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Abstract 

 

In recent years, research for creating climate-friendly solutions has become more desired. As 

the transport of cargo by sea is heavily utilized and will continue to be so, this is an area that 

can be improved. During this thesis, the main focus will be on analyzing the effect of roll motion 

mitigation and investigating the optimal solution to reduce roll motion for a large cargo ship 

using sails as means of propulsion.  

For the analysis, simulations will be performed using the ANSYS AQWA hydrodynamic 

diffraction and including an additional matrix to obtain the correct RAO (Response Amplitude 

Operator) values. Different alpha values are compared to showcase the potential effect of the 

viscous damping created by the keels. The RAO values that are obtained through the 

simulations will be presented and discussed. These simulations showcase that the efficiency of 

the keels increases when a more considerable alpha value is presented. Most of the simulations 

during this thesis are simulated with an alpha value of 0,01. Values of 0,02 and 0,05 are also 

presented as potential higher values of damping.  

Research is showing that utilizing bilge keels become more effective when traveling at lower 

speeds and will due to this be the primary solution when analyzing roll mitigation. The 

simulations show that the bilge keels are becoming more effective when the ship´s heeling is 

increased. The keel with the higher aspect ratio is more effective, yet limitations in the size of 

the keel could prove vital if navigating shallower water become of interest. Due to this, a less 

wide keel could prove beneficial, even though a wider keel mitigates more roll motion.  

The keels created for this study reduces the roll motion by 9% up to 30%, depending on the 

geometry of the keel, where the reduction increases with further heeling on the ship hull. The 

conclusion is that for a large freighter using sails as means of propulsion, bilge keels will be 

most effective as the cruising speed of the vessel will be lower than the traditional freighter 

ships.   



 V 

Contents 

Preface and acknowledgments ................................................................................................................... III 

Abstract .................................................................................................................................................... IV 

Contents .................................................................................................................................................... V 

List of Figures ........................................................................................................................................... VII 

List of Tables ............................................................................................................................................. XI 

1. Introduction ...................................................................................................................................... 1 

1.1 Background and Motivation .................................................................................................................. 2 

1.1.1. Motivation ........................................................................................................................................ 2 

1.1.2. State of the Art ................................................................................................................................. 3 

1.1.3. Objective ........................................................................................................................................... 5 

1.1.4. Scope of the project ......................................................................................................................... 5 

2. Theory............................................................................................................................................... 7 

2.1. Seakeeping............................................................................................................................................. 7 

2.1.1. Roll stabilization................................................................................................................................ 8 

2.1.2. Hydrostatic...................................................................................................................................... 11 

2.2. Sail optimization .................................................................................................................................. 13 

2.3. Structural design .................................................................................................................................. 15 

2.4. Wave theory ........................................................................................................................................ 16 

2.4.1. Regular Wave .................................................................................................................................. 16 

2.4.2. Irregular Waves............................................................................................................................... 17 

2.4.3. Pierson-Moskowitz spectrum ......................................................................................................... 19 

2.4.4. JONSWAP spectrum ........................................................................................................................ 19 

2.4.5. Gaussian spectrum ......................................................................................................................... 19 

3. Numerical method and methodology ............................................................................................... 20 

3.1. Research approach .............................................................................................................................. 20 

3.2. Methods of data collection .................................................................................................................. 20 

3.2.1. Design variables .............................................................................................................................. 20 

3.2.2. Mesh convergence.......................................................................................................................... 25 

3.2.3. ANSYS software .............................................................................................................................. 31 



 VI 

3.2.4. Additional damping matrix ............................................................................................................. 32 

3.2.5. Simulation procedure ..................................................................................................................... 42 

4. Analysis and discussion .................................................................................................................... 44 

4.1. Analysis with sail forces ....................................................................................................................... 44 

4.2. Comparison with another ship ............................................................................................................ 46 

4.3. RAO without keel ................................................................................................................................. 49 

4.3.1. Peak added mass for without keel scenario ................................................................................... 55 

4.3.2. Damping calculations using Rayleigh and stiffness matrix ............................................................. 57 

4.4. Roll stabilization .................................................................................................................................. 59 

4.5. Simulations with bilge keels ................................................................................................................ 61 

4.5.1. RAO for Keel1 with additional matrix using an alpha value 0,01 ................................................... 62 

4.5.2. RAO for Keel2 with additional matrix using an alpha value 0,01 ................................................... 69 

4.6. Comparison of damping values ........................................................................................................... 74 

4.6.1. Comparison of roll motion using an alpha value of 0,02 ............................................................... 74 

4.6.2. Comparison of roll motion using an alpha value of 0,05 ............................................................... 76 

4.7. Discussion of analysis .......................................................................................................................... 78 

4.7.1. RAO comparison using an alpha value of 0,01 ............................................................................... 78 

4.7.2. RAO comparison using an alpha value of 0,02 and 0,05 ................................................................ 82 

4.8. Estimating potential sail force ............................................................................................................. 83 

5. Conclusion and future work ............................................................................................................. 87 

References ............................................................................................................................................... 90 

APPENDIX A ............................................................................................................................................. 94 

 

  



 VII 

List of Figures 

 

Figure 1.1 - Flowchart ................................................................................................................ 1 

Figure 1.2 - Oceanbird................................................................................................................ 3 

Figure 1.3 - UT Challenger ........................................................................................................ 3 

Figure 1.4 - Anti-roll tank[9] ...................................................................................................... 4 

Figure 2.1 - Bilge keel[16]. ........................................................................................................ 9 

Figure 2.2 - Showing stabilizer fin forces[17]. .......................................................................... 9 

Figure 2.3 - More detailed version showing fin forces[14]. ....................................................... 9 

Figure 2.4 - Example of an active fin[20] ................................................................................ 10 

Figure 2.5 - Sail affected by relative wind speed. Showing resulting lift force and drag force[28]

 .................................................................................................................................................. 13 

Figure 2.6 - 6 degrees of motion of a ship[30] ......................................................................... 15 

Figure 2.7 - Regular wave ........................................................................................................ 16 

Figure 2.8 - Irregular waves created by superposition[33]. ..................................................... 17 

Figure 2.9 - Interpretation of a wave spectrum [UIS]. ............................................................. 18 

Figure 3.1 - Ship hull ................................................................................................................ 21 

Figure 3.2 - Ship hull seen from above, starboard, and aft. ..................................................... 21 

Figure 3.3 - Dimensions of keel1. The thickness connected to the ship hull is 1m. The keel 

gradually becomes thinner the further away from the ship hull. The green area is the tip of the 

keel, which is furthest away from the ship hull. ....................................................................... 22 

Figure 3.4 - Keel1 mounted on the ship hull ............................................................................ 23 

Figure 3.5 – Placement of Keel2 on ship hull. Rectangle area showing limitations. ............... 24 

Figure 3.6 - Dimensions of keel2. The thickness at the end of the keel (green area) is 0,41m. 

The thickness closest to the ship hull is 1m. The keel is gradually becoming thinner the further 

away from the ship hull. ........................................................................................................... 24 

Figure 3.7 - Keel2 mounted on the ship hull ............................................................................ 25 

Figure 3.8 - Mesh convergence for peak natural periods of heave. ......................................... 26 

Figure 3.9 - Mesh convergence for peak natural periods of pitch. ........................................... 26 

Figure 3.10 - Mesh convergence for peak natural periods of roll. ........................................... 27 

Figure 3.11 - Mesh convergence for peak added mass values of heave. ................................. 28 

Figure 3.12 - Mesh convergence for peak added mass values of pitch. ................................... 28 

Figure 3.13 - Mesh convergence for peak added mass values of roll. ..................................... 29 

file://///Users/erikdahlfidje/Desktop/Masterdraft5.docx%23_Toc74558796
file://///Users/erikdahlfidje/Desktop/Masterdraft5.docx%23_Toc74558797
file://///Users/erikdahlfidje/Desktop/Masterdraft5.docx%23_Toc74558810
file://///Users/erikdahlfidje/Desktop/Masterdraft5.docx%23_Toc74558810
file://///Users/erikdahlfidje/Desktop/Masterdraft5.docx%23_Toc74558810


 VIII 

Figure 3.14 - Mesh convergence for heave peak RAO ............................................................ 30 

Figure 3.15 - Mesh convergence for pitch peak RAO ............................................................. 30 

Figure 3.16 - Mesh convergence for roll peak RAO ................................................................ 31 

Figure 3.17 - Flowchart Ansys Workbench 2020 R1 ............................................................... 32 

Figure 3.18 - Peak heave RAO, without keel. (Not corrected RAO) 10 knots forward speed. 33 

Figure 3.19 - Peak pitch RAO, without keel. (Not corrected RAO) 10 knots forward speed. . 34 

Figure 3.20 - Peak roll RAO, without keel. (Not corrected RAO) 10 knots forward speed. ... 34 

Figure 3.21 – Reciprocal as shown in[41]. ............................................................................... 35 

Figure 3.22 - Excitation force[42]. ........................................................................................... 36 

Figure 3.23 – Froude Krylov + Diffraction force comparison for without keel and with Keel1. 

Waves coming from 90 degrees and ship heeling 0 degrees. ................................................... 37 

Figure 3.24 - Comparison of added mass when plotting ma44 values for without keel and with 

Keel1. 0 heeling. 10 knots forward speed. ............................................................................... 38 

Figure 3.25 - Comparison of damping when plotting the c44 values for without keel and with 

Keel1. 0 heeling. 10 knots forward speed. ............................................................................... 39 

Figure 3.26 - Mass matrix of a ship[45]. .................................................................................. 41 

Figure 3.27 - RAO roll comparison for without additional matrix and with additional matrix. 0 

heeling and waves coming from 90 degrees. 10 knots forward speed. .................................... 42 

Figure 4.1 - Rotation towards portside on the ship due to wind forces from starboard position. 

Not an accurate representation. ................................................................................................ 44 

Figure 4.2 - Rotation towards bow due to wind forces from aft position. Not an accurate 

representation. .......................................................................................................................... 45 

Figure 4.3 - RAO heave for 0 heeling, with additional matrix. 10 knots forward speed. ........ 46 

Figure 4.4 - RAO pitch for 0 heeling, with additional matrix. 10 knots forward speed. ......... 47 

Figure 4.5 - RAO roll for 0 heeling, with additional matrix. 10 knots forward speed. ............ 47 

Figure 4.6 - Heave RAO for s60 at Fn = 0,2. Presented in [46]............................................... 48 

Figure 4.7 - Pitch RAO for s60 at Fn = 0,2. Presented in [46]. ................................................ 48 

Figure 4.8 - Heave RAO for 0 and 15 heeling. Without keel and alpha = 0.01. Wave direction 

= -90 degrees. With additional matrix ...................................................................................... 49 

Figure 4.9 - Pitch RAO for 0 and 15 heeling. Without keel and alpha = 0.01. Wave direction = 

-135 degrees. With additional matrix ....................................................................................... 50 

Figure 4.10 - Roll RAO for 0 and 15 heeling. Without keel and alpha = 0.01. Wave direction = 

90 degrees. With additional matrix .......................................................................................... 50 



 IX 

Figure 4.11 - Roll angle of 18,152 degrees, seen from the front (bow). Yellow area is the 

submerged volume. .................................................................................................................. 51 

Figure 4.12 - Peak heave RAO, without keel. Alpha value 0.01 and waves coming from -90 

degrees. With additional matrix ............................................................................................... 52 

Figure 4.13 - Peak pitch RAO, without keel. Alpha value equals to 0.01 and waves coming 

from -135 degrees. With additional matrix .............................................................................. 53 

