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Abstract
The Swedish Navy has been using the AUV62-AT for submarine hunting training successfully for a while and it has been found that the biggest drawback is the transport which is
very resource draining. The Swedish Defence Materiel Administration was given the task
to solve this and a hydrofoiling-trailer was seen as a potential solution.
This thesis will present the design process of the foil-trailer as well as issues found and
how theses were mitigated, to produce a viable design. To develop the final design both
current use of hydrofoil vessels and further adaptions needed for this applications were
investigated. The project was done in collaboration with Simon Källerfelt Korall, who has
during the project investigated in detail the foil-trailer’s roll stability, presents this in "The
development of a foiling trailer for transport of the AUV62-AT"[1], which deals with how
the experimental- and model results lines up.
The result is a final design of a foil-trailer which is constituted of several sub-systems
that has been found to improve the overall concept. It was concluded that the concept
was viable and if further developed it can be used as a great method of saving time when
deploying the AUV62-AT.
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Sammanfattning
Svenska flottan har länge använt AUV62-AT för ubåtsjaktträning, det har upptäckts att
den största nackdelen med användandet är att transporten är resurskrävande. Försvarets
materielverk har därför fått uppdraget att utveckla ett sätt att transportera den, en bärplanstrailer har blivit förslagen som en möjlig lösning.
Den här uppsatsen presenterar designprocessen samt vilka utmaningar samt hur dessa kan
lösas. För att utveckla en välfungerande design har både tidigare användande av bärplansbåtar så väl som anpassningar av dessa undersökts. Detta projekt är gjort i samarbete med
Simon Källerfelt Korall, som har under arbetes gång väl genomfört en studie om bärplanstrailerns rullningsstabilitet, detta är presenterat i rapporten, "Utveckling av en bärplanstrailer för transport av AUV62-AT"[1] som hanterar hur väl den skapade modellen överensstämmer med experimentresultat.
Resultatet av studien är en slutgiltig konstruktion av en bärplans-trailer bestående av flera
delsystem som kommer förbättra konceptet. Slutsatsen kunde dras att konceptet är gångbart och om vidare utvecklat kan det spara mycket tid i användandet av AUV62-AT.
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Forewords
The study was done at the KTH department of Naval Architecture and was supervised by
the Swedish Defence Material Administration and Stefan Hallström, associate professor
in lightweight structures. The project was done in collaboration with Simon Källerfelt
Korall, who focused on the foil-water performance predictions in normal operations [1],
while the model design work and the testing was done jointly.
This report presents the focus area of the author; the in depth design process and the optimization of the final concept. Furthermore, the findings from the overall process are
presented. This includes several investigations and mitigation of potential problems, all to
optimize the functionality of the final product. Finally, the complete project is presented in
two separate reports and a complete picture of the project is only obtained trough reading
both reports.
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1 Introduction
This document serves as a master thesis report for the Master of Science program in Naval
Architecture at KTH, Royal Institute of Technology. The project consists of a literature
study, a conceptual design study, a scale test, and a presentation of the final design. As
part of the project a foil-trailer will be developed to use for transporting bigger torpedo
shaped bodies and is specially designed for transporting the AUV-62 AT. The project was
performed in collaboration with FMV (the Swedish Defence Materiel Administration) and
KTH, this report only presents parts of the project. For the full picture of the project, Simon Källerfelt Korall’s report must be read as well.
This thesis will present and discuss the design process and the choices made throughout
the project, it will also serve as a full presentation of the product which was designed in
the project.

1.1

Background

With the recent improvement of information technology, it has been made possible to
make underwater vehicles which are not in need of direct control from humans, hence it
is possible to make the underwater vehicles more efficient. The Autonomous Underwater
Vehicles (AUVs) are both cheaper to make and operate than bigger, manned ones, which
has caused a big increase in the number of AUVs on market. Since AUVs might be a
tool for smart warfare in the future, most countries has strived to acquire in-house expertise within the subject. In Sweden this has lead to the Swedish Defense Research Agency
(FOI), the Swedish Armed Forces, the Swedish defense agency (FMV), and Saab Dynamics to embark on a joint effort to design a modular AUV that is based on the Swedish
torpedo 62 hulls. Using the previously designed hull means more efforts can be spent on
other parts of the AUV, saving money and time. This development has resulted in several
AUVs with two main purposes; mine hunting and submarine hunting training.
For mine hunting one needs a way to scan the water with high resolution. Both SAPPHIRES (Synthetic Aperture Processing High Resolution Sensor) and AUV 62-MR (Mine
Reconnaissance) does this using a synthetic multi-beam sonar array that is then used for
mapping the sea floor of the Baltic to scan for mines. It has been proven to be a valuable
asset to the Swedish Armed Forces when performing tasks such as finding World War
two mines, dumped ammunition, and assisting when the Swedish Coast Guard in a missing person incidents. The search area can be in the magnitude of a couple km2 and the
visibility of divers could be around a few dm [2].
To be able to practice submarine hunting operations, it is desirable to have an AUV that
can act and appear as several different submarine in the world. This is done by using an
AUV with a quiet engine so the own signature is very small, therefore, allowing it to send
out acoustic images using both passive and active signatures to the search party. AUV62AT (Acoustic Target) can be seen by several search parties at the same time allowing it to
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(a) Found Drown Victim [2]

(b) Launch and recovery on 30m Fårösund [2]

Figure 1.1: Operation of AUV 62
work as a submarine would have. The two main advantages compared to practicing with
the real submarine are that it can act and look like any submarine (not just the ones the
country has) and it frees up the time from the submarine to do other missions during that
time[3].
The AUV family is well proven and therefore often used. It saves resources but has a finite
battery time hence it is transported dead, often using a surface vessel. It needs to be done
in a quick, safe and cheap way. At the moment the two main methods used for transportation are either with a 30m vessel (see figure1.1b) or with a 10m RIB. On the bigger vessel
the AUVs are being lifted up on the deck by a crane, which allows the vessel to be able
to operate normally, while the weight of the AUV is small in compassion to the vessel.
However, it is not cheap having to operate a 30m vessel to transport a 4 to 7 meter long
cylinder, this is ineffective for medium and short length transportation. The other and most
common way of transporting it, is using a smaller RIB to simply tow the AUV with a rope
connected to an eye bolt at the fore on the AUV and to the aft of the RIB. Unfortunately,
when towing the AUV like this, the propulsor starts to act as a generator and will, at 10
knots create too high electrical voltage for the battery. This means that the AUV can not
get transported faster than that, which makes this an ineffective way of transporting the
AUV, and it can only be allowed for very short distances. To be able to limit the cost of
operating the AUV and other similar vehicles a more effective way of transporting should
be found. One way of doing this is to lift the AUV out of the water, so no water will pass
by the propulsor similar to a regular trailer on land being towed by the RIB already used.
The RIB used to transport the AUV is able to reach velocities well above 30 knots with
its dual engine system. The use of a planing hull is common for high-speed vessels since
they are quite easily and cheaply developed and manufactured but has the drawback that it
produces fairly high vertical accelerations and big motions in higher sea states. Having the
AUV on an own planing hull might cause big loads on hull, since there are considerable
more and higher accelerations, therefore it has been suggested that it should be transported
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on a hydrofoil trailer. Hydrofoils are wings for underwater usage, that when moved through
the water will create both lift and drag. The drag is less than for a hull which is pulled
through the water. That is due, to the smaller wetted surface, making it a very effective
for higher speeds. Using hydrofoil, in this case will thus potentially cause less loads in the
connection between the AUV and RIB.

1.2

Aims

The aim of this thesis is to contribute to a deeper understanding of hydrofoil design and
demonstrate new areas where the technology could provide an advantage.

