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ρ )ÎÔÒÏÄÕÃÔÉÏÎ  

 

 Waterborne transportation accounts for 90% of the world trade and can be 

considered as a low polluting mode, as it is accountable for 3% of the total pollution. 

Despite its low pollution numbers, its sustainability and environmental performance 

is the focus of international marine organizations as well as national authorities. One 

of the most important ς if not the most ς factors that affect the performance of the 

ship is the fouling of its hull and propeller.  

Except for dry-ŘƻŎƪƛƴƎ ŀ ǎƘƛǇΩǎ Ƙǳƭƭ ŀƴŘ ǇǊƻǇŜƭƭŜǊ Ŏŀƴ ŀƭǎƻ ōŜ ŎƭŜŀƴŜŘ ŘǳǊƛƴƎ 

the stay of a ship at a port. Hull cleaning costs between 10.000 $ to 30.000 $ and 

takes from one up to three days, while propeller polishing costs between 2.000$ to 

5.000$ and can be done in one day. Most commonly, ship owners choose to polish 

ǘƘŜ ǇǊƻǇŜƭƭŜǊ ǿƘŜƴ ǘƘŜ ǎƘƛǇΩǎ ŜŦŦƛŎƛŜƴŎȅ Ƙŀǎ ŘǊƻǇǇŜŘ ōȅ р-7%. A ship working closer 

to its optimal efficiency is both better for the ship owner, as it requires less power 

output to achieve the necessary speeds thus less fuel consumption which also makes 

the ship more friendly towards the environment.  

Even though efficiency itself, judging it from the power output ς SHP the ship 

needs to achieve the necessary speed is an indicator of the state of the fouling, it 

ŘƻŜǎƴΩǘ ǇǊƻǾƛŘŜ ŀƴȅ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǿƘŜǘƘŜǊ ǘƘŜ Ƴŀƛƴ ŦŀŎǘƻǊ ƻŦ ǘƘƛǎ ƭƻǎǎ ƛƴ 

efficiency is the fouling of the hull or the propeller. Having in mind that the more 

time a ship spends in ports the less cost efficient it becomes and the extra cost of 

cleaning the hull or polishing the propeller, a parametric approach that can quantify 

the state of fouling both of the hull and the propeller can prove to be really 

beneficial for the ship owner. Having this tool, a ship owner will have extra 

information that will help them make the right decision regarding the timing and 

cleaning of the vessel. 

The goal of this diploma thesis is to create a parametric approach based on 

ǘƘŜ Ŝǉǳŀǘƛƻƴǎ ƻŦ ǎƘƛǇ ǊŜǎƛǎǘŀƴŎŜ ŀƴŘ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ ƻǇŜƴ ǿŀǘŜǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΣ 

combined with measurements done onboard that represent the overall state of the 

ǎƘƛǇΩǎ ŦƻǳƭƛƴƎΦ ¢ƻ ŀŎƘƛŜǾŜ ƛǘ ŀƴ ŀƭƎƻǊƛǘƘƳƛŎ ŀǇǇǊƻŀŎƘ Ƙŀǎ ōŜŜƴ ŎǊŜŀǘŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ 

existing paper and technical notes of Harmonizing SEEMP with effective vessel 

operation (Grigoropoulos & Theodossiou). Thus, combining the methodology 

proposed in it with new ideas and the tools that Python offers through its libraries 

the Propulsive Performance Evaluation (PPEV) script tends to the needs of this posed 

problem. 
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ς 4ÈÅÏÒÅÔÉÃÁÌ "ÁÃËÇÒÏÕÎÄ 

2.1 Resistance  
 

2.1.1 Calm Water Resistance       

  

Calculating the resistance of a ship is a complicated procedure that requires a 

lot of accuracy. Understanding the components of ship resistance and the way they 

behave is of extreme importance as they can be used to scale the resistance of 

model sized tests to full size. These estimations are then used in calculating the 

required propulsive power of the ship. Underestimation of its value will result in the 

ship being unable to reach its desired speed and overestimation will result in 

increased cost and weight of machinery and mechanical installations, as well as 

decreased transportation capacity due to the aforementioned increased weight.  

In analyzing a shipΩs resistance, we take into account many different factors 

who represent different forces that act on it and when added they represent the 

total resistance. 

The friction resistance of a submerged vessel can be analyzed into two parts. 

The first part is the resistance of a plate with same surface area, running in the same 

fluid and with the same speed as the vessel and is called equivalent skin friction. The 

second part, takes into account that the form of the vessel affects the flow around it, 

causing it to accelerate and effectively increasing the friction. So, friction resistance 

is the combination of the form effect and the equivalent skin friction. 

The viscosity of the fluid surrounding the body also affects its resistance. 

From ideal fluids theory it is known that stagnation pressure should increase towards 

the aft of the body, but due to viscous effects like energy losses in boundary level, 

vortices and flow separation this increase is prevented, resulting in viscous pressure 

resistance.  

All objects moving on or near the free surface of water create waves. The 

energy these waves contain comes from the propulsion energy of the ship. Also, part 

ƻŦ ǘƘŜ ǎƘƛǇΩǎ ǇǊƻǇǳƭǎƛƻƴ ŜƴŜǊƎȅ ƛǎ ŎƻƴǎǳƳŜŘ ǘƻ ōǊŜŀƪ ǘƘŜ ǿŀǾŜ ǇŀǘǘŜǊƴǎ ƛǘ ŎǊŜŀǘŜǎΦ 

The sum of wave making and wave breaking resistance is called wave resistance.  

Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ƳŀǊƛƴŜ ŜƴƎƛƴŜŜǊƛƴƎ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ ŀ ǎƘƛǇΩǎ ǊŜǎƛǎǘŀƴŎŜ ƛǎ 

done under three conditions:  
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i. Total resistance is the horizontal force acting on the hull, without 

taking into account the effects of propulsion 

ii. {ƘƛǇΩǎ ǎǇŜŜŘ ƛǎ Ŏƻƴǎǘŀƴǘ ŀƴŘ ƛǘǎ ŎƻǳǊǎŜ ƛǎ ǎǘǊŀƛƎƘǘ 

iii. Calm and deep water is assumed, no wind or wind generated waves 

ŀƴŘ ǘƘŜ ǎŜŀ ōƻǘǘƻƳ ŘƻŜǎƴΩǘ ŀŦŦŜŎǘ ǘƘŜ ǿŀǾŜǎ ƎŜƴŜǊŀǘŜŘ ōȅ ǘƘŜ ǾŜǎǎŜƭΦ 

 

 Total resistance RT may be measured as a towing force, but for displacement 

type vessels is usually replaced by the dimensionless total resistance coefficient CT. 

    ὅ    (2.1)      

 ́: Fluid density             

VS : Vessel speed              

WS : Wetted surface     

 In general, we can obtain the total resistance by summing up the following 

resistance components: 

    Ὑ   Ὑ  Ὑ  Ὑ   (2.2) 

RT: Total Resistance             

RF: Frictional Resistance          

RVP: Viscous Pressure Resistance        

RW: Wave Resistance           

The sum of Frictional and Viscous Pressure Resistance is the Viscous Resistance 

                 Ὑ   Ὑ  Ὑ   (2.3) 

Figure 2-1 Subdivision of marine vessel resistance (Schneecluth & Bertam, 1998) 
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2.1.2 Air and Wind  Resistance       

  

 Even when there is no wind apparent, the movement of the ship through the 

air creates an added resistance called wind resistance. The approached incorporated 

in the ITTC-1978 method is:  

 

Ὑ  
ρ

ς
”ὠὃὅ  ςȢτ 

Vs: Ship Speed            

AT: Transverse Area of Ship                     

Cair: Air Resistance Coefficient           

ˊh: Density of Air 

 

 When there is wind present then the speed of air in correlation to the ship, 

ƛǎƴΩǘ Ŝǉǳŀƭ ǘƻ ƛǘǎ ǎǇŜŜŘΣ ōǳǘ ǿŜ ƴŜŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŀǇǇŀǊŜƴǘ ǿƛƴŘ ǾŜƭƻŎƛǘȅ ǿƘƛŎƘ ƛǎ 

ǘƘŜ ǿƛƴŘ ǎǇŜŜŘ ǘƘŜ ǎƘƛǇ άǎŜŜǎέΦ  

 

Figure 2-2 Apparent Wind Velocity όʃˇ˂ʾˍʹˌΣ нлмуύ 

 

¢Ƙƛǎ ŦƛƎǳǊŜ ŘŜǇƛŎǘǎ ǘƘŜ ǊŜƭŀǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ǎƘƛǇΩǎ ǎǇŜŜŘ ό±sύΣ ǘƘŜ ǿƛƴŘΩǎ 

absolute ς true velocity (VTW), the ǿƛƴŘΩǎ ŀǇǇŀǊŜƴǘ ǾŜƭƻŎƛǘȅ ό±AWύ ŀƴŘ ǘƘŜ ǿƛƴŘΩǎ 

apparent (̡ AW) and true angle (̡TW). True angle and velocity of wind are what an 

outside observer at rest would άseeέ. 
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The relation between the speeds is: 

 

      ὠᴆ ὠᴆ ὠᴆ ςȢυ 

 

While for the apparent speed and angle we have the following relations: 

 

ὠ ὠ  ὠ ςὠὠ ÃÏÓ ‍   ςȢφ 

‍ ÁÔÁÎ
ὠ ίὭὲ‍

ὠ ὠ ὧέί‍
 ςȢχ 

 

The longitudinal force of the wind X is the added wind resistance and is given 

through the coefficient CX which is a function of the apparent wind angle (‍ ). 

 

ὅ ‍
ὢ‍

ρ
ς”ὠ ὃ

 ςȢψ 

 

 

Figure 2-2 Cx coefficient for models of merchant ships  (Harvald, 1983) 
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2.2 Propulsion  
 

Previously, while defining the resistance of a vessel, we assumed it was 

moving through the water at a constant speed without taking into account the 

propulsion system. Knowing the total resistance of a vessel we can define a tow 

force equal to it, in order to balance the external forces acting on it. Then the 

effective power PE, is the power spent for towing the vessel. 

   PE = RTVS (2.9) 

PE : Effective Power            

RT: Total Resistance               

VS Υ ±ŜǎǎŜƭΩǎ {ǇŜŜŘ 

 In reality adding a propulsion system affects the flow around the hull. In fact, 

the force acting on the hull-propulsor system, is greater than the total resistance of 

the hull RTΣ ǿƛǘƘ ŀ ǇŀǊǘ ƻŦ ǘƘŜ ǇǊƻǇǳƭǎƻǊΩǎ ǘƘǊǳǎǘ ŎƻƳǇŜƴǎŀǘƛƴƎ ŦƻǊ ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ 

resistance.    

    T = RT + tT  (2.10) 

¢Υ tǊƻǇǳƭǎƻǊΩǎ ¢ƘǊǳǎǘ             

RT: Total Resistance                 

t: Thrust Deduction Coefficient 

 The value t is defined as the thrust deduction coefficient and it expresses the 

ratio of increase in resistance and thrust. 

    ὸ  
   

  (2.11)  

 

Figure 2-4 Forces acting on ship without and with propulsion system (Birk, 2019) 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

18 
 

 Also, with the propeller situated so close to the hull, the flow going into the 

propeller is affected by the ƘǳƭƭΩǎ presence, altering its speed. Usually, the average 

speed of the flow heading towards the propeller is less than the speed of the hull. 

Wake fraction refers to this change in speed.  

    ύ  
 
  (2.12)  

w: Wake Fraction              

VSΥ {ƘƛǇΩǎ ǎǇŜŜŘ             

Va: Speed of the Flow  

and 

    ὠ  ὠ ρ ύ  (2.13) 

 

 

 

  

Taking into account how the thrust produced by the propulsion system and the 

speed of the flow at the propeller, Thrust Power can be defined. 

 

                                          PT = TVa (2.14) 

¢Υ tǊƻǇǳƭǎƻǊΩǎ ¢ƘǊǳǎǘ             

Va: Speed of the Flow 

For any propulsion system, it is fundamental that it manages to efficiently 

converge the power available from the main engine or engines into thrust, so it can 

propel the ship at the required speed. 

 

 

 

  

  

Figure 2-5 Wake Speed Va (Mullond, Turnock, & Hudson, 2011) 

Figure 2-6 Conversion of Power to Thrust (Mullond, Turnock, & Hudson, 2011) 
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In order to assess the efficiency a propulsion system we have to define the values 

that are directly correlated to it. 

i. Efficiency 

It is defined as the ratio of output to input power: 

 ὩὪὪὭὧὭὩὲὧώ 
 

 
 

 

  
 

As the ship is a closed system, we know from the laws of Thermodynamics, 

that the efficiency will be a positive number smaller than one. 

 

ii. Hull Efficiency  

 

From its definition, Effective Power PE ŘƻŜǎƴΩǘ ǘŀƪŜ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ŜȄƛǎǘŜƴŎŜ 

of the propeller but only of the hull, whereas Thrust Power PT takes into 

account both the existence of the hull and of the propeller the ratio between 

them, defines Hull Efficiency. 

–  
ὖ

ὖ
 
Ὑὠ

Ὕὠ
 
ρ ὸ

ρ ύ
 ςȢρυ 

  

iii. Delivered Power  

 

It is the power that is delivered to the propulsion unit.  

 

   ὖ ‫ὗ ς“ὲὗ   (2.16) 

 :̟ Angular Velocity         

 n: Rate of Revolution of the Propeller     

 Q: Torque 

 

iv. Behind Efficiency 

 

Behind efficiency or the efficiency of the propeller, is the ratio of the Thrust 

power it produces in relation to the Delivered power.  

