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Abstract

Hydrofoils are among the most efficient watercraft and offer a promising solution for sustainable
maritime transport through electrification. Hydrofoils, i.e., wings operating in water, lift watercraft
above the water surface to decrease drag and increase cruising speed. The reduction in drag translates
to improved cruising efficiency, which is essential for electric watercraft with batteries that have
limited energy density. However, maintaining sufficient stability during the foiling mode remains a
critical concern due to the limited operational altitude at a one-foot scale and the complex two-phase
flow environment, unlike aircraft. This thesis investigates the influence of high dihedral angles (30°
- 50°) on the passive stability characteristics, specifically roll, pitch, and yaw, of a canard-configured

surface-piercing hydrofoil watercratft.

This thesis proposes a multiphase Computational Fluid Dynamics (CFD) simulation framework
via a commercial numerical simulation package (Star-CCM+) to simulate the air-water interface.
The proposed framework can address the two-phase gas-liquid complex flow condition, including
ventilation and submergence effects, using the Volume of Fluid (VOF) model. The watercraft was
modeled as a rigid body, and the effect of the dihedral angle was isolated for the study. Small dis-
turbance theory was used to obtain stability derivatives, which assessed the hydrofoil watercraft’s

initial response to perturbations.

Simulation results demonstrate that dihedral angles in the range of 30° to 40° provide the most
favorable initial stability characteristics across the longitudinal, lateral, and directional stability axes.
In contrast, dihedral angles beyond 45° lead to diminished pitch and yaw stability and increased
coupling between motion axes, which may increase the risk of oscillatory behavior. These findings

highlight the importance of carefully selecting dihedral angles during the design process.

This work presents a validated CFD-based framework for evaluating hydrofoil stability under
realistic two-phase flow conditions. The research outcomes provide insight into the initial tendency

of high dihedral angles to disturbances in the longitudinal, lateral, and directional stability axes.
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Chapter 1: Introduction

This chapter presents the background and motivation of the present study, along with an outline

of the subsequent chapters of this thesis.

1.1 Background and Motivation

The International Maritime Organization (IMO) has implemented measures to reduce greenhouse
gas (GHG) emissions by at least 40% by 2030 and 70% by 2050 compared to the 2008 level [1].
This has increased the demand for more sustainable alternatives to fossil fuels. Potential solutions
include sustainable bio-oil, hydrogen fuel, and electrical power. Electrical power is easy to access;
however, electrical batteries cannot provide the same level of energy density as bio-oil and hydrogen
[2]. To be comparable in performance, electrical watercraft need to be more efficient, e.g. cruising
at low drag, to meet design requirements, such as long range. Hydrofoil technology reduces drag via
lifting the boat hull above the water in the foiling mode [3] to improve energy efficiency [4], making

it an environment-friendly solution.

Figure 1.1. HMCS Bras d’Or, a hydrofoil that served in the Canadian Navy in the 1960s [5]

Hydrofoils (Fig. 1.1) change their cruising mode from displacement to low-drag foiling at the
cost of vanishing ship stability. In the displacement modes, hydrofoils float via buoyancy and are
compliant with ship stability, which is assessed by the adequate distance between the center of grav-
ity (CG) and the center of buoyancy [6]. Compared to ordinary boats, the hydrofoil below the hull

lowers the CG, increases its distance between the buoyancy center, and thus increases the

1



displacement mode’s ship stability. However, in the foiling mode, the hull is lifted, leaving only the
hydrofoil in the water with negligible buoyancy. Thus, the ship stability vanishes. Supported mainly
by lift, the hydrofoils’ stability is analogous to the flight stability of aircraft. Stability in flight dy-
namics refers to the ability of an aircraft to return to a particular flight condition after external dis-
turbances without active control of pilots or computers [7]. This passive returning process usually

occurs in correspondence to an obvious change in altitude.

The stability of a hydrofoil in foiling mode is different from that of an aircraft. Unlike the high
cruising altitude of aircraft, the hydrofoil’s ride flying height, i.e. the distance between the hull and
the water surface, is at only a one-foot scale. External disturbances, such as waves and gusts, can
pitch, roll, or yaw hydrofoils with a coupled change in altitude [8]. Altitude variation causes lift
change due to the free surface effect in the two-phase flow, which influences the altitude in turn.
Altitude loss due to disturbance can cause the hydrofoil hull to contact the water surface with high
drag, decrease velocity, lose lift, and then stop the foiling mode. The hydrofoil’s limited flying
height, coupled with the two-phase flow condition, yields different stability responses to disturb-
ances in contrast with aircraft. Although stabilizer concepts can be borrowed from aircraft, additional

measures are necessary to equip hydrofoils with sufficient flying stability in the foiling mode.

Ride height adjusts
depending on depth,
speed and wetted area

improving stability Dihedral provides

roll stability during
disturbances, similar

to aircraft

Dihedral angle (1)

Figure 1.2. Operation principle of surface-piercing hydrofoils with wing dihedral



To improve stability, computerized active control systems are often employed on large-tonnage
hydrofoils [9-10]; however, the complexity of the control system increases design, manufacture, and
operation costs [11]. In contrast, passive stability measures, such as stabilizing planes and dihedral
wings, perform as alternative low-cost approaches. Wing dihedral is the angle of the wing with re-
spect to the horizontal when seen from the front. In aircraft design, dihedral effects have been widely
used to enhance roll stability [12]. Under a roll disturbance, aircraft roll with coupled yaw and side-
slip, which decreases altitude. In this flight mode, dihedral generates differences in effective angles
of attack (AoA) on different sides of the wings. The lower wing experiences a higher AoA than the
higher wing, enabling a lift discrepancy and creating righting rolling moments. After an altitude loss,
the aircraft with rolling stability can return to level flight [7]. In contrast to the aircraft’s dihedral
effect, watercraft’s low ride height prevents the sensible sideslip of the dihedral hydrofoil from gen-
erating efficient righting moments before contacting the water surface and losing the foiling mode.
Instead, if the hydrofoil is surface-piercing (when the wing tips are above the water surface as shown
in Fig. 1.2), rolling dihedral hydrofoils (i.e. one wing is lower than the other) increases the wetted
area on the lower wing and generate more lift. The different lifts generated on the two sides of the
wings perform as righting rolling moments. Dihedral wings (Fig. 1.2) can thus elicit the roll stability

of hydrofoils.

The aircraft dihedral angles range from 0° to 7°, and their dihedral effect in single-phase flow
has been extensively investigated in literature [12-15]. Due to the surface-piercing requirements, i.e.
the wing tip must stick out of the water, the dihedrals of hydrofoils range between 15° and 60°.
However, the stability effect of high dihedral angles, especially when the dihedral is above 30°, has
not been thoroughly investigated. The further investigation should include the effect of the air-water
two-phase flow, such as submergence effect, wave-induced disturbance, and cavitation, on the high

dihedral wings’ contributions to the hydrofoil’s roll, pitch, yaw, and depth stability.

This research aims to integrate surface-piercing high dihedral wings in electrical hydrofoils to
improve the roll, pitch, yaw, and depth stability. The expected research outcome can improve the
stability of hydrofoils without the need for active control and thus increase safety, as well as reduce
design, manufacture, and operation costs. Hydrofoil technology, which is more accessible to the
wider maritime community, offers a promising marine electrical transportation solution in response

to the IMO's GHG reduction targets.



1.2 Goal

The goal of this thesis is to improve the passive stability (e.g. roll, pitch, yaw, and depth stability)
of hydrofoil watercraft in the foiling mode via integrating surface-piercing high-dihedral wings. The
current study selects and discusses different configurations with dihedral wings. Through proposing
a numerical simulation methodology, this research aims to evaluate the stability of the hydrofoil at
different dihedral angles under different disturbances. The research outcome will find the optimum

dihedral wing design to improve the stability of the hydrofoil.

1.3 Thesis Structure

This thesis presents a framework for analyzing the stability of hydrofoil watercraft using the
numerical simulation method. While the introduction chapter outlines the motivation and goal of the
study, Chapter 2 covers a detailed overview of hydrofoil watercraft, including configurations, his-
torical developments, and hydrodynamic principles. Chapter 3 details the methodologies, including
design via a conceptual approach and CFD simulation. Chapter 4 presents the results from the sta-
bility analysis and then discusses the implications of dihedral angles for hydrofoil stability. Chapter

5 concludes the thesis and suggests directions for future research.



Chapter 2: Literature Review

This chapter begins with an overview of hydrofoil watercraft through history, applications, and
current design challenges, followed by hydrodynamic principles on which hydrofoils operate. Vari-
ous hydrofoil configurations are reviewed, and the chapter concludes with an overview of the thesis

scope and the identified research gap.

2.1 Introduction to Hydrofoils

A hydrofoil is a wing or lifting surface operating in water [16]. By this definition, a hydrofoil
watercraft is a type of watercraft supported above the water surface by these underwater wings. The
underwater wings produce a hydrodynamic force, known as lift, to raise the watercraft hull out of
the water in a foiling mode. The foiling mode reduces the hydrodynamic resistance, especially at

high speeds, as depicted in Fig. 2.1.
Hydrodynamic Resistance

————Watercraft without hydrofoils / cm—

Watercraft with hydrofoils

Resistance or Drag

Speed

Figure 2.1. Watercraft resistance versus speed (Yamaha SX220 [17] above and Quadrofoil
[18] below)

Early stage: Hydrofoils have been in existence since the 19 century [19]. The first developed
hydrofoil came into existence in the late 1800s to early 1900s during the early days of airplanes [20].
Following the introduction of the concept of lift generation by an inclined plate moving through a
fluid medium in 1809 by Sir George Cayley [21], and the subsequent mathematical formulation by
Martin Kutta in 1902 [22], several new modes of travel emerged. Among which are air travel through

aircraft and faster movement over water using hydrofoil watercraft. The first successful hydrofoil
5



boat was designed by Enrico Forlanini in 1905 [23]. By 1906, his 60 hp airscrew-driven boat had
reached a speed of almost 40 knots (Fig. 2.2) [23]. In 1909, Captain H. C. Richardson attached foils
to a canoe and later applied the same concept to a dinghy (small boat) in 1911 [24]. In 1919, Alex-
ander Graham Bell developed the Hydrodrome [25] (Fig. 2.3 (a)), which reached a speed of 79 mph.

Figure 2.2. Enrico Forlanini demonstrating his foiler on Lake Maggiore, early 20" century
[23]

During World War II and the Cold War: Hydrofoil designs have evolved over the years and
undergone several design changes, from ladder to V-shaped (Fig. 2.8 and 2.9 on page 12). Military
and high-speed ferries were among the first sectors to adopt hydrofoils in the design of watercraft.
During World War II, hydrofoils gained popularity for military applications, such as the Canadian
HMCS Bras d'Or (Fig. 1.1). Another example is the Patrol Hydrofoil Missile (PHM) class, developed
by Boeing. These hydrofoil ships were designed for high speed and maneuverability, allowing them
to outrun submarines and evade radar detection. By lifting out of the water, hydrofoils reduce the
submerged area, thereby reducing drag and improving overall efficiency.

For commercial uses, the Supramar PT 50 (Fig. 2.3 (¢)), introduced in the 1960s, and the Boeing
Jetfoil 929-100 [26] (Fig. 2.3 (b)), introduced in the 1970s, were passenger ferries capable of reach-
ing up to 42 knots using hydrofoils. These ferries offered smoother rides in rough seas, making them

effective in regions like Hong Kong, Japan, and the Mediterranean.



Figure 2.3. a) Bell Hydrodome, b) Boeing Jetfoil, and c¢) Supramar PT 50 [23]

After the Cold War, aircraft became popular and widely accepted in commercial applications due
to the speed and time savings provided. In contrast, hydrofoil watercraft did not offer economic
advantages over traditional watercraft to become a mainstay of marine transportation. The complex
and expensive manufacturing and high direct operation costs (DOC) from maintenance required to
attain high speeds offset the benefits of speed [27]. As a result, until recent decades, there have been
limited applications of hydrofoil craft, with a few exceptions, including the Boeing Jetfoil commer-
cial ferry. However, recent technology and hydrofoil design advancements have seen their applica-

tion increase across various maritime settings, including recreation and racing.

2.1.1 Current Advancements in Hydrofoil Technology

Hydrofoil technology is gradually becoming popular due to advancements in materials, design
methodologies, propulsion modes, and control systems, among others. These innovations have im-
proved the efficiency of hydrofoils while making them more accessible and versatile across multiple
applications. One such application is the adoption of hydrofoils in the America’s Cup challenges, a
sailing competition. The move to hydrofoil watercraft in the competition has drawn attention to hy-

drofoils in sailing and the broader maritime industry.

The 34™ America’s Cup, held in San Francisco in 2013, introduced hydrofoiling AC72 catama-
rans (Fig. 2.4 (a)), revolutionizing yacht racing by setting speed records previously unattainable with
conventional sailing vessels. In 2020, the 36™ America's Cup featured the AC75 (Fig. 2.4 (b)), a fully
foiling monohull class that reached speeds exceeding 55 knots [28]. The use of hydrofoils in the
America's Cup accelerated research in hydrodynamics and structural optimization, impacting com-

petitive sailing and the broader maritime industry.



[

Figure 2.4. America’s Cup sailing hydrofoil watercraft a) AC72 [18] and b) AC75 [18]

The trend towards a more sustainable and green future has also led to the recent rise in hydrofoil
technology due to the prospect it presents in designing environmentally friendly watercraft. Over the
past decade, hydrofoils have transitioned into the recreational market with examples such as the
hydrofoil boat (e.g. Candela C-8 (Candela, 2023)) and the foiling surfboard (also known as eFoil),
which are both powered by electric motors. These adaptations lead to a more sustainable, smooth,
and nearly silent ride above the water's surface. Companies such as SeaBubbles, Quadrofoil, Futur-
ride, and Navier are pioneering the development of electric hydrofoil boats, moving closer to a

greener, more sustainable marine industry.

The introduction of hydrofoil technology into both high-performance sailing and recreational
watercraft markets has driven major innovations in hydrofoil design. To better appreciate these ad-
vancements, the following section examines the underlying physics principles under which hydro-

foils operate.

