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Appendix A - Smaller ISR USV concepts  

This attachment will show different existing solutions for smaller USV concepts. All pictures 

and tables are gathered from the reference at the end of each description. 

Saildrone Explorer USV 

American produced USV with 1 year 

endurance missions. Length 7 meters with 

average speed of 3 knots. Autonomously 

collects high quality data and navigates 

oceans by waypoint-to-waypoint 

navigation. Harnessing wind and solar 

energy for operations. Propulsion relies on 

wind power. ("Saildrone Explorer USV," 

2022) 

The Waveglider 

Renewable powered USV with 

capabilities to endure ocean 

missisons. Used as a network by 

British Royal Navy during exercise 

Unmanned Warrior to report and 

track a submarine. Harnesses solar 

power, propelled by harnessing 

wave-motion or using a small 

electrical propeller. ("Waveglider," 2022) 

 

 

 

 

 

Saildrone 
 

Length 7 meter 

Average 

Velocity  

3 knots 

Endurance 1 year 

Power 

Generation 

Renewables 

  

Waveglider 

 

Length 2,5 m 

Average Velocity  3 knots  

Endurance 1 year 

Power Generation Renewables 



Mariner X 

Multi-purpose USV made by Maritime Robotics. Made to operate for offshore and coastal 

applications. ("Mariner X," 2022) 

SEA-KIT H - Zero-emission vessel 

British made USV with composite hull. The vessel is currently equipped with a diesel 

generator, but the company plans to install hydrogen fuel cell in 2022/2023. Made to conduct 

hydrographic research, seafloor mapping or maritime ISR. (Skopljak, 2022) 

Protector USV 

Protector USV 

 

Length 9 / 11 meters 

Maximum Velocity  50 knots 

Endurance 400 nautical miles at 30 knots 

Power Generation Diesel 

The Protector is a highly independent remote controlled USV produced by Rafael Advanced 

Defense Systems. The vessel is currently in use by the Singapore and Israeli Navy.  The USVs 

design is reconfigurable and enables the vessel to perform different tasks as force protection, 

firefighting, ISR, naval warfare, mine countermeasures and maritime harbour security missions. 

("Protector USV ", 2013) 

Mariner X 

 

Length 9 m 

Average Velocity  8 knots (kn), max 12 kn 

Endurance 25 days 

Power Generation Diesel  

SEA-KIT-H  

 

Length 12 / 15 meters 

Average Velocity  6 knots  

Endurance 23 days or 3300 

nautical miles 

Power Generation - 



Appendix B - Choice of sensors 

This thesis will not address technical solutions for sensors or its use. The choice of sensors is 

on the other hand fairly decisive for the design of the hull, and we therefore feel compelled to 

address the subject.  

Selected sensors 

In conversation with staff at the Royal Norwegian Naval Academy, we have opted to keep this 

information on a general level and rely on commercially available technology. Furthermore, it 

is important to understand that sonar operations and sensors are highly complicated. 

Implementation should not be done without careful testing and analysis by professionals.  

Sonar stands for sound navigation and ranging and can be used in detecting and tracking 

submarines. The performance of sonar operations is heavily affected by weather, amount of 

biomass in the ocean, use of bandwidth, energy usage, techniques, placement and type of 

sensors, generic noise pollution, temperature, depth, and bottom conditions.  

Sensor Name Technical data  

Passive 

Variable 

depth sonar 

Compact LF Active 

VDS 

Weight: 1,5 tonn 

Maximum depth: 10-300 m 

Sonar buoys   

 

Based on described capabilities we have chosen to go with a passive towing sonar. Our 

passive sonar is based on the commercially available TRAPS and Compact LF Active VDS 

from GeoSpectrum Technologies. The newest version is reported fitted to USVs and capable 

of doing unmanned missions with active sensors (Scott, 2020). Passive sonars are nothing 

new and equipping the USV with a passive towable sensor would provide the USV with 

capability to detect and track submarines.  

