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Abstract 
 
Maribot Vane is an autonomous sailboat project at KTH Royal Institute of Technology. The 
use of autonomous boats is being recognised all over the world as a cost-efficient alternative 
to traditional manned ships for oceanographic research. Vane consists of an International 2.4 
mR hull propelled by a self-adjusting wing that is controlled by a flap. A self-steering 
mechanism is currently under development. Field testing of the boat in the summer of 2017 
showed that the boat was leaking where the mast enters the deck as well as through a hatch 
covering the former cockpit.  
 
This report deals with developing a new sealing solution to prevent water from entering the 
boat. It should be a durable and waterproof solution. Minimizing friction is of great 
importance to reduce interference with the self-adjusting wing. The problem is divided into 
two sub-problems: creating a sealing where the mast enters the boat and designing a new 
hatch. A housing made of 3D-printed plastic will be placed around the mast. By establishing 
models depicting “worst-case” scenarios calculations are done to determine how long the 
housing can stay submerged as well as how much impact it has to endure when being hit by a 
wave. Experiments are then performed on prototypes of the housing to determine how 
accurate the theoretical models are.  
 
A housing that theoretically can stay submerged for approximately three seconds is 
developed. Analysis suggests that it is durable enough to withstand the impact from being hit 
by a wave. A hatch consisting of two parts is also developed. One placed in the front where 
the mast goes through and one in the back that should be easy to open, providing access to the 
inner parts of the boat even when in water.  
 
  



 

Sammanfattning 
 
Maribot Vane är ett projekt som handlar om utvecklingen av autonoma segelbåtar på 
Kungliga Tekniska Högskolan (KTH). Användandet av autonoma båtar erkänns världen över 
som ett kostnadseffektivt alternativ till bemannade forskningsfartyg. Vane består av ett 
International 2.4 mR-skrov, framdrivning sker med hjälp av en självjusterande vinge som 
kontrolleras av en vingklaff. En självstyrningsmekanism är för nuvarande under utveckling. 
Fälttester av båten sommaren 2017 visade dock att båten läcker vid genomföringen där 
masten möter skrovet såväl som genom luckan som täcker det som tidigare varit sittbrunnen. 
 
Denna rapport avhandlar utvecklingen av en ny tätningslösning som ämnar förhindra vatten 
att tränga in i skrovet. Lösningen ska vara såväl tät som hållbar. För att minimera påverkan på 
den självjusterande vingen är låg friktion kring masten mycket viktigt. Problemet delas upp i 
två delproblem: skapandet av en tätningslösning vid mastgenomföringen och design av en ny 
lucka till sittbrunnen. En slags kåpa tillverkad av 3D-printad plast placeras runt masten. 
Genom att analysera extremfall beräknas hur länge kåpan kan vara nersänkt under vatten 
såväl som hur stora påfrestningar den utsätts för när den blir träffad av en våg. Experiment 
utförs sedan på prototyper av kåpan för att avgöra hur exakta de teoretiska modellerna är.  
 
En kåpa som i teorin kan vara nersänkt under vatten cirka tre sekunder tas fram. Av 
beräkningar framgår det att den tål påfrestningen av att träffas av en våg. En lucka beståendes 
av två delar utvecklas också. En del placeras framme vid mastgenomföringen och en bakre del 
som ska vara enkel att öppna för att ha tillgång till båtens inre även när den ligger i vatten.  
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1 Introduction  
 
The Baltic Sea is a sensitive environment due to several reasons. Roughly 90 million people 
live around its coasts. The Danish Straits being the only connection to the Atlantic Ocean, it 
takes roughly 25-30 years for all its water to exchange, leading to pollutions staying in the 
water for a long time. The low salinity levels (ranging in between 25 ppm in the southern 
parts to 2 ppm in the Gulf of Bothnia) only suits a handful of fresh- and sea water species 
sensitive to disturbances in the marine environment [1]. 
 
The complexity of the Baltic leads to an apparent need to monitor key quantities such as 
salinity levels, pH levels, depth etc. However, operating traditional research vessels tends to 
be expensive and can cost up to 50,000 USD per day [2]. The utilization of energy efficient 
autonomous sailing vessels could revolutionize the collection of data by lowering the cost and 
enabling research missions lasting for months. Several companies and universities across the 
globe are developing their own autonomous sailing vessels, for instance Saildrone by 
California-based Saildrone Inc. [3] and ASpire by Åland University of Applied Sciences [4]. 
 
