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Abstract

Hydrodynamic efficiency emerges as a key characteristic for boats to help migrating to more wa-
terborne sustainable transportation means. This hydrodynamic efficiency can be reached in several
ways but all have as a common objective the reduction of the hydrodynamic drag, which depends
mostly on the area in contact with water of the boat hull, due to this fluid is responsible for at least
80% of the total hydrodynamic drag generation. For reducing the wetted area, several alternatives
have been invented. Planing boats and hydrofoil crafts stand as the most studied of all alternatives
and both can be combined to create hydrofoil planing boats with monohull or multihull hull shapes.
However, it is not convenient to operate monohull planing boats with hydrofoils in low-depth bodies
of water without the need of implementing complex mechanisms to avoid increasing excessively the
boat draft. Here, hydrofoil supported catamarans (hysucats) emerge as a compromise solution even
with the potential of reaching better hydrodynamic performances than monohulls, and according to
the literature, both have not been compared against the other. In this exploratory research project, a
monohull, a catamaran and a hysucat hull are compared experimentally together with Savitsky model
for planing hulls in order to find the geometry with the lowest hydrodynamic drag. These geometries
have the same length, width, draft, submerged volume and weight distribution. Also the dynamic
positioning of the boats is studied. The hysucat and the catamaran boats present up to 50% higher
drag in planing speeds than the monohull, which may be mostly due to they travel almost horizontally
at planing speeds, what makes both having a 50% more wetted area in comparison with the monohull.
Some alternatives for improving the hydrodynamic efficiency of the catamaran and the hysucat are

proposed.
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Resumen

La eficiencia hidrodinamica surge como una caracteristica clave para que las embarcaciones ayuden a
migrar hacia medios de transporte acuAjticos mas sostenibles. Esta eficiencia hidrodindmica puede
alcanzarse de varias maneras, pero todas tienen como objetivo comun la reduccién de la resistencia
hidrodindmica, que depende sobre todo del area en contacto con el agua del casco de la embarcacion,
va que este fluido es responsable de al menos el 80% de la generacion total de resistencia hidrod-
indmica. Para reducir el area mojada, se han inventado varias alternativas. Los botes de planeo y los
botes con hidroalas son las alternativas méas estudiadas y ambas pueden combinarse para crear botes
de planeo con hidroalas con formas tipo monocasco o multicasco. Sin embargo, no es conveniente
operar con embarcaciones de planeo monocasco con hidroalas en cuerpos de agua de baja profundidad
sin necesidad de implementar complejos mecanismos para evitar el aumento excesivo del calado de
la embarcaciéon. En este caso, los catamaranes apoyados en hidroalas (hysucats) surgen como una
solucién de compromiso, incluso con el potencial de alcanzar mejores prestaciones hidrodindmicas que
los monocascos, y segun la literatura, ambos no han sido comparados entre si. En este proyecto de
investigacién exploratorio, se comparan experimentalmente un monocasco, un catamaran y un casco
hysucat, junto con el modelo de Savitsky para cascos de planeo, con el fin de encontrar la geometria
con la menor resistencia hidrodindmica. Estas geometrias tienen la misma longitud, anchura, calado,
volumen sumergido y distribuciéon de peso. También se estudia el posicionamiento dindmico de los
botes. El hysucat y el catamardn presentan hasta un 50% mads de resistencia en velocidades de planeo
que el monocasco, lo que puede deberse principalmente a que se desplazan casi horizontalmente a
velocidades de planeo, lo que hace que ambos tengan un 50% mads de superficie mojada en compara-
cién con el monocasco. Se proponen algunas alternativas para mejorar la eficiencia hidrodindmica del

catamaran y del hysucat.

Palabras Clave: Botes de planeo, hidroalas, eficiencia hidrodindmica, transporte sostenible
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Chapter 1

Introduction

1.1 Background

Watercrafts are probably the most ancient means of transport that humanity has ever used. It is
estimated that the rst boats were built more than 8.000 years ago. They played an important
role in migration, discovery and colonization in the antiquity, middle ages and discovery ages (Jean
Vaucher, 2014). At those ages, the nations with the strongest naval eet had a great advantage over
their military and commercial competition. Water transport brought wealth, economic growth and
political importance to the nations adopting this means of transport (Stopford, 2008).

Nowadays, water transport is still a very important means of transport for several applications
due to it has the largest carrying capacity and is the most suitable for carrying bulky goods and
people over long distances at moderate speeds. According to the European Comission (2020), the
inland waterway transport o ers a greener and more e cient alternative to road and rail transport
considering that its energy consumption per km/ton of transported goods is only 17% of that of road
transport and 50% of rail transport.