Utilizing new sensors may pose a major risk in terms of performance. Equipping the USV with 

a towable new passive sonar is considered high risk with regards to performance and time for 

implementation.  

 



Energy consumption  

By mail, Geospectrum Technologies have defined consumption for their passive TRAPS and 

winching the cable as: 

2-4 kW for passive sonar 

7 kW for winching the cable in 

Their maximum tow cable is 280 m with an 18,5 mm diameter and we estimate the passive 

sensor length to be a total of 250 m with 40 mm diameter. The consumption with regard to 

winching is to be considered an estimate as the winching is not specified at a given speed. 

Winching in 5 knots would provide higher total resistance and raise overall energy usage. 

Calculation of drag  

Towing a sonar in water poses extra resistance and we have therefore stipulated the drag force 

required to tow the sonar in water during 5 knots velocity. Drag force is given by the formula 

𝐹ௗ =
𝐶ௗ ∗  𝜌 ∗ 𝑢ଶ ∗ 𝐴

2
 

Fd  - Drag force 

Cd – Drag coefficient 

ρ – Mass density of fluid 

u – Flow speed of object 

relative to fluid 

A – Area of object surface 

 

In order to estimate a drag force for the passive sensor we need the drag coefficient for the 

cable.  If we estimate the attack angle of the tow cable is 35 degrees, we will get drag coefficient 

0,4. The sensor length will have attack angle from 0-10 degrees and drag coefficient will then 

be 0,1.  

Figure 1 [kilde] 



 

 

Based on given data from GeoSpectrum and estimates for drag coefficient, we have derived 

an Rts for the sensor to be approximately 1 kN. This drag force will be influenced by speed 

through water, sea states, cable attack angle on water and length of towing cable in water. 

Furthermore, this estimate will be good enough as a starting point for further dimensioning 

our vessel. 

 

Appendix C – DELFTship data 

Appendix C includes design hydrostatics rapport, hydrostatics, resistance and cross curves on 

both preliminary design and optimized design. Linesplan for the preliminary and optimised 

design is given as separate appendixes as they are dimensioned for printing in A3 sheets. 

Table 2 Calculation of drag on sensor Table 1 Calculation of drag on cable 



Preliminary design 

 



 

 



 





 



 



 



 

 

 



Optimised design 

 





 



 



 



 





 

  



Appendix D - Drive train, energy production and energy storage 

This appendix will cover general specifications of engine, generator, fuel, lubrication oil and 

battery.  

Engine 

This section contains technical data regarding DriveMaster 15W. 

 
Figure 2: Drivemaster data (Bellmarine) 



 
Figure 3: Drivemaster data (Bellmarine) 

Generator 

Whisper power: M-SQ Pro 25 Maritime Generator (WhisperPower) 

Estimated price from commercial dealers is 40,000 Eur. 

 
Figure 4: Whisper Power – M-SQ Pro 25  



 

 



 

Figure 5: Performance Curve of the Mitsubishi S4S-Z365SP in Gen set 

 

The total efficiency of the generator and combustion engine in a towing condition, 5 knots, 
based on the data provided by manufacturer: 

 

𝜂ீ௘௡ =
𝑃௘

𝑚௕ ∗ ℎ௡
=

22,5 ∗ 3600

4,4 ∗ 42,76 ∗ 10^3
= 0,43 

 

𝜂஼.ா௡௚ =
𝑃௘

𝑚௕ ∗ ℎ௡
=

35 ∗ 3600

4,4 ∗ 42,76 ∗ 10^3
= 0,67 

 

The above values are estimated based on values of fuel consumption from the manufacturer. 
However, the values used in the estimation will be 0,4 for the generator and 0,55 for the 
combustion engine. 

  



Fuel 

The choice of fuel will be standard diesel fuel based on the below average values and standard 

values of Bunker Oil, the main distributer of fuel for the Royal Norwegian Navy. 

