuracy of the DVPP.

As previously stated, there has been little to no research on a foiling monohull behavior in waves. What
parameters are especially important when sailing in big waves? Is it the boat’s design or foil, or is it an
error in the steering or how the sails are set up? Several papers stated that a DVPP can be used to
assess the dynamic stability of the yacht, and Angelou and Spyrou (2017) used a DVPP to investigate
stability for a normal sailing vessel. Based on this, the research question arises: how does the foil
affect the behavior in waves of an IMOCA 607?

Furthermore, the main problem is the big crashes that happen in waves; based on the previous research
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questions, a simulation method is found, and the dependency of the foils is investigated. Based on this
information, the question arises whether a DVPP can be used to investigate big crashes in IMOCA 60.
And if such crash does occur, what are the contributions to the crash. Since these results lie at the
edge of the validity of the DVPP, careful examination of the DVPP and its limitations should be clear.

3.2. Research Questions
Based on the background and literature, a main research question is formed:

Can the occurrence of wave-induced crashes be investigated by numerically simulating an IMOCA 60
in high waves?

Several sub-research questions are formed based on the main research question and the background
literature in the previous paragraph. These are listed below:

» What methodology is most effective for capturing hydrodynamical forces in semi-planning/foiling
modes?

* What is the most effective way to model the appendage forces, taking into account the change in
submerged volume?

» How can the resistance of an IMOCA 60 accurately be represented in a DVPP?

What are the limitations of a DVPP when simulating an IMOCA 60 sailing in high waves?
* What is the effect of perfect sail trim in simulating an IMOCA 60 in big waves?

What are the key factors, regarding wind and waves, contributing to behaviour in waves of semi-
foiling vessels?

» How do the foil parameters affect the behavior in waves of an IMOCA 607?

» How effectively does the DVPP assess the dynamic stability of an IMOCA 60, particularly in the
critical moments leading up to crashing events?

Can the DVPP be used to investigate the occurrence of crashing events in IMOCA 607

3.3. Methodology

A methodology is formulated to answer all of the research questions obtained in the previous section.
From Robin et al. (2023), it can be concluded that a full 3d time domain simulation of a foiling yacht
in CFD can take a long time to obtain results. Therefore, a more time-efficient method is proposed.
Namely, a numerical dynamic velocity prediction program. This DVPP will be built to simulate an IMOCA
60 sailing in big waves. This dynamic simulation needs to be validated to ensure the simulation results
are closely related to what happens in the real world. Lastly, simulations of an IMOCA 60 in waves can
be applied to assess the behavior of such yachts.

However, as stated in previous section using a DVPP to model a yacht sailing in big seas has some
limitations regarding the individual force components. Various papers proposed different methods for
capturing the hydrostatic and dynamic forces, but no consensus has been reached on the best method.
For this research, the same method presented by Kerdraon (2021) in using the boundary element
method in combination with the Cummings equation will be used to calculate the hydrodynamical forces.
In an ideal scenario, a non-linear method should be used to account for the change in wetted surface.
However, as the Cummins equation uses the hydrodynamical coefficients, calculated at a certain wetted
surface, to transform from frequency to time domain, a suitable method for addressing this non-linearity
has not been found in the literature. This method might not fully capture the hydrodynamical forces but
requires less time than the response surfaces method, where URANS or tank test must occur to obtain
a response surface for each motion. This method is also more time-efficient when changing hull shapes,
as only fast BEM computations need to happen.

As for the aerodynamic forces, the standard approach of using the lift and drag coefficients and the
center of effort will be used as proposed by the ORC VPP (Offshore Racing Congress, 2022). This
method is used in various papers and gives satisfactory results. As stated, a method to take into
account the unsteadyness that happens when sailing in big seas might be required. As for the forces
generated by the foils and keel, since the position of the water will change rapidly in the simulation, the
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computationally efficient method proposed by Boris Horel and Durand (2019) will be used. This method
will be extended with extra corrections to take into account 3d effects and the large shifts in the water
level.

The next step is to validate this DVPP. This validation gives confidence in the simulation’s results and a
further understanding of the DVPP’s limitations. This validation should focus mainly on the hydrostatic
and dynamic force calculation methods. These two components are important in the case of extreme
waves due to the large changes in the wetted surface. Next to this quantitative validation, a qualitative
validation will take place. The goal of this validation is to see whether the results of the DVPP are
similar to the behavior of a foiling yacht described by Kerdraon (2021).

A more in-depth study of the behavior of an IMOCA 60 will be performed to answer the main research
question. Firstly, a parametric study regarding the effect of foil parameters on the behavior of the yacht
to crash in waves is performed. This study aims to provide insight into what contributed to a crash and
how the occurrence of such crashes can be reduced. This parametric study is done in a systematic
way where only one parameter is changed per simulation, in this way only one effect is isolated and
conclusions of this parameter can be obtained. Secondly, the ability of the DVPP to simulate a crash
will be investigated by pushing the DVPP to its extremes. Using the most extreme environmental
conditions in combination with rather high waves. Based on these results, conclusions can be drawn
into the occurrence of crashes and what dynamics play a role.

The presented method can be seen as having different stages. Firstly, model the yacht in a dynamic
velocity prediction program. Secondly, the DVPP can be validated by using known results. Thirdly, a
parametric study of the effect of foil parameters on the behavior of the yacht in waves. And lastly, a the
simulation of a crash. The methodology of the different stages is provided below:

» Stage 1: Dynamic velocity prediction program using:

— Hydrostatical forces from the instantaneous wetted surface as proposed by B. Horel et
al. (2013)

— Hydrodynamical forces via BEM calculations and Cummins representation (Kerdraon, 2021)
— Aerodynamics based on ORC VPP lift and drag coefficients (Offshore Racing Congress, 2022)
— Appendage loads using finite element representation of the foil (Boris Horel and Durand, 2019)
— Wave forces according to the decomposition using a velocity potential (Kerdraon, 2021)

» Stage 3: Validation of DVPP
— Validation of hydrostatic and dampening forces
— Validation of the Froude-Krylov, radiation and diffraction forces
— Qualitative validation of the yacht foiling behavior in waves

» Stage 3: Parametric study with regards to behavior in big waves

— Systematic approach using different environmental conditions, foil chord length and rake
angle

— Identify which parameters influence the yacht behavior in waves
+ Stage 4: Crash simulation

— Investigate if the DVPP can be used to simulate crashes

— Identifying what forces contribute to the crashing of an IMOCA 60



Dynamic Velocity Prediction Program

The Dynamic Velocity Prediction Program, DVPP, will be used to predict the dynamics of an IMOCA 60.
The method proposed by Boris Horel (2019) forms the foundation of this DVPP. Subsequent studies by
Boris Horel and Durand (2019), Kerdraon et al. (2020) and Knudsen et al. (2022) have built upon this
method. In this study, few alterations to those DVPPs have been made to better model the behavior of
a foiling ship in big waves. These alterations are explained in further detail, while the other elements
of the DVPP are only briefly explained. Firstly, the used coordinate frame is explained, and after that,
each individual force component is highlighted. Lastly, a novelty statement regarding the similarities
and differences between the proposed DVPP and the existing literature is shown. The whole DVPP is
built in the Simulink software of Matworks (Matworks, n.d.).

4.1. Coordinate frame and wind triangle

The coordinate frame used in this DVPP is consistent with the explanation in Journée (2000) where the
x-axis points to the bow of the ship and the z-axis is positive upward. A figure of this coordinate frame
can be seen in figure 4.1.

Figure 4.1: Coordinate frame used with O begin origin of the coordinate frame and G the center of gravity of the yacht

This coordinate frame is fixed to the yacht, to transform between this coordinate frame and the earth
fixed coordinate frame, a transformation matrix as seen in equation 4.1 is needed, where R; ,, is the
rotation matrix (Fossen, 2011).

1 0 0 cosf 0 sinf| [cosyp —siny O
Ry, =10 cos¢ —sing 0 1 0 siny cosy 0O (4.1)
0 sing cos¢ —sinf 0 cosf 0 0 1

This rotation matrix is used for both the linear velocities and positions; for the angular velocities, a
different matrix is used (Fossen, 2011).

11
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1 singsinf cos¢tan
T,= |0 cos ¢ —sin¢ (4.2)
0 sin¢g/cos@ cos¢/cosb

Besides the coordinate frame, there is an extra coordinate frame called the wind triangle (Batt, Morison,
and Speer, 2000), which relates the wind and boat speed to each other. Starting with the wind that is
blowing over the earth, the true wind. This can be split into two parts: the true wind speed, TWS, which
represents the wind strength, and the true wind angle, TWA, which indicates the wind angle on the
yacht. The movement of the yacht induces wind on itself as it moves through the earth frame. The
combination of the true wind and the yacht’'s movement results in the actual wind experienced by the
yacht on its sails, known as the apparent wind. This can be further broken down into the apparent
wind angle and speed, AWA and AWS. The apparent wind is the wind the yacht experiences and is the
vector sum of both the true wind vector and the boat speed vector. A diagram of this wind triangle can
be seen in figure 4.2.

TWS

BSP

Figure 4.2: Wind triangle of apparent and true wind, TWS and TWA representing the wind in reference with the earth
coordinate frame, AWS and AWA representing the wind on the reference frame of the yacht. BSP, the yacht speed.

4.2. Force Modelling

The main physics behind the DVPP is the 6 degrees of freedom rigid body motion equation for a non-
inertial coordinate frame. In this equation, m the mass, V' the velocity vector, w the angular velocities,
OG the position of the center of gravity, | the inertia tensor, F is the force vector, and M the moment
vector.

mlV+wxO0G+wx (V4+wxOG]=F (4.3)
Io+mOG XV +w x Iw+mOG x (wx V) =M (4.4)

This motion equation is dynamically modeled as obtained by Fjellstad et al. (1994). Mgp is the rigid-
body inertia matrix, Crp is the Coriolis and centripetal matrix, and F is the external forces. When
placing the coordinate frame at the center of gravity, the motion equations will be further simplified as
Zg, Yg, @nd zg = 0.
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Mgp - S+ Crp - S = Fet (4.5)
m 0 0 0 mzg  —Myg
0 m 0 —mzg 0 mrg
0 0 m my, —may 0
Mrp = 0 —mzg My, Ivx —Izvy —Izz (4.6)
mzg 0 —-mx, —Ivy —Iyy —Iyz
—myy My 0 —Ixz —Iyz Izz

The DVPP uses a system-based approach, first presented in Boris Horel (2019). This approach splits
the forces acting on the ship into individual components. These components are gravity, hydrostatic,
resistance, hydrodynamic, aerodynamic, and appendage forces.

Fe.tt:Fgra’11+FHS+Fres+FHD+FAero+FApp (47)

4.3. Gravity forces

The gravity forces of an IMOCA 60 consist of several parts: bare hull, canting keel, hydrofoils, rudders,
mast, sails, and ballast water. Each of these parts has its own weight and, therefore, gravity force and
moment. In the system-based approach, these individual parts independently contribute to the external
forces, and therefore, the individual gravity force is calculated in their respective places in the model.

When looking at the bare hull, according to the Rating Certificate, appendix B, an IMOCA 60 consists of
3 water ballast volumes, with their own center of effort. The total weight of the yacht is known from the
rating certificate. As is the weight of the keel. Therefore, the weight of the hull can be estimated, and the
center of effort can be determined from the rating certificate. However, to simplify the motion equation
and the overall DVPP, it is assumed that the center of gravity will not change during the simulation and
that the position of the body axis system lies at the center of gravity.

4.4. Hydrostatic forces

Due to the large amplitude of motions that the yacht experiences in calm water and in waves, a nonlinear
method to capture the hydrostatic forces is preferred (Kerdraon, 2021). For this nonlinear calculation,
two methods were developed, one based on a surface mesh of the yacht or based on sections of the
yacht. The surface mesh approach is based on the work of B. Horel et al. (2013), the disadvantage of
this method is the rather rough use of the free surface. To overcome this issue, a section method has
been developed. Firstly the surface mesh approach is explained and later the section approach.

4.4.1. Surface mesh approach

When a 3-dimensional representation of the yacht is known, the hydrostatic pressure can be obtained
by integrating the surface mesh on the total instantaneous immersed surface, equation 4.8. In this
equation, p,, is the water density, g is the gravitational constant, z; is the distance from the surface
mesh to the water level, and Sy is the immersed surface.

i — / pugzidSuy (4.8)

In this case, the hull geometry is known, and with the use of RhinoCeros, a surface mesh in an STL file
format can be made. In this STL file the surface is discretized in triangular facets. For each triangular
facet, f, the normal vector, area, and center are calculated. Based on this information, the immersed
surface can be obtained by selecting only the facets whose facet center lies below the water level. With
this selection of facets the hydrostatic pressure for each facet is calculated using the following equation,
where W, is the water level and fc..¢.r, . iS the z coordinate of the facet center.

PHS = pPw 9" (Wl - f{:enteT,Z) (49)
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Based on this hydrostatic pressure, the hydrostatic force and moment can be calculated using the
facet’s normal direction and the lever arms of each facet. Ay ,, is the area of facet m, N ,,, the normal
of facet m, and Ly ,, the lever arm of facet m

m=n

Fpgs = Z Prsm - Afm - Nfm (4.10)

m=1
m=n

Mps = Z Prsm - Afm - Nim-Lim (4.11)

m=1

The sum of all the forces and moments over all the facets that lie under the water line then gives the
total hydrostatic force. The selection of facets that lie under the water creates an issue; the force
trace becomes non-smooth when the water level changes. This can be limited by making the facets
smaller and smaller; however, this increases computational time greatly and does not fully eliminate
the problem.