1.2.1

Project Objective

The project will be presented in two parts, one by Simon Källerfelt Korall, who presents
the fluid dynamic and roll stability aspects of the concept, whilst in this thesis, the overall
design choices will be covered.
The task given was to design a system that will make it possible to transport the AUVs
faster with help of the RIB boat, specifically using a foiling trailer. The system should be
able to be operated and mounted by two crew members with help of a crane. The foiltrailer should also protect the sensitive electronics inside of the hull from getting damaged
during transportation. At the moment the AUV is transported on land in a truck and the
foil-trailer should be able to fit in the truck together with the AUV. While it is known
that other hydrodynamic lift-creating methods could work, the thesis is limited to only a
primary design of a hydrofoil-trailer, due to the suggestion of a foil-trailer by FMV. In a
further development of the project it could be interesting to look at other methods
The system requirements are the following;
• Be foilborne with the AUV in the speed range 8-30 knots
• Operate in sea state 2 i.e. a significant wave height of 0.5 meters
• Should be possible to operate by two crew members
• Should be able to be transported on land on a truck together with the AUV
• Easy to be transport on water in a without the AUV
• The system should be robust

4
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1.2.2

Thesis Objective

The objective of this thesis is to learn more about hydrofoils both in general and how the
would work in the specific case. For this design study, the knowledge will be applied to
firstly use the working princples and ideas of the concept to produce a final design. After
this it will be tried to further develop the foil-trailer to a design which would fulfill the
requirements. The design will cover all subsystems that would be needed in a real size
design to work in a proper way.
This paper will then present in a concise and clear way the choices done and the process
to taking these, by doing several sub-system investigations and analysis, as well as a look
into the literature how the issues has been dealt with previously.

1.2.3

Method

During the project the customer, FMV (The Swedish Defence Materiel Administration),
has set requirements on the foil-trailer. The requirements will be reached by performing
the following activities:
• Present the working principle of hydrofoils
• Discuss different methods/principles of used
• Determine key design parameters
• Concept design
• Concept evaluation
• Scale prototype design
• Scale prototype realization and testing
• Suggestions of design of product and further investigations

2 Hydrofoil Technology
This chapter presents the theory behind hydrofoils, how it is usually used and how the
potential issues are dealt with. Chapter 3 will then apply the knowledge gathered in this
chapter to the problem in question.
There are several ways of supporting a vessel’s weight. In figure 2.1a, the methods for
high-speed vessels are seen. The three main physical phenomena used to support the vessels weight, and allow for an equilibrium to be created are hydrostatic and hydrodynamics.

(a) Types of High Speed Crafts [4]

(b) High Speed Craft Transport efficiency [5]

Figure 2.1: Types of high speed craft and their efficiency
The most common one of these, is the hydrostatic which uses Archimedes principle of
displacing the ship’s weight in water to make it float. This principle is also used for the
other high-speed hull types, that require speed to create the lift needed. When not moving
through the water fast enough, the hydrostatic lift must be sufficient for the vessel to not
sink. Both the displacement hull to the far left in 2.1a and the SWATH (small waterplane
area twin hull) uses the hydrostatic lift, both are inefficient in higher speeds. Most displacing hulls are subject to big motions in waves, therefore they are not commonly used
in high speed. But SWATH’s hulls are so far down below the surface, so changed surface
conditions does not affect it as much, they are still able to create a stable platform and are
for instance used at oil rigs.
The second principle used to create lift is hydrodynamic, in figure 2.1a there are two types
of hulls which takes advantage of this; the planing hull which uses a flat surface in the
water surface to create lift, and the hydrofoil which uses an underwater wing similar to an
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airplane wing to create the lift needed. Planing hulls are very smooth in small waves but
have way bigger motions in bigger waves. These motions create large vertical acceleration when slamming into waves, but even though that is the case, it is the most commonly
used hull for high speed vessels, since they are cheaper to acquire. Whilst hydrofoil is
in general less sensitive to surface conditions, hence will experience less accelerations in
rougher seas [6].
Thomas Moy started experimenting with hydrofoils to understand its behavior during the
development of airplane wings, but for convenience sake it was done in water instead of
in air. One does not have to get up to the same high speeds to get a lift in water as in air.
In 1861 he towed a hull with the foil fast enough to achieve lift out of the water, this is
considered the first hydrofoil vessel.
As the lifting force is proportional to the speed, so when reaching high enough velocity
there is a risk of getting too much lifting force. When the hull is lifted out of the water
and the resistance drops, the vessel will continue to accelerate achieving even more lifting
force. The increased lifting force can cause the foil to get too close to the surface, where
surface reduction will interfere and cause the foil to lose most of the lifting force. This can
in turn cause the hull to slam into the water. However, if the lift coefficient is controlled
when foilborne this can be prevented from happening. This phenomenon is a key design
feature and has been dealt with in several ways. This is seen in a basic formula for a deep
submerged foil from Faltensen [7].

ρ
F = CL U 2 A
2

(2.1)

where, F is the lifting force, ρ is the density of fluid, CL the lift coefficient, U velocity, and
A the area of the foil. The formula shows clearly that if U keeps increasing with decreased
resistance, more lift force will be delivered while creating a motion upwards.
M and L Meacham 1894 was the first who designed a fully submerged foil, which had a
surface going control arm which controlled the angle of attack of the foil. While this sound
similar to smaller hydrofoiling dinghys nowadays, this control principle only reached concept phase. Meanwhile, Enrico Forlanini continued the research with hydrofoils and started
to use a ladder control system to control the increased lift force during acceleration, which
allowed his vessel to reach 38 knots in 1906. The ladder control system let the height control the wetted wing area and the lifting force. Connecting the lift to heave lets the system
find an equilibrium in discrete speeds. While ladder controls were enough to control the
lift force, the rise was not smooth. Therefore, A. Crocco and O. Ricanoldi then used a ’V’
shaped foil which lift force was graduate instead of having discrete steps. That lead to a
craft being able to reach 37 knots with a 75kw engine.
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Alexander Graham Bell continued Forlanini’s work by adding air-propellers to his hydrofoil craft HD-4 (seen in figure 2.2a) instead of airscrews and was, when equipped with
two 260kw engines, able to reach above 61 knots in 1919. This speed record stood for ten
years. The designer Baron Hans von Schertel improved his surface piercing design and
added an air control system during the second world war.

(a) The record breaking HD-4 [8]

(b) The mass produced Alexeev Raketa [8]

Figure 2.2: Important hydrofoil vessel
A shipyard that before the war was producing von Schertel passenger crafts, was after the
war occupied by Russia who used the knowledge from the shipyard to create two development teams that tried to improve the technology further and implement it so it could
be used more wide spread. The outcome was passenger ships with fully submerged foils
which was less expensive than other similar ferries that were as fast and more comfortable
for the passengers. One of the developed ones were Raketa ferries (figure 2.2b) of which
over 400 was produced. Similar but surface piercing ferries were also manufactured in
several hundred in Leningrad, these have later been exported and are currently used in
several places in Europe often with refitted engines [8].
During the cold war there were a few developments of high speed navy ship and ferries,
for example the Pegasus class and Boeing 929. The latter mentioned has recently been in
the news due to a collision with a whale, which injured over 80 passengers [9]. Whilst
these hydrofoil vessels are still in use, the big development pace was before and during
the cold war. Until very recently the possibility of lighter and faster foiling sailing vessels were considered, which has lead to a big increase of ongoing development processes
and research projects within the subject. This is due to the sailing world’s worlds formula
1, Americas cup has gone over to hydrofoil vessels technology, that creates some trickle
down technology [10].
As seen in figure 2.3a, newer hydrofoil passengers vessels as the Boeing jetfoil have submerged foils with a high ride height, being able to operate in worse sea conditions. In
figure 2.3b is one of teams that is testing the new concept of a hydrofoiling multi crew
mono-hull sailing vessel without a keel, which in 2021 in Auckland will be 72 foot long.
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(a) Boeing 928 Jetfoil [9]

(b) INEOS’ T5 concept for America’s Cup 2021[10]

Figure 2.3: Newer hydrofoil vessels
To be noted is that it seems like the team have has had problem with the displacing roll
stability and has added extra hulls on each side of the hull.