Maribot Vane is an autonomous sailing vessel project at KTH Royal Institute of Technology. 
The vessel is going to be used as a platform for research and its purpose is to collect samples 
and data in the ocean. Therefore, the goal for the project is to develop a craft that can survive 
in all different weathers possible under ice free conditions [5]. This thesis deals with sealing 
the deck of Maribot Vane, minimizing the risk of water entering the hull. 
 
The hull of the vessel is an International 2.4mR one-person keelboat, with a free-rotating 
wing as sail. The wing is coupled with a flap controlled by actuators (see Figure 1). A self-
steering mechanism described by Wängelin [6] allows Maribot Vane to keep a certain course 
with minimal energy consumption. In addition to the steering mechanism, the electronics as 
well as the battery are located in the cockpit. The cockpit is covered by a fiberglass hatch with 
a hole for the mast.  
 
1.1 Problem 
Trials of Maribot Vane in the Stockholm archipelago in the summer of 2017 showed that 
water seeps through the deck to the inside of the hull. Leakage was observed at the hatch 
covering the cockpit and where the free-rotating rig enters the deck. Apart from causing 
damage to the on-board electronics this could interfere with the stability, causing the boat to 
sink. Hence, it is obvious that this problem needs to be addressed before the trials of 2018. 
The requirements on the solution are: 
 

• Minimal leakage – due to reasons explained above. 
• Robustness – Maribot Vane should be able to operate independently without direct 

supervision and might encounter rough weather. The simpler solution the better. 
• Accessibility – The battery, steering system, electronics and other vital systems needs 

to be accessible even when the boat is in the water.  
• Minimal friction around the rig – it should be able to rotate without friction interfering 

with the self-steering mechanism. 
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1.2 Method 
At first, knowledge about how Maribot Vane operates is obtained by reading the reports by 
Tretow [5] and Wängelin [6] in combination with studying the actual boat. Analysis of the rig 
needs to be performed to determine quantities such as deflection of the mast. The problem is 
then divided in two sub problems – finding a solution for sealing around the freely-rotating rig 
and developing a waterproof, accessible hatch. The development of the sealing around the rig 
requires fluid mechanics analysis to ensure waterproofness as well as durability. The final 
solution might contain both bought and self-made components. 
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2 Deflection analysis of the rig 
 
The need to estimate the deflection of the mast is identified as an important factor due to the 
possible impact it might have on the sealing solution around the mast. The rig is subject to the 
weight force acting through the centre of mass and the aerodynamic lift force acting through 
the centre of pressure (!"). Figure 1 below illustrates the rig and its dimensions.  
 

 
 

Figure 1 - Rig design [5] 

 
The lift force is determined by 
 

#$%&' =
)
* +,-

*.!/                                                             (1)  
 
where + is the density of air in [kg/m3], ,- is the undisturbed wind speed, !/ is the lift 
coefficient and . the area of the wing. !":s position as well as general dimensions and 
materials used are given by Tretow [5]. The mast is made out of carbon fibre. The rig is then 
analysed using elementary cases given by Alfredsson [7]. The assumptions made in this 
analysis are: 
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• The rig is modelled as a cantilever beam with a circular, hollow cross-section. The 
outer diameter is 70 mm and the thickness 3 mm.  

• The length of the beam considered is 3.64 m. 
• A Young’s modulus E of 230 GPa is assumed.  
• Equation (1) assumes incompressible, non-viscous flow. 
•  Centre of mass and	!" are assumed to act through the same point to simplify the 

analysis. The weight is given as 31.5 kg from Tretow’s report [5]. 
• The lift coefficient !/ was set to 1.2. 
• The flap is neglected in the analysis. 
• An extreme case with a wind speed of 25 m/s is used in the analysis. 
• The impact of a wave hitting the rig is neglected. 

