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ABSTRACT 

In shipping industry, energy efficiency has become a major attention to reduce 

the fuel consumption and emission. One of the way to create those fuel savings is by 

optimizing the voyage by choosing the optimum speed for each suitable water area. 

Many ships are passing through canal to cut the voyage time or sometimes ship travels 

through river area, which is common for inland water transport. The influence of 

restricted water can be an issue to optimize the voyage. Referring to a work by Hafidh, 

a tool has been developed using the ship design parameter from a general cargo ship, 

which operates in a canal. The modelling of ship calm water resistance and additional 

resistance due to restricted water are processed using MATLAB-Simulink software. 

The tool is able to optimize the voyage by giving out the value of power and fuel 

consumed (€/nm) for a certain speed value under different water depth and breadth. 

The result of the analysis show that when the ship is operated in restricted water area 

with water depth 5 m, and water breadth 50 m, the power needed to achieve speed 7 

knots is 150 kW higher than the power needed to achieve the same speed on water 

depth 7 m and water breadth 50 m. For a ship to go lower by 0.5 knots at 6.0 knots 

with water depth 3 m and water breadth 50 m, 221 € of fuel cost can be saved with 

other economic parameters considered as constant. 

 

Key words -  Resistance Model, Restricted Water Area, Voyage Optimization



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

“This page is intentionally left blank” 

  



 

xi 
 

PENGEMBANGAN ALAT BANTU PENGAMBILAN KEPUTUSAN 

UNTUK REKOMENDASI KECEPATAN OPTIMAL KAPAL PADA 

KONDISI LAUT DAN CUACA TIDAK TENTU DENGAN VARIASI 

SARAT KAPAL 

 

Nama    : Felia Natasya 

NRP   : 04211641000002 

Departemen   : Teknik Sistem Perkapalan,  FTK – ITS 

Dosen Pembimbing  : Prof. Dr.-Ing. Axel Rafoth  

        Dr.-Ing. Wolfgang Busse 

ABSTRAK 

Dalam industri pelayaran, efisiensi energi menjadi perhatian utama untuk 

mengurangi konsumsi bahan bakar dan emisi. Salah satu cara untuk menghemat bahan 

bakar tersebut adalah dengan mengoptimalkan pelayaran dengan memilih kecepatan 

optimal untuk setiap wilayah perairan yang sesuai. Banyak kapal yang melewati kanal 

untuk mempersingkat waktu pelayaran atau terkadang kapal melakukan perjalanan 

melalui wilayah sungai yang biasa digunakan untuk transportasi perairan darat. 

Pengaruh air yang terbatas bisa menjadi masalah untuk mengoptimalkan pelayaran. 

Mengacu pada karya Hafidh, alat dikembangkan dengan menggunakan parameter 

desain kapal dari kapal general cargo yang beroperasi di kanal. Pemodelan tahanan 

kapal pada air tenang dan tahanan tambahan akibat wilayah air terbatas diolah 

menggunakan software MATLAB-Simulink. Alat tersebut mampu mengoptimalkan 

perjalanan dengan memberikan nilai daya dan bahan bakar yang dikonsumsi (€ / nm) 

untuk nilai kecepatan tertentu pada kedalaman dan luas perairan yang berbeda. Hasil 

analisis menunjukkan bahwa pada saat kapal dioperasikan di daerah perairan terbatas 

dengan kedalaman air 5 m, dan lebar perairan 50 m maka daya yang dibutuhkan untuk 

mencapai kecepatan 7 knot adalah 150 kW lebih tinggi dari daya yang dibutuhkan 

untuk mencapai kecepatan yang sama pada kedalaman air 7 m dan lebar air 50 m. 

Untuk kapal yang melaju lebih rendah 0,5 knot pada 6,0 knot dengan kedalaman air 3 

m dan lebar air 50 m, 221 € biaya bahan bakar dapat dihemat dengan parameter 

ekonomi lain yang dianggap konstan. 

 

Key words -  Resistance Model, Restricted Water Area, Voyage Optimization   



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

“This page is intentionally left blank” 

  



 

xiii 
 

PREFACE 

Praises to God, for the opportunity, and strength to finish this bachelor thesis with the tittle 

“DEVELOPMENT OF A DECISION-SUPPORT TOOL FOR SUGGESTING THE 

OPTIMUM SHIP SPEED UNDER IRREGULAR SEA AND WEATHER CONDITIONS 

WITH DIFFERENT DRAFTS” in order to fulfill the requirements to get a Bachelor of 

Engineering degree in the Department  of Marine Engineering, Faculty of Marine 

Technology, Institut Teknologi Sepuluh Nopember Surabaya. 

The author would like to express her gratitude to all those who helped, supported, and 

offered encouragement on this bachelor thesis writing: 

1. Beloved parents and family for unconditional morale and material support.  

2. Mr. Benny Cahyono, S.T., M.T., Ph.D, as a Head of Marine Engineering Department, 

Faculty of Marine Technology, Institut Teknologi Sepuluh Nopember. 

3. Mr. Ir. Dwi Priyanta, M.SE. as the student supervisor of the author. 

4. Prof. Dr.-Ing. Axel Rafoth as the bachelor thesis supervisor 1 who took the time to 

guide and teach the author to finish the work.  

5. Dr.-Ing. Wolfgang Busse as the bachelor thesis supervisor 2 who helped the author 

with many useful recommendations. 

6. Mr. Abdul Hafidh Muhammad for helping and assisting the author during the working 

process of this bachelor thesis. 

7. Mr. Michael Hinz, and Mr. Klaus Silberhorn from ATR Shipping for giving the chance 

to take the data on the used ship for this bachelor thesis. 

8. Mr. Mathias Sprenger for accompanying the author taking the data. 

9. All civitas academic of Department of Maritime Studies, Systems Engineering and 

Logistics, Hochschule Wismar. 

10. All civitas academic of Marine Engineering Department, Faculty of Marine 

Technology, Institut Teknologi Sepuluh Nopember. 

11. Daniel, Diana, Dzilfia, and Safitri for supporting the author in the writing process. 

The author realizes that in writing this report there are many shortcomings, so the 

constructive criticisms and suggestions that the author hopes for. Hopefully this bachelor 

thesis can be beneficial for us.  