4.4.2. Section approach

To combat the limitation of the surface mesh method, a sectional approach has been developed. In
this method, the underwater intersection between the section and the waterline is computed for each
section. This point, and the other points of the section lying under the waterline, are used to calculate
the hydrostatical forces on each section. The total hydrostatical force is then computed by integrating
all the sections. This method is not implemented in the DVPP as it assumes there is only a hull between
sections, and there is not a bow of stern. A detailed explanation can be found in appendix C.

4.5. Resistance

Special care should be taken for the resistance calculation, the yacht is sailing between displacement
and planing/foiling. For these different situations, different methods for calculating the resistance are
preferred. Therefore, an engineering solution has been developed for these different sailing methods.
In the case of displacement sailing, and at low speeds, the Delft Systematic Yacht Hull Series, DSYHS,
is used. When the speed of the yacht is such that it does not fall into the specified range of the DSYHS,
the planing hull resistance calculation presented by Savistky is used. This method differs from the
current literature, in which only DSYHS or CFD results are used. Butis deemed more accurate because
of the limitation of the DSYHS. For both cases the instantaneous yacht characteristics are used, in this
way the reducement of resistance due to the hull lifted out of the water is accounted for. In the case
that the hull is fully lifted out of the water, the resistance of the hull from either DSYHS or savistky is
zero, only air resistance of the hull is calculated.

The resistance of a yacht facing forward velocity can be calculated using the procedure used in the
DSYHS (J. A. Keuning, Vermeulen, and De Ridder, 2005). In this formulation, the resistance is split
up into frictional, residuary resistance, and viscous resistance. The resistance components of the
appendages are not taken into account since, in the system-based approach, these are modeled on
their own. Therefore only Ry, and R, remain.

Fpsyns = —Rpn — R — Ry — Ryr — Ryg (4.12)

The frictional resistance component of the hull can be written as equation 4.13 (J. A. Keuning, Ver-
meulen, and De Ridder, 2005), where U is the yachts speed and C/ the frictional resistance coefficient.

1
th = §pwU25wa (413)

The frictional resistance coefficient can be found by using the empirical formula provided in ITTC-57,
equation 4.14. In this formula, a form factor k is present. However, for high-speed marine vehicles,
such as the IMOCA 60, this factor is assumed to be 0 (Boris Horel and Durand, 2019).
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0.075
= 4.14
! (logipRe — 2)? ( )
The residuary resistance of the bare hull can be approximated using the DSYHS coefficients. Where
the coefficients can be found using the work of J A Keuning and Katgert (2008). In this expression,

several coefficients are determined from tables for Froude numbers between 0.1 and 0.75.

2
B Vé B LCB B V3
T + axC) +a3A11) +a4L l+a5LC’F+a6 T, —|—a7C )Lwl (4.15)

Cr.psyms = ao + (a1

The total resistance can then be found by adding the individual components of the resistance. In this
equation an extra term in the frictional resistance is present, this 3 S» is to account for the change in
wetted surface when the yacht is in a foiling condition (Boris Horel and Durand, 2019).

Sw 1
Fpsynus = pVgCr.psyus + Tgcf §PV25w (4.16)

As explained, in the case of higher speeds, where the yacht is in planing mode, the planing method of
Savitsky (1964) is used. The hydrodynamic drag of a planing surface is given as equation 4.17, where
A is the displacement of the yacht, ) the wetted keel length, b the wetted beam, 5 the deadrise angle
and 7 the trim angle.

pUZCAb?

2cosfcosT

D = Atant + (4.17)

To account for the change from the DSYHS resistance to the resistance calculated by Savistky at higher
Froude numbers, a gradual transition region is chosen between Froude numbers 0.6 and 0.75. Above
the Froude number of 0.75, the drag, as calculated by Savistky, is used. The formula for the total drag
is than:

Fn—0.75 LD+ Fn—-0.6
0.75 - 0.6 0.75 - 0.6

Fres = Fpsyns * — (4.18)

4.6. Hydrodynamic and wave forces

Hydrodynamical forces are forces due to the presence of waves and are modeled according to the
methods of B. Horel et al. (2013), Kerdraon (2021), and Matusiak (2010). Furthermore, the hydrody-
namical force is modeled using linear wave theory, where the wave is modeled as a deep water wave
potential as proposed in Kerdraon (2021). Since this research focuses on the behavior of an IMOCA
60 in offshore sailing conditions, only the deep water case is considered. This total wave potential
can be seen as a superposition of an incident, diffraction, and radiation potential (Journée, 2000). The
diffraction and radiation wave potential can be computed from the frequency domain, while the latter
is modeled using the Froude-Krylov assumption. The details of these computations is shown in the
following subsections.

For numerical simulations, several methods are present to handle hydrodynamic forces. Ranging from
linear computations, meaning all the forces are represented as if the boat is still in the water. To
fully nonlinear computations, the forces are represented as if the boat is moving in the instantaneous
wave profile. The differences of the methods are shown in figure 4.3. It is evident that the linear
representation is numerically the easiest and, therefore, computationally preferred. However, in this
problem, a more nonlinear approach is necessary since the yacht is sailing in big waves, and the wetted
surface changes in significant ways. Therefore a weakly-nonlinear approach is used. In this approach,
the Froude-krylov and restoring forces are calculated nonlinearly, that is, on the instantaneous wetted
surface. Meanwhile, the other hydrodynamic forces, radiation and diffraction, are calculated in a linear
sense by using frequency domain boundary element calculations.
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Figure 4.3: Numerical methods for calculating hydrodynamic forces. (Park et al., 2014)

4.6.1. Froude-Krylov forces

As explained, a nonlinear approach is necessary for the hydrostatic and dynamic forces. However, this
poses a challenge in using the existing linear airy wave theory, where the pressure is linearized around
the mean water level, MWL. In general, the pressure is composed of (Karimirad, 2014).

%

Pt
—~—

dynamic—pressure

P= P9z — +H.O. (4.19)

static—pressure

Where the first part, pgz, is the hydrostatic pressure, and the second part is the dynamic pressure, also
called Froude-Krylov pressure. The dynamic pressure is composed of the time derivative of the velocity
potential of the wave (Kerdraon, 2021).

o= Ca%ekzsin(kmcos(u) + kysin(p) — wt) (4.20)

dd
= —Cag€®cos(kxcos(p) + kysin(p) — wt) (4.21)
In the linear sense, these equations are solved for the mean wetted area. This means that they are
modeled as if the boat is still in the water, where z is the distance from the mean water level, MWL.

However, in the nonlinear case, these equations are solved for the instantaneous wetted surface. That
is, the yacht moves with the waves, and the submergence is chosen based on the instantaneous wave
height. This gives nonlinearity because the wetted surface changes during the simulation.

Moreover, special care should be taken when handling the z-parameter in these equations. To explain,
there is a case when the waves are much higher than the freeboard, and the yacht is in its whole
above the MWL. In the ’linear’ equations, the z-parameter is positive, which gives negative hydrostatic
pressure, and the exponential term in the dynamic pressure becomes extremely large due to z being
positive in the exponential.

The literature offers two solutions to combat this issue: vertical stretching and Wheeler stretching. For
the vertical stretching case, the property that the hydrodynamic pressure at z=0 is the same as the
wave elevation is used. Above the MWL the z-term is kept at 0, this means that the hydrodynamic
pressure above the MWL will be constant, and mirrors the hydrostatic pressure at the wave surface.
This shifts the hydrostatic pressure in the region above the MWL. In the equations, the exponential e*7,
z is replaced by min(z,0) (Karimirad, 2014).
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de

P o= —gCeFmi(=0) o (kacos(p) + yasin(p) — wt) (4.22)
z>0

= —pgCcos(kxcos(p) + yxsin(u) — wt) (4.23)

Figure 4.4 shows a schematic of this pressure (Karimirad, 2014). Above the mean wetter level, the
dynamic pressure does not vary, hence there will only be a vertical pressure due to hydrostatic loads.
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Figure 4.4: Visualisation of the static, dynamic and total pressure. Vertical stretching is applied to the hydrodynamic pressure
(Karimirad, 2014)

To combat this issue, Wheeler introduced a different solution. Instead of limiting the dynamic pres-
sure, the whole dynamic pressure is stretched from the mean water level to the actual wave height. A
schematic of this can be seen in figure 4.5 (Karimirad, 2014).

Wave crest

Wave trough
Wheeler
Stretched

Wheeler
Stretched

Figure 4.5: Visualisation of Wheeler stretching vs Airy vertical stretching at wave trough and wave crest (Karimirad, 2014)

In the dynamic pressure equation, the z term is replaced by a stretching formula (Matusiak, 2010) where
h is the water depth.

z2=(2-()—— (4.24)
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The quotient h%( goes to one for deep water, h >> (. The total pressure then becomes Matusiak (2010)

P = pgCe*=9cos(kacos(p) + yasin(p) — wt) (4.25)

This Wheeler stretching is used in the DVPP, and the force can then be obtained by summing the
pressure over all the submerged panels lying under the instantaneous wave height, where n is the
number of panels.

m=n

Faym =Y _ PnAfmNim (4.26)

m=1

Since the hydrostatic forces are already computed in the hydrostatic force part of the model, this part
is excluded from the hydrodynamical forces.

4.6.2. Diffraction Forces

The diffraction loads are computed using frequency domain boundary element method, this means
that the forces are calculated around the mean wetted surface and for different wave frequencies. the
solution needs to be converted to be linearly modeled in time domain by the DVPP. Kerdraon (2021)
poses an equation where the calculated diffraction force for different wave frequencies is converted to
a single solution. This formula is given in equation 4.27, in this equation F4 and ¢ is the modules and
phase of the diffraction force and w. the encounter frequency.

Far = (GFa(we)cos(kX — wt + da(we)) (4.27)

The total diffraction force for a system of multiple waves can be found by taking the sum of each
wave component. The total wave force is a superposition of the diffraction and Froude-Krylov force
components.

4.6.3. Radiation Forces

The radiation forces are similarly computed using the frequency domain. However, instead of using a
rather simple transformation to go from frequency to time domain, the Cummins formulation is used
(Cummins, 1962). This formulation takes into account movements of the past, which may have an
effect on the current position of the yacht. The total radiation force is given as:

Frad = _Aoo(U)S - Boo(U)S - /t K(T, U)S(t — ’T)dT (428)
0

Where A is the added mass matrix at infinite frequency, B, the damping matrix at infinite frequency.
These two matrices are the results of the frequency domain calculation which is performed by using
the Boundary Element Method program NEMOH (Kurnia and Ducrozet, 2023).

The integral term in the Cummins formulation is the memory effect, which represents the effect of
past waves and motions generated by the body on the current state. In this term, K is the impulse
response function. Which is calculated with the relationship between time and frequency as explained
by Ogilvie (1964).

KUy =2 /O T (B, U) — Bao(U))cos(wr)duw (4.29)

™

However, the calculated A and B matrices are for zero forward speed. Delhommeau and Kobus (1987)
establishes a linear formulation based on the slip condition on the hull, which is present when the
yacht is sailing at forward speed, to transform these coefficients to cases with forward speed where a
boundary layer is present, where U is forward speed, and L, the selection matrix.
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A(w,U) = Ap(w) + UA, (W) (4.30)
Au(w) = L Bo(w) L, (4.31)
w
B(w,U) = By(w) + UB,(w) (4.32)
B, (w) = —Ap(w)Ls (4.33)
00 0 0 0 O
00 0 0 0 1
0 0 0 O 1 0
Ls = 00 0 0 0 O (4.34)
00 0 0 0 O
00 0 0 0 O

Combining these equations with the impulse response function of Ogilvie (1964), a new impulse re-
sponse function is formulated, which only uses A and B matrices corresponding to zero forward speed.

K(r,U) = ;/ (B(w) —UAp(w)Ls + UAg(c0)Ls)cos(wT)dw (4.35)
0

The memory term, the integral from zero to t, presents a numerical difficulty as calculating the integral
from t=0 to t at each timestep is a memory-intensive task. Several methods are used to combat this
issue. These methods approximate the impulse response, K, in either a state-space approximation or
Prony’s approximation. This Prony approximation was first implemented in appendix F; however, since
the impulse response function is dependent on the forward speed U, the advantage of the approxima-
tions, which assumes a constant impulse response, is no longer valid. Therefore, in the DVPP, the
whole cummings equation is calculated numerically, as explained by Armesto et al. (2015) where the
convolution integral is rewritten by applying the trapezoidal integration method, which can be seen in
equation 4.36, where t* is the cut-off time.

t . o al
/ K(1)S(t — rydr = Ar | KOOSO+ Ié(t JSEZE) LN~ K(nAe§(t - n)At (4.36)
0 n=0

This way of numerically solving the convolution integral has a negative effect on the simulation. Armesto
et al. (2015) states that this method can cause a high response near the resonance frequency. This
effect needs to be investigated in the validation of the method. To soften the memory burden of the
numerical integration, the integral is only solved for the last 10 seconds, that is, the cut-off time, t* =
10s. This approximation can be done since the impulse response converges to zero at this time. In
simple terms, this means that events that happened further than 10 seconds ago do not influence the
behavior of the ship at the current timestep.

This trancuation of the integral improves the computational time significantly, but the sharp cut-off of
the integral can result in a negative dampening at low frequencies, that is a energy feed-in. To combat
this issue, a scaling factor has been introduced (Orcaflex, n.d.).

o(r) = e~ (4.37)

The factor exponentially goes from 1 at 7 = 0 to close to zero around 7 = t*. This scales the previous
states of the impulse response function to limit the energy feed-in (Orcaflex, n.d.). Furthermore, for
both the diffraction and radiation force, a correction for the instantaneous displacement is performed;
this is explained later.
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4.7. Aerodynamic forces

The aerodynamic forces are calculated using the method presented in Offshore Racing Congress (2022),
and for further explanation of the formulas, the documentation should be consulted. As explained in
section 2.4, the yachts have several options for which sails to use. Therefore, the DVPP needs to be
able to change between these kinds of sails, and thus, several force functions are present that calculate
the force for each kind of sail. The reefing of sails, for the mainsail and jib, is taken into account by
the Reef parameter, this makes the total area of the sails smaller and reduces the center of effort of
each sail. Where the change from an upwind salil, jib, to a downwind sail, flying headsail, is taken into
account by a manual switch which will either turn the jib calculation or flying headsail calculation on.