2.1

Working Principles

Hydrofoil vessels have in general good seagoing abilities, due to that most of what creates
the lift is below the surface hence not sensitive to changed surface conditions, which make
the submerged foils even better in rough seas than the surface piercing. On most hydrofoil
vessels there are two foils, one in front of the center of gravity and one aft of it, how far
fore and aft of the center of gravity these should be will discussed later. The struts that
holds the lifting generating wing are symmetric so it has zero lift at zero-degree angle of
attack, it is shaped as wing profile so the drag will be kept at its minimum [7].
As mentioned before, a hydrofoil is practically a wing, like on a regular airplane, it uses
the same principle to give rise to a lifting force which lifts the vessel off the ground or in
this case the water surface. Hence, to be able to understand the selection wing profile will
be the best for this application, a lifting surface discussion is in order.
An body that is moved through a fluid and generates much more lifting force than drag, is
called a lifting surface. The most common lifting surface is an airfoil. As seen in figure
2.4, on a general airfoil, the chord length c is measured from the leading edge to the trailing edge determines the size of the foil, the rest of the measurements are expressed in c, to
scale properly. The yu and yl are the functions that describe the upper and lower surface,
in the middle of this is the chamber line. That if being identical to chord line means that it
is a symmetrical foil and will give no lift whilst α equals to zero, hence the magnitude of
the chamber line is a property which symbolizes the magnitude of lift at α = 0 . The characteristics of the airfoil is often calculated with thin airfoil theory, that assumes that the
maximum foil thickness is way smaller than its chord length,that it has a small chamber,
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and that the foil only operates in smaller α. When the fluid moves over the lifting surface it
moves quicker over the top side than the bottom, due to Bernoulli’s principle this creates a
lower pressure field on the top and high on the bottom the difference resulting in lift being
created [11].

Figure 2.4: A general airfoil [11]
Since a vessels velocity usually varies during flight and the lift and drag is dependent on
speed, the geometries of the airfoil, and the angle of attack, one would like to change the
geometrical shape or the angle of attack, to not produce unnecessary lift and drag. This
can be done by having a flap on the end wing or by changing the angle of attack of the
entire wing. This is often described as a way of varying the chamber line to either produce a
greater lift coefficient at lower velocity and then a lower lift coefficient at higher velocities,
to produce the same lift force at all velocities within the operable range. The flaps are also
used as control surfaces to regulate the total lifting force, and where the center of lift is,
therefore the pitch, jaw, and roll off the vessel. While flaps are the most common way of
controlling the lift and ultimately the lift and drag of the foil, changing the angle of attack
of the whole airfoil thus the same as the flap but is more efficient [11].

Figure 2.5: Parts of an Hydrofoil craft [4]
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Important Considerations

According to Faltinsen, the most common concern when designing a hydrofoil vessel is
to maximize the lift to drag ratio, the speed of when cavitation will start occurring and to
minimize the weight of the structure while making sure it will handle the loads. The lift to
drag ratio and the structure weight are common concerns when designing both airplanes
and other high-speed vessels. These are the most major factors that make the concept being
efficient. Cavitation is only a challenge when working in water, it is a physical phenomena
which occurs when the pressure of the water surrounding the low pressure side of the foil
is the same as fluids vapor pressure, this results in cavitation vapor bubbles that explodes
close to the foil skin. These explosions can damage the surface of the foil hence reduce
the lift coefficient, more about this in the section below.
Structurally there are two concerns that should be considered, flutter of foils and the loads
on the hull and foils. The structural concerns often includes slamming on hull bottom, hull
bending in foil-borne conditions and bending in the forward strut when recovering from
being in pitch down position. The slamming load on the hull sides are not considered since
there is often so high deadrise there so the load is not concentrated in one location. Flutter
of wings are often a concern when designing airplane wings, it is caused by structural
damping being too low to dampen the motion of the surrounding fluid causes. The factor
is the ratio of the typical density of the structure and density of the fluid surrounding the
m
wing profile and is expressed as µ = πρb
2 where µ is futter factor, m is mass per wingspan
unit and b is cord length. The mass might be one magnitude greater than when air is the
working fluid and b is about the same. The factor that changes it all is that the density of
the working fluid ρ is about 1000 times bigger which results in µ being about 100 times
smaller than for an airplane. The result is that the risk of flutter is very low. Furthermore,
there is one more risk to consider which is the risk of ventilation when air reaches the
foil, an effect that can make the foil lose most of its lift. Stability is also a concern to be
considered [7].

2.2.1

Cavitation

As mentioned before, a low pressure field is created on the top part of the wing section
and a high pressure on the lower, this is what makes the wing being able to provide lift.
When the lower pressure created on the top side gets so low that it makes the water spontaneously turn into water vapor, cavitation occurs and will over time damage the surface of
the foil. Hence it is the lowest pressure created on the foil makes this phenomenon occur
and different wing profiles have different low-pressure distribution over the chord length.
Some have a pressure distribution with a low pressure peak and higher pressure around
the peak, and other wing profiles have a more evenly low-pressure distribution. The sum
of pressure difference is what creates the lift, so having a foil with a great peak does not
mean that it creates more lift. To limit the risk of having cavitation occur, an even pressure
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curve is extremely important to have. Peak pressure on the wing is compared to the total
pressure surrounding it and the inflow fluid which is gotten,

UL
ρ
p = pa + ρgh + U 2 (1 − ( )2 )
2
U

(2.2)

where UL is the local velocity, which is tangent to the flow when the free water reaches
the wing, U is the free flow velocity. The total pressure is then used to find how close to
the vapor pressure of water it is, hence finding a risk of cavitation, this is dependent on the
water temperature.
Caviation is hence dependent on the velocity, the depth the foil operates in, the temperature
of the water and the pressure distribution over the wing profile, hence choosing a smart
wing profile can limit the risk of it cavitating and the selection of. Different wing profiles
act differently during cavitation, some has a decreased lift others an increased [7].
When the foil cavitates this will damage the material which can over time increase drag
and reduce the lift of the profile. How much it damages the foil is dependent on what material the foil is made of. It is shown in figure 2.2.1 that brass alloys are the best at handle
cavitation, why that are very commonly used in propellers but since the material properties
are not good enough to be used in bigger hydrofoils that has to be easily handle, another
material has to be evaluated and compared to find the ultimately best material. Below in
the tables the different materials have been test with the ASTM G32 standard, Yamatogi
the one from 2003 and Hammond 1973.In ASTM is a test when a magnetostrictive ultrasonic horn to generate varying pressure which simulates cavitation, then the damage done
on the specimen is measured and compared.

(a) Metal [12]

(b) Composite [13]

Figure 2.6: Material loss due to cavitation
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Ventilation

Natural ventilation is big risk for any surface piercing low pressure surfaces, the lower
pressure can make the air-filled cavity. Regarding to Acosta is there four criteria that must
be met for ventilation to occur; the foil has to have a sub-atmospheric pressure somewhere,
the flow must separate or cavitation occurs, the foil should be close to the free surface, and
a path of low hindrance for air flow to the foil should excites. If all of these occur the risk
of ventilation is great.
Ventilation can be prevented by adding a fences which are perpendicular ”stoppers”, which
stops the foil to become ventilated beyond the fence. Since ventilation makes most of the
foil air covered, it looses much of the lift that will risk making the vessel unstable. Generally submerged foils do not ventilate as easily as surface piercing since the low pressure
peak is further below the surface [5].

2.3

Stability

There are several ways of designing a vessel that is stable, the main considerations is the
longitudinal distance between the center of lift and the center of gravity. It is very similar to the stability consideration of airplanes, where as the distance between the center of
gravity and lift is called the static margin. It is very possible to have an unstable plane,
however in that case control systems that are able to manage this are added to the airplane.
One divides up stability into two categories static and dynamic stability. The former investigates how the vessel acts directly when a disturbance is added to the system, if the system
tends to minimize or magnify the disturbance. Whilst the latter, determines if within time
the vessel returns to its original flight conditions after the disturbance[14].
For hydrofoil vessels there are three main configurations that are commonly used, see figure 2.7 to fulfill the stability needed. The far most left configuration is called conventional
arrangement in which the main weight is supported by the fore most foil, the CG is before
35% behind the fore. In the middle arrangement the CG is in between 35 to 65% behind
the fore, this since the lift is approximately equally caused by both foils it is called the
tandem configuration. The last case is then when the CG is aft of 65% of the ship length
hence called canard configuration[7].