  

 

Warnemünde, August 2020 

 

 

Author 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

“This page is intentionally left blank” 

  



 

xv 
 

TABLE OF CONTENTS 

 

APPROVAL SHEET ................................................................................................... i 

APPROVAL SHEET ................................................................................................ iii 

APPROVAL SHEET .................................................................................................. v 

DECLARATION OF HONOR .................................................................................vii 

ABSTRACT ............................................................................................................... ix 

PREFACE ............................................................................................................... xiii 

LIST OF FIGURES .................................................................................................xvii 

LIST OF TABLES ................................................................................................... xix 

NOMENCLATURES ............................................................................................... xxi 

CHAPTER I ................................................................................................................ 1 

INTRODUCTION ....................................................................................................... 1 

1.1 Background ........................................................................................................ 1 

1.2 Research Problem .............................................................................................. 1 

1.3 Research Limitation ........................................................................................... 1 

1.4 Research Objectives .......................................................................................... 2 

1.5 Research Benefits .............................................................................................. 2 

CHAPTER II ............................................................................................................... 3 

LITERATURE STUDY .............................................................................................. 3 

2.1 Previous Research .............................................................................................. 3 

2.2 Speed Optimization ........................................................................................... 3 

2.3 Ship Resistance .................................................................................................. 3 

2.4 Ship Powering .................................................................................................... 4 

2.5 Restricted Water Effect...................................................................................... 5 

2.6 Speed Reduction on Restricted Water ............................................................... 6 

CHAPTER III .............................................................................................................. 7 

METHODOLOGY ...................................................................................................... 7 

3.1 Working Diagram .............................................................................................. 7 

3.2 Working Process ................................................................................................ 8 

3.2.1 Literature Study ............................................................................................ 8 

3.2.2 Data Collection ............................................................................................. 8 

3.2.3 Modelling Process ........................................................................................ 8 

3.2.4 Model Validation .......................................................................................... 9 

3.2.5 Conclusion and Recommendation ................................................................ 9 



 

 
 

CHAPTER IV ............................................................................................................ 11 

MODELING AND ANALYSIS ............................................................................... 11 

4.1 Ship Data ......................................................................................................... 11 

4.2 Modeling .......................................................................................................... 11 

4.2.1 Ship Route .................................................................................................. 11 

4.2.2 Water Density Model .................................................................................. 12 

4.2.3 Ship Hull Form Model ................................................................................ 13 

4.2.4 Calm Water Resistance Model ................................................................... 13 

4.2.5 Added Resistance due to Shallow Water (Rshallow) ...................................... 18 

4.2.6 Power Model .............................................................................................. 19 

4.2.7 Speed Reduction Model .............................................................................. 19 

4.3 Analysis ........................................................................................................... 20 

4.3.1 Speed Power Diagram ................................................................................ 20 

4.3.2 Fuel Cost ..................................................................................................... 21 

4.4 Model Validation ............................................................................................. 22 

CHAPTER V ............................................................................................................. 25 

CONCLUSION ......................................................................................................... 25 

5.1 Result ............................................................................................................... 25 

5.2.1 Mathematical Result ........................................................................................ 25 

5.2.2 Economical Result ........................................................................................... 25 

5.2 Outlook ............................................................................................................ 25 

REFERENCES .......................................................................................................... 27 

APPENDIX I ............................................................................................................. 29 

SIMULATION MODEL ........................................................................................... 29 

APPENDIX II ............................................................................................................ 31 

POWER CURVE DIAGRAM ................................................................................... 31 

 

 

  



 

xvii 
 

LIST OF FIGURES 

 

Figure 1 Curve of Total Hull Resistance over Ship Speed ............................................... 4 

Figure 2 Ship Powering .................................................................................................... 5 

Figure 3 Resistance on Shallow Water from Schlichting’s method ................................. 5 

Figure 4 Curves of Velocity Ratios .................................................................................. 6 

Figure 5 Working Diagram .............................................................................................. 7 

Figure 6 Ship Route ........................................................................................................ 12 

Figure 7 Speed - Power Diagram ................................................................................... 20 

Figure 8 Speed- Power Diagram with Fuel Cost ............................................................ 22 

Figure 9 Model Data Compared to Measurement Data .................................................. 23 

Figure 10 Map Showing Location for Model Validation ............................................... 24 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

“This page is intentionally left blank” 

  



 

xix 
 

LIST OF TABLES 

 

Table 1 Data Collection .................................................................................................... 8 

Table 2 Ship Information ............................................................................................... 11 

Table 3 Canal Information ............................................................................................. 12 

Table 4 Ship Hull Form Model ...................................................................................... 13 

Table 5 1 + K2 Values .................................................................................................... 15 

Table 6 Values of Wake Fraction from Taylor .............................................................. 18 

Table 7 Estimation for Cost Calculation ........................................................................ 21 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

“This page is intentionally left blank”



 

xxi 
 

NOMENCLATURES 

 

B Breadth 

H Depth moulded 

T Draught 

LBP Length between perpendicular  

LWL Length on water line 

LOA Length overall 

DWT Deadweight tonnage 

GRT Gross tonnage 

NT Net tonnage 

VS Service speed 

CB Block coefficient 

CP Prismatic coefficient 

CM Amidships coefficient 

CWP Water plane coefficient 

LCB Longitudinal center of buoyancy 

FN Froude number 

RN Reynolds number 

CF Friction coefficient 

S Wetter surface area 

 Density  

 Kinematic viscosity 

 Volume displacement 

 Hull displacement 

RT,calm Ship total resistance at calm water 

Rf  Frictional resistance 

Rapp Appendage resistance 

Rw Wave resistance 

Rb Additional pressure resistance of to bulbous bow near the water 

Rtr Additional pressure resistance due to transom immersion 

Ra Model ship correlation resistance 

(1+K1) Form factor of the hull 

(1+K2)eq Appendage resistance factor 

SAPP Appendage surface area 

PB Break power 

PD Delivered power 

PT Thrust power 

PE Effective power 

H Hull efficiency 

Tm Draugth at midship 

Hwater Water depth below keel 

Rshallow Shallow water resistance 

Bwater Water breadth 

VI Schlichting’s Intermediate Speed 



 

xxii 
 

V Speed in deep water 

AX Maximum sectional area of ship hull 

AM Midship area 

Nm Nautical mile 

  



 
 

1 
 

CHAPTER I 

INTRODUCTION 

1.1 Background  

According to UNCTAD in 2018, Maritime transport takes about 80 percent 

volume of trading goods in the global trade [1]. Although shipping is by far the most 

energy-efficient means of transporting cargoes over long distances, shipping also has 

problems such as high energy consumption and substantial environmental pollution. 