Figure 1.1 shows the evolution of the amount of passengers transported by year in the European
Union in which it can be observed that despite there has been some reduction in passengers in the
last decade, 415 million of passengers embarked and disembarked in all ports in 2017 which is similar
to the European Union population.

Table 1.2 shows the amount of passengers and goods transported by di erent means in some
leading countries in billions of passengers per kilometer (pkm) and billions of tons per kilometer (tkm)
respectively. It can be observed that freight transport is carried out in big part through waterways,
specially in Europe where combined inland and sea operations becomes the second means of transport
with the highest cargo movement after road transport. In the other hand, despite water transport for

passengers is the least used transportation mean in these developed regions, it represents an alternative

1
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Figure 1.1: Seaborne passengers embarked and disembarked in all ports in EU-28 from 2002 to 2017.
Plot retrieved from: https://ec.europa.eu/eurostat/statistics-explained/index.php?title=

Passenger_transport_statistics

to reduce inland tra c congestion, and even organizations such as the European Comission and the
UITP (Union internationale des Transports Publiques) consider it as an opportunity to innovate

in a greener mobility (Comission, 2017; Union Internationale des Transports Publics, 2013). Some
examples of public uvial transport systems can be observed in at least 23 cities around the world
such as Amsterdam, Copenhagen, Gothenburg, Auckland, Hong Kong, Venice, Istanbul, New York,

Sao Paulo and London, to mention a few (Cheemakurthy et al., 2017).

Figure 1.2: Passenger and freight transport by di erent means around the world. Source: (European

Comission, 2018)
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Nonetheless, currently most of the fuel used to propel these vessels are fossil fuels and the con-
sumption is much higher than in land vehicles. Alternative sources, such as batteries, have a much
lower available energy per kilogram and are much more expensive. The higher consumption in wa-
tercrafts is mainly because water is 1000 times heavier than air so resistance is much higher. In
comparison, a 7.5 meters long classic boat consumes around 15 times more than a family car (Candela
speedboat, 2018), and the weight per usable energy of batteries is at least 16 times higher than that
of the gasoline (Candela speedboat, 2018). In addition to this, the cost of batteries with respect to
the total cost of a car is around 30% (Bullard, 2019). The wide usage of fossil fuels has transformed
water transport in a main player of the pollution source in transportation means. According to the
European Parliament, only maritime transport was responsible for 4% of the globalCO, emissions in
2012, and it could grow to 17 % in 2050 if left unregulated (Cames et al., 2015).

This is why most representative maritime organizations around the world such as the International
Maritime Organization (IMO) with its MARPOL convention, the European Comission (Comission,
2017), the UITP (Union Internationale des Transports Publics, 2013), among others, are fostering
the development of e cient, environmentally friendly and sustainable mobility solutions in order to

reduce reliance on fossil fuels and reduce pollutant emissions.

For increasing performance and e ciency of vessels and hence reducing pollutant emissions, aside
from implementing alternative energy sources, it is vital to reduce the hydrodynamic resistance without
reducing the safety of the vessel. The consumed energy depends on this resistance, of which water
causes around a 90% (Faltinsen, 2005). As a rule of thumb, reducing the operational speed, the wetted
area, the area formed by the intersection between the vessel and the surface of the water, or the area
facing the ow will produce hydrodynamic resistance reduction. However, the rst strategy may not
be an option for high-speed vessels. The three latter ones can be reduced mainly by minimizing the
vehicle weight, creating hydrodynamic lift with hulls with at bottoms or planing hulls (Savitsky et al.,
1964), using hydrofoils (Vellinga, 2009), using hard chines or hull steps in order to cause separation of
the ow from the hull (Savitsky and Morabito, 2010), bleeding air to generate air cavities under the

hull (Latorre, 1997), among other techniques.

Among these techniques for reducing hydrodynamic resistance, hydrofoils have been one of the
most successful for reducing water resistance on vessels and hence increasing performance, which is
proved by the amount of vessels that have broken speed records and have achieved high fuel saving
since this invention (Vellinga, 2009; Yun and Bliault, 2012). Nowadays, the best high performance
boats for competitions use hydrofoils (solar boat race, 2018; Solar Splash, 2012) and electric boats with
performances similar to those of combustion engine boats are appearing more constantly around the
world regardless of its usage for leisure or for passenger transportation. Boats like Candela (Candela
speedboat, 2018) and the Sea Bubbles (Ebbert, 2017) are clear examples.
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Hydrofoils are appendages that can be attached to the bottom of almost any type of vessel.
They can be attached to monohulls as well as to multihulls. This make them very versatile and a
compelling way to increase e ciency of vessels. However, one their biggest limitations is that their
proper operation is limited to depth waters in which they can work far away the surface and the
bottom, primarily because the foils reduce their performance when close to uids or elements di erent
than water. Additionally, the foil could collide against a solid element at the bottom of the water

body, causing an accident.