The heel angle is then iterated from 0°- 90° to determine the worst-case scenario. This occurs 
at a rather extreme heel angle of 90°. The deflection at the lower edge of the wing is then 
calculated to be 0.25 mm.  
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3 Housing around the mast 
 
Modelling how water behaves around a sailboat is complex. Two main scenarios are 
investigated. One is the case where the deck of the boat is fully submerged for several 
seconds, which could be the case if the boat ends up underneath a big wave. This is the 
scenario modelled in section 3.1. The other scenario is if a wave hits the housing. This 
scenario is modelled in section 3.4. 
 
Traditional sealings for rotational shafts are often aimed towards industry and heavy-duty 
applications. Existing solutions are therefore suspected of causing too much friction as well as 
adding to the complexity of the solution with bearings, seals etc. For that reason, a solution 
based on obstructing the water from entering through the deck using a cylindrical housing is 
investigated. One of the concepts investigated can be seen below in Figure 2.  
 

 
 

Figure 2 - Housing concept 1 

 
The black shaft symbolises the mast, which rotates freely with the wing. A cylindrical outer 
housing is attached to the bottom of the wing profile, hereby rotating with the rig (both in 
yellow). The red inner housing is fixed to the hatch and does not rotate. There is zero contact 
between the rotating parts and the fixed ones, adding zero friction.  
 
A similar concept can be seen below in Figure 3. Like the concept described above the inner 
housing is fixed while the outer housing rotates with the rig, thus achieving zero friction. 
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Figure 3 - Housing concept 2  

However, in this case the inner housing has a reservoir as a measure of safety. The idea is that 
the reservoir needs to be filled for the water to reach inside the hull. The reservoir is fitted 
with drainage holes in the angled bottom section. A constraint on the solution is the vertical 
distance between the deck and the bottom of the wing, roughly 10 to 15 cm.  
 
3.1 Submerged Case 
 
When modelling the submerged case, the situation considered is illustrated by Figure 4 
below. It shows housing concept 1 being filled with water due to the outside water level 
reaching the bottom part of the wing.  
 

 
 

Figure 4 - Submerged case for housing concept 1 
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Bernoulli’s equation states the following for non-viscid, incompressible flow 
 

1 + )
* +3

* + +45 = 6789:;8:                                        (2) 
 
where p is the static pressure, + the density of water, 3 the speed of the water, 4 the 
gravitational acceleration and 5 the relative height. Equation (2) is applied between the points 
labelled one and two. Both pressures are assumed to be atmospheric and due to the relative 
size of the free surface at point one, 3) is assumed to be zero. This gives the following 
 

3* = <24(5) − 5*)                                                        (3) 
 

where 3* is the velocity at point two and 5), 5* the relative heights of the points. Combining 
(3) with  
 

A = 3 ∙ .                                                                         (4) 
 
where Q is the volumetric flow, v the velocity of the fluid and A the cross-sectional area at 
point 2 the following equation is obtained 
 

A = <24(5) − 5*) ∙ .                                                    (5) 
 
This relates the flow entering the housing to the relative height difference between the two 
points. But as the position of the free surface at point two is dynamic with respect to time, the 
aim is to obtain a relationship between the flow and time. Doing so, the time needed to fill the 
housing to a critical point where water starts entering the inside of the boat can be calculated. 
The following equation is established 
 

C
C'
(Δ5) = −  

E
F                                                               (6) 

 
where Δ5 is the relative height difference between points one and two. Inserting (5) and 
solving (6) as a separable differential equation gives 
 

             ∆: = 2 ∙ (√IJK√IL∗)<*N                                                     (7) 

 
where ∆: is the time required to reach the critical height. 5*∗ refers to the relative height of 
point two at the time when water starts entering the gap at the bottom of the outer housing. It 
can be observed from (7) that ∆: does not depend on the cross-sectional area . at point two 
according to our model. For concept 1 ∆: refers to the time required until leakage into the 
boat starts. For concept 2 ∆: refers to the time until the reservoir starts filling. This can be 
observed below in Figure 5, where the submerged case for concept 2 is illustrated at some 
instant of time after ∆: has passed. 
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Figure 5 - Submerged case for housing concept 2 

In the case depicted above, the reservoir will fill up at a constant value for the relative height 
difference between points one and two. Hence, the flow entering the reservoir is determined 
from (5) where . refers to the cross-sectional area of the flow as it enters the reservoir over 
the edge at point two. The following equation is obtained 
 

∆:* = ∆: +	 EO	                                                                (8) 
 
where ∆:* refers to the time until leakage into the boat starts, ∆: is given by (7), A given by 
(5) and , is the volume of the reservoir. To simplify the analysis, flow entering the reservoir 
from the small drainage holes is neglected. The impact on the flow from the size of the gap 
between the two moving parts of the housing is neglected in both cases. 
 
