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Abstract. Submerged lifting surfaces technology, born in the early 1900s, allows
boats to lift the hull above the water and, in some cases, halves the resistance
compared to dislocated and planning boats.

This paper illustrates the state-of-the-art on hydrofoil technology, highlighting
the fundamental aspects of the study of submerged wings and focusing on the
problems that this technology presents, evaluating the solutions currently used to
optimize its work.

Key aspects of hydrofoil design are addressed, such as the choice of geometric
configurations and two-dimensional profiles suitable for each type of mission.
This results in addressing issues associated with cavitation and ventilation and
emphasizing structural solutions that reduce these phenomena, thus improving
hydrofoil efficiency.

The study analyses and discusses the problems of wing systems used in exist-
ing applications, with the aim of developing a sustainable transport technology
compatible with ecological propulsions such as hydrogen and electric.
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1 Introduction

Hydrofoil technology was born in the early 1900s thanks to Eng. Enrico Forlanini,
who installed load-bearing surfaces under the hull of the hydroplanes, very similar to
aircraft wings, which allowed him to completely lift the hull out of the water. Research
into hydrofoils, particularly in the mid-20th century, was primarily carried out in the
military and only after some years, during the 60s, this technology was also used in the
commercial ship [1], thus the first hydrofoils ferries with tandem geometry were built
[2].

The lifting surfaces installed under the hull, have a key feature of reducing drag during
navigation due to the small Wetted Surface Area (WSA) of the boat [3], according to
estimates, hydrofoils can decrease resistances by fifty percent in comparison to a similar
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and comparable fast ship [4], leading to increased speeds, decreased power requirements,
and a reduction in fuel consumption for motorboats. Although some applications of
hydrofoil had already been used in racing sailing, the great diffusion of this technology
began in 2013 thanks to America’s Cup which for was regattated on foiling boats the
first time in history. The great interest that has arisen, together with the technological
development, has allowed the birth of new classes and new types of competitions; this
is evident in the development of dinghies such as the Moth class [5] or in the case of
daily cruiser motorboats. Furthermore, the use of software of numerical analysis (CFD,
FEM, FSI) [6] and Velocity Prediction Program (VPP), which allows to simulate the
behaviour of hydrofoils and the dynamics of the hydrofoil-hull system [7], have made
it possible to speed up the design phases.

If the energy advantages caused using hydrofoil are evident, the design of this boat is
challenging and together with the danger caused by the high speeds reached, means that
these boats are used only in limited applications. Through the study of the state of the art,
it was possible to investigate to evaluate what the main research areas are, identifying
key aspects and design problems with the aim of directing research towards the use of
this technology for a more sustainable boating which exploit the benefits of hydrofoils,
reducing emissions without reaching the extreme performance of racing boats.

2 Introduction to Hydrofoil Sailing

Hydrofoils can mainly be divided into two categories in relation to the type of wing
system (Fig. 1): The first, known as piercing, is characterized by a wing system designed
with a deadrise angle § > 0 with respect to the horizontal, during navigation the tips of
the wings come out from the water interacting with the free surface. The second category,
called fully submerged hydrofoils, usually have § = 0 e and remain totally submerged
during navigation [8].
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Fig. 1. Piercing hydrofoil vs fully submerged hydrofoil.

In an initial phase of motion these boats sail in a displacement mode (hullborne sail-
ing), accelerating, the hydrodynamic forces of lift generated by the appendages enabled
the hull to rise from the water’s surface ( foilborne sailing), eliminating shape and vis-
cous drags and effectively reducing the impact of the waves [4] and making navigation
more comfortable.
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2.1 Types of Hydrofoil Boats

Hydrofoil technology can be used in various boat configurations, for example in the case
of monohulls as for hydrofoil ferries [9], latest generation vessels or sailing classes such
as the AC75. The most energy-consuming sailing phase for these types of boats is the
take-off [10] as the wave resistance and viscous drags of the hull, partially submerged,
add up to those generated by the hydrofoils. In some cases, the foils are also used to
stabilize or partially lift the boat, reducing the WSA and improving fuel consumption.
Also for multihulls, the use of submerged appendages, together with a different volume
distribution compared to monohulls, allow, in sailing and motor boating, a reduction
in drag is proven in several studies as in the case of and Suastika et Al. [11] on motor
hydrofoil-assisted multihull.

2.2 Lift and Drag
The Lift of a hydrofoil is obtained as in the case of a classic wing [12]:
1 2
L=§CL~,0~VOO-A (1)

Where, Cy is the Lift Coefficient, p is the density of the fluid [%], Voo 1S the relative

speed of fluid-wing [ ] A is the wing surface in plan [m?].
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Fig. 2. Characteristic parameters of a submerged airfoil.