2.3.1

Longitudinal Stability

The longitudinal stability is dependent on the distance between the center of gravity and
center of lift, which is dependent on the wing area and position and very similar to how it
works on airplanes. As there are few configurations that are more common, as can be seen
in figure2.7. The plan is to have more than 60% of the weight on the foil, hence the canard
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Figure 2.7: The center gravity in different wing configuration [5]
configuration is the one that should be most similar. When just having one wing, and one
that is not able to get controlled the placement of these versus the other lifting force, the
RIB in this case. This is called the static margin, the greater the more stable but also the
more difficult to control in pitch, needing greater control surfaces[5].

2.3.2

Roll Stability

Keeping a submerged hydrofoil vessel upright, hence controlling the roll stability, is usually done by having control systems that control the control surfaces to regulate the center
of lift. Keeping the vessels upright is normally not a big concern but keeping the accelerations to a minimum is, while these fast going vessels are usually used as ferries and big
acceleration often create worry among the passengers.
Whilst on a surface piercing vessel the varying wing area does this, a concern is if the area
is not added or removed quickly enough or too quick. If that happens too slowly then it
might loose control and too quickly makes it create big accelerations onboard [8].

2.4

Hydrofoil Types

There are as mentioned before two types of hydrofoils being used today, the submerged
and the surface piercing. The latter was used as the earliest approach to hydrofoil vessels
which is due to the variable wing area is self-stabilizing in roll and if used both in the aft
and fore are stabilizing in pitch as well. It can be built up from a wing profile intersecting
the surface at an angle or several forming a latter looking structure. This means however
that the height of the craft changes in respect to different speeds. The fully submerged
vessels are usually fixed in heel when being foilborne, however, has a control system to
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manage the change of lifting force. Due to the foil being far down from the surface, it is
mostly independent of the sea-state conditions [5]. Below will a deeper discussion follow
about the two main types be presented. In this chapter will each types working principle
be explain whilst, in the next chapter will the a design study be performed on which ones
are best for the foil-trailer application.

2.4.1

Surface Piercing Hydrofoil

Surface piecing hydrofoils are constructed in such a way that in when foilborne the foil
stabilizes the vessel in heave, roll and pitch.That is due to the fact that the lift is proportional
to wetted area. That is why in heel an equilibrium is found and in roll it can be illustrated
as in 2.8 where the rotation causes a greater area to be wetted, therefore a greater lift is
create on the deeper side, is added lift to the deeper side which makes the foil want to rotate
back to the original position again [7]. Since the foils come above the surface, waves will
effect the foils and cause the whole vessel to move quickly in the lateral direction therefore
causing higher lateral acceleration than submerged. Therefore is not as well-suited for
passenger-vessels in open seas but still works in protected waters. Another disadvantage
is the due to the center of lift or each foil is approximately half way out the foils will have to
be wider than a craft’s beam, hence make it more difficult to operate close to land and in the
harbour. Cavitation for surface piercing foil will occur around 45 knots instead 60 knots
as for submerged foils making the applications and advantages of using it fewer. Having a
lifting surfaces crossing the water surface increases the risk of ventilation as well. [8].

Figure 2.8: Types of High Speed Crafts [7]

2.4.2

Submerged Hydrofoil

So far only ridged hydrofoil systems with no moving parts have been described, while
robust hydrofoils and hydrofoils working with the help of simple principles are not commonly used today as much as submerged hydrofoils. That could be due to the lower efficiency surface piercing has compared with the deeply submerge hydrofoil system. The
gain in resistance for surface piercing is due to that it operates close to the surface where
there are surface effects which lowers the lift coefficient hence to lift the vessel a bigger
area is needed. It also requires a bigger wing area to be able to change the lift and make it
stable in roll. On the other hand, the submerged is deeper down where there is no surface
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reduction and has flaps to control its stability. This is mostly since there are no way of
controlling the lift in other ways, hence the stability is dependent on the control system
which operates the flaps. When going from hullbore to foilbore, the flaps, or the angle
of attack of the whole foil is increased to increase the lift, when in foilbore condition the
angle is then lower to minimize the drag and producing enough lift [7].
Due to the lifting surface being further down and farther away from the ever changing
surface conditions, the ride quality and lateral acceleration the passengers will experience
is just dependent on the control system. In many cases that results in a better ride than
in surface piecing vessels, hence a better seaworthiness. Since one has more controllable
flaps on the submerged foils one can once again, thanks to a good control system, maneuver the vessel better. While the control system allows the vessel to operate as wished,
this system is as complicated as an any airplane autopilot, hence expensive and requiring
more energy to assure the high ride quality. Whilst the wing area being smaller than on
the surface piercing, the struts are often longer therefore making the draft a concern. The
longer struts also requires the structure of the foil to be able to handle bigger loads, hence
are heavier in general [8].

2.4.3

Wing Profile

There are several types of wing profiles that could be used for the hydrofoils, however
in this project only NACA airfoils will be considered. In table 2.1 a brief explanation
of what the different series has for typical advantages and disadvantages, this was nicely
summarized by Pier Marzocca [15].
From the table 2.1 one can see that the thin foils of 6 series with a high lift coefficient
and being optimized for high speeds seems to be good for this application. The high lift
is good since then a smaller area would be needed which mean less leverage is created
therefore also less moment. The 6 - series airfoils are according to Cummings a foil which
was designed for keeping an laminar flow as long as possible, in differences to the many
other series the thickness is gotten from the airfoil theory , hence not as simple to express
in formulas as others[16]. It seems however that thinner foils of the regular NACA series
has been proven to be structural- and fabrication- wise difficult to design and build, hence
have the 6- series been modified to the 6A series is used instead. Which has a thicker trailing edge by having a near constant slope from 80-87 percent of the chord[17]. Moreover
the also mentioned that for NACA 16 and 64 series is usually used for hydrofoils since the
flat pressure distribution with little to none suction peaks [7].
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Family

Advantages

Disadvantages

4-Digit

1. Good stall characteristics
2. Small center of pressure
movement across large
speed range
3. Roughness has little
effect

1. Low maximum lift
coefficient
2. Relatively high drag
3.High pitching moment

5-Digit

16Series

6Series

7Series

1. Higher maximum lift
coefficient
2. Low pitching moment
3. Roughness has little
effect
1. Avoids low
pressure peaks
2. Low drag at high speed
1. High maximum lift
coefficient
2. Very low drag over a
small range of
operating conditions
3. Optimized for high speed

1. Very low drag over a
small range of
operating conditions
2. Low pitching moment

1. Poor stall behavior
2. Relatively high drag

1. Relatively low lift
1. High drag outside of
the optimum range of
operating conditions
2. High pitching moment
3. Poor stall behavior
4. Very susceptible to
roughness
1. Reduced maximum lift
coefficient
2. High drag outside of
the optimum range
of operating conditions
3. Poor stall behavior
4.Very susceptible to
roughness

Table 2.1: NACA wing profiles [15]

Applications
1. General aviation
2. Horizontal tails
Symmetrical:
3. Supersonic jets
4. Helicopter blades
5. Shrouds
6. Missile/rocket fins
1. General aviation
2. Piston-powered bombers,
transports
3. Commuters
4. Business jets
1. Aircraft propellers
2. Ship propellers

1. Piston-powered fighters
2. Business jets
3. Jet trainers
4.Supersonic jets

Seldom
used
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Control System

When the lifting area for a submerged foil is constant and the velocities increase, the lift
and the weight is constant, a control system is needed to limit the lift coefficient so the
foils do not lift the vessel and the foils out of the water to later slam down and create great
acceleration. There are several ways of controlling the vessel in the heave, nowadays the
most common are electrical systems similar to on airplanes but since the whole suitability
will be dependent on sensors and the controlling software it was decide to first just investigate systems that are purely mechanical. As in an electrical and more complex system
the wing’s lift coefficient will be changed either the angle of attack of the with a flap, this
will change the lifting force.
In a mechanical control system there has to be an actuator which moves the control surface
on the wing. To begin to understand how these work a few system was looked into. One
system that uses an actuator is the moth (a small foiling sailing dinghy class) that uses a
surface following actuator as show in figure 2.9b. There the trailing wand that controls the
lift and the flap on the front foil. When the hull gets close to the surface the control and
push is pulled which makes the flap rotate to increase the the chamber and the lift. This
controls the heave but not the roll so when sailing a moth the sailor has to control the the
roll stability with its own body weight. The wand is hitting the surface at the same place
as the foil hence is not predicting and preparing what happens ahead but only acts on what
it is experiencing now [18]. A system that also uses a surface follower is the low-speed
solar boat which uses a forward follower instead a backward. This is to try to adjust the
angle of attack for the coming sea state conditions. The system is trying to prepare the foil
for what conditions it will drive into instead as the moth just the condition at the moment
above the foil. Another major difference is that the whole wing section is a control surface
instead of just a flap, making it more efficient in high angle of attack [19].