 
Table 3: Average value of chemical composition and properties of relevant fuel types. (Lundby, 1979) 

 

Parameter Data 

Type Marine Gas Oil 

Dencity [⍴] 855 kg/m3 

Lower heating value [hn] 42,7 MJ/kg 

Figure 6 : Estimation of average Marine Gas oil values (BunkerOil, 2021). 

 

 

  



Lubrication Oil 

Description: 

“49 NORTH ARCTIC SYNTHETIC HEAVY DUTY ENGINE OIL Is specially formulated 

from low volatility synthetic fluids and a specialized additive system to provide excellent 

fluidity for extreme cold weather (-40°C) start up, while maintaining the vicosity required to 

provide the necessary protection of critical parts during high temperature operations.” 

(Lubricants). 

 

 

 

 

  

Figure 7: 49 North Arctic Synthetic heavy duty engine 
oil, 0W-30. 



Battery 

Tesla 4680 Battery-Cell, Model-Y  

 
Table 4: Energy Density of Tesla 4680-Type Cylindrical Lithium-Ion Battery Cell (Kane, 2022). 

 

 

 
Table 5: Estimated values of Model-Y 2022 battery pack from twitter post by Troy Teslike, published on Insideevs 

(Kane, 2022). 

 

 



Appendix E – Weight breakdown and cross curves 

Preliminary design  

Weight breakdown 

The preliminary design provides an initial approximation to distribution of weight on the vessel. 

The weight breakdown is a rough estimation and will have to be confirmed by more detailed 

calculations on a different stage. Knowledge of simple stability calculations and its abbreviation 

is expected from readers. 

The hulls initial data from Delftship Pro is plotted in the table below.  

 

All components in the vessel is plotted with their placement in the hull. Origo is in the aft 

perpendicular where the keel starts. The x-axis is parallel to the keel, y-axis is to the side and 

z-axis is height. Negative y-axis is representing the starboard side. Summing up all the 

components and their weights produces the vessels total weight and its new centre of gravity in 

three directions.  

In order to secure positive stability in the vertical axis the new VCG is checked against the hulls 

KMt from hydrostatics. KMt is obtained from Delftship hydrostatics for that hull by means of 

interpolation of values. When KMt minus VCG is a positive value, it ensures the vessel will 

stay upright for that specific loading condition. 

Trim in the longitudinal and transverse axis is also checked to make sure the vessel doesn’t 

have unwanted trim. Some positive forward trim is desirable to ensure better waterflow around 

the propeller.  

The transverse centre of gravity will stay 0 because of components cancelling each other out.   

  



Lightweight 

Weight breakdown all components with internal fluids, additional fuel is excluded. Added 10 

% design margin and 5 % building margin. 

 

  



Standard weight 

Weight breakdown for vessel with 50 % fuel.  

 

  



Fully loaded 

Weight breakdown for a fully loaded vessel 

 

 

 

 

 

  



Cross curves and stability 

In order to calculate stability and the vessels righting arm crosscurved are used to get 

information of KN SIN(Ø) in regard to vessel displacment and healingangle. These values are 

then used to calculate GZ-arm for each case and plotted in a graph. 

 
Figure 8: Preliminary vessel crosscurves 

 
Table 6: Data provided from Figure 1 

 



 

 
Figure 9: Heeling angle and positive GZ  

  



Optimized design 

Weight breakdown 

 

Lightweight 

Weight breakdown all components with internal fluids, additional fuel is excluded. Added 10 

% design margin and 5 % building margin. 

 

 



Standard Weight 

 



Full weight 

 

  



Cross curves and stability 

In order to calculate stability and the vessels righting arm crosscurved are used to get 

information of KN SIN(Ø) in regard to vessel displacment and healingangle. These values are 

then used to calculate GZ-arm for each case and plotted in a graph. 

 

 



 

  



Appendix F - Parametric study 

The following parametric study shall seek to identify the possible parameters in the design spiral 

in order to further optimize the vessel. Due to scope and time, certain limitations have been 

made, and will be addressed as “Not applicable”, see list of limitations. 