Next to the Reef parameter, a Flat parameter is used, which simulates the reduction of drag and, there-
fore, also driving force Offshore Racing Congress (2022). In conventional VPP, this parameter, in
combination with the Reef parameter, is set such that optimal speed is obtained (Day et al., 2002).
However, in the DVPP, these parameters need to be set manually to obtain a stable speed in the
simulation.

The dynamical effect of the sails on the dynamics of the yacht is taken into account by using the added
mass formulation presented by Gerhardt et al. (2009). This added mass term is especially important for
roll motions. Next to the added mass, the wind direction and speed change due to the motions of the
yacht; therefore, effective angles are used for the calculation of the lift and drag coefficients; this results
in a dampening effect of the sails on the motion of the yacht. A correction factor has been applied to
include the effect of flapping sails; this is further explained in a later section.

4.8. Appendage loads

With the appendages, the keel, foils, and rudders are meant. These parts are modeled using the lift
and drag coefficient method, and the force is obtained using the following equations for lift and drag.
Where the C; and C, are dependent on the effective inflow angles and the angle of attack (rake angle)
of the foil, a. p,, the density of the water, A the area, and U the inflow speed.

1

L= iCl(a)prU2 (4.38)
1
D= §Cd(a)prU2 (4.39)

The method to obtain the total lift and drag force of the appendage is similar as presented by Boris
Horel (2019), where the appendage is discretized in several points and a local coordinate frame is
used, which lies on the points, in this frame the lift and drag are calculated and transformed back to
the coordinate frame of the yacht. However, several corrections are used to include the effects of free
surface and 3-dimensional flow. Only for points that lie under the water’s surface the lift and drag are
calculated. A schematic of this method can be seen in figure 4.6.

Figure 4.6: Foil geometry and simplified foil geometry with finite elements (Boris Horel, 2019)

However, the method presented is not smooth because only points under the water surface are consid-
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ered. Therefore a jump in force is present when the attitude of the yacht changes and a point enters or
exits the water. To mitigate this effect, the intersection point between the foil points and the water level
is calculated and added to the selected points. This intersection is found by solving the equation of
wave height with the equation of the interpolation between the point that lies just above and just below
the water level. This equation is solved for Y, which represents the y-coordinate of the intersection.

¢ ={(acos(—wt + kax + kY) (4.40)
Y -z

interpolation = z, + (zp—1 — 2p) - ————
Zp—1 — Zp

(4.41)

Using this method, the force will stay smooth because the intersection point changes when the yacht’s
attitude changes. Next to this issue, a correction is done due to the foils being close to the free surface
Faltinsen (2005) proposes a correction formula, formula 4.42, for the lift coefficient. Where H stands for
the distance to the free surface and C'is the chord length of the section. In the DVPP this lift reduction
is implemented to simulate the effect of the free surface on the yacht.

H_ 1+ 16(H/C)?

Ci :Cl(c W)'[m]

(4.42)

Besides the correction based on the free surface, an extra correction must occur because the method
presented is inherently 2-dimensional, 3D effects are neglected. Fortunately, Stengel (2022) provides
empirical formulas to correct 2D lift coefficient to 3D. The formulas presented in his work are incorpo-
rated into the DVPP to account for the 3D effects. The formulas used are shown in equations 4.43 to
4.47, where ar is the aspect ratio of the foil and « the angle of attack.

ar <=4 (4.43)
dacy dacy
= do da 4.44
¢ e + 70.9ar ( )
L+ (w0 9(1(17")2
ar >4 (4.45)
dc,
_ da
a= (4.46)
70.9ar
a
corszq — dac, (447)
da

The added mass of the appendages is taken into account by taking the flat plate assumption as used for
the added mass of the sails. Due to the effective angles used for calculating the lift and drag coefficients,
an inherent dampening takes place, where the lift coefficient increases or decreases depending on the
movement of the yacht. The effect of the waves on the appendages has two effects, firstly the water
level at the foil is different and therefore it might lie further under water. Next to this effect, the orbital
motions of the wave also affect the inflow speed and angle of attack. The orbital motions of the wave
can be calculated using the potential and differentiating it to its corresponding axis, as shown in the
following equations.

)
2— = Caweos(p)er*cos(kxcos(u) + kysin(p) — wt) (4.48)
T
d
(ZT = Cawsin(p)e*cos(kxcos(pn) + kysin(p) — wt) (4.49)
Y
4o e .
= (uwe " sin(kxcos(p) + kysin(u) — wt) (4.50)

dz
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The total inflow for the hydrofoil element then becomes a superposition of the yacht speed, yacht angu-
lar velocities, and the wave orbital motions, equation 4.51. This velocity is in the coordinate frame of the
yacht, to obtain the velocity on the reference frame of the hydrofoil element a coordinate transformation
is performed.

u
(%
w

V=V+&xR+R,, (4.51)

w

4.9. Novelty statement

While the DVPP is very similar to those of Kerdraon and Horel, there are some noticeable differences.
Firstly, this approach handles the hull geometry similarly to both Kerdraon and Horel. The difference in
this method is that the surface mesh is not cut at the waterline; rather, only panels whose center lies
under the waterline are selected for the calculation.

Secondly, the resistance is handled differently. While Horel uses only the DSYHS method, this method
is deemed inaccurate for Froude numbers higher than 0.75. The DVPP uses a combination of DSYHS
and Savitsky to allow for a more accurate resistance calculation at high speeds.

The use of hydrodynamic and wave forces is similar to that of both Kerdraon and Horel. However,
Kerdraon uses an additional non-linear correction; however this method is not further explained, so it
is unclear what it entails. This leads to the linear approach in this DVPP, which is similar to the method
of Horel. Furthermore, a method has been developed to correct for the current displacement in the
diffraction and radiation forces; this significantly improves the results, and it is the first time that such a
method has been applied and explained. Next to this, it was unclear how the hydrodynamic pressure
is implemented in both Kerdraon and Horel, especially if wheeler stretching or a different method is
applied. Therefore, this implementation of wheeler stretching is considered new with regard to the
state-of-the-art DVPPs for ocean racing yachts.

There is a significant improvement in the aerodynamic forces; as stated, there is a correction for the
flapping of sails. This type of correction has never been implemented before and significantly improves
the ability to use the ORC method in unsteady environments. Lastly, the appendage forces are modeled
similarly to Horel, but an extra correction is performed to account for the 3D effects. Additionally, the
waterline is calculated at the location of the appendage. This waterline adds an extra point in the
discretization of the foil. This ensures that the force trace remains smooth while the yacht experiences
large waves, especially in rough seas where the change in wetted foil is significant.



Validation

In this chapter, three validation cases are presented. One involves a sphere falling in the water, which
is meant to check the damping of the model. The second case involves a wigley hull sailing in waves at
forward speed, to assess if the hydrodynamic force implementation in combination with the Cummins
equation is implemented correctly. Lastly, a grid refinement study will be conducted, where the timestep
of the simulation is changed. It's important to note that hydrofoils and resistance forces are not validated,
as these are considered 'new’ methods. All the simulations are solved with the ODE4 fixed timestep
method implemented in Simulink.

5.1. Sphere heave decay

The first validation case consists of the heave decay motion of a sphere of 5 meters. This case is
extensively researched with regards to Wave Energy Converters by the International Energy Agency for
the sake of verification and validation of numerical modeling (International Energy Agency et al., 2017).
In this study, the aim of this validation case is to validate the hydrostatic force model and the handling
of the radiation damping that is computed using boundary element methods.

Two heave decay tests are presented, one where the sphere starts at 1.0 meters high and one where
the sphere starts at 5.0 meters. Especially the case of 5.0 meters is essential for this study, as in this
case, the sphere begins just out of the water and experiences very large changes in displacement and,
thus wetted surface. This behavior is also expected in the simulation of a IMOCA 60. The results of the
DVPP presented method are compared to those of EC Nantes, ECN. The characteristics of the sphere
are shown in table 5.1b.

e
S - ———

Radius 50m
e Weight  2.618 - 10° kg
T CoG z 0.00 m
(a) Linesplan sphere (b) Characteristics sphere

Figure 5.1: Key data sphere with 5 meters radius

The results of the validation case can be seen in figures 5.2a and 5.2b, where, respectively, the 1.0-
meter fall case and the 5.0-meter fall case are shown. Firstly, the results of 1.0 meters, the presented
method, has a slight shift in decay; that is, the heave decay has more dampening. At the same time,
the size of the excitations is similar. The higher dampening could be explained by the fact that the

23
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integral in the Cummins formulation is approximated by using the BEM results, which only calculate for
a finite set of frequencies.

For the 5.0-meter case, the results are in great agreement. The same difference in decay can be seen
by the difference in the peak and trough placement, but this effect is way smaller than in the 1m fall.
There also is a difference in the decay’s peak and trough values. This can be explained by the fact that
the hydrostatics are calculated using a finite set of panels. Thus, the water level might be just above
the middle of the panel and thus included in the calculation, which could give stiffer results.
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Figure 5.2: Decay sphere radius 5 meters, results are in agreement with the reference data

Overall, the DVPP results agree with those of EC Nantes; therefore, it is concluded that the hydrostatic
and radiation forces are validated. The results of the 5.0 meter fall showed excellent agreement with
the ECN results.

5.2. Wigley hull RAO in head waves

The second validation case is of a Wigley hull in head waves, previously done by Journee (1992) and
Kerdraon (2021). The work focuses on a Wigley lll shape, and the linesplan is given in figure 5.3a, and
the characteristics are given in table 5.3b.

Length, L, 3.0 m
Breadth, B 0.3 m
Draft, T 0.1875 m
Displacement, V 0.078 m3
Pitch moment of inertia  43.875 m?
% Center of gravity, KG 0170 m
(a) Linesplan Wigley IlI hull (b) Parameters Wigley IlI hull

Figure 5.3: Key data Wigley IlI hull

In this test case, the Response Amplifier Operator, RAO, for both heave and pitch is calculated at pre-
defined wave periods. The simulations model Airy waves of infinite depth with an amplitude of 0.02
meters and varying wavelengths corresponding to different wave periods. To assess the implementa-
tion of the slip-boundary condition in the radiation term, validation is performed at no forward speed
and at a case with a forward speed corresponding to a Froude number of 0.20 and 0.40. For each of
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these cases, 22 simulations representing 22 different wave periods are carried out, and the RAOs for
those wave periods are calculated according to equations 5.1 and 5.2.

_ 2w
RAOhcoe(e) = G5 (5.1)
RAO, sron(w) — H(W)QWIC’WL (5.2)

The main goal of this validation study is to validate the Froude-Krylov, diffraction, and radiation force
modeling. The radiation force modeling is especially important due to its correction for the development
of the slip-boundary condition. While the validation case is only at Froude numbers 0.20 and 0.40 and
the yacht is sailing at Froude numbers higher than 0.8, this validation with reference data provides
insight into whether the results agree in the region between Froude numbers 0.0 and 0.40.

5.2.1. No forward speed

The RAOs of the DVPP without forward speed are shown in figures 5.4a and 5.4b. The DVPP RAOs at
the 22 different wave periods are shown in blue, while the orange line is the numerical results of Journee,
and the yellow dots are the experimental results of Journee (Journee, 1992) and (Kerdraon, 2021).
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Figure 5.4: RAO of Wigley hull at zero forward speed. Results are in agreement with both reference data.

The results indicate a general agreement between the method presented and Journee’s numerical and
experimental results. The heave RAOs show excellent agreement with the reference data. However,
for the pitch RAOs, figure 5.5b, there is a difference around the peak values, where the DVPP over-
estimates the response compared to the numerical values. Nevertheless, the results align with the
experimental data, which may be due to the BEM calculations having a different frequency interval and
cutoff frequency, which could result in slightly different results. Additionally, Journee uses strip theory
instead of the 3D-panel theory used by NEMOH, which could also contribute to this discrepancy.

Around the low-frequency limit, the DVPP’s results are in excellent agreement with Journee’s results
for both the heave and pitch RAOs. These results give confidence in the implementation of the Froude-
Krylov, diffraction, and radiation force implementation.

5.2.2. Froude number 0.20

The DVPP results with a forward speed corresponding to a Froude number of 0.20 is shown in fig-
ures 5.5a and 5.5b. Where the DVPP results are in blue, Journee’s numerical results are in orange,
Journee’s experimental results are in yellow, and Kerdraon’s numerical results are in purple.
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Figure 5.5: RAO of Wigley hull at Froude number 0.20. Results agree with both reference data at larger periods, near the
resonance peak overestimation of RAO due to the integration method.

The results generally align with those of Journee and Kerdraon. The RAO curve maintains a consistent
shape over the period, particularly for longer waves. The results are especially in good agreement for
higher periods. However, when looking at the RAO for heave motion, figure 5.5a, there are discrep-
ancies around the resonance peak. The RAO at the frequency peak is slightly higher than expected,
and the RAO for periods just after the peak doesn’t match the reference data. In the reference data,
the dip is more pronounced, and the return to the low-frequency limit is quicker than the Journee data.
Nonetheless, the RAOs predicted by the DVPP are in excellent agreement at higher periods.

In the case of the pitch RAO, 5.5b, there is an overestimation around the resonance peak. However,
the DVPP results are similar to Journee’s experimental data. Further away from the resonance peak,
the pitch RAOs are in excellent agreement with the results of both Journee and Kerdraon.

