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Abstract

:

The effects of hull and propeller roughness are presented over ten years of operation on ship performance. The developed model used in this study is a combination of NavCad and Matlab to perform the resistance and propulsion computations of the selected ship as well as the processing of input and output data. By considering the ship hull, the engine installed and an optimized propeller, the ship performance is computed for a different combination of hull and propeller roughness according to the ITTC recommendations and the opinion of experts in the marine field. Twelve cases are simulated over the selected years of operations and compared to the new ship performance. The hull roughness has the dominant effect on the performance of the ship due to its large area. However, by adding the effect of propeller roughness, an increment is noticed in the loading ratio and fuel consumption by 1–4% and 2–4%, respectively, in addition to the hull roughness. From this study, it is concluded that the roughness of both the hull and propeller is important consider to achieve more accurate results than just considering the hull roughness.
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1. Introduction


A great effort is made by the International Maritime Organization (IMO) and the recognized organizations to improve the energy efficiency of the maritime fleet by reducing the amount of exhaust emissions, mainly carbon dioxide (CO2), compared to the ship transport work [1,2]. The different stakeholders have proposed several technologies and solutions to ensure the transition in the maritime industry towards the concept of sustainability [3,4,5]. These solutions can be applied in the short term, such as the application of energy efficiency measures and performing some retrofit solutions to reduce the level of consumption and emissions [6,7,8] or in the long term by using several alternative fuels to significantly cut the level of emissions from the prime mover of the ships, in particular, the total annual greenhouse gas (GHG), by at least 50% by 2050 [9,10,11].



The main objective of the regulations is to reduce the CO2 emissions from ship engines as they depend on fuel consumption. Therefore, it is essential to consider a smooth and clean hull to achieve the minimum amount of ship resistance and, thus, reduce the power required and to select a suitable propeller to move the ships as well as the fuel consumption [12,13]. The generation process of the hull lines corresponding to the ship dimension becomes the important step in reducing the ship resistance during the stages of ship design [14,15,16] as well as in operation when encountering waves [17,18,19,20,21,22].



In addition to the hull form, ship roughness is an important factor that affects the energy efficiency of the ship. It refers to the irregularities on the surface of the hull, thus increasing the total resistance, resulting in a loss in the ship speed, higher fuel consumption and operating costs. Various factors, including marine growth, paint fouling and corrosion, can cause the roughness of a ship, as described by Daidola [23].



The reduction of ship roughness can improve the energy efficiency of the ship. One common method is applying specialized coatings to the hull, such as low-friction, antifouling and self-polishing coatings. These coatings can help reduce the build-up of marine growth and other debris on the hull, reducing the roughness and improving the hydrodynamic performance of the ship. Recently, the transition toward using biomass coating, such as Tannin-FeIII (TA-FeIII) has become a solution and alternative to typical phlorotannin, which is eco-friendly, safe and cost effective [24]. DNV [25] provided complete guidelines for ship protection from corrosion and the type of painting material used for each hull. Further, regular hull cleaning and maintenance are required to reduce surface roughness over the years of operation. According to the International Convention for the Safety of Life at Sea (SOLAS) [26], at least two inspections of the outside of the ship’s bottom shall be carried out during any five years to ensure the safety of the hull and the smooth operation of the vessel.



These types of inspections can avoid the increase of the level of the average hull roughness (AHR) by more than 10 μm per year [27], which significantly increases the ship resistance and, thus, the fuel consumption, which can reach 12 tons/day in the case of a ship tanker, as reported by Smith and Colvin [28].



Most of the studies focused on assessing ship performance at a different level of hull roughness because it is the greatest contributor to ship resistance. Song et al. [29] used computational fluid dynamics (CFD) to predict the total ship resistance with the occurrence of roughness and validate the model using experimental results. The model shows a good agreement with real data, where the friction and viscous resistance increase while the wave-making resistance decreases. Sun et al. [30] used the CFD model to estimate the ship performance, showing good agreement with the experimental results as well. They concluded that the value of roughness must be considered during the simulation as an important factor which increases the delivered power by 7%. Farkas et al. [31] demonstrated a reduction in ship speed by 2 knots as the delivered power increased by 36.3%, and the impact of the biofouling could change according to the ship hull form [32]. By comparing several hull forms, as in [33], the rough hull with a bulbous bow shows a higher added resistance than the normal hull. Mikkelsen and Walther [34] showed that the accuracy of the delivered power of the ship from CFD is within 8–12% compared to the experimental data, which is considered an acceptable range compared to similar research comparing CFD with empirical formulas or experimental tests [35,36]. The same conclusion has been supported by García et al. [37], showing that the CFD models are easily able to estimate the ship performance with the existence of roughness.