Parameter Description Adjustment 

Complement Not applicable, unmanned vessel. Not applicable, unmanned 

vessel. 

Mass A lot of space available and buffer with 

respect to draft may allow for more weight. 

Possibility to adjust the hull thickness in 

order to reduce weight. 

Smeared hull thickness 

adjusted from 0,04m to 

0,035m. 

Enclosed 

volume  

A lot of space available, may allow for 

more fuel storage or other components. 

 

Increased space may allow the vessel to 

become a test subject for other fuel types. 

No additional fuel storage 

or components added. 

 

Testing of other fuel types 

in this phase will not be 

conducted. 

Linear 

dimensions 

Length of the vessel may be increased by 

changing shape of bow to go straight down 

to the bulb. 

Beam adjusted from 2,8m 

to 2,667m 

Lpp adjusted from 10,8m 

to 12m. 

Length/beam L/B ratio to be adjusted for better stability 

properties. 

Adjustments in linear 

dimensions.  

L/B ratio adjusted from 

4,125 to 4,813 as product 

of change in linear 

dimensions. 

Draught Adjusted based on linear dimensions. Adjusted from 0,96m to 

1,077m. 



Volume of 

displacement 

Not applicable Not applicable 

Underwater 

form 

Not applicable Not applicable 

Speed, power Operating speed of tow may be subject of 

change in order to save fuel. 

Operating speed not 

adjusted. 

Propulsion 

machinery 

Consider further optimizing the choice of 

engine based on propeller performance 

curve. 

 

Synergy of propeller and 

engine will not be 

addressed at this stage, is 

currently sufficient for an 

initial design. 

Propulsor Hull limits propeller diameter to 0,5m 

without nozzle, and 0,625 with nozzle 

 

Optimize maximum load of propeller 

Adjust the maximum 

allowed propeller diameter 

to 0,5m. 

Max load adjusted from 10 

to 6 kN/m2. 

LCG, LCB, 

Balance 

Maximum allowed trim of +/- 5° Within limit, will not be 

addressed. 

Transverse 

stability 

Option to address sections in the fuel tanks 

in order to limit free-surface-effect. 

 

Sections in the fuel tanks 

will be addressed. 

Safety, 

survivability 

(Redundans) 

Consider the application of two generators 

Consider the application of a split Bus Bar 

for redundancy 

Not changed. 

Architecture 

layout 

The lower deck on the aft may be extended 

in order to prevent instability. In general 

rounder edges will allow for better 

waterflow over deck. 

Changed the overall layout 

of the superstructure to 

account for better 

waterflow over deck and 

stability. 



Seakeeping Sufficient, will not be directly addressed.  

 

Sufficient, will not be 

directly addressed.  

Manoeuvring Not applicable, see limitations. Not applicable, see 

limitations. 

Structural 

strength 

Not applicable, see limitations. Not applicable, see 

limitations. 

Ease of 

production 

Adjusting drivetrain complexity may allow 

for easier production. 

Adjust the chosen battery packages in order 

to avoid a development phase. 

Change to 6 x Transfluid 

48V, 41kWh batteries. 

(Transfluid, 2020). 

 

Cost Not applicable in this phase Not applicable on this 

phase. 

Signatures Consider the application of 4-bladed 0,55 

BAR ducted propeller in order to reduce 

noise. 

Not changed. 

Electrical, 

heating loading 

Not applicable Not changed 

Reliability, 

maintainability, 

availability, 

logistics 

Possible to adjust drivetrain complexity in 

order to ease maintenance and reliability. 

 

Alternative battery package in order to 

avoid a development phase with Tesla 4680 

battery cells (Kane, 2022).  

 

Possibility to add 1 more generator in order 

to increase redundancy. 

Drivetrain not changed. 

Change to 6 x Transfluid 

48V, 41kWh batteries. 