 

        –  
ὖ

 ὖ
 
Ὕὠ

ς“ὲὗ
 ςȢρχ 
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v. Open Water Efficiency 

 

Under open water conditions, there is an undisturbed parallel flow in which 

the propeller works, without the wake created by the vessel.  

        

   –  
ὖ

 ὖ
 
Ὕὠ

ς“ὲὗ
 ςȢρψ 

 

 TO: Thrust measured in parallel flow       

 QO: Torque measured in parallel flow  

 

vi. Relative Rotative Efficiency  

 

The ratio of behind and open water efficiency defines Relative Rotative 

Efficiency 

 

         –Ὑ  
–`

– 
  (2.19) 

 
 And assuming thrust identity, TO = T  

            –Ὑ  
ὗ  
ὗ 

 (2.20) 

 

vii. Quasi-Propulsive Efficiency 

 

The ratio of effective and delivered power 

 

  –   – –   (2.21) 

 

viii. Brake Power 

 

Lǘ ƛǎ ǘƘŜ ǇƻǿŜǊ ǘƘŀǘ ǘƘŜ ǎƘƛǇΩǎ Ƴŀƛƴ ŜƴƎƛƴŜ ǇǊƻŘǳŎŜǎ ŀƴŘ ǘǊŀƴǎǇƻǊǘǎ ǘƻ ǘƘŜ 

shaft and its symbol is PB. 
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ix. Shaft Power and Gearing Efficiency 

 

When the engine is directly connected to the propeller shaft, then Shaft 

Power is equal to Brake Power. 

 

     ὖ  ὖ (2.22)  

 

In case the coupling between the ships main engine and its propeller is done 

ǘƘǊƻǳƎƘ ŀ ǊŜŘǳŎǘƛƻƴ ǘƘŜƴΣ ǿƘƛŎƘ ƛǎ ŘƻƴŜ ƛƴ ƻǊŘŜǊ ŦƻǊ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ 

revolutions to reach their optimal working point, there are losses of power. 

So, the ratio between the Brake Power the main engine produces and the 

ǇƻǿŜǊ ǘƘŀǘ ǊŜŀŎƘŜǎ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ ǎƘŀŦǘ ƛǎ ŎŀƭƭŜŘ DŜŀǊƛƴƎ 9ŦŦƛŎƛŜƴŎȅ 

 

    –   (2.23)  

 

x. Shafting Efficiency 

 

Due to friction a part of the power is lost when delivered from the engine to 

the propeller through the shaft, so the ratio between the Shaft Power and 

the Delivered Power is how the Shafting Efficiency is defined. 

    

                –    (2.24)  

 

xi. Total Propulsive Efficiency 

 

Propulsive Efficiency combines all the aforementioned efficiencies. 

 

  –  
 

 
    

 – – – – (2.25)  
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Figure 2-7 Propulsion System including transmission Powers and Efficiencies (Birk, 2019) 
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2.3 Propeller and Performance Characteristics  
 

2.3.1 Propeller Characteristics        

  

To fully understand propeller hydrodynamic action and performance 

characteristics it is important to have a firm grasp of basic propeller geometry and 

corresponding definitions commonly used.  Although propeller geometry consists of 

many different elements, in this section we will discuss those necessary to the 

assessing of the performance characteristics of a propeller.  

i. Number of Blades Z 

 

¢ƘŜ ƴǳƳōŜǊ ƻŦ ōƭŀŘŜǎ ƻŦ ŀ ǎƘƛǇΩǎ ǇǊƻǇŜƭƭŜǊ Ŏŀƴ ǊŀƴƎŜ ŦǊƻƳ ǘǿƻ ǳǇ ǘƻ ǎŜǾŜƴΦ 

Generally, lower numbers of blades are preferable, due to the fact that the 

bigger the number, the more costly the propeller becomes. In the case of 

large merchant ships, it is common for them to equip propellers with four or 

five blades. Propellers develop cyclical forces with frequencies that are 

multiples of Z and it should be made sure that these frequencies do not 

ƳŀǘŎƘ ǿƛǘƘ ǘƘŜ Ƴŀƛƴ ŜƴƎƛƴŜΩǎ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎƛŜǎΦ 

 

ii. Diameter  

 

The diameter D, is defined by the outermost circle which circumscribes the 

blade tips and the enclosed area is called propeller disk area A0. 

 

                     ὃ   (2.26)  

 

iii. Pitch  

 

If we consider a point P lying on the surface of a cylinder of radius r that 

moves forming a helix over the surface of said cylinder, then if we define as  ˒

the angle of rotation in the Y-Z plane of radius r, the motion of the point P 

will be governed by the following equations: 

 

           ὼ Ὢ•  

ώ ὶίὭὲ•  

ᾀ ὶὧέί•  
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When the point completes on full rotation over the Y-Z plane, meaning          

 ˒= 2̄ , the distance it has moved forward on the O-X axis is the pitch of the 

propeller. 

 

 

 

 

 

 

 

 

 

 

iv. Expanded Area  

 

LǘΩǎ ǘƘŜ ŎƻƳōƛƴŜŘ ŀǊŜŀ ƻŦ ŀƭƭ Ŧƻƛƭǎ ƻŦ ŀ ǇǊƻǇŜƭƭŜǊΣ ƛŦ ǘƘŜȅ ŀǊŜ ǊƻƭƭŜŘ Ŧƭŀǘ ŀƴŘ 

rotated to zero angle. 

 

  ὃ  ὤ Ὑ᷿ ὧὼὨὼ (2.27) 

 

c(x): true chord radius as a function of the dimensionless blade radius of       

x = r/R  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-8 Visual Representation of Pitch (Carlton, 2018) 

Figure 2-9 Expanded Area of a single blade (Birk, 2019) 
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2.3.2 Propeller  performance Characteristics        

         

The performance characteristics of a propeller can be divided into open 

water and behind-hull properties. In the first case the propeller rotates and moves 

parallel to its axis, the speed with which the propeller moves is called speed of 

advance. Due to the lack of a body in front of the propeller at the open water case, 

the flow that heads towards it is characterized by uniformity, parallelism with the 

ǇǊƻǇŜƭƭŜǊΩǎ ŀȄƛǎ ŀƴŘ ǾŜƭƻŎƛǘȅ ƻŦ Ŝǉǳŀƭ ǾŀƭǳŜ ŀƴŘ ƻǇǇƻǎƛǘŜ ŘƛǊŜŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ǎǇŜŜŘ ƻŦ 

advance.  

 

 

 

 

 

 

 

 

 

 In order for the propeller to rotate a certain amount of Torque must be 

exerted to it, which then leads the propeller to produce Thrust. The point of interest 

is managing to determine the developed Thrust and Torque of the propeller for 

specified speeds of advance and rotations per minute. These values are correlated 

with the water properties such as its density and kinematic viscosity. Also, cavitation 

phenomena should be accounted for. When present, the parameter stp [ ] 

(surface tension parameter) that symbolizes the surface tension (resulting from 

cavitation) coefficient has to be included in the calculations. If the axis or the 

propeller is located in close proximity to the free surface of the water, then there will 

be phenomena of interaction between them, so gravitational acceleration (g) must 

be included as another independent parameter. Lastly, there are geometric 

parameters that influence Torque and Thrust, with the most influential being the 

diameter and pitch of the propeller, the number of blades and the expanded area 

ratio. 

 

Figure 2-10 Propeller behind hull and propeller in open water (Birk, 2019) 
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Specifically, the open water test takes place in a towing tank or a cavitation 

tunnel with the model scale propeller operating in uniform flow. Usually, the 

experiment is performed by moving the propeller forward through the towing tank 

using a towing carriage. Measurements for several operating points are to be taken, 

depending on the loading of the propeller, which is controlled by changing the speed 

of advance while having constant propeller revolutions.  

 

 

 

 

 

 

 

 

 

 

 For these experiments to be carried out, specific dynamometers of free flow 

have been developed. 

 

 

 

 

 

 

 

 

 

Figure 2-11 Propeller open water test using towing tank carriage (Carlton, 2018) 

Figure 2-12 Propeller situated at dynamometer of free flow όʃˇ˂ʾˍʹˌΣ нлмуύ 
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 Assuming that the free surface has no effect on the propeller performance 

we can use dimensional analysis to define the non-dimensional coefficients KT, KQ. 

These coefficients are functions of the non-dimensional advance coefficient J.  

 

i. Thrust coefficient 

 

ὑ  
Ὕ

”ὲὈ
 ςȢςψ 

 

T: Thrust of the Propeller            

:́ Water Density                                                                                                    

n: Revolutions of the Propeller          

D: Diameter of the Propeller 

 

ii. Torque coefficient 

 

ὑ  
ὗ

”ὲὈ
 ςȢςω 

 

Q: Torque of the Propeller            

:́ Water Density             

n: Revolutions of the Propeller          

D: Diameter of the Propeller 
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iii. Advance coefficient 

 

ὐ  
ὠ

ὲὈ
 ςȢσπ 

 

J: Advance coefficient            

n: Revolutions of the Propeller          

D: Diameter of the Propeller 

iv. Open Water efficiency 

 

In the previous chapter we defined open water efficiency as the ratio 

between the Thrust and the Delivered power. Having introduced the Thrust 

and Torque coefficients and replacing them in equation we get: 

 

    –   (2.31)  

 

 The obtained results of the coefficients KT, KQ are presented in what is called 

open water diagram. This diagram contains all the information required to define the 

performance of a propeller under specific operating conditions. The open water 

diagram, depicts KT, KQ and ́ ʁ as functions of the advance coefficient and of P/D 

ratio. 
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Figure 2-13 Propeller open water diagram for one pitch ratio (Birk, 2019) 
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Figure 2-14 Propeller open water diagram for multiple pitch ratios (Carlton, 2018) 

 

 In theory the open water diagrams of a propeller is applicable to any 

propeller with similar geometric form, but due to the influence of scale effects and 

cavitation, this is not entirely true. 

 Cavitation is a complex two-way phenomenon. The mechanism that the 

propeller uses to produce thrust is to form a variable pressure field around the blade 

surfaces. On the back of the blades, it produces suction and on their faces pressure. 

The suction of the blades can reach such values, that the absolute pressure may 

approach the vapor pressure of water, forming small cavities that contain water 

vapor. As these cavities enter regions of higher pressure, they collapse violently, 

producing noise, vibration and material erosion. Moderate levels of cavitation are 

not expected to have impactful results on the propulsion performance. Cavitation 

number, is the non-dimensional quantity used to express it and it is defined as:  

    „   (2.32) 

p0: absolute static pressure at the shaft center         

ps: vapor pressure at the ambient temperature 
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 Open water tests are performed on model scale propeller with low Reynolds 

numbers, in contrast to full scale propellers that operate at higher Reynolds 

numbers. That difference leads to different viscous boundary layers. For full scale 

propellers turbulent flow is expected around the blades of the propeller, whereas in 

for model scale propellers laminar flow can prevail over significant parts of the 

blades. The 1978 ITTC committee suggests an analytical procedure to account for the 

viscous scale effects. 

 

 

 

 

 

 

 

 

 

 

Figure 2-15 Reynolds number effect on Kt and Kq όʃˇ˂ʾˍʹˌΣ нлмуύ 
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2.4 Python  
 

 Python is one of the most commonly used programming languages (Stack 

Overflow Developer Survey 2020, 2021), (The State of Developer Ecosystem 2020 

Infographic, 2021)Φ LǘΩǎ ŀƴ ƛƴǘŜǊǇǊŜǘŜŘ ƘƛƎƘ-level, general-purpose programming 

language which uses significant indentation to achieve code readability. In general, 

Python aims to help the user write clear and logical codes (Dave, 2012). Python was 

created by Guido van Rossum who started working on it in the late 1980s and 

intended it to be a successor to the ABC programming language. Its first release was 

at 1991 as python 0.9.0, Python 2.0 was released at 2000 and Python 3.0 in 2008 

(Van, 2009). 

 The core philosophy of Python is presented in the document The Zen of 

Python where many aphorisms regarding it are included, some notable examples are 

the following (Peters, 2004):  

ω Beautiful is better than ugly. 

ω Explicit is better than implicit. 

ω Simple is better than complex. 

ω Complex is better than complicated. 

ω Readability counts. 

 

 The language was designed so that it can be extensible, meaning that other 

than the core of it and its standard library, there is a vast array of modules that can 

be used to add on its functionality. This design has allowed Python to find multiple 

different usages including web applications, scientific computing, artificial 

intelligence, game creation, finite element method and is included as a standard 

component of many operating systems.  

 More specifically in the case of scientific computing, which was its main 

usage in the context of this thesis paper, there are a number of libraries available to 

be used. Characteristic examples are NumPy, SciPy and Matplotlib which allow the 

effective usage of Python for scientific computing purposes (Michael Aivazis, 2011).  

 tȅǘƘƻƴΩǎ ŀōƛƭƛǘȅ ǘƻ ōŜ ǳǎŜŘ ƛƴ ǾŀǊƛƻǳǎ ŀǇǇƭƛŎŀǘƛƻƴǎΣ ǿƛǘƘ ǘƘŜ ǎŜƭŜŎǘƛƻƴ ƻŦ ǘƘŜ 

right libraries made it the ideal language for this diploma thesis. The need for a 

language that can create a user-friendly GUI, access and create data for the 

monitoring of the vessels and can be used for the scientific computing of the 
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parameters through the available equations, made Python the ideal programming 

language based on the needs of the endeavor. 