(a) low-speed solar boat control system [19]

(b) Control system for foiling moth [20]

Figure 2.9: Mechanical control systems used on hydrofoil vessels
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Structural Considerations

There is little data how hydrofoils and hydrofoil vessels are usually dimensioned, probably
because they could be company secrets. What has been found is a few articles of damages
that hydrofoil vessels have had due to accidents. As mentioned before, the Jetfoil has been
very unlucky and hit several whales during regular operation. There are several accident
report investigation the injuries the passengers has had due to the impact which ranges
from light injures to death [21],[22]. It seems like on both the FEM analyses and on the
pictures from the accidents that the foil was in good condition. In figure 2.10 it is seen how
the vessel might have reacted to the impact, even though there were absorbers to absorb the
force of the impact. The absorbers had a fail-safe that broke apart which limited the loads
to the foil, whether a good damper would limit the acceleration more than the slamming
into the water surface can be seen in the bottom of the figure 2.10.
Observing other accidents of hydrofoil vessels it seems like the normal is to design the
foils and structure to be able to handle standing on its foil with some safety margins [23].

Figure 2.10: Above, damper and foil-configuration on Kobee 5
Below whale impact

3 Design Evaluation
This section will describe the design process based on the study of general hydrofoils. As
seen in previous sections there are a few different design aspects which will be considered.
Since this is a specific design study, the theory about hydrofoils will be applied with the
customers and end-users intended way of operation in mind. Below, a description of the
intended operation of the hydro-trailer and the AUV will be presented, followed by the
reasoning behind the design choices made.

3.1

Intended Use

As previously mentioned, the trailer should be able to be transported in a truck together
with the AUV. This truck has a crane which is already now used for deploying the AUV,
that should also be used to deploy the hydrofoil-trailer together with the AUV in harbor.
The hydrofoil-trailer should then be fastened to the back of the RIB (Ridged Inflatable
Boat) with a quick connector, and the RIB should then be able to operate very close to the
normal. Since the RIB does not have a deep draft, neither should the trailer have that. It
was decided that the maximum draft of the foil-trailer should be no deeper than 1.5 meters.
After leaving the harbor, the RIB should accelerate to get the trailer foilborne before reaching 10 knots, where the flow would get high enough to risk damaging the AUV. During
forborne usage, the RIB’s maneuverability should not be accepted to change too much, to
not risk the crew’s safety. When at the AUV deployment site the AUV should be able to be
deployed in simple manner. It helps the crew if the trailer is able to be driven also without
being loaded with the AUV. The RIB which this project aims to deliver a concept for is a
Rupert 32 foot dual propeller.

Figure 3.1: Conceptiual design
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Connection to RIB

Since there is a crew on the RIB which is pulling the trailer, their safety is of the highest
priority, why the loads from the trailer’s motions has to be minimized. One way of doing
this is by freeing up? the degrees of freedom in the connection in-between the foil-trailer
and the RIB. The trailer must be allowed to move more than it would during regular operations. It should also be easy and quick to connect the trailer to the connector, it must
be to handle the 5kN which is expected in a worst scenario. It was estimated that the
trailer would need to move at least 30 degrees in yaw and pitch, as well as being totally
free around roll. Those motions are quite similar to the drive train in cars, why the use
of a universal joint was investigated. However, it was found that these do not allow for
more than 15 degrees in each direction, hence another joint had to be designed or found.
A design, Schaeffler’s GLK 3 joint, was found. However, it was not available for purchase
at the time, so a design was created based on that [24].

Figure 3.2: The designed joint

3.3

Wing Profile

When selecting wing profile there are several features that had to be considered; in what
angle of attack range should the profile behave in a predicable manner, how big second
area modulus the profile has to have, how even the pressure distribution is over the wing
cross section to limit risk of cavitation, and what other wing profiles that has been used
previously.
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Wing Profile Investigation

The investigation started in finding a few foils which were known to have been used before:
the NACA 16-series and the NACA 64a-series. Those were then compared with simpler
foil series as the NACA 4 and 5 digits that were easier to do more extensive analysis on,
since it was possible to create computer programs that were able to plot all foils in the
series, to do an analysis on how the different measures affected the wing profile features.
The result was that there are minor differences between the two series. The biggest difference is however, that the thickness of the foils causes higher section modulus. That is why
it was determined for the next more in depth evaluation that the same thickness should be
assumed for all the foil series. The other changeable measures were chosen to have lift
coefficient of 0.5 and for the 4- and 5-digit series the ones that performed the best, with a
max thickness of 18% of the chord in the previous analysis, was chosen.
The data points were then exported into xflr5 where a vortex latex method is used to find
how a certain wing profile would behave in the given condition. First of, the cavitation
issue were investigated. This was done by using the CL and wing area varying the angle of attack and velocity to get, at all velocities, what angle of attack is needed to create
enough lifting force to lift the trailer and AUV (dashed line). Then, using CPmin and α
(also used for the depth calculation) the velocity for when the foil starts risking cavitating
was obtained, seen in figure 3.3. When compared, it can be seen that the 64A wing section has the possibility to go faster before risking cavitation. The 16 series seem to have
an unstable lifting force when changing angle of attack, but as it had potential to go faster
at some α, the concern was looked into.
When looking at the CL varying with angle of attack for the 16-series, the unstable lifting
force can be linked to a non-linear lifting curve, in the region -5 to 0 degrees, seen in figure
3.4.
As we can conclude, using the 64A series wing profile, it is possible to reach higher velocities without risking cavitation. It still has an acceptable section modulus, as seen in
figure 3.5. Therefore, NACA 64A518 was the selected foil for the lifting surfaces.

3.4

Control System

Most hydrofoil vessels have at least one type of control system, which will either actively
or passively control the motion and position of the vessel in the water. These go from
very simple to complex, since the foil-trailer system has to be reliable it is important that
if a control system is to be used has to be simple and robust. Before a control system is
designed, the potential motions of the system should be determined. This was done by
simply considering what happens when the RIB turns or changes velocity. If the RIB is
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Figure 3.3: Speed versus α to risk cavitation

Figure 3.4: CL versus α for the wing profiles
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(a) NACA 4418