However, considering the roughness of the propeller during the simulation is important to achieve high accuracy. Due to the complicated simulation process, especially when it is rotating, few papers have considered the effect of propeller roughness on its performance and the overall ship performance. Song et al. [38] used CFD to evaluate the performance of the propeller in open water conditions. They concluded a reduction in open propeller efficiency as the propeller thrust coefficient decreases while the propeller torque coefficient increases. Asnaghi et al. [39] concluded that the balance between the mitigation of tip vortex cavitation and performance degradation could be achieved by having roughness on the blade tip as well as a limited area on the leading edge; otherwise, the overall performance will be worse. While the roughness has some negative effects, Sezen et al. [40] noticed some positive effects from the existence of roughness as it reduces the cavitation volume and noise level. According to Carchen and Atlar [41], the common parameters of the propeller are not sufficient to evaluate the effect of fouling on ship performance. Therefore, more key performance indicators (KPIs) are defined, including wake fraction gain, apparent wake fraction gain and the fouling coefficient, to give more insight into the effect of fouling on the ship performance losses compared to the given baseline.



While the existing detailed model is essential to understand the behaviour of the system behaviour in 3D models, using the empirical formulas in a holistic model has advantages in computing the overall ship performance with high accuracy in a reasonable time. Therefore, this paper contributes to the prediction of the performance of a given ship and the attached propeller in terms of hydrodynamics and its effect on the computation of fuel consumption from the concept of design and operation in calm water at different combined hull and propeller roughness levels to assess the overall ship performance over the years.



The remainder of this paper is organized as follows. First, the numerical model used to perform the simulation is presented in detail in Section 2. Next, the computed results and the evaluation of the ship, engine and propeller performance in both calm water and different weather conditions are presented in Section 3. Finally, a summary of the main findings and recommendations for future work are presented in Section 4.




2. Numerical Model


The main structure of the numerical model used in this study is a combination between NavCad [42] and Matlab through an application programming interface (API), previously developed in [43]. This model is used to simulate different types of studies based on optimization procedures, such as maximizing propeller efficiency and minimizing fuel consumption, comparing the performance of different types of propellers.



The model is developed in a Matlab environment to easily process the input and output data according to the requirement of the objective and constraints of the optimization problem as well as the required results. For instance, the model is able to select a controllable pitch propeller (CPP) [44] or contra-rotating propeller (CRP) [45] at the engine operating point with minimum fuel consumption as a way to find solutions towards the reduction of fuel consumption.



The model has been then extended to consider the effect of hull roughness on the ship resistance, and thus the power and the amount of fuel consumption over ten years of operation [46]. Based on the last study, the effect of propeller roughness is added to the model to study the overall performance of the ship when subjected to hull and propeller roughness. This paper uses the same bulk carrier ship to perform the numerical simulation. The ship has a 154 m length, with a propulsion system composed of a four-stroke marine diesel engine, a reduction gearbox, a transmission shaft and a single fixed-pitch propeller (FPP). The main characteristics of the ship, engine and optimized propeller are given in Table 1.



Regarding the ship, the main parameters of the ship have been collected from the hull form of the ship at the design conditions and defined in the suitable section in NavCad in order to compute the ship resistance. Then, the total calm water resistance is calculated using the methods presented at the International Towing Tank Conference (ITTC-78) [47], as in the following expression:


   C T  = ( 1 + k )  C F  +  C R  +  C A  + Δ  C F   



(1)




where CT is the total resistance coefficient, CF is the frictional resistance coefficient, k is the hull form factor as mentioned in the ITTC-57 [48], CR is the residuary resistance coefficient, CA is the correlation allowance and ΔCF is the roughness allowance computed using the following equation:


  Δ  C F  = 0.044  [     (     k s     L  W L      )     1 3    − 10 R  e    − 1  3     ]  + 0.000125  



(2)




where ks is the roughness of the hull surface as defined by the designer, LWL is the ship length at the water line and Re is the Reynolds number.
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Table 1. Main characteristics of the bulk carrier [46].