For both cases, the peak is not accurately represented; it is significantly higher than the results of
Journee and Kerdraon. However, the placement of the peak is consistent in the presented method.
For the cases that are important for the IMOCA simulation, the low-frequency, high-period waves are
dominant. Therefore, it is expected that this overestimation of the peak response will not be an issue.

Near this peak, the dampening forces dominate the ship’s response (Journée, 2000). In the DVPP
these dampening forces, the radiation forces, are simulated using the cummings representation. Where
two integrals are approximated numerically, firstly, the convolution integral and secondly, the impulse
response function. The second one approximates the dampening terms between zero and infinite
frequency by stopping at a certain frequency. Atthe same time, the convolution integral is approximated
by the trapezium rule and is not calculated for the whole simulation length but is cut off at a certain time.
Both these effects limit the dampening and, consequently, lead to an increase in resonance peak in the
RAOs (Uchowski and Jackowski, n.d.).

The results generally show great agreement to the numerical and experimental reference data. This
gives confidence in the applied method for both the hydrostatic and wave forces for cases with forward
speed. The overestimation of peak RAO values should not present an issue in the modeling of an
IMOCA 60 in extreme waves, as it is expected that the waves will be near the low-frequency limit.
At this region, the presented method of the DVPP accurately estimates a ship’s behavior. If such
resonance does occur these waves should not be included in the wave spectrum, hereby the output of
the DVPP will be more accurate.

5.2.3. Froude number 0.40

The same simulation is performed with a forward speed corresponding to Froude number 0.40. These
results are shown in figure 5.6a and 5.6b. The results of the DVPP show excellent agreement to both
Journee experimental data and the results of Kerdraon. Like the results with Froude number 0.20, the
peak in heave and pitch RAO seems slightly over-estimated, and the corresponding response to the
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low-frequency limit looks slightly different. But this effect is way smaller than at Froude number 0.20. At
the lower frequency, both heave and pitch RAO results are in excellent agreement with both reference
data.
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Figure 5.6: RAO of Wigley hull at Froude number 0.40. Results agree with both reference data at larger periods, near the
resonance peak overestimation of RAO due to the integration method.

These results at a higher speed give more confidence in the DVPP results at the higher speeds an
IMOCA 60 sails at. There still is a slight overestimation at peak values; this effect should be considered
when examining the results of subsequent simulations.

5.3. Grid refinement study

A test case has been conducted to assess the effect of the grid, in this case, the time step of the
simulation. This is the heave decay of the sphere at 5 meters high, the same as in the first validation
case. This study aims to investigate the simulation’s dependency on the time step, especially the
damping and non-linear hydrostatic force calculation.

This validation case is executed at time intervals of 0.1, 0.01, and 0.001 seconds, and then the results
are compared. A smaller time step, in this case 10 times smaller, has two main effects. First, itincreases
the simulation duration by around 10 times. Second, it requires storing 10 times more data due to the
numerical calculation of the convolution integral, which includes previous simulation states stored at
each time step. This increase in data storage also leads to higher memory requirements, ultimately
impacting simulation time. Therefore, it's important to use the smallest time step possible while still
obtaining accurate results.
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Figure 5.7: Timestep refinement study heave decay sphere. All the timesteps are in agreement with each other, indicating that
the results are converged.

The results of the timestep refinement study are presented in figure 5.7. Overall, there is little difference
between the different timesteps. The red line representing 0.01 seconds and the green line represent-
ing 0.001 seconds show exactly the same results, while the larger timestep of 0.1 seconds does not
completely align with these results. Although this difference is extremely minor and only in the initial de-
cay, the overall outcomes are consistent with the smaller time steps. Based on this study, a timestep of
0.01 seconds is recommended for accuracy. If a faster simulation is needed, a timestep of 0.1 seconds

can be used, but it will not significantly impact the simulation results.



Simulation of IMOCA 60 sailing in
waves

This chapter shows simulations of an IMOCA 60 sailing in waves, which will be used to qualitatively
validate the results with the results of Kerdraon. The goal is to investigate whether the DVPP can
be used to simulate an IMOCA 60 in big seas. First, the setup of the DVPP is explained in para-
graph 6.1. Based on this setup, the results are shown in section 6.2 and compared with the results
of Kerdraon (2021). The simulations are solved with the ODE4 fixed timestep method implemented in
Simulink, with a timestep of 0.1 seconds.

6.1. Setup

The DVPP needs several input parameters to obtain a valid solution. These include the yacht's mass
and inertia, CoG, hull geometry, hydrodynamic coefficients, sail dimensions, and, lastly, appendage
geometry.

To start with the mass properties of the yacht. Since the IMOCA class is highly competitive, very
few exact numbers of these properties are known. Luckily, one newer designed yacht has a Rating
Certificate, appendix B, a measurement performed by an official party that results in a time rating for
ocean races. In this certificate, the mass and center of gravity are given, and the inertia moment is
later estimated using BEM Rosetta, (Zabala et al., 2021), an interface for frequency domain analysis.
The dimensions of the sails are also given in this certificate; next to the dimensions, the Reef and Flat
parameters are also needed. These are found using trial and error and obtaining a steady solution,
that is a solution where the boat sails at a steady speed and attitude.

The hydrostatic and Froude-Krylov forces can be calculated using the surface mesh approach, which
requires the hull geometry. The hull form was generated in Rhinoceros based on the lines plan in
appendix D and then exported as an STL file for the DVPP. It's important to note that the lines plan used
for the hull form differs from the one used for the rating certificate, which provided the mass properties.
Ideally, the same hull would be used, but since the hull geometry of the yacht with the rating certificate
is unknown, a yacht built during a similar time was chosen as a substitute. The foil geometry and
assumed values for the foil rake and chord length, 0.60 meters and 3.0 degrees, respectively, are all
derived from the same lines plan as the hull.

Finally, the hydrodynamic coefficients are required, as detailed in section 4. A boundary element solu-
tion is necessary to compute the A and B matrices, and the diffraction force, which is obtained using
NEMONH, as described in Kurnia and Ducrozet (2023). NEMOH requires the hull form and mass prop-
erties. The hull form, created in Rhinoceros, is utilized to produce a new STL file of the hull with the
appropriate panel spacing, ensuring a minimum of 8 panels per wave; this code can be found in ap-
pendix E. The NEMOH results are directly used as inputs for the DVPP.

In addition to the yacht’s specifications, it's important to provide the environmental conditions. This
includes selecting the wind speed and angle. Since this research focuses on examining the impact of
waves on the yacht’'s downwind sailing performance, the following input for these factors are chosen:
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True Wind Speed, TWS = 25 knots, and True Wind Angle, TWA = 145 degrees. These are the same
factors Kerdraon uses.

Lastly, it's important to consider the wave conditions for comparison with the results of a previously
built Offshore Racing Trimaran DVPP as described in Kerdraon (2021). Similar wave conditions have
been chosen: 3 waves, representing low, medium, and high frequencies typical of a wave field in the
Southern Ocean (Kerdraon, 2021).

6.2. First Results

The simulation result of an IMOCA 60 in waves is given in figure 6.1. In this figure, the most important
outputs of the DVPP are shown; these include the speed, resistance of the hull, z-position of the CoG,
the wave elevation at CoG, heel, and trim, and lastly, the AWA. This simulation failed to reach its end
time, t=450 seconds, due to an excessive heel angle. This crash in the simulation happened due to the
effect the incoming waves have on the apparent wind angle. The incoming wave increases the boat
speed, which also has an impact on the apparent wind angle and speed. The AWA is reduced, going
from 80 to 40 degrees, and the AWS is increased. Both parameters are taken in to account with the
aerodynamic force calculation, where the AWA is used to calculate the lift and drag coefficients. The
AWS is used in the total force calculation. Due to the decrease in AWA the Lift coefficient moves to
a higher value, this in combination with the increase in AWS results in a higher heeling moment from
the sails. This effect is not problematic when it happens gradually; however, if this happens, suddenly,
the DVPP does not represent real life. Where optimally trimming the sails cannot occur very suddenly,
the sail will start flapping in real life, and there will be less heeling moment and lift force. This effect is
apparent when the AWA changes rapidly, as shown in the results.
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Figure 6.1: Results DVPP southern ocean, wave spectrum as Kerdraon (2021), 25kn TWS, 145 TWA. a) Speed of the yacht,
b) Resistance of the hull, c) Z-position of CoG, d) Wave elevation at CoG, e) Heel and Trim angle, and f) Apparent wind angle
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6.3. Improvements to the presented DVPP

Two improvements are proposed to account for the deficit in the current presented DVPP that became
apparent when simulating big seas: first, on the hydrodynamic forces and second, on the aerodynamic
forces, which caused the crash in the previous simulation. These two improvements are presented
below.

The decomposition of the hydrodynamical forces into Froude-Krylov, radiation, and diffraction forces
poses a linearity issue. Since each is handled with different submerged surfaces, the Froude-Krylov
calculation uses the instantaneous wetted surface. In contrast, the radiation and diffraction forces use
the BEM results calculated at the still water level. For yachts sailing without foils, where the wetted
surface is close to the still water wetted surface, this is not a problem. However, this simplification
would lead to mathematical inaccuracies in the case of an IMOCA with a changing wetted surface,
which is sometimes not in the water. Namely, when the hull is not in the water, there will not be any
hydrodynamical forces, while there are still diffraction and radiation forces on the body, according to
the DVPP.

To combat this issue, a rather simple correction is proposed, which uses the identification of the sub-
merged panels in the Froude-Krylov calculation. The diffraction and radiation force is scaled with the
ratio between the instantaneous and still water displacement, which is used in the BEM calculation.
This formula is shown in equation 6.1

S =14 Ainst — ABEM 6.1)
ApeMm

The initial results of the DVPP indicate a need for an additional correction factor in the aerodynamic
forces. The lift and drag coefficients are particularly affected by the flapping effect of sails when the
apparent wind angle changes rapidly. Therefore, a correction factor is applied to the lift and drag coef-
ficients on the sails. The ORC method assumes that the sails are always perfectly trimmed. However,
this is not the case when the AWA changes rapidly. For example, consider figure 6.2. The left figure
illustrates the normal scenario where the yacht is sailing at a steady speed. However, if a wave propels
the boat forward, assisted by the lifting foils, the yacht's speed will increase in a short amount of time.
This change in boat speed also alters the apparent wind, pushing it further forward and resulting in a
smaller apparent wind angle. This change is depicted in the right figure. If this phenomenon occurs
rapidly, and the crew is not quick enough to adjust the sails for this change in wind direction, the front
of the sail will begin to flap, thus reducing its lift-producing capacity.

o R N
TWS AWS W : Jws

Figure 6.2: Effect extreme waves on the apparent wind angle and speed. The left figure shows normal sailing mode, and the
right figure shows the situation when speed increases rapidly. Red stripes indicate area of the sail that is flapping

To account for this a simple solution is proposed, which lowers the lift coefficient by 75% and increases
the drag coefficient by 20% when the AWA decreases further than 10 degrees in less than 4 seconds. A
second correction takes place if the AWA keeps decreasing to further than 25 degrees. If this happens,
the lift coefficient is lowered by 50%, and the drag coefficient is increased by 40%.
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6.4. Improved results

The results of the DVPP with this correction to the lift coefficient are shown in figure 6.3. The first
important takeaway is that the Z-position follows the wave elevation, which means that the yacht follows
the waves. However the resistance plot shows a very jumpy trace, this means that the yacht is not

always in contact with the water and thus the hydrofoils are lifting the boat out of the water, while the
hull is skimming over the waves.
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Figure 6.3: Results DVPP southern ocean, 25kn TWS, 145 TWA with sail correction. a) Speed of the yacht, b) Resistance of
the hull, c) Z-position of CoG, d) Wave elevation at CoG, e) Heel and Trim angle, and f) Apparent wind angle

In the result of this simulation, the three waves can be distinguished. The high-frequency small wave
can easily be seen in the Heel graph; in this plot, a small high-frequency change indicates that the
high-frequency wave is rolling the yacht a little bit. The medium frequency component can be seen in
the speed graph. In this graph, several dips in speed can be seen around the order of 4 knots. These
are probably due to the medium wave slowing the boat down. The low-frequency, high-amplitude wave
can be found in the wave elevation; in this plot, a clear sine profile indicates this wave.

Kerdraon (2021) Used this wave profile to simulate a 100ft offshore racing trimaran and explained
that the wave’s influence on a semi-foiling yacht can be described in a few steps. First, the wave
arrives and the yacht accelerates, than the lift increases and the yacht sails at higher speeds, later, the
wave overtakes the yacht and the bow pitches up. After that, the yacht loses speed, and lastly, the
wave overtakes the yacht, and the yacht is close to the minimal speed. It is not expected that these

conclusions can be drawn directly to a monohull-type foiling yacht. But as seen in the plots a similar
tendency for the yacht can be seen.

Take the wave at t=400; the wave arrives, and the yacht is displaced upwards and increases in speed



6.4. Improved results 33

During this phase, the yacht continues to accelerate; as the wave peak reaches the yacht, the yacht
stops accelerating, and the bow starts to pitch up, and the trim angle becomes negative. Than the
wave overtakes the yacht and the speed is minimal, this phase cannot be fully seen in the time traces.
This is probably due to the bigger effect of small, higher-frequency waves on the results. These waves
have more impact on this monohull as their length is shorter than the trimaran Kerdraon used.

Based on this qualitative validation, it is evident that the DVPP can effectively simulate an IMOCA 60
in challenging conditions. These results provide answers to several research questions. Firstly, the
methodology of using both nonlinear Froude-Krylov and BEM results effectively captures hydrodynamic
forces for both displacement and foiling sailing. Secondly, the aerodynamic forces are especially im-
portant, as it is shown that with the current state of the art, the DVPP cannot simulate an IMOCA 60
in big waves. However, with the improvements proposed to take into account the unsteadiness, this is
possible. Indicating that the effect of perfect sail trim is significant in these types of DVPPs. Additionally,
the results suggest that the DVPP can be used to assess the dynamic stability of an IMOCA 60. This
implies that in waves typical of the Southern Ocean, the DVPP can provide a reliable solution.