(b) NACA 16518

(c) NACA 38018

(d) NACA 64A518
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Figure 3.5: The considered wing-profiles
going straight forward and starts turning, the boat will lay itself on the inner-side on the V
shaped hull. If the foil-trailer has a submerged foil, a roll moment will make it fall over,
whilst a surface piercing foil will, if designed correctly, get more wetted wing area on the
side it is falling toward, hence getting a righting moment.
The RIB will also yaw in the turn, changing where the high velocity stream from the propellers hit the foil, eventually creating problems if the stream is off-center and no counteraction righting moment is gained at the same time. This is once again a big problem for
submerged foil systems but works alright for a correctly design surface piercing foil.
When instead looking at the acceleration procedure, other factors have to be considered.
When laying still in the water, the trailer is in displacing mode, meaning that the AUV is
in the water surface during acceleration, the foil gets a flow over it, creating lift. The lift
makes the whole trailer pitch up to a position where the wing creates as much lifting force
as the trailer weights it down. Due to the fact that the trailer will rotate around only one
point on the RIB in pitch, during accelerations, the foil will create more lifting force than
needed to keep the trailer at constant height. When the trailer rises, the angle of attack of
the foil will become lower, hence lowering the lifting force.
The foil-trailer has a built-in feature that regulates the lift, this does not have to be dealt
with in an eventual control system. So, the roll counter-acting moment is what is required
of a control system. Due to the robustness requirement, a control system that is fully mechanical with few moving part is preferred. This because it has been determined that an
electrical system needs sensors that has to be able to notice small differences in heave,
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pitch, and roll. If these signals are misinterpreted, the consequences could be devastating,
since the whole system will then be designed to rely on these. Moreover, having electrical
equipment requires power which is not always easy to retrieve when out at sea. An electrical system could also be subject to potential circuit shortages, if any of the seals are not
waterproof. Due to the factors mention, a mechanical system was to prefer.
Most control systems for hydrofoil vessels with mechanical actuation are used on smaller
dinghy(as a moth), on which most of the weight is the crew weight. The weight is what
is used to control the roll movements, and the mechanical control system controls the
heave movements at the center foil. This is used in combination with the aft foil which is
controlled by the crew to get the correct pitch (see figure 2.9b). In this system, the roll is
what has to be controlled, which can be done by simply using two of the systems on board
a moth but place them further out from mid-ship. This results in two wands that control
two flaps or the whole wing angle of attack.
The design process started with figuring out where a control system would be needed. The
best solution would be that if, as soon as the trailer rolls, there is something that creates
a righting moment to the other side. Using the roll differences of the trailer and the boat
or the trailer and the water surface, were the only two viable options found. The boat will
not be parallel with the surface, and the surface followers (see figure 3.6b) would have to
be quite big to be able to produce the force needed. They will operate in an environment
which is unknown so if there too large yaw differences, one of the followers would be in
the wake and the system would "believe" that the trailer is basically falling over, creating
a big righting force that will make it very unstable.

(a) Boat actuation

(b) Surface actuation

Figure 3.6: Designed control systems
The systems are even in conceptional stages quite complex with several moving parts and
several unknown factors. Relying fully on these control systems when there are many
unknown factors which could change the way it will operate and, if malfunctioned, creates a big risk. Moreover, moving parts can break which then will make the system nonoperational. Having a control system that relies on all parts working perfectly is considered
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hard to make robust. Therefore, it was decided to avoid having a mechanical roll control
system.

3.5

Foil and Struts Arrangement

Using a trailer with two foils would minimize the loads on the RIB from the AUV and
therefore allow the trailer-beam to be longer, placing the trailer and the foils further back
in a more reliable flow. All this could make the whole system more stable and limit the
loads that the system has to transfer to the RIB. However, in a further investigation, problems with having two foils and a system that was allowed to regulate heave by itself were
found. If the system gets too much lifting force and then loses it, there is a risk that of a
negative angle of attack that could create a downward pull. This case would devastating
for the RIB and the crew in it, so the risk of ever getting a “constant” negative angle of
attack has to be eliminated.

Figure 3.7: Risk of having two joints in heave and pitch
The way of limiting this risk is by having the trailer rotating around a single point to archive
a strict depth and angle of attack relationship. Not the only advantage is the possibility to
have a longer trailer-beam between the trailer and rib to let it work in a more even flow.
Having a longer trailer with two points of yaw rotations will require more force to turn and
make it harder to handle the trailer in a smaller harbor. Having two foils would also be
heavier than one, why it was decided to go with a one foil system.
An investigation was also done on whether having one or two struts would be the lightest. This was done by setting up four elementary cases, getting the loads that struts would
experience in worst case scenarios by varying the struts cross-section, which was approximated to be a rectangle. This was done until a thickness that was able to take the loads
was found. then the overall weight was calculated and compared, see figure 3.9b.
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Figure 3.8: Load case for comparison
It was found that for submerged foils, where the bending moments are smaller, using one
or two struts will result in about the same weight. In the surface piercing case the foil can
constructed lighter by using two struts. Since having more struts creates more disturbances
in the flow and since the major challenge is to make it stable. Which is dependent on the
flow, risking more disturbances in the early phase seams unnecessary.

(a) Weight and thickness of one and two struts for(b) Weight and thickness of one and two struts for
Submerged foils
Surface piercing foils

Figure 3.9: Results of number of strut investigation

3.6

Hydrofoil Type

As previously mentioned there are two main types of hydrofoils, surface piercing and submerged. In this case, the hydrofoil will be operating in the wake of the RIB, which makes
the operability conditions unusual and hard to define. Operating behind the RIB allows
the trailer to rotate around a point, hence, even without a control system the angle of attack
will change due to speed, which is needed for it to be able to operate in a larger range of
velocities without getting too much lift in higher speeds and risk getting out of the water.
This automatic angle of attack change makes the need of a normal control system questionable in all other directions but roll. It helps the product’s reliability and robustness to
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have as few moving parts as possible and since inflow is quite unknown it needs to be able
to handle a wide range of different inflows. This was why it was chosen to have a surface
piercing foil, because of the variable wing area, that will create a righting moment, which
should deal with the roll instability challenges the foil-trailer faces.
There are several types of surface piercing hydrofoils, all with different properties. Most
of them have been designed for bigger monohulls and catamarans, so the foils are wider
apart, which means that those deliver more righting moment. Since the vertical center of
gravity for foil-trailer is higher up in relationship to the width of the foil system compared
to other hydrofoil vessels configurations, this will not be as stable. There are other factors
that will risk the usual surface piercing foil to not perform as well in this configuration.
One is that the there is no front foil, hence no extra righting moment in roll can be gotten
from that foil. The other factor is that it will not have any own power, it will have to operate
in the wake behind the RIB which results in more disrupted flow to the back foil. This,
and that there were very little literature on modeling of surface piercing foils, created a
need for testing.
When using the submerged hydrofoils, one can change the parameters of the taper and
aspect ratio to lower the loads and maximize the structural strength, as long as the total
area is the same and the control surface also has same area and the center of lift at the
same place. However, this is not as simple for surface piercing foils as it modifies the roll
control system too much.

3.7

Stability

Due to the design choices made previously, the stability of the foil-trailer is solely dependent on the configuration of the surface piercing foils. This is not as big of a concern for
normal surface piercing vessels. As long as, in a turn, the total lift center is far outside of
the center of gravity, it will remain stable. The vessels are normally so wide with the foils
so far out from the hull that it will not be able to heel many degrees before getting too big
righting moment. But in this case it has been decided, due to the ease of use requirement,
to not have foils sticking out outside of the RIB. Due to the risk of eventual waves in sea
state 2 that the system has been designed with having the AUV well above the waves, creating a very high center of gravity, it becomes an issue when heeling too much, seen in
figure 3.10.
The added and removed wing area when heeling is what creates a righting moment, a long
distance between the variable wing area creates greater moment. What angle at which the
surface piercing foils are cutting the surface and what the distance in between these are the
best, are unknown. This led to a study with crude assumptions to give some indications
on which variations were the most stable.
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Figure 3.10: Stability concern. Having the the center of gravity and lift is very close is
necessary to keep the foil small and stable in normal conditions.

4 Scale Testing
As mentioned before there were very little information to be found regarding modeling
of lift reduction in the surface region, hence it was hard to know how the surface piercing
foils should be configured to create a system as stable as possible. It is possible to estimate
the reduction, but in this case that was not all that had to be estimated. The increased flow
rate due to the dual propeller system behind the RIB and the type of wake that the RIB
causes would also have to be estimated. To be able to deliver a working concept that is not
immensely overdimensioned, a test was in order and a model was created to predict the
righting moment of different foils.
The test was cheaper to perform in smaller scale and since the final product will be used
dynamically with turns in different speeds, it was decided that it was best to use a radio
controlled boat, instead of using a towing rig. A towing rig would not be able to test the
dynamic behavior, but the speed and the righting moment needed is not as easy to control
on radio controlled boat. With the rig, a weight could be moved further out from the mid
ship, but the issue is that the trailer is more instable in displacing mode than in foilborne
mode, so using a weight would make it tip over before getting foilborne. Even through the
tests would have been better controlled with a towing rig, the dynamic behavior would not
be captured. Moreover, the towing rig that was available was not very accurate, so in this
case the test with the radio controlled towing boat would give about as accurate results and
no pool would have to be rented for each test.

4.1

Purpose

The purpose of the scale testing was to firstly show if the concept worked as expected and
to see how well the model predicted the righting moment of the foil. Anther purpose was
to use the concept to find potential issues and improvements.