Furthermore, since we are in a multi-fluid environment and considering C as the
chord, as verified by Parnold et Al. [13], Cy is almost constant if the submergence # is
h > 2C. If the profile approaches the free surface and the wingisath = 0,911 C, Cy,
so the lift, increase by a few percentage points and if 7 < C the Cy, decreases drastically.
Drag calculation turns out to be more complex as it is caused by various phenomena: in
addition to the resistances generated by the profiles, it is necessary to consider induced
resistances, sprays, viscosities, and interferences caused by the geometry of the wings
and uprights [8].

3 Design Problems Identification

As previously stated, the purpose of this article is to identify the most active and most
interesting areas to direct future research activities and for this reason, a deep biblio-
graphic analysis was carried out. For our research, we utilized the Scopus database to
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identify articles related to hydrofoils published in journals during the past decade follow-
ing the 2013 edition of the 34th America’s Cup, which marked the advent of hydrofoil
technology in the maritime domain. From 2013 to 2023, the publication of papers in this
area increased by approximately 300%. By investigating the keywords, we were able
to pinpoint the major research areas of interest in the sector as illustrated in Fig. 3. In
this paper, for reasons of maximum length, only the most soundness are cited. Once the
major areas of importance were identified, it was then possible also to delve deeper into
the topics, including articles predating 2013, to expand the knowledge.
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Fig. 3. Hydrofoil design, main design problems.

3.1 Hydrodynamic

From the results it can be stated that the most extensively addressed topic in the field of
hydrofoils concerns the hydrodinamics of submerged wings. Although the characteristics
of the profiles have been widely studied in aeronautics, the choice of the correct profile to
use on a hydrofoil wing turns out to be a recurring topic since, in addition to the behaviour
in terms of lift, drag and stall, it is also necessary to consider even to phenomena such
as ventilation and cavitation. For these two reasons, the geometry of the airfoils used
for hydrofoils and struts differs from aeronautical ones; if the speeds are higher than
40-45 knots (Re ~ 107), the use of profiles super-cavitating is necessary as they allow
to delay the cavitation [14] and to avoid the sudden reduction in lift and increasing of
drag. Moreover, for versatile foilborne navigation, Reynolds number calculated with the
chord of hydrofoil can vary in a range between 10* and 107, resulting in a different
hydrodynamic response of the wing which must necessarily have a system of mobile
surfaces (flap) or a system to vary the overall incidence of the system.

If cavitation occurs when the pressure on the upper surface of the wing is so low
that the water evaporates, the area affected by this problem is hit by the water and
damaged due to the collapse of the steam bubbles, ventilation instead is linked to the
interaction of the wings with the free surface and occurs in hydrofoil piercings or when
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Fig. 4. Three different types of profiles: NACA 2412 (left), which is widely used to many aero-
nautical applications for low Re numbers; NACA 63412 and Super-Cavitating (centre and right,
respectively), two examples of profiles used to design hydrofoils.

fully-submerged wings get too close to the free surface. The low pressure causes the
injection of air which, spreading along the entire span of the wing, drastically decreases
lift, increasing drag and generating vibrations [15]. Ventilation is a characteristic of the
piercing configuration of hydrofoils and is related to wing configurations with smaller
8 (Fig. 1) and higher « (Fig. 2), additionally, profiles with sharp leading edges increase
the likelihood of this phenomenon occurring [16]. The solutions proposed to stop this
phenomenon are different, but one of the most common is the insertion of bulkheads or
fences [17], which decrease the propagation of the air, increasing the WSA of the wing.

3.2 Stability and Safety

Another relevant topic concerns the analysis of boat stability and consequently both per-
formance and safety. The behavior of a hydrofoil, especially if under sail, is particularly
complex to evaluate because it is subject to a multiplicity of external forces, and this
limits the use of these boats in restricted fields of application. To improve trim and safety,
in numerous instances, a VPP is used to predict the dynamic response of the boat [18],
which is subject, in addition to the hydroelastic behaviour of the wings, also to multifluid
conditions. Considering that the lift is obtained from the relation (1) in which the surface
A of the wing appears, a fundamental consideration can be made in terms of vertical
stability: if the wing system is of the piercing configuration, also called variable area
foils, the greater the speed, the greater the lift, the tips of the wings progressively come
out from the water, self-balancing the system vertically and the foilborne flight will be
stable. In fully submerged wing systems, with angle § = 0, increasing speed or because
of external forces, such as wave motion, the wing can approach the surface of the water,
varying its lift as expressed previously. Therefore, the fully submerged configuration
is unstable and require a mechanical, or electronic control, which allows changing the
lift of the wings making the boat stable, as in the case of the wand in the Moth class,
to control the boat in free surface or waves and avoid capsizing [19]. Furthermore, the
control of a large vessel, such as a ferry hydrofoil, turns out to be much simpler since the
large inertia moments of the vessel make the system response to external forcing slower
than in small vessels.