 

  

Figure 2-16 Python Powered Usages 
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2.5 Root Finding Algorithms  
 

 A root finding algorithm, as the name suggests, is an algorithm that finds 

zeroes or roots, of continuous functions.  The zero of a function Ὢ is a number ὼ for 

which Ὢὼ π Ȣ In general the zeroes of a function are neither computable nor is 

there a way for them to be expressed in a closed form, so root-finding algorithms 

provide approximations for the zeroes of the functions. 

 Solving equations Ὢὼ Ὣὼ ƛǎƴΩǘ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ŦƛƴŘƛƴƎ ǘƘŜ Ǌƻƻǘǎ ƻŦ ŀ 

function, provided that the functions of the equation are continuous. When they 

both are continuous the solution to the equation is the same as the root of the 

function Ὤὼ Ὢὼ Ὣὼ. It is notable that a root finding algorithm might not 

ŦƛƴŘ ŀƭƭ ǘƘŜ Ǌƻƻǘǎ ƻŦ ŀ ŦǳƴŎǘƛƻƴΣ ƻǊ ŜǾŜƴ ŀƴȅ ŀǘ ŀƭƭ ŀƴŘ ƛǘ ŘƻŜǎƴΩǘ ƳŜŀƴ ǘƘŀǘ ƴƻ Ǌƻƻǘ 

exists (William H. Press, 2007).  

2ȢυȢρ 0Ï×ÅÌÌȭÓ $ÏÇ ,ÅÇ ÍÅÔÈÏÄ       

  

 tƻǿŜƭƭΩǎ 5ƻƎ [ŜƎ ƳŜǘƘƻŘ ƛǎ ŀƴ ŀƭƎƻǊƛǘƘƳ ǳǎŜŘ ŦƻǊ ŦƛƴŘƛƴƎ ǘƘŜ ǎƻƭǳǘƛƻƴ ƻŦ ƴƻƴ-

linear squares problems. These problems consist a form of least squares analysis that 

is used to fit a set of m observations with a non-linear model in n parameters, where 

m җ n. The method usually used is based on approximating the non-linear model 

with a linear one and refining the parameters by successive iterations and its usage is 

found in some non-linear regression methods (M.J. Box, 1969).   

 This method was introduced in 1970 and its basis is the combination of the 

Gauss-Newton algorithm with gradient descent, using an explicit trust region. At 

every iteration of the algorithm there are three different scenarios: 

i. The step from the Gauss-Newton algorithm is within the trust region, then 

this step is used to update the current solution. 

ii. The step from the Gauss-Newton algorithm is not within the trust region and 

neither is the Cauchy point, then the Cauchy point is truncated to the 

boundary of the trust region and is take as the new solution. 

iii. The step from the Gauss-Newton algorithm is not within the trust region but 

the Cauchy point is, then the new solution is taken at the intersection 

between the trust region boundary and the line joining the Cauchy point and 

the Gauss-Newton step (Yuan, 2000). 
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¢ƘŜ ŦƻǊƳǳƭŀǘƛƻƴ ƻŦ tƻǿŜƭƭΩǎ 5ƻƎ-Leg method is as follows: 

 Ὂὼ  Ὢ᷆ὼ᷆  В Ὢὼ  ςȢσς, a least squares problem 

With Ὢȡ ᴙ ᴼᴙ   tƻǿŜƭƭΩǎ ŘƻƎ ƳŜǘƘƻŘ ŦƛƴŘǎ ǘƘŜ ƻǇǘƛƳŀƭ Ǉƻƛƴǘ ὼᶻ ὥὶὫάὭὲὊὼ 

by constructing a sequence ὼ  ὼ  ‏ 

The Gauss- Newton step is given by: 

‏  ὐὐ ὐὪὼ ςȢσσ 

Where the Jacobian matrix * is equal to:  

*
‬Ὢ
Ὥ

ὼὭ
 ςȢστ 

And the steepest descent direction is given by: 

‏  ὐὪὼ ςȢσυ  

 

The objective function is linearized along the steepest descent direction: 

Ὂὼ ὸ‏ Ὢ᷆ὼ ὸὐὼ‏ ᷆  Ὂὼ ὸ‏ ὐὪὼ ὸ ὐ᷆‏ ᷆ (2.36) 

To compute the value of the parameter t at the Cauchy point, the derivative of the 

objective function with respect to t when equal to zero, gives: 

ὸ   
ίὨ‏
ὝὐὝὪὼ

ὐ᷆‏ίὨ᷆
ς
  ςȢσχ 

Given a trust region of radius ɲΣ tƻǿŜƭƭΩǎ ŘƻƎ ƳŜǘƘƻŘ ǎŜƭŜŎǘǎ ǘƘŜ ǳǇŘŀǘŜ ǎǘŜǇ ‏: 

i. ‏ , if the Gauss-Newton step is within the trust region (᷆‏  ᷆ ῳȢ 

ii. 
᷆  ᷆᷆

‏ ᷆ ȟ if both the Gauss-Newton and the steepest descent steps are 

outside the trust region. 

iii. ὸ‏ ί‏ ὸ‏  with s such that ᷆‏  ᷆ῳȟ if the Gauss-Newton step is 

outside the trust region but the steepest descent step is inside it. (Powell, 

1970) 
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Figure 2-17 Powell's Dog Leg Method (Lourakis & Argyros, 2005) 
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2.6 Mathematical optimization  
 

 Mathematical optimization or mathematical programming refers to the area 

of mathematics that deals with the selection of a best element, from a pool of 

alternatives, according to some predefined criteria of choice (INFORMS Computing 

Society). This kind of problems is commonly encountered in all quantitative 

disciplines, including but not limited to, engineering and computer science (Martins 

& Ning, 2021), operations research and economics. Solutions and methods for 

optimizations problems has been an interest of mathematicians for centuries (Du, 

Pardalos, & Wu, 2008). 

 Although the complexity of optimizations problems can be pretty severe, the 

simplest ones consist of maximizing or minimizing a real function, by choosing input 

values from a set and then computing the value of the function. Optimization theory 

along with the techniques used, are a part of applied mathematics.  

2.6.1 Quasi Newton Methods       

  

Before analyzing the quasi-newton methods, we will briefly mention the gradient 

descent and the newton method. 

¶ Gradient descent method: 

 

xk+1 = xk - ʂI Ὢɳὼ  ςȢσψ (Polyak, 1987) 

On the one hand this method is not computationally expensive, the identity 

matrix I ŘƻŜǎƴΩǘ Ŏƻƴǘŀƛƴ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘŜ ŦǳƴŎǘƛƻƴΣ ƳŀƪƛƴƎ ƛǘ ƳƻǊŜ 

difficult for the method to converge on the extremum.  

 

¶ bŜǿǘƻƴΩǎ method:  

 

xk+1 = xk ɀ ʂᶯὪὼ Ὢɳὼ  ςȢσω (Polyak, 1987) 

 

In this method instead of the identity matrix, we take into account the 

inverse of the Hessian matrix. Due to its mathematical properties, this matrix 

contains information about the curvature of the function, making it easier for 

the method to converge. On the other hand, the computation of the inverse 

of the hessian matrix in every iteration is expensive. 
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So, quasi-Newton ƳŜǘƘƻŘǎ ǘǊȅ ǘƻ ŜƳǳƭŀǘŜ ǘƘŜ bŜǿǘƻƴΩǎ ƳŜǘƘƻŘΣ ōǳǘ ǿƛǘƘ ƭŜǎǎ 

computational cost, the basic form of these methods is:  

¶ Quasi Newton methods:  

 

xk+1 = xk ɀ ʂHk Ὢɳὼ ςȢτπ (Polyak, 1987) 

 

Where Hk is a matrix chosen to be more useful than the identity matrix with 

less expensive than ᶯὪὼ , thus the methods combine the speed of the 

bŜǿǘƻƴΩǎ ƳŜǘƘƻŘ ǿƛǘƘ ǘƘŜ ŎƻƳǇǳǘŀǘƛƻƴŀƭ cost being similar to that of the 

Gradient descent method. In that way we can get information about the 

curvature for the area close to xk 

In any Quasi-Newton method, a quadratic approximation is used, so: 

Ὢὼ Ὠ ά Ὠ Ὢὼ Ὢɳὼ Ὠ  
ρ

ς
ὨὄὨ ςȢτρ 

By minimizing the right-hand side of the equation, we derive that the minimizer is  

   Ὠ  ὄ Ὢɳὼ ςȢτς   

So, in any Quasi-Newton Method we have: 

  xk+1 = xk ɀ ʂkὄ Ὢɳὼ ςȢτσ 

Where ́ k and ὄ  are updated iteratively, while ́k is chosen through Back Tracking 

Line Search.  
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2.6.2 BFGS          

  

We have that: 

Ὢὼ Ὠ ά Ὠ ςȢττȟὪὼ Ὠ ά Ὠ ςȢττ 

 

We desire to match the curvature along the trajectory, so in order to accomplish 

that, we require that the gradient of ά  matches the gradient of Ὢ at the last two 

iterations: 

i. άɳ ȿ  ɳὪὼ ςȢτυ  

 

ii. άɳ   = ɳ Ὢὼ ςȢτφ 

Knowing that  ὼ  ὼ  –Ὠ  Oὼ  ὼ  –Ὠ ςȢτχ  

The Secant Equation 

Starting, we know that: 

ά Ὠ Ὢὼ Ὢɳὼ Ὠ  
ρ

ς
Ὠὄ Ὠ ςȢτψ 

Then                ɳά Ὠ Ὢɳὼ  ὄ Ὠ ςȢτω 

So                    άɳ ȿ  ɳὪὼ  ςȢυπ  , so the first requirement for the 

gradient is true,                         

And               ɳ ά   ɳὪὼ  –Ὠὄ ςȢυρ   

From equation (2.51) and condition (ii), (2.47) we derive: 

                           Ὢɳὼ  –Ὠὄ  ɳὪὼ                  

        O    –Ὠὄ   ɳὪὼ   ɳὪὼ  ςȢυς 

From (2.47)  O  –Ὠ  ὼ  ὼ ςȢυσ  

Combining (2.53), (2.52)  O   ὼ  ὼ ὄ   ɳὪὼ   ɳὪὼ  

Replacing ὼ  ὼ) with ί and ɳ Ὢὼ   ɳὪὼ  with ώ we get the       

The Secant Equation   

        ίὄ  ώ ςȢυτ 
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Defining The Hessian Matrix Through Optimization 

The conditions the Hessian Matrix should meet are the following: 

i. ὄ   ὥὶὫάὭὲὄ᷆  ὄ ᷆ςȢυυ 

Meaning, that since the steps we take are close to one another, the 

ǾŀƭǳŜǎ ƻŦ ǘƘŜ IŜǎǎƛŀƴ ōŜǘǿŜŜƴ ǘƘŜ ƛǘŜǊŀǘƛƻƴǎΣ ǎƘƻǳƭŘƴΩǘ ŘƛŦŦŜǊ ƳǳŎƘΦ 

ii. B = BT (2.56) 

As the Hessian Matrix is symmetric by definition 

 

iii. ίὄ  ώ  (2.57) 

As mentioned above, the Hessian must validate the Secant Equation 

In criterion (i) there is a norm, each different norm selection gives a different Quasi 

Newton method. In BFGS, the norm that is used is the weighted Frobenius norm 

which is defined as: 

ὃ᷆᷆   ᷆ύὃύ ᷆ ςȢυψ  

 To understand how the norm is calculated, the Frobenius norm is defined as: 

ὃ᷆᷆  ὃ

ȟ

 ςȢυω 

But, as we have already mentioned, we are interested not on the Hessian itself, but 

on the inverse of it,Ὄ ὄ  so the conditions are:  

i. Ὄ   ὥὶὫάὭὲὌ᷆  Ὄ ᷆ςȢφπ 

ii. H = HT (2.61) 

iii. ώὌ  ί (2Ȣφς 

In the BFGS method we chose as w:  

ύ  ᷿ ᶯὪὼ ὸ–Ὠ Ὠὸ (2Ȣφσ 

Which when calculated gives the result: 

                                          Ὄ Ὅ ”ίώ Ὄ Ὅ ”ώί (2Ȣφτ 

With ”    (2Ȣφυ  
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BFGS Algorithm 

1. Ὠ   Ὄ Ὢɳὼ    

 

2. ὼ  ὼ  –Ὠ  O  ὼ  ὼ Ὄ Ὢɳὼ       

  

3. ί  ὼ  ὼ) 

 

4. ώ  ɳὪὼ   ɳὪὼ         

  

5. Ὄ Ὅ ”ίώ Ὄ Ὅ ”ώί   

 

 

Back Tracking Line Search 

In every iteration we choose a different – based on two requirements: 

i. Ὢὼ  –Ὠ   Ὢὼ ὥ– Ὢɳὼ Ὠ ςȢφφ 

 

ii. Ὢɳὼ  –Ὠ Ὠ  ὥ Ὢɳὼ Ὠ ςȢφχ 

(Nocedal & Wright, 2006) 
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σ -ÅÔÈÏÄÏÌÏÇÙ  

3.1 Governing Equations        

  
 The objective of this thesis paper is to estimate the variation of the Thrust 

coefficient (KT), Torque coefficient (KQ), Wake fraction (w), Thrust deduction 

coefficient (t) and coefficient of added Resistance due to fouling (CɻF) in correlation 

ǘƻ ǘƘŜ ǎƘƛǇΩǎ ŦƻǳƭƛƴƎΦ Lƴ ƻǊŘŜǊ ǘƻ ŀŎƘƛŜǾŜ ǘƘŀǘ ǿŜ ƛƴǘǊƻŘǳŎŜ ǘƘŜ ŀŘŘƛǘƛǾŜ ǉǳŀƴǘƛǘƛŜǎ 

Kɻʆ, ɻ KQ, ɻ w, ɻ t, ɻ CF so the aforementioned parameters are now defined as the sum 

of their original values and the additive quantities. The original values represent the 

condition of the ship after dry docking, when the hull and propeller are both in 

perfect condition whilst the additive quantities depict the effect of the fouling.  