4.2

Experimental Setup

To be certain that results were obtained, a double approach was used. It was, due to the
uncertainty of the functionality of the towing boat and the equipment to make sure that
the results were usable. Finding the foil configuration that was the most stable and to get
enough data to fit the predicted results from the model to the test results.
To be able to test which foil works the best, the center of gravity was raised so more righting moment was required to keep the system stable. It was raised until the foil broke, which
was after it was deemed unstable. To make sure that the system is exposed to similar conditions, the test was done by trying to follow a track, as seen in figure4.1. The foils were
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constructed and manufactured in a very similar way so the breakage should tell something
about the loads and how well the structure can handle it. When two of loops of track had
been made, then the center of gravity was raised further.

Figure 4.1: The track
To then be able to match the data to the stability model, data was captured with a Garmin
Virb Ultra 30 throughout the whole test series. The data captured the speed, pitch, and
heel. To be able to understand what happened around the foil, another camera was placed
facing the trailer and foil. All the test were performed at Brunnsviken in Stockholm during
relatively light conditions.

4.3

Tested Model

To be able to do the test in the correct scale, a model of the foil-trailer was designed.
This was then manufactured with the help of a 3D printer, the use of a 3D printer made
it possible to only do some post processing, but little enough to risk changing the surface
roughness, hence giving the models the same possibility of success and therefore increasing the chance of the tests being useful. The model was designed to be modular, the list
below and the figure will explain the different parts.
1. AUV
2. Cradle
3. Strut
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4. Foils
5. Joint
6. Towing bar
The model allowed for the movements needed, as previously discussed, to change the initial angle of attack, and increasing the center of gravity.

Figure 4.2: The test model
As seen in figure 4.2 there were four different foils manufactured. From the fore to the
aft the foils were named: Unarrow , V , Uwide , and W . The second type is the one most
commonly used on other hydrofoil vessels, and serves as a references to the others. The
first and third was check how changing the angle and the width would make it more stable.
The last one was an attempt to avoid the wake one can see after a RIB.

Figure 4.3: The set up
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LOA
Beam
Weight

Rupert 32 D CC
9,85 m
3,30 m
4 000 kg

AquaCraft Motley Crew
0,813 m
0,265 m
2,5 kg

Table 4.1: Specifications for the boat used in the experiment, compared here with the RIB
currently used for towing the AUV.

4.4

Results

The tests had several outcomes, both the intended and some unintended results. The intended results showed that the concept works and that most of the designed foils have
abilities to be stable with an even higher center of gravity, seen in table 4.2. It was also
possible to see how close the predicted results were to the test results. The three foils have
quite similar stability margin, except the W foil that was designed to avoid the wake, but
did the opposite.

Height [mm]
10
20
30
40
50
60
70

V -foil
Stable
Stable
Stable
Stable
Unstable
Unstable
Unstable

Unarrow -foil
Stable
Stable
Stable
Unstable
Unstable
Unstable
Unstable

Uwide -foil
Stable
Stable
Stable
Unstable
Unstable
-

W -foil
Unstable
Unstable
Unstable
-

Table 4.2: The stability of the four foils, the means that test could not be performed due
to breakage at previous height

Figure 4.4: The foil used for the test
During transport to the testing location, it was early on noticed that transporting the foils
in one section is difficult and risks break them. It was also shown that due to not taking
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in to account the infill density the prints of the foils, that caused the stable floating position become upside down. This showed that while the real trailer would be upright with
the planned material choices, the stability margin when displacing was smaller than when
being foilborne.
The rapid prototype manufacturing and the scale tests also showed that the towing boat was
as easy to handle with trailer as without, just as planned. When changing different features
to see if it could be improved, it seemed like a longer trailer did not help to avoid the wake.
Adjusting the initial angle of the foil, made the foil behave better in higher velocities. Due
to problems with the first towing boat, the system was tested with two boats and it worked
well with both. Even though the boat are not prefect scale models of the Rupert 32, it is
believed that the system is robust enough to work with that as well. Moreover, the test sea
state conditions were never measured, the foil-trailer’s sea going conditions.

5 Results and Final Design
The result of this project and thesis is the final design of the foil-trailer. The subsystems
will be presented one by one, starting with the joint. Then how the system has been adapted
for easy usage followed by the structural considerations.

5.1

Joint

Starting from the RIB, the trailer will be fastened to it with the joint (figure 3.2), which
has only gone through a few improvements during the development process. A simplified
version of the designed joint was used on the scale model, here the roll degree of freedom
was made up of a brass rod surrounded with two brass bruisings. It was locked in surge by
a nut, seen in figure 5.1a. To allow for freedom in pitch and jaw, a universal joint was used.
This was a successful joint that questions if something like a GLK-3, seen in figure 5.1b or
similar is necessary or if a universal joint could used instead. But since the universal joint
is not designed for the pulling force, and the axis going out from the ball allows for lower
shear-off force than the GLK-3 joint it is more efficient using a joint which was designed
for this motion and the same loads. Hence the GLK-3 joint or similar is still is the advised
option for the product.

(a) The joint used for the scale testing

(b) The GLK-3 [24]

Figure 5.1: The joint in scale and real size foil-trailer

5.2

Ease of Use

To make sure that the system was safe and would actually be used, it was very important to
make it easy to use. Two features that were added due to this, was the load on the system
and the ability to split up the foil in parts to make sure that it would fit in the truck, be easy
to handle and deploy, and limit the load on the foil.
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Rope System

Furthermore a system to deploy and retrieve the AUV in the water was designed. The
system has not been able to be tested in the scale model, so this is just a theoretical design.
It has to be easy to deploy and retrieve the AUV at sea and no crew members’ safety should
be risked during the process. That means no one should be hanging out over the rail of
the RIB. During the design meetings it was found that there is a line in front of the AUV.
This line could be caught with a boathook and then another line could be tied onto the
line of the AUV. This was deemed as a good start for retrieving the AUV up on the trailer
when floating dead on the surface. When there is no AUV on the trailer, it will float due
to the foam holders, blue in the figure 5.2b. The trailer would float in a angle so that the
aft would be in the water with the fore on the RIB. One would start the loading procedure
with catching the front line on the AUV with a boathook and then tie the another line to it
orange in the figure 5.2b. After this the RIB would be driven forward until the AUV and
the trailer would line up, then a winch would be used to pull the AUV up onto the trailer
until it hits the front bar, seen in figure 5.2b. At that position, the blue lines would be
tightened, these will tighten the foam clamps and restrict the AUV’s motions. The green
line allows for eventual adjustment of α0 and is fastened to the break-off pin. The system
has to be put on the foil-trailer, since in motion the lines would otherwise go between being
tight and slack, which would create big problems for the AUV. When unloading the AUV,
the same ropes would be loosened with the help of the clutch, working the same as the
ones used for sailing boats, but then in the opposite order, fist blue then orange.

(a) The rope clutch

(b) The rope system

Figure 5.2: The load and unload system
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Modular System

To make the system easy to use, a modular foil was designed, where the side sections
are around two meters long whilst the strut is about 0.7m high, thus making all the parts
easy to carry by the crew. It was decided that the more complex shape with the high load
would be manufactured of carbon fiber composites both for its good material properties
and because it is often easier to manufacture complex shapes out of. The side sections
were decided to be made of protruded alloy wing profiles since its constant cross-section
should be cheaper to manufacture this way compared to in composites, seen in figure 5.3.

Figure 5.3: The shear off system

5.3

Structural

When considering the structure of the conceptual design with unknown loads there are
rough assumptions made, that allowed for using handbook formulas and beam approximations to get satisfactorily result. The cases that were used to determine if the design is
structurally viable were grounding and dropping the whole system on land on the corner
of the strut.