Referring to the statement of World Shipping Council, the fuel costs are as much as 50-

6-% of the total ship operating costs, depending on the type of ship and service. As per 

approximated value, the fuel cost is proportional to the fuel consumption, which is 

directly related to third power of ship speed [2]. Since the lower speed means reducing 

the fuel consumption, many shipping companies using slow steaming method (operating 

ship under slow speed) [2]. However, by doing slow steaming, the ship might not arrive 

at the arrival port in time and there must be penalties to be paid.  

In this study, we consider voyage optimization is ideal to be applied for a ship 

with a given route, and specified deadline. As modern shipping industries tend to give 

more attention to the topic of energy saving and emission reduction, the International 

Maritime Organization (IMO) published a guidelines for the development of a Ship 

Energy Efficiency Management Plan (SEEMP) [3]. 

1.2 Research Problem 

Voyage planning and optimization is important due to the aspects of energy 

saving. However, without sufficient knowledge and experience about the behavior of the 

ship, the crew onboard often face difficulties in determining the optimum speed under 

the influence of different water depth and water breadth along the route. A development 

of a decision-support tool is required to give possible suggestions to proceed an optimum 

voyage using a certain speed to have a forecast on how much fuel cost to be spent. The 

tool shows the power needed for the chosen speed under a certain water depth and water 

breadth, where the ship is passing through. 

1.3 Research Limitation 

The limitation of the thesis is as follows: 

1. The ship condition is considered as clean hull and clean propeller 

2. The engine and technical data is considered under good condition 

3. There is no influence of trim 

4. Use the water density where the ship was operated 
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5. Use the data from the shipping company and measurement data 

6. The water area is restricted to depth and breadth 

1.4 Research Objectives 

The purposes of the study is as follows: 

1. Develop a decision-support tool which help to optimize the voyage of the ship under 

restricted water depth, and water breadth; 

2. Provide information about power needs for the selected speed of the voyage; 

3. Show information about possible power and fuel saving.  

1.5 Research Benefits 

The expected results is as follows: 

1. The tool shows the speed and the power needed for different water depth and breadth. 

2. The tool can be used to demonstrate the power and fuel saving after a certain speed 

is chosen. 

3. For ship operators, the tool will be a decision-making tool for the ship crew to decide 

the optimum speed. 

4. For ship owners, the tool can be used to increase the economic profit from the power 

saving result which relate to fuel saving. 

5. For environmental aspect, it will reduce the emission from fuel saving and result in 

more environmental friendly ship performance. 
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CHAPTER II 

LITERATURE STUDY 

2.1 Previous Research 

In a latest research, Tong Cui presents a speed optimization model towards 

energy efficient shipping. In this model, stakeholders can get the information about the 

optimum ship operations in various weather to achieve minimum fuel consumption 

following the shipping schedule. The result of applying this model to a Bulk Carrier as a 

case study is resulting on almost 1.5% saving on fuel consumption, which prove that the 

speed optimization model works [4]. Previous research by Xiaohe Li, gives a result that 

by applying speed optimization to a 4800 DWT oil tanker, fuel saving rate is 1.07, which 

equal to 4.33 t per voyage or about 77.94 t fuel saving annually [5]. Another research by 

Xiaohe Li shows that in a case study of 4230 TEU container ship, the speed optimization 

model is minimizing the main engine fuel consumption and the total cost in a single 

voyage. After applying the model, the main engine fuel cost is reduced to 57% of the 

total cost [6].  

2.2 Speed Optimization 

The definition of speed optimization is the selection speed for the ship to optimize the 

specific objectives with various requirement during the ship’s operation. The speeds that 

match to those profiles are called as optimum speeds. Those specifics objectives can be 

profit, cost, and emissions. And the requirements or constraints in speed optimization are 

the specified deadline/arrival time, scheduling requirements for specific port, and 

allowance speeds range (minimum and maximum) refers to main engine specifications 

[7]. According to MEPC 282 (70) point 5.2.6, Optimum speed means the speed at which 

the fuel used per tonne mile is at minimum level for that voyage. Reference should be 

made to the engine manufacturer’s power curve and the ship’s propeller curve [3]. 

2.3 Ship Resistance 

A ship experiences a force acting opposite to its motion direction when passing through 

a calm water. The force is the water’s resistance to the motion of the ship, which is called 

as total hull resistance in calm water (RT,calm) which is influenced by many components, 

such as: ship speed, hull form (draught, breadth, length, wetted surface area), and water 

temperature of ship sailing area. The total hull resistance is used to calculate a ship’s 

effective horsepower. Total hull resistance increases as speed increases as shown in 

Figure 1. 
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Figure 1 Curve of Total Hull Resistance over Ship Speed 

Source: usna.edu 

The total hull resistance in calm water (RT,calm) is influenced by many factors. As shown 

in Figure 1, the forces acting consist of: 

1. Air resistance 

2. Viscous resistance 

3. Wave resistance 

However, ship is not operating under constant calm water. Ship undergoes different 

operating condition, environment and water area. These situations contribute to additional 

resistance to the total hull resistance in calm water (RT,calm). 

2.4 Ship Powering 

On the ship, after a certain amount of power is generated in the Engine Room, the power 

will be transmitted through the shaft of the propeller and be delivered to the propeller. 