¶ KT = KT + ɻ KT (3.1) 

¶ KQ = KQ Ҍ ʵKQ (3.2) 

¶ w = w Ҍ ʵw (3.3)  

¶ t = t + ɻ t (3.4) 

¶ CF = CF + ɻ CF (3.5) 

In the case of fixed pitch propellers (FPP) we assume that the non-dimensional 

coefficients KT and KQ can be expressed as third-order polynomials. By expressing 

them in this way we can have the Thrust and Torque coefficients as a function of the 

advance coefficient (J) which greatly benefits our calculations.  

ὑ ὐ  ὑ  ὑ  ὐ  ὑ  ὐ ὑ  ὐ  σȢφ 

ὑ ὐ  ὑ  ὑ  ὐ  ὑ  ὐ ὑ  ὐ  σȢχ 

 Furthermore, for approximating the Effective Horsepower at ship speeds, 

knowing that: 

ὉὌὖ Ὑὠ

Ὑ  
ρ

ς
ὧ ὡὛὠ

 
 
ᵼὉὌὖ 

ρ

ς
ὧ ὡὛὠ

 
 σȢψ 

So, with the total resistance coefficient and the wetted surface being constants, 

effective horsepower can be also expressed as a third-order polynomial in relation to 

ǘƘŜ ǎƘƛǇΩǎ ǎǇŜŜŘΦ 

ὉὌὖὠὛ  ὉὌὖ  ὉὌὖὠὛ  ὉὌὖ ὠὛ ὉὌὖ ὠὛ  σȢω 

IŀǾƛƴƎ ǘƘŜ 9ŦŦŜŎǘƛǾŜ IƻǊǎŜǇƻǿŜǊ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǎƘƛǇΩǎ ǎǇŜŜŘ ƛǎ ŀƭǎƻ ǊŜŀƭƭȅ 

beneficial for the calculation of the fouling parameters. 
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The approach that should be followed in order to calculate the variation of the 

parameters is influenced by the availability of a Thrust meter onboard. In both cases 

though, the procedure consists of a number of full-scale trials done on board and the 

evaluation of the results through the algorithm. As far as the onboard experiments 

are concerned, they should take place under calm sea conditions so the added 

resistance from sea waves is not a factor.  

Using the coefficient of added Resistance due to fouling (CɻF) we get: 

Ὑ‏  
ρ

ς
”ὡὛὠ‏ὅ  σȢρπ 

The total resistance taking into account the Wind Resistance and the fouling: 

Ὑ  ὢ  
ρ

ς
”ὡὛὠ‏ὅ Ὕ ρ ‏ ὸ  ὸ σȢρρ‏

The thrust coefficient: 

ὑ ὑ‏  
Ὕ  ‏

”ὲὈ
 
Ὑ  ὢ  

ρ
ς”ὡὛὠ‏ὅ

”ὲὈ ρ ὸ ὸ‏
  σȢρς 

The torque coefficient: 

ὑ ὑ‏  
ὗ ὗ‏

”ὲὈ
 
ὛὌὖϽ–Ͻ–

”ὲὈ
  σȢρσ 

The advance coefficient: 

ὐ
ὠ ρ ύ ύ‏

ὲὈ
  σȢρτ 

 

Then depending on weather there is a Thrust meter available onboard or not, 

there are two different systems to be solved. For each different case a different 

number of experiments is to be executed and based on the measurements the 

assessment of the fouling state is done. 

 

 

 

 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

45 
 

Firstly, if the ship is equipped with a Thrust meter, the equations that govern the 

problem are: 

Case A  

 

1. + ὐ ɿ+      
Ͻ  Ͻ  

 
  (3.15)  

2. + ὐ ɿ+     
Ͻ  Ͻ  

 
  (3.16) 

3. + ὐ ɿ+     
 
  (3.17)  

4. + ὐ ɿ+      (3.18) 

5. ὐ     
  (3.19)  

6. ὐ    
 (3.20)  

7. Ὑ ὢ  ρς”ὡὛὠί‏ὧ Ὕ ρ ὸ  ὸ σȢςρ‏

8. Ὑ ὢ  ρς”ὡὛὠί‏ὧ Ὕ ρ ὸ  ὸ σȢςς‏

 

 

. 
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LŦ ǘƘŜ ǎƘƛǇ ƛǎƴΩǘ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ ¢ƘǊǳǎǘ meter, then the set of equations is 

differentiated. The system of equations that define the problem becomes:  

Case B  

1. + ὐ ɿ+  =  
   

 
  (3.23)      

  

2. + ὐ ɿ+  =  
   

 
  (3.24)      

   

3. + ὐ ɿ+ =  
   

 
  (3.25)      

  

4. J1 =     
 (3.26)       

  

5. J2 =   
 

  
 (3.27)       

  

6. J3 =     
 (3.28)       

       

7. + ὐ ɿ+  =  
Ⱦ   

 
  (3.29)    

    

8. + ὐ ɿ+  = 
24ς87ςρȾςʍ73 ὠίς

ς
 ɿὅὊ

”́ ς
ςὈτρ  Ôς ɿÔ

 (3.30)    

      

9. + ὐ ɿ+ =  
Ⱦ   

 
  (3.31)    

     

 

Solving the aforementioned equations for the values recorded on the onboard 

experiments, we can determine the additive parameters that define the fouling state 

ƻŦ ǘƘŜ ǎƘƛǇΩǎ Ƙǳƭƭ ŀƴŘ ǇǊƻǇŜƭƭŜǊΦ 
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3.2 Experiments          

   
The experiments should take place on calm water minimizing the effect of sea 

waves on the resistance and in general on the propulsive performance of the vessel. 

Even though this kind of sea condition is not rare, a certain amount of wind is almost 

always apparent. The existence of wind affects the resistance of the vessel, so the 

added wind resistance will also have to be calculated for the fouling parameters to 

ōŜ ŀŎŎǳǊŀǘŜΦ ¢ƘŜ ǿƛƴŘ ǊŜǎƛǎǘŀƴŎŜ ƛǎƴΩǘ ŎŀƭŎǳƭŀǘŜŘ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ōȅ ǘƘŜ ŎƻŘŜΣ ǎƻ ǘƘŜ 

user should calculate it by hand. An analytic guide on how it should be done is 

provided. 

As it has already been mentioned the number of full-scale experiments done on 

ōƻŀǊŘ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ ŀ ¢ƘǊǳǎǘ ƳŜǘŜǊΣ ǿƘƛŎƘ Ƴƻǎǘ ƻŦ ǘƘŜ ǘƛƳŜ ƛǎƴΩǘ ǘƘŜ 

case. When one is available (case A), then the experiment has to be repeated 2 times 

and when it is not (case B), the experiment is to be repeated 3 times. In both cases 

ǘƘŜ ŜƴƎƛƴŜΩǎ ƻǳǘǇǳǘ ό{ItύΣ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ό±SύΣ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ ǊŜǾƻƭǳǘƛƻƴǎ όbύΣ ŀǎ 

well as the velocity and direction of the speed should be measured and only in case 

A, the Thrust produced by the ship. 

It has to be noted that these experiments should not only take place when the 

performance of the ship has deteriorated due to fouling, but also after every dry-

docking. Ageing of the ship affects is performance, mainly through increasing the 

roughness of the hull. By repeating the experiments after each dry-docking, we 

integrate this phenomenon in our calculations. That way when the experiments are 

done for the calculation of the fouling, they will not contain the effects of ageing. 

Preferably, the nominal values of the inputs should be changed so they represent the 

new clean condition of the ship, including the ageing, based on the additive 

parameters calculated after the dry-docking of the vessel. 
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τ 3ÏÆÔ×ÁÒÅ 

 

 The language that was selected for the script to be written was Python. The 

reasoning behind this choice is that Python is a General-Purpose language, making it 

flexible enough to be able to tend to the needs of the problem, from the calculation 

of the coefficients and their presentation to creating a Graphical User Interface. 

Another aspect that made Python the most suitable language is the vast number of 

libraries that have been created. Finding the ones that suit the requirements of the 

project proved to be really beneficial. Lastly, the simplicity of writing in python was 

also really helpful. 

 

 

 

 

 

 

 

 In this section of the thesis the libraries that were used in the code will be 

presented and their main usages will be explained. Their usage varied from creating 

the GUI for the easier interaction between the user and the code, the presentation 

of the results in PDF form, to automatically reading the necessary inputs from TXT 

files to solving optimization problems.  
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4.1 Graphical User Interface  
           

 For the convenience of the user the decision to create a GUI was made. 

Python and its libraries provide the tools required to create a functional and easy to 

use GUI. For the purpose of the script two separate libraries were used. 

i. tkinter 

It is the standard Python interface and is available on most Unix 

platforms, including macOS, as well as Windows systems. Tkinter 

provides the user with the ability to create buttons, input sections and 

message boxes, making sure the user has all the necessary 

information when using the script. 

ii. ttkthemes 

 

For the purpose of the GUI being more presentable and easier on the 

eye, ttkthemes library was used. It provided the style that was 

selected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 Graphical User Interface 
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4.2 Reading Files ɀ Pandas 
           

 Due to the nature of the problem, a sufficient amount of data needs to be 

ǎǘƻǊŜŘΦ ¢ƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ŀ ǎƘƛǇΩǎ ŦƻǳƭƛƴƎ ŀǘ ŀ ƎƛǾŜƴ ƳƻƳŜƴǘ ǊŜǉǳƛǊŜǎ ǘƘŜ ǎǘƻǊŀƎŜ ƻŦ 

all the correlated values. Reading files and in some cases even changing their format 

was made possible with the usage of pandas library. In our code the main usage of 

pandas was to read the files containing the necessary values and arrange them to 

lists.  

  

The usage of the pandas library enabled us to easily collect and transform the 

data from the ships without having to type them one by one. It helped with the 

automation of the procedure making it easier for the data of new ships to be passed 

onto the code (The pandas development team, 2020).   

 

 

 

 

 

Figure 4-2 TXT to python input through Pandas 
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4.3 Creation of PDF files        

  
Instead of letting the user take the results from the terminal of the computer, 

the method chosen for exporting them was through PDF files. The creation of PDF 

files can be analyzed into two separate procedures. The first one is the creation of 

single page PDF and formatting them so that the results are presented in a nice way 

and the second part is managing to create multiple pages of PDF files.  

i. reportlab 

 

For the creation and the formatting of single page PDF files, the 

library reportlab was used. The tools that it offers made it possible to 

format the results of the code in a presentable way, as it gave the 

ability to input pictures and shape the lines, font and colors as we 

deemed preferable.   

 

ii. PyPDF2 

 

Using this library, we managed to merge pre-existing PDF files created 

by the code so we can create a single one that includes all the results 

together. As a result, the user can obtain everything he needs in a 

single file making the program easier to use.  

 
 

Figure 4-3 PDF file created using reportlab library 
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4.4 Mathematical Operators        

  
The most important Python libraries used are those that were utilized in 

order to build, solve and plot the solutions to the equations. The libraries used and 

the purposes they fulfilled are the following: 

i. math 

 

Math is a library that includes many mathematical functions and 

other useful tools. What we used it for, is that it includes a good 

approximation of the number pi that helped us build the equations 

that govern the problem (Van Rossum, 2020). 

 

ii. Numpy      

NumPy is an open-source project that enables numerical computing 

with Python. More specifically in our code it was used to create 3rd 

degree polynomials based on the data provided by the reports of the 

ships (Harris, Millman, & van der Walt, 2020). 

iii. Matplotlib 

 

Matplotlib is a comprehensive library for creating static, animated and 

interactive visualizations in Python. The creation of the figures for the 

reports was where it found usage in our code (Hunter, 2007). 

 

iv. Scipy.optimize 

SciPy is an opensource software for mathematics, science and 

engineering. It covers a vast area of applications, more specifically 

Scipy.optimize deals with optimization and root finding problems and 

was used for both purposes in the code (Scipy Development Group, 

2020).  