Table 1. Main characteristics of the bulk carrier [46].





	

	
Characteristics

	
Symbol

	
Unit

	
Value






	
Ship characteristics

	
Length at waterline

	
LWL

	
m

	
154.00




	
Breadth

	
B

	
m

	
23.11




	
Draft

	
T

	
m

	
10.00




	
Displacement

	
Δ

	
tonne

	
27,690




	
Service speed

	
V0

	
knot

	
14.5




	
Maximum speed

	
Vmax

	
knot

	
16.0




	
Number of propellers

	
NP

	
-

	
1




	
Type of propellers

	
-

	
-

	
FPP




	
Rated power

	
Pmax

	
kW

	
7140




	
Engine characteristics

	
Engine builder

	
-

	
-

	
MAN Energy Solutions [49]




	
Brand name

	
-

	
-

	
MAN




	
Bore

	
B

	
mm

	
320




	
Stroke

	
S

	
mm

	
440




	
Displacement

	
V

	
litre

	
4954




	
Number of cylinders

	
nc

	
-

	
14




	
Rated speed

	
RPMmax

	
rpm

	
750




	
Rated power

	
Pmax

	
kW

	
7140




	
Speed at 14.5 knot

	
RPM

	
rpm

	
714




	
Propeller characteristics

	
Series

	
-

	
-

	
Wageningen B-series




	
Diameter

	
D

	
m

	
6.0




	
Expanded area ratio

	
EAR

	
-

	
0.47




	
Pitch diameter ratio

	
P/D

	
-

	
1.097




	
Gearbox ratio

	
GBR

	
-

	
9.5




	
Number of blades

	
Z

	
-

	
5




	
Speed at 14.5 knot

	
N

	
rpm

	
75









Regarding the engine, its performance has been optimized using a developed optimization model presented in [50] taking into account all of the thermodynamic properties along the engine parts [51,52]. The optimization procedures are performed along the engine load diagram, where the results are presented by a polynomial equation as a surrogate model to easily be used in other studies [53,54], allowing more flexibility to be integrated into other numerical models [55]. Due to the similar behaviour of the engines in the same series, the original engine is modelled with a 9180 kW rated power and then scaled to 7140 kW to fit the selected ship.



Regarding the propeller, the propeller geometry and the operational point are selected at a clean hull using an optimization model developed in [56]. The gearbox ratio (GBR) is selected as the ratio between the engine and propeller speed, and the gearbox and transmission shaft efficiencies are kept constant (97%).



By defining the propeller series and the number of blades, the propeller is designed after computing the total resistance of the ship hull using the methods presented in [57,58] and then the wake fraction (w) and thrust deduction fraction (t) as propulsive coefficients are computed using the methods presented in [59]. This method shows effectiveness during the computation compared with the results from CFD models [35].



The advance coefficient (JA), thrust coefficient (KT), torque coefficient (KQ) and the propeller efficiency (ηo) are computed to evaluate the propeller performance, as presented in the following expressions [60]:


   J A  =    V A    n D    



(3)






   K T  =  T   ρ w   n 2   D 4     



(4)






   K Q  =  Q   ρ w   n 2   D 5     



(5)






   η o  =    K T     K Q       J A    2 π    



(6)




where VA is the advance speed, n is the propeller speed, ρw is the water density, T is the propeller thrust and Q is the propeller torque.



However, according to the ITTC-78, the roughness of the propeller is taken into account by considering the increased changes in drag (D) and the decreased changes in the lift (L) when computing the thrust and torque coefficients as in the following equations:


   K  T R   =  K  T S   − Δ  K  T D   − Δ  K  T L    



(7)






   K  Q R   =  K  Q S   − Δ  K  Q D   − Δ  K  Q L    



(8)




where,


  Δ  K  T D   = − Δ  C D  × 0.3 ×  P D    c Z  D   



(9)






  Δ  K  Q D   = Δ  C D  × 0.25 ×   c Z  D   



(10)






  Δ  K  T L   = Δ  C L  ×   c Z  D    0.733 + 0.132  J 2      1 + 0.18   (  P D  )  2       



(11)