During the transmission of power, the term of power is different in several points as shown 

in Figure 2. Effective Power (PE) is required power for ship to overcome the total 

resistance at the given speed; this power is not including the required power to move the 

propeller. Delivered Power (PD) is power that is absorbed by the propeller to be able to 

produce thrust. Thrust Power (PT) is power from the propeller thrust, which equal to the 

product of advance speed and the thrust generated by the propeller. Break Power (PB) is 

power generated by the main engine at specified RPM value according to manufacture.
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Figure 2 Ship Powering 

Source: [8] 

2.5 Restricted Water Effect 

When a ship enters a restricted water which marked by shallow water depth and narrow 

water breadth, a number of changes occur due to the interaction between the ship and the 

seabed. There is an effective increase in resistance, backflow, decrease in pressure under 

the hull and significant changes in sinkage and trim. This leads to increases in potential 

and skin friction drag, together with an increase in wave resistance. 

 

Figure 3 Resistance on Shallow Water from Schlichting’s method 

Source: [9] 

Figure 3. Shows the increase resistance on shallow water compared to resistance in deep 

water. 
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When sailing in shallow waters, the residual resistance of the ship may be increased and, 

in the same way as when the ship accelerates, the propeller will be subjected to a larger 

load than during free sailing, and the propeller will be heavy running. In general, the 

shallow water will have no influence when the sea depth is more than 10 times the ship 

draught [8]. Based on ITTC 2017, the water is considered to experience shallow water 

effect when the value of H is smaller than the result of Eq. (1) [10]. 

𝐻𝑤𝑎𝑡𝑒𝑟 =  3√𝐵. 𝑇𝑚     Eq. 1 

2.6 Speed Reduction on Restricted Water 

Schlichting assumed that based on Figure 3., wave-making resistance on the shallow 

water at speed VI would be the same as the wave-making resistance on the deep water at 

speed V [9].  

𝑉𝐼

𝑉∞
= (tanh 𝑔ℎ/𝑉∞

2)
1

2    Eq. 2 

From Figure 4. the ratio of Vh to VI can be figured out by plotting the value of 
√𝐴𝑥

ℎ
 to 

the curve of Vh/VI to base of 
√𝐴𝑥

ℎ
. 

 

Figure 4 Curves of Velocity Ratios 

Source: [9] 
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CHAPTER III 

METHODOLOGY 

 

3.1 Working Diagram  

The following chart describe the process working of Bachelor Thesis 

 

Figure 5 Working Diagram 

Start 

Problem Statements 
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Collecting and Processing 

Data 

Modelling Process 
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Simulink Model 

Y 

N 

Conclusion and Recommendation 
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3.2 Working Process 

3.2.1  Literature Study 

Collecting information from previous researches journals, academic literature about 

speed optimization, ship resistance and propulsion, restricted water effect (shallow 

water depth and narrow water breadth), and the effect of applying speed optimization 

in creating power saving potential for the ship. 

3.2.2  Data Collection 

The data used for this work were obtained from direct measurement on the ship and 

from shipping company. Several data such as coordinates, engine speed, ship speed 

over ground, fuel rack, draught, and water depth below keel were collected by the 

researchers by doing a measurement on the ship using related measuring equipment. 

The process of measurement took place on 02 July 2020 on MV Anouk at Kiel Kanal 

(Nord-Ostsee-Kanal). Other documental data were given from the shipping company. 

The data needed to make the simulations are: 

Table 1 Data Collection 

No. Data Source Equipment 

1. Engine RPM Measurement RPM Meter (Bridge 

Deck), to be corrected 

by value from 

Tachometer (Engine 

Room) 

2. Fuel Rack Measurement Visual Reading 

(Engine Room) 

3. Speed Over Ground (SOG) Measurement Speed Log (Bridge 

Deck) 

4. Water Depth  Measurement Echo Sounder (Bridge 

Deck) 

5. Water Breadth Measurement Openseamap.org  

6. Coordinates Measurement GPS Device  

7. Draught  Shipping Company Given Information 

8. Ship General Dimension Shipping Company Given Information 

9. Engine Power Curve Shipping Company Given Information 

 

3.2.3  Modelling Process 

The modelling process is inspired by a prior research (master thesis) by Abdul Hafidh 

[11]. To input the simulation into the program, the modelling algorithm are prepared 

for these parameters: 

1. Water density 
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2. Ship hull form 

3. Ship general dimension 

4. Resistance on calm water 

5. Added resistance due to restricted water 

6. Engine power 

3.2.4  Model Validation 

To make sure that the model is working, and the elements inside the model are giving 

the same effect as in real condition, the model shall be validated by comparing the 

result of the model with the real measured data from MV. Anouk. 

3.2.5  Conclusion and Recommendation 

Conclusions are given after the work is finished and the content of the conclusion 

about the result of the work and the result when applied to the problems. 

Recommendation are also listed to give information about the further development of 

the work.
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CHAPTER IV 

MODELING AND ANALYSIS 

4.1 Ship Data 

Table 2 Ship Information 

No. SHIP INFORMATION 

1. Ship Name MV. Anouk 

2. Type General Cargo 

3. IMO/MMSI 9196266 / 218856000 

4. Call Sign DGME 

5. Flag Germany  

6. Year Built 2000 

7. Home Port HUSUM 

8. GT/ NT / DWT 2316 mts / 1295 mts / 3171 mts 

9. LBP 84.99 m 

10. LWL 86.69 m 

11. LOA 89.99  

12. Breadth 12.5 m 

13. Draught  4.2 m 

14. Depth Moulded 6 m 

15. Main Engine MaK 8M20 750 kW/900 RPM 

16. Propeller 5-Blade FPP 

Diameter= 3.4 m 

 

4.2 Modeling  

4.2.1 Ship Route 

The ship was sailing from Poland to Humus. However, since the measurement was 

started from Kiel Canal, the used route is only from KM 95 to KM 56 of Kiel Canal.
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  Figure 6 Ship Route 

Source: searoutes.com 

    Table 3 Canal Information 

No. CANAL INFORMATION 

1. Canal Name Kiel Canal/Nord-Ostsee-Kanal 

2. Length 98.6 km 

3. Maximum Water Depth 11 m 

4. Maximum Water Breadth 162 m 

 

4.2.2  Water Density Model 

The water density value is different when the temperature of the water area where the 

ship is sailing is changing. The change in water density value will affect the water 

resistance from the ship. Using Eq. 2 from Kell’s Formulation [12], the new water 

density can be obtained with the given temperature.  