Hydrofoils tend to su er from cavitation in boats working at speeds higher than 25 m/s. Cavitation
can be reached at even less speeds if the hydrofoil is not properly designed. Also, they can su er from
ventilation, which occurs when the foil is very close to the water surface. This causes the foil to suck

air from the surface, causing the immediate vanishing of the lift (Vellinga, 2009; Faltinsen, 2005).

Another way of reducing hydrodynamic resistance as mentioned before is by replacing traditional
curved surfaces at the bottom of the hull by at surfaces in order to generate a hydrodynamic force
pointing upwards or lift. Planing boats take advantage of this principle and the interest on under-
standing the phenomena is as old as the one with hydrofoils. Planing boats can travel at high speeds
without requiring huge amounts of power and energy consumption; and without penalizing stability
and manoeuvrability. Planing boats, like hydrofoils, take advantage of hydrodynamic lift in order to

reduce the boat sinkage and reduce the wetted area (Savitsky et al., 1964).

Planing boats can be monohulls or multihulls (catamarans). Historically, planing monohulls have
been used the most due to their ease of construction and because of the phenomena acting behind
scenes for the planing monohull boat is more understood, which allows designers to easily accomplish
design objectives. However, planing catamarans have been taking a greater role in high speed vessels
for passenger transportation, leisure or competition due to their high e ciency, roll stability at high

speeds and smoother rides in rough water conditions (Yun et al., 2018).

As was mentioned before, if a hydrofoil is wanted to be attached in a planing monohull, the
designer must make sure the monohull is going to operate in depth waters, so normally monohull
hydrofoils operate in channeled rivers, lakes, open seas and bodies of water where a safe depth can
be warranted. Hopefully, attaching hydrofoils to planing catamarans may solve these inconvenients
due to restrictions. The bene't is twofold: the foils are protected by the demihull keels (at least
against the bottom) without increasing the boat draft excessively. These advantages would allow to
use hydrofoil catamarans in bodies of water that are more restrictive, such as non-channeled low depth

rivers, which are very common in South America and Asia.

This concept of hydrofoil catamarans is relatively new compared to the invention of planing boats
and hydrofoils, and the rst report of this invention was published by Hoppe (1989). Since then,

several successful applications of this concept have been carried out in leisure boats, patrol boats
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and ferries with companies like Hysucat, Safehaven Marine, Icarus Marine, among others. Other
applications include solar-electric vessel competitions and high speed sailing competitions such as
the hydrocontest and the Red Bull Foiling Generation. In this sense, there is an opportunity of
replacing classic planing monohulls for hydrofoil supported catamarans, seeking for more e cient
designs without incurring in safety penalties.

These e cient designs are nothing but vessels producing a relatively low hydrodynamic resistance,
which implies less installed power for traveling at a design speed and hence, less (cheaper) batteries.
This resistance can be measured mainly by 3 ways: experimentally, by means of statistical methods,
and with numerical methods (CFD).

Experimental methods are the most accepted in the scienti ¢ world due to their close representa-
tion to reality, but they may be the most expensive and time consuming of all. Statistical methods are
the fastest in giving results, but they are the less close to reality due to their simpli cations so they
are preferably used in early design stages. However, a signi cant cost reduction can be achieved by
testing with scaled models. The family of numerical methods contain several methods, but the most
successful of all is computational uid dynamics (CFD). CFD can be very precise but need validation,
is very sensitive to the inputs and can be very computationally expensive and complex. This high cost
and complexity can be increased even further if dynamic meshes are used to represent the behavior of
planing boats. Furthermore, CFD requires a high skill and expertise that requires a certain amount
of time to learn.

In this work, a comparative experimental and statistical study is carried out between a planing
monohull, a planing catamaran and a hydrofoil supported catamaran (hysucat) of similar dimensions,
weight and weight distribution, in order to determine the geometry with the best hydrodynamic
behavior, meaning a low hydrodynamic drag and appropriate dynamic positioning according to the
literature. The equation derived by Savitsky et al. (1964) will be used as a tool for a deeper under-
standing of the planing phenomena and as precursor for designing the experiment. The results derived
from this work will help in the evaluations of the implementation of hysucats in water basins where

the depth of the water is a restriction.

1.2 Research justi cation

This thesis is framed in a research project where the objective is to design an electric boat that
replaces the current boats operating in Colombian rivers for the public transportation of passengers.
Therefore, the designed boat must have similar characteristics to these selected vessels. These vessels
are monohull planing boats propelled with fossil fuel engines with an output power of 200 HP that
travel at high speeds, concretely at around 55 km/h in average, and are able to convey between 20

and 25 passengers. Figure 1.3 shows an image of the monohull boat.
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