Parametric study DVPP

In this chapter, a parametric study is performed, which looks at the foils’ dependency on the yacht’s
behavior in big waves. With this study, some relationships can be established regarding the effect
of waves on the yacht’'s speed. This parametric study first focuses on the environmental conditions,
then on the foil chord length, and mainly on the steady angle of attack of the foil. The setup of these
simulations is explained in paragraph 7.1. The results are shown in paragraphs 7.2, 7.3 and 7.4. And
a conclusion is shown in paragraph 7.5. All the simulations are solved using the ODE4 fixed timestep
method implemented in Simulink, with a timestep of 0.1 s.

7.1. Simulation setup

The first main input for the DVPP is the type of waves that will be used. For this parametric study, it is
assumed that the waves will be fully developed, and therefore, each wind speed has its corresponding
wave height according to the Bretschneider wave spectrum. This model places a wave height and
period relation with the wind speed and fetch. Bretschneider (1964). These formulas can be seen in
equations 7.1 and 7.2. Where U is the wind speed and fetch the distance the waves can build.

U? g fetch®*?

H, = =-0.283- tanh(0.0125 - =3 ) (7.1)
U g- fetch®?

T, = —7.54 - tanh(0.077 - 7.2
7 7.54 - tanh(0.077 B ) (7.2)

The testing starts with varying the wind and wave conditions, these two are closely related, since wind
over long enough fetch creates fully developed waves. To achieve these fully developed waves, the
fetch is set to a very high number, fetch > 107 m. Based on the significant wave height and period, a
wave spectrum can be made for these conditions using the following equation (Bretschneider, 1964).

S(f) = 2 p2dm 1% (7.3)

In this equation, f,, is the modal frequency, related to T's with T, = 0.95f,,! (Holthuijsen, 1980). And f
is the frequencies for which the spectrum is calculated, thus a range between [0, w] rad/s. The selection
of the cut-off frequency and the maximum frequency of the spectrum is important for the simulations.
Since the radiation and diffraction forces are calculated for a predefined set of frequencies, the spectrum

range should be inside this region to limit extrapolations that need to happen.

This spectrum is later discretized into ten waves with their own wave height and frequency based on
the defined spectrum. The frequency of these ten waves is linearly spaced in the domain of f. The
equation to obtain the wave height, ¢, can be seen in equation 7.4 (Journée, 2000). In this equation,
S(f) represents the wave spectrum and df the delta of the ten frequencies. The wave field used in the
DVPP is a summation of each wave component obtained using the spectrum.

34



7.1. Simulation setup 35

¢=v2-5(f)-df (7.4)

Besides the environmental conditions, the foils’ effect on the yacht's behavior in waves is important.
Therefore, firstly, the foil chord length is changed; this changes the total amount of force the foils can
produce, and hence, the effect of the foils is expected to change. The rake (static angle of attack) of
the foil is also subject to testing to investigate the effects of the wave’s orbital movements on the foil. It
is expected that when the input rake is lower, the orbital movement of the waves have a bigger effect
on the lift of the foil. A systematic overview of the parametric study can be seen in figure 7.1

Parametric study ’

Environmental conditions 4—/ 25, 30, 35 knots /

Foil chord length Foil rake <—/ 1, 3, 5 degrees /

/ 0.4,0.6,0.8m / ‘ Behavior in waves

Figure 7.1: Flowchart of the parametric study

For each parameter in the study, corresponding variables are chosen in such a way that it is expected
that the behavior in waves is affected. As for the environmental conditions, the range of 25-35 knots
is chosen based on drone footage and reports (The Ocean Race, 2024) and (Gorman, 2023). From
these videos and reports, it is concluded that the crashes occur in downwind sailing conditions with
high waves and wind speeds. The wind angle at which the yacht sails is of particular importance. As
the wind angle is too low, TWA under 140 degrees will not result in a crash due to the waves coming
too far from the side. But a too-big wind angle TWA over 160 degrees will not be a realistic way of
sailing because of how the sails are made (North Sails, 2022). Furthermore, for the later cases, only
the 35-knot environmental condition will be used to save computational time, as it is deemed that the
outcomes will be similar.

The foil chord length dimensions, 0.4 to 0.8 meters, are chosen because 0.6 meters is a general chord
length for a hydrofoil on an IMOCA 60 (Aygor, 2017). The resulting step of 0.2 meters bigger and
smaller is chosen as it is deemed to have a good trade-off between big enough steps such that the
difference is noticeable in the results and realistic values. The same principle holds for the foil rake, the
3.0 degrees is a base setting for an IMOCA 60 (Aygor, 2017), and the step of 2.0 degrees is chosen to
investigate the foil rake’s effect.

A base input for the DVPP is needed before starting the study. This consists of Flat and Reef parame-
ters, Keel angle, Foil chord, and rake. The latter two, foil chord and rake, are also subject to change in
the test at later stages. However, the middle option is chosen for the first test sequence, respectively
0.6m and 3.0 degrees. For the Flat, Reef, and keel angle parameters, such inputs are selected so that
the yacht sails at the highest speed possible while still sailing steadily, that is, with no extreme heel
or pitch motion. This is assessed by running the DVPP without waves and looking for a steady-speed
solution.
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Because a wave spectrum is used to make the wave field, it is evident that the waves the yacht sails in
will be different for the environmental cases. However, this also means that for the later cases, where
the environmental conditions stay the same, the wave field will differ in each case. This is mainly
because the yacht will not be in the same position as it was in the previous test case. If the yacht’s
speed is very similar to the previous case, the yacht will sail in the same wave conditions, but these
cases are limited. Thus, there can be no clear comparison between the two study cases. However,
based on the time trace of each case in combination with key data a clear conclusion can be drawn on
the effect of each parameter.

The results of each case will be explained in the following sections. In these simulations, the first 150
seconds are taken as setup time; in this time, the equilibrium of the yacht is found, and the waves are
gradually turned on. This ensures stable results for the rest of the simulation. Firstly, the cases with
changing environmental conditions, meaning TWS, will be presented in section 7.2. For the 35 knot
case, the results of changing chord length are shown in section 7.3. Lastly, the results of changing the
rake angle are shown in section 7.4.

7.2. Environmental conditions

The first test case is the environmental conditions, with wind increasing from 25 to 35 knots in incre-
ments of 5 knots. In this sequence, it is expected that the slowdowns occurring will get bigger due to
the higher speeds the yacht will be able to sail and the bigger waves due to a higher wind speed. The
results of these tests are shown in figure 7.2, where the red results are 25 knots, black of 30 knots, and
blue of 35 knots of wind.
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Figure 7.2: Comparison of results of environmental conditions. Red is 25 knots, black is 30 knots, and blue is 35 knots wind.
The top figure shows boatspeed, the middle the Z-position of CoG, and the bottom figure is the wave elevation at CoG
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It should be noted that for the 35 knot case, the TWA is changed from 150 degrees to 155 degrees. This
is done for two reasons; firstly, it represents a case where the yacht is sailing at optimum VMG, making
the most speed from the wind. Secondly, a higher TWA is chosen in these higher wind conditions to
ensure that the yacht will not capsize.

The speed results in the top figure show that a higher wind speed also corresponds with higher boat
speeds. This relationship is rather evident, however, in the 35 knots wind case. the yacht’s speed is not
considerably higher due to the increased TWA. This increased TWA also leads to an increase in AWA
and, therefore, a different lift and drag coefficient of the sails. This lowers the total driving force of the
yacht. In the 30-knot case, a slowdown is present, whereas this is not present in the other cases. In the
30 knot results, the yacht’s speed, in combination with the speed of the waves, causes this slowdown
result. In the 25-knot case, the yacht is not sailing fast enough to be able to crash into the wave in
front, and in the 35-knot case, the waves are going too fast in relation to the yacht’s speed to produce a
significant slowdown. Decreasing the TWA to 150 will lead to higher boat speeds and, therefore, might
also lead to a slowdown in this wind range. Additionally, changing the sail parameters to bigger sails
could have a similar effect.

Next to the boat speed, it is also clear that the higher environmental conditions produce higher waves,
as can be seen by both the wave elevation and the z-position of the yacht’'s CoG. This is evident as
the wave profile is built upon the Bretschneider spectrum, which uses the wind speed to compute a
significant wave height, and based on that wave height, an appropriate spectrum is built.

7.3. Foil chord length

For the subsequent studies, the case of 35 knots has been chosen as a base case; in these results,
there is no slowdown, but this gives the opportunity to see if changing key parameters actually leads
to a slowdown. This approach clarifies the effects of each individual parameter. Two cases that are
different from the base case are presented to assess the effect of the chord length on the yacht: a case
with a shorter chord length, 0.40 meters instead of 0.60 meters, and a case with a bigger chord length,
0.80 meters

The result of these simulations can be seen in figure 7.3. This figure shows the boat speed, z-position
of CoG, and wave elevation. From this figure, it can be concluded that there is little difference between
the results of the smaller and normal chord length, the z-position and speed plot are very similar. There
are discrepancies where the smaller chord length achieves higher top speeds and lower bottom speeds.
Based on the z-position plot, it can be concluded that the yacht is following the wave more, that is due
to having less lift; the waves have a bigger influence in pushing the boat when a wave is incoming from
behind, and the opposite when the wave has overtaken the yacht.
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The longer chord length case, 0.8 meters, provides a different result. The wave elevation shows a
different plot, indicating that the yacht is sailing at a different place in the wave field, which makes it
difficult to draw conclusions from this data. However, it does not look like the bigger foil gives higher
average speeds, which would be expected because the foils can give more lift. This means that the lift
drag ratio is not favorable enough to benefit from a larger foil.

These results are also visible in the average speed and standard deviation, table 7.1, where the smaller
foil has a bigger standard deviation. And the larger foil has a slightly lower average speed.

0.60m | 0.40m | 0.80 m
Mean speed (kn) | 27.31 2727 | 2718
Std. speed (kn) 1.66 2.26 1.89
Mean heel (deg) | 0.68 1.17 0.58

Table 7.1: Mean speed, standard deviation of speed, and mean heel angle for different foil chord length

From this analysis, it can be concluded that the chord length does not significantly change the yacht’s

behavior in waves.

It would suggest that a smaller chord length does increase the effect the waves

have on the yacht due to more of the hull being in the water, and therefore, there is a bigger effect of

the hydrodynamic forces of the waves.
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7.4. Foil rake angle

Lastly, the effect of the foil rake is assessed; the goal of this assessment is to investigate whether the
wave orbital movements significantly impact the yacht's behavior when the foil rake is lower. Due to
a lower rake, the effect of the orbital movements should be more pronounced as the angle of attack
can become more negative, and therefore, it is expected that in the low rake result, the waves have a
bigger effect. The results of the three simulations with varying rake angles can be seen in figure 7.4; in
this figure, the blue plot is the base case with a 3.0-degree rake. The red plot has a lower rake angle
of 1.0 degrees, and the black plot shows a higher rake of 5.0 degrees.
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Figure 7.4: Comparison of results of foil rake angle. Red is 1.0 degrees, blue is 3.0 degrees, and black is 5.0 degrees rake
angle. The top figure shows boat speed, the middle the Z-position of CoG, and the bottom figure is the wave elevation at CoG

What stands out in this figure is that the results of the higher rake, 5.0 degrees, are similar to those
of 3.0 degrees. This can be seen in all the plots: the speed, Z-position, and wave elevation are very
similar over time. This is expected from a higher rake angle, which means that the orbital movements
will have less effect on the foils. This is because the orbital movement will not be able to cause the
foil's angle of attack to become too negative and, therefore, give a loss of lift.

As for the case with a lower rake, these are very different than the other results. The yacht is sailing
in a different place in the wave field. From these results, it can be seen that the lower rake case has
higher peak and trough speeds. This can be explained by the fact that the lower rake case is affected
more by orbital movements. As the yacht comes up a wave, the orbital movements cause an increase
in the angle of attack on the hydrofoil, which gives the yacht more lift and, therefore, more speed. This
is reversed when the yacht sails in a wave trough.
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Further, the key numbers are shown in table 7.2. It can be concluded that the overall speed during the
whole simulation is rather similar for all the simulations, except for the lower rake angle case, where
the average speed is 1.0 knot slower. This, in combination with the standard deviation also being 1.0
higher, shows that the rake angle does have a significant influence on the behavior of the IMOCA 60
in waves. A higher rake angle will lead to higher average speeds and lower standard deviation.

3.0deg | 1.0 deg | 5.0 deg
Mean speed (kn) | 27.31 26.29 27.29
Std. speed (kn) 1.65 2.62 1.32
Mean heel (deg) | 0.68 1.55 0.54

Table 7.2: Mean speed, standard deviation of the speed, and mean heel angle for different foil chord length

The analysis shows that a lower rake angle on the yacht leads to greater slowdowns in waves. This
is because a smaller rake angle reduces lift, causing the hull to be in the water more often, making it
more prone to the hydrodynamic forces of the waves. On the other hand, a higher rake angle allows
the yacht to sail at higher speeds by reducing resistance. A yacht with a higher rake angle will recover
quicker from a crash, resulting in smaller speed reductions.

7.5. Conclusion

Based on the results of the parametric study, a conclusion can be drawn about the effects of the en-
vironmental conditions and the foils’ characteristics on the behavior of an IMOCA 60 in high waves.
First, the environmental conditions: a clear relationship between higher wind and wave and larger boat
speed variation was present. The larger hydrodynamic forces and the larger effect of the orbital move-
ments on the hydrofoils easily explain this. However, there is a limit; if the waves are going too fast,
the yacht cannot accelerate to a speed that leads to negative encounter frequencies and, therefore,
cannot crash into the wave in front.