 =  999.84847 +  6.3375638 × 10−2𝑡 − 8.523829 × 10−3𝑡2 + 6.943248 ×

            10−5𝑡3 − 3.821216 × 10−7𝑡4           Eq. 3 

To calculate the value of kinematic viscosity, Eq. (4) can be used by giving the input 

water densty, , from Eq. (3) and dynamic viscosity, referring to IAPWS 2008 [13].  

 =
𝜇

𝜌
                                 Eq. 4 

The equation (2) and (3) are transferred to MATLAB as an algorithm. Then with the 

file “Water_Density.m”, the water density and kinematic viscosity along the route can 

be defined.  
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According to the ship route, the average water temperature of Kiel Canal is 18C. 

Therefore, value of water density, and viscosity at temperature 18C are =998.6 

kg/m3; =0.0000010541 m2/s. 

4.2.3 Ship Hull Form Model 

Table 4 Ship Hull Form Model 

Hull Form 

Coefficient 

Reference Formula Note Result 

Block 

Coefficient 

(CB) 

Eric C. 

Tupper 
𝐶𝐵 =

∇

𝐿𝐵𝑇
 

 

 is 

volume 

displace

ment in 

(m3) 

L is LBP 

in (m) 

V is Vs 

in knots 

𝐶𝐵

= 0.790 

Midship 

Coefficient 

(CM) 

HSVA 
𝐶𝑀 =

1

1 + (1 − 𝐶𝐵)3.5
 

 𝐶𝑀

= 0.995 

Prismatic 

Coefficient 

(CP) 

General 

Formula 
𝐶𝑃 =

𝐶𝐵

𝐶𝑀
 

 𝐶𝑃

= 0.794 

Waterplane 

Coefficient 

(CWP) 

Schneekluth 𝐶𝑊𝑃

= 0.95𝐶𝑃 + 0.17√1 − 𝐶𝑃
3

 

 𝐶𝑊𝑃

= 0.825 

LCB (%) Guldhammer 

& Harvald 
𝐿𝐶𝐵 = 8.9 − 45𝐹𝑛 Fn= 𝑉𝑠/

√𝑔𝐿𝐵𝑃 

Vs in 

(m/s) 

g in 

(m/s2) 

LBP (m) 

𝐿𝐶𝐵
= 2.091 

The following coefficient for ship hull form need to be defined for the calculation in 

the model. The formula then transferred to MATLAB as algorithm. Using the 

algorithm, the value can be obtained from the calculation inside the MATLAB. 

4.2.4 Calm Water Resistance Model 

The estimation of ship resistance in calm water condition is conducted using the 

method from Holtrop and Mennen, which is shown in the following formula: 

𝑅𝑇, 𝑐𝑎𝑙𝑚 =  𝑅𝐹,𝑐𝑎𝑙𝑚(1 + 𝐾1) + 𝑅𝐴𝑃𝑃 + 𝑅𝑊 + 𝑅𝐵 + 𝑅𝑇𝑅 + 𝑅𝐴  Eq. 5 

Where:  
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𝑅𝑇c𝑎𝑙𝑚  = Total resistance of the ship in calm water 

𝑅𝐹c(1+𝑘1) = Frictional resistance considering the form factor of hull 

𝑅𝐴𝑃𝑃   = Appendages resistance 

𝑅𝑊   = Wave resistance 

𝑅𝐵   = Additional pressure resistance of bulbous bow 

𝑅𝑇𝑅  = Additional pressure resistance of immersed transom stern 

𝑅𝐴   = Model-ship correlation resistance 

Frictional Resistance (𝑅𝐹c𝑎𝑙𝑚) 

The frictional resistance can be expressed using Eq. 6. 

𝑅𝐹,𝑐𝑎𝑙𝑚 =
1

2
𝜌𝐶𝐹𝑆𝐵𝐻𝑉𝑆

2   Eq. 6 

 is the water density(kg/m3); CF is frictional resistance coefficient; SBH is wetted 

surface area of ship hull (m2); Vs is ship speed (m/s). The value of SBH on Eq. 6 can 

be defined using Eq. 9. And the value of CF can be calculated using the formula in Eq. 

7 according to ITTC 1957.  

𝐶𝐹 =
0.075

(𝑙𝑜𝑔𝑅𝑛−2)2    Eq. 7 

Rn is defined as Reynold number. The value of Rn is based on Eq. (8). 

𝑅𝑛 =
𝑉𝑠×𝐿𝑊𝐿


      Eq. 8 

Where, Vs is ship speed (m/s); and  is kinematic viscosity of water (m2/s) which 

already defined on water density model. 

𝑆𝐵𝐻 = 𝐿𝑊𝐿(2𝑇 + 𝐵)√𝐶𝑀 (0.4530 + 0.4425𝐶𝐵 − 0.2862𝐶𝑀 − 0.003467
𝐵

𝑇
+

                0.3696𝐶𝑊𝑃) + 2.38
𝐴𝐵𝑇

𝐶𝐵
         Eq. 9 

Where, LWL is length at waterline (m); ABT is transverse sectional area of bulb at the 

position where the water surface intersects the stern; CM, CWP are already defined on 

Table 4.2. 

On Eq. 5, frictional resistance is multiplied by factor (1+k1) which is form coefficient 

of the naked hull. The value of (1+k1) can be estimated using Eq. 10. 

1 + 𝑘1 = 0.93 + (
𝑇

𝐿𝑊𝐿
)

0.22284
(

𝐵

𝐿𝑅
)

0.92497
(0.95 − Cp)−0.521448(1 − Cp +

                          0.0225)0.6906        Eq. 10 
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The length of the aft body, LR, can be approximated by Eq. 11 

𝐿𝑅 = [𝐿𝑊𝐿(1 − 𝐶𝑃 + 0.06𝐶𝑃
𝐿𝐶𝐵

(4𝐶𝑃 − 1)⁄ ]  Eq. 11 

Longitudinal center of buoyancy, LCB, is already calculated in Table 4.2. 