Since (7) does not contain information regarding the cross-sectional area of point 2 the same 
result for ∆: is obtained for both concepts, 0.14 seconds. Equation (8) gives ∆:* = 0.14 + 1.94 
= 2.08 seconds. Hence, according to the theoretical model it would take 0.14 seconds for 
leakage into the boat for concept 1 and 2.08 seconds for concept 2.  
 
3.2 Experimental verification of the submerged case 
 
Considerable assumptions are done when deriving the results given above. Using equation 
(2), friction is being neglected and incompressible flow is assumed. While water is 
incompressible, major losses due to friction could potentially have an impact. Minor losses 
(due to entrances, exits, geometries etc.) are also neglected as well as flow entering through 
the drainage holes. To validate (7) and (8), tests are performed on 3D-printed prototypes of 
the two housing concepts. Figure 6a, 6b and 6c shows the prototype of housing concept 2.  
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Figure 6a, 6b & 6c – prototype testing of housing concept 2 
 

The bottom face of the inner housing is covered by a sheet of plastic, making sure that no 
water can enter it from below, see Figure 6a. The inner and outer housings are then held 
together and submerged into water so that the surface reaches the top of the outer housing, see 
Figure 6b. A cover attached to the top of the outer housing prevents water from entering from 
above. The time taken until water is observed entering the inside of the inner housing is then 
measured, this refers to the time until leakage into the boat would occur.  
 
Figure 6c shows the second experiment, which is performed on concept 2 in order to 
determine the time taken for the reservoir to drain. The number of holes as well as their 
diameter is then changed, repeating the experiment afterwards. Since the drainage holes might 
affect the time taken until leakage into the boat would occur, the first experiment is also 
repeated after every modification.  
 
From the experiment conducted on the prototype of concept 1, a rough estimate of ∆: = 0.5 
seconds is observed. Since it filled up quite fast, the exact time taken is hard to determine, but 
is without doubt less than a second. Table 1 shows the average leakage times, ∆:*, for concept 
2 with different drainage hole configurations. It also displays the drainage time, which refers 
to the time taken for a completely filled reservoir to drain empty. See 8.8 in the Appendix for 
the complete set of data.   
 
Table 1 – experimental results from submersion experiments of concept 2 with different drainage hole 

configurations. 

Config.   4 x Ø3mm 6 x Ø5mm 8 x Ø5mm 8 x Ø6mm 

 ∆PQ 3.67 sec. 3.04 sec. 3.00 sec. 2.84 sec. 

Drainage ≈ 5 min. 18.0 sec. 12.0 sec. 9.4 sec. 
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The first configuration displays a drainage time significantly longer than the other 
configurations. This could be due to the lower quality of the first prototype causing the holes 
to not go all the way through. Adding holes and increasing their diameter has a dramatic 
effect on the drainage time while the leakage time does not decrease as much. The 
experiments performed on both concepts tell that the theoretical model of leakage, neglecting 
drainage holes as well as viscous losses is conservative. According to the experiments, the 
reality is more favorable.  
 
3.3 Concept 3, Improvements of the housing 
 
An observation could be made during the experiments performed on concept 2. When 
submerged with an angle the water jet entering past the outer edge of the inner housing 
(labelled 2 in figure 5) gained enough speed to “shoot” past the reservoir. In a real-life 
situation, this could lead to immediate leakage, where the reservoir would not be helpful at 
all. Figure 7 displays concept 3, an improved solution.  
 