Figure 4.14 - Peak roll RAO, without keel. Alpha value equals to 0.01 and waves coming from 

90 degrees. With additional matrix .......................................................................................... 54 

Figure 4.15 - Added mass peaks for heave, without keel. 10 knots forward ........................... 55 

Figure 4.16 - Added mass peaks for pitch, without keel. 10 knots forward............................. 56 

Figure 4.17 - Added mass peaks for roll, without keel. 10 knots forward ............................... 56 

Figure 4.18 - Comparison of damping (c44 value) using stiffness and Rayleigh method. Alpha 

value equals to 0,01. 10 knots forward speed........................................................................... 58 

Figure 4.19 - Bilge keel effectiveness with respect to area (wide/narrow)[14]. ...................... 59 

Figure 4.20 - Dimensions of bilge keel design[14] .................................................................. 60 

Figure 4.21 - Aspect ratio graph of bilge keel, at 20 knots [50][14]. ....................................... 61 

Figure 4.22 - Heave comparison of 0-heeling without keel and with Keel1. Without additional 

matrix. Not corrected RAO. Waves coming from -90 degrees. ............................................... 63 

Figure 4.23 - RAO pitch comparison of 0-heeling without keel and with Keel1. Without 

additional matrix. Not corrected RAO. Waves coming from -135 degrees. ............................ 63 

Figure 4.24 - RAO roll comparison of 0-heeling without keel and with Keel1. Without 

additional matrix. Not corrected RAO. Waves coming from 90 degrees. ............................... 64 

Figure 4.25 - RAO heave with Keel1 (additional matrix is added, alpha value equals to 0,01 

and waves are coming from -90 degrees). ................................................................................ 65 

Figure 4.26 - RAO pitch with Keel1 (additional matrix is added, alpha value equals to 0,01 and 

waves are coming from -135 degrees). .................................................................................... 66 

Figure 4.27 - RAO roll with Keel1 (additional matrix is added, alpha value equals to 0,01 and, 

waves are coming from 90 degrees). ........................................................................................ 67 

Figure 4.28 - Peak heave RAO, Keel2. Alpha value equals to 0,01. Waves coming from -90 

degrees. ..................................................................................................................................... 69 

Figure 4.29 - Peak pitch RAO, Keel2. Alpha value equals to 0,01. Waves coming from -135 

degrees. ..................................................................................................................................... 70 

Figure 4.30 - Peak roll RAO, Keel2. Alpha value equals to 0,01. Waves coming from 90 

degrees. ..................................................................................................................................... 71 



 X 

Figure 4.31 - Added mass for the three different configurations, alpha value equals to 0,01. Ship 

heeling 15 degrees. ................................................................................................................... 73 

Figure 4.32 - Comparison of RAO roll of 15 heeling, with alpha value equal to 0,02. 10 knots 

forward speed. .......................................................................................................................... 75 

Figure 4.33 - Comparison of RAO roll of 15 heeling, alpha value equal to 0,05. 10 knots forward 

speed. ........................................................................................................................................ 77 

Figure 4.34 – Peak heave RAO comparison of the three different configurations. Alpha value 

equals to 0,01. 10 knots forward speed. ................................................................................... 79 

Figure 4.35 – Peak pitch RAO comparison of the three different configurations. Alpha value 

equals to 0,01. 10 knots forward speed. ................................................................................... 79 

Figure 4.36 – Peak roll RAO comparison of the three different configurations. Alpha value 

equals to 0,01. 10 knots forward speed. ................................................................................... 80 

Figure 4.37 - Ship hull heeling 3 degrees forward ................................................................... 82 

  



 XI 

List of Tables 

Table 2.1 - Comparison of different roll stabilization systems[21]. ........................................ 11 

Table 2.2 - Stiffness matrix, AQWA ........................................................................................ 12 

Table 3.1 - Ship details ............................................................................................................. 22 

Table 3.2 - Added mass matrix ................................................................................................ 38 

Table 3.3 - Mass matrix for ship hull ....................................................................................... 41 

Table 3.4 - Additional damping matrix for 0-heeling without keel, with alpha value = 0.01 .. 41 

Table 4.1 - Comparison of ship hull vs. S60 ............................................................................ 46 

Table 4.2 - Effectiveness of Keel1 ........................................................................................... 68 

Table 4.3 - Effectiveness of keel2 in roll motion ..................................................................... 72 

Table 4.4 - Comparison of roll RAO for the three different configurations with alpha value 

equal to 0,02 ............................................................................................................................. 76 

Table 4.5 - Comparison of roll RAO for the three different configurations with alpha value 

equal to 0,05 ............................................................................................................................. 78 

Table 4.6 - Comparison of keel efficiency ............................................................................... 81 

Table 4.7 - Comparison of the three different configurations with a heeling of 3 degrees. Alpha 

value equals to 0,01 .................................................................................................................. 82 

Table 4.8 - Comparison of alpha values of 0,02 and 0,05 ........................................................ 83 

Table 4.9 - Total sail force ....................................................................................................... 85 

Table 5.1 - Showing comparison of Keel1 and Keel2, peak roll RAO. ................................... 88 

 

 



 1 

1. Introduction 

 

 
Figure 1.1 - Flowchart 
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This flowchart represents some key factors that will be discussed during this thesis. During the 

early stages of the semester, three different approaches are discussed, and it is decided to 

focus heavily on the stability regarding roll motion. The green and red routes shown in the 

figure above are not being focused on, and the path that will be followed during this thesis is 

the blue “Seakeeping → Stability.” If time is available, time-domain simulations will be 

examined. 

 

1.1 Background and Motivation 

 

1.1.1. Motivation 

 

As the focus on climate-friendly products has increased immensely in the last years, 

environmentally friendly solutions for transporting goods by sea are lacking. Around 11 billion 

tons of goods are transported by sea every year, as stated in [1]. Transporting goods by sea has 

opened many opportunities regarding trading between different nations and will have to 

continue. Hence, stopping this transport is not an acceptable solution.  

Due to this, there is a vast potential to decrease the carbon footprint from goods transported 

by sea by providing an environmentally friendly solution for this transport.  

 

In this project, looking at key features that are important when designing a zero-energy cargo-

ship, could prove beneficial for other designs to come. 
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1.1.2. State of the Art 

 

There is currently not a ship at the market which can transport goods at low emissions. 

However, there are a few that is under development.  

 

The Oceanbird is predicted to 

deliver the first vessel by the end of 

2024. Having sails that will reach up 

to 80 meters high when fully 

extended, they are looking to 

decrease the total emissions by 

about 90%. This cargo ship will 

transport up to a total of 7000 cars 

every trip. This solution is great for 

the climate, yet there are 

downsides. While reducing the emissions significantly, the transport duration will be increased 

by four full days, from 8 to 12, stated in this article[2]. This is because the vessel will not reach 

the speeds of a conventional cargo ship currently used. Figure 1.2 is presented in [3]. 

 

The UT Wind Challenger is also a project where the research has been going on since 2009 and 

mainly focuses on creating the sails 

provided to cargo ships. The sails mainly 

consist of aluminum and reinforced 

plastic material which makes the sails 

very rigid. They were expecting to 

deliver these sails during 2016 but have 

yet to be put into reality. Increased 

knowledge of the environmental 

difficulties of fuel will perhaps increase 

the interest significantly. Companies are 

more willing than previously to invest in 

climate-friendly solutions[4]. Figure 1.3 is presented in [5]. 

Figure 1.3 - UT Challenger 

Figure 1.2 - Oceanbird 
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Roll stabilization: 

Anti-roll tanks are used quite often when the goal is to reduce roll motion. One of the main 

advantages of anti-roll tanks is that they will reduce the roll motion while the vessel is not 

moving forward. This because the anti-roll tanks do not require any forward speed to be 

functioning. Anti-roll tanks operate in the way that most of the water will be trapped on the 

opposite side of the rolling motion[6][7][8]. An example of an Anti-roll tank is given in Figure 

1.4 below. 

 

 

Figure 1.4 - Anti-roll tank[9] 

 

Fins and bilge keels: 

Stabilizer fins and bilge keels are often used with smaller ships utilizing sails. This is done by 

adding a geometry to reduce roll motion due to increased added mass in the roll direction. The 

fins and bilge keels are attached to the hull of the ship. Stabilizer fins can be active and passive, 

where the active fin has a mechanical part controlling the fin, and the passive does not.  

 

Rotor sails: 

Rotor sails are one of the solutions that have been used in recent years. Some cargo ships have 

been attached with pillars that rotate. The rotation creates an effect called the “Magnus 

effect.” This effect will propel the vessel forwards as a result of wind turning the pillar. Fuel 

consumption will be minimized when the conditions are favorable. Presented in this article[10]. 
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1.1.3. Objective 

 

During this project, there will be a closer look at some of the general vital factors that will make 

a ship like this perform at a high standard, introducing key factors such as; Seakeeping 

capabilities, sail performance and structural design. Many different elements are essential 

when designing a vessel, but for the purposes of this project and the time that is at disposal, 

seakeeping will be the main focus.  

 

When analyzing the seakeeping capabilities of a ship, some key features arise. One of these 

features is roll stability. When designing a large vessel using sails as means of propulsion, the 

roll will be heavily affected by the force created by the wind. The sails will have a large area 

affected by the wind at a high altitude. This creates a significant moment force which will add 

to the roll moment created by the waves and wind on the ship’s foundation. So, for a vessel 

using sails, it is essential to analyze the roll stabilization. Hence, this project will go deeper into 

the roll motion of a large ship with sails and also which methods will be practical regarding the 

reduction of potential roll motion of a vessel this size.  

So, one of the main questions that will be answered during this thesis is; 

What will be the most efficient roll reduction solution on a large ship using sails as means of 

propulsion? 

 

 

1.1.4. Scope of the project 

 

Firstly, in chapter 1, an introduction to the thesis will be presented. This will consist of 

background and motivation, state of the art, and also the objective of the thesis. 

In chapter 2, the theory will be the subject. This will provide a general and vital insight into the 

approach that is being used during this thesis and also during simulations using Ansys software.  

In chapter 3, the numerical method and methodology will be discussed. This will consist of the 

design variables, mesh convergence, and also the procedure of running the simulations using 

the additional matrix. 
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In chapter 4, the analysis will be presented. The study will consist of simulations without keel 

and simulations with different keel configurations. 

In chapter 5, the conclusion and future recommendations will be presented and what can be 

done to bolster the analysis or take the work further. 
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2. Theory 

 

2.1. Seakeeping 

 

Seakeeping is the vessel´s ability to perform well in rough sea conditions. It is critical for a ship 

to withstand different type of waves/sea states but even though the vessel can withstand the 

waves does not mean it has good seakeeping capabilities. To be efficient, it has to maintain 

most of its speed and momentum when traveling through rough sea. This seakeeping capability 

is mainly affected by three components[11]: 

 

- The incoming waves that will affect the ship 

 

- Ships characteristics. (length, width, height, hull size) 

 

- Ship motions, which is how the vessel will respond to the incoming waves and how the 

ship´s motion is affected by the wind.  

 

There are generally multiple tools for predicting a ship's seakeeping capability. These tools are 

as following[12]: 

 

- Model tests are usually performed using a large water tank.  

 

- Measurements performed on a full-scale vessel traveling at sea. 

 

- Computations in the frequency domain, using an alternative software program to 

determine the response of the vessel. This could be a program such as Ansys AQWA 

 

- Computations in the time domain, which is a way to compute the response of a ship at 

a given point in time.  
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- Computations in the statistical domain, which are computations of significant 

seakeeping values in irregular sea. This could, for example, be exceeding limits such as 

motions or loads.  