2.2 Physics of Hydrofoils

Hydrofoils operate on the fundamental principles of fluid dynamics, similarly to aircraft wings.
However, unlike aircraft, hydrofoil watercraft operate in a two-phase flow medium, which intro-

duces complexities in the dynamic behaviour of hydrofoils [16, 29].



\ Thrust
low direction

We!o)ht {\&W

Figure 2.5. Forces acting on a hydrofoil watercraft in the foiling mode (ENVO waterbike
pontoons [30])
2.2.1 Lift and Drag
Hydrofoils generate lift and drag by the interaction of the hydrofoil with the fluid medium, in-
ducing a net force on the hydrofoil. As shown in Fig. 2.5, the lift is the component of the net force
perpendicular to the flow direction. The drag is the force component in the tangential direction of

the fluid flow. The lift and drag of the hydrofoil wing can be expressed mathematically as:

_ 1 2
) pV=SCLfh) (1)
— 1 2

where:
e (} is the lift coefficient
e (p is the drag coefficient
e pis the density of fluid
e JVis the velocity of the watercraft
e Sis the reference area of the hydrofoil

e f(h) accounts for the depth-dependent corrections due to free surface effects

The lift typically increases linearly as the AoA increases. However, when the AoA reaches a

critical threshold (usually 15° to 20°), the stall condition occurs [31]. Stall is when the boundary
9



layer separation between the fluid and the foil occurs and causes a lift reduction or a total loss of lift
on the hydrofoil, leading to the watercraft crashing into the water surface. Fig. 2.6 shows typical
steady characteristics of lift and drag for a general foil.

A

C Lmax """""""""""""" 1

Angle of attack
Figure 2.6. Typical lift and drag characteristics of a hydrofoil wing

Due to the nature of the two-phase flow, the operating depth influences the hydrofoil lift and drag

via the free surface effect [31-33]. This effect is discussed in the next section.

2.2.2 Free Surface Effects

The free surface refers to the boundary between the air and water fluids. The hydrodynamics of
hydrofoil wings are influenced when they operate close to a free surface, e.g. at a depth <1.5 times
the chord length of the hydrofoil. The closer a hydrofoil is to the water surface, the more significantly
the free surface effect influences the generation of hydrodynamic forces (Fig. 2.7). In this thesis, the
influences of submergence depths are referred to as the free surface effect. This section explains four
physical effects of the free surface that affect hydrofoil stability performance, i.e. I. pressure field,

II. waves, III. cavitation, and I'V. ventilation.

I. Pressure field: The pressure distribution around a hydrofoil is affected by proximity to
the free surface [35]. As the hydrofoil wing moves closer to the surface, the lift coefficient
decreases. This reduction in lift occurs because the free surface constrains the pressure
above the hydrofoil, a pressure close to the atmospheric pressure level. This constraint
decreases the effective pressure difference across the hydrofoil, thereby reducing the lift.

Studies have shown that this effect is particularly significant at low submergence depths

10



[36-38], with lift losses dependent on the submergence Froude number, F,,, which is

given as:
P U
" T 3)
where U is the inflow velocity, /4 is the submergence depth, and g is acceleration due to gravity.

II. Waves: When operating close to the free surface, a hydrofoil induces a pressure field that
deforms the free surface, generating waves [ 10]. This wave-making effect increases drag
due to energy dissipation in wave formation. This effect is minimal for deeply submerged
foils, but for foils operating near the surface, the drag from the waves becomes more

noticeable.

Free-surface

Submergence depth

Figure 2.7. Illustration of submergence and foil AoA, «

III. Cavitation: This occurs when the local pressure on the hydrofoil drops below the water’s
vapor pressure, forming vapor bubbles. This is more common near the free surface, where
the pressure is lower due to air exposure and increased fluid velocity on the suction side

of the foil [39].

IV. Ventilation: When a hydrofoil operates near the free surface, the low pressure on the
upper surface can drop below atmospheric pressure, drawing air down to the surface. It
results in ventilation, where air pockets disrupt the lift-generating surface, reducing effi-

ciency and increasing drag [40-41].
11



Free surface effects impact the stability of hydrofoils by altering pressure distributions and flow
conditions as the hydrofoil operates near the water surface. These changes impact lift efficiency and
increase drag, which can cause instability in riding height, as well as pitch (i.e. bow-up and bow-

down motions of the hydrofoil watercraft) [32-33].

2.3 Hydrofoil Configurations

Hydrofoil layouts are traditionally classified by three methods: Method . is based on the inter-
action with the water surface (e.g. surface-piercing or fully submerged); Method II. Is based on the
relative positioning of the lifting surfaces (e.g. conventional, canard, or tandem); and Method III. is

based on the lateral arrangement of wings (e.g. split or non-split).

I. Interaction with the water surface: Hydrofoils can be categorised as surface-piercing and
fully submerged hydrofoils as shown in Fig. 2.8. Surface-piercing hydrofoils extend partially
above the water, generating lift that varies with the depth of submersion [42]. The submersion
depth self-adjusts with the speed of the watercraft. This variation in lift and submersion depth
can contribute to inherent stability in pitch, heave (i.e. vertical movement), and roll, reducing
the need for active ride control. However, surface-piercing hydrofoils are susceptible to free
surface effects due to interaction with the free surface [43]. In contrast, fully submerged hy-
drofoils remain entirely underwater at all times, providing more consistent lift and minimiz-
ing the effects of wave action. While fully submerged hydrofoils offer greater efficiency and
comfort, they require an active control system to maintain stability in altitude and attitude

[29].

Figure 2.8. Two main types of lifting hydrofoils: a) Surface-piercing hydrofoil and b) Fully
submerged hydrofoil [24]

12



IL.

Relative positioning of the lifting surfaces: In the conventional configuration, the forward
wing supports the majority of the vessel’s weight. A rear mounted tail is added to provide
stability, trim, and control. The increased moment arm of the tail creates restoring pitching
moments for the configuration, improving the pitch stability. In contrast, the canard config-
uration has the tail at the fore of the watercraft, to serve mainly as a control and stabilizing
element, with the majority of the watercraft’s weight supported by the rear wing. Because
the bow of a watercraft is more exposed to the incoming waves, the canard layout with a
smaller front foil minimizes the impact of wave disturbances on the overall watercraft stabil-
ity. Lastly, the tandem configuration consists of two identically sized wings, which contrib-
ute an identical lift force to the watercraft to support the weight [29] as shown in Fig. 2.9.

This configuration is less pitch stable as there is no dedicated control surface.

Longitudinal configuration Lateral configuration

Conventicnal Oc% <0.35 cie

Canard

Tandem

II.

Nonsplit Split

D Anhedral Dihedral

A/l
:

—1

oxas<%<1 0 g .

AN
/1N
FARY

1
—

0.35< 3 <0.65

I‘\:/I
T

—
—

Ladder Foils

Center of gravity

i

Figure 2.9. Foil layouts [44]

Lateral arrangement of the lifting surfaces: Split foils separate the wings to improve hydro-
dynamic efficiency by reducing interference drag, hence making them suitable for perfor-
mance-oriented hydrofoil designs [23]. In a split foil layout, the distance between the foils
can be adjusted to improve lateral stability. The greater the lateral foil distance, the greater
the roll restoring moments under a roll disturbance. Each foil can also be configured with a
different geometry, such as dihedral angles, to tailor the stability characteristics. Wings of
non-split foils, on the other hand, maintain a continuous structure for simplicity as seen in

Fig. 2.9. Non-split foils are often preferred in applications prioritizing robustness and ease of
13



manufacturing, as they reduce mechanical complexity and maintenance requirements. The
stability of non-split foils will mainly depend on the overall wing geometry and control sur-
faces. As non-split foils are symmetric about the center of the watercraft, non-split foils may
tend to react uniformly to changes, when compared to split foils, reducing the overall restor-

ing tendency.
By combining these three classification methods, interaction with the water surface (surface-
piercing or fully submerged), tail location (conventional, canard, or tandem), and foil structure (split
or non-split), a total of twelve possible hydrofoil configurations emerge (2 x 3 x 2 =12). A detailed

summary of these configurations is presented in Appendix A.

2.4 Hydrofoil Motions

Hydrofoil watercraft operate in six degrees of freedom (DoF), across three axes, which are com-
prised of heave/sinkage, trim/pitch, roll, sway, surge, and yaw, as shown in Fig. 2.10. For simplicity,

this section focuses on introducing four of these motions:

I. Heave/Sinkage (vertical displacement): refers to the vertical movement of the hydrofoil wa-

tercraft, indicating submergence depth of the hydrofoil.

II. Trim/Pitch (rotation about the lateral axis): refers to the angular displacement of the hydrofoil

watercraft in a bow up or bow down motion about the lateral axis.

III. Roll (rotation about the longitudinal axis): refers to the side-to-side rotation about the longi-

tudinal axis.

IV. Yaw (rotation about the directional axis): refers to the rotation of the hydrofoil watercraft

about the vertical axis, which results in a change to the watercraft heading.

14
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Figure 2.11. Hydrofoil mission profile [45]

Equations of Motion (EOM) govern the hydrofoil’s dynamic behaviour. EOM consists of forces
and moments on the left-hand side (LHS) of the equations and the vessel’s response to the afore-
mentioned forces and moments on the right-hand side (RHS) of the equations [46]. The stability of
a hydrofoil is determined by its response to disturbances in the environment, which can be analyzed
through its dynamic motion. The variables in the EOM form the foundation for hydrofoil stability
analysis, influencing the hydrofoil watercraft’s ability to maintain a steady equilibrium cruising state
and maneuver efficiently throughout different phases of operation (Fig. 2.11). The EOM can be ex-

pressed in the form of a state vector, which will be introduced in the following section.

15



2.4.1 State Vector

The dynamic behaviour of a hydrofoil watercraft can be described using the state vector, S(¢) =

{xyz¢ Owuvwpqr} (superscript T indicates the transpose of a matrix). This state vector con-

tains twelve variables that change over time as the hydrofoil moves through the water, influenced by

external forces such as hydrodynamic lift, drag, and disturbances. The state vector can be divided

into four sections as detailed below.

L

IL.

1.

Position vector: defines the absolute position of the hydrofoil in the global reference frame.
The three components, x, y, and z, correspond to the spatial coordinates in a Cartesian coor-

dinate system.

Euler angles: describe the hydrofoil’s orientation relative to the global reference frame:
¢ Roll (¢): Rotation about the longitudinal (x) axis.
e Pitch (6): Rotation about the transverse (y) axis.
¢ Yaw (y): Rotation about the vertical (z) axis.

Translational velocities: defines the motion velocities of the hydrofoil along three axes:
e Surge (u): Forward velocity along the x axis.
e Sway (v): Lateral velocity along the y axis.

e Heave (w): Vertical velocity along the z axis.

IV. Angular velocities: captures the rate of change of the hydrofoil’s orientation over time:

e Roll rate (p): The rate of rotation about the x axis.
e Pitch rate (¢): The rate of rotation about the y axis.

e Yaw rate (7): The rate of rotation about the z axis.

The next section examines hydrofoil stability in literature, which focuses on assessing how these

variables respond to small disturbances and identifying the conditions that allow the hydrofoil to

return to equilibrium or lead it to instability [41, 44, 46-48].

2.5 Hydrofoil Stability

Stability in hydrofoils refers to a hydrofoil watercraft's return to its original equilibrium position

after external disturbances without requiring the operator's proactive correction. Small perturbations

16



include waves, wind gusts, and sudden changes in velocity. Several factors influence hydrofoil sta-
bility, including foil geometry and layout [50], CG positioning [51], and proximity to the free surface

[52], which impacts the hydrodynamic interactions with the surrounding fluid.
Hydrofoil stability can be grouped into three primary categories:
I.  longitudinal stability (pitch).
II.  lateral stability (roll).
II.  directional stability (yaw).
Additionally, stability can also be classified as follows:
I.  positive, where the hydrofoil watercraft returns to equilibrium after a disturbance.
II.  neutral, where it remains in the new position after a disturbance.

II.  negative, where the hydrofoil watercraft moves further away from the equilibrium posi-

tion after a disturbance, rather than returning to it.

Longitudinal stability ensures that a hydrofoil vessel restores or maintains a consistent AoA when
it experiences disturbances, such as waves or sudden load shifts. The arrangement of the hydrofoils
relative to the CG determines whether the vessel exhibits positive, neutral, or negative longitudinal
stability. For a hydrofoil watercraft to be considered longitudinally stable, the pitching moment co-
efficient should be negative, i.e. C,, < 0, which is adopted from the aircraft convention for defining
longitudinal stability. This means that when the hydrofoil AoA increases, it generates a negative
moment to restore the hydrofoil to its original position. Figure 2.12 provides a visual comparison of

stable hydrofoil longitudinal stability, where the green line indicates a stable configuration.

17
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Figure 2.12. Aircraft (hydrofoil) longitudinal stability [53]

A hydrofoil with lateral stability will tend to return to its original orientation after being disturbed.
Lateral stability analysis determines the degree to which a hydrofoil resists rolling due to disturb-
ances such as side winds, waves, or unbalanced loading. When the roll moment coefficient (C)) is

negative with respect to the roll angle ¢, i.e. C; < 0, the hydrofoil is lateral stabile. Similarly, the
yaw moment coefficient (C,) governs the hydrofoil’s directional stability. A negative Cy,, ensures

that the hydrofoil resists yawing disturbances and restores the vessel to its desired heading.

2.6 Stability Derivatives

The hydrofoil watercraft’s reaction to small perturbations around equilibrium position can be
expressed using stability derivatives. The stability derivatives are coefficients that quantify how the
forces and moments acting on the hydrofoil watercraft change in response to small variations in the
state variables such as rotations, velocity, pitch rate, or heave displacement. The small perturbations
from the equilibrium state are analyzed using a linearized model, in which first-order stability deriv-

atives represent the restoring forces and moments. The force and moment changes can be expressed

asAF = Z—Z:Af and AM = %{Af, where £ is the state variable (e.g. pitch angle 8 and pitch rate g).