As for the chord length, there seems to be a correlation between a larger chord length and less effect
of the waves on the yacht. However, there is no effect on the average speed of the yacht. There only
seems to be a little difference in the peak and trough speeds.

Lastly, the rake angle. Itis concluded that a lower rake angle has a relatively big effect on the behavior
of the yacht in waves. This is mainly due to the orbital movements of the waves, which have a bigger
effect. This is due to being in a different part of the lift vs. angle of attack curve. When the orbital
movement lowers the angle of attack, the angle can become negative, leading to negative lift.



I[dentification and simulation of a
crashing event

This chapter shows how the DVPP will be used to investigate the crashing tendency of an IMOCA 60
sailing in waves. First, the identification of a crashing event will be explained in paragraph 8.1, what
a crash means, and how it is defined in this report. Secondly, the simulation method is explained in
paragraph 8.2. Lastly, the results are presented in paragraph 8.3. As for the previous situations the
equations are numerically solved using the ODE4 fixed timestep method.

8.1. Identification

To determine whether a crashing event occurs, a clear definition is needed to distinguish between a
slowdown and an actual crash effectively. For this study, a crash is defined as:

A deceleration higher than 0.45 G

This criterion is based on the study of Uchowski and Jackowski (n.d.) that cites that this threshold is
where seatbelts lock in cars. Therefore, it is assumed that this deceleration results in a person being
disconnected from their place, and injury can occur.

However, this criterion alone may lead to false positives, where the yacht’'s speed decreases signifi-
cantly due to factors unrelated to wave encounters. To address this, an additional condition is intro-
duced: the crash must be directly caused by the interaction with a wave. In addition to this definition,
the results are visually inspected.

8.2. Simulation method

The aim of the build DVPP is to use it to investigate if it can predict the occurrence of crashes in IMOCA
60, which sails around the world. This phenomenon came to light during the Ocean Race, where IMOCA
60 sailboats, crewed by 4 persons, sail around the world. The route of this race is shown in figure 8.1.
Particularly during the leg which goes from Cape Town to Itajai, this crashing has come to light. During
this leg onboard the IMOCA 60 Malizia, a crew member was thrown off their bed during a slowdown in
a wave, which resulted in serious head injury (The Ocean Race, 2024).
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CAPE TOWN

Figure 8.1: Ocean race route 2022-2023, important leg for this study is from Cape Town to Itajai as the most wind and waves
are present there (Abratis, 2021)

The largest waves and wind conditions are found in the Pacific Ocean, close to Cape Horn. The main
reason for this is that the prevailing winds are strong westerlies, combining this with the fact that there is
little land in this region, this means that the waves generated by the wind can build over long distances.
(NOAA, 2024).

A closer look at the route of this leg and the general wind at this leg is shown in figure 8.2, Where
the historical wind data of this period, obtained from the ECMWF ERA5 dataset (ECMWF, 2024), is
combined with the steady state speeds of the yacht. This ERA5 data set is a reanalysis dataset, which
means that the state-of-the-art forecast model is combined with observation data to generate a new
data set that represents the earth’s atmosphere over time (Jeppesen, 2023). By selecting the period of
the leg from Cape Town to Itajai, the weather conditions are taken as they were when it was last sailed.

By using this analysis data in combination with the steady state speed, an optimal route can be calcu-
lated, that is, the route that takes the yacht the least amount of time to complete. This is calculated
by discretizing the area between the start and end locations in a grid. From the starting point it is cal-
culated how long it takes to get to the surrounding grid points. This calculation is repeated for each
surrounding grid point to its surrounding grid points, and the route that takes the shortest time from
start to finish is deemed the most optimal (Wheeler and Henson, 2023).

This calculation is done by using the commercial software Expedition Marine, which is the industry
standard for calculating optimal routes in sailboat racing (White, n.d.). The resulting optimum route is
shown in figure 8.2a, where the black line is the optimal route and the colors indicate the wind speed,
with blue being 4 knots and red being 40 knots. Besides this figure, table 8.2b, a table which represents
the wind speed and the percentage of time sailed at that wind speed in shown.
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TWS | % of time
40 4%
36 9%
32 16%
28 15%
24 17%
20 15%
16 15%
12 8%
8 1%
4 0%

(b)

Figure 8.2: Optimal route IMOCA 60 Southern Ocean, colored with wind speed and probability of wind speed

The resulting black line, showing the optimal route, goes closely along the south pole, but not closer
than around 55 degrees longitudes. This is due to imposed boundaries by the race committee, which
keeps the boat out of ice fields (Rusch, 2023). Furthermore, from this line and the colors, which show
the wind on that location at the time the yacht is there, it can be concluded that the yacht will sail
multiple times in winds around 40 knots. This accounts for only 4% of the time spent in this leg, as
shown in table 8.2b, indicating that this is the upper limit the boat will sail. Based on this analysis, a
wind condition of 40 knots was chosen, in combination with a True Wind Angle of 155 degrees.

With the wind speed of 40 knots, a corresponding Bretschneider spectrum is discretized into 10 wave
components, and a superposition of these is used as the wave field the yacht is sailing in as explained
in section 7.1. Besides these environmental conditions, the foil parameters need to be chosen. Based
on the parametric study, the base case of a chord length of 0.60 meters and 3.0 degrees is selected,
which is deemed the 'normal’ condition.

Lastly, the sail parameters are chosen. Based on the parametric study it is concluded that the yacht
should be sailing at the limit, that is maximum power in the sails. This means that the sail parameters
are set to produce extremely high boat speeds, but it also leads to potential instability. The instability
could result in the yacht crashing into a wave, which is the goal, or capsizing due to the increased
heeling force of the sails.

It is assumed that if the simulation is long enough, there will be an extreme event in the wave case.
This means that the different wave components will align, and a 'monster’ wave will occur, potentially
causing the IMOCA to crash into the wave. To determine if such an event will happen, the chosen
simulation time is 4000 seconds, which corresponds to 1 hour and 10 minutes.

The main hypothesis of this study is that a high wave approaching from behind will accelerate the boat
to extreme speeds due to the hydrofoils lifting the yacht out of the water. This increase in speed will
cause the yacht to sail towards the wave in front of it. If this oncoming wave is high enough and the
yacht is on its foils, the yacht will move into the wave instead of following the next wave. This is because
the hydrostatic and Froude-Krylov effects are not present when there is no hull in the water, resulting
in little response to the incoming wave.

8.3. Simulation results

The simulation results in 40 knots of wind and with a TWA of 155 degrees is shown in figure 8.3. The top
plot shows the boat speed, while the bottom plot shows the g-force experienced at the yacht’s center
of gravity. This G-force is the vector norm of all three components of the acceleration of the yacht.
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Based on the results, it can be seen that multiple times the G-force goes higher than the specified
threshold of 0.45 G. The reductions in speed corresponding to these high G-forces can clearly be seen
in the speed plot, where the yacht is decelerated from over 40 knots to around 25 knots.
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Figure 8.3: DVPP results with 40kn wind, 155 TWA, 1.0 reef 1.0 flat. The top plot shows the yacht's speed, and the plot below
the G-force.

The crash at t = 3135 seconds is looked at with more detail, in figure 8.4, which shows the speed,
resistance, z-position at CoG, Heel and trim angle, angle of attack of the foils, G-force and the drag
coefficient are shown for a period before and after the crash.

This figure shows the deceleration at 3135 seconds in the speed plot, where the speed goes from 42
knots to 25 knots in around a second. Before the crash the yacht is sailing in foiling mode, which can
be seen by the hull’s resistance being zero. During this time, the yacht’s speed increases from around
35 to 42 knots. This acceleration halts near the bottom of the wave, wherein the resistance of both
hull and foil increases to over 10000 N. This leads to a big deceleration where the G-force increases
to over 1.5 G.

The foil’'s increased resistance is due to the larger angle of attack, which increases the drag coefficient.
This increase in resistance is enlarged by the fact that the foil is becoming more in the water, and
therefore, there is more wetted surface of the foil. This gives the first deceleration, and then an extra
deceleration happens when the hull comes in contact with the water, and the hull’s resistance increases
significantly.

The increase in the wetted surface of the foil can be explained by the yacht's speed in the z-direction,
coming from moving off the wave, and the yacht not being submerged but in a fully foiling condition.
The yacht’'s response, when it enters the through of the wave, is slightly delayed, as there are no
hydrostatic and hydrodynamic forces. This means that only the foils provide force in the z-direction
and are responsible for the yacht following the waves. Since this response is not big enough, the foils
will get submerged further till the yacht is in the water and the hydrostatic and dynamic forces take over.
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Figure 8.4: Simulation results zoomed in at t=3135 seconds. a) Speed of the yacht, b) Resistance of the hull, ¢) Z-position of
CoG, d) Wave elevation at CoG, e) Heel and Trim angle, f) Apparent wind angle, g) G-force, and h) drag coefficient

It should be noted that the results after the crash should be taken with a grain of salt, since the non-linear
corrections, for both the foil forces as the hydrodynamical forces, do not represent completely accurately
the behavior of the yacht. For the foil forces, the ventilation is not taken into account, which is expected
when the foil submergence changes quickly. The same hold true for the hydrodynamical forces, when
the submerged volume changes the nonlinear correction changes. However, this correction factor is
not physics-based and does not accurately represent the force. Over time, these limitations dampen
out, and the DVPP does provide accurate results.

8.4. Conclusion

Based on this longer simulation, the DVPP with the newly introduced parts can be used to access the
crashing behavior of IMOCA 60s. These newly proposed parts, resistance with Savitksy, handling of
the foil geometry and downwash effects, non-linear corrections on the diffraction and radiation forces,
and the correction on the aerodynamic forces, allow the DVPP to be able to simulate the extreme
environmental case. Based on the simulation results, several peaks with G-forces higher than 0.45
G were found, and based on analysis of one deceleration case, two crucial factors were identified.
First, deceleration is due to changes in the angle of attack and submergence of the foil, and second,
deceleration is due to the hull getting in contact with the water.

Based on the parameter analysis, it is concluded that to limit the effect of waves on the yacht, it is
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advised that the chord length should be long and the rake angle big. A second simulation is done with
a chord length of 0.80 meters and a rake angle of 5.0 degrees. The results are presented in figure 8.5.
It is clear from these results that the G-force in slowdowns is considerably lower, a maximum of 0.6
instead of 1.7 G. This can also be seen in the standard deviation of the speed, which is 2.74 knots for
the optimized results and 3.04 knots in the previous results. This indicates that the waves have less
effect on the behavior of the yacht.
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Figure 8.5: Simulation results with larger chord length and higher rake angle. Results show a decrease in G force by around
60%



Discussion

This study provided a numerical way to simulate an IMOCA 60 sailing in big waves. Secondly, it was
concluded that the applied method is applicable for simulating the occurrence of crashes of these
yachts. Based on this study further improvements and a discussion on the applied methodology and
results are formulated. These are shown below:

The methodology Several improvements can be applied to the methodology, mainly focusing in
the validation. There is no validation case of a yacht that is fully foiling. Therefore, it is hard to
assess whether or not the simulation is accurate for a foiling sailing yacht. This could either be
done by full CFD simulation of an IMOCA 60 or with tank tests. These additional validation cases
where not done due to time constraints, further research could build upon the knowledge gained
from this thesis and try to simulate a similar crash to validate these case.

System-based approach The system-based approach implemented in the DVPP does not con-
sider the interactions between individual components. For example, the effect of the foils on the
flow around the hull is not considered. As these effects are deemed to be rather small in compar-
ison to the total force, it is expected that the inclusion of these effects does not significantly alter
the results of the DVPP. Secondly, in this approach, the boat is modeled as a rigid body, while
the yacht has certain movable systems, such as the keel and water ballast. To include, these
effects during the simulation a multi-body system would be advised.

Appendage forces The approach using lift and drag coefficients obtained from 2-dimensional
simulations does provide a time-efficient method. However, even with the correction for free-
surface effects and 3-dimensional effects, complex phenomena such as cavitation or ventilation
are not fully captured. These effects could alter the results of the extreme cases of the DVPP due
to the frequent change in submergence of the hydrofoil.

Resistance As for the resistance of the hull a solution was proposed which combined the DSYHS
with the method of Savitsky. Which is assumed to be a more accurate method for calculating the
resistance of a hull sailing at high Froude numbers. However, since both methods are limited
in the ability to model the resistance of a high-performance sailing vessel, it is recommended
that the DSYHS is expanded with newer high-performance sailing vessels sailing at high Froude
numbers.

Hydrodynamic forces The hydrodynamic forces were part of the leading research topic of this
report. Due to the high waves combined with the relatively ’small’ boat, a nonlinear method
was applied. However, this method stretches the applicability of the potential theory used. It
was shown that the nonlinear hydrodynamic force, in combination with a correction factor on the
diffraction and radiation forces, produces a numerically fast and time-efficient way to simulate an
IMOCA 60 in big waves. However, further research is recommended to obtain a fully nonlinear
wave model that does not need engineering solutions to get stable results. Another solution might
be to conduct a full CFD simulation of a yacht in waves. However, as the literature explains, this
does take significant time, and the computational power required is rather large.

Aerodynamic forces Based on the literature, the ORC method was recommended, and it was
noted that unsteady aerodynamics could significantly affect the usefulness of a DVPP. This re-
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search showed that this unsteadiness, most noticeably, the effect of flapping of sails if the appar-
ent wind angle changes too fast. Has a significant impact on the simulation. Due to the perfect
sail trim, assumed in the ORC method, the yacht will capsize if this effect is not considered. The
engineering solution of reducing the lift coefficient based on the change in apparent wind angle
provides a numerically fast way to correct this behavior. However, this method has little scientific
backing. Therefore, it is recommended that further research should be conducted on imperfect
sail trim and the effect of this on the force the sail can produce.