  Δ  K  Q L   = Δ  C L  ×   c Z  D    0.117 + 0.021  J 2      1 + 0.18   (  P D  )  2       



(12)




where KTR and KQR are thrust and torque coefficients for the rough propeller, while KTS and KQS are thrust and torque coefficients for the smooth propeller. ΔKTD and ΔKTL are the changes in thrust coefficient due to drag and lift, while ΔKQD and ΔKQL are the changes in torque coefficient due to drag and lift. CD is the drag coefficient, CL is the lift coefficient, P is the propeller pitch, D is the propeller diameter, Z is the number of blades, c is the chord length at 0.75 R and R is the propeller radius.



Different criteria are considered during the simulation as constraints. They include cavitation and noise parameters to ensure the safety and durability of the propulsion system, as described in detail in [61].



To better evaluate the system performance for different roughness levels, the fuel consumption is computed in kg/nm taking into account the brake-specific fuel consumption (BSFC), brake power (PB) and ship service speed using the following expression:


  F  C  k g / n m   =   B S F C ×  P B  × 1000    V S     



(13)







After optimizing the propeller in calm water by taking the standard values of roughness for both hull (15 mm) and propeller (0.03 mm), these values have been changed according to the recommendations of ITTC [47] and of the experts in [23,62], where the propeller roughness is computed for each year. The schematic diagram of the simulation process is presented in Figure 1.




3. Results


According to the previous computation performed in [61], the propeller geometry and the gearbox ratio have been optimized during the design stage of the ship at zero roughness, as described in Figure 1. This type of calculation is performed at the final stage of the overall computation after computing the ship resistance based on the hull dimensions collected from the 3D hull, followed by the estimation of the power required to force the ship at a given speed. While the propeller selection is performed on new ships to give the required thrust and ensure the safety of the propulsion system and the surrounding environment, some changes can be noticed over the years due to the existing roughness of the hull and propeller to evaluate the energy efficiency of the ship over the years.



This paper considers the effect of roughness by presenting twelve cases of computation of different hull and propeller roughness combinations over ten years of operations. The values of roughness have been considered based on the recommendations of the ITTC [63] and previously papers published [62] due to the fouling of the hull and the attached propeller over the years. Table 2 presents the different configurations of the ship conditions, including the level of roughness for the hull and propeller, where the performance of the ship is affected over the years of operation.



The calculated results are presented in Table A1 in Appendix A for more information, and the changes in propeller and engine performance are presented in Figure 2, Figure 3 and Figure 4. The first simulated case (New ship) is considered as the reference case study, and the percentage of change of the different parameters according to the level of roughness is computed and compared to it. The results show that the hull roughness has the dominant effect on the ship performance; however, the propeller roughness shall be considered to achieve highly accurate results.



Regarding the propeller characteristics, as presented in Figure 2, five main parameters of the propeller behind the hull are presented, showing changes over the years when applying the effect of hull and propeller roughness.



The propeller speed is increased over the years by up to 4%. The effect of propeller roughness is not noticed when it is considered among all simulated cases, except in the case of the rough ship after two years of operation, where the propeller speed is increased by 1.5%.



The same behaviour is followed by the propeller thrust, where the required thrust is increased by around 10% after ten years of operations, depending on the roughness level. The propeller roughness does not show any effect when it is considered during the simulation.



Regarding the propeller torque, an increment in the computed values is noticed and increased by up to 12% over the years. The propeller roughness has an effect on the propeller torque and can increase its values by 0.3–3% according to the years of operation compared to the same case that considered the hull roughness only. For instance, by considering 0.09 mm propeller roughness, the propeller torque can increase by 1.5% compared to the same case with 0.0 mm propeller roughness, while this value can reach 3% when the propeller roughness is 0.23 mm compared to the same case with hull roughness only. This change is directly affected by the amount of drag and lift as computed from the equations in the previous section.



As the open water efficiency is directly computed as a function of thrust and torque, a decrease in its values with the same amount of increasing torque is noticed over the years, showing the maximum amount of reduction after ten years of operation.



A slight reduction in the advance coefficient is noticed due to the variation of propeller speed, as described before, which is the main parameter that shows a deviation among the simulated cases.