. .. D ) o _— . .
The partial derivatives ag and aig:[ form the stability derivatives, which determine the tendency of the

hydrofoil watercraft to restore stability or amplify the perturbation from the added disturbance. The
stability derivatives to be considered in this thesis are summarized in Table 2.1.
18



Table 2.1. Stability derivatives

Derivative Representation Definition
oM
Mo 00 Pitch moment induced by pitch perturbation
L() aLroll ) ) )
00 Roll moment induced by pitch perturbation
NF) aLroll ] ) )
o0 Yaw moment induced by pitch perturbation
M oM
g % Pitch moment induced by roll perturbation
L OLyoi
¢ 0p Roll moment induced by roll perturbation
N ON
g % Yaw moment induced by roll perturbation
M oM
v % Pitch moment induced by yaw perturbation
L aLroll
v oy Roll moment induced by yaw perturbation
N ON
v % Yaw moment induced by yaw perturbation

2.6.1 Stability Derivatives for Hydrofoil Stability Analysis

Stability derivatives have been used in previous studies in hydrofoil stability analysis to quantify
the sensitivity of the vessel to disturbances [41, 46, 47, 53-56]. The work of Straub et al. create a
linkage between the stability derivatives and the asymmetric lift and moment variations from pertur-

bations. Three major conditions for stability derivatives are considered:
I.  Negative stability derivatives imply the tendency of the hydrofoil watercraft to generate

. e . .M
restoring moments to return to the equilibrium position, i.e. > <0.

II.  Neutral derivatives, i.e. % = 0, imply the tendency of the hydrofoil watercraft to remain

in a new position after a disturbance.

.. o .M . . .
III.  Positive derivatives, 1.e. i 0, imply that the hydrofoil watercraft tends towards insta-

bility or oscillations.
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2.7 Wing Dihedrals

Dihedral angles are the angle of hydrofoil wings with respect to the horizontal plane, as shown
in Fig. 1.2. Analogous to aircraft design, hydrofoils with dihedrals introduce restoring forces and

moments in response to roll and yaw disturbances, thereby contributing to passive stability.

Hydrofoils experience different magnitudes of heave and pitch motions at various AoA, high-
lighting that the hydrofoil’s orientation affects its dynamic response in waves [8]. Straub et al. [57]
analytically compared two hydrofoil configurations, one with a dihedral fore wing and straight aft
wing, and another with dihedral wings both fore and aft. The study found that the configuration with
dihedral foils both fore and aft exhibits improved stability in regular wave conditions. Although these
studies [8, 57] do not directly address the effects of dihedral angles on hydrofoil dynamic stability
in turbulent or high-wave environments, they express the significance and potential of hydrofoil
configuration and orientation in determining dynamic stability. A summary of related literature is
provided in Tables 2.2 and 2.3. Existing literature on the stability implications of dihedral wings,
especially high dihedral wings, is limited. Further research on the stability analysis, especially the
impact of high dihedral angles, is beneficial to fill this knowledge gap.
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2.8 Current State of Hydrofoil Analysis Methods
Early work in hydrofoil stability, such as that by Straub et al. [58] and Tahara et al. [59], relied

heavily on experimental approaches and linear analytical models to investigate the hydrofoils’ re-
sponse to perturbations. Other studies used towing tanks and wind tunnels to investigate scale models
to establish the concepts of hydrofoil behaviour [56]. For example, Souppez et al. performed exper-
imental investigations on three hydrofoil-assisted racing monohull configurations and found that,
although hydrofoils improved righting moments, they introduced drag penalties [60]. These experi-
ments highlight the trade-offs between performance and stability for hydrofoil watercraft. While
effective for later design stages, experimental studies are often constrained by cost and complexity,

especially when exploring new and unconventional designs such as hybrid designs of surface-pierc-

ing and fully submerged hydrofoils [61-62].

Similar to experiments, analytical methods have continued to offer theoretical insights through
linearized equations of motion [42, 54]. Several more recent studies have contributed to the modeling
of hydrofoil stability [48, 63-64]. Hansen et al. [69] developed a dynamic velocity prediction pro-
gram (DVPP) for the AC50 class, combining physics-based forces, CFD-derived data, and experi-
mental results to simulate foil configurations and maneuvers [63]. Although the study provided val-
uable insights into dynamic control, there is limited detail on the analytical methodology and the

focus was more on performance outcomes than on the stability mechanisms of hydrofoil watercraft.

The advancement in computing power has seen hydrofoil analysis transition from experimental
and linear analytical methods to CFD-driven approaches. Schouten et al. [70] performed a stability
analysis using force and torque balance to derive dynamic equations of motion for a solar-powered
foiling craft [64]. Their findings detail how the hydrofoil aspect ratio and CG position influence the
overall hydrofoil system stability. Horel et al. [3] proposed a system-based modelling approach that
accounts for various Froude numbers and hydrofoil shapes in calm water and wave conditions, which
relied on CFD-derived coefficients. Haase et al. [65] showed the role of hydrofoils in resistance
reduction for catamarans using CFD, reiterating the use of CFD in current hydrofoil design and

analysis.

The advancement of CFD has enabled detailed, relatively cost-effective simulation of multiphase
flow and complex interactions between hydrofoils and the surrounding water and air [62-67] , com-

pared to experimental methods. Previously reported literature by Bague et al. [46] and Ploe [72] have
23



shown the accuracy of CFD in assessing hydrofoil performance and dynamic behaviour, especially
during the early design process. The accuracy of the CFD data is also influenced by how the turbu-
lence is modelled. The choice of turbulence model determines how the unsteady hydrodynamic be-
haviours of the hydrofoil are captured, especially considering surface piercing hydrofoils, free-sur-
face interaction, and ventilation effects. The flow around a hydrofoil is generally turbulent due to
high Reynolds numbers and pressure changes resulting from the hydrofoil's geometry. Several mod-
els are available to capture turbulence in CFD simulations, including the RANS standard k-& model.
The k—e model is widely used in free-surface multiphase simulations due to its robustness, compu-
tational efficiency, and well-validated performance in external flows [8, 11] . The model solves the
transport equations for the turbulent kinetic energy (k) and its dissipation rate (€), making it suitable
for steady and mildly unsteady flows. While it may underpredict separation in highly adverse pres-
sure gradients, its stability in Volume of Fluid (VOF)-based multiphase applications has led to its
adoption in many marine and hydrofoil studies [8, 11, 41, 62].

Independent studies also support the suitability of the k-¢ model in hydrofoil modelling. Raza et
al. [73] conducted RANS-based simulations of a submerged hydrofoil near the free surface using the
standard k-¢ model, capturing free-surface wave deformation and lift reduction near the Froude
hump region. Kim et al. [74] analyzed a hybrid method combining URANS and LES for simulating
turbulent free-surface flows around surface-piercing bodies. Their study showed improved predic-
tions of free-surface deformation and wake structures compared to traditional RANS models, high-

lighting the balance between accuracy and computational cost.

While hybrid models and LES approaches offer improved resolution of unsteady wake dynamics,
they are often prohibitively expensive for full-scale parametric studies such as dihedral variation.
Therefore, many CFD-based design-stage studies, including this thesis, opt for standard k-¢ or SST

k- models to achieve an acceptable compromise between cost and accuracy.

Studies that apply CFD for the hydrofoil design, as well as performance analysis and optimiza-
tion, exist in literature [75-77]. In terms of stability, the influence of the hydrofoil geometric param-
eters, including the span, chord length, and AoA, have been investigated for both fully submerged
and surface-piercing hydrofoils [78-81]. However, some geometrical parameters, such as the dihe-
dral angles, have not been thoroughly investigated for their effect on hydrofoil stability. Straub and
Tinney [58] investigated the performance of dihedral angles through experimental and analytical
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methods in 1957, however, did not directly address the stability effects. Since then, there has been
little effort to explore the effects of the dihedral angle on hydrofoil stability. Thus, the influence of
high dihedral angles on the stability of hydrofoils presents an area that needs further study.

2.9 Research Gap

Despite hydrofoil stability having been treated at great length in literature, further research is
necessary to fully understand the contribution of wings with high dihedral angles (30° - 50°) to sta-
bility across all three axes, i.e. longitudinal (pitch), lateral (roll), and directional (yaw). Studies, such
as those of Bague et al. [46], reported that increasing dihedral angles may improve hydrofoil stability,
especially in rough sea conditions. However, the direct impact of high dihedral angles on stability
has not been investigated. This gap becomes more significant in the context of surface-piercing hy-
drofoils, where dihedral wings interact directly with the free surface [16, 82-84]. Such interactions
introduce coupling in the stability derivatives [47, 56, 85-86]. For example, a yaw disturbance could
induce a roll moment due to the asymmetric immersion of dihedral hydrofoils, while variations in
wetted surface area caused by wave interaction further complicate the dynamics [55, 57]. The roll-
pitch and roll-yaw interactions generated by asymmetric submersion on two different sides of dihe-
dral wings make the analysis complex. Doversusky et al. [52] investigated surface proximity effects
on hydrofoils but did not explore how this interacts with the dihedral geometry. The work of Kaplan
et al. [87] on tandem hydrofoils and Labi et al. [60] on racing yachts also explores hydrofoil-induced
dynamic effects, but their studies were configuration-specific and did not discuss high dihedral hy-

drofoils.

This thesis aims to bridge the gap in hydrofoil literature by studying the impact of high dihedral
angles (30° - 50°) on the longitudinal, lateral, and directional stabilities of a canard configuration
hydrofoil watercraft. The objective of this research is to develop a multiphase CFD simulation frame-
work to capture the nonlinear, multiphase interactions that occur as the hydrofoil pierces the water

surface.

As hydrofoil applications extend to low-speed recreational electric watercraft, the need for low-
cost passive stability increases. High dihedral angles offer the potential to enhance passive stability,
reduce the risk of uncontrolled motions, and improve safety, especially under unsteady or rough sea

conditions.
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2.10 Objectives

To address existing knowledge gaps, this thesis aims to analyze the performance of hydrofoil
watercraft through:
I.  Select the hydrofoil configuration using a conceptual design approach to meet the design
requirements provided by the industrial customer.

II.  Develop a multiphase CFD simulation framework with the help of Star-CCM+ software
to assess the performance of hydrofoils, such as hydrodynamic forces and moments, in
foiling mode with disturbance.

II.  Investigating the influence of high dihedral angles between 30° and 50° on pitch, roll,
yaw, and coupled stability using stability derivatives on a canard-configured hydrofoil

watercraft.
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Chapter 3: Methodology

This chapter outlines the methodology used to investigate the stability effects of high-dihedral
hydrofoil wing configurations on a hydrofoil watercraft. The methodology integrates hydrofoil de-

sign principles, CFD, and stability derivative extraction.

3.1 Nomenclature and Axis Convention

The signs and naming conventions of the hydrofoil watercraft are borrowed from both aircraft
and watercraft design. As shown in Fig. 3.1, the hull represents the frame or body of the watercraft
in contact with the water surface during the floating mode, and the deck is the top, relatively flat
covering of the hull. The bow refers to the front part of the watercraft, and the stern refers to the rear
end. The wing refers to the hydrofoils on the watercraft, and the struts are the connections between

the wings and the hull.

Deck

Bow

Hull

Hyrofoil

Figure 3.1. Illustrates the naming convention of major components of a hydrofoil watercraft
using the Navier N30 model [88]

The axis conventions used in this thesis are defined as follows. The longitudinal axis (x-axis)
extends from the bow to the stern. The lateral axis (y-axis) runs from side to side, perpendicular to
the longitudinal axis. The vertical axis (z-axis) runs vertically through the watercraft, aligned with

the CG. The rotational motions are defined using aircraft terminology, and the translational motions
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are defined using marine terminology. The axis convention, as well as the motions, are shown in Fig.

2.10.

3.2 Hydrofoil Layout Selection

This section outlines the design requirements provided by the industrial customer, ENVO, and
the selection of the hydrofoil layout in this thesis qualitatively through literature and quantitatively

through simulation results.

3.2.1 Design Requirements

The hydrofoil was designed with the goal of meeting or exceeding the performance of a low-
speed single-passenger electric recreational watercraft capable of foiling solely on human power.

Design requirements are outlined in Table 3.1.

Table 3.1. Design requirements

Requirement ID Requirement Goal

R1 Max Power 1500 W

R2 Max Speed 20 km/h

R3 Range 1 Hour

R4 Battery Capacity 800 Wh

RS Stability Self-stabilizing
R6 Max weight 120 kg

R7 Takeoff Speed 7 km/h

3.2.2 Benchmarking and Configuration Analysis

The benchmarking process involved evaluating notable recreational watercraft that accommo-
date fewer than 11 passengers to highlight the market positioning. Figure 3.2 shows the benchmarks

and existing hydrofoil watercraft in this range of performance.

Three hydrofoil layouts were selected from literature review and benchmarking: 1) Hybrid layout

with fully submerged canard and surface-piercing main wing, II) Surface-piercing Tandem layout,
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and III) Surface-piercing Canard layout, which will be referred to as “Configuration a”, “Configura-
tion b”, and “Configuration ¢”, respectively. The layout selection focused on layouts that achieved

static and dynamic stability through passive control rather than active control systems.

Princecraft Brio E ="~ Corsair 25 3 M40P wam.  Navier N30
Cruise: 84 km/hto O Cruise: 34 kim/h ‘& Cruise: 7 km/h .t 7 Cruise: 28km/h
13.2 km/h to 85 km/h to 13 km/h to 65km/h
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to 36 km/h 56 kim/h Traditional boats
; \ Mantas g . P Overboat . Candela Electric boats
= . iy Quadrofoil S ise: 8 km/b Cruise: 37km/h =~
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to 20 kim/h t0 40 km/h A to 37 kmn/h 0. 1 —_—
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Figure 3.2. Notable recreational watercraft with less than 11 passengers [87-102].