 

Seakeeping can also be referred to as “Safety at sea.” The ship's seakeeping capabilities can be 

seen as the ship's capability to survive all hazards, including rough sea states. Improving the 

ship´s seakeeping competence will increase the possibility of the ship´s return unharmed, 

explained in[13].  

 

 

2.1.1. Roll stabilization 

 

Roll motion of a vessel is a behavior that is important when talking about seakeeping 

capabilities. If the ship has too much roll motion, the ship will not be able to perform 

appropriately, and in the worst-case scenario, the vessel can capsize. If too much roll motion is 

the case, some modifications of the ship is necessary.  

There are different ways to mitigate roll motion, and most of them use methods that oppose 

the roll motion.  

As roll motion has low inherent damping, it is possible to increase the damping forces to reduce 

roll motion significantly. The reason for this is that the maximum roll motion amplitudes occur 

close to the natural frequency. On the other hand, for other motions where the inherent 

damping is high, the maximum motion amplitudes will occur where the frequency is close to 0. 

It is, therefore, more beneficial to increase the damping where the natural frequency is close 

to the high motion amplitudes, in this case, roll motion[14][15]. 

 

 

- Bilge keels are keels that are mounted at the turn of the bilge on a ship. As the keels 

have no mechanical parts, they are easy to mount and easy to maintain. They require 

the same maintenance as the hull. They have been widely tested and are proved to be 

very effective at reducing roll motion at lower cruise speeds. Below a picture of a bilge 

keel is presented in Figure 2.1. 
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Figure 2.1 - Bilge keel[16]. 

 

- Stabilizer fins are fins that are mounted on the hull of a ship. These fins generate a force 

that will create added mass. This added mass will mitigate some of the roll motion of 

the ship. As shown in Figure 2.2, the fin force will be opposite of the roll motion. The 

force created by the fins is determined by the angle and the speed of the vessel.  

 
Figure 2.2 - Showing stabilizer fin forces[17]. 

 

 

Figure 2.3 - More detailed version showing fin forces[14]. 
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The force which will negate the roll motion is the resultant lift force applied by the 

stabilizer fins. The lift force generated by a single fin can be found using a formula for 

lift force given below[14][18]. 

  

𝐹𝐿 = 𝐶𝐿 ∗
1

2
∗ 𝜌 ∗ 𝑈2 ∗ 𝐴𝐹 

(1) 

 

The lift forces will then result in a roll moment which will mitigate roll motion for the 

ship as the roll moment will always be working in the opposite direction of the roll 

motion. (equation 2). 

2 ∗ 𝐹𝐿 ∗ 𝑟𝐹 (2) 

 

 

- Active vs. Passive system 

There is also the opportunity to use an active system compared to a passive approach 

mentioned above. The active system will have a moving part or a controlled mechanical 

surface to produce the anti-roll movement. Some examples of this could be anti-rolling 

tanks inside the ship, active fins, or a moving weight that will act opposite the rolling 

motion. The active systems are usually more effective, but the downside is that it is 

usually more expensive[19]. 

 

 

Figure 2.4 - Example of an active fin[20] 
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To give a perspective on the effectiveness of the different systems, a table from the book “Basic 

Ship Theory” provides an overview, shown in Table 2.1. It is evident that the active systems 

provide more roll reduction yet are more expensive when installed. 

 

Table 2.1 - Comparison of different roll stabilization systems[21]. 

 

 

2.1.2. Hydrostatic 

 

The hydrostatic of a ship is a measure of the stability of the vessel. Parameters such as 

metacentric height (GM) will heavily affect the roll motion of the ship. If a GM value becomes 

too low, the vessel can capsize[22]. If a GM value that is too high is obtained, the ship will have 

a shorter period of roll, which is acceptable but not preferred. The roll period is directly linked 

with the GM value, so having a desired GM is desirable[23][24].  

 

GM = BM + KB − KG (3) 

 

Where,  
 
GM = Metacentric height 
 
BM = Metacentric radius 
 
KB = Keel to the center of buoyancy 
 
KG = Keel to the center of gravity 
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When a ship utilizes sails as a means of propulsion, a sail force will affect the vessel. This will 

create a roll angle, dependent on how large this force is. The ship is rotating around the center 

of flotation (LCF). The LCF is defined as the center of the waterplane area. When the vessel is 

heeling, this waterplane area will change; hence the center of flotation will be shifted[25]. This 

center of flotation is being calculated through the AQWA software.  

 

The longitudinal metacentric height and transverse metacentric height is calculated through 

AQWA using these equations: 

 

𝐺𝑀𝐿 =
𝐼𝑌𝑌

∇
 

(4) 

 

 

𝐺𝑀𝑇 =
𝐼𝑋𝑋

∇
 

(5) 

 

The stiffness matrix is also found through AQWA software. AQWA uses these equations to 

measure the stiffness matrix[13], whereas the stiffness matrix is presented in Table 2.2. 

 

 

Table 2.2 - Stiffness matrix, AQWA 

0 0 0 0 0 0
0 0 0 0 0 0
0 0 𝐾33 𝐾34 𝐾35 0
0 0 𝐾43 𝐾44 𝐾45 𝐾46

0 0 𝐾53 𝐾54 𝐾55 𝐾56

0 0 0 0 0 0

 

 

𝐾33 = −𝜌𝑔 ∫ 𝑛3𝑑𝑆 = 𝜌𝑔𝐴
𝑆0

 
(6) 

 

𝐾34 = 𝐾43 = −𝜌𝑔 ∫ (𝑌 − 𝑌𝑔)𝑛3𝑑𝑆
𝑆0

 
(7) 
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𝐾35 = 𝐾53 = 𝜌𝑔 ∫ (𝑋 − 𝑋𝑔)𝑛3𝑑𝑆
𝑆0

 
(8) 

 

𝐾44 = −𝜌𝑔 ∫ (𝑌 − 𝑌𝑔)2𝑛3𝑑𝑆 + 𝜌𝑔(𝑍𝐵 − 𝑍𝑔)∇
𝑆0

 
(9) 

 

𝐾45 = 𝐾54 = −𝜌𝑔 ∫ (𝑋 − 𝑋𝑔)(𝑌 − 𝑌𝑔)𝑛3𝑑𝑆
𝑆0

 
(10) 

 

𝐾55 = −𝜌𝑔 ∫ (𝑋 − 𝑋𝑔)2𝑛3𝑑𝑆 + 𝜌𝑔(𝑍𝐵 − 𝑍𝑔)∇
𝑆0

 
(11) 

 

𝐾46 = −𝜌𝑔(𝑋𝐵 − 𝑋𝑔)∇ (12) 

 

𝐾56 = −𝜌𝑔(𝑌𝐵 − 𝑌𝑔)∇ (13) 

 

2.2. Sail optimization 

 

The sail-assisted research has had an increasing interest as the shipping industry has many 

advantages using this technology[27]. The advantages being less fuel consumption and CO2 

emissions. This benefits both the company and the environment. In Figure 2.5, a sail is affected 

by relative wind speed coming from the North-West direction, if Y-axis is North. 

 

 

Figure 2.5 - Sail affected by relative wind speed. Showing resulting lift force and drag force[28] 
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Where; 

𝑉𝐴 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 

𝐹𝐷 = 𝑑𝑟𝑎𝑔 𝑓𝑜𝑟𝑐𝑒 

𝐹𝐿 = 𝑙𝑖𝑓𝑡 𝑓𝑜𝑟𝑐𝑒 

𝛼 = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑎𝑡𝑡𝑎𝑐𝑘 

𝜃 = 𝑝𝑖𝑡𝑐ℎ 𝑎𝑛𝑔𝑙𝑒 

 

An approximation of the sail force can be calculated by using the equation: 

 

F = 0.0034 ∗ Area ∗ Wind velocity2 (14) 

 

From this equation, it is evident that the wind speed is the extensive factor, as it is squared. 

Changes in the wind speed can be crucial to the sail, and the sail area has to be able to be 

reduced in case of high wind speeds.  

 

Calculations of wind force corresponding to how much heeling the ship could potentially 

obtain, could provide helpful. To do so, some equations will simplify this process and estimate 

how large of a wind force is representative of what heeling the vessel has. These equations are 

presented in [29]. 

 

M𝑡ℎ𝑟𝑢𝑠𝑡 = 𝐹𝑡ℎ𝑟𝑢𝑠𝑡 ∗ 𝑑 (15) 

 

 

𝐻𝑒𝑒𝑙𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒 =
𝑀𝑡ℎ𝑟𝑢𝑠𝑡

𝐾44
 

(16) 

 

 

Where,  

 

d is the length from the center of sails to the center of buoyancy.  
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𝑀𝑡ℎ𝑟𝑢𝑠𝑡  is the moment of the thrust generated on the center of gravity, as the center of gravity 

is oriented at the ship's axis system.  

 

𝐾44 is the stiffness of the ship hull in the roll direction. The point of reference for this value is 

the center of gravity. 

 

2.3. Structural design 

 

Presented in Figure 2.6 is the 6 degrees of motion in respect to a ship. For a large vessel, such 

as a cargo ship transporting heavy goods, the most critical motions are heave, sway and surge. 

These motions are referred to as the lateral forces, and these forces will affect the ship's beam. 

 

 

Figure 2.6 - 6 degrees of motion of a ship[30] 

 

 

During wave crests, the ship will rise due to the heave motion, and at the top of the crest, the 

vessel will be “split in half.” The pitch motion will raise the bow of the ship. This is where the 

vessel's bow will be at one side of the crest, and the aft will be on the other side. This will cause 

bending on the ship as the ship has a considerable length. As a result of this, the vessel's beam 

will be affected by significant torsional forces[31].  
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The swaying and surging motion can cause twisting of the ship´s hull, depending on the 

orientation of the vessel when traveling through waves. When traveling head-on, the waves 

will not cause any sway[32].  

 

 

2.4. Wave theory 

 

It is essential to mention some of the theories that AQWA is using to calculate simulations 

correctly. Regular and irregular waves are vital factors here, and under irregular waves, AQWA 

uses three formulated wave spectra.  

 

2.4.1. Regular Wave 

In a regular wave, there is a single wave amplitude and a single frequency. The frequency is a 

measure of how many times an event occurs in a given unit of time. In Figure 2.7, an example 

of a regular wave is presented. Note that the amplitude and period are the same on all parts of 

the wave. This is the simplest wave, but it is rarely viable in a realistic scenario as regular waves 

rarely occur in ocean waves.  

 

 

Figure 2.7 - Regular wave 

 

A regular wave can be explained with the equation: 

 

𝜁 = 𝜁𝑎 ∗ cos (𝑘𝑥 − 𝜔𝑡) (17) 

 

Where, 

 

𝜁𝑎 is the wave amplitude (m) 
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k is the wavenumber (rad/m) 

 

𝜔 is the circular wave frequency (rad/s) 

 

 

2.4.2. Irregular Waves 

 

Given that you have a regular wave, multiple can be combined, creating an irregular wave. The 

regular waves establish a superposition that displays many layers of regular waves on top of 

each other. This happens in the ocean, where an unknown number of regular waves create the 

irregular waves we experience. This superposition is indicated using Figure 2.8 below. Here, 

eight waves create one irregular wave. 

 

 

Figure 2.8 - Irregular waves created by superposition[33]. 

 

As a result of this, an equation of an irregular wave can be expressed using equation 18. 