From Table A1, the thrust and torque coefficients as well as the wake fraction and thrust deduction factor of all simulated cases show a very slight reduction, which is not noticed when the values are approximated to two decimal points. This is because these values are assumed constant over ten years of ship operation, following the same concept presented in detail in [64].



Regarding the cavitation and noise criteria, five main parameters are considered and presented in Figure 3 to evaluate the system’s durability and safety.



The tip speed, in general, increases by up to 3.5% after ten years of operation; however, a slight increment is noticed when considering the propeller roughness in the simulation. This increment can reach 0.2% for old ships than new ships.



Regarding the minimum EAR, average loading pressure and back cavitation, there is a general increment in the behaviour of each parameter over the years, reaching around 6%, 10% and 19%, respectively, compared to the reference case. However, the propeller roughness did not show a noticeable effect when it was considered in the simulation.



In the computation of the last parameter to avoid face cavitation, the values of the minimum pitch are reduced along the years by around 1.5%; however, the propeller roughness has a very small effect of less than 0.25% among the cases. This parameter is directly affected by the changes that occurred in both the advance coefficient and thrust coefficient, as described in [65].



Regarding engine performance, the loading ratio and fuel consumption are computed to evaluate the overall system, as shown in Figure 4.



There is a big change in the loading ratio over the years when considering the effect of hull roughness compared to the reference case. This value can increase the loading ratio by 12.5%, while this value can have a greater increase with the consideration of the propeller roughness, reaching around 16% compared to new ships. This difference can vary according to the roughness level showing an increase of 1 to 4% compared to the performance of the new ship, based on the year of operation and the cleanness of the hull and propeller.



As the loading ratio increases, the fuel consumption also increases. Considering the hull and propeller roughness, the fuel consumption can increase by up to 24% after ten years compared to 21% only in the case of hull roughness only; these two values are compared to the case of new ships. When considering the propeller roughness, this difference can vary between 2 and 4% as a reference to new ships and compared to computation performed in the case of hull roughness only.




4. Conclusions


This paper presents the effect of hull and propeller roughness over ten years of operation on the ship’s performance in calm water. The performance of the ship is computed based on a given hull and engine of a bulk carrier, where the propeller is selected and optimized at the engine operating point with minimum fuel consumption. Twelve cases are considered combining different levels of the hull and propeller roughness over the selected period of ship operation. The roughness levels are defined based on the ITTC recommendations and the opinion of experts in the field. This kind of study helps to provide more accurate results of the ship performance after several years of operation compared to a new one.



It has been concluded from this study that:




	
The developed numerical model can easily estimate the performance of the ship at different roughness levels.



	
The roughness of the hull has had a dominant effect on the ship performance over the years.



	
The consideration of propeller roughness can provide more accurate results than just considering the hull roughness alone.



	
While there is an increment in the loading ratio of the engine due to hull roughness over the years, reaching up to 12.5% more compared to a new ships, the consideration of propeller roughness can increase this value by 1 to 4 % of the loading ratio of new ships according to the level of cleanness of the hull and propeller.



	
Based on the previous point, the fuel consumption is also increased by 2 to 4% when considering the propeller roughness besides the percentage increase due to hull roughness.



	
Finally, it is recommended to consider the effect of the roughness of both hull and propeller in order to ensure highly accurate results, rather than considering only the effect of hull roughness.








Due to the development of the installation of sensors onboard, further works will be planned to measure and evaluate the ship performance over the years with several roughness conditions to provide correction factors for each ship type. This will help to provide a machine learning model to be installed onboard to assist the ship master in taking the right decision [66].
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Abbreviations