The configurations shown in Fig. 3.2 were assessed based on requirements R1 to R7 listed in
Table 3.1 using a decision matrix presented in Table B.1 in Appendix B. The qualitative scores were
derived from literature and existing commercial hydrofoil watercraft. To further validate the quali-
tative design matrix, the selected layouts were modelled using 3D CAD software, OpenVSP and
Autodesk Fusion 360, and a performance study was conducted to compare the lift and drag of the
layouts within the speed range required by R2 and R7. The structures on the deck are approximated

as a single rectangular block for simplification in the CFD simulations. Figure 3.3 shows a CAD
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model in front view via Autodesk Fusion 360 Graphical User Interface. For consistency and to fa-
cilitate comparison, each configuration was modelled with identical total submerged wing area. The

general dimensions for the hydrofoil watercraft are listed in Table 3.2 and the wing sizing details are

provided in Appendix B.
Table 3.2. Hydrofoil watercraft parameters
Parameters Dimensions
Hull Length 3.00 m
Hull Width 1.25m
Hydrofoil Profile NACA 4412
Wing Area 1.28 m?
Wingspan 2.62m
Wing Chord Length 0.20 m
Wing Dihedral 30°-50°
Distance from foil to deck 0.92m
Total Mass of Watercraft 120 kg

Figure 3.3. A CAD model with exaggerated wingspan for dihedral wing visualisation gener-
ated by Autodesk Fusion 360
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From the simulation results, the hybrid layout with a fully submerged canard and surface-piercing
dihedral main wing exhibited the best drag performance at low speeds among the aforementioned
three configurations and was therefore selected in the present study. The analysis for the configura-
tions is presented in Chapter 4 and Appendix B. The next sections present the simulation methodol-

ogy and a case study.

3.3 Simulation Methodology

This chapter describes the simulation methodology applied in this study to simulate the dynamic
behavior of the hydrofoil watercraft. The output of the simulation is used to derive the derivatives,
which are then analyzed to evaluate the hydrofoil stability. Star-CCM+ (15.04.010-R8, Siemens), a
commercial CFD software, was used for the simulation process. A full-scale model was in the simu-
lation to estimate stability-related forces and moments. The simulation considered longitudinal, lat-

eral, and directional motions.

3.3.1 Mesh Generation

The mesh in this study was generated using the meshing engine of the CFD software, Star-CCM+
(15.04.010-R8, Siemens). The hydrofoil watercraft was meshed as a single rigid body for simplicity.

Rigid Body Mesh
The hydrofoil watercraft is assumed to be a unified, non-deformable structure that moves as a
unit. The following meshing models were used in the generation of the rigid body mesh.
I.  Surface Remesher: to accurately capture the CAD model’s geometry on the watercraft’s
outer surface.

II.  Trimmed Cell Mesher: to generate the core volume mesh for the rigid body model.

ITI.  Prism Layer Mesher: applied along the boundary layers, to capture the velocity and pres-
sure gradients close to the walls.
IV.  Volumetric Refinements: applied to the hydrofoils and the free surface between the air
and water phases.
The mesh quality was continually checked using the Mesh Quality Indicator, which includes
skewness, aspect ratio, and orthogonality checking functions. The mesh was refined in critical areas,

such as around the dihedral wing and canard, which are shown in Fig. 3.4. A mesh convergence study
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was performed to ensure the data was independent of the mesh size as detailed in Appendix E. The

flow condition setting of the simulation was set up following the generation of the mesh.

X

Figure 3.4. Mesh visualisation of the hydrofoils

3.3.2 Physical Models

The simulations were run with model combinations, including Multiphase, Volume of Fluid
(VOF), and K-Epsilon (k-¢) turbulence models [41]. The Multiphase model captures the realistic
behaviour of the hydrofoil watercraft, especially when considering foils close to the free surface and
also surface-piercing hydrofoils. The VOF model was selected to provide the free surface character-
istics of the environment and define the inlet velocity of the fluid in the simulations. The k-¢ turbu-
lence model was selected to minimize computational cost while maintaining accuracy in multiphase

fluid simulations, given time constraints.

3.3.3 Domain and Boundary Conditions

The simulation domain was sized as a function of the typical lengths of the hydrofoil watercraft
to minimize boundary effects while maintaining reasonable computational costs. The majority y+
values for the boundary layer lie between 30 and 300. Figure 3.5 shows the dimensions of the domain

and the simulation boundary conditions.
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Top: Velocity Inlet

Side and Symmetry:
Symmetry Plane

Inlet: Velocity Inlet

: Bottom: Velocity Inlet

Figure 3.5. Simulation boundary conditions and domain size, where Ly is the typical length
of the watercraft

The boundary conditions:

I.  Inlet, Top, and Bottom: A uniform water/air velocity is applied to correspond to the sim-

ulation case.
II.  Outlet: A pressure outlet with wave damping is applied to minimize reflections.
HI.  Side and Symmetry: Symmetry walls are applied to mimic wide water conditions.

IV.  Hydrofoil watercraft body: No-slip wall condition is applied for near-wall turbulence

resolution.

3.3.4 Convergence Criteria
To determine the equilibrium points, the forces and moments acting on the hydrofoil system were
obtained from the simulations. These forces included the lift and drag, while the moments were pitch,

roll, and yaw moments. The process to simulate forces and moments is detailed below in three steps:

I.  Force and Moment Calculation in Star-CCM+: The simulation captured pressure distribu-

tions by solving the Navier-Stokes equations:
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where p is the fluid density, 7 is time, u; and ; (i,j = 1, 2, 3) are the time-averaged velocity compo-

nents, p(t) is the time-averaged pressure, u is the dynamic viscosity coefficient, pulu] is the Reynolds
stress term, and S; is the source term (i.e. external forces or other phenomena that drive or influence

the fluid flow). The pressure distributions were then used to compute the lift, drag, and moments on

the hydrofoil watercraft.

II.  Iterative Convergence: For each configuration, the simulations were run until the forces
and moments reached steady-state convergence criteria. The convergence criteria in-
cluded residuals, moments, lift, and drag forces. For these criteria, thresholds between

10* and 10 were used to confirm that the results were numerically stable.
II.  Establishing Equilibrium Conditions: The equilibrium point was identified when:

e The net force in all translational directions (X, Y, Z) was zero, indicating steady mo-

tion.

e The net moments about the CG (pitch, roll, yaw) were approximately zero, indicating

rotational stability.
e The hydrofoil attitude does not change with time

Solver and Simulation Phases

The home-made code, containing commands written in Java coding language, allows for the au-
tomation of the multiphase solver simulation process in the CFD software. The simulation has two
main phases, i.e. Phase I Dynamic Simulations: to extract the equilibrium position and record hy-
drofoil responses to disturbances in real time, and Phase II Static Simulations: to extract forces and

moments when the hydrofoils are fixed in space at specific depths and angles.
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3.4 Post-processing

In post-processing, the dynamic stability of a hydrofoil watercraft can be characterized by its
response to small perturbations in motion at the equilibrium state. These responses are expressed in
the form of stability derivatives. The following sections present the methodology for extracting the
primary stability derivatives of a hydrofoil watercraft and how these derivatives capture the stability

behaviour of a dihedral hydrofoil watercratft.

3.4.1 Extracted Output

The output extracted from the simulation includes:

I.  Hydrodynamic force-time histories of the entire watercraft as well as the individual parts

such as the foils and hull.
II.  Dynamic motion responses such as the trim, sinkage, roll, yaw and sway
II.  Pressure and velocity fields on the foil surfaces
IV.  Free surface profile to visualise and analyse the wake caused by the configuration

V.  Force and moment coefficients from which the stability derivatives are calculated

3.4.2 Stability Derivatives of a Hydrofoil Watercraft

The dynamics of a hydrofoil system have six degrees of freedom, i.e. surge, sway, heave, roll,
pitch, and yaw. CFD dynamic simulations identify the equilibrium positions of the hydrofoil. After

adding small perturbations to the equilibrium state, the hydrofoil’s dynamic responses are analyzed

to calculate stability derivatives. This process can be expressed as AF = Z—?Acf and AM = %[Af in

simple terms, where ¢ is the state variable, e.g. pitch angle 6. The partial derivatives Z—g and %’ form

the stability derivatives, which represent the tendency of the hydrofoil watercraft to restore or am-

plify the perturbation from the added disturbance. For example, a negative value of the pitching
o oM. . o . .
moment stability derivative, L implies that a positive pitch angle generates a negative moment (i.e.

restoring moment), which contributes to pitch stability. The stability derivatives to be considered in

this thesis are listed in Table 2.1. The derivatives in this thesis will be expressed in the common
aircraft short form, such as C;, to represent %. The identical method will be applied to the lateral

and directional stability derivatives.
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3.4.3 Determination of Stability Derivatives
The derivatives are extracted from CFD simulations using the Reynolds-averaged Navier—Stokes
(RANS) solver with the Volume of Fluid modeling to capture free surface effects. Figure 3.6 shows

the overall process for determining the stability derivatives.

Check watercraft CG
and moment of
nertia

v

Determine equilibrium
position (dynamic
simulation)

. . . Anal hange in for
Perturbation simulation yze change orces

(Static or dynamic) and moments from
equilibrium

Is the hydrofoil
watercraft stable?

4—| Compute stability

Stability Analysis .
derivatives

Figure 3.6. Flowchart of the stability derivative determination process

A dynamic simulation of the hydrofoil model is performed at 3 m/s cruising conditions to find
the equilibrium condition, where the net forces and moments acting on the watercraft are effectively
zero. This equilibrium position, including attitude and velocity, serves as the reference state for fur-
ther analysis.

The following assumptions are made when finding the equilibrium state:

I.  The hydrofoil mass remains constant

II.  The hydrofoil watercraft is symmetric along all axes. i.e. I,,= I,,= [,,=0

[I.  The equilibrium position is the trim state
IV.  The hydrofoil watercraft is a rigid body with no control inputs

Should the dynamic simulation fail to converge to an equilibrium state, the CG location and
moment of inertia components would have to be checked and refined before proceeding. The frame-
work can only be followed once a trim state is found.

Figures 3.7 and 3.8 show the angular changes from the equilibrium position for the calculation

of the stability derivatives. These perturbations are applied as offsets about the rotational axes, such
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as the pitch angle about the y-axis. For each perturbation case, new steady-state hydrodynamic forces
and moments are recorded. For instance, in order to assess the pitch stability derivative, the hydrofoil
is rotated 2° about its pitch axis while maintaining the new orientation fixed. The resulting hydrody-
namic forces and moments are then compared against those from the unperturbed (equilibrium) case.
The change of moments and forces with respect to the rotated angle from the equilibrium state rep-
resents the stability derivative. For example, the pitch moment stability derivative with respect to the
change in pitch angle can be written as:

oM M(0+A0) - M(6)
00 " A6 (6)

The resulting derivatives are nondimensionalized into coefficient form, following aircraft nondi-
mensional coefficients [105]. The results are nondimensionalized to enable comparison, generaliza-
tion and interpretation of the results across different configurations and operating conditions. This

process is repeated for each derivative analyzed in this thesis.

Pitch angle change Af

Figure 3.7. A small perturbation applied to the pitch angle in the CFD simulation
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Roll angle change, Ag

m

Figure 3.8. A small perturbation applied to the roll (left) and yaw (right) angles, in the CFD
simulation

3.5 Variable Control Method for Investigating the Effect of High Di-
hedral Wings

A variable control method is applied to investigate the effect of high dihedral wings on the roll,
pitch, and yaw stabilities of a hydrofoil watercraft. The hybrid layout, featuring a fully submerged
canard and a surface-piercing dihedral main wing, is employed in this study. The dihedral angle of
the main wing varies from 30° to 50° (Fig. 3.9), with increments of 5°, to analyze the impact on
hydrofoil stability. An identical hydrofoil cross-section and equilibrium trim angles are used to iso-
late the effects of the dihedral angle on stability characteristics. By constraining all other variables
and isolating dihedral angle variation, this variable control method enabled an investigation of the

relationship between dihedral hydrofoil geometry and stability. Two case studies were performed:
I.  where the AoA of the canard was varied to eliminate its influence from the equilibrium
trim position, and
II.  where the canard’s AoA was held constant to analyze the effect of the dihedral on the
trim position of a hydrofoil watercraft. The second case study is detailed in Appendix C.

Case study I numerically simulates dihedral wings and canard separately to find the optimum
canard AoA that maintains an identical overall watercraft trim angle with different dihedral angles.
The equilibrium position, forces, and moments define the setting angle of the canard wing to achieve
balanced lift distribution and identical trim angles for all tested dihedral models. Dynamic simula-
tions of the main dihedral wing were performed to capture the lift and drag forces, as well as the
pitch, yaw, and roll moments around the equilibrium state. The wings are then assembled into the

hydrofoil watercraft.
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Figure 3.9. Render of canard configured hydrofoil watercraft with varying dihedral angles
(wingspan is exaggerated for representation)

The assembly of the hydrofoil watercraft was then simulated to validate the system’s equilibrium
state under dynamic conditions using the methodology provided in previous sections. The equilib-
rium state was confirmed when the watercraft maintained steady motion at the desired cruising speed

without unbalanced lift and drag forces or moments.

This Chapter outlined the methodology for simulating a hydrofoil watercraft to analyse the sta-
bility in the roll, pitch, and yaw axes using CFD. The next Chapter presents the results and discusses
how this method can provide insight into the stability of a hydrofoil watercraft in the early design

stages.

3.6 Assumptions and Limitations of the Proposed CFD Framework
The framework proposed in this study is limited to the current state of hydrofoil literature and
simulation practices. While the simulation results for lift and drag align with experimental data, the
validation of the pitch, roll, and yaw moments is incomplete. Available experimental data for surface
piercing hydrofoils with high dihedrals are limited in literature. Consequently, direct validation of

the simulated moments was not feasible.

In addition, the estimation of the moments is derived from the force predictions. In this study,

pitch, roll, and yaw moments were extracted using a small disturbance approach involving changes
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in the respective angles. Hence, the deviations in the lift and drag forces may propagate and introduce
errors into the derived moment magnitudes. However, the validated lift and drag data provide con-
fidence in the trend accuracy of the resulting moments. The relative magnitudes and directional
tendencies of the moments across different dihedral angles provide insights into stability character-
istics. For the intended purpose of comparing the relative stability of different hydrofoil configura-

tions in early-stage design, this level of simulation fidelity is considered sufficient[106].