 

𝜁(𝑡) = ∑ 𝜁𝑎𝑛
𝑐𝑜𝑠 ∗ (𝑘𝑛 ∗ 𝑥 − 𝜔𝑛 ∗ 𝑡 + 𝜖𝑛)

𝑁

𝑛=1

 

(18) 

 

In this equation, the total sum of n waves is calculated to find the irregular wave. The 𝜖𝑛 is a 

random phase angle component in this case.  
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Wave spectrum is a distribution of wave oscillations at different frequencies. A wave spectrum 

depends on wind direction, wind speed, the fetch, and how long the storm is present. The 

further away from shore, the more fetch. Using a wave spectrum is a way to present the 

severity of the sea state. The standard wave spectra can be expressed using key parameters 

such as significant wave height 𝐻𝑠, and average periods �̅�[34].  

 

 

Figure 2.9 shows an interpretation of a wave spectrum. The wave energy density spectrum on 

the right side is produced by taking: 

 

𝑆𝜁(𝜔) =
1

2
∗ 𝜁𝑎

2 

 

 
Figure 2.9 - Interpretation of a wave spectrum [UIS]. 

 

Which means taking half the amplitude squared. This amplitude is taken from each individual 

regular wave. The x-axis of the energy density spectrum is frequency. This displays the different 

frequencies from the regular waves. 
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2.4.3. Pierson-Moskowitz spectrum 

 

Pierson-Moskowitz is a wave spectrum created by local winds. The spectrum can be expressed 

by the equation: 

 

𝑆𝑃𝑀(𝑤) =
5

16
∗ 𝐻𝑠

2𝜔𝑝
4𝜔−5 ∗ exp (−

5

4
(

𝜔

𝜔𝑝
)

−4

) 
(19) 

 

Where,  

 

𝑆𝑃𝑀(𝜔) is the Pierson-Moskowitz spectrum 

 

𝐻𝑠 is the significant wave height 

 

 𝜔𝑝 =
2𝜋

𝑇𝑝
  is the angular spectral peak frequency. 𝑇𝑝 is the peak period.  

 

2.4.4. JONSWAP spectrum 

 

JONSWAP, short for Joint North Sea Wave Project, was performed in 1968 through 1969. This 

project was performed to analyze data that was measured at an area that was affected by fetch 

limited sea state. The JONSWAP spectrum represents the waves generated at a sea state where 

the sea is not fully developed. The JONSWAP spectrum is an extended version of the Pierson-

Moskowitz spectrum above.[34][26] 

 

2.4.5. Gaussian spectrum 

 

The standard Gaussian spectrum can be expressed as: 

 

S(ω) =
𝐻𝑠

2

16√2𝜋 ∗ 𝜎
∗ 𝑒

−(𝜔−𝜔𝑝)
2

2𝜎2  

(20) 

Where,  

𝜎 ≥ 0,08 ∗ 𝜔𝑝 
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3. Numerical method and methodology 

 

This chapter introduces the different methods that are used during the thesis. These methods 

have been used to collect data in a reasonable manner. A methodology chapter explains what 

I did and how. This will create validity and reliability for people that will be reading this 

thesis[35]. 

 

3.1. Research approach 

 

For this thesis, the first approach is to obtain knowledge from other sources so that a good 

understanding of the desired topic could be achieved. The research that was being read was 

primarily qualitative data, yet some quantitative data provided its uses during the thesis.  

The primary data have been collected through software simulations. These are results that have 

not been found through reading materials provided by another author. Yet, some data have 

been gathered from articles and work created by someone else. 

As some problems occurred during the simulation stage, some parameters had to be altered 

to obtain relevant results which seemed logical. These parameters were in no case random, yet 

some assumptions had to be made.  

The AQWA software is widely used, and the values obtained through this software are quite 

reasonable. 

 

 

3.2. Methods of data collection  

 

3.2.1. Design variables 

 

For the analysis to be most accurate, a large ship model is used for the study. This ship is 

approximately 200m long and has a total displacement of 16003 tons[36]. 

 

The ship being used to develop an understanding of the roll stability when adding sails to a 

large vessel is shown in Figure 3.1. 
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Figure 3.1 - Ship hull 

 

This ship is designed without any purpose of adding sails to its structure, so there are currently 

no added roll stabilizers.  

 

 

Figure 3.2 - Ship hull seen from above, starboard, and aft. 
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Table 3.1 - Ship details 

 Value Unit 

Transverse GM 

 

7,7 m 

Longitudinal GM 

 

565,306 m 

Vertical COB 

 

4,059 m 

Longitudinal COB 

 

94,321 m 

Kxx 

 

8,87 m 

Kyy  

 

66,525 m 

Kzz 

 

66,525 m 

 

Given the longitudinal GM and the transverse GM, the ship is relatively stable. Longitudinal GM 

is the metacentric height around the pitch axis, and transverse GM is the metacentric height 

around the roll axis. As the ship is much longer than it is wide, the longitudinal GM is a lot larger. 

This is commonly the case for larger vessels. 

 

Keel1: 

The keel used for comparison is this keel illustrated in the figures below. This keel will be called 

Keel1 throughout the thesis. 

 

Figure 3.3 - Dimensions of keel1. The thickness connected to the ship hull is 1m. The keel gradually becomes thinner the further 

away from the ship hull. The green area is the tip of the keel, which is furthest away from the ship hull. 
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The first bilge keel used has an aspect ratio of 0,2. This is close to the aspect ratio that creates 

the most possible drag. So, having this high of an aspect ratio will benefit the mitigation in roll 

motion. 

 

 

Figure 3.4 - Keel1 mounted on the ship hull 

 

 

Keel2: 

Keel2 is created with the knowledge that the keel is not to be placed outside the parameters 

given in the figure below, Figure 3.5. This is because the keel can cause problems if navigating 

shallow waters, as the keels will be the outer part of the ship hull. 
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Figure 3.5 – Placement of Keel2 on ship hull. Rectangle area showing limitations. 

 

 

Figure 3.6 - Dimensions of keel2. The thickness at the end of the keel (green area) is 0,41m. The thickness closest to the ship 

hull is 1m. The keel is gradually becoming thinner the further away from the ship hull. 

 

Keel2 is 40 meters long and is 3,5m deep. This area is less than Keel1 and is predicted to be less 

effective. The keel is also rounded at the edges. This will create less resistance as the 

hydrodynamic forces will be reduced.  

 

The aspect ratio of keel2 is 0,16. 

The keels are mounted at the exact location as Keel1, and the only difference is the geometry 

changes. Below, Figure 3.7 is showing keel2 mounted on the ship hull. 
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Figure 3.7 - Keel2 mounted on the ship hull 

 

3.2.2. Mesh convergence 

 

To make the results obtained from the simulations reliable, a mesh convergence study is 

performed to minimize the quantity and maximize quality. 

The mesh quality is essential and plays a considerable part when utilizing numerical 

computations[37]. It is paramount to increase the quality of the mesh, and at the same time, 

reduce the number of mesh elements. To define the quality of the mesh, a mesh convergence 

of the model is to be performed. This is done using AQWA, where natural periods of the ship 

are found using different number of elements. First off, using a mesh with large-sized elements 

will create a model with few total elements. The natural period of heave, roll, and pitch is 

extracted from these results and later used to perform a convergence study. To make a mesh 

convergence trustworthy, multiple number of elements have to be compared. Eventually, the 

graph will converge, and when it does, the mesh quality at the converge point is appropriate 

for further analysis. The license currently at hand limits the number of total elements to 40.000. 

Ten frequencies are used to create the mesh convergence such that AQWA will run the 

simulation rather quickly. Having 100 frequencies for this mesh convergence requires a lot of 

hours of simulation. First off, ten frequencies with 1.309 total elements are simulated. After 
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this, the total number of elements is increased to 2.308, 5.248, 20.936, 32.987, and 35.145, 

respectively.  

 

 

Figure 3.8 - Mesh convergence for peak natural periods of heave. 

 

 
Figure 3.9 - Mesh convergence for peak natural periods of pitch. 
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Figure 3.10 - Mesh convergence for peak natural periods of roll. 

 

 

It is clear from the simulation shown in the pages below, that the peak value of heave, roll, and 

pitch are converging when using 32.987 or more elements. From peak heave and roll periods, 

the changes from 20.000 to 33.000 elements are minimal and can be considered converging 

from 20.000. For peak heave periods, the converging occurs closer to 30.000 elements. 
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Figure 3.11 - Mesh convergence for peak added mass values of heave. 

 

 

 
Figure 3.12 - Mesh convergence for peak added mass values of pitch. 
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Figure 3.13 - Mesh convergence for peak added mass values of roll. 

 

For the added mass, the convergence occurs at around 14.000 elements. From 14.000 

elements to 30.000 elements, the added mass stabilizes.  For this case, it is evident that 20.000 

elements are adequate for running simulations.  
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Figure 3.14 - Mesh convergence for heave peak RAO 

 

Figure 3.15 - Mesh convergence for pitch peak RAO 
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Figure 3.16 - Mesh convergence for roll peak RAO 

 

The converge happens at various locations for the RAO results, but it is safe to say that it has 

entirely converged after using more than 20.000 elements. Figure 3.14 shows an abrupt change 

in peak RAO after 20.000 elements. This looks like a severe change in peak RAO, but it is 

essential to realize that the difference is only 0.00001. Given these results, using 32.987 

elements should be the goal. Yet, given that the change is so small after 20.936 elements, it is 

reasonable to stay at approximately 20.000 elements to reduce simulation length significantly. 

 

3.2.3. ANSYS software 

 

The ANSYS - AQWA software will be used throughout the whole thesis. AQWA will make it 

possible to run simulations of the ship hull to obtain different essential parameters, such as 

RAO for roll, pitch, heave, and added mass.  
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The ANSYS project schematic will consist of a geometry connected with hydrodynamic 

diffraction. The flowchart will be as shown in Figure 3.17. The hydrodynamic diffraction will 

simulate the ship hull using ANSYS theory and manual inputs. 

 

 

Figure 3.17 - Flowchart Ansys Workbench 2020 R1 

 

The AQWA hydrodynamic diffraction provides the possibility to develop hydrodynamic 

parameters to create complex motions and response analyses. This software is primarily 

designed for floating structures such as ships[26].  

 

DesignModeler: 

DesignModeler is the 3D modeling program used to change the models used for this analysis. 

This program is coupled very well together with AQWA and has its geometry already connected 

through Workbench. As a ship hull is not created from scratch, this program was mainly used 

to generate the bilge keels and attach these to the already existing model[38]. 

 

3.2.4. Additional damping matrix 

 

As the results obtained from the simulations showed illogical results, adding an additional 

damping matrix is necessary. This supplementary damping matrix is essential as the software 

does not include the viscous damping created by the added geometry (keels) added to the 

structure. This function is available through the AQWA software and requires hand calculations 

to correctly plot the damping matrix[39]. 
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When performing the simulations without a keel, the RAO results received from the simulations 

are unexpectedly high, especially for the RAO roll angles. After running 12 simulations with 

different heeling angles between 0-15 degrees, the peak angles of roll resulted, as shown in 

Figure 3.20. The highest peak at 0-heeling equals to 17,171 degrees roll angle.  

 

The peak roll RAO has the highest peak at 0-heeling and slightly decreases for every added 

heeling angle. The lowest peak is registered at 15 degrees of heel, which is 12,493 degrees. For 

this graph, it is essential to remember that the addition angle is added on top of the RAO angle 

received.  

An example is, 5 degrees of heeling has a RAO of 16,971 degrees. The total peak of roll will then 

result in 16,971 degrees + the additional 5 degrees of heel. This means that the total peak will 

result in 21,971 degrees. 