 

 All the aforementioned libraries and their usages will be explained in greater 

depth in the analysis of the code. 
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υ !ÌÇÏÒÉÔÈÍ !ÎÁÌÙÓÉÓ   

5.1 Inputs           

  
Firstly, the algorithm, given the name of the vessel and the available data in the 

correct from, reads them and manipulates them so they can be used later. The 

necessary data are obtained from the model test (MOERI) of the ship and the open 

water characteristics of the design propeller. The interface created serves the 

purpose to make it as easy as possible for the user to input the data from the tests 

and the experiments.  

i. {ƘƛǇΩǎ Name and Characteristics 

 

The user manually inputs the ships name and main dimensions creating a txt 

file that can be used again in the future. It should be noted that when 

ǿƻǊƪƛƴƎ ƻƴ ŀ ŘƛŦŦŜǊŜƴǘ ŘǊŀŦǘΣ ǘƘŜƴ ǘƘŜ ǎƘƛǇΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ǎƘƻǳƭŘ ōŜ ǊŜǾƛǎŜŘΦ 

Ship characteristics consist of:  

 

¶ The name of the ship  

¶ ¢ƘŜ ǎƘƛǇΩǎ ƭŜƴƎǘƘ ό[ύ ƛƴ ƳŜǘŜǊǎ 

¶ ¢ƘŜ ǎƘƛǇΩǎ ōǊŜŀŘǘƘ ό.ύ ƛƴ ƳŜǘŜǊǎ 

¶ ¢ƘŜ ǎƘƛǇΩǎ ŘŜǇǘƘ ό5ύ ƛƴ ƳŜǘŜǊǎ  

¶ ¢ƘŜ ǎƘƛǇΩǎ ŘǊŀŦǘ ό¢ύ ƛƴ ƳŜǘŜǊǎ 

¶ ¢ƘŜ ǇǊƻǇŜƭƭŜǊΩǎ ŘƛŀƳŜǘŜǊ ό5P) in meters 

The txt file created is saved automatically and can be later used, assuming 

the analysis is done for the same draft. 

ii. Effective Horsepower (EHP) 

 

All the available values of the Effective Horsepower of the ship as a function 

of its speed for the draft we want to do the analysis are stored on a txt file. 

The Effective Horsepower must be in kilowatts and the corresponding speeds 

in knots. These values are obtained from the model test of the ship. 
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iii. Open Water Characteristics of the Design Propeller 

 

From the open water propeller characteristics of the propeller the user inputs 

the values available for the Torque Coefficient KQ multiplied by ten and the 

Thrust Coefficient KT as a function of the advance coefficient J.  

 

iv. Wake, Thrust deduction fraction, Rotational efficiency and Shafting efficiency 

 

From the model test results the user gets all the available values in 

correlation to the speed and proceeds to store them on a txt file. All of the 

data are dimensionless except for the speed that should again be on knots. 

¢ƘŜ ǳǎŜǊ Ƴŀƴǳŀƭƭȅ ƛƴǇǳǘǎ ƻƴƭȅ ǘƘŜ {ƘƛǇΩǎ ƴŀƳŜ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻƴ ǘƘŜ GUI, the 

rest are read automatically by the program, given the name of the vessel. The 

formatting, name and location of the files is explained in greater detail at the 

chapter Introduction to the Graphical User Interface.  
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5.2 Data Reading and Manipulation      

  
 Data used by the algorithm can be separated into two categories. The first 

category consists of the data that need no further action to be usable from the code 

and the second one of those who demand further actions for them to be used. In the 

ŦƛǊǎǘ ŎŀǘŜƎƻǊȅ ōŜƭƻƴƎ ǘƘŜ ǎƘƛǇΩǎ ƴŀƳŜ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀǎ ǿŜƭƭ ŀǎ ǿŀƪŜΣ ǘƘǊǳǎǘ 

deduction fraction, rotational efficiency and the shafting efficiency of the vessel and 

on the second one the effective horsepower (EHP) as well as the open water 

propeller characteristics (KQ,KT) whose values are used for the creation of the third-

degree polynomials.  

 The data that belong into the first category are simply converted into Python 

lists which are stored for later use. In case data for a specific speed are not available 

on the model test then they are approximated through linear interpolation on the 

closest set of points. For the reading of the data through the txt files tȅǘƘƻƴΩs 

Pandas library was used and more specifically the read_csv function and for creating 

the lists, the built-in function of Python, tolist. 

In this category of data also belong the user inputs, for the results of the 
experiments as well as the values of the parameters for the propulsive performance 
diagrams of the vessel. These values are stored into Python variables so they can be 
used by the algorithm, which was done using tȅǘƘƻƴΩǎΣ built in function get. 
 

 Figure 5-2 Example of reading input value 

Figure 5-1 Example of data to list conversion 
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The data that belong into the second category are to be used for the creation 

of the 3rd order polynomials. In this case, after we read and convert them to lists like 

the data in the previous category, we use those lists in order to create the 

polynomials. For the calculation of the polynomial coefficients, we use tȅǘƘƻƴΩǎ 

Numpy library and more specifically the polyfit function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-3 Example of polynomial coefficients calculation 
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5.3 Performance Diagrams        

  
9ȄŎŜǇǘ ŦƻǊ ŜǾŀƭǳŀǘƛƴƎ ǘƘŜ ǾŜǎǎŜƭΩǎ ŦƻǳƭƛƴƎ state, the algorithm can also 

produce performance diagrams. These diagrams are characterized by the initial 

ǿƻǊƪƛƴƎ Ǉƻƛƴǘ ǿƘƛŎƘ Ŏƻƴǎƛǎǘǎ ƻŦ ǘƘŜ ǇƻǿŜǊ ƻǳǘǇǳǘ ό{ItύΣ ǘƘŜ ǎƘƛǇΩǎ ǎǇŜŜŘ ό±S) and 

the rotations of the propeller (RPM), the initial values of the parameters (w, t), the 

range of the parameters variation(ʵɼQ,ʵɼʆ, cɻF), are all selected by the user.  

The algorithm produces 15 diagrams, in which one of the values of the initial 

working point is constant, depicting the variation of the other two values. These 

ŘƛŀƎǊŀƳǎ ŀǊŜ ŀ ǉǳŀƭƛǘŀǘƛǾŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ǾŜǎǎŜƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜΣ ǎƘƻǿƛƴƎ ǘƘŜ 

influence each parameter and its variation has on the performance. 

 

1. RPM = Constant, Variation of ɻɼQ, ɻ CF 

 

    The equations that govern the problem are:  

 

ừ
ỬỬ
Ừ

ỬỬ
ứ ὐ  

ὠίρ ύ 

ὔὈ

ὑ ὐ
ὛὌὖ – –   

ς“”́ Ὀ
ὑ ὐ

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ

 

 

Since CɻF is present the value of the effective horsepower (EHP) is affected as 

follows: 

ὉὌὖὠί   Ὑὠί 

Ὑ  Ὑ ὧ ὡὛὠ‏ 
 

Ҧ  ὉὌὖᴂὠί = ὉὌὖὠί / ὠί +   ὧ ὡὛὠ ) ὠί‏

9ItΩҐ 9ŦŦŜŎǘƛǾŜ IƻǊǎŜǇƻǿŜǊ ŦƻǊ ǘƘŜ ŦƻǳƭŜŘ ŎƻƴŘƛǘƛƻƴ       

R¢Ω = Total Resistance for the fouled condition 

So, the system is now transformed into: 

ừ
Ử
Ừ

Ử
ứ ὐ  

ὠί ρ ύ 

 ́
 Ὀ 

ὑ ὐ

ὐ  

ὉὌὖὠί Ⱦ ὠί 
ρ
ς‏ὧ ὡὛὠ  ὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
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Having KT as a third order polynomial of the advance coefficient J, we can 

arithmetically solve this 2x2 system using the function fsolve of tȅǘƘƻƴΩǎ 

library Scipy.Optimize. 

After calculating the advance coefficient (J) and the speed, we proceed to 

calculate the corresponding power output SHP, taking into account the 

additive parameter ɻ ɼQ. 

ὛὌὖ
ὑ ὐ ὑ‏  ς“”́ Ὀ 

– – 
  

We repeat these calculations until we have created all the necessary points                                         

(Vs,SHP) and then we plot them. 

   

 

           

           

      

Figure 5-4 Example of diagram calculation 
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2. SHP = Constant, Variation of ɻɼQ, ɻ CF 

 

Having already explained how we take into account ɻCF in the calculation of 

EHP(VS), the system to be solved is as follows:  

 

ừ
Ử
Ử
Ừ

Ử
Ử
ứ ὐ  

ὠίρ ύ 

ὔὈ

ὑ ὐ ὑ‏
ὛὌὖ – –   

ς“”́ Ὀ

ὑ ὐ

ὐ  

ὉὌὖὠί Ⱦ ὠί 
ρ
ς‏ὧ ὡὛὠ  ὠί 

ὠί ρ ύ ρ ὸ ”Ὀ

 

 

This is a 3x3 system and solving it gives us the combination of J, Vs and N, then 

ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ Ǌƻǘŀǘƛƻƴǎ όVs, N), that 

define the working points of the ship, are plotted. 

 

3. Vs = Constant, Variation of ɻ ɼQ, ɻ CF 

 In this case we can calculate the advance coefficient through the equation:  

ὑ ὐ

ὐ  

ὉὌὖὠί Ⱦ ὠί 
ρ
ς‏ὧ ὡὛὠ  ὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

As it is the only unknown. We proceed to calculate the rotations of the propeller 

through the advance coefficient identity and the power output through the 

Torque coefficient. 

  

ừ
Ử
Ừ

Ử
ứ ὔ  

ὠί ρ ύ 
ὐ  Ὀ 

ὛὌὖ
ὑ ὐ ὑ‏  ς“”́ Ὀ 

– – 
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4. Vs = Constant, Variation of ɻ ɼQ, w 

We follow the methodology of case 3 to calculate the advance coefficient, with 

the equation of the effective horsepower not including the cɻF, so: 

ὑ ὐ

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

And then we calculate the propeller revolutions and the power output (N, SHP) 

based on the advance coefficient. 

   

ừ
Ử
Ừ

Ử
ứ ὔ  

ὠί ρ ύ 
ὐ  Ὀ 

ὛὌὖ
ὑ ὐ ὑ‏  ς“”́ Ὀ 

– – 
 

 

 

Where the value of wake (w) changes with every iteration. 

5. RPM = Constant, Variation of ɻ ɼQ, w 

We use the same methodology as the aforementioned RPM = constant case 

(case1), but the Effective Horsepower is only depended on Vs.  

  

ừ
Ử
Ừ

Ử
ứ ὐ  

ὠί ρ ύ 

 ́
 Ὀ 

ὑ ὐ

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

 

 

After solving the 2x2 system we get the speed and advance coefficient based on 

which we proceed to calculate the power output (SHP). 

ὛὌὖ
ὑ ὐ ὑ‏  ς“”́ Ὀ 

– – 
 

The value of wake (w) changes with every iteration. 
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6. SHP = Constant, Variation of ɻ ɼQ, w 

We use the same methodology as the aforementioned SHP = constant (case2), 

but the Effective Horsepower is depended only on Vs  

  

ừ
ỬỬ
Ừ

ỬỬ
ứ ὐ  

ὠίρ ύ 

ὔὈ

ὑ ὐ ὑ‏
ὛὌὖ – –   

ς“”́ Ὀ
ὑ ὐ

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ

 

 

The value of wake (w) changes with every iteration. 

 

 

7. RPM = Constant, Variation of ɻ ɼQ, ɻ ɼʆ 

 

We use the same methodology as the aforementioned RPM = constant case 

(case1), but the Effective Horsepower is only depended on Vs, due to the lack of  

CɻF.  

 

ừ
Ử
Ừ

Ử
ứ ὐ  

ὠί ρ ύ 

 ́
 Ὀ 

ὑ ὐ ὑ‏

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

 

 

 

We solve the system to calculate the advance coefficient and the speed of the 

vessel and we proceed to calculate the power output (SHP). 

 

ὛὌὖ
ὑ ὐ ὑ‏  ς“”́ Ὀ 

– – 
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8. SHP = Constant, Variation of ɻ ɼQ, ɻ ɼʆ 

We use the same methodology as the aforementioned SHP = constant case 

(case2), but the Effective Horsepower is only depended on Vs.  

ừ
ỬỬ
Ừ

ỬỬ
ứ ὐ  

ὠίρ ύ 

ὔὈ

ὑ ὐ ὑ‏
ὛὌὖ – –   

ς“”́ Ὀ
ὑ ὐ ὑ‏

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ

 

 

When calculating KQ ,KT, we take into account the additive coefficients ɻ ɼQ, ɻ ɼʆ. 

9. Vs = Constant, Variation of ɻ ɼQ, ɻ ɼʆ 

 

We use the same methodology as the aforementioned Vs = constant (case3), but 

the Effective Horsepower is constant 

ὑ ὐ ὑ‏

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

And then we calculate the propeller revolutions and the power output (N, SHP) 

based on the advance coefficient. 

   

ừ
Ử
Ừ

Ử
ứ ὔ  

ὠί ρ ύ 
ὐ  Ὀ 

ὛὌὖ
ὑ ὐ ὑ‏  ς“”́ Ὀ 

– – 
 

 

 

When calculating KQ ,KT, we take into account the additive coefficients ɻ ɼQ, ɻ ɼʆ. 
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10. RPM = Constant, Variation of ɻCF, w 

We use the same methodology as the aforementioned RPM = constant (case1). 

ừ
Ử
Ừ

Ử
ứ ὐ  

ὠί ρ ύ 

 ́
 Ὀ 

ὑ ὐ

ὐ  

ὉὌὖὠί Ⱦ ὠί 
ρ
ς‏ὧ ὡὛὠ  ὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

 

 

After we have calculated the advance coefficient J, we can calculate the 

power output 

 

ὛὌὖ
ὑ ὐ ς“”́ Ὀ 

– – 
  

 The value of wake (w) changes with every iteration. 

 

11. SHP = Constant, Variation of ɻCF, w 

We use the same methodology as the aforementioned SHP = constant (case2).  

  

ừ
Ử
Ử
Ừ

Ử
Ử
ứ ὐ  

ὠίρ ύ 

ὔὈ

ὑ ὐ
ὛὌὖ – –   

ς“”́ Ὀ

ὑ ὐ

ὐ  

ὉὌὖὠί Ⱦ ὠί 
ρ
ς‏ὧ ὡὛὠ ὠί 

ὠί ρ ύ ρ ὸ ”Ὀ

 

 

The wake value (w) changes with every iteration 
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12. Vs = Constant, Variation of ɻCF, w 

 

We use the same methodology as the aforementioned Vs = constant case 

(case3). 