This Chapter outlined the methodology for simulating a hydrofoil watercraft to analyse the sta-
bility in the roll, pitch, and yaw axes using CFD. The next Chapter presents the results from this
thesis and discusses how this method can provide insight into the stability of a hydrofoil watercraft

in the early design stages.
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Chapter 4: Results and Discussion

This chapter presents findings from CFD simulations, shows the fidelity of the proposed frame-
work, and investigates the influence of the main wing dihedral angle on the stability characteristics
of a canard-configured hydrofoil watercraft. The hydrofoil system includes a fully submerged canard
wing and a surface-piercing main wing with dihedral angles ranging from 30° to 50°. The simula-
tions were conducted with identical speed, weight, and CG to isolate the effect of the dihedral angle

on the hydrofoil stability.

4.1 Validation of CFD Simulation Framework

The simulation framework was validated using two experimental datasets in literature. The first
is from the study experimental and analytical studies of dihedral hydrofoils [58], which provides lift
and drag data for hydrofoils with varying AoA and dihedral configurations. The second validation
utilized the KCS (KRISO Container Ship) hull benchmark for the drag [107] a standard reference
case widely used for marine CFD validation. Although this validation involved a conventional hull,
the benchmark validates the boundary conditions chosen to resolve drag forces in an open-water
flow. The framework includes the combination of the selected models, meshing strategy, solver set-
tings, and boundary conditions. The validation was performed to assess the framework’s fidelity in

predicting the lift and drag forces acting on the hydrofoil and the hydrofoil watercraft in general.

Figure 4.1 shows the lift coefficients obtained from the CFD simulations in comparison with
experimental data. The trends from the proposed CFD framework simulations closely follow the
experimental data, demonstrating good overall agreement. The minor discrepancies are likely as a
result of the differences in turbulence modelling and boundary layer transition effects inherent in
CFD simulations versus experimental setups. A root mean squared error (RMSE) was calculated to

quantify the accuracy of the framework. The results are:
e RMSEcL =0.004534 and
e RMSEcp = 0.002862

The RMSE is over one order of magnitude smaller than the least data point, which validates the
simulation methodology proposed in this thesis. The tested data and errors can be found in Table
4.1.
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Figure 4.1. Validation of CFD data using experimental data for dihedral hydrofoils[58]

Table 4.1. Quantitative validation of CFD results against experimental data

Simulation Simulation Experiment Experiment Squared  Squared
CL Cp CL Cp Error ¢ Error Cp Error C; Error Cp

-7.89E-02  3.10E-02  -7.47E-02  3.08E-02 -4.24E-03 1.17E-04 1.80E-05 1.37E-08

4.04E-03 3.05E-02 1.92E-03 3.00E-02  2.12E-03 5.29E-04 4.51E-06 2.80E-07

7.85E-02 3.23E-02 7.22E-02  3.48E-02  6.26E-03 -2.54E-03 3.92E-05 6.44E-06

1.59E-01 3.58E-02 1.55E-01 3.19E-02  3.82E-03 3.83E-03 1.46E-05 1.47E-05

2.24E-01 4.14E-02 2.18E-01 3.73E-02  6.48E-03 4.19E-03 4.19E-05  1.76E-05

2.92E-01 4.91E-02 2.92E-01 4.56E-02 1.44E-04 3.48E-03 2.07E-08 1.21E-05

3.59E-01 5.85E-02 3.64E-01 6.10E-02  -5.06E-03 -2.49E-03 2.56E-05 6.20E-06

Furthermore, the validation against the KCS hull demonstrated a deviation of only 1.56% be-
tween the simulated and experimental drag coefficients, as shown in Table 4.2, further confirming

the fidelity of the CFD framework.
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Table 4.2. KCS hull validation comparison

Simulation Drag Coefficient Experimental Drag Coefficient Deviation
0.003769 0.003711 1.56%

The validation results demonstrate that the proposed CFD simulation framework accurately cap-
tures the lifts and drags of hydrofoils. These forces directly generate the moments from which the
stability derivatives are derived. While moment validation would further support the confidence of
the simulation, the current force validation is considered sufficient for the purpose of this study, i.e.
estimating stability at the early design stages. This validation establishes a foundation for the appli-
cation of the simulation methodology in analyzing the hydrodynamic performance of hydrofoil wa-

tercraft, with reliable predictive capability.

4.2 Application of the Simulation Framework to Hydrofoil Configura-
tions

With the validated framework, the hydrodynamic performance of three hydrofoil layouts selected
for an electric hydrofoil watercraft was evaluated, as detailed in Appendix B. Tables 4.3 and 4.4
summarize the power trade-off study conducted using the proposed simulation framework for the

three configurations, while Table 4.5 compares the configurations.

4.2.1 Overview of Evaluated Configurations
Figure 4.2 shows the three hydrofoil layouts analyzed in this study, which are:
I.  Configuration a: Hybrid layout
II.  Configuration b: Surface-piercing dihedral tandem layout

III.  Configuration c: Surface-piercing dihedral canard layout

a b [
aar

Figure 4.2. Hydrofoil configurations: a) Hybrid layout, b) Surface-piercing dihedral tandem
layout, and c¢) Surface-piercing dihedral canard layout
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Tables 4.3 and 4.4 present the results of drag, theoretical power consumption, and range using
the requirements shown in Table 3.1 with a focus on low-speed performance at 7 km/h and mid-
speed cruising performance between 10.8 and 11.52 km/h. Refer to Appendix B for the full set of

simulated results under different speeds.

Table 4.3. Configuration performance comparison

Surface-piercing Tandem Surface-piercing Canard
Mission  Velocity Configuration Configuration
Stage (km/h) Required  Range Required Range

Drag (N) Drag (N)
Power (W) (h) Power (W) (h)

Cruising  7.00 622.52 1207.69 - 331.50 643.10 -
Cruising 10.80 107.71 323.13 1.56 106.38 319.14 1.58
Cruising 11.52 111.83 357.86 1.41 108.13 346.02 1.46
Cruising  14.98 122.26 508.60 0.99 113.90 473.82 1.06

Table 4.4. Performance estimation of selected configurations

Surface-piercing Canard

Hybrid Configuration
Mission  Velocity Configuration
Stage (km/h) Drag Required  Range Required Range
Drag (N)

(N) Power (W) (h) Power (W) (h)
Cruising  7.00 331.50 643.10 0.78 151.30 293.52 1.72
Cruising 10.80 107.71 323.13 1.56 210.00 630.00 0.86
Cruising 1152 111.83 357.86 1.41 181.92 582.14 0.94

4.2.2 Low-Speed Performance: Takeoff and Cruising at 7 km/h
At a velocity of 7 km/h, the hybrid configuration produces the lowest drag force (151.30 N) and

requires only 293.52 W of power. This performance can be attributed to the foil arrangement. The
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fully submerged canard reduces the drag from surface waves by avoiding surface interaction. At the
same time, the surface-piercing dihedral main foil limits wetted area and self-regulates ride height,
reducing unnecessary lift and associated drag. This combination results in a flow with minimal dis-

turbance, making the hybrid layout effective for low-speed cruising.

In contrast, the tandem and canard configurations experience significantly higher drag (622.52 N
and 331.50 N, respectively) and thus demand higher power. The improved performance of the hybrid
configuration at low speeds is attributed to its minimized wetted surface area and foil arrangement.
This low-speed efficiency of the hybrid configuration results in the longest operational range (1.72
hours), which is over 50% longer than that of Configuration b (0.78 hours) and Configuration ¢ (0.38

hours), aligning with the design requirements for low-speed energy efficiency.

4.2.3 Mid-Speed Performance: Cruise (10.80 - 11.52 km/h)

At higher speeds, however, the Surface-piercing Canard Configuration (Configuration b) outper-
formed the hybrid and tandem in terms of drag and power requirements, with a longer range of up
to 1.56 hours at 10.80 km/h. This improvement is associated with the stability and efficiency of
surface-piercing foils at higher speeds, resulting from the inherent self-regulating lift behaviour of

dihedral geometries.

In contrast, the hybrid configuration experienced increased drag and reduced range (0.86 - 0.94
hours) at speeds of 10.80 km/h to 11.52 km/h. As the speed increased, the riding height increased,
and the canard foil approached the free surface, which in turn increased the free surface effects such
as ventilation and wave interference, as described in Section 2.2. This performance reduction high-

lights a trade-off between low-speed and high-speed efficiency inherent in hybrid foil designs.

4.2.4 Human versus Electric Propulsion Analysis

A study was performed to ensure that the user could maintain foiling at low-speed cruising using
only human power. The power required at 7.2 km/h (approximately 250 W) lies within the sustain-
able output of a trained amateur rider (typically 200 - 300 W)[108], making it feasible for short
periods of self-powered operation. At this speed, the hybrid design enables a cruising duration of
over 1 hour with a total input power of 500 W, demonstrating the watercraft’s suitability for both

pedal-assist and pure human-powered use in low-drag conditions.
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The electric-only results (Table B.4 in Appendix B) show a similar trend, with cruising ranges of
up to 17.5 km at 9.72 km/h, indicating a strong alignment with range and efficiency objectives under

battery propulsion. Further information is provided in Appendix B.

Table 4.5. Summary of configuration performance

Configuration  Strengths Limitations Use case
Hybrid Low-speed Drag increases at mid-range Low-speed cruising,
performance speeds due to free surface pedal-assist
interference

Surface-Piercing Moderate cruising Higher drag at low speeds Mid-speed efficient
Canard speeds, consistent cruising

range across 10 - 15
km/h

Surface-Piercing  Stable lift distribution Highest drag at all speeds

Tandem

The following section presents the results of a dynamic stability margin study, demonstrating the

capability of the proposed framework.

4.3 Stability Margin Evaluation

Following the performance comparison, the hybrid configuration, Configuration a, comprising a
fully submerged canard and a surface-piercing dihedral main foil, was simulated to determine the
extent to which the hydrofoil watercraft can withstand disturbance while returning to its original
position without any input from the rider, known as the fixed-stick condition. This is achieved by

introducing external hydrodynamic forces and moments as disturbances in the simulation.

4.3.1 Passive Stability Margin Analysis

To investigate the inherent stability of the hybrid layout, simulations were conducted in which
external disturbances were applied in pitch, yaw, and roll. Figure 4.3 shows the response of the wa-
tercraft to each disturbance, visualized as the angle changes in pitch, yaw, and roll at three stages:
initial equilibrium state, change in attitude due to disturbance, and return to the stable equilibrium

state.
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~5.0° Initial state —7.3° Pitch disturbance —2.0° Return to equilibrium

. N ___ S &

Initial state 7.81° Roll disturbance 0.16° Return to equilibrium

BN PR — VN . P

Figure 4.3. Passive stabilizing effect. From top to bottom, trim, yaw, and roll stability. From
left to right, initial state, after introduction of disturbance, and return to stable state.

The results demonstrate that the hybrid configuration exhibits passive restoring behaviour in all
three axes. The subsequent sections explain the self-righting ability of the hydrofoil watercraft as a
result of the dihedral wing.

4.3.2 Mission Profile Simulation
Figure 4.4 presents the whole mission profile simulation of the hybrid configuration, from dis-
placement mode to takeoff, cruising, and response to transient perturbations. The simulation results

further demonstrate the framework’s capacity in modeling a complete operational scenario.

47



Range: 12.96 km at
Takeoff Distance: 9.72km/h, 1.33h
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Electric Propulsion Efficiency: 63%
Human Power Efficiency: 27%

5. Displacement

1. Displacement

Figure 4.4. A sample mission profile of the hybrid configuration

Having validated the performance and passive stability of the hybrid layout, the following section
presents results for investigating the effect of high dihedral angles on the roll, pitch, and yaw stability

of a hydrofoil watercraft.

4.4 Equilibrium Position
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Figure 4.5. Sinkage changes with respect to dihedral angle variation

Figures 4.5 to 4.7 show that, under an identical speed of 3 m/s, the riding height decreases as the

dihedral angle increases. Increasing the dihedral angle increases the wing’s inclination away from
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the horizontal plane, which reduces the horizontal reference area and, in effect, reduces the effective
lift component. This relationship can be expressed mathematically as L,,,;.,;=L cos I". To compen-
sate for the lift reduction, the hydrofoil watercraft's foils increase submergence, which generates
sufficient lift for steady cruising. The complete simulation results of the dihedral angles and corre-

sponding canard angles are presented in Appendix C.

Sinkz@e

Figure 4.6. Sinkage at the equilibrium position

30° 35°

40° 45°

50°

Figure 4.7. Trim position at equilibrium stages of hydrofoil with different dihedral angles

4.5 Stability Derivatives

This section presents the results and discusses the variation of non-dimensional stability derivatives

C,, C,, and C,, with respect to the dihedral angle. The stability derivatives are derived under three
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types of angular disturbances, pitch (6), roll (¢), and yaw (). These derivatives quantify the influ-
ence of the dihedral angle on the longitudinal, lateral, and directional stability of the hydrofoil wa-
tercraft, as well as the interaction between different stability axes. The methodology for extracting

the derivatives has been outlined in the previous chapter.