 

 

Figure 3.18 - Peak heave RAO, without keel. (Not corrected RAO) 10 knots forward speed. 
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Figure 3.19 - Peak pitch RAO, without keel. (Not corrected RAO) 10 knots forward speed. 

 

 

 

Figure 3.20 - Peak roll RAO, without keel. (Not corrected RAO) 10 knots forward speed. 
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These values above certainly show high values for roll angle, and some correction has to be 

made. To figure out what might cause the results to behave this way, some comparison of 

values must be brought forward.  

 

 

𝑥(𝑡) =
𝐹0

𝑚 ∗ √(2𝜔 ∗ 𝜔0 ∗ 𝜁)2 + (𝜔0
2 − 𝜔2)2

∗ sin (𝜔𝑡 + 𝜑) 
(21) 

 

This equation above decides the RAO for a single degree of freedom. The 𝐹0, 𝜁 and added mass 

are the values that can be changed to differentiate the RAO. The added mass is integrated into 

the “m” value. The 𝐹0 is the excitation force. The excitation force is the Froude Krylov force 

added together with the diffraction force. The excitation force will be higher when adding more 

area to the ship hull. The reason for this is that the additional area will create a higher diffraction 

force compared to the ship hull without this area. As the 𝐹0,𝑚 𝑎𝑛𝑑 𝜁 are scaled 1:1 in equation 

21 above, the changes in either of these parameters will change the outcome of the result 

equally[40]. 

 

Figure 3.21 – Reciprocal as shown in[41]. 

 

If “m” were to be the only parameter that changes significantly, the RAO would follow a 

reciprocal graph. This means that the RAO would decrease by a considerable amount by minor 

changes, but the more it changes, the more negligible effect the change will have on the RAO 

result. This is shown in Figure 3.21. 
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Figure 3.22 shows that the excitation loads are the loads the wave generates on the structure. 

This load will increase if the design has more area affected by the waves. The added forces are 

the diffraction forces the structure will generate/deflect when affected by waves.  

 

 

Figure 3.22 - Excitation force[42]. 

 

To find out where the fault lies, comparing the excitation force, damping, and added mass with 

and without keel could be helpful. This comparison was made later in the thesis, so the keel 

was simulated to compare against “without keel.” As this correction of RAO is essential to bring 

note to early in the process, it is presented here.  

To check whether the excitation force has increased noteworthy, a graph is plotted with the Fk 

(Froude Krylov) + diffraction forces for both with the bilge keel and without, Figure 3.23. The 

chart shows that the excitation forces have not increased significantly and are approximately 

equal in both cases. 
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Figure 3.23 – Froude Krylov + Diffraction force comparison for without keel and with Keel1. Waves coming from 90 degrees 

and ship heeling 0 degrees. 

 

To compare the added mass, ma44 is plotted in a graph for both without keel and with Keel1. 

To do so, an explanation of ma44 is shown in Table 3.2.  

 

The added mass matrix, where; 

• 1 – Surge  

• 2 – Sway 

• 3 – Heave 

• 4 – Roll 

• 5 – Pitch 

• 6 – Yaw 
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- The ma24 represents the added mass in sway motion generated by the roll of the ship. 

 

- The ma42 represents the added mass in roll generated by the sway of the ship. 

 

 

Table 3.2 - Added mass matrix 

[
 
 
 
 
 
𝑚𝑎11 𝑚𝑎12 𝑚𝑎13 𝑚𝑎14 𝑚𝑎15 𝑚𝑎16
𝑚𝑎21 𝑚𝑎22 𝑚𝑎23 𝑚𝑎24 𝑚𝑎25 𝑚𝑎26
𝑚𝑎31 𝑚𝑎32 𝑚𝑎33 𝑚𝑎34 𝑚𝑎35 𝑚𝑎36
𝑚𝑎41 𝑚𝑎42 𝑚𝑎43 𝑚𝑎44 𝑚𝑎45 𝑚𝑎46
𝑚𝑎51 𝑚𝑎52 𝑚𝑎53 𝑚𝑎54 𝑚𝑎55 𝑚𝑎56
𝑚𝑎61 𝑚𝑎62 𝑚𝑎63 𝑚𝑎64 𝑚𝑎65 𝑚𝑎66]

 
 
 
 
 

 

 

Plotted below in Figure 3.24 is the added mass for 0-heeling for the scenarios without keel and 

with Keel1. The added mass with Keel1 is higher than without keel. This is expected in the roll 

direction as the keels will create higher added mass when rotating around the roll axis. At the 

low periods, the added mass is about two times the added mass without keel. This will 

significantly affect the RAO, which is not the case from the simulation results.  

 

 

Figure 3.24 - Comparison of added mass when plotting ma44 values for without keel and with Keel1. 0 heeling. 10 knots 

forward speed. 
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Lastly, the damping is compared. The damping matrix also functions the same way as the added 

mass matrix. The most critical damping parameters are the c24, c42, and c44. Below, in Figure 

3.25, a comparison of without keel and with Keel1 is presented. This graph shows values from 

c44. The damping is reducing significantly when adding a bilge keel to the structure. This is odd 

and might be the reason why the simulation is showing higher RAO results. 

 

 

Figure 3.25 - Comparison of damping when plotting the c44 values for without keel and with Keel1. 0 heeling. 10 knots forward 

speed. 

 

 

As the excitation force is similar in both cases, it seems like the added mass and damping is the 

main issue. The added mass with Keel1 is less than with no keel, yet the added mass is higher 

with the keel. This means that the viscous damping that the keels should provide is not included 

in the simulations, and some corrections have to be made. 
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There are some options on how to proceed further with this analysis.  

 

- The first is to linearize the drag term such that the linear damping coefficient will 

provide the same work that would be provided by the non-linear drag term[43]. 

 

- Another approach is to add a non-linear roll damping function to the AQWA analysis. 

Using this function will, according to Ansys, provide the additional non-linear damping.  

 

- The last approach is to use the “additional damping” function in AQWA. To be able to 

utilize this function, a matrix has to be found. This matrix will provide the additional 

damping from the ship. This has to be found using results from the simulation and hand 

calculations.  

 

To proceed, an approach using the additional damping function is set in motion. 

To find the damping matrix that will be added to the “additional damping” function, the mass 

matrix and added mass matrix have to be found. The beta and stiffness can be neglected in this 

case. This damping is called Rayleigh damping[44]. 

 

c = α ∗ (m ∗ 𝑚𝐴) + 𝛽𝑘 (22) 

 

 

c = α ∗ (m ∗ 𝑚𝐴) (23) 

 

 

Where the “m” equals to the mass matrix of the ship shown in Figure 3.26. The ship's axis is 

oriented at the Center of Gravity, so a mass transformation is unnecessary. 
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Figure 3.26 - Mass matrix of a ship[45]. 

 

When plotting the parameters, the result becomes the following mass matrix, m: 

 

Table 3.3 - Mass matrix for ship hull 

[
 
 
 
 
 
16077000 0 0 0 0 0

0 16077000 0 0 0 0
0 0 16077000 0 0 0
0 0 0 1,1650 ∗ 109 0 0

0 0 0 0 5,395 ∗ 1010 0
0 0 0 0 0 5,462 ∗ 1010]

 
 
 
 
 

 

 

 

MATLAB is used to calculate the damping matrix. When using the mass matrix above and the 

infinite added mass (added mass at the lowest frequency), the damping matrix for 0-heeling 

without keel resulted in this, Table 3.4. 

 

Table 3.4 - Additional damping matrix for 0-heeling without keel, with alpha value = 0.01 

 

 

When this additional damping matrix is added to the simulation through ANSYS AQWA, the 

main focus is the roll angle. When inserting the values into AQWA, only the values that affect 

the roll angle are added. Assuming that the c22, c24, c42, and c44 values are the values 

affecting the roll motion. 
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The result is much more promising. A comparison of the RAO roll angles with the additional 

matrix and the simulations without the additional matrix is given in Figure 3.27. 

 

 

Figure 3.27 - RAO roll comparison for without additional matrix and with additional matrix. 0 heeling and waves coming from 

90 degrees. 10 knots forward speed. 

 

The RAO roll angles drastically decrease when adding the additional matrix. After adding the 

matrix, the RAO roll reduced from a peak of 17,171 degrees to a peak of 3,215 degrees. The 

heave and pitch angles have minimal changes, but not drastically, as the roll angles are 

prioritized when adding the matrix to the simulations.  

 

3.2.5. Simulation procedure 

 

When adding the supplementary matrix, the simulations increase in size significantly. The 

reason for this is that the infinite added mass has to be added to the additional matrix. To find 

the infinite added mass, the added mass at the lowest frequency is extracted. This is collected 

from the simulations without an additional matrix. So, the method to obtain the correct RAO is 

to first run a simulation to export the infinite added mass values, then simulate with the proper 
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additional matrix using the valid infinite added mass values. This has to be repeated with every 

single heeling angle, thus very tedious.  
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4. Analysis and discussion 

 

During this analysis, the main focus will be on analyzing the roll stabilization of a large ship using 

sails. The roll will be heavily affected by forces generated by the wind, and the total sum of the 

roll angle will be increased. During this project, the roll of a ship will be analyzed, and preventive 

measures to compensate for roll angle will be discussed.  

 

4.1. Analysis with sail forces 

 

When sails are added to the ship, the waterline area will be different as the vessel will obtain 

roll angles due to forces acting on the sails. There will be different scenarios that will affect the 

ship in various aspects. Having wind forces acting from aft will push the bow downwards. 

Having wind forces acting from starboard/portside will give the boat roll angle towards 

port/starboard. Figure 4.1 shows how the waterline area will change when affected by wind 

from starboard/portside. As explained, the ship will obtain a heeling angle that has to be 

considered during analysis. 

The X-axis is considered in surge direction, Y-axis in sway direction, and Z-axis is heave direction. 

The simulations will be run with a forward speed of 10 knots. 

 

 

Figure 4.1 - Rotation towards portside on the ship due to wind forces from starboard position. Not an accurate representation. 
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Figure 4.2 shows an angle that can occur when affected by wind from the aft position. This can 

lower the bow of the ship, which will result in changes in the waterline area.  

 

Figure 4.2 - Rotation towards bow due to wind forces from aft position. Not an accurate representation. 

 

The reasonable way to proceed with the analysis is to simulate the ship at different roll angles. 

It is easier to potentially calculate the corresponding wind force generated by the sails after 

figuring out possible roll angles. First of all, a rough simulation analysis will be done, where 

simulating roll angles of 15 degrees, 10 degrees, and 5 degrees. These angles will be simulated 

on the port/starboard side and also at the bow. The port side and starboard side will be similar, 

as the ship is symmetric. Given that the ship never sails into a headwind, the aft can be 

neglected, and the roll angle will not be necessary to simulate at this point. 

After performing the mesh convergence, the simulations will now be performed with 50 

frequencies at the preferred number of approximately 20000 elements. 
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4.2. Comparison with another ship 

 

Table 4.1 - Comparison of ship hull vs. S60 

 Ship hull S60[46] 

Length 

 

195 (m) 122 (m) 

Breadth 

 

26 (m) 17,4 (m) 

Draft 

 

6,5 (m) 6 (m) 

Displaced volume 

 

15612,7 (𝑚3) 9605 (𝑚3) 

 

 

 
Figure 4.3 - RAO heave for 0 heeling, with additional matrix. 10 knots forward speed. 
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Figure 4.4 - RAO pitch for 0 heeling, with additional matrix. 10 knots forward speed. 