   

ὑ ὐ

ὐ  

ὉὌὖὠί Ⱦ ὠί 
ρ
ς‏ὧ ὡὛὠ  ὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

As it is the only unknown. We proceed to calculate the rotations of the propeller 

through the advance coefficient identity and the power output through the 

Torque coefficient. 

  

ừ
Ử
Ừ

Ử
ứ ὔ  

ὠί ρ ύ 
ὐ  Ὀ 

ὛὌὖ
ὑ ὐ ς“”́ Ὀ 

– – 
 

 

The wake value (w) changes with every iteration. 

 

13. RPM = Constant, Variation of t, w 

We use the same methodology as the aforementioned RPM = constant (case1).  

ừ
Ử
Ừ

Ử
ứ ὐ  

ὠί ρ ύ 

 ́
 Ὀ 

ὑ ὐ

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

 

 

After we have calculated the speed and advance coefficient J, we can 

calculate the power output 

 

ὛὌὖ
ὑ ὐ ς“”́ Ὀ 

– – 
  

The values of wake and thrust deduction fraction (w, t) change with every 

iteration. 
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14. SHP = Constant, Variation of t, w 

 

We use the same methodology as the aforementioned SHP = constant (case2).  

 

ừ
ỬỬ
Ừ

ỬỬ
ứ ὐ  

ὠίρ ύ 

ὔὈ

ὑ ὐ
ὛὌὖ – –   

ς“”́ Ὀ
ὑ ὐ

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ

 

 

The values of wake and thrust deduction fraction (w, t) change with every 

iteration. 

 

 

 

15. Vs = Constant, Variation of t, w 

We use the same methodology as the aforementioned Vs = constant (case3).   

ὑ ὐ

ὐ  

ὉὌὖὠί 

ὠί ρ ύ ρ ὸ ”Ὀ
 

As it is the only unknown. We proceed to calculate the rotations of the propeller 

through the advance coefficient identity and the power output through the 

Torque coefficient. 

  

ừ
Ử
Ừ

Ử
ứ ὔ  

ὠί ρ ύ 
ὐ  Ὀ 

ὛὌὖ
ὑ ὐ ς“”́ Ὀ 

– – 
 

 

The values of wake and thrust deduction fraction (w, t) change with every 

iteration. 
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System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

69 
 

5.4 Propulsive Performance Evaluation      

  
 ¢Ƙƛǎ ƛǎ ǘƘŜ ŎƻǊŜ ƻŦ ǘƘƛǎ ŘƛǇƭƻƳŀ ǘƘŜǎƛǎΣ ƳŀƴŀƎƛƴƎ ǘƻ ǉǳŀƴǘƛŦȅ ǘƘŜ ǎƘƛǇΩǎ ŦƻǳƭƛƴƎ 

through the additive parameters/coefficients given the data from the onboard 

experiments and the results from the model and open water tests of the ship. As 

mentioned above we got two set of equations and therefore two different systems 

to be solved depending on the availability of a thrust meter.   

CASE A ς A Thrust meter is available 

In this case the experiment has to take place two times for two different speeds 

The available data in this case are: 

i. The speeds of the onboard experiments (V1, V2) in knots 
ii. ¢ƘŜ ǇǊƻǇŜƭƭŜǊΩǎ Ǌƻǘŀǘƛƻƴǎ ŦƻǊ ŜŀŎƘ ŜȄǇŜǊƛƳŜƴǘ όb1, N2) in RPM 
iii. The power output of the engine for each experiment (SHP1, SHP2) in PS 
iv. The Thrust generated in each experiment (T1, T2) in Tones 
v. The calculated Wind Resistance (Xw1, Xw2) in Tones 

The first step is retrieving and calculating the values that define the clean state of the 

vessel for each experimental speed. For the values of wake, thrust deduction fraction, 

rotational and shafting efficiency we use the list that have already been created. 

 

Figure 5-5 Retrieving Data example 

So other than the aforementioned data we also have available: 

vi. The wake (w1, w2) 

vii. The thrust deduction (t1, t2) 

viii. The rotational efficiency (́R1, ́ R2) 

ix. The shafting efficiency (́S) 
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Then we calculate the Resistance of the ship in clean state for those speeds. 

We know from theory that: 

Ὑ
ὉὌὖ

ὠί
 

And we have the third-degree ǇƻƭȅƴƻƳƛŀƭ ƻŦ 9It ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǎƘƛǇΩǎ ǎǇŜŜŘΥ 

ὉὌὖὠὛ  ὉὌὖ  ὉὌὖὠὛ  ὉὌὖ ὠὛ ὉὌὖ ὠὛ  

So: 

Ὑ
ὉὌὖπ  ὉὌὖρὠ  ὉὌὖς ὠ

ς ὉὌὖσ ὠ
σ

ὠί
 

 

The EHP polynomial output is in PS and the speed is in knots, so to get the resistance 

in Tones, we have:  

ὖὛ

Ὧὲ

χυὯὴ
ά
ί

πȢυρττ
ά
ί

χυ
ρπππ
πȢυρττ

ὝέὲὩί
ρ

φȢψυω
ὝέὲὩί 

 

So: 

Ὑ ὝέὲὩί
ὉὌὖπ  ὉὌὖρὠ  ὉὌὖς ὠ

ς ὉὌὖσ ὠ
σ

φȢψυωϽὠ
 

 

 

Figure 5-6 Resistance Calculation 
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Then we can start solving the system: 

1. + ὐ ɿ+      
Ͻ  Ͻ  

 
 

2. + ὐ ɿ+     
Ͻ  Ͻ  

 
 

3. + ὐ ɿ+     
 
 

4. + ὐ ɿ+     

5. ὐ     
 

6. ὐ    
 

7. Ὑ ὢ  ρς”ὡὛὠί‏ὧ Ὕ ρ ὸ  ὸ‏

8. Ὑ ὢ  ρς”ὡὛὠί‏ὧ Ὕ ρ ὸ  ὸ‏

 

We begin by subtracting equations 3 and 4: 

(9) = (3) ς (4) Ҧ 

(9): + ὐ ɿ+ + ὐ ɿ+  
Ὕρ

”́ ρ
ςὈτ

 
Ὕς

”́ ς
σὈτ

  

Ҧ (9): + ὐ + ὐ  
Ὕρ

”́ ρ
ςὈτ

 
Ὕς

”́ ς
ςὈτ

  

And having already calculated the polynomial coefficients of the thrust coefficient 

we get: 

ωȡ ὑ  ὐ  ὑ   ὐ ὑ ὐ  ὑ  ὐ  ὑ   ὐ ὑ ὐ
Ὕ

”́ Ὀ
 
Ὕ

”́ Ὀ
 

Then we solve for ɻ w and subtract equations 5 and 6: 

(10): (5)-(6) Ҧ 

ρπȡ  
ὔ  Ὀ 

ὠί
 
ὔ  Ὀ 

ὠί
 ύ ύ  
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Equations (9), (10) produce a 2x2 system with the unknowns being the advance 

coefficients J1, J2 that can be arithmetically solved using tȅǘƘƻƴΩǎ {ŎƛǇȅΦƻǇǘƛƳƛȊŜ 

ƭƛōǊŀǊȅΩǎ function fsolve. 

Having the advance coefficients, we can calculate the values of the Torque and 

Thrust coefficients without the additive parameters ɿ+ȟɿ+ Ḋ 

+ ὐ ὑὝπ  ὑὝρ ὐ  ὑὝς ὐ 
ς ὑὝσ ὐ 

σ  

ὑ ὐὭ  ὑ  ὑ ὐὭ  ὑ  ὐὭ ὑ  ὐὭ  

And from (1), (3) we can calculate the additive coefficients ɿ+ȟɿ+ : 

σȡɿ+
Ὕ

”́ Ὀ
+ ὐ  

ρȡɿ+
ὛὌὖ –   – 

ς“”́ Ὀ
+ ὐ  

From (5) we can calculate the additive coefficient wɻ: 

υȡ‏ύ ρ ύ  
ὔὈ ὐ

ὠί
 

²Ŝ ƘŀǾŜ ŀƭǊŜŀŘȅ ŎŀƭŎǳƭŀǘŜŘ ǘƘŜ ŎƭŜŀƴ ǎƘƛǇΩǎ ǊŜǎƛǎǘŀƴŎŜǎ Ὑ ȟὙ  so by solving the 

2x2 system of equations (7), (8) we derive the additive coefficients ‏ὸȟ‏ὧ 

 

 

 

 

 

 

 

Figure 5-7 Solving the Thrust coefficient system 
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CASE B A Thrust meter is not available 

In this case the experiment has to take place two times for three different speeds 

The available data in this case are: 

i. The speeds of the onboard experiments (V1, V2, V3) in knots 
ii. ¢ƘŜ ǇǊƻǇŜƭƭŜǊΩǎ rotations for each experiment (N1, N2, N3) in RPM 
iii. The power output of the engine for each experiment (SHP1, SHP2, SHP3) in PS 
iv. The calculated Wind Resistance (Xw1, Xw2, Xw3) in T 
v. The wake (w1, w2, w3) 

vi. The thrust deduction (t1, t2, t3) 

vii. The rotational efficiency (́R1, ́ R2, ́ R3) 

viii. The shafting efficiency (́S) 

ix. The clean ship resistances (RT1, RT2, RT3) in T 

 

We retrieve and calculate the nominal values that define the clean hull state of the 

ship as mentioned in Case A. The equations that govern the problem in Case B are:   

1. + ὐ ɿ+  =  
   

 
 

2. + ὐ ɿ+  =  
   

 
 

3. + ὐ ɿ+ =  
   

 
 

4. J1 =     
 

5. J2 =   
 

  
 

6. J3 =     
 

7. + ὐ ɿ+  =  
Ⱦ   

 
 

8. + ὐ ɿ+  = 
24ς87ςρȾςʍ73 ὠίς

ς
 ɿὅὊ

”́ ς
ςὈτρ  Ôς ɿÔ

 

9. + ὐ ɿ+ =  
Ⱦ   

 
 

We could theoretically follow the steps of Case A by choosing a couple from the 

Torque coefficient equations (1), (2), (3) and the advance coefficient identities (4), 

(5), (6) and create a 2x2 system that is arithmetically solvable. Even though that is 

possible, the KQ identity represents a slightly less heavily loaded propeller 

(International Towing Tank Conference, 2008), making the results of such an 
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approach unreliable. That means that a different approach has to be taken for the 

calculation of the advance and additive coefficients.  

For the problem to be solved we devised a method that uses all the available data 

for the power output of the vessel (SHP). We created an objective function with 

variables the advance coefficients J1, J2, J3 and the additive coefficients ‏ύ, ɿ+ .  

Objective function 

 ὲ ὲ ὲ ὲ  

ὲ: the experimental values of the rotations of the propeller 

ὲ : the rotations of the propeller based on the advance coefficient 

ὲ : the rotations of the propeller through linear interpolation on the experimental   

values of the SHP, N, where the SHP is approximated with the Torque coefficient KQ 

Firstly, it is obvious that it is a strictly positive function, meaning that when it is equal 

to zero, then both parts of this function must be zero too.  

So, if:  

ὲ ὲ π O
ὠί
 
ρ ύ ‏ύ

ὐ
 
 Ὀ 

 ὲ πO
ὠί
 
ρ ύ ‏ύ

ὐ
 
 Ὀ 

ὲ 

Meaning that when the objective function is minimized at 0 then the advance 

coefficient identity is true. 

And if:  

ὲ ὲ π 

ᴼ
ὠί
 
ρ ύ ‏ύ

ὐ
 
 Ὀ 

  ὔ  
+ὗὭ ς“”́ Ὀ 

– – 
ὛὌὖᶻ

ὔ ὔ

ὛὌὖ ὛὌὖ
ς π 

ᴼ  ὔ  
+ὗὭ ς“”́ Ὀ 

– – 
ὛὌὖᶻ

ὔ ὔ

ὛὌὖ ὛὌὖ
 
ὠί
 
ρ ύ ‏ύ

ὐ
 
 Ὀ 

  

With: 

+ ὑὗπ  ὑὗρὐ  ὑὗς ὐ 
ς ὑὗσ ὐ 

σ ɿ+  

for i = 1,2,3 
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Meaning that when the objective function is minimized at 0 then the value of 

propeller revolutions from the linear interpolation in the (SHP, RPM) diagram of the 

experimental data, with SHP attained from the Torque coefficient identity, is equal 

to the value of RPM based on the advance coefficient. The way the function is built, 

it evaluates ɻ w and Ji in both its parts and ɻ ɼQ at the second part, for all three 

couples of experimental values simultaneously. 

As we mentioned above the KQ identity represents a slightly less heavily loaded 

propeller which practically means that its rotations (RPM) would be underestimated. 

By making the evaluation through calculating the rotations and minimizing their 

ŘƛŦŦŜǊŜƴŎŜΣ ǿŜ άŦƻǊŎŜέ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ Ǌƻǘŀǘƛƻƴǎ ǘƻ ƳŀǘŎƘ ǘƘƻǎŜ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ 

experiments, so the calculated variables depict the actual load of the propeller.   

Last but not least, assuming that the data do not include much noise, based on the 

fact that there must be a solution to the initial system of equations, then there must 

also exist a set of values for which the objective function is equal to zero. 