4.5.1 Stability Derivatives with Respect to Pitch (06)

The stability behavior of a hydrofoil watercraft in response to pitch disturbances is primarily

characterized by the pitch moment derivative with respect to the pitch angle, C,,,, and secondarily
by cross-coupling derivatives such as the roll moment derivative with respect to pitch, C;,, and the
yaw moment derivative with respect to pitch, C,,. The calculated nondimensional stability deriva-

tives under a pitch disturbance are summarised in Table 4.6. Figure 4.8 shows the 35° and 45° dihe-
dral hydrofoil watercraft after a pitch disturbance in the form of a pitch angle change of 2° is intro-

duced.
A stable system typically exhibits:
L C,, <0: A pitch-up moment in response to a pitch-down disturbance (restoring pitch
stability) and vice versa

I.  Cj, < 0:Roll stability induced by pitch (e.g., dihedral effect in aircraft)

II.  C,, < 0: Directional stability following a pitch disturbance.

Table 4.6. Nondimensionalized stability derivatives with respect to pitch

Dihedral Angle (°) G, Chny Cy,y
30 -0.0078 -0.6947 -0.0128
35 0.0098 -0.6495 0.0195
40 0.0095 -0.6289 0.0179
45 -0.0122 -0.7404 -0.0234
50 0.0157 -0.7664 0.025
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Table 4.7. Moments generated by the dihedral wings on opposite sides in response to a pitch
disturbance

35° 45°
Dihedral Angle Left Right Left Right
dihedral dihedral dihedral dihedral

Pitch (Nm)

Roll (Nm)

Yaw (Nm)

a)
Restoring moments

N
N

b)
Restoring moments

\
\

Figure 4.8. Moments generated by the dihedral wings on opposite sides in response to a
pitch disturbance (Moment not drawn to scale). The red moment represents the left wing,
and the green moment represents the right wing. a) 35° dihedral model and b) 45° dihedral
model
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Pitch Response

The hydrofoil exhibits pitch stability for the tested dihedral angles when a pitch disturbance is
introduced, as seen in Table 4.6 and Fig. 4.8. However, the absolute values of pitch stability decrease
from C,,, 0of -0.6947 at 30° dihedral angle to -0.6289 at 40° dihedral angle. Beyond the 40° dihedral,
the pitch stability improves with C,,,, increasing to -0.7664 at 50°. The increase in pitch stability does
not align with the restoring moments generated by the dihedral wings as shown in Table 4.7. The
35° dihedral with a -2° disturbance generates a restoring pitching moment of 256.1 Nm, which is
higher than a 151.9 Nm pitching moment generated by the 45° dihedral under an identical disturb-
ance. The discrepancy in the nondimensionalized data to the raw moments generated by the dihedral
wings is as a result of the overall moment from the watercraft and from the reference area used in

the nondimensionalization.

The decrease in pitch stability with increasing dihedral angle can be attributed to the reduced lift
component in the vertical direction as the dihedral angle increases. The reduction in the vertical lift
component moves the aerodynamic center of the hydrofoil closer to the CG, which leads to a shorter

moment arm and a reduction in the restoring moments as the dihedral angle increases.

Roll and Yaw Response

As shown in Table 4.6, the roll moment stability derivatives with respect to pitch perturbations,

denoted by C;,, change from -0.0078 at 30° dihedral angle to .0098 and 0.0095 at 35° and 40° dihe-
dral angle, respectively, indicating a reduction in pitch induced roll stability. However, at 45°, C;,
becomes negative, indicating a pitch induced roll restoring tendency. At 50°, C;, becomes 0.0157,

indicating pitch-roll coupling. Similarly, the yaw stability derivative in response to a pitch disturb-

ance exhibits a nonlinear trend.

The nonlinear response of roll and yaw to a pitch disturbance may be owing to ventilation and
interaction with the free surface due to localised waves. The presence of small wave disturbances
and surface deformation due to the piercing of the water creates local variations in submersion depth
on the sides of the dihedral wing. These surface irregularities can cause an uneven and asymmetrical
submergence in the span direction on both sides of the dihedral wing. The difference in submergence
area generates asymmetric lift, creating a destabilizing roll and yaw moment. The destabilising

roll/lyaw moment increases as the dihedral angle increases, leading to a stronger pitch-roll or pitch-
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yaw coupling. Furthermore, this coupling can cause oscillatory behavior in the hydrofoil watercraft.
The change in signs of the stability derivatives is a result of this nonlinear coupling between the
stability axes, which makes the results inconsistent. Increasing the convergence threshold for the
forces may provide more consistent results for smaller forces and moments.

The results indicate that the roll and yaw moments do not experience significant changes in re-
sponse to a pitch disturbance, as shown in Table 4.7. For example, the 35° dihedral wing produces a
-0.7 Nm roll moment as compared to 256.1 Nm pitch moment in response to the 2° pitch displace-
ment. The roll and yaw moments from the opposing dihedral wings tend to be even, and the moment
asymmetry increases with increasing dihedral.

In summary, increasing the dihedral progressively reduces the restoring moments under a pitch
disturbance. Hence, the hydrofoil watercraft’s ability to self-correct is reduced at higher dihedral

angles.

4.5.2 Stability Derivatives with Respect to Roll (0¢)

The stability behavior of a hydrofoil watercraft in response to roll disturbances is presented in

this section. The stability derivatives considered are C,, ” G " and C, . The calculated stability de-

rivatives under a roll disturbance are summarised in Table 4.8.

Table 4.8. Nondimensionalized stability derivatives with respect to roll

Dihedral Angle (°) C1¢ Cm¢ Cn¢
30 -0.0386 -0.5574 -0.0241
35 -0.0156 -0.5066 -0.0165
40 -0.0169 -0.4968 -0.0199
45 -0.0016 -0.5385 -0.0163
50 0.0099 -0.6049 0.0128

Table 4.8 examines the hydrofoil watercraft’s stability derivatives in response to a roll disturb-

ance. The results in Table 4.10 show a change in roll restoring moment from —25.6 Nm at 30°
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dihedral angle to 6.54 Nm at 50° dihedral, which results in a decrease in the roll stability derivative

as seen in Table 4.8. The list of non-dimensionalized stability derivatives is presented in Appendix

D.

Table 4.9. Moments generated by the dihedral wings on opposite sides in response to a roll

disturbance
35° 45°
Dihedral Angle Left Right Left Right
dihedral dihedral dihedral dihedral
Pitch (Nm) -54.3581 86.00996 80.94191 121.6709
Roll (Nm) 80.04304 131.4442 -43.7577 62.32192
Yaw (Nm) -68.4999 93.43544 -94.8442 117.5895

Table 4.10 Stability derivatives in response to a roll disturbance

Dihedral Roll Moment Pitch Moment Yaw Moment
Angle (°) Derivative (Nm) Derivative (Nm) Derivative (Nm)
30 -25.59927 -369.3745 -15.99038
50 6.54253 -400.8385 8.46203

Theoretically, increasing the dihedral angle is expected to enhance the roll stability, as a larger
dihedral amplifies the lateral restoring moment generated by the greater asymmetric lift during roll
(shown in Fig. 4.9). When a roll disturbance is introduced, the side of the wing to which the hydrofoil
watercraft rolls becomes more submerged and hence generates more lift. The difference in submerg-
ence area between the two sides of the wing increases as the dihedral angle increases, resulting in
more uneven lift on the two sides of the wing and creating a stronger restoring roll moment. How-
ever, as the asymmetric lift increases, pitching moments are also created. The vertical component of
the roll-restoring force causes these pitching moments. The extra pitching moments reduce pitch
stability, which in turn affects coupled roll stability. This coupling between the lateral and longitu-
dinal stabilities increases with the gain of dihedral angle, leading to an overall decrease in roll sta-
bility. The results in Table 4.9 confirm this phenomenon as the total restorative moment from the
opposing dihedral wings decreases from 211.5 Nm at the 35° dihedral to 18.6 Nm at the 45° dihedral.

The moments of each dihedral wing are shown in Fig. 4.10. A similar phenomenon occurs with the
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yaw stability derivative. The results show that at a dihedral angle of 50°, the hydrofoil loses yaw
and roll stability, as evidenced by the positive stability derivatives. This trend indicates reduced re-

storative moments and thus diminishing stability at higher dihedral angles.

Restoring Moment

CG
Vertical lift
!
Net force X

Figure 4.9. Demonstration of the change in lift and moment arm due to changes in the sub-
merged area of the dihedral wing

Furthermore, there is a decrease in the coupled roll-yaw resistance at low dihedral as the dihedral
angle increases. While roll-yaw coupling is expected in surface-piercing dihedral wings, as evi-

denced by the magnitude of the roll induced yaw stability derivatives, the reduction in C, s from -
0.0386 at 30° dihedral angle to 0.0099 at 50° dihedral angle and C, . from -0.0241 at 30° dihedral

angle to 0.0128 at 50° dihedral angle suggests increased susceptibility to oscillatory motions like
“Dutch roll”[58]. Further dynamic analysis would be required to confirm this phenomenon.

a)

b)

&

Left dihedral “eeeel " Right dihedral

Figure 4.10. Moments generated by the opposing dihedrals in response to a roll disturbance
(Force, moment and moment arm not drawn to scale). The red represents the left wing, and
the green represents the right. a) 35° and b) 45° dihedral model
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In summary, increasing the dihedral angle reduces the capability of the hydrofoil watercraft to
return to equilibrium after a roll disturbance. Dihedral angles greater than 45° show a positive roll

moment derivative coefficient, indicating a destabilizing moment.

4.5.3 Stability Derivatives with Respect to Yaw (Oy)

The data presented in Table 4.11 are the results of the nondimensionalized stability derivatives
under a yaw disturbance in the form of a 3° yaw angle change. The results indicate that an increase
in dihedral angle reduces the hydrofoil’s ability to generate corrective roll and yaw moments. Since
roll and yaw are closely coupled in hydrofoil dynamics, especially with surface-piercing elements,
these results suggest that increasing dihedral makes the hydrofoil system more susceptible to oscil-

latory behaviour.

Table 4.11. Nondimensionalized stability derivatives with respect to yaw

Dihedral Angle (°) G C,, C

v v My
30 -0.0238 -0.5505 -0.0108
35 -0.0182 -0.5031 -0.0064
40 -0.016 -0.4883 -0.004
45 -0.0119 -0.5153 -0.0015
50 -0.0194 -0.5906 -0.0381

Table 4.12. Moments generated by the dihedral wings on opposite sides in response to a yaw

disturbance
35° 45°
Dihedral Angle Left Right Left Right
dihedral dihedral dihedral dihedral
Pitch (Nm) 109.3288 97.81534 92.94927 108.3994
Roll (Nm) -77.8205 61.22109 -45.5157 61.33824
Yaw (Nm) -86.0001 74.94359 -97.5889 116.4829
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Figure 4.11 shows the tendency of the hydrofoil watercraft to produce a righting moment to re-
turn to the equilibrium position after a yaw disturbance in the form of a 3° yaw angle change is
introduced. The trend of yaw stability derivatives is similar to that of the roll disturbance derivatives,
which aligns with aircraft theory due to their coupled interaction. The data in Table 4.13 show a
consistent decrease in the absolute value of yaw righting moments from -7.14 Nm at a 30° dihedral
angle to -1.01 Nm at a 45° dihedral angle, and an increase of over 300% at the 50° dihedral angle to
-25.27 Nm. This may be caused by increased coupling between the stability axes as the roll and pitch
moment absolute values also increase from -7.91 Nm and -341.45 Nm at 45° to -12.86 Nm and -

391.40 Nm at 50° dihedral angle, respectively.

Table 4.13. Stability derivatives in response to a yaw disturbance

Dihedral Roll Moment Pitch Moment Yaw Moment

Angle (°) Derivative (Nm) Derivative (Nm) Derivative (Nm)
30 -15.78209946 -364.8208563 -7.144283654
35 -12.03287156 -333.4050315 -4.270734593
40 -10.62659655 -323.573888 -2.662971884
45 -7.906842417 -341.4478497 -1.017046387
50 -12.85821652 -391.4007133 -25.27194501

Figure 4.11. Moments generated by the dihedral wings on opposite sides in response to a
yaw disturbance (Moments not drawn to scale). The red moment represents the left wing,
and the green moment represents the right wing. a) 35° dihedral model and b) 45° dihedral
model
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The trend of stability decrease is a result of the change in flow direction, asymmetric lift, and

coupling between the stability axes, discussed as follows:

Flow direction: A yaw disturbance causes the dihedral wing to have a lateral motion vector
component of the water flow. This lateral component creates a side force (Fig. 4.9) on each side of
the hydrofoil due to the angle of the wing surface with respect to the incoming flow. A portion of
the produced side force is converted into vertical lift due to the dihedral geometry, instead of con-
tributing to directional stability. The lateral component of this force, which contributes to the yaw

stability, can be expressed as F F iz sin I, which increases as the dihedral angle increases.

idejgteral

The increase in side force is coupled with the increase in uneven and asymmetrical submergence in
the span direction on both sides of the dihedral wing, leading to an increase in asymmetric lift. How-
ever, when the lateral force component is even larger, it can induce rolling. This coupling further
reduces the yaw and roll stabilities as the dihedral angle increases, as shown in Table 4.11. The sum
of the yaw moments from the two sides of the dihedral wing decreases as the dihedral angle in-

creases, as seen in Fig. 4.9 and Table 4.12, leading to less yaw stability.

Yaw-roll Coupling Interference: A yaw motion of surface-piercing foils often causes second-
ary roll due to asymmetric lift. This roll further introduces unevenness in wetted areas across the
dihedral wing, producing asymmetric lift that affects yaw recovery in a nonlinear manner. The cou-
pling between roll and yaw becomes more intense with increased dihedral, as can be seen for the 50°
dihedral results. This may be because a yaw-induced roll feeds back into the yaw response, which

also feeds into the pitch response as detailed in Section 4.2.2.

In summary, increasing the dihedral angle generally reduces the hydrofoil’s stability. Beyond the
45° dihedral angle, nonlinear coupling between the stabilities in different axes increases, potentially

resulting in amplified responses to disturbances.
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Chapter 5: Summary and Conclusion

This project quantified the stability of high dihedral angles (30° - 50°) on the pitch, roll, and yaw
stability of a hydrofoil watercraft. The proposed CFD simulation framework determined the lift and
drag forces, as well as the pitch, roll, and yaw moments of the hydrofoil watercraft. The free surface
effect caused by the air-water boundary of the surface-piercing hydrofoils with high dihedral angles
was considered in the numerical simulation. The free surface effect reduces the lift-to-drag ratio as
the hydrofoil approaches the water surface. It also introduces phenomena such as ventilation, which
disrupts the water flow along the span of the hydrofoil. The simulation framework is capable of
estimating the complex nonlinear behavior of the flow and the coupled nature of the forces. The
forces and moments for each dihedral case were calculated from the simulations and then trans-
formed into stability derivatives using the small disturbance theory. This work examined the contri-

bution of high dihedral angles to the stabilities of hydrofoil roll, pitch, and yaw.