	3D
	Three dimensional



	AHR
	Average hull roughness



	B
	Breadth



	B
	Bore



	BSFC
	Brake-specific fuel consumption



	c
	Chord length at radius 0.75 R



	CA
	Correlation allowance



	CD
	Drag coefficient



	CF
	Frictional coefficient



	CFD
	Computational fluid dynamics



	CL
	Lift coefficient



	CO2
	Carbon dioxide



	CPP
	Controllable pitch propeller



	CR
	Residuary resistance coefficient



	CRP
	Contra-rotating propeller



	CT
	Total resistance coefficient



	D
	Propeller diameter



	D
	Drag



	EAR
	Expanded area ratio



	FPP
	Fixed-pitch propeller



	GBR
	Gearbox ratio



	GHG
	Greenhouse gas



	IMO
	International Maritime Organization



	ITTC
	International Towing Tank Conference



	JA
	Advance coefficient



	k
	Hull form factor



	KPI
	Key performance indicators



	KQ
	Torque coefficient



	KQR
	Torque coefficient for the rough propeller



	KQS
	Torque coefficient for the smooth propeller



	ks
	Roughness of the hull surface



	KT
	Thrust coefficient



	KTR
	Thrust coefficient for the rough propeller



	KTS
	Thrust coefficient for the smooth propeller



	L
	Lift



	LWL
	Ship length at waterline



	n
	Propeller speed



	N
	Propeller speed in rpm



	nc
	Number of cylinders



	NP
	Number of propellers



	P/D
	Pitch diameter ratio



	PB
	Brake power



	Pmax
	Rated power



	Q
	Propeller torque



	R
	Propeller radius



	Re
	Reynolds number



	RPMmax
	Rated speed



	S
	Stroke



	SOLAS
	International Convention for the Safety of Life at Sea



	t
	Thrust deduction factor



	T
	Propeller thrust



	T
	Draft



	V
	Engine displacement



	VA
	Advance speed



	Vs
	Ship design speed



	Vs-max
	Ship maximum speed



	w
	Wake fraction



	Z
	Number of propeller blades



	Δ
	Ship displacement



	ΔCF
	Roughness allowance



	ΔKQD
	Changes in torque coefficient due to drag



	ΔKQL
	Changes in torque coefficient due to lift



	ΔKTD
	Changes in thrust coefficient due to drag



	ΔKTL
	Changes in thrust coefficient due to lift



	ηo
	Open-water propeller efficiency



	ρw
	Water density
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Table A1. Optimum results for different configurations.






Table A1. Optimum results for different configurations.





	
Main

Characteristics

	
Parameters

	
Unit

	

	

	

	

	

	

	

	

	

	

	

	






	
Level of

Roughness

	
Ship age

	
[years]

	
New ships

	
Rough 2 years

	
Clean 5 years

	
Rough 5 years

	
Clean 10 years

	
Rough 10 years




	
Hull Roughness

	
[mm]

	
0.15

	
0.15

	
0.35

	
0.35

	
0.40

	
0.40

	
0.50

	
0.50

	
0.55

	
0.55

	
0.65

	
0.65




	
Propeller Roughness

	
[mm]

	
0.00

	
0.03

	
0.00

	
0.09

	
0.00

	
0.12

	
0.00

	
0.15

	
0.00

	
0.04

	
0.00

	
0.23




	
Ship

characteristics

	
Ship speed

	
[kn]

	
14.50

	
14.50

	
14.50

	
14.50

	
14.5

	
14.50

	
14.50

	
14.50

	
14.5

	
14.50

	
14.5

	
14.50




	
Propeller characteristics

	
Series

	
[-]

	
Wageningen B-series




	
Cup

	
[%]

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Diameter

	
[m]

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00




	
Expanded area ratio

	
[-]

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47

	
0.47




	
Pitch

	
[m]

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58

	
6.58




	
Speed

	
[rpm]

	
75.00

	
75.00

	
76.00

	
77.00

	
77.00

	
77.00

	
77.00

	
77.00

	
77.00

	
77.00

	
78.00

	
78.00




	
Thrust

	
[kN]

	
576.50

	
576.50

	
605.99

	
605.99

	
611.45

	
611.45

	
621.13

	
621.13

	
625.49

	
625.49

	
633.47

	
633.47




	
Torque

	
[kN.m]

	
573.30

	
573.30

	
600.30

	
608.20

	
605.3

	
615.40

	
614.10

	
626.60

	
618.1

	
620.00

	
625.4

	
642.70




	
Open water efficiency

	
[%]

	
59.32

	
59.32

	
58.52

	
57.71

	
58.38

	
57.36

	
58.13

	
56.90

	
58.02

	
57.83

	
57.81

	
56.16




	
Advance coefficient

	
[-]

	
0.62

	
0.62

	
0.61

	
0.61

	
0.61

	
0.60

	
0.60

	
0.60

	
0.60

	
0.60

	
0.60

	
0.60




	
Thrust coefficient

	
[-]