The analytical expression of the objective function is:  

 

Ὢ‏ύȟ‏Ὼȟὐ
 
 ȟὐȟ 

 ὐ  
 (N1 -   

 
  

)2 + (   

 
  

 - N1 - 

 ὑὗσ  ὑὗς   ὑὗρ
    ὑὗπ   

   

  
ὛὌὖz )2 + 

(N2 -   

 
  

)2 + (   

 
  

 - N1 - 

ὑὗσ   ὑὗς  ὑὗσ
    ὑὗπ   

   

  
ὛὌὖz )2 + 

(N3 -   

 
  

)2 + (   

 
  

 - N2 - 

ὑὗσ  ὑὗς   ὑὗρ
    ὑὗπ  

   

  
ὛὌὖᶻ )2 

 

¢ƻ ŦƛƴŘ ǘƘŜ ǎŜǘ ƻŦ ǾŀƭǳŜǎ ǘƘŀǘ ƳƛƴƛƳƛȊŜ ǘƘŜ ŦǳƴŎǘƛƻƴ ǿŜ ǳǎŜ tȅǘƘƻƴΩǎ {ŎƛǇȅΦƻǇǘƛƳƛȊŜ 

ƭƛōǊŀǊȅΩǎ function minimize. We chose the minimization to be done with a BFGS 

algorithm. 
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Figure 5-8 Minimization of objective function 

Now we have calculated the additive coefficients ‏ύȟ‏Ὼ  as well as the advance 

coefficients for the three experiments ὐ
 
 ȟὐȟ 

 ὐ
 
 . The next step is calculating 

ɿὅ, ɿÔȟɿ+  which is done by arithmetically solving the system of equations (7), (8), 

(9), by using the function fsolve like in case A. 

 

Figure 5-9 Case B ɻCf, ɻ ɼˍ, ɻ t calculation 
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φ )ÎÔÒÏÄÕÃÔÉÏÎ ÔÏ ÔÈÅ 'ÒÁÐÈÉÃÁÌ 5ÓÅÒ 
)ÎÔÅÒÆÁÃÅ  
 

 The GUI created is made out of four different frames. The purpose of the first 

one is to give instructions to the user on how to proceed and check that the 

necessary files for the evaluation of the performance are available. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

     

  

  The second frame is to be used when the user wants to obtain the graphs of 

the performance and the third on when they want to calculate the additive 

coefficients. The fourth frame is to be used the first time a vessel is getting 

monitored, as well as each time the draft of the monitoring is changed.  

 

 

 

 

 Figure 6-1 Graphical User Interface 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

78 
 

6.1 Frame 1- Authentication       

           
 If it is the first time monitoring the ship then we press the YES button of the 

frame and then the information pop up indicates we should proceed by going on the 

ship characteristics (frame 4).  

 

 

 

 

 

 In case the ship has been monitored before or the user has finished updating 

the characteristics the next step is inserting the name of the vessel and the script 

checks if it has access on the necessary files. 

     

     

     

     

     

   

 After typing the name and clicking the Ready button if no pop up appears, 

ǘƘŜ ǳǎŜǊ Ƴŀȅ ŎƻƴǘƛƴǳŜΦ LŦ ǘƘŜ ŦƛƭŜǎ ŀǊŜƴΩǘ ŘŜǘŜŎǘŜŘ ōȅ ǘƘŜ ǎŎǊƛǇǘ ŀ ǇƻǇ ǳǇ ǿƛƭƭ ŀǇǇŜŀǊ 

informing the user that the necessary files are missing. 

       

       

       

       

       

       

       

   

 

Figure 6-2 Frame 1 Pop Up 

Figure 6-3 Frame 1 Ship Name input 

Figure 6-4 Frame 1 Warning 
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6.2 Frame 2 ɀ Performance Diagrams      

  
 Assuming the user clicks YES on the second frame, meaning they want to 

obtain the graphs of the performance, then as described in the methodology part, 

the user needs to type the values for which he wants the evaluation to be done. 

 

     

     

     

     

     

     

     

     

     

     

     

     

     

     

 The values that the user needs to input are the Velocity of the Ship (VS), the 

Power Output of the main engine (SHP), the Rotations of the Propeller (N) that 

define the initial working point, also the values of the Wake (w) , Thrust deduction 

coefficient (t) which either represent the clean ship or a fouled condition, as well as 

the shafting and rotative efficiency and the deviations of the Thrust coefficient (KT), 

the Torque coefficient (KQ) and the additional Resistance due to fouling coefficient 

(CF). After the user is done typing, he presses the Ready button and the PDF 

containing the Performance Diagrams is created. 

 

 

 

 

 

 

 

Figure 6-5 Frame 2 user's inputs 
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6.3 Frame 3 ɀ Experiments        

  
 As mentioned in the methodology part, there are two cases depending on 

whether the ship is equipped with a Thrust meter or not. If the ship to be assessed 

has one, then the user clicks the YES button of frame 4 and if not, the user clicks the 

NO button. 

In Case A, where a Thrust meter is available, the user has to type the values 

ƻŦ ǘƘŜ aŀƛƴ 9ƴƎƛƴŜΩǎ ǇƻǿŜǊ ƻǳǘǇǳǘ ό{ItύΣ ǘƘŜ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ǎƘƛǇ ό±ύ ŀƴŘ ǘƘŜ ¢ƘǊǳǎǘ 

(T) recorded on the two experiments as well as the calculated Wind Forces. 

In Case B, where a Thrust meter is not available, the user has to type the 

ǾŀƭǳŜǎ ƻŦ ǘƘŜ aŀƛƴ 9ƴƎƛƴŜΩǎ ǇƻǿŜǊ ƻǳǘǇǳǘ ό{ItύΣ ǘƘŜ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ǎƘƛǇ ό±ύ ǊŜŎƻǊŘŜŘ 

on the three experiments as well as the calculated Wind Forces. 

After typing the aforementioned values, the user clicks the Ready button and 

the PDF containing the assessment of the fouling for the Vessel is created. 

 

 

 

 

 

Figure 6-6 Frame 3 Case A 

Figure 6-7 Frame 3 Case B 
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6.4 Frame 4 ɀ Ship Characteristics      

  
 This frame is used the first time a vessel is monitored as well as if we want to 

make the calculations for a different Draft than the previous time.  The user types 

ǘƘŜ ǎƘƛǇΩǎ ƴŀƳŜ ŀǎ ǿŜƭƭ ŀǎ ƛǘǎ ōŀǎƛŎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΣ ǘƘŜ [ŜƴƎǘƘ ό[ύΣ .ŜŀƳ ό.ύΣ 5ŜǇǘƘ 

(D), Draft (T), Wetted Surface (WS) of the ship and the Diameter of the Propeller. By 

clicking the Ready button, the TXT file containing this information is created. 

 

   

   

   

   

   

   

   

   

   

   

   

   

 

Notes 

¶ When the user types the name of the ship in frames four and one, he 

can do it either in lower or in upper case. 

¶ All the units of measurement for the inputs are written next to each 

physical quantity. 

 

 

 

 

 

 

 

Figure 6-8 Frame 4 Ship Characteristics 
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χ 2ÅÓÕÌÔÓ 

 

 In the context of this thesis paper the script was run for two ships, MV 

Meonia and MV Aramon. For the first ship other than the data available for the open 

water propeller characteristics and from the calm water tests, there had also taken 

place a similar evaluation of the additive coefficients. The results from this 

evaluation were used to cross check the results of the proposed methodology and 

algorithmic approach.  

 The results both for the performance diagrams and for the additive 

coefficients will be presented for each ship. In the case of MV Meonia the same data 

as the previous experiment were used and for MV Aramon a new set had to be 

ŎǊŜŀǘŜŘ ŀǎ ǘƘŜǊŜ ǿŜǊŜƴΩǘ ŀƴȅ ŀǾŀƛƭŀōƭŜΦ ¢ƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ƻōǘŀƛƴƛƴƎ ς creating 

data for evaluation for MV Aramon is presented in detail along with the MV Aramon 

results. 

 In order for the results to be readable and easily understood as well as 

presentable, they are stored in suitably formed PDF files. This way they are both 

accessible and ready to be saved or sent.  For each ship 3 PDF files were created, 

containing results for Case A, Case B and a PDF with the propulsive performance 

diagrams. 
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7.1 Formatting of the F iles       

  
 For both cases A and B, the formatting of the PDF files is the same, it contains 

the values recorded on the onboard experiments (N, SHP, V), the calculated values of 

the parameters (RT, w, t, KQ, KT, J), the calculated additive coefficients (wɻ, tɻ, KɻQ, 

KɻT, CɻF) for the fouled condition as well as the calculated parameters for the clean 

performance of the ship at the same speeds. 

 As mentioned above the results presentation can be divided into three parts: 

1. In the first two lines the results of the experiments and the calculation of the 

of the parameters for the fouled condition are presented 

2. In the third line the results of the calculation for the additive coefficients are 

presented 

3. In the last two lines the calculation of the parameters for the clean condition 

at the same speeds as the experiments are presented 

 

The only difference between case A and case B is that instead of two 

different set of values there are three as the experiments are conducted for 

three speeds. 

 

 

 

 

 

 

Figure 7-1 Case A PDF Format 
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The propulsive performance diagrams PDF consists of sixteen pages, the first 

ƻƴŜ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘŜ ƛƴƛǘƛŀƭ ǿƻǊƪƛƴƎ Ǉƻƛƴǘ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǎƘƛǇΩǎ 

name. Each page after that contains a plotted figure that depicts the qualitative 

influence of the parameters on the performance.  

 

 

hǘƘŜǊ ǘƘŀƴ ǘƘŜ ŦƛƎǳǊŜ ǘƘŜ 5ƛŀƎǊŀƳΩǎ t5C ŎƻƴǘŀƛƴǎΥ 

1. The title, stating which of the initial working values is constant and the 

variation of which parameters is depicted. 

2. The physical quantity of the y axis 

3. The physical quantity of the x axis 

4. The annotation for the coloring of the graphs 

 

 

 

 

Figure 7-2 Diagram Example 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

86 
 

7.2 MV MEONIA Characteristics       
 MV Genoa is a containership that was used to assess the mathematical model 

ŘŜǎŎǊƛōŜŘ ŦƻǊ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ ǎƘƛǇΩǎ ŦƻǳƭƛƴƎΦ {ƻΣ ǿŜ ƘŀŘ ŀǾŀƛƭŀōƭŜ ƻǘƘŜǊ ǘƘŀƴ ǘƘŜ 

necessary data to do the evaluation, the results of it as well. This ship has the 

following main particulars:  

i. Length Between Perpendiculars:  185.93m 

ii. Breadth:                                             25.91m 

iii. Depth to Upper Deck:         15.05m 

iv. Summer Load Draft:         9.17m 

v. Displacement (salt water):             27724Tones 

vi. Block Coefficient:                             0.612 

vii. Deadweight:                                   18290Tones 

Its two-stroke main engine is coupled directly to a fixed pitch propeller with the 

following particulars: 

i. Number of Blades:       6 

ii. Propeller Diameter:     6.249m 

iii. Pitch Ratio:                    1.04 

iv. Expanded Area Ratio:  0.767 

For the calculation of the EHP curve of the clean condition the following values 

were available: 

            Draught = 9.17m with even keel 

Ship Speed Effective Horsepower 

VS (kn) EHP (PS) 

18 7541 

19 9058 

20 10907 

21 13314 
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For the creation of the data base with the values of the wake fraction, thrust 

deduction coefficient, the rotative and shafting efficiency the following values were 

available: 

Draught = 9.17m with even keel 

Ship Speed Wake 
fraction 

Thrust 
deduction 

Rotative 
efficiency 

Shafting 
efficiency 

VS (kn) w t Ŕ Ś 

18 0.228 0.178 1.035 0.98 

19 0.223 0.181 1.038 0.98 

20 0.221 0.183 1.040 0.98 

21 0.212 0.181 1.035 0.98 

22 0.203 0.170 1.021 0.98 

 

 In the data there were also available the open water propeller characteristics 

curves of the Thrust and Torque coefficients as well as of the Open Water efficiency 

of the propeller. Points were taken with a ruler in order to be used as inputs for the 

creation of our own curves. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0-1 Open Water Propeller Characteristics MV Meonia Figure 7-3 Open Water Propeller Characteristics of MV Meonia 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

88 
 

7.3 MV MEONIA Case A 

 

   

Knowing the wind speed and direction we can calculate the Wind Resistance 

of the ship during those experiments. 

                               Wind Resistance  

1 3.06 Tones 

2 5.55 Tones 

  

 Having calculated the Wind Resistance, we have all the necessary values to 

run the program.  

 The results of the previous analysis are as follows:  

wɻ = 0.0894 ʵˍ Ґ лΦлр ʵɼQ = 0.004 ʵɼT = -0.0197 103 CɻF = 0.4 

 

 

Experimental Values 

Experiment 
Number 

 

Ship 
Speed 
(kn) 

 
RPM 

THRUST 
(Tones) 

SHP 
(PS) 

Wind 
Speed 
(kn) 

Wind 
Direction 
(degrees) 

1 19 100.53 104.186 18549 15 11 

2 20 107.63 121.185 23025 23 15 
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So, the divergence between the results per coefficient is: 

wɻ = 1.7% ʵˍ Ґ л% ʵɼQ = 0% ʵɼT = 1.5% 103 CɻF = 0.5% 

 

The deviation between the results of this and the previous analysis suggests that the 

method is accurate. 
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7.4 MV MEONIA Case B 
  

  

Knowing the wind speed and direction we can calculate the Wind Resistance of the 

ship during those experiments. 