 

 

Figure 4.5 - RAO roll for 0 heeling, with additional matrix. 10 knots forward speed. 
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Figure 4.6 - Heave RAO for s60 at Fn = 0,2. Presented in [46]. 

 

 

Figure 4.7 - Pitch RAO for s60 at Fn = 0,2. Presented in [46]. 

 

Both RAO for heave and pitch is quite similar for “ship hull” compared to the s60. Whereas the 

peak for s60 is 1,4 for heave, the peak is 1,005 for “ship hull.” Regarding pitch, the peak is 

around 1,3 for the s60 and 1,295 for “ship hull.” The values for pitch and heave are pretty 

similar. This gives reason to believe that the results obtained by the simulations are reasonable.  
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4.3. RAO without keel 

 

First of all, simulations of the extreme values are run through AQWA. This means that the 

heeling angles of 0 degrees and 15 degrees are the first simulations to be presented. The graphs 

below compare the 0 degrees of heeling on the ship with the 15 degrees of heeling on the ship. 

These graphs have the additional damping matrix input and show the correct RAO.  

The changes are minimal. The heave and pitch have increased slightly, while the RAO roll has 

decreased. The peak roll RAO has reduced from a peak angle of 3,215 degrees (0-heeling) to 

3,152 degrees (15-heeling). 

All the simulations done from this point and onwards are using the inputs stated in APPENDIX 

A.  

 

 

Figure 4.8 - Heave RAO for 0 and 15 heeling. Without keel and alpha = 0.01. Wave direction = -90 degrees. With additional 

matrix 
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Figure 4.9 - Pitch RAO for 0 and 15 heeling. Without keel and alpha = 0.01. Wave direction = -135 degrees. With additional 

matrix 

 

 

Figure 4.10 - Roll RAO for 0 and 15 heeling. Without keel and alpha = 0.01. Wave direction = 90 degrees. With additional 

matrix 
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The graphs above are extracted from the simulations, and the direction which created the 

highest peak is presented for each of the three motions; heave, pitch, and roll. An example of 

this is that waves coming from 90 degrees makes the highest roll peak, and the waves coming 

from –135 degrees create the highest pitch peak. This is due to the rotation of the ship towards 

port direction. If the vessel is rotated towards the starboard direction, the highest roll peaks 

would be at -90 degrees and pitch peaks at 135 degrees. This is due to the symmetry of the 

ship hull.  

When rotating the ship 15 degrees to portside, the RAO for heave and pitch does not change 

significantly. The peak heave RAO changed from 1,005 to 1,061, and the peak pitch RAO 

changes from 1,295 to 1,333. The roll peak angle, however, is lower after rotating, although a 

minimal change. A peak roll angle at 3,215 degrees for a heeling angle of 0 decreased to 3,152 

for a heeling angle of 15 degrees. This would result in the ship having a total peak roll angle of 

18,152, as the original 15 degrees are added on top. Figure 4.11 demonstrates how a roll angle 

of 18,152 will be looking like with this ship hull. This amount of roll angle is not optimal and will 

require some reduction in roll motion.  

 

 

Figure 4.11 - Roll angle of 18,152 degrees, seen from the front (bow). Yellow area is the submerged volume. 

 

18,152 
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The total area of the waterplane is decreasing when rotating the ship 15 degrees towards 

portside. This will affect the center of flotation, as the center of flotation equals the center of 

waterplane area.  

 

 

Figure 4.12 - Peak heave RAO, without keel. Alpha value 0.01 and waves coming from -90 degrees. With additional matrix 
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Figure 4.13 - Peak pitch RAO, without keel. Alpha value equals to 0.01 and waves coming from -135 degrees. With 

additional matrix 

 

Heave and pitch values are increasing slightly with increased heeling. Although this is the case 

from the graphs in Figure 4.13 and Figure 4.12, it is essential to note that the values that will 

affect the heave and pitch motions are not included when adding the additional matrix. What 

is evident from this graph is that the heave and pitch will increase with more heeling as the 

geometry of the ship is not changed without adding the new keels.   
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Figure 4.14 - Peak roll RAO, without keel. Alpha value equals to 0.01 and waves coming from 90 degrees. With additional 

matrix 

 

 

From the simulations without keel, shown in Figure 4.14, the peak roll RAO occurs at 3 heeling. 

The peak corresponds to a RAO of 3,22 degrees. From 3 heeling, the ship's RAO roll motion 

decreases with larger heeling angles. The most prominent peak occurs at 15 heeling and 

corresponds to a RAO of 3,152 degrees. This will create a total roll angle of 15 heeling + 3,152 

roll angle. This equals to an angle of 18,152 degrees. This graph is plotted using the additional 

matrix and is considered the correct RAO values.  
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4.3.1. Peak added mass for without keel scenario 

 

The added mass of the structure is vital as this is one of the critical values that change the RAO 

when adding the additional matrix. Given the figures below, presenting added mass for 

different heeling angles, the conclusion is that the peak added mass is decreasing in heave, roll, 

and pitch when adding larger heeling angles to the ship hull. The lowest added mass is present 

when the ship is heeling 15 degrees. This is since the total area of the waterplane is being 

reduced when the vessel is heeling. More heeling means a smaller waterplane area.  

 

 

 

Figure 4.15 - Added mass peaks for heave, without keel. 10 knots forward 
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Figure 4.16 - Added mass peaks for pitch, without keel. 10 knots forward 

 

 

Figure 4.17 - Added mass peaks for roll, without keel. 10 knots forward 
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4.3.2. Damping calculations using Rayleigh and stiffness matrix 

 

The damping method used to achieve the results in the chapter above is Rayleigh damping. This 

equation is given above in equation 23. Another way is also applicable when calculating the 

amount of damping. This uses the stiffness of the structure and also utilizes the alpha factor. 

This is also referred to as the critical damping. This factor is set to 0.01 in this case. This makes 

it possible to compare the value with the Rayleigh damping (0,01 alpha factor).  

 

 

α ∗ 2 ∗ √𝑘 ∗ 𝑀 (24) 

 

 

Where, 

 

𝛼 = 0.01 

 

k = Stiffness matrix 

 

M = Total mass matrix 

 

The stiffness matrix is gathered from the simulation results. The corresponding k44 value is 

extracted from this matrix and used in equation 24. The total mass matrix for the ship is 

generated from the mass matrix and the infinite added mass. These values are added together 

to obtain the total mass matrix. The infinite added mass is the added mass values at the lowest 

frequency.  

 

 

𝑀 = (𝑚 + 𝑚𝐴) 
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To simplify the matrix, the stiffness matrix is reduced to only k44. This is done so that the total 

damping matrix is not a matrix consisting of complex values. The complete damping matrix will 

thus, only consist of 1 value, which is C44. This value can be compared with the damping matrix 

obtained with Rayleigh damping. The 

 

 

Figure 4.18 - Comparison of damping (c44 value) using stiffness and Rayleigh method. Alpha value equals to 0,01. 10 knots 

forward speed. 

 

Figure 4.18 shows how the c44 value when using stiffness is higher than when using Rayleigh 

damping. If the stiffness is used to calculate the damping matrix, the roll RAO values will be 

lowered. The keels will then be more effective. The damping remains very stable throughout 

the different heeling angles. The damping calculated with stiffness deviates from 0 heeling to 

3 heeling but stays consistent when increasing heeling further. 

 

 

 

 

 



 59 

4.4. Roll stabilization 

 

As the sails will create additional roll angles, it is crucial to create a reduction in this area. 

Reducing roll motion will be essential to keep the ship behaving relatively optimal. To do so, an 

analysis using non-identical roll stabilizers has to be performed. This will be done using AQWA 

software.  

 

The procedure will implement some of the already designed roll stabilizer methods onto this 

ship, then use different solutions, and run simulations using these. To get a good result using 

fins/bilge keels, placement is important. If you were to have bilge keel and stabilizer fins, it is 

essential not to place the bilge keel behind the fins. If you were to have two fins and a bilge 

keel, the bilge keel could be placed in between the fins but in no circumstances behind the fin 

in the aft position[14][47][48].  

 

When utilizing the bilge keel, analysis has shown that having a short but wide bilge keel is more 

effective than having a long but narrow bilge keel. This is true when operating with the same 

total area in both cases. This is presented in Figure 4.19, where a heading from 0 – 180 degrees 

is the case.  

 

 

Figure 4.19 - Bilge keel effectiveness with respect to area (wide/narrow)[14]. 
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As this ship will have a relatively low cruising speed, the optimal solution would be to utilize a 

roll stabilizing system that works efficiently with low speeds. As seen in Table 2.1, active fins 

are supposed to be less effective when traveling at low speeds. Hence, trying out non-identical 

bilge/non-active fins configurations would be the go-to solution.  

 

 

Figure 4.20 - Dimensions of bilge keel design[14] 

 

Figure 4.20 shows the dimensions regarding the aspect ratio for the bilge keel.  

 

 

The graph shown in Figure 4.21 displays how the aspect ratio of the bilge keel is more effective 

the higher the aspect ratio becomes[49]. This equation gives the aspect ratio:  

 

α𝐵𝐾 =
2 ∗ 𝑏𝐵𝐾

𝑐𝐵𝐾
 

(25) 
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Figure 4.21 - Aspect ratio graph of bilge keel, at 20 knots [50][14]. 

 

The result of this is that the aim is to use a bilge keel that is as large as possible while still 

obtaining the highest aspect ratio possible. This will create the most possible drag in the roll 

direction and will mitigate the most roll motion. Note that this aspect ratio graph is constructed 

with a speed of 20 knots.  

 

4.5. Simulations with bilge keels 

 

As the roll motion from the original hull becomes too large, some roll motion reduction 

methods have to be performed.  

Since the ship will use sails to create the forward motion, limited speed can be achieved. It is 

found out from previous testing that bilge keels become more effective when dealing with low 

speed. This is stated in Table 2.1, as it explains that a bilge keel is very effective at low speeds 

compared to fins. Hence, utilizing stabilizer fins on this ship would not be adequate. Bilge keels 

will, due to this, be the main focus when performing the analysis.  
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4.5.1. RAO for Keel1 with additional matrix using an alpha value 0,01 

 

First, a simulation will be performed where the bilge Keel1 is attached to the hull. During this 

simulation, the ship hull will have a heeling angle of zero degrees. The results can then be 

compared to the previous simulations ran with 0-heeling angle and without bilge keels.  

 

Alpha value of 0,01 means that 1% of the Rayleigh damping will be considered when importing 

the additional matrix to AQWA. This is assumed to be the lowest potential damping created by 

the keels and will later be compared will possible higher damping percentages.  

 

 

These first simulations shown are RAO for heave, roll, and pitch without the additional matrix. 

One of the main reasons that it was apparent that the simulations showed wrong results was 

that the RAO roll without keel was lower than the RAO roll with a keel. This is against the theory 

that adding mass in the roll direction will reduce roll motion. The graphs of 0-heeling without a 

keel and 0-heeling with Keel1 are presented in the three figures below. 
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Figure 4.22 - Heave comparison of 0-heeling without keel and with Keel1. Without additional matrix. Not corrected RAO. 

Waves coming from -90 degrees. 

 

 

 
Figure 4.23 - RAO pitch comparison of 0-heeling without keel and with Keel1. Without additional matrix. Not corrected 

RAO. Waves coming from -135 degrees. 
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Figure 4.24 - RAO roll comparison of 0-heeling without keel and with Keel1. Without additional matrix. Not corrected RAO. 

Waves coming from 90 degrees. 

 

 

As it is possible to see from the three figures above, the only real change when adding a bilge 

keel is increased roll motion. This is unexpected, and in theory, this should not be the case. 