Appendages Resistance (RAPP) 

The appendages resistance can be determined using Eq. 12. 

𝑅𝐴𝑃𝑃 =
1

2
𝜌𝑉𝑆

2𝐶𝐹(1 + 𝑘2)𝑒𝑞𝛴𝑆𝐴𝑃𝑃    Eq. 12 

The value of coefficient (1+k2) is obtained from Table 5. according to the 

configuration of the hull appendages.  

 

Table 5 1 + K2 Values 

Approximate 1+k2 values 

Rudder behind skeg 1.5 – 2.0 

Rudder behind stern 1.3 – 1.5 

Twin-screw balance rudders 2.8 

Shaft brackets 3.0 

Skeg 1.5 – 2.0 

Strut bossings 3.0 

Hull bossings 2.0  

Shafts 2.0 – 4.0 

Stabilizer fins 2.8 

Dome 2.7 

Bilge keels 1.4 

 

Value of (1+𝑘2) is calculated by Eq. 13.  

(1 + 𝑘2)𝑒𝑞 =  
∑(1+𝑘2)𝑆𝐴𝑃𝑃

∑ 𝑆𝐴𝑃𝑃
     Eq. 13 

Where, SAPP is the wetted surface area of appendages. 

Wave Resistance (RW) 

The wave resistance can be determined using Eq. 14. 

𝑅𝑊 = 𝑐1𝑐2𝑐5∇𝜌𝑔𝑒𝑥𝑝{𝑚1𝐹𝑛
𝑑 + 𝑚2cos (𝐹𝑛

−2)}   Eq. 14 

Where, coefficient c1 can be approximated using Eq. 15; c2 using Eq. 18; c5 using Eq. 

20. 
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c1 = 2223105𝑐7
3.78613 (

𝑇

𝐵
)

1.07961
(90 − 𝑖𝐸)−1.37565   Eq. 15 

Where iE represents the angle of waterline at the bow in degrees. iE can be determined 

using Eq. 16, and coefficient c7 using Eq. 17. 

ie = 1 + 89𝑒𝑥𝑝 {−(
𝐿𝑊𝐿

𝐵
)0.80856(1 − 𝐶𝑊𝑃)0.30484(1 − 𝐶𝑃 −

                              0.0225𝐿𝐶𝐵)0.6367 (
𝐿𝑅

𝐵
)

0.34574
(

100∇

𝐿𝑊𝐿
3)

0.16302
}             Eq. 16 

c7 = 
𝐵

𝐿𝑊𝐿
 when 0.11 < B/LWL < 0.25        Eq. 17 

Coefficient c2 is influenced by the value of c3, as it is shown in Eq. 18. The value of 

c3 can be approximated using Eq. 19.  

c2 = exp (−1.89√𝑐3)                Eq. 18 

c3 = 0.56𝐴𝐵𝑇
1.5/{𝐵𝑇(0.31√𝐴𝐵𝑇 + 𝑇𝐹 − ℎ𝐵)}       Eq. 19 

𝑐5 = 1 − 0.8𝐴𝑇/(𝐵𝑇𝐶𝑀)                                           Eq. 20 

Value of coefficient c5 can be determined using Eq. 20, where AT represents the 

immersed part of transverse sectional area of transom at zero speed. HB is the position 

of the center of the transverse area ABT  above the keel line, the value of hB can be 

approximated by using Eq.30. ABT can also be approximated by using Eq. 31. Tf is 

draught at fore of ship. 

           m1 = 0.0140407
𝐿𝑊𝐿

T
−

1.75254∇
1
3

𝐿𝑊𝐿
+ 4.79323

B

LWL
− 𝑐16        Eq. 21 

c16 = 8.07981𝐶𝑃 − 13.8673𝐶𝑃
2 + 6.984388𝐶𝑃

3     when Cp < 0.80       Eq. 22 

The value of m1 is regulated by Eq. 21. Where the coefficient c16 can be defined from 

Eq. 22 

Fn = 
𝑉𝑠

√𝑔𝐿𝑊𝐿
⁄         Eq. 23 

D = - 0.9 

      m2 = 𝑐15𝐶𝑝
2𝑒𝑥𝑝(−0.1𝐹𝑛

−2)                                 Eq. 24 

c15 = −1.69385             Eq. 25 

 = 1.446𝐶𝑃 − 0.03
𝐿𝑊𝐿

𝐵⁄  for Lwl/B < 12        Eq. 26 

Additional Pressure Resistance of Bulbous Bow (RB) 
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The additional pressure resistance of bulbous bow can be determined using Eq. 27. 

𝑅𝐵 = 0.11 exp(−3𝑃𝐵
−2) 𝐹𝑛𝑖

3 𝐴𝐵𝑇
1.5𝜌𝑔/(1 + 𝐹𝑛𝑖

2 )  Eq. 27 

Where PB is coefficient for the emergence of the bow (see Eq. 28) and Fni (see Eq. 29) 

is the Froude number based on the immersion. 

𝑃𝐵 = 0.56√𝐴𝐵𝑇/(𝑇𝐹 − 1.5ℎ𝑏)   Eq. 28 

𝐹𝑛𝑖 = 𝑉𝑠/√𝑔(𝑇𝐹 − ℎ𝐵 − 0.25√𝐴𝐵𝑇) + 0.15𝑉𝑠
2  Eq. 29 

The estimation of transverse bulb area (ABT) is shown by Eq. 31, and the center area 

of ABT above keel (hB) is shown by Eq. 30. 

ℎ𝐵 = 0.45𝑇𝐹      Eq. 30 

𝐴𝐵𝑇 = 𝐶𝐴𝐵𝑇𝐴𝑀            Eq. 31 

Where,  

𝐶𝐴𝐵𝑇 = 40𝐹𝑛 − 3.5       Eq. 32 

𝐴𝑀 = 𝐶𝑀𝐵𝑇     Eq. 33 

Additional Pressure Resistance of Immersed Transom (RTR) 

The additional pressure resistance of immersed transom can be determined using Eq. 

34. 