Results Firstly, the results of the parametric study. These results indicated that a larger foil in
combination with a higher rake angle leads to fewer slowdowns in waves. This effect is plausible,
since more lift of the hydrofoils means that the hull will be less in the water and thus less effect of
the hydrodynamic forces. However, in real life, these higher lift forces need to be handled by the
hull and rigging. This could be an issue since these extremely high forces could lead to structural
failure. Secondly, based on the limitations of the DVPP given in the earlier points, the results of
the DVPP, especially during phases where the wetted surface changes quickly, are not entirely
accurate. This mostly comes from the corrections in hydrodynamic forces. This effect can be
seen when the yacht crashes in a wave, where the yacht is rolling and pitching frequently. A CFD
calculation is advised for further investigation into the forces occurring in this phase.
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Conclusion

This report aims to comprehensively understand if the dynamics of ocean-going IMOCA 60 yachts, par-
ticularly when encountering large waves while sailing downwind, can be numerically simulated. In these
conditions, the yachts can accelerate to high speeds, leading to a situation where the yacht crashes into
the wave in front of it, causing decelerations that have led to injury onboard. The guiding research ques-
tion is: Can the occurrence of wave-induced crashing events be investigated by numerically simulating
an IMOCA 60 in high waves?

The literature study concluded that a Dynamic Velocity Prediction Program (DVPP) could be used to
numerically simulate an IMOCA 60. However, there has been no research on using a DVPP for an
IMOCA 60 in combination with big waves. This research aims to close this gap by investigating if
a DVPP can be used to simulate the wave-induced crashes that occur in IMOCA 60s. The current
literature forms the foundation for building DVPP by using a system-based approach to model the
forces on the yacht.

Several changes to the current state-of-the-art methods are implemented to better model a foiling yacht
in waves; these focus on the hydrodynamical, aerodynamic, and resistance forces. Firstly, for the
hydrodynamical forces, the DVPP uses a discretization of the hull geometry to calculate the static and
dynamic pressure over the hull using the instantaneous water line. For this pressure, wheeler stretching
is applied, and the total force is calculated by integrating over the submerged surface. Besides the
hydrodynamic forces, the diffraction and radiation forces are linearly modeled in the frequency domain
and converted to the time domain using the Cummins formulation. However, since the yacht is sailing
at very varying displacements, sometimes with the bare hull out of the water, a nonlinear method is
preferred. Therefore, a correction to consider the current displacement has been developed.

Secondly, most current DVPPs use a steady aerodynamics model, which means that the sails are
assumed to be sailing at optimal lift and drag at all times. However, in the case of big waves, this
assumption does not hold, as when the yacht is accelerating, the wind angle changes quickly, and the
sail starts flapping. To take this effect into account, a factor has been applied that looks at the change
in wind angle over 4 seconds.

Lastly, the resistance of semi-foiling yachts is considered, as current literature uses either CFD results
or the DSYHS. For this research CFD results where not in the timeframe, therefore, DSYHS is used.
However, this series is valid up to Froude number 0.75, whereas these boats are sailing at higher
Froude numbers. Therefore, the method for planing hulls of Savitsky has been implemented above
Froude number 0.75, and a transition region between Froude number 0.6-0.75 to gradually transition
between these to methods.

The DVPP is validated in both quantitative and qualitative ways. For quantitative validation, sphere
heave decay tests and RAOs of a Wigley hull are conducted. For qualitative validation, a simulation
of waves and wind typical for the southern Ocean is compared to a similar DVPP. The results of the
quantitative validation showed great agreement to reference data for both heave decay and RAOs. Only
near the resonance peak, there was a slight overestimation of the response of the yacht. Based on
these results, itis concluded that the DVPP accurately models the hydrostatic, hydrodynamic, radiation,
and diffraction forces for both no forward speed and with forward speed.
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The qualitative validation was performed on the DVPP without the improvements and with the improve-
ments to the current state-of-the-art DVPP. The current state-of-the-art DVPP results show significant
limitations, mostly due to the steady aerodynamic forces. The DVPP crashes due to the excessive
heeling of the yacht. With the proposed improvement, the DVPP does not crash, and the yacht shows
the same behavior as described in Kerdraon (2021).

Further investigation has been conducted on the key factors of the yacht when sailing in big waves:
environmental conditions and foil parameters. The results showed that higher environmental conditions
lead to more considerable slowdowns. However, the relationship between the wave’s speed and the
yacht's speed is also important. Regarding the foil parameters, a smaller chord length and rake angle
also lead to larger slowdowns, mainly due to the increase in hydrodynamic force acting on the hull in
combination with the larger effect of orbital movements on the foil's angle of attack.

The last research question still open is the ability of the DVPP to be used in the occurrence of crashing
events due to waves. To investigate this, a longer simulation was performed with a wind speed of 40
knots, accompanied by a wave spectrum corresponding to this wind speed. The results show several
slowdowns with a g-force higher than the threshold of 0.45 G. Indicating that the DVPP can be used to
assess the dynamic stability in big waves.

Upon further analysis of one crash, it was concluded that the yacht first accelerates and goes into a
fully foiling mode. This foiling mode reduces the yacht’s ability to follow the waves. The yacht then
sails off the front of the incoming wave. During this phase, the trim angle of the yacht changes. The
crash happens when the yacht enters the wave through. At this point, the yacht touches the water, and
a combination with a change in trim increases the resistance of both hull and foil greatly, leading to a
slowdown that is large enough to be classified as a crash.

Based on the research, it is concluded that the occurrence of crashing events can be investigated by
numerically simulating an IMOCA 60 in a Dynamic Velocity Prediction Program. Several improvements
to the current state of the art were necessary to obtain valid results; these are wheeler stretching of the
hydrodynamic pressure, correction of the dynamic forces based on the submerged volume, correction
of the aerodynamic forces, and extra corrections on the appendage forces to take into account the 3d
effects.
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Background literature impact
dynamics, CFD calculation of floating
bodies and green water

A.l. Impact dynamics

The most basic and researched subject in impact dynamics is a 2-dimensional falling wedge, which was
first described by Von Karman (1929). In this paper, an analytical model based on momentum conser-
vation is made to predict the impact forces on a wedge falling into the water. This 2d falling object can
be seen as a ship section that is slamming into waves. This research is validated by Payne (1981)
who compared the results of this theory and theories expanding on the work of Von Karman (1929), he
concluded that the original method presented by Von Karman gives good agreement with experiments
however, it does not account for the acceleration of water mass in spray regions. Furthermore, the
improvements proposed by other authors have little effect or can even be harmful to the results.

This theory is extended by Boef (1992) who provides an impact theory for the impact of free-fall lifeboats.
In this work the momentum theorem and added mass concept are used to calculate the impact for
cylinders. In his equation of motion the added mass term is changed by using a max-function to obtain
correct results for when the cylinder starts rising. During this phase, there is no momentum gained
from the loss of added mass, and the motion equation is changed such that this does not happen. The
equations are changed for a boat by calculating the forces on an infinitesimal small cross-section and
integrating this over the length of the boat. He concludes that the results agree well with observations
of small-scale experiments.

Apart from using analytical equations Huang et al. (2021) models the impact of a lifeboat free-falling
into the water using CFD. From Veldman, Seubers, Van Der Plas, et al. (2017) he concluded that using
a relative speed approach, where the lifeboat is standing still and the water is moving at a relative flow
against the body, is inaccurate because it is incapable of accounting for the large added mass due to the
accelerations during the water entry. Therefore he uses a finite volume and overset mesh approach to
analyse the free-fall of lifeboats. These results are verified based on full-scale measurements. Based
on the results he concludes that the presented method can accurately predict the hull slamming forces
and that the peak pressure impacts are captured accurately.

A.2. CFD calculation of floating bodies

Wave impact and ridged body motions simulated in CFD are also a source of literature. A way to use
the Volume-Of-Fluid, VOF, method with a height function for wave impact on bodies is presented in
Kleefsman and Veldman (2004). In his presented method the mass conservation in each cell is con-
served by using a height function, this method is incorporated in the ComFLOW software. The results
are validated by wedge drops and dam break simulations with known experimental results. This work
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is used in Veldman, Seubers, Zahraei, et al. (2019) where computational methods for adding moving
and elastic objects in waves are added to the software. In his work the traditional coupling method,
where information is exchanged once per time step, is changed to a method where the body dynamics
are solved simultaneously with the fluid.

Orihara and Miyata (2003) presented a different coupling scheme to obtain more accurate resistance
calculations in waves. In the presented method the solution of the motion of the ship and the solution
of the flow computation is combined to simultaneously solve the motion of the ship. To accurately take
into account the effect of the ship’s motion on the flow a predictor-corrector scheme is employed. The
hydrodynamic force and moment are calculated using the flow solution of the present time and based
on that the ship motions are calculated, based on this the body force is evaluated and from that solution,
a corrector of the hydrodynamical force is calculated. Based on this a corrector for the body motions
can be calculated and from that a corrector of the flow field and static pressure is calculated. From this
solution a flow field of the new time is obtained.

Kim (2011) uses the same kind of predictor-corrector scheme on a CFD simulation of a container vessel
and validates the results with segmented model tests. Based on this study it was concluded that the
fully nonlinear seakeeping analysis by CFD can successfully calculate the nonlinear structural loads.
Also it was demonstrated that the method used can be seen as a reliable method for fully nonlinear
seakeeping analysis. Gatin et al. (2017) presents a different method for coupling body motions and fluid
flow in CFD simulations. In this method the motion equations are solved in the PISO loop after each
pressure correction, leading to more accurate results. The method also requires fewer PISO correction
cycles than conventional coupling algorithms to achieve satisfactory results, which leads to lower CPU
time.

Based on this research Chuang, Lin, and Wang (2023) examined the BIV and PIV model further and
concluded that there is a transition zone between the over-topping wave to the green water flow. When
the flow is in a green water regime the Ritter solutions with the initial water depth obtained from Ryu
can capture the velocity distribution. The Ritter solution however fails to describe the free surface el-
evation of the greenwater flow. Besides the assessment of the Ritter solutions they investigated the
self-similar U velocity distribution described in Ryu, Chang, and Mercier (2007). The equation that they
derived was modified such that random waves can be used. With this modification, it is shown that the
equations hold potential for the utility in engineering applications.

Liao et al. (2021) Provided next to the dam-break solution a numerical method to solve green water
on a deck. He employed a hybrid Eulerain-Langrangian method which solves the flow on a Eulerian
framework where the rigid body of the ship is represented as a set of surface particles. These particles
are described by a lagragian framework by solving the 6-DOF rigid body motion equations. This method
can solve problems involving large amplitudes of body motion by having the mesh of the flow solver
fixed. Based on experiments on a box and Wigley hull he concluded that the pressure results are in
good agreement with experimental data, also the body motions are captured with reasonable accuracy.
However the peak pressures are still difficult to predict because of the involvement of spray and air
entrapment.

A.3. Green water

Green water impact on an FPSE in head waves is modelled by Buchner (1995). He concluded that
the occurrence of such impact can be split into 4 sequences, the relative wave motion comes above
the freeboard, the water flows onto the deck, a shallow water wave flows over the deck, and water hits
a structure. He concluded that the ship motions can be linearly modeled using RAOs. Based on this
research Cox and Ortega (2002) concluded that the wave collapse and its propagation is similar to a
dam-break problem and that those shallow water equations can be used. However in the case of green
water impact there is a non-zero initial horizontal velocity.

Ryu, Chang, and Mercier (2007) used a new kind of particle image velocimetry called bubble image
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velocimetry velocity, BIV, and showed that the current Ritter’s dam-break flow solution is suitable for
green water flow on offshore structures. However it does not predict the shape of the velocity profile, it
gives an accurate prediction of the cross-sectional velocity and of the front velocity of the green water
flow. However, the determination of the initial water depth is the most difficult task in obtaining a correct
solution. To overcome this problem he proposed two approaches to solve this initial water depth. The
first method is to approximate the height by taking the difference between the height of the incoming
wave and the freeboard. The second approach is to match the front velocity of the green water flow
with that of the dam-break solution and back calculating the initial water depth.
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Rating certificate Imoca 60

Centre de Calcul FFVoile

X . Club Boat 52 rue Sénac de Meilhan FF’O“G
Certificate 11th HOUR RACING ;Zgr?ge' La Rochelle
ORC 2022 MALAMA
apr: 346.5  cpL:18.462
i _— GPH: 391.1 CertNo: 22302b
BOAT
Mainsail = 160.71 m* Class IMOCA 60
Hoaden e = 31508 me Designer Guillaume VERDIER
Asymmetric = 425.75 m* Builder CDK Technologie
Age date 08/2021
Series date 08/2021
Offset file 11thHour.off
Data file 11thHOUR_22302b
HULL
i 655 % g & Length Overall 18.280 m
o o g Maximum Beam 5.346 m
5 e Draft 4.498 m
E Displacement 9,100 kg
8 DLR 1.5959
Dial 0.4920C > IMS Division Performance
TGS Dynamic Allowance 0.001%
Age Allowance 0.033%
PROPELLER
Sey 205, Installation Shaft exposed
Type Folding 2 blades
E 765 p Diameter 0.499m
% WP e | Adjudtal 120 IeAs
L £ kil 107621 CREW

11TH@/omAcme MALAMA wewaw ] " g | Maximum weight 1,575 kg
Minimum weight 1,181 kg *when applied
% = \J/ \ Non Manual Power Rig

Crew Arm Extension

L Loa18.29 A SAIL AREAS (m?)
Measured Rated
Mainsail 160.71 167.72
Headsail Luffed 147.75 147.75
Rated boat velocitie 0 Headsail Flying 313.09 313.09
Wind Velocity 6 kt 8kt | 10kt | 12kt | 14kt| 16kt | 20kt Symmetric
o o o o o o o Asymmetric 425.75 425.75
BeatAngles | 47.1 43.0° | 402 39.1 38.1 37.0 36.1 1 asymmetric(s) with SHWISFL < 85%)
Beat VMG 527 | 638| 697 | 735| 761 787 | 8.09 STORM SAIL AREAS (m?)
52° 8.34 969 | 1025 | 10.70 | 11.13 | 1161 | 12.32 Trysail 35.45
Storm Jib 35.03
60° 9.09 | 1017 | 10.83 | 11.51 | 12.04 | 1250 | 13.43
Heavy Weather Jib 94.58
75 9.86 | 10.82 | 11.94 | 12.82 | 13.60 | 14.23 | 15.28 SAIL LIMITS
90° | 10.07 | 11.40 | 1271 | 13.85 | 14.68 | 1549 | 16.54 Headsails 8
110° 984 | 1126 | 12.97 | 1440 | 1554 | 16.53 | 18.35 Spinnakers 6
120° | 937 | 1072 | 1220 | 14.09 | 1566 | 16.82 | 19.08 STABILITY
" Righting Moment 930.7 kg'm
135 747 | 949 | 1087 | 1252 | 1451 | 16.04 | 19.12 Stability Index N/A
150° 6.18 | 800 | 952 | 1073 | 1233 | 14.02 | 18.00 COMMENTS
Run VMG 5.35 6.93 8.24 9.30 | 10.67 | 1214 | 1559 All measures taken from IMOCA measurement
(R.Boulaire) or from 2D/3D files / Offset file:
Gybe Angles | 139.7° | 141.7° | 146.9° | 146.9° | 143.5° | 144.1° | 145.9° designer's file

The owner and any other person in charge is responsible
that boat is complying with her certificate in accordance
with RRS 78.1 and ORC Rule 304.