 
 

Figure 7 – Concept 3, improved solution 
 
To address the problem described above, the inner edge of the inner housing is made taller 
than the outer edge. The idea is that this will prevent the jet from shooting past the reservoir. 
In order to further improve overall performance, the entire solution is made taller. This will 
make it more difficult for water to enter the boat as well as increase the volume of the 
reservoir. Applying (8) gives a leakage time of 3.29 seconds, an improvement by 1.21 
seconds or 58 % compared with the theoretical value for concept 2. Please note that the 
scenario considered, as shown in Figure 5, means that the outer water level for the improved 
solution thus is higher than for concept 2. As a consequence, the theoretical model suggests 
that concept 3 performs better even though considering a tougher scenario.  
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Table 2 below helps summarizing the leakage times for the different concepts, displaying both 
calculated and experimentally observed values. Please note that the experimental data 
regarding ∆:* for concept 2 is for a configuration with eight 6 mm drainage holes. 

 
Table 2 – comparison of leakage time ∆:* for the three concepts 

 
Concept Concept 1 Concept 2 Concept 3 
∆PQ 

(theory) 0.14 sec. 2.08 sec. 3.29 sec. 
∆PQ  

(test) 0.5 sec. 2.84 sec. (no data) 
       
 
3.4 Wave 
 
The second scenario is that a wave hits the housing. This is analyzed to see how much force 
the outer housing is exposed to, investigating whether it needs further reinforcement. In order 
to model the resulting force a simplified scenario is considered. The case studied is basically a 
two- dimensional jet that hits a flat plate shown in Figure 8, where the incoming jet represents 
the wave and the yellow plate the outer housing.  
 
 

 
 

Figure 8 – A jet of water striking the outer housing  
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To be able to use this simplified scenario some assumptions are made.  
 

• The internal pressure of the jet flow is equal to the external (atmospheric pressure).   
• There are no losses arising from the flow striking the plate. 
• Because no losses occur, the velocity of the fluid after striking the plate is equal to the 

velocity of the wave.   

The total velocity of the water with respect to the housing depends on where the wave is 
hitting. If a wave hits the housing in the direction opposite the traveling direction of the boat 
the maximal velocity is obtained 
 
                                                                   3RST = 3USVW +	3XYS'                                                       (9) 

 
where 3XYS'  is the speed of the boat and  
 

3USVW = ZN∙[*\	                                                             (10) 

 
where ] is the wave length. The force is determined from 
 
                                                               # = +A3^;_ 	 ∙ sinc                                                             (11) 
 
where c is the angle from the horizontal axis to the plate (seen in Figure 8), + is the density of 
the fluid, 3RST is given by (9) and A is the volumetric flow. Combining (4) with (11) gives 
the following   
 
                                                               # = +.3^;_	* ∙ sin c                                                            (12) 
 
where . is the projected, rectangular area of the outer housing.  
 
The other parameter affecting the magnitude of the resulting force is the angle c. The vessel is 
moving around in the water and therefore the angle of the housing might be changing with 
respect to time. Equation (12) tells that the maximum value of the force is obtained when the 
wave is hitting the outer housing straight from the side at an angle of 90°. 
 
In order to make sure that the outer housing does not break, the pressure on the outer housing 
created by the force is studied. The pressure is determined from  
 

1 = g
F                                                                            (13) 

 
where # is given by (12) and . is the projected, rectangular area of the outer housing. 
Inserting a wave length ] of 10 meters, boat speed of 5 knots and angle of attack of 90° yields 
a pressure of 0.0426 MPa. 
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4 Hatch 
 
A new hatch will be developed to cover the cockpit of Maribot Vane. As mentioned earlier, 
minimal leakage as well as robustness are two requirements that must be met. Accessibility 
adds to the complexity of the problem – the inner parts of the boat needs to be accessible even 
when in water. Figure 9 shows the cockpit, with the supporting aluminium frame visible.  
 

  
 

Figure 9 - Cockpit of Maribot Vane 

The hatch will consist of two overlapping parts – one in the front and one in the back. There is 
a protrusion along the edge of the cockpit, which can be seen in white in Figure 9. This will 
be sawn off in the front in order to create a flat surface where the front hatch will be placed. 
Both hatches will be made out of a composite consisting of fiberglass and resin.  
 
4.1 Front hatch 
 
The front hatch will be situated where the rig is. Figure 10 below shows the concept in mind.  
 