Hydrofoils can also be used to change the trim of the boat, partially lifting the hull
with the aim of reducing the WSA and stability problems, as in the case studied by Shen
et Al. in which a wing installed on the bow has allowed to improve performance and
fuel consumption consequentially by always keeping part of the hull wet [20].

3.3 Structural Problems and Materials

A fundamental aspect also concerns the choice of materials, both for the wings and for
the supporting structures. The latter two can be likened to beams which, interacting with
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the fluid, are subject to stresses and moments that change over time, The most used
materials for their construction are composite fibres, while steel is also used in some
applications. In the design phase, in addition to structural dimensioning, hydroelastic
issues are being referred to, such as the deformation of the wings under load and the
vibrations induced by flutter. This phenomenon, known also as singing, could appears
on the steel wings in the form of a high-tone sound, which, in addition to damaging the
structure, is uncomfortable for the people on board [21], as well as causing continuous
maintenance. To avoid structural problems, the analysis using Fluid Structure Interaction
(FSI), such as the one carried out by Maung et Al. [22] on carbon fibre wings, can play a
fundamental role also in evaluating hydroelastic response, according to loads and fatigue,
allowing also the study of environmentally friendly materials, such as particular metal
alloys or natural composite fibres which can be disposed of more easily at the end of
their life.

3.4 Green Propulsion
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Fig. 5. Total resistance curve for a hydrofoil boat.

In addition to the hydrodynamic and overall optimization of the vessel, the develop-
ment of environmentally sustainable propulsion systems can give a push towards greater
adoption of these vessels. In terms of optimizing fuel consumption, the use of electric
propulsion coupled with hydrofoils is particularly suitable [23] as it allows the motors
to be installed directly on the wing structures, allowing greater freedom in optimizing
the fluid dynamics of the system. On the other hand, however, despite the low resistance
generated, the weight and the battery capacity, do not allow for ranges of navigation
comparable to traditional thermal-powered motorboats. For this purpose and consider-
ing the total resistance curve indicated in Fig. 5 [10], the development of hybrid engines
that allow the delivery of maximum power in take-off, thanks to an electric motor, would
allow the internal combustion engine to be used only in foilborne navigation when the
total resistance decreases and the engine speed is constant, thus increasing the general
efficiency of the propulsion unit and the sailing range.
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4 Discussion

Based on the analysis of bibliographic articles, it is evident that in recent years, a large
part of the scientific community has been directing its attention towards the development
of hydrofoil technology as a means of enhancing the performance of boats.

The main themes addressed by the articles (82%) concern the hydrodynamic study
and stability analysis of boats, as revealed by the analysis of keywords. Therefore, despite
these topics having been extensively covered in literature, they remain highly relevant
and represent areas of research that are still open to innovative solutions.

Furthermore, it can be stated that the pursuit of increased performance and improved
stability in most studies is aimed at achieving better results in narrow usage contexts,
such as the sports sector, and for fast ferries. The remaining part of the articles analysed
deals with issues relating to the study of materials (10%) and, still to a lesser extent
(5%), the use of green propulsion. However, it should be considered that if the intention
is to leverage hydrofoil technology to create commercial green boats suitable for crews
made up of non-professionals, the search for extremely high performance may not be
necessary. To achieve a hydrofoil-based craft that is environmentally sustainable, it is
essential to address, in addition to safety concerns, the topics that have received little
attention in literature. For instance, the use of eco-friendly materials should be consid-
ered to facilitate the disposal of the vessel at the end of its life cycle. Simultaneously,
expanding knowledge on the different types of propulsion could also lead to the devel-
opment of environmentally friendly boats. As previously mentioned, the development
of hybrid propulsion units could identify an optimal point between navigation range and
ecological propulsion. Furthermore, a hybrid propulsion could equally reduce battery
disposal problems compared to a full electric boat.

Lastly, to optimize the performance of hydrofoil boats even at lower speeds, a study
could be undertaken on morphing profiles [24], this could be an idea to reduce the
drag generated by the mobile surfaces and improve the wing performances, even in a
wider range of Reynolds numbers. However, any problems related to use in a marine
environment must be adequately evaluated.

5 Conclusions

Despite being invented years ago, hydrofoil technology has only begun to gain popu-
larity in the boating industry in recent years and it can be a valid opportunity to reduce
consumption and improve boat performance.

The work carried out has made it possible to identify research topics for the develop-
ment of boats that do not require extreme performance comparable to racing boats, but
which can equally take advantage of the benefits of using hydrofoils, making pleasure
and commercial boating increasingly eco-compatible and respectful of the environment.
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