ORC Ref 043300024RC Issued on 09/06/2022 Valid until 28/02/2023 VPP ver: 2022 1.02 | © ORC | www.orc.org
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Club Centre de Calcul FFVoile
Boat 52 rue Sénac de Meilhan .
FFyode

> . Certificate 11th HOUR RACING 17000 - La Rochell
ORC 2022 MALAMA

Single Number Scoring Options

Wind Velocity | 6kt | 8kt | 10kt | 12kt | 14kt | 16kt | 20 kt Course| 1imeOn | Time On

Distance Time
Beat VMG | 683.5 | 563.9 | 516.6 | 489.9 | 473.3 | 457.6 | 444.8 Windward / Leeward 450.6 13314
52°| 431.7 | 371.7 | 351.3 | 336.4 | 323.6 | 310.1 | 292.2 Al purpose 346.5 17318

60°| 395.9 | 354.1 | 3324 | 312.8 | 299.0 | 288.0 | 268.0

75°| 364.9 | 332.7 | 301.5 | 280.7 | 264.6 | 252.9 | 235.6

90°| 357.6 | 3159 | 283.2 | 260.0 | 245.2 | 232.4 | 217.7

110°| 366.0 | 319.8 | 277.5 | 250.1 | 231.7 | 217.7 | 196.2
120°| 384.1 | 335.9 | 295.1 | 255.6 | 229.9 | 214.1 | 188.7
135°| 481.8 | 379.5 | 331.3 | 287.5 | 248.1 | 2245 | 188.3
150° | 582.7 | 449.7 | 378.3 | 3354 | 292.1 | 256.9 | 200.0

Run VMG | 672.9 | 519.3 | 436.8 | 387.3 | 337.3 | 296.6 | 231.0
Selected Courses
Windward / Leeward | 678.2 | 541.6 | 476.7 | 438.6 | 405.3 | 377.1 | 337.9
All purpose | 498.8 | 4134 | 367.9 | 337.6 | 313.3 | 293.7 | 266.2

Custom scoring options for France

Single Number | Time On Distance | Time On Time

Triple Number Coastal/Long Distance Low 456.1 1.3155
Triple Number Coastal/Long Distance Medium 347.9 1.7245
Triple Number Coastal/Long Distance High 288.3 2.0814
Triple Number Windward/Leeward Low 609.9 0.9838

Triple Number Windward/Leeward Medium 451.6 1.3287
Triple Number Windward/Leeward High 369.5 1.6240

ORC Ref 043300024RC Issued on 09/06/2022 Valid until 28/02/2023 VPP ver: 2022 1.02 | © ORC | www.orc.org
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Centre de Calcul FFVoile

Club Boat 52 rue Sénac de Meilhan FF»OU.E
Certificate 11th HOUR RACING ;Zgr?ge' La Rochelle
ORC 2022 MALAMA
Data in meters/kilograms (Metric)
HULL AND APPENDAGES (Lightship Trim)
Class IMOCA 60 LOA 18.280 VCGD -0.398 Water ballast weight 2,385
Measurement Max. Beam 5.346 VCGM -0.406 Water ballast LCG  5.76
HIN Draft 4.498 RM Measured (kg:m) 930.7 Water ballast VCG  0.14
Plan review Displacement 9,100 RM Default (kg-:m) 837.6 Water ballast TCG  0.80
Hull construction Carbon Wetted area 65.77  Limit of positive stability(°) ~ N/A Listangle 7.5
Aramid Hull Core No IMS L 18.342 Stability Index ~ N/A Canting keel angle 38.0
Carbon Rudder Yes LSMO 17.864 BLR index 0.8749

Light stanchions Yes
Trim tab No

Acc. length 17.375

Sink (kg/mm)  54.81

PROPELLER
Propeller Type Folding 2 blad

es

Installation Shaft exposed PRD 0.499 PSD 0.022 PSA 12.5° ST1 0.044 ST4 0.047
Twin screw No PBW 0.129 PHD 0.052 ESL 1.452 ST2 0.088 ST5 0.245
Hydro generator No PIPA 0.0036 PHL 0.137 ST3
RIG
Forestay tension Aft & Forward P 26.522 E 7.636 Flying Headsail
Inner stay Adjustable IG 26.468 J 10.120 Foretriangles
Carbon mast Yes ISP 27.230 BAS 0.762 Id ISP TPS
Headsail furler No MDT1 0.267 FSD No Foil 2 26.468 10.597
Mainsail furler No MDL1 0.492 SFJ  0.065 1 26.468 12.409
Articulated bowsprit No MDT2 0.151 SPL
Non-circular rigging No MDL2 0.195 WPL
Fiber rigging Yes TL 5.202 TPS 12.409
Runners/Checkstays 2 MW  0.195 BD 0.375
Spreaders 0 GO 0.195 MWT
MCG
FLOTATION AND STABILITY
Calculation method VCG entered directly SFFP 0.800 SAFP 18.288
Flotation Date 23/08/2021 FFM FAM
Measurer FF 1.390 FA 1.123
Comment LCFcl 10.917  LCFsh 11.213
SG 1.0243 HBI 1.393
INVENTORY
BALLAST Id Kind Description Weight LCG VCG TCG
Aft Tank Movable Aft water ballast - Port / XCG = 17.16 (from stern) 952 1.12 0.12 0.00
Mid Tank Movable Central water ballast - Port / XCG = 12.07 (from 998 6.21 0.21 1.92
stern
Forward Tank Movable Forw)ard water ballast - Central / XCG = 3.39 435 14.89 0.05 0.00
(from stern)
Fixed Ballast Total 0

ORC Ref 043300024RC

Issued

on 09/06/2022

Valid until 28/02/2023

VPP ver: 2022 1.02 | © ORC | www.orc.org



Centre de Calcul FFVoile

" B Club Boat 52 rue Sénac de Meilhan FF»Ol‘.le
Certificate 11th HOUR RACING ::Za?r?r?e- La Rochelle
ORC 2022 MALAMA
MAINSAIL
Id MHB MUW MTW MHW MQW Area Meas.Date Maker Material Comment
MN 319 3.77 485 6.54 7.56 160.71 13/05/2022 North Sails Dyneema Course
HEADSAIL
Id HHB HUW HTW HHW HQW HLP HLU Btn Flying FT Area Meas.Date Maker Material  Comment

MHO-2 0.13 286 5.59 10.90 15.62 19.61 30.03 No Yes 1 313.09 13/05/2022 North Sails Dyneema Course

A6.5 0.11 2.80 5.49 10.64 15.00 18.21 25.33 No Yes 1 252.69 13/05/2022 North Sails Dyneema Course
A7 0.18 245 4.79 9.25 13.32 17.05 24.90 No Yes 1 222.68 13/05/2022 North Sails Unknown Course
Jo 0.13 1.86 3.64 7.24 10.93 14.87 29.67 Yes Yes 0 217.64 13/05/2022 North Sails Dyneema Course
FRO 0.15 1.75 343 6.89 1045 14.13 2554 No Yes 2 178.31 13/05/2022 North Sails Unknown Course
J1.5 0.14 153 294 586 891 1217 24.72 Yes No 147.75 13/05/2022 North Sails Dyneema Light
J2 0.14 136 263 520 7.93 10.87 23.68 Yes No 126.10 13/05/2022 North Sails Dyneema Medium
J3 0.14 101 189 372 563 7.65 16.62 Yes No 62.95 13/05/2022 North Sails Dyneema Lourd
ASYMMETRIC SPINNAKER

Id SLU SLE SL SHW SFL Ratio Area Meas.Date Maker Material Comment
A2.2 30.16 26.60 28.38 17.47 20.13 87% 425.75 13/05/2022 North Sails Polyester Medium
A2 30.90 26.61 28.76 16.52 20.24 82% 413.69 13/05/2022 North Sails Polyester Medium

ORC Ref 043300024RC Issued on 09/06/2022 Valid until 28/02/2023 VPP ver: 2022 1.02 | © ORC | www.orc.org




Section approach hydrostatic force
calculation

To combat the limitation of the surface mesh method, a sectional approach is presented. In this method,
for each section, the underwater intersection between the section and the waterline is computed. This
point, and the other points of the section lying under the waterline, are used to calculate the hydrostatical
forces on each section. The total hydrostatical force is then computed by integrating all the sections.

To obtain the intersection points between the water level and the section two equations are solved, the
equation of the wave height and the interpolation between the points lying just above and just below
the water level, as a function of Y needs to be solved.

¢ =¢(, - cos(—wt + kx + kY) (C.1)
Y -z

interpolation = z, + (zp—1 — 2p) - ————
Zp—1 — Rp

(C.2)

These intersection points and the underwater points give the exact representation of the section lying
under the water surface. From these points, the midpoints can be calculated; these midpoints lie exactly
in the middle of the underwater points. On these midpoints, the hydrostatical force is calculated using
its underwater position as z and the difference in the z-axis of the underwater points as length.

Fhs =P g Zmid " dzu'n,der’watsr (C3)
This gives the hydrostatical force for each midpoint. To obtain the total hydrostatical force on a section,

the hydrostatical force is integrated over the section. To obtain the hydrostatical force on the entire
yacht, the hydrostatical forces of all the sections are integrated over the yacht’s length.
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Figure C.1: One section of yacht hydrostatical forces

In figure C.1 one section of the yacht can be seen as the blue line. The pink line represents the water
level, the green crosses the intersection points of the waterline with the section of the yacht and the
black points the mid points.

This method provides a numerically fast way to calculate the hydrostatic force, but it assumes that there
is only a hull between the sections and, thus, not a stern plane or a bow shape. Therefore, in the case
that there is only water on the stern, no force in the longitudinal direction is present. This poses an
issue for the simulation in big waves, where the yacht accelerates due to a wave hitting its stern.
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Lines plan IMOCA 60

Figure D.1: Lines plan Holcim PRC (J., 2023)]
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Panel length determination BE

%% calculation of panel size for NEMOH

% Define constants

g = 9.81; 7 Acceleration due to gravity (m/s”2)
N = 8; 7% Number of panels per wavelength,

% Define the frequency range

f_min = 0.1/(2%pi); % Minimum frequency (Hz)

f_max = 5.0/(2*pi); % Maximum frequency (Hz)

f = linspace(f_min, f_max, 100); % Frequency range (Hz)

% Calculate wavelength and panel size
lambda = g ./ (2 * pi * £.72); % Wavelength (m)
panel_size = lambda / N; 7 Panel size (m)

% Plot the panel size as a function of frequency
figure;

plot (f, panel_size);

xlabel ('Frequency(Hz) ');

ylabel ('Panel;Size(m) ') ;
title('PanelSize asa Function of Frequency');
grid on;

disp(panel_size(end))
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Prony's approximation

In the DVPP, the Prony’s approximation is used (Armesto et al., 2015). In this method, the impulse
response function is approximated using a sum of exponential functions.

No
K(t) =~ Zakeﬁ"t (F.1)
k=1

In this approximation, Ny is the order of the approximation, and coefficients «; and 3, can be found
using the Matlab code from Sheng et al. (2022) and the calculated A and B from the frequency domain
analysis. To obtain the memory effect a recursive method is employed as explained by Sheng et
al. (2022).

No
I(t) =) ix(t) (F.2)
k=1
in(t + AL) = i ()P Dt 1 age” s Ax(t) (F3)

The prony approximation gives an issue with regard to the approximation of the « and g coefficients.
Since, in anideal situation, the effect of forward speed would be included in the memory effect. However,
this means that for every time step, the coefficients should be recalculated, this poses an increase in
computational effort. Therefore, in the DVPP, only the infinite frequency A and B matrices are corrected
for the effect of forward speed, and for the memory term, the impulse response function for a case with
zero forward speed is used. This impulse response K can be seen in the following formula.

K(r,U) = 2 /000 B(w)cos(wt)dw (F.4)

s
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