5.1 Contribution and Summary of Findings
This thesis makes three contributions.
I.  Developed a CFD-based simulation framework for hydrofoil stability
II.  Performed performance tradeoff studies of different hydrofoil configurations

III.  Analysed the influence of high dihedral angles on the pitch, roll, and yaw stability of a

hydrofoil watercraft

The proposed simulation framework is capable of accurately modelling the hydrofoil lift and drag
forces acting on hydrofoils, including the effects of the air-water interface. When validated against
experimental data, the framework demonstrated lift prediction accuracy within a 4% relative error
and drag prediction accuracy within 8%. The framework is also capable of simulating the perfor-
mance of hydrofoil’s entire mission profile, as well as the dynamic stability margins of a hydrofoil

watercraft within a single dynamic simulation setup.

The developed framework was applied to evaluate the range of three electrical hydrofoil config-
urations considered in this thesis. The findings showed that the hybrid configuration exhibited im-
proved efficiency at low speeds, with a range of 1.72 hours. In contrast, the canard surface-piercing

configuration delivered better performance at higher speeds, with a range nearly twice that of both
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the hybrid and tandem surface-piercing configurations. The findings from this study highlight the
framework’s ability to differentiate between the performance of hydrofoil configurations, making it
a valuable tool in concept evaluation and selection, especially during the conceptual design stages

of hydrofoil watercratft.

This work explores the influence of the dihedral angle on the hydrofoil’s stability across roll,
pitch, and yaw axes. In terms of roll stability, dihedral angles between 30° - 40° offer the best balance
between roll resistance and stable behavior. However, as the dihedral angle increases beyond 45°,
the hydrofoil’s roll resistance begins to reduce, leading to increased susceptibility to roll oscillations,
particularly under yaw disturbances. Dihedral angles between 45° - 50° increase the possibility of

oscillatory behavior due to the reduced stability in yaw and pitch.

The CFD simulation results show that the restoring moments for pitch stability decrease as the
dihedral angle increases. This is in part because of the increased asymmetric lift distribution, which
reduces the hydrofoil’s ability to recover from pitch disturbances. As the dihedral angle increases,
the hydrofoil becomes more sensitive to pitch disturbances, requiring additional stabilization

measurces.

For yaw stability, the hydrofoil becomes less yaw resistant as the dihedral angle increases. This
can be attributed to factors such as the yaw moment arm decreasing as the dihedral angle increases,
reducing yaw stability. At 50° dihedral angle, the yaw-roll coupling increases, further complicating

the hydrofoil’s stability.

In summary, dihedral angles between 30° and 40° show optimum stability across the longitudi-
nal, lateral, and directional stability axes. Higher dihedral angles, e.g. those above 40°, can lead to
increased coupling effects, which may destabilize the hydrofoil watercraft when disturbed. This
study shows the need to carefully consider the dihedral angle when optimizing hydrofoil perfor-
mance, since the hydrofoil with dihedral angles above 40° needs control mechanisms to maintain

system stability.

5.2 Future Work

The stability derivatives in this thesis show the effect of the dihedral angle on the pitch, yaw, and
roll stability of the hydrofoil watercraft. These derivatives serve as the foundation for building a
stability framework to analyze various hydrofoil configurations, especially in the early design stages.
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Future work may include developing a framework to provide more intuitive results on the stability
of hydrofoil watercraft. It should also consider the dynamic responses brought about by the dihedral
wing. Additionally, there are several improvements that can be made regarding the derivative calcu-
lations. Currently, the entire watercraft is considered as one rigid body. Future work should consider
separating the effects of the various components on the stability of the hydrofoil watercraft for more

detailed analysis. This may provide insights into the outliers from the dataset.

The future framework should be expanded to include analytical models to calculate dynamic
derivatives. The integration of the analytical model will reduce the computation time of the dynamic
simulations and may replace the dynamic simulations for early stability prediction. This will allow
for faster optimization of hydrofoil configurations and exploration of new hydrofoil concepts in the

early design stages.
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Appendix A: Hydrofoil Configurations

Appendix A provides a well-organized collection of hydrofoil types and classifications obtained
from extensive research of various literature sources. It offers a categorized overview, supported by

real world examples, clarifying the subtle differences that exist within the field of hydrofoil technol-

ogy.
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Appendix B: Hydrofoil Selection and Perfor-

mance Study

The information presented in this appendix provides an overview of the hydrofoil watercraft’s
configuration selection and performance metrics. It includes essential data such as lift values, drag
forces, moments affecting the craft’s stability, and detailed motion characteristics about its principal
axes. This compilation serves as a fundamental reference point for evaluating the craft’s responses

and performance under different simulated conditions.

Table B.1. Hydrofoil layout decision matrix

Criteria Weight (%) Tandem Surface- Canard Surface- Hybrid (Se-

Piercing Piercing lected)
Passive Stability 35% Medium (0.5) Medium (0.5) High (1)
i(f;’m“’l Simplic- 550, Medium (0.5) Medium (0.5) High (1)
L/D Performance 25% High (1) Medium (0.5) High (1)
g::st Effective- 15% High (1) Medium (0.5) Low (0)
Svetghted Total = 199, 70 50 85

Guess Sizing and Initial Sizing
Using the equations from aircraft design, estimates of the foil area and geometry parameters were

made. Some assumptions in this stage included
I.  The total lift required is equal to the weight at equilibrium
II.  The main wing and tail/canard would have a lift distribution of 75% and 25%, respectively
The guess sizing was performed using Equations 7 to 10 to develop several configurations. A
parametric study was conducted using aspect ratios (AR) ranging from 2 to 12 for various spans of
the hydrofoil. The AR range was chosen from the existing literature. A NACA 4412 symmetric

airfoil section was selected for both the wings.

Ley=W=mxg (7
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Where L, is lift required, W is the total weight, m is the total mass; g is the gravity; S is the
area; L is lift; p is fluid density; V' is velocity; C; is the coefficient of lift; b is the wingspan; AR is
aspect ratio.

The configurations from the guess sizing were analysed, focusing on parameters such as stability,

drag, and takeoff performance. In addition, trade-off studies were performed to compare the perfor-

mance of the configurations, which will be discussed in this Appendix.

Configuration Design and Performance Estimation
This section details the configuration design and performance estimation of various hydrofoil

watercraft concepts. These concepts were developed with the industry partner, ENVO Drive Sys-
tems, for a pedal-assist electric hydrofoil water bike. The design requirements for the water bike are

found in Table 3.1.

Table B.2. Design requirements

Max Max Battery Ca-  Empty Total Cruise at
Power Speed Range pacity Weight Weight

low speeds
1500 W  20Km/h 1 Hour 800 Wh 50Kg 120K g (7km/h)

Hydrofoil Configurations

Three hydrofoil configurations were evaluated for their hydrodynamic performance and suitabil-

ity for a small-scale watercraft operating across takeoff and cruise phases:
I.  Configuration a: Hybrid layout
II.  Configuration b: Surface-piercing dihedral tandem layout

HI.  Configuration c: Surface-piercing dihedral canard layout
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Figure B.1. Model hydrofoil configurations from left to right: a) Hybrid layout, b) Surface-
piercing dihedral tandem layout, and c¢) Surface-piercing dihedral canard layout

Performance Comparison of Configurations
Each configuration was evaluated for performance during takeoff and cruising at different

speeds. The performance metrics analyzed included drag, power required, and range at speeds rang-
ing from 7 km/h to 20 km/h. Table B.3 and B.4 present the results for this study which are calculated
using the methodology from Hydrofoil Design Build Fly[20].
Power Trade Off Study

A trade-off study was conducted to determine the optimal operational modes and speeds for the
watercraft based on the design requirements. Simulations were performed to evaluate the water-
craft’s performance at three operational conditions: takeoff, cruising, and maximum velocity. The
processed data from the simulations are shown in Tables B.3 and B.4. The performance data from
the simulations indicate that the range design requirements have been met, with the Surface-piercing
Canard Configuration achieving the highest range of 1.56 hours during cruising. The human power

was taken from literature[ 108].
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Table B.3. Performance estimation considering both human power and electric propulsion

. Power Con-

Mission  Velocity Required sumption per Range Range Range

Drag(N) Power (km) 80% (km) 63%
Profile (km/h) (W) Meter Efficiency Efficienc (h)

(Wh/m) Y Y

Takeoff 6.34 193.82 341.12 0.05 - - -
Takeoff 7.00 151.30  1059.10 0.04 - - -
Takeoff 7.20 251.57 503.14 0.07 - - -
Takeoff 9.72 350.00 945.00 0.10 - - -
Cruising 7.20 250.00 500.00 0.07 9.22 7.26 1.01
Cruising 9.72 140.00 378.00 0.04 16.46 12.96 1.33
Cruising 10.80 210.00 630.00 0.06 10.97 8.64 0.80
Cruising 11.52 181.92 582.14 0.05 12.66 9.97 0.87
Cruising 14.98 140.16 583.07 0.04 16.44 12.95 0.86
Cruising 18.00 159.92 799.60 0.04 14.41 11.35 0.63
Max 20.00 20949  1164.76 0.06 11.00 8.66 0.43
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Table B.4. Performance estimation considering electric propulsion only

. Power Con-

Mission  Velocity Required sumption per Range Range Range

Drag(N) Power (km) 80% (km) 63%
Profile (km/h) (W) Meter Efficiency Efficienc (h)

(Wh/m) Y Y

Takeoff 6.34 193.82 341.12 0.05 - - -
Takeoff 7.00 151.30  1059.10 0.04 - - -
Takeoff 7.20 251.57 503.14 0.07 - - -
Takeoff 9.72 350.00 945.00 0.10 - - -
Cruising 7.20 250.00 500.00 0.07 9.80 7.84 1.09
Cruising 9.72 140.00 378.00 0.04 17.50 14.00 1.44
Cruising 10.80 210.00 630.00 0.06 11.67 9.33 0.86
Cruising 11.52 181.92 582.14 0.05 13.47 10.78 0.94
Cruising 14.98 140.16 583.07 0.04 17.48 13.99 0.93
Cruising 18.00 159.92 799.60 0.04 15.32 12.26 0.92
Max 20.00 20949  1164.76 0.06 11.69 9.36 0.47
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Selected Layout

The specifications for the selected layout are presented in Table 3.2.

Figure C.2. Configuration a (Hybrid configuration)
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Appendix C: High Dihedral Case Study 11

The 30° dihedral configuration (Fig. C1) exhibits a close to 0° trim position at equilibrium among
the tested dihedral angles. As the dihedral angle increases, the hydrofoil watercraft tends to pitch up
at equilibrium for the tested cruise speed of 3m/s. This effect is more pronounced at the 50° dihedral
configuration, where the trim angle exceeds -4.5°, as shown in Fig. C.2. Increasing the dihedral angle
increases the wing’s inclination away from the horizontal plane and, in effect, reduces the effective
vertical lift component since more of the lift acts laterally. This relationship can be expressed math-
ematically as L,,,4..; = L cos I'. To compensate for the change in the vertical lift vector, the hydrofoil
watercraft pitches up to increase the AoA, which increases the total lift and generates sufficient ver-

tical lift for steady cruising, effectively shifting the aerodynamic center and altering the trim position.

Figure C.1. Visualization of the 30° dihedral model equilibrium position
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Figure C.2. Trim at the equilibrium position

Stability derivatives with respect to pitch
The stability behavior of a hydrofoil watercraft in response to pitch disturbances is primarily

characterized by the pitch moment derivative with respect to the pitch angle, C,,,, and secondarily

by cross-coupling derivatives such as the roll moment derivative with respect to pitch, C;,, and the

yaw moment derivative with respect to pitch, C,,,. The calculated stability derivatives under a pitch

disturbance are summarised in Table C.1.

Figure C.3. Introducing a pitch disturbance to the hydrofoil system
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Table C.1. Stability derivatives coefficients with respect to pitch

Dihedral Angle (°) G, Chy Cyp
30 -0.0561 -0.2177 -0.1079
35 -0.0056 -0.0487 0.0041
40 -0.0010 0.1890 0.0036
45 -0.0041 0.2180 0.0052
50 0.029951 0.543241 0.055634

Roll Response

As shown in Table C.1, the roll moment stability derivative with respect to pitch perturbations,
denoted by C;,, tends towards a positive value with increasing dihedral. For example, C;, decreases
from -0.05 at the 30° dihedral to 0.02 at the 50° dihedral angle, which is over a 100% degradation in
the roll restoring moment when a pitch disturbance is introduced. As the dihedral angle increases to
50°, C,, approaches zero and eventually becomes positive, indicating a reduction in roll resistance

as shown in Table C.1. The phenomenon exhibited in Table C.1 can be attributed to:

Lift change: The lift of a surface-piercing hydrofoil is approximately proportional to the sub-
merged area. Changing the pitch angle, 0, results in a change in hydrofoil orientation, which leads
to an uneven and asymmetrical submergence in the span direction on both sides of the dihedral wing.
The difference in submergence area generates asymmetric lift, creating a destabilizing roll and yaw
moment. The destabilising roll/’yaw moment increases as the dihedral angle increases, leading to a
stronger pitch-roll or pitch-yaw coupling. Furthermore, this coupling can cause oscillatory behavior
in the hydrofoil watercratft.

Free surface effects: The presence of small wave disturbances and surface deformation due to
the piercing of the water creates local variations in submersion depth. These surface irregularities
can cause one side of the wing to submerge slightly more than the other, leading to different wetted

areas on the two sides of the wing, which produces asymmetric lift.
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Pitch Response
The pitch moment stability derivative, C,,,, starts negative at 30° dihedral, indicating a pitch-

stable behaviour. However, C,,, becomes positive after 40°. A positive stability derivative implies

that a pitch disturbance results in a further pitching moment in the same direction, signifying pitch
instability. The decreasing pitch stability with increasing dihedral angle can be attributed to factors
such as the asymmetric lift generation from the dihedral wing and the changes in the flow angle to
the dihedral wing. A pitch disturbance would be expected to cause a symmetric change in wetted
area on both sides of the dihedral wing. This is, however, not the case. Factors such as the free surface
effects, roll and yaw coupling with pitch, changes in the flow angle, and the nonlinear lift responses
that come from the changes in wetted area lead to asymmetric lift on the sides of the dihedral wing,

which affect the restoring moments. These effects are however minimal and nonlinear.