𝑅𝑇𝑅 =
1

2
𝜌𝑉𝑆

2𝐴𝑇𝑐6          Eq. 34 

Where, 

𝑐6 = 0.2(1 − 0.2𝐹𝑛𝑇)        when FnT < 5  Eq. 35 

𝐹𝑛𝑇 = 𝑉𝑠/√2𝑔𝐴𝑇/(𝐵 + 𝐵𝐶𝑊𝑃)    Eq. 36 

Model Ship Correlation Resistance (RA) 

The model ship correlation resistance can be determined using Eq. 37. 

𝑅𝐴 =
1

2
𝜌𝑉𝑆

2𝑆𝐵𝐻𝐶𝐴    Eq.37 

For the approximate value of hull roughness coefficient (CA), Eq. 38 can be applied. 

𝐶𝐴 = 0.006(𝐿𝑊𝐿 + 100)−0.16 − 0.00205 + 0.003√𝐿𝑊𝐿
7.5⁄ 𝐶𝐵

4𝑐2(0.04 − 𝑐4) 

Eq.38 
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Where, 

𝑐4 = 0.04   when TF/LWL > 0.04 

4.2.5 Added Resistance due to Shallow Water (Rshallow) 

The estimation of added resistance due to restricted water can be calculated by using 

the formula from ITTC 2017 (see Eq. 39).  

𝑅𝑆ℎ𝑎𝑙𝑙𝑜𝑤 = 𝑅𝑇 × 0.57(
𝑇𝑀

𝐻
)1.79   Eq. 39 

Where TM is draught at midship (m); and H is water depth below keel (m). 

Wake Fraction (w) 

The wake fraction of ship with single screw propeller can be taken from Table 6. The 

table comes from Taylor averaged wake fraction value based on block coefficient 

(CB) of the ship.  

 

Table 6 Values of Wake Fraction from Taylor 

Block 

Coefficient 

(CB) 

Wake fraction (Taylor) 

Twin-screw 

ships 

Single-screw 

ship 

0.50 -0.038 0.230 

0.55 -0.021 0.234 

0.60 0.007 0.243 

0.65 0.045 0.260 

0.70 0.091 0.283 

0.75 0.143 0.314 

0.80 - 0.354 

0.85 - 0.400 

0.90 - 0.477 

      

Thrust Deduction (t) 

The value of thrust deduction for single screw propeller is approximated by Holtrop 

and Mennen is:  

      t = 0.10                                               Eq. 40 
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Relative Rotative Efficiency (R) 

According to Holtrop and Mennen, the value of relative rotative efficiency for single 

screw propeller is:  

R = 0.98. 

Hull Efficiency (H) 

The value of hull efficiency can be determined using Eq. 41 


𝐻

=
1−𝑡

1−𝑤
    Eq. 41 

 

4.2.6 Power Model 

Break Horsepower Model 

In this model, power are determined using following equations that will calculate 

value of effective power using Eq. 42. Effective power is the product of total 

resistance (RT) and service speed (Vs) in (m/s). Break power can be calculated in Eq. 

43 with the influence of 
𝐻

,
𝑅

,
𝑂

,
𝑆

,
𝐺

. Where, H is hull efficiency, R is 

relative rotative efficiency, O is open-water propeller efficiency, S is shaft 

efficiency, and G is gearbox efficiency.  

 

𝑃𝐸 = 𝑅𝑇𝑉𝑆    Eq. 42 

𝑃𝐵 =
𝑃𝐸

𝐻𝑅𝑂𝑆𝐺

        Eq. 43 

Measured Power Model 

The value of measured power is calculated using a formula on Eq. 44 made based on 

the performance diagram from the engine (see Appendix 2). The formula is a 

function of fuel rack (mm) and engine RPM which come from the measurement on 

the ship.  

𝑃𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =  
𝑅𝑃𝑀

1000
×

𝐹𝑅

25.5
× 1350                       Eq. 44 

 

4.2.7 Speed Reduction Model 

The water depth and water breadth of the water area where the ship is passing through 

influences the speed reduction. In this model, the ship is passing through canal with 

finite breadth less than 200 m.  
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The value of ship speed at canal (Vh) is shown by Eq. 44 [14]. 

𝑉ℎ =  𝑉∞ [1 − 0.09(
√𝐴𝑀

𝑅𝐻
)1.5]                Eq. 45 

Where, V is the speed in deep water in (knots); Vh is the speed in canal of the depth 

h and breadth b. AM is cross sectional area of midship. RH is the hydraulic radius, 

which is the area of cross section of the canal divided by wetted perimeter of the 

canal (Rh) on Eq. 45. 

𝑅𝐻 = 𝑏ℎ/(𝑏 + 2ℎ)                                         Eq. 46 

4.3 Analysis  

4.3.1 Speed Power Diagram 

By running the file ‘Resistance_Power.m’, and then doing the calculation and 

simulation using the Simulink model ‘Resistance_Power_Model.slx’, the speed – 

power diagram on the Figure 7. can be obtained.  

 

Figure 7 Speed - Power Diagram 

 

From Figure 7, the value of power at the same speed can be seen higher as the value 

of water depth and water breadth becoming smaller. The influence of shallow water 

matches the formula of added resistance due to shallow water on Eq. 39. For 

example, from the diagram, if the ship is sailing with speed 7 knots on the water 

depth 7 m, and water breadth 50 m, the power used by the ship is around 450 kW. In 

the water depth 5 m, with water breadth 50m, the ship wants to maintain its speed at  
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7 knots. Then based on the diagram, the power used by the ship increasing to 600 

kW. The ship has the choice to sail with the same power 450 kW by lowering the 

speed to 6.4 knots. The other choice, the ship can go with a small increase of power 

to 500 kW with the speed 6.6 knots.  

The influence of water breadth is getting bigger when the water breadth is smaller. 

At water breadth 50 m and water depth 5 m, to achieve speed 7 knots, the power 

required is 600 kW. Meanwhile, with the same water depth and same power, when 

the water breadth is 75 m, the ship speed can achieve 0.15 knots higher to 7.15 

knots.  