(Transfluid, 2020). 

 

No additional generators 

will be added. 

Payload or 

cargo 

characteristics 

Option to adjust the amount of fuel 

represented in the vessel. 

Adjust fuel to 4100 litres of 

fuel. 



4615 Litres of fuel does satisfy the 

operational requirement of 1400 Nm 

operations in a 5-knot towing condition 

with 35% limit 

 

4615 litres of fuel do satisfy the operational 

requirement of 20 days of operation in a 5-

knot towing condition with 35% limit. 

 

Adjust to 4350 litres of 

storage, which equals to 

4,35m3. 

Table 7: Parametric study with description and adjustments made. 

 

  



Appendix G - Energy consumption and operational profile 

The following tables are extracts from the energy consumption and operational profile 

calculations in a separate spreadsheet. The tables are separated into a preliminary design and 

an optimized design. 

Preliminary design 

 

Vessel 

Knots 3 5 7   

          

Drag  0,13 0,34 1,27 kN 

Speed 5,56 9,26 12,96 km/h 

Speed 1,54 2,57 3,60 m/s 

          

Pe = Effect towards water 0,20 0,87 4,57 kW 

Resistance from towing cable 1,54 2,57 3,60 kW 

          

Prop. Efficiency 0,388 1,675 8,754 kW 

Prop Efficiency with tow 3,34 6,603 15,65 kW 
     

20 % addition 0,5 2,0 10,5 kW 

20 % Tow 4,014 7,924 18,78289885 kW 

 

Estimated power need 

Hotel 10 kWh 

Passive sonar  (2-4) kWh 

Passive sonar  2 kWh 

Winch 7 kWh 

Towing cable 1,0 kN 
 

  



Fuel 

 

Fuel total 4400 liter 

 

Effect [kW] 0-5 25 50 75 100 % 

Fuel [l/h] 1  2,25 3,5 4,75 6   

 

Scenario 
Total 
Load 

Generator 
load 

Fuel 
[l/h] 

Hours of 
operation Nm Days 

Transitt 3 kn 6,44 0,29 2,43 1809,76 5429,29 75,4 

Transitt 7 kn 12,01 0,53 3,67 1199,24 8394,67 50,0 

Passiv son, 5 kn 19,92 0,89 5,43 810,69 4053,45 33,8 

Winching in, 3 
kn 20,99 0,93 5,66 776,82 2330,46 32,4 

 

35 % remaining fuel 

Hours. Of ops nm days 

1176,35 3529,04 49,01 

779,51 5456,54 32,48 

526,95 2634,74 21,96 

504,93 1514,80 21,04 

 

Operational 
profile Speed [kn] Distance [Nm] Hours [h] Fuel [l/h] Fuel [l] 

Transit 7 350 50,00 3,67 183,45 

Transit 3 10 3,33 2,44 8,12 

Winching 3 1 0,33 5,67 1,89 

Towing 5 1000 200,00 5,43 1085,49 

Winching 3 1 0,33 5,67 1,89 

Transit 3 10 3,33 2,44 8,12 

Transit 7 350 50,00 3,67 183,45 

Total   1722 307,33   1472,42 



Battery 

Battery capasity  170 Wh/kg 

Battery in 
weight 1470 kg 

Total capasity 250 kWh 

 

Scenario kWh 
El. Energy 
[kWh] Total Battery [h] 

Length 
[Nm] 

Passiv son, 0 kn 0,00 8 8,00 31,3 0,0 

Transitt 3 kn 0,47 6 6,47 38,7 116,0 

Transitt 7 kn 2,0 10 12,01 20,8 145,7 

Passiv son, 5 kn 7,9 12 19,92 12,5 87,8 

Winching in, 3 
kn 4,01 17 21,01 - - 

 

  



Optimized design 

 

Vessel 

Knots 3 5 7   

          

Drag  0,13 0,34 0,64 kN 

Speed 5,56 9,26 12,96 km/h 

Speed 1,54 2,57 3,60 m/s 

          