When adding these keels, the roll motion should decrease, and the peaks should be significantly 

lower.  

The most likely reason for this is that the default hydrodynamic diffraction option under the 

AQWA software does not include the non-linear roll damping created by the bilge keels. Hence, 

regular simulations are not valid when run with the bilge keels attached. The bilge keels create 

viscous damping, which is not added into the calculations in these linear simulations, as the 

viscous damping is second order.  

To correct the RAO, the same procedure used to correct the simulations without keel is 

implemented here. Adding the additional matrix gives very promising results. 

 



 65 

The first simulations run with Keel1 are also run with an alpha factor of 0.01, using the Rayleigh 

damping equation given in equation 23. Seven different heeling angles were used for these 

simulations, as they are very time-consuming. Heeling 0,3,5,11,13,14, and 15. 

 

 

Figure 4.25 - RAO heave with Keel1 (additional matrix is added, alpha value equals to 0,01 and waves are coming from -90 

degrees). 
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Figure 4.26 - RAO pitch with Keel1 (additional matrix is added, alpha value equals to 0,01 and waves are coming from -135 

degrees). 

 

The RAO heave and RAO pitch has a slight increase from 0-heeling to 15-heeling. The increase 

is very minimal, and these minimal changes will not affect the ship's seakeeping capabilities. It 

is important to note that the values that will affect the heave and pitch RAO are omitted when 

adding the damping matrix values. This is because, during this thesis, the focus is primarily on 

the roll motion.  
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Figure 4.27 - RAO roll with Keel1 (additional matrix is added, alpha value equals to 0,01 and, waves are coming from 90 

degrees). 

 

  

When adding the additional matrix, the RAO roll changes drastically. From a roll angle of about 

24 degrees without the additional matrix to a roll angle of 2,581 degrees with the additional 

matrix. This is because the added damping matrix has increased damping values in roll direction 

as the c22, c24, c42, and c44 values were included in the matrix when running the simulations.  

The RAO roll has the highest peak of 2,581 degrees, and this peak happens at 0-heeling. When 

increasing the initial heeling to the ship hull, the RAO roll decreases. The lowest peak is a roll 

angle of 2,276 degrees. This roll angle happens at a heeling angle of 15 degrees. This means 

that the total roll angle would be the 15-heeling angle + the additional 2,276 degrees. This 

results in a roll angle of 17,276 degrees. This keel is quite effective and shows a decrease in roll 

motion, as given in Table 4.2.  

 

 

The effectiveness of the keel increases the more heeling angle the ship is exposed to. The 

lowest effectiveness is at 0 heeling angle with a 19,72% reduction, and the highest effectiveness 

is at 15 heeling angle with a 27,79% reduction.  
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Table 4.2 - Effectiveness of Keel1 

Heeling Without keel peak roll 

angle [degrees] 

Keel1 peak roll 

angle [degrees] 

Decrease in peak roll 

RAO[%] 

0 

 

3,215 2,581 19,72 

3 

 

3,22 2,574 20,062 

5 

 

3,218 2,55 20,76 

11 

 

3,182 2,421 23,92 

13 

 

3,167 2,357 25,58 

14 

 

3,161 2,309 26,95 

15 

 

3,152 2,276 27,79 

 

  



 69 

4.5.2. RAO for Keel2 with additional matrix using an alpha value 0,01 

 

The simulations are also run with an alpha value of 0.01 when adding the Rayleigh damping 

matrix. The same seven heeling angles were used during the simulations with keel2 as used for 

the simulations with Keel1. 0,3,5,11,13,14 and 15. 

 

 

Figure 4.28 - Peak heave RAO, Keel2. Alpha value equals to 0,01. Waves coming from -90 degrees. 
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Figure 4.29 - Peak pitch RAO, Keel2. Alpha value equals to 0,01. Waves coming from -135 degrees. 

 

Similar to what was said about heave and pitch with Keel1 simulations, the changes are 

minimal. This because the values in the damping matrix affecting the heave and pitch motion 

are neglected. Hence, these motions will not change much.   
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Figure 4.30 - Peak roll RAO, Keel2. Alpha value equals to 0,01. Waves coming from 90 degrees. 

The peak roll angles when simulating with keel2 is presented in Figure 4.30. The peak, however, 

is not at 0 heeling but at 3 heeling. Even though it is slightly increasing initially, the decrease in 

RAO roll angle is present from 3 heeling and upwards. The highest peak of roll is, in this case, 

at 3 heeling, with a roll angle of 2,934 degrees. If the ship is to be heeling 15 degrees, where 

the lowest peak occurs, the highest potential roll angle will result in 15 degrees + 2,726 degrees. 

This equals to a heeling of 17,934 degrees. To show the effectiveness of keel2, Table 4.3 is 

presented below. 
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Table 4.3 - Effectiveness of keel2 in roll motion 

Heeling Without keel peak roll 

angle [degrees] 

Keel2 peak roll 

angle [degrees] 

Decrease in peak roll 

RAO[%] 

0 

 

3,215 2,896 9,92 

3 

 

3,22 2,934 8,88 

5 

 

3,218 2,918 9,32 

11 

 

3,182 2,845 10,59 

13 

 

3,167 2,763 12,76 

14 

 

3,161 2,736 13,45 

15 

 

3,152 2,726 13,52 

 

Keel2 is least effective when the ship is heeling 3 degrees. The effectiveness of the keel is at 

this point reducing the roll RAO by 8.88%. The efficiency of the keel is increasing when the ship 

is exposed to a larger heeling angle. This is true, except for the anomaly when the vessel is 

exposed to a heeling of 3 degrees. The keel is most effective at 15 degrees of heeling with an 

efficiency of 13,52 degrees.  
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Figure 4.31 - Added mass for the three different configurations, alpha value equals to 0,01. Ship heeling 15 degrees. 

 

 

Figure 4.31, presents the added mass values for the three configurations; Without keel, Keel1 

and Keel2. The added mass values for Keel1 are noticeably more extensive than the two others. 

This is expected as Keel1 has a larger area affected by the added mass in the roll direction. 

Unexpectedly, no keel has a more considerable added mass value around a period of 10s 

compared to Keel1. The reason for this is unknown and might have to be investigated further.  

The essential values to obtain from this graph is the infinite added mass for the three 

configurations. The infinite added mass is found at the lowest frequency and is the key factor 

to why the additional damping matrix changes so drastically. The lowest frequency in this graph 

is at a period of 0s. At this point, the lowest value is for the “No keel” scenario. For Keel1, the 

infinite added mass value is close to 25% higher, and for Keel2, the infinite added mass value is 

approximately doubled. This has a significant effect on the result of the additional damping 

matrix used when simulating the RAO. This is the key factor that reduces the RAO roll angles 

achieved in the simulations.  
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4.6. Comparison of damping values  

 

To minimize the number of simulations, only a heeling angle of 15 degrees is considered when 

using the additional 0,02 and 0,05 alpha values. This is done so that the alpha values of 0,01, 

0,02, and 0,05 can be compared and make it possible to determine the effect of potential 

higher damping. When an alpha value of 0,01 is considered, it means that 1% of the potential 

damping is imported into AQWA. 0,02 equals to 2% and 0,05 equals to 5%. 1% is assumed to 

be the lowest possible damping created by the keels.  

 

4.6.1. Comparison of roll motion using an alpha value of 0,02 

 

Using the Rayleigh damping equation given in equation 23 above, shown below for simplicity, 

changing the alpha value from 0,01 to 0,02 will double the additional damping obtained. The 

additional damping matrix will then be much more effective, and the roll RAO will act 

accordingly. The equation below is the same as presented in equation 23.  

 

 

c = α ∗ (m ∗ 𝑚𝐴) 
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Figure 4.32 - Comparison of RAO roll of 15 heeling, with alpha value equal to 0,02. 10 knots forward speed. 

 

 

- For no keel, the peak roll RAO is 1,685 and occurs at a wave period close to 8s.   

 

- For Keel1, the peak roll RAO is 1,186 and occurs at a wave period just shy of 10s. 

 

- For keel2, the peak roll RAO is 1,421 and occurs at a wave period close to 9s. 
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Table 4.4 - Comparison of roll RAO for the three different configurations with alpha value equal to 0,02 

Configuration Heeling Peak roll angle 

[degrees] 

Decrease in peak 

roll RAO [%] 

Without keel 

 

15 1,685 0 

Keel1 

 

15 1,186 29,61 

Keel2 

 

15 1,421 15,67 

 

The configuration that consists of no keel is set as a standard. Hence, 0 decrease in roll RAO. As 

these simulations are very time-consuming, 15 heeling to the ship is the only instance simulated 

with an alpha factor of 0,02. Doing this makes it possible to compare the 15 heeling models and 

calculate the efficiency of the keels, Table 4.4. 

 

• Keel1 is reducing the roll RAO by 29,61%. 

 

• Keel2 is reducing the roll RAO by 15,57%. 

 

 

 

4.6.2. Comparison of roll motion using an alpha value of 0,05 

 

Using an alpha value equal to 0,05, the additional damping matrix is five times bigger than when 

using 0,01. This has a massive effect on the roll RAO as the damping matrix will result in a 

number 5 times larger than the original 0,01 matrix.  
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Figure 4.33 - Comparison of RAO roll of 15 heeling, alpha value equal to 0,05. 10 knots forward speed. 

As seen from the simulations with an alpha value of 0,05, the RAO roll motion has significantly 

decreased.  

 

 

- For no keel, the peak roll RAO is 0,699 and occurs at a wave period just shy of 10s.   

 

- For Keel1, the peak roll RAO is 0,4795 and occurs at a wave period of 10s. 

 

- For keel2, the peak roll RAO is 0,5778 and occurs at a wave period just shy of 10s. 
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Table 4.5 - Comparison of roll RAO for the three different configurations with alpha value equal to 0,05 

Configuration Heeling Peak roll angle 

[degrees] 

Decrease in peak 

roll RAO [%] 

Without keel 

 

15 0,6999 0 

Keel1 

 

15 0,4795 31,49 

Keel2 

 

15 0,5778 17,45 

 

 

As the previous table stated, the “Without keel” scenario is set as the standard, hence 0%. 

15 heeling to the ship is the only instance simulated with an alpha factor of 0,05. This makes it 

possible to compare the 15 heeling scenarios and calculate the efficiency. This is shown in Table 

4.5. 

 

• Keel1 is reducing the peak roll RAO by 31,49% 

 

• Keel2 is reducing the peak roll RAO by 17,45% 

 

 

 

4.7. Discussion of analysis 

 

4.7.1. RAO comparison using an alpha value of 0,01 

 

Most of the analysis has been done with an alpha value equal to 0,01. As there are multiple 

simulations run with this value, it is easier to compare the results.  
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Figure 4.34 – Peak heave RAO comparison of the three different configurations. Alpha value equals to 0,01. 10 knots forward 

speed. 

 

 

Figure 4.35 – Peak pitch RAO comparison of the three different configurations. Alpha value equals to 0,01. 10 knots forward 

speed. 
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As mentioned previously, the heave and pitch values stay stable throughout the whole process. 

It is possible to see a slight increase in heave due to keel2 and an even higher increase in heave 

from Keel1. The pitch RAO stays about the same throughout every different heeling angle given 

to the ship.  

 

 

Figure 4.36 – Peak roll RAO comparison of the three different configurations. Alpha value equals to 0,01. 10 knots forward 

speed. 