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28

	
0.28




	
Torque coefficient

	
[-]

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05




	
Wake fraction

	
[-]

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38

	
0.38




	
Thrust deduction factor

	
[-]

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19

	
0.19




	
Cavitation and

noise criteria

	
Tip Speed

	
[m/s]

	
23.61

	
23.61

	
24.02

	
24.04

	
24.10

	
24.12

	
24.23

	
24.26

	
24.29

	
24.30

	
24.40

	
24.44




	
Minimum expanded area ratio

	
[-]

	
0.47

	
0.47

	
0.48

	
0.48

	
0.49

	
0.49

	
0.49

	
0.49

	
0.49

	
0.49

	
0.50

	
0.50




	
Average loading pressure

	
[kPa]

	
43.57

	
43.57

	
45.80

	
45.80

	
46.21

	
46.21

	
46.94

	
46.94

	
47.27

	
47.27

	
47.87

	
47.87




	
Back Cavitation

	
[%]

	
7.40

	
7.40

	
8.10

	
8.10

	
8.30

	
8.20

	
8.50

	
8.50

	
8.60

	
8.60

	
8.80

	
8.80




	
Minimum pitch

	
[m]

	
4978.5

	
4978.5

	
4943.4

	
4939.3

	
4937.1

	
4931.9

	
4926.2

	
4919.8

	
4921.3

	
4920.3

	
4912.5

	
4903.8




	
Gearbox

characteristics

	
Gearbox ratio

	
[-]

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5

	
9.5




	
Engine

characteristics

	
Speed

	
[rpm]

	
714

	
714

	
727

	
727

	
729

	
730

	
733

	
734

	
735

	
735

	
738

	
740




	
Brake Power

	
[kW]

	
4682.3

	
4682.3

	
4988.6

	
5058.8

	
5045.9

	
5135.9

	
5147.9

	
5259.1

	
5194.1

	
5211.0

	
5278.9

	
5434.8




	
Loading ratio

	
[%]

	
65.60

	
65.60

	
69.90

	
70.90

	
70.7

	
71.90

	
72.10

	
73.70

	
72.7

	
73.00

	
73.9

	
76.10




	
BSFC

	
[g/kW.h]

	
191.8

	
191.8

	
197.8

	
199.1

	
199.1

	
201.2

	
201.8

	
204.9

	
203.1

	
203.6

	
206.1

	
205.5




	
Fuel consumption

	
[kg/nm]

	
61.93

	
61.93

	
68.04

	
69.47

	
69.29

	
71.25

	
71.64

	
74.34

	
72.77

	
73.16

	
75.02

	
77.03
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Figure 1. Schematic diagram of the simulation process. 






Figure 1. Schematic diagram of the simulation process.
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Figure 2. Propeller characteristics at different hull and propeller roughness: (a) propeller speed, (b) propeller thrust, (c) propeller torque, (d) open water efficiency and (e) advance coefficient. 
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Figure 3. Cavitation criteria at different hull and propeller roughness; (a) tip speed, (b) minimum EAR, (c) average loading pressure, (d) back cavitation and (e) minimum pitch. 
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Figure 4. Engine characteristics at different hull and propeller roughness; (a) loading ratio and (b) fuel consumption. 
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Table 2. Configurations of the simulated cases for different hull and propeller roughness.






Table 2. Configurations of the simulated cases for different hull and propeller roughness.





	Cases
	Age of Ship (Years)
	Condition of Ship
	Hull Roughness (mm)
	Propeller

Roughness (mm)





	1
	zero
	New ship
	0.15
	0.0



	2
	zero
	New ship
	0.15
	0.03



	3
	two
	Rough ship
	0.35
	0.0



	4
	two
	Rough ship
	0.35
	0.09



	5
	five
	Clean ship
	0.4
	0.0



	6
	five
	Clean ship
	0.4
	0.12



	7
	five
	Rough ship
	0.5
	0.0



	8
	five
	Rough ship
	0.5
	0.15



	9
	ten
	Clean ship
	0.55
	0.0



	10
	ten
	Clean ship
	0.55
	0.04



	11
	ten
	Rough ship
	0.65
	0.0



	12
	ten
	Rough ship
	0.65
	0.23
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