5.3.1

Grounding Protection

If the foil hits anything, the first priority is to protect the crew that are not wearing seat
belts as one would in a car. As in a car collision, the way of minimizing risks of injuries
is by minimizing the acceleration. As mentioned before this is a risk to consider since a
high-speed hydrofoil passenger-vessle, the Boeing jetfoil, recently had an collision with
a whale and over 80 people got injured. While there are few bigger marine animals, a
successful design could be exported such as with the AUV 62-AT that is already exported.
Moreover, there are other things that could be hit so it is still important to consider what
would happen if that would occur.
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Since the final product has to be robust and simple, fail-safe and low maintenance is required, a system requiring well adjusted absorbers are not recommended. These are, as
with everything else in the marine environment, subject to galvanic corrosion and might
lose their ability if rusted. Thus a system that would work even though exposed to corrosion was design, using a 3mm section on the bolt holding the foil to rotate backwards as
seen in figure 5.4b, which would shear-off for anything more than the regular drag. The
RIB would experience close to no accelerations during the grounding and the crew would
be safe. If the bolt would corrode, the safety system might be deployed too early and too
often, which is a small problem in comparison to injuring the crew, as could happen if
the absorbers get stuck. To be noted is that the slam could create unwanted forces on the
AUV’s aft part, if that is the case then a protected "hull" on the trailer below the sensitive
parts could be added to the final design. Moreover, if deployed, the foil would create great
resistance, which has not been solved yet but once again is a small problem in comparison to the risk of catapulting the crew forward if grounded. If seen as too big of a risk,
one could have a shear-off bolt in the joint, but there the forces are more undefined and if
the foil would break, the shear-off bolt might not experience enough force to shear off. It
would result in the trailer to slam against the surface which will result in big accelerations,
hence risking breaking parts of the system.

(a) The shear-off bolt

(b) System overview when grounded

Figure 5.4: Break-off bolt sub-system

5.3.2

Dimensioning Load Case

Based on the accidents previously mentioned it was assumed that the foil should be able
to handle severe mistreatment on land. A few load cases was thought of and the structure
of the whole trailer should be dimensioned after the worst case scenario. It was decided
that the foil should withstand being dropped on the corner on the midsection from a low
height, loaded with the AUV. This case of uncareful unloading procedure approximates
two times the weight on the corner, which should be more than enough for the real usage.

6 Conclusion
The main method for testing and verifying the developed concept, has been scale testing,
and will hence be referred to in the conclusion. To perform the tests, a radio-controlled
boat has been used to tow the prototype foil-trailer and data has been captured by the use
of a camera rig. While the method used has helped to prove the concept successful and
was a very cost-efficient way of testing, there are a lot of factors involved in this type
of testing, of which some are hard to control and could alter the result. Using a radiocontrolled boat requires the driver to have complete control and perfectly follow a track in
order to produce results that are comparable. Furthermore, results could differ depending
on the driver, weather conditions, and reception of the controller to the boat. To mitigate
the risk of obtaining non-comparable results, a number of laps where made for every test.
Another alternative could be to use a towing rig which could allow for turning. However,
this would be difficult to set up and not necessarily results in more comparable interpreted
results. The different factors affecting the results are further discussed below.
During scale test it was shown that the foil-trailer as a concept works and would be able
to perform the task that the project intended to solve. It was shown that the system would
be foilborne before 8 knots, but keeping it stable and foilborne in 30 knots could not be
confirmed as the method used didn’t allow to safely reaching this speed. At times, when
reaching higher speeds, the foil was instable. Hence, it can not be determined with certainty excluded that this would not happen at higher speeds. To mitigate the risk of instability at high speeds, a system was designed to be able to change the angle of the attack
and allow for adjustments in the lifting force. The test concluded without doubt that using
a foil-trailer makes it possible to tow the AUV faster than 8 knots hence saving much time
in the towing process.
The sea state requirements were difficult to judge in model scale, but the system was tested
in quite rough conditions that were around sea state 2 conditions. The system was relatively
easy to deploy, but was tested in model scale, hence hard to judge how it would be to deploy
in full scale. But including the simplifications made for the crew it is believed that it would
be easily transported in a truck, assembled and deployed by two crew members with the
help of a crane.
While, the foil-trailer behaved in a predictable way during most of the scale tests, at occasional times it did not. It is not possible to conclude this were dependent on the drivers,
who was not used to operate a radio-controlled boat, if the boat had a poor connection with
the control, or lastly, that the foil-trailer made the boat act in an unpredictable manner. The
unpredictability often resulted in the foil-trailer slamming down into the surface. If this
occurs in full scale case, then the AUV would experience large accelerations that could
harm the AUV.
If the concept was to be further developed, it would be of interest to conduct a study on
if a foiling trailer is better than any other possible concept, such as a planing hull. For
instance, a planing hull would not risk slamming down into the surface from half a meter,
but would in open seas and normal operations create larger accelerations than a foiling
hull. Moreover, a planing hull would need a positive buoyancy, making it more difficult
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to winch the AUV onto it. It would also be more sensitive to the surface conditions and
take up more space during transportation, which might make it hard to deploy with only
two crew members. Hence, if the foil-trailer concept could be proved to act predictable,
it would be a better solution given the current conditions. To test the predictability, a full
scale test would have to be set up where one has the same control over the towing boat as
one would in the final operations.
To conclude, the project has resulted in the development of a concept that has been tested
to confirm that it would reach the initial system requirements. The final result is a concept
that fulfills the system requirements and would save the navy resources when deploying the
AUV. But since there is nothing to compare the final concept to, it has not been possible to
conclude that this concept is the best for the task. Further research would hence be needed
to conclude whether this is the best method in this case.
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A Appendix
A.1

Cavitation

The cavitation prediction results were obtained by firstly creating files where the foil shapes
in question were plotted in with 200 points each. Then, by using xflr5, which applies lifting
line theory, the lift coefficient and minimum pressure on the foil at different angle of attacks
(/alpha from −15◦ to 15◦ has been obtained. The foil behavior at different angles of attack
is obtained as seen in figure A.1 A.2.

Figure A.1: Lifting coefficient vs. angle of attack

Figure A.2: Minimum pressure vs. angle of attack
Using the angle of attack of the foil trailer, the depth which the foils would operate in, was
obtained. This was then used to get the static pressure at that depth, using equation A.1.
Pstat (α) = Pa + ρ ∗ g ∗ −4 ∗ sin α + h0

(A.1)

where Pstat is the pressure at the depth, ρ is the density of the water 997kg/m2 , α is the
angle of attack, and h0 is the height over water of the joint where the trailer is attached to

42

APPENDIX A. APPENDIX

43

the boat.
Then, the highest speed, given the angle of attack, before which cavitation would occur
can be obtained by using the lowest pressure of the foil [7].
s
UM ax =

Pµ − Pstat (α) ∗ 2
ρ ∗ Cp

(A.2)

where, Pv is the pressure at which the risk of cavitation dramatically increases, 2.34kP a
and Cp is the lowest pressure on the foil gotten at that angle of attack.
The speed at which the whole system would create enough lift to get foilborne was gotten
for every angle of attack for the different foils. the lifting coefficient of the foil was used
together with an assumed foil area of 2m2
s
Ul =

Fl
Af ∗ 0.5 ∗ ρ ∗ CL (α)

(A.3)

where Fl is the force needed to be created by the foil around 7000N and Af is the area of
the foil.
By plotting these the intersections show cavitation speeds, hence profiles which minimizes
the risk of cavitation can be selected, as seen in the graphs below.

Figure A.3: Speed to reach cavitation
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Weight of different foil configuration

To be able to calculate the weight for each type of foil, it was assumed that the profile of the
hydrofoil could be simplified as a rectangular cross-section with constant outer measurements and constant thickness. Moreover, the foil would be extorted to a bending moment
and shear around the strut or struts and the normal stress will be gotten using the following
equation
σ=

My
Fy
+
Ay
Iy

(A.4)

where Ay is the area of the cross-section b ∗ h − (b − 2 ∗ t) ∗ (h − 2 ∗ t). The second moment
2
3
+ t∗b∗h
, and σ is assumed to be 500M P a. Using this, the thickness
of inertia, Iy is t∗h
6
2
was found for the different foil configurations and by then using the thickness, the weight
was obtained. The above method was use in in both y and z directions. The shear force
and bending moment were gotten around the struts from the load case seen in figure A.4.

Figure A.4: Load case for comparison
This resulted in two relationships, one for one strut and one for two struts for both surface
piercing- (figure A.5), and submerged foil configuration (figure A.6).
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Figure A.5: Weight of surface piercing foil

Figure A.6: Weight of submerged foil
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