 
 

Figure 10 - Front hatch 
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As can be seen above, a large hole is situated in the middle of it where the mast goes through. 
The housing concepts discussed earlier will be placed around this hole. A protrusion (in blue) 
made out of fiberglass-reinforced foam matches the shape of the protrusion that runs along the 
edge of the cockpit. It can be seen as a replacement of the edge removed, allowing the back 
hatch to be placed on top of it. Since the front hatch will not cover parts in need of immediate 
access when in water (bearings, steering mechanism etc.) it will be fixed with several bolts. 
Double sealing strips will be clamped together by the bolts to ensure a waterproof seal. To 
remove the hatch the rig must be lifted out first, which can be done during on-land 
maintenance. 
 
4.2 Back hatch 
 
Figure 11 shows the back hatch, which will cover most of the cockpit. 
 

 
 

Figure 11 - Back hatch 

This part needs to be relatively easy to remove, for instance when performing easy 
maintenance operations or to access the batteries when Maribot Vane is in the water. The 
hatch will be placed on top of the protrusion along the cockpit edge as well as the foam-
protrusion on the front hatch. Compressive latches placed at the holes seen in Figure 11 will 
press the hatch against the deck, clamping sealing strips attached to the bottom of the hatch as 
well as along its outer edge. 
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5 Final Solution 
 
The entire solution is presented in Figure 12, showing how the different parts fit together. 
 

 
 

Figure 12 – Final solution 

Since it is an improvement of concept 2, a concept superior to concept 1 both in theory and in 
practice, concept 3 will be used around the mast. This conclusion can be drawn from the 
comparison of leakage times ∆:* in Table 2. It will be fitted with eight 6 mm drainage holes 
as the results displayed in Table 1 for this configuration are considered sufficient.  
The pressure analysis performed in Wave suggests that reinforcement of the outer housing is 
unnecessary. Drafts of the parts can be found under Appendix.  
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6 Discussion 
 
The big question to be answered is whether the final solution presented in this report meets 
the requirements listed on page one. Based on the models presented under “Submerged Case” 
as well as the experiments performed on the prototypes it is obvious that concept 2 wins over 
concept 1 when it comes to minimizing leakage, as it endures much longer when submerged. 
Concept 3, the improved solution, should prove even better when being put to use.  
 
The submersion experiments performed on the prototypes suggests that the theoretical models 
are a bit conservative. This could be because that major and minor losses are neglected when 
deriving (7) and (8). A conservative model should not be seen as a problem, rather as a 
measure of safety. It would however be of interest to find a way to experimentally see how 
much impact a wave hitting the housing would have when it comes to leakage.  
 
But how realistic are the scenarios depicted when analyzing the housing? Videos of regular 
International 2.4mR boats sailing suggests that they might be a bit extreme, but on the other 
hand the idea is that Maribot Vane should be able to endure rough conditions for several 
months at sea. If the solution presented can withstand the scenarios investigated in this report, 
it should be satisfying when it comes to minimizing leakage.  
 
The next requirement is that the solution should be robust. Since the deflection of the mast, 
even in an extreme scenario, is limited to 0.25 mm this will not cause trouble as it falls below 
the tolerances set for the housing. The simplicity of the housing, with only two moving parts 
and no bearings, also limits the number of possible failures. The calculations performed under 
Wave suggests that the outer housing is subject to a pressure of roughly 0.04 MPa. However, 
the surface of the outer housing is modelled as a rectangular plate. The cylindrical shape will 
lead to some of the water deflecting to the sides instead of hitting the surface directly. This 
means that the actual pressure should be lower.  
 
The requirement of minimal friction will not be a problem as there is no direct contact 
between the two moving parts of the housing. When it comes to accessibility of the inner parts 
of the boat the hatch concept suggested should prove adequate if constructed correctly.  
 
In conclusion, the solution presented seems adequate for the task at hand – a durable sealing 
minimizing both friction and leakage.  
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8 Appendix 
 
8.1 Outer housing, concept 1 & concept 2 
 

  
 
 
8.2 Inner housing, concept 1 
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8.3 Inner housing, concept 2 
 

  
 
 
8.4 Outer housing, concept 3 
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8.5 Inner housing, concept 3 
 
 

 
 
 
8.6 Front hatch 
 

 



 IV 

8.7 Back hatch 
  

 
 
 
8.8 Complete data set from experiments conducted on concept 2 
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