The trend and explanation for this behavior are similar to those observed in the previously dis-
cussed roll response. In addition, as the hydrofoil watercraft pitches up, the leading edges of the
hydrofoil encounter changing flow directions and AoA. These interactions can cause uneven pres-
sure distribution between the left and right sides of the hydrofoil wing, leading to asymmetric lift.
The change in the AoA of the dihedral wing shifts the position of the center of pressure closer to the
CG, which reduces the pitch restoring moment. As the dihedral angle increases, the center of pressure
moves ahead of the CG, creating a destabilizing (positive) pitch moment as seen as the dihedral angle
approaches 50°.

Yaw Response

The yaw moment derivative, C, , as shown in Table C.1, becomes positive, with an increase in
the dihedral angle, indicating reduced directional stability with respect to a pitch disturbance. For
this coupled derivative, the 30° dihedral is the only model that shows a yaw restoring moment. The
reduced directional stability can be attributed to the asymmetric lift distribution across the span of
the dihedral main wing during a pitch perturbation, as described earlier. The asymmetric lift leads to
an unbalanced side force, which tends to generate a yaw moment, which could cause the hydrofoil

watercraft to veer off-course.

In summary, increasing the dihedral progressively reduces the restoring moments under a pitch

disturbance. Hence, the hydrofoil watercraft’s ability to self-correct is reduced.
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Stability Derivatives with Respect to Roll
The stability behavior of a hydrofoil watercraft in response to roll disturbances is presented in

this section. The stability derivatives considered are C,, " G » and C,

g The calculated stability de-

rivatives under a roll disturbance are summarised in Table C.2.

Table C.2. Stability derivatives with respect to roll

Dihedral Angle (°) G ’ C, y C, ;
30 -0.0767 0.1313 -0.0542
35 -0.0724 0.1441 -0.0291
40 -0.0624 0.1590 -0.0290
45 -0.0544 0.1626 -0.0282
50 -0.0459 0.1819 -0.0257

Table C.2 examines the hydrofoil watercraft’s stability derivatives in response to a roll disturb-
ance. When a roll disturbance is introduced, there is a decrease in the magnitude of roll and yaw
moment derivatives as the dihedral angle increases. This trend indicates reduced restorative moments
and thus diminishing dynamic stability at higher dihedral angles. However, for all tested dihedral
angles in a roll disturbance, the values of C, , are negative, meaning that roll induces a yawing mo-
ment which helps reduce coupled roll-yaw oscillations.

Under a roll disturbance, the side of the wing to which the hydrofoil watercraft rolls becomes
more submerged, and hence generates more lift. The difference in lift between the two sides of the
wing produces a restoring roll moment. Although increasing the dihedral angle increases the lateral
lift component, contributing to the roll and yaw restoring moments, the wetted areas are reduced
under a similar roll disturbance. This reduction leads to diminishing restorative moments.

While some roll-yaw coupling is expected in surface-piercing dihedral wings, the reduction in

G ’ and C, ’ with increasing dihedral angle suggests increased susceptibility to oscillatory motions

like Dutch roll.

84



The pitch response to roll, on the other hand, is unstable throughout all tested dihedral angles.
Theoretically, a roll disturbance does not influence pitch motion. However, due to asymmetries from
surface-piercing effects and dihedral geometry, there is an imbalance in the vertical lift component
of the dihedral wing. This imbalance leads to a bow-up or bow-down pitching moment, indicated by

the positive increase in C,, y from Table C.2. The pitch sensitivity to a roll disturbance may also be

due to the canard configuration.
Stability Derivatives with Respect to Yaw

Similar trends are observed in yaw-induced stability responses (See Table C.3). Higher dihedral
angles reduce the hydrofoil’s ability to generate corrective roll and yaw moments, indicating reduced
dynamic stability. Since roll and yaw are coupled in hydrofoil dynamics, especially with surface-
piercing elements, these results suggest that increasing dihedral weakens both axes’ stability simul-

taneously, making the system more susceptible to oscillatory behavior.

Table C.3. Stability derivatives with respect to yaw

Dihedral Angle (°) C,W C, C

v ny
30 -0.0380 0.1176 -0.0192
35 -0.0053 0.1257 -0.0061
40 -0.0060 0.1505 -0.0067
45 -0.0076  0.1573 -0.0096
50 -0.0113 0.1746 -0.0100

Table C.3 shows the tendency of the hydrofoil watercraft to produce a righting moment to return
to the equilibrium position after a yaw disturbance is introduced. The trend here is similar to that of
the roll derivatives, which aligns with aircraft theory due to their coupled interrelation. Under a yaw
disturbance, the hydrofoil watercraft exhibits stability in roll and yaw while having decreasing sta-

bility in pitch as the dihedral angle increases.

Flow direction: A yaw disturbance causes the dihedral wing to have a lateral motion vector
component of the water flow. This lateral component creates a side force on each hydrofoil due to

the angle of the side to the incoming flow. A portion of the side force produced is converted into
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vertical lift due to the dihedral wing and does not contribute to directional correction. The lateral
component of this force, which contributes to the yaw stability, can be expressed by Fpe, =
F ;4. cos I'. This force component decreases as the dihedral angle increases, under the same disturb-
ance. The yaw moment arm also decreases as the dihedral angle increases, leading to less yaw sta-
bility.

Yaw-Roll Coupling Interference: In surface-piercing foils, yaw often causes secondary roll due
to asymmetric lift, and this roll further introduces asymmetric wetted areas across the dihedral wing,
which produces asymmetric lift, affecting yaw recovery in a nonlinear way. The coupling between

roll and yaw becomes more intense with increased dihedral, because any yaw-induced roll feeds

back into the yaw response.
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Appendix D: Dihedral Effect Isolation Study

This appendix contains data from the main results presented in this study. The lift, drag, and

moment derivatives are presented in their dimensional forms.

Table D.1. Canard incidence angle adjustment
Dihedral Dihedral Canard Dihedral Canard Total Mo- Mean To-

Angle Sinkage Trim Moment Moment ment tal Lift
30 0.507671 3.1 357.5084 -345.405 12.10329 1176.577
35 0.483621 3.1 356.7232 -356.022 0.701372 1176.759
40 0.459815 2.7 355.4019 -347.794 7.608322 1176.896
45 0.434606 2.7 352.8776 -353.096 -0.21842 1175.862
50 0.39336 24 353.7693 -350.441 3.328248 1181.711

Lift and Drag Characteristics
Table D.1 show that as the dihedral angle increases, the total vertical lift decreases. Geometri-

cally, dihedral hydrofoil surfaces produce less vertical lift and more lateral force components.
The drag coefficient remains relatively stable across the configurations. This may suggest that
the dihedral orientation of the main wing does not significantly disrupt flow attachment or in-
crease drag. This could imply some hydrodynamic benefits despite the reduction in stability.

More investigations are needed to confirm this relation.

Table D.2. Stability derivatives in response to a roll disturbance

Dihedral An- Roll Moment Deriva- Pitch Moment Deriva- Yaw Moment Deriva-

gle (°) tive (Nm) tive (Nm) tive (Nm)
30 -25.59927 -369.3745 -15.99038
35 -10.35309 -335.705 -10.90995
40 -11.16702 -329.248 -13.16561
45 -1.05004 -356.8828 -10.79201
50 6.54253 -400.8385 8.46203
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Table D.3. Stability derivatives in response to a pitch disturbance

Dihedral An- Roll Moment Deriva- Pitch Moment Deriva- Yaw Moment Deriva-
gle (°) tive (Nm) tive (Nm) tive (Nm)
30 -1.251283655 -449.5613716 -0.876051511
35 6.487132802 -392.6468515 9.706359099
40 -0.654802682 -406.3994956 0.348620879
45 -7.971890547 -408.4776534 -13.63360476
50 14.00640072 -472.1471686 22.78964889

Table D.4. Stability derivatives in response to a yaw disturbance

Dihedral An- Roll Moment Deriva- Pitch Moment Deriva- Yaw Moment Deriva-
gle (°) tive (Nm) tive (Nm) tive (Nm)
30 -15.78209946 -364.8208563 -7.144283654
35 -12.03287156 -333.4050315 -4.270734593
40 -10.62659655 -323.573888 -2.662971884
45 -7.906842417 -341.4478497 -1.017046387
50 -12.85821652 -391.4007133 -25.27194501
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Appendix E: Simulation Setup and Convergence

Appendix E presents the conditions for the simulation setup as well as the force convergence
criteria and mesh convergence study. It also presents plots of the boundary conditions and mesh.
Figures E.1 and E.2 display the lift and drag convergence for the separate parts of the hydrofoil
watercraft. Figure E.3 shows the motion of the watercraft to the equilibrium position. Figure E.8
displays the lift force mesh convergence plot. The simulations in this thesis were run on Concordia

University’s Speed high performance computing [109].

Table E.1 Simulation conditions

Item

Condition

Simulation Code
Flow condition

Star-CCM+ V15.04.010-R8
Multiphase air-water flow (constant density)

Analysis method Implicit unsteady
Time step 0.04
Turbulent model k-¢
Mesh cells 8 x 10°—3 x 108
Velocity range 1.74 m/s — 5.56 m/s
Length based Rn ~6 % 10% -2 x 107
Inlet boundary Velocity inlet
Outlet boundary Pressure
Walls No slip
Drag Reports Plot
] — Canard DragTotal Monitor
2404 Drag Monitor
—Main Wing Drag Monitor
2204 Watercraft DragTotal Monitor
— Wing Drag Menitor

27774 776 T8 100 120 14 1 18 20 22 24 26 28 30 32 34
Physical Time (s)
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Figure E.1. Sample drag report plot
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Figure E.2. Sample lift report plot
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Figure E.3. Sample motion plot
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DFBI Pitch Moment Monitor (N-m)

Frequency

DFBI Pitch Moment Monitor Plot
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Figure E.4. Sample moment plot

Wl Virtual Towing Tank: HB.Canard Wing
[ virtual Towing Tank: HB.Deck

Wl Virtual Towing Tank: HB.Hull
[]virtual Towing Tank: HB.Main Wing
M virtual Towing Tank: HB.Stern
[TJvirtual Towing Tank: HB.Strut

Wall Y+
65000

60000

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

1
50 100 150 200 250 300 350 400 450 500
Wall Y+

Figure E.5. Sample wall y+ value study
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Figure E.6. Sample mesh skewness angle study

90 95 100

Cell Quality

W Virtual Towing Tank:
[ virtual Towing Tank:
W Virtual Towing Tank:
[]virtual Towing Tank:
M virtual Towing Tank:
[[lvirtual Towing Tank:

HB.Canard Wing
HB.Deck
HB.Hull
HB.Main Wing
HB.Stern
HB.Strut

CLEELEPE

0.05 0.1 015 02 025 0.3 0.35 0.4 045 0.5 0.55 06 0.65 07 0./5 0.8 085 09 095 1

Cell Quality

Figure E.7. Sample mesh quality study
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Mesh Convergence Study

A mesh convergence study was conducted to evaluate the sensitivity of simulation results to
mesh resolution and ensure numerical accuracy in the CFD predictions. Five base mesh sizes were
evaluated: 0.084375 m, 0.1125 m, 0.135 m, 0.140625 m, and 0.16875 m, arranged from the coars-
est to the finest mesh studied. For each mesh, the lift, drag, moments, DFBI (Dynamic Fluid Body

Interaction) lift and moment, and sinkage were measured.

Mesh Independence Study

The finest mesh (base size = 0.084375 m) produced physically unrealistic lift and moment
values, which did not converge to a single value, suggesting numerical instability. Hence, this
mesh was excluded from further consideration. For the remaining meshes, trends in hydrodynamic
forces and sinkage were analyzed to assess convergence.

As the mesh was refined from 0.16875 m to 0.1125 m, the lift values fluctuated slightly, while
drag and sinkage showed more consistent trends. Notably, the mesh with base size 0.1125 m
yielded a lift of 1178.6 N, which was closest to the analytically calculated lift of 1177.2 N. The
variation in lift to this mesh size was also less than 1%, which suggests acceptable mesh independ-
ence for engineering analysis.

The DFBI lift and moment values also stabilized with finer meshes. At a base size of 0.11255
m, the DFBI moment was 0.27 Nm and the DFBI lift was -0.07 N, compared to 10.35 Nm and -
6.57 N at 0.140625 m. These variations reflect the sensitivity of dynamic body interaction model-

ling to mesh resolution but remain within an acceptable range.

Final Mesh Selection

Based on the convergence trends, the mesh with a base size of 0.1125 m was selected for sub-
sequent simulations. This mesh provided a balance between accuracy and computational cost. It
demonstrated reasonable agreement in lift, drag, and sinkage compared to finer meshes, while
avoiding instability and non-convergence.

A summary of the mesh convergence study is provided in Tables E2 and E3, highlighting the

changes in forces and confirming the mesh independence of the selected grid.
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Table E.2. Mesh convergence study

Base size  Lift Drag Moment DFBI DFBI mo-  Sinkage Simulation

(m) N) N) (Nm) lift (N) ment (Nm) (m) state
0.225 1183.85 138.246 375.358 1.67646 -0.65 0.48125 Converged

0.16875 1203.77 158.177 377.979 2.8302 36.5643 0.66204  Diverged
0.14063 1171.44 155292 357.168 -6.5663 10.352 0.60492  Converged
0.135 1179.11 140.717 374.159 -0.5667 7.97674 0.5384  Converged
0.1125 1178.65 130.272 377.456 -0.076 0.27017 0.49124  Selected
0.08438 1908.26 315.583 226.386 -338.14 -34.281 0.64851  Diverged
Table E.3. Force and moment change mesh convergence study
Base size ASinkage Comparison to Simulation
ALift (%) ADrag (%) nkag analytical lift
(m) (%) o state
(%)

0.225 N/A N/A N/A N/A Converged
0.16875 1.68241 14.4171 37.5667 2.25683 Diverged
0.14063 -2.6853 1.82439 -8.6285 -0.4891 Converged

0.135 0.65458 9.38539 -10.997 0.16232 Converged

0.1125 -0.2089 0.9748 -1.4141 0.12277 Selected
0.08438 N/A N/A N/A N/A Diverged
Lift convergence
1210
1200
1190
Z
< 1180
3
1170
1160
1150
0.225 0.16875 0.140625  0.135 0.1125

Base size m

Figure E.8. Lift mesh convergence plot
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