 

It is evident from this table that both of the keels are effective when it comes to reducing roll 

motion. In both cases, the efficiency increases when the ship is exposed to a larger heeling 

angle. This is valid in all cases, except the anomaly at 3 degrees of heel, where the roll RAO 

increases without keel and with keel2. The reason for this is most likely due to the geometry of 

the ship hull. The three different configurations have approximately the same curve in Figure 

4.36, except that the curves regarding the keels become steeper due to the fact that the 

efficiency of the keels increases with heeling.  
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Table 4.6 - Comparison of keel efficiency 

Heeling Without keel peak 

roll RAO [degrees] 

Keel1 peak roll 

RAO [degrees] 

(% increase) 

Keel2 peak roll RAO 

[degrees]  

(% increase) 

0 

 

3,215 2,581 (19,72) 2,896(9,92) 

3 

 

3,22 2,574 (20,062) 2,934(8,88) 

5 

 

3,218 2,55 (20,76) 2,918(9,32) 

11 

 

3,182 2,421 (23,92) 2,845(10,59) 

13 

 

3,167 2,357 (25,58) 2,763(12,76) 

14 

 

3,161 2,309 (26,95) 2,736(13,45) 

15 

 

3,152 2,276 (27,79) 2,726(13,52) 

 

. 

 

Keel1 is by far the most effective keel. The area of this keel is more extensive and will generate 

more viscous damping. Keel1 is reducing the roll RAO by up to 27,79% at its most effective 

stage. This stage is when the ship is exposed to a heeling angle of 15. Keel2 is also at its most 

efficient at a heeling of 15 degrees with its efficiency of 13,52%. The difference from Keel1 to 

keel2 at this stage is considerable. Keel1 is 14,27% more effective at 15 heeling.  

When creating keel2, the main focus was to make the keel such that it did not exceed the 

rectangle area created by the bilge of the ship hull, referring to Figure 3.5. Due to this, keel2 

has a smaller effective area mitigating roll motion. This will make a configuration such as keel2 

to be less desirable. Even though this is the case, Keel1 might cause issues when navigating 

shallow waters as the keel is further away from the original ship hull. This will “make” the ship's 

draft deeper and the beam wider.  
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A 3-heeling scenario is also set up with forward heeling. This is to check the efficiency of the 

keels when the ship is heeling forward. Giving the hull of the vessel a heeling of 3 degrees is 

quite drastic, and giving the ship increased heeling would result in the ship being underwater.  

 

 

Figure 4.37 - Ship hull heeling 3 degrees forward 

 

Figure 4.37 shows how the ship is presented when heeling 3 degrees forward. The green area 

is the submerged volume.  

 

 

Table 4.7 - Comparison of the three different configurations with a heeling of 3 degrees. Alpha value equals to 0,01 

Heeling Without keel peak 

roll RAO [degrees] 

Keel1 peak roll 

RAO [degrees] 

(% increase) 

Keel2 peak roll 

RAO [degrees]  

(% increase) 

3 degrees forward 

 

2,789 2,088 (25,13) 2,348 (15,81) 

 

The efficiency of the keels is increased when heeling the ship 3 degrees forward. The reason 

for this is likely to be that the 3 heeling forward is equivalent to a significantly steeper heeling 

angle to port/starboard side.  

 

 

4.7.2. RAO comparison using an alpha value of 0,02 and 0,05 

 

When increasing the alpha value to 0,02 and 0,05, the damping increased significantly. As a 

result of this, the peak roll RAO was drastically reduced.  
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Table 4.8 - Comparison of alpha values of 0,02 and 0,05 

Alpha value Without keel peak 

roll RAO [degrees] 

Keel1 peak roll 

RAO [degrees] 

(%increase) 

Keel2 peak roll 

RAO [degrees] 

(%increase) 

0,01 

 

3,152 2,276 (27,79) 2,726(13,52) 

0,02 

 

1,685 1,186 (29,61) 1,421 (15,67) 

0,05 

 

0,6999 0,4795 (31,49) 0,5778 (17,45) 

 

Keel1 is still the most efficient configuration, both with 0,02 and 0,05 as alpha values. The 

difference that is worth noting from the simulations with these values is that the efficiency of 

the keels has increased.  

 

- Increasing the alpha value from 0,01 to 0,02 increases Keel1´s efficiency with 1,82% and 

keel2´s efficiency with 2,15%. 

 

- Increasing the alpha value from 0,01 to 0,05 increases Keel1´s efficiency with 3,7% and 

keel2´s efficiency with 3,93%. 

 
 
This means that the viscous damping created by the keels is increased when using higher values 

of alpha. This is because the 0,01 increase in alpha value will increase the additional damping 

generated by the keels by 1%. 

 

4.8. Estimating potential sail force 

 

To give a perspective on how much wind force the ship will be able to hold, some calculations 

are performed. The equations used to calculate are presented in the theory chapter, equation 

15 and 16. For simplicity, the equations are repeated below[29]. 

 

M𝑡ℎ𝑟𝑢𝑠𝑡 = 𝐹𝑡ℎ𝑟𝑢𝑠𝑡 ∗ 𝑑 
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𝐻𝑒𝑒𝑙𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒 =
𝑀𝑡ℎ𝑟𝑢𝑠𝑡

𝐾44
 

 

Where,  

 

d is the length from the center of sails to the center of buoyancy.  

 

𝑀𝑡ℎ𝑟𝑢𝑠𝑡  is the moment of the thrust generated on the center of gravity, as the center of gravity 

is oriented at the ship's axis system.  

 

𝐾44 is the stiffness of the ship hull in the roll direction. The point of reference for this value is 

the center of gravity. 

 

Assuming the sails are 80 meters tall.  

 

𝑑 =
80

2
+ (7,5 + 0,973) = 48,473 𝑚 

 

The added values in the equation above are the height of the ship from the waterline (7,5m) 

and the length from the center of gravity to the waterline.  

48,473 meters is the resulting length from the center of sails to the center of gravity.  

 

When calculating the wind force, these equations are calculated backwards. Already having the 

heeling angles makes us able to back-calculate the potential wind force that could be 

acceptable on the ship hull. The first example will be done with a heeling angle equal to 15 

degrees. This angle will be changed to radians.  

 

 

0,259 𝑟𝑎𝑑 =  
𝑀𝑡ℎ𝑟𝑢𝑠𝑡

1298200000 𝑁𝑚
 

(26) 
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𝑀𝑡ℎ𝑟𝑢𝑠𝑡 = 336233800 𝑁𝑚 (27) 

 

 

𝐹𝑡ℎ𝑟𝑢𝑠𝑡 =
336233800  𝑁𝑚

48,473 𝑚
= 𝑁 = 6936,5𝑘𝑁 

(28) 

 

This means that to obtain a heeling angle of 15 degrees, the wind force has to be a total of 

6266,4 kN. This force will be divided amongst the number of sails mounted on the ship. This is 

the worst-case scenario, and having this much sail force will most likely not be optimal.  

 

Table 4.9 - Total sail force  

 Total sail force [kN] 

Heeling angle Without keel Keel1 Keel2 

3 

 

1480,9 1302,3 1309,6 

5 

 

2459,8 2160,8 2173,3 

11 

 

5281,4 4611,2 4641 

13 

 

6158 5359,7 5396,1 

14 

 

6582,6 5718,8 5758,6 

15 

 

6937 6456,2 6058,1 

 

 

From these calculations in Table 4.9, the total sail force that can be utilized at the different 

heeling angles is presented. This means that if a heeling angle of 15 degrees were acceptable, 

a total sail force of 6936,5 kN (without keel) would be possible as this will make the ship heel 

15 degrees. 

It is evident from the table that it is possible to have a more significant sail force when not 

utilizing the keels. This is surprising and might bring forward the question if a bottom keel is 
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necessary. This to potentially give a larger counterweight to when the ship is heeling due to 

the forces acting on the sails. This is commonly used for smaller sailing vessels. 
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5. Conclusion and future work 

 

After doing plenty of simulations, it is evident that a bilge keel decreases the ship's roll motion 

while under seaway. As the vessel uses sails, the ship will not reach higher speeds, such as a 

traditional freighter ship. Thus, the bilge keels are a viable solution to reduce roll motion, as 

this is more effective when traveling at lower speeds. The keels are created with the knowledge 

that the higher aspect ratio gives higher efficiency. This means that the keel will be more 

beneficial if created as short as possible and as wide as possible. So, during the simulations, the 

limits are pushed when Keel1 is designed with a wide geometry and a high aspect ratio.  

When comparing the efficiency of the different keel geometries, it is clear that Keel1 is more 

effective at reducing roll motion to the ship hull. Although this is the case, Keel2 is also effective 

at lowering roll motion, but Keel2 has been limited in terms of geometry size. The size has been 

limited such that the keel is inside the bilge of the hull and the hull's draft. This reduces the 

efficiency but increases the ship's mobility if navigating shallow waters becomes of interest. 

During the analysis, different alpha values were compared to display the effect of the viscous 

damping created by the keels. When increasing the viscous damping from 1% to 2%, the 

efficiency of the keels slightly increases. This is also the case when increasing the viscous 

damping from 1% to 5%. This compares the potential damping created by the keels, whereas 

1% is assumed to be the lowest. 

 

The reduction in peak roll RAO is showcased in Table 5.1. The additional damping matrix is 

added to these results, and the efficiency of the keels is presented.  
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Table 5.1 - Showing comparison of Keel1 and Keel2, peak roll RAO. 

Heeling Without keel peak 

roll RAO [degrees] 

Keel1 peak roll 

RAO [degrees] 

(% increase) 

Keel2 peak roll RAO 

[degrees]  

(% increase) 

0 

 

3,215 2,581 (19,72) 2,896(9,92) 

3 

 

3,22 2,574 (20,062) 2,934(8,88) 

5 

 

3,218 2,55 (20,76) 2,918(9,32) 

11 

 

3,182 2,421 (23,92) 2,845(10,59) 

13 

 

3,167 2,357 (25,58) 2,763(12,76) 

14 

 

3,161 2,309 (26,95) 2,736(13,45) 

15 

 

3,152 2,276 (27,79) 2,726(13,52) 

 

 

It is clear that the roll RAO is decreasing when the ship has increased heeling. This is because 

of the geometry of the ship hull. When the hull is heeling, the waterplane area will change, and 

the resulting center of flotation will adjust. 

 

As the simulations are very tedious, time-domain simulations were not included in this thesis. 

If this project is to be continued, a time-domain analysis will be beneficial. This will make it 

possible to analyze further the benefits of keels on such a large ship. After performing time-

domain analysis, the project can be taken further by performing tests with a model version. 

This can be done using a water tank, and measurements will be obtained through practical 

testing. This will strengthen the analysis as the experimental testing will be more precise and 

can be compared with the theoretical results. 
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A CFD analysis should be performed to maximize the efficiency of the potential keels used to 

reduce the roll motion. This will improve the keel's hydrodynamic efficiency and the placement 

of the keel. This will reduce the resistance the keels will create.  

Given the results obtained throughout this thesis, the most optimal solution to reduce roll 

motion on a large ship, such as used in this thesis, is using bilge keels. This is because the vessel 

will utilize sails and will, due to this, operate at lower cruising speeds. This will make the bilge 

keels more effective than the other alternatives as these other alternatives become more 

effective when increasing the speed. The bilge keels are proven to be easy to mount and easily 

maintained. 

 

The additional matrix had to be added to the AQWA hydrodynamic diffraction simulations to 

obtain the correct results during the thesis. The approach to obtaining this matrix is clearly 

explained in this thesis and will make it easier for future work to be done using the AQWA 

hydrodynamic diffraction option. 
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APPENDIX A 

 

Input values for AQWA simulations are displayed in the figures below. 
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