Pe = Effect towards water 0,21 0,88 2,30 kW 

Resistance from towing 
cable 1,54 2,57 3,60 kW 

          

Prop. Efficiency 0,381 1,623 4,268 kW 

Prop Efficiency with tow 3,24 6,386 10,94 kW 
     

20 % addition 0,5 1,9 5,1 kW 

20 % Tow 3,887 7,664 13,12404938 kW 

 

Estimated powerneed 

Hotel 10 kWh 

Passive sonar  (2-4) kWh 

Passive sonar  2 kWh 

Winch 7 kWh 

Towing cable 1,0 kN 

 

 

 

  



Fuel 

Fuel total 4100 liter 

 

Effect [kW] 0-5 25 50 75 100 % 

22,5 1 2,25 3,5 4,75 6   

 

Scenario 
Total 
Load 

Generator 
load 

Fuel 
[l/h] 

Hours of 
operation Nm Days 

Transitt 3 kn 6,46 0,29 2,43 1683,83 5051,49 70,2 

Transitt 7 kn 11,95 0,53 3,65 1121,75 7852,28 46,7 

Passiv son, 5 kn 19,66 0,87 5,37 763,55 3817,74 31,8 

Winching in, 3 
kn 20,89 0,93 5,64 726,76 2180,27 30,3 

 

 

35 % remaining fuel 

Hours. Of ops nm days 

1094,49 3283,47 45,60 

729,14 5103,98 30,38 

496,31 2481,53 20,68 

472,39 1417,17 19,68 

 

  
Operation Speed [kn] 

Distance 
[Nm] Hours [h] 

Fuel 
[l/h] Fuel [l] 

Transit 7 350 50,00 3,65 182,75 

Transit 3 10 3,33 2,43 8,12 

Winching 3 1 0,33 5,64 1,88 

Towing 5 1000 200,00 5,37 1073,93 

Winching 3 1 0,33 5,64 1,88 

Transit 3 10 3,33 2,43 8,12 

Transit 7 350 50,00 3,65 182,75 

Total   1722 307,33   1459,43 



Battery 

Battery capasity  170 Wh/kg 

Battery in 
weight 1470 kg 

Total capasity 250 kWh 

 

 

Scenario kWh 
El. Energy 
[kWh] Total [kWh] Battery [h] Length [Nm] 

Passiv son, 0 kn 0,00 8 8,00 31,3 0,0 

Transitt 3 kn 0,46 6 6,46 38,7 116,1 

Transitt 7 kn 1,9 10 11,95 20,9 146,5 

Passiv son, 5 kn 7,7 12 19,66 12,7 89,0 

Winching in, 3 
kn 3,89 17 20,89 - - 

 

  



Appendix H - Optimization of propeller 

This appendix will represent the extracts from the spreadsheet used in the estimation of optimal 

propeller diameter, rpm, effect, and torque. The appendix will be split into a preliminary design, 

and an optimized design based on the parametric study in appendix F. 

Preliminary Design 

 

 
Figure 10 : Extract from the initial propulsion spreadsheet. 

 



 
Figure 11 : Values of Kt plotted in Wageningen Ka 3-65 propeller series data. 

 

 

Table 8 : Relation between Kt and J for the initial parameters. 

 

 

 

 

 

J 0 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5 

KT 
 

0,035 0,080 0,142 0,222 0,319 0,435 0,568 0,719 0,887 1,074 1,278 1,500 1,739 1,997 



 

 

Optimized Design 

 

 
Figure 12: Extract from the optimized propulsion spreadsheet. 

 



 
Figure 13: Values of Kt plotted in Wageningen Ka 3-65 propeller series data. 

 

 

J 0 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5 

KT   0,021 0,048 0,085 0,133 0,192 0,261 0,341 0,431 0,532 0,644 0,767 0,900 1,044 1,198 

Table 9: Relation between Kt and J for the optimized parameters 
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