                               Wind Resistance  

1 3.06 Tones 

2 5.09 Tones 

3 5.74 Tones 

  

 Having calculated the Wind Resistance, we have all the necessary values to 

run the program.  

 

 

Experimental Values 

Experiment 
Number 

 

Ship 
Speed 
(kn) 

 
RPM 

SHP 
(PS) 

Wind 
Speed 
(kn) 

Wind 
Direction 
(degrees) 

1 19 100.53 18549 15 11 

2 21 114.72 28084 22 19 

3 22 122.71 35039 22 16 
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The results of the previous analysis are as follows:  

wɻ = 0.0907 ʵˍ Ґ лΦл482 ʵɼQ = 0.004 ʵɼT = -0.0209 103 CɻF = 0.3993 

 

So, ǘƘŜ ŘƛǾŜǊƎŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǊŜǎǳƭǘǎ ōŜǘǿŜŜƴ ǘƘŜ ŀƴŀƭȅǎƛǎΩ ǇŜǊ ŎƻŜŦŦƛŎƛŜƴǘ ƛǎΥ 

wɻ = 4.1% ʵˍ Ґ 3.6% ʵɼQ = 0% ʵɼT = 9% 103 CɻF = 1% 

 

And the divergence between the results of each method per case is: 

Method used: 

wɻ = 4.4% ʵˍ Ґ 0% ʵɼQ = 0% ʵɼT = 5% 103 CɻF = 0.75% 
 

Previous method: 

wɻ = 1.4% ʵˍ Ґ 3.6% ʵɼQ = 0% ʵɼT = 5.7% 103 CɻF = 0.1% 
 

If we define x as the divergence between the results of the two methods then its 

mean value όʋʰˊʰ˂ʰ˃ˉʾʵʹˌΣ нллфύ is defined as:  

ὼ  
ὼ

ὲ
 

So 

Method used: 

ὼ ςȢρϷ 

Previous method: 

ὼ ςȢςϷ 

 

The value of the mean divergence between the results of the two cases is indicative 

of the robustness of the shared methodology used. 
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7.5 MV MEONIA Performance Diagrams  
 

 

 
 

DIAGRAMS OF PERFORMANCE AT AN AVAILABLE LOADING 

CONDITION 

 
 
 
 

MV MEONIA 

For this ship and the prescribed propulsion plant a systematic variation 

of dw,dt,dKt, 

dKq and dCf has been performed and the influence on the propulsion 

performance is shown in the attached diagrams. 

The initial working point of propulsion 

performance is: 

Vs=20.0(kn)    SHP=15981.0(PS)    RPM=104.25 

Each diagram shows the combined influence on performance for two 
parameters 

 

 

 

 

 

 

 

 

 

 

 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

93 
 

 

Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǎƘƛǇΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ 

power output of the engine is investigated, for constant revolutions of 

the propeller, only taking into account the Torque additive coefficient 

and the Frictional Resistance additive coefficient.  

The graph suggests that increase of the Torque additive coefficient 

results on the working point moving upwards on the y-axis but the x-axis 

value remains constant, meaning that for constant RPM the demand for 

engine power is increased, but the same speed is attained.  

Whereas, increase of the Frictional Resistance coefficients results 

in the working point moving upwards in the y-axis, meaning the demand 

of power output is also increased and towards the left on the x-axis, 

suggesting the attainable speed is decreased.  

 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

94 
 

 

Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǎƘƛǇΩǎ ǎǇŜŜŘ ŀƴŘ ǊŜǾƻƭǳǘƛƻƴǎ ƻŦ 

the propeller is investigated, for constant engine power output, only 

taking into account the Torque additive coefficient and the Frictional 

Resistance additive coefficient.  

The graph suggests that increase of the Torque additive coefficient 

results on the working point moving downwards on the y-axis and 

towards the left on the x-axis, meaning that for constant SHP the 

attainable vessel speed, as well as the attainable propeller revolutions 

are decreased.  

Increase of the Frictional Resistance coefficients affects the working 

point of the vessel the same way as the increase of the Torque coefficient 

for constant SHP. 
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ ǊŜǾƻƭǳǘƛƻƴǎ ŀƴŘ ǘƘŜ 

power output of the engine is investigated, for constant vessel speed, 

only taking into account the Torque additive coefficient and the Frictional 

Resistance additive coefficient.  

As in the case of constant RPM, increase of the Torque coefficient results 

in increased power output demand with the attained speed remaining 

constant, whereas increase of the Frictional Resistance coefficient 

increases the power output demand and decreases the attained speed.  
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In this graph the correlation between the power output and revolutions of the 

propeller is investigated, for constant vessel speed, only taking into account the 

Torque additive coefficient and the wake fraction coefficient.  

Torque coefficient affects the working point as mentioned above. 

Increase of the Wake fraction results in moving the working point downwards and 

towards the left, meaning that for the same speed to be attained we need less 

power output and less propeller revolutions, in contrast if the Wake fraction 

coefficient is lowered it leads to worse propulsive performance of the ship. 
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In this graph the correlation between the power output and ship speed is 

investigated, for constant propeller revolutions, only taking into account the Torque 

additive coefficient and the wake fraction coefficient.  

Torque coefficient affects the working point as mentioned above. 

As mentioned above increase of the Wake fraction coefficient results in better 

propulsive performance whereas its decrease results deteriorates the performance, 

which is made more obvious from the Vs = constant diagrams.  

 



System Identification Technique to evaluate the extend of Fouling on Cargo Vessels 

  

 

98 
 

  

In this grŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ and revolutions of the 

propeller is investigated, for constant engine power output, only taking into account 

the Torque additive coefficient and the wake fraction coefficient.  

Torque coefficient affects the performance as mentioned above. 

Wake fraction affects the performance as mentioned above. 
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In this graph the correlation between the power output and ship speed is 

investigated, for constant propeller revolutions, only taking into account the Torque 

additive coefficient and the wake fraction coefficient.  

Torque coefficient affects the working point as mentioned above. 

Increase of the Thrust coefficient affects positively the propulsive performance of 

the ship, whereas decrease of it affects it negatively. The relationship between the 

speed of the vessel and the revolutions of the propeller is affected. 
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǊŜǾƻƭǳǘƛƻƴǎ ƻŦ ǘƘŜ 

propeller is investigated, for constant Power output of the engine and variation of 

the Thrust and Torque coefficients.  

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs. 
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In this graph the correlation between the power output and the revolutions of the 

propeller is investigated, for constant ship speed and variation of the Thrust and 

Torque coefficients.  

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs. 
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǇƻǿŜǊ ƻǳǘǇǳǘ ƛǎ 

investigated, for constant revolutions of the propeller and variation of the effective 

wake fraction and the frictional resistance coefficient. 

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs, increase of the wake improves the propulsive 

performance, whereas increase of the frictional resistance deteriorates it.   
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ 

revolutions is investigated, for constant power output and variation of the effective 

wake fraction and the frictional resistance coefficient. 

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs, increase of the wake improves the propulsive 

performance, whereas increase of the frictional resistance deteriorates it.   
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ 

revolutions is investigated, for constant power output and variation of the effective 

wake fraction and the frictional resistance coefficient. 

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs, increase of the wake improves the propulsive 

performance, whereas increase of the frictional resistance deteriorates it.   
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǇƻǿŜǊ ƻǳǘǇǳǘ ƛǎ 

investigated, for constant revolutions of the propeller and variation of the effective 

wake fraction and the thrust deduction fraction. 

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs, increase of the wake improves the propulsive 

performance, whereas increase of the thrust deduction fraction increases the power 

requirements and decreases the attainable speed.  
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǊŜǾƻƭǳǘƛƻƴǎ ƻŦ ǘƘŜ 

propeller is investigated, for constant power output and variation of the effective 

wake fraction and the thrust deduction fraction. 

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs, increase of the wake improves the propulsive 

performance, whereas increase of the thrust deduction fraction decreases the 

attainable speed and the revolutions of the propeller.  
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Lƴ ǘƘƛǎ ƎǊŀǇƘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǎǎŜƭΩǎ ǎǇŜŜŘ ŀƴŘ ǘƘŜ ǇǊƻǇŜƭƭŜǊΩǎ 

revolutions is investigated, for constant power output and variation of the effective 

wake fraction and thrust deduction fraction. 

The effects of the variations of the coefficients follow what we have mentioned in 

previous analysis of the graphs, increase of the wake improves the propulsive 

performance, whereas increase of the thrust deduction fraction deteriorates it.   
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7.6 MV ARAMON Characteristics        
 MV Aramon is a product carrier that was used to assess the mathematical 

ƳƻŘŜƭ ŘŜǎŎǊƛōŜŘ ŦƻǊ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ ǎƘƛǇΩǎ ŦƻǳƭƛƴƎΦ CƻǊ ǘƘƛǎ ǎƘƛǇ ǿŜ ƘŀŘ 

available the Model Test Reports, that consisted of the following parts: 

i. Model Test Results 

ii. Full Scale Prediction of Powering Performance 

iii. Trial Prediction of Powering Performance 

iv. Drawing of the Design Propeller  

v. Prediction of Powering Performance 

vi. Open-Water Characteristics of the Design Propeller 

The basic ship characteristics are the following:  

i. Length Between Perpendiculars:  219m 

ii. Breadth:                                             32.24m 

iii. Depth to Upper Deck:         20.65m 

iv. Design Draft:          12.25m 

v. Displacement (salt water):             72888m3 

vi. Block Coefficient:                             0.8427 

Its two-stroke main engine is coupled directly to a fixed pitch propeller with the 

following particulars: 

i. Number of Blades:       4 

ii. Propeller Diameter:     7m 

For the calculation of the EHP curve of the clean condition, on the design draft, 

the following values were available: 

 

Ship Speed Effective Horsepower 

VS (kn) EHP (kw) 

13 3567 

14 4458 

15 5615 

15.8 6992 

16.5 8544 

17 9783 
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For the creation of the data base with the values of the wake fraction, thrust 

deduction coefficient, the rotative and shafting efficiency the following values were 

available: 

In the data there were also available the open water propeller characteristics 

the values of the Thrust and Torque coefficients were available: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ship Speed Wake 
fraction 

Thrust 
deduction 

Rotative 
efficiency 

Shafting 
efficiency 

VS (kn) w t Ŕ Ś 

13 0.284 0.180 0.988 0.99 

14 0.284 0.182 0.991 0.99 

15 0.284 0.184 0.993 0.99 

15.8 0.282 0.185 0.995 0.99 

16.5 0.282 0.187 0.997 0.99 

17 0.282 0.188 0.998 0.99 

Advance 
Coefficient 

Torque       
Coefficient 

Thrust         
Coefficient 

J 10xKQ KT 

0 0.3872 0.3620 

0.050 0.3727 0.3452 

0.100 0.3559 0.3263 

0.150 0.3376 0.3058 

0.200 0.3181 0.2843 

0.250 0.2978 0.2622 

0.300 0.2772 0.2397 

0.350 0.2563 0.2170 

0.400 0.2353 0.1943 

0.450 0.2142 0.1718 

0.500 0.1928 0.1493 

0.550 0.1710 0.1269 

0.600 0.1486 0.1042 

0.650               0.1249 0.0811 

0.700 0.0995 0.0571 

0.750 0.0719 0.0320 

0.800 0.0413 0.0051 

0.808 0.0359 0.0005 
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Figure 7-4 MV Aramon Engine Layout 

 The creation of the Layout Diagram of the MV Aramon was based on the 

details of its main engine B&W 6S60MC-C, provided by the manual (MAN B&W) of 

said engine. Inside the Layout there has been also graphed the three working points 

that were used for the evaluation of the additive coefficients.  
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7.7 MV ARAMON Case A 

 

Even though we suppose that there is no apparent during the experiments, the 

existence of air and its resistance has to be accounted for. In the model test there is 

available the wind coefficient Cair as well as the transverse area of the ship AT=634m2 

for the condition we study. Knowing that Ὑ  ”ὠὃὅ  we proceed in the 

calculation of the resistance for each velocity which is used as the wind resistance 

input, so:   

 

Air Resistance 

Experiment Number 
 

Ship Speed 
(kn) 

Resistance 
(T) 

1 13 1 

2 15 1.1 

 

 

 

Experimental Values 

Experiment 
Number 

 

Ship 
Speed 
(kn) 

 
RPM 

THRUST 
(Tones) 

SHP 
(PS) 

Wind 
Speed 
(kn) 

Wind 
Direction 
(degrees) 

1 13 85.62 80.9 11024 0 0 

2 15 99.8 111.3 17672 0 0 
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7.8 MV ARAMON Case B 
 

 

 

 

And the divergence between the results of each method per case is: 

wɻ = 4.2% ʵˍ Ґ 4.1% ʵɼQ = 0% ʵɼT = 0% 103 CɻF = 0.98% 

 

  

  

 

Experimental Values 

Experiment 
Number 

 

Ship 
Speed 
(kn) 

 
RPM 

SHP 
(PS) 

Wind 
Speed 
(kn) 

Wind 
Direction 
(degrees) 

Air 
Resistance 

(T) 

1 13 85.62 11406 0 0 1 

2 14 92.15 14170 0 0 1.1 

3 15 99.8 18101 0 0 1.3 
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7.9 MV ARAMON Performance Diagrams  
           

 

 

 

For analysis of the graphs you can refer to the diagrams of MV Meonia in previous 

chapter, as the results differ only numerically due to the different working point of 

each vessel.  
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