4.3.2 Fuel Cost 

Table 7 Estimation for Cost Calculation 

No. Name Value Unit 

1. Fuel Cost 300 €/ton 

2. Travel Distance  250 nm 

3. Fuel Consumption at 800 kW 

(From Appendix 2) 

180 kg/h 

 

 

From Figure 8, it can be seen for operation at 800 kW, the value of fuel cost 300 

€/ton is converted to 54 €/h by dividing fuel cost with fuel consumption. At wide 

and deep water area, the speed is planned on 9.5 knots, which consequently make 

the fuel cost to be 5.7 €/nm. At narrow and shallow water area, the speed is planned 

on 6.5 knots, then the fuel cost is 8.31/nm. The fuel cost per nautical mile is the result 

of fuel cost per hour divided by ship speed.  

The value of fuel cost per nautical mile (€/nm) is depending on the power and speed 

chosen. The higher the power, the higher the value of fuel consumption per hour 

(kg/h). However, as the diagram shows, it is not efficient to go on the same power 

for shallow and narrow water. To achieve a nearly same fuel cost per nautical mile, 

the ship must lower the speed to 6 knots. By operating at 6 knots, the power is 

becoming 600 kW. at At 600 kW, the fuel consumption is 120 kg/h, which resulting 

on 6 €/nm for the fuel cost at narrow and shallow water.  
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Figure 8 Speed- Power Diagram with Fuel Cost 

From 250 nm voyage, the 100 nm is considered as travel through canal or river 

(restricted water area), and the 150 nm is considered as travel through wide and deep 

water area. The fuel cost for the total distance will be: 

For constant 800 kW  = (5.77 €/nm x 150 nm) + (8.31 €/nm x 100 nm)  

                                                = 1,686 € 

For 800 kW to 600 kW   = (5.77 €/nm x 150 nm) + (6 €/nm x 100 nm) 

= 1,465 € 

By reducing 0.5 knots at narrow and shallow water, the ship save 221 € per voyage. 

4.4 Model Validation 

Figure 9 shows the comparison between the results of model compared to the 

measured data. The comparison is proceed using the same power (measured power). 

This process is to validate that the model is working nearly the same as the real 

condition. From all measurement data, few specific data from KM ~63 to KM ~60 

is taken into note where the ship is passing through the narrowing area and then 

continuing back to widening area.  The detailed position can be look up on Figure 

10. 
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Figure 9 Model Data Compared to Measurement Data 

From the set of data, it can be seen that the narrowing water breadth with the 

shallowing water contribute to the decreasing value of ship speed. From time 120 to 

180 seconds, the canal breadth is going from 108 m to 90 m. Within the same 

timeline,  

the measured speed is also going down from 8.8 knots to 7.6 knots. Using the model, 

if the applied power is same as the real condition, the ship speed of model is also 

going down from 8.92 knots to 7.89 knots together with the decreasing of water 

breadth at time 120 to 180 seconds. When the water breadth is widening to 110 m 

again (at time 270 to 300 seconds), both model speed and measured speed are 

increasing again. 

After the narrowing (time 180 to 270 seconds), the ship speed is remarkable as nearly 

constant. Both model speed and measured speed give nearly same value. The 

constant value also happen after the ship is reaching the constant wide area 120 m 

(at time 600 to 690 seconds). These constant values also prove the existence of 

narrowing and shallowing water influence to the ship speed in both measured data 

and model data. 

The model gives the same effect and result due to narrowing and shallowing water. 

However, the value is not perfectly match with the measured data. This can be the 

result of other influences, for example fouled propeller, fouled hull, the condition of 

the engine itself (the engine performance). These factors are considered as in a clean 

and good condition in the model, while in the real condition, this information are not 

available.  
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Figure 10 Map Showing Location for Model Validation 

Source: openseamaps.org 
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CHAPTER V 

CONCLUSION  

5.1 Result 

5.2.1 Mathematical Result 

On mathematical side, the model is analyzing the potential energy and fuel saving 

by following the optimum speed showed by the resulted speed – power diagram. 

The Simulink model is calculating the total ship resistance including the calm 

water resistance, added resistance due to shallow water, added resistance due to 

narrow water. The total resistance then continued to be calculated as an input to 

power calculation. The resulted power from the Simulink calculation then 

provided to the MATLAB workspace. By variating the input of water depth and 

water breadth, a diagram for speed – power at various water depth and water 

breadth is obtained. 

The application of speed – power diagram is giving an impact in term of energy 

saving. By going down 0.6 knots from 7 knots to 6.4 knots at water depth 5 m and 

water breadth 50 m, the power needed is cut down by 150 kW, which is around 

30% compared to when it is sailing at the same speed 7 knots at water depth 7 m 

and water breadth 50 m. 

5.2.2 Economical Result 

On the economical side, the fuel cost can be reduced by following the speed – 

power diagram. When the ship is sailing on 6.0 knots instead of 6.5 knots at 

narrow and shallow water, the amount of fuel cost saved is 221 €. However, if it 

is compared to the payment received by the owner which roughly estimated as 

10,000 € per voyage (250 nm travel distance), and considered the other cost -for 

example the daily operating cost allocated for daily maintenance of ship 

inventories, which can cost up to 2800 € per day- the fuel cost saved is relatively 

small to be counted as additional to the profit. In real condition, instead of 

following the optimum speed at the specified water depth and breadth, the 

shipping company tends to lower down the other possible cost.  

5.2 Outlook 

In order to make a more accuracy tool, the value of fixed cost, and other operational 

cost must following the real value from the shipping company. The one used in this 

analysis is following the rough estimation for the basic of helping tool. Further use 

of this tool must follow the actual fuel cost per metric tonnage; the density of the 

specific fuel oil used, and should follow the real schedule of the voyage. The future 

development of this tool is possible. For instant, in order to create a more useful tool, 

the work can be applied with using data from ship, which sails on seawater area. To  
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achieve this, the density and the viscosity used must be adjusted to the seawater. And 

to make it more accurate, the influence of irregular sea and weather must be included.  

The improvement of MATLAB works shall be done to create a more efficient and 

easy-to-use tool for the user. 
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APPENDIX II 

POWER CURVE DIAGRAM 
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