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ABSTRACT  

The aim of this master thesis is to identify most important parameters for the prediction of 

added power of a ship in waves. Such study enables a better understanding of the added power 

in waves problem, by allowing one to identify which parameters play a more important role in 

the final estimation. This study can contribute to the scientific community which is working on 

a precise numerical solution for this problem by providing a better comprehension on the 

problem regarding parameters that should be given more effort to achieve a finer tuning. This 

research is based on a large amount of full-scale container ship data where a comparison 

between measurements and numerically calculated added power of a ship in waves can be 

performed. The numerical approach is based on the method proposed by Shigunov V. (2017). 
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1. INTRODUCTION  

1.1. Motivation 

DNV GL SE Hamburg, Fluid Engineering Department of Advisory is an important player on 

the ship industry providing hydrodynamic advisory services to the external customers, internal 

rule development and approval. A shipping company has requested DNV GL to perform an 

assessment of the sufficiency of sea margin to fulfill contract requirements for four series of 

container ships with retrofitted bow and derated engine for slow-steaming operation. This was 

done using numerical method; to validate this method, the customer asked DNV GL to compare 

the results of this method with measurements for a series of eight sister container ships for a 

period of 7 ship-years and provided a database of such measurements. 

Such study enables a better understanding of the added power in waves problem, by allowing 

one to identify most important factors. Certainly, this study can contribute to the scientific 

community which is working on a precise numerical solution for this problem by providing a 

better comprehension on the problem and identification of factors that should be given more 

effort to achieve a better accuracy. 

Another positive impact would be on the performance monitoring of ships. In this case the 

performance is monitored and checked by converting the results from the operational condition 

to calm-water condition. A more accurate correction approach would lead to more realistic 

results.  

Furthermore, a contribution on such topic can have a major importance to the industry, because 

ships are mainly designed and optimized for still water conditions. In this way, a contribution 

to this topic would enable the industry to enhance the sea margins commonly applied on design 

phase. 

A large amount of full-scale container ship data is available to DNV GL which enables the 

development of a study where a comparison between a real measurements and numerical 

calculations of added power of a ship in waves can be performed. The main goal of the proposed 

topic is to try to investigate and identify the influence of each parameter that can affect the 

result of added power of the ship.  

Lastly, this research contributed to DNV GL to keep developing a software tool with an 

automatic search, post-processing and filtering of environmental data (current, wind, waves) 

for given ship locations.  
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1.2. Literature Review 

Below a list of reference publications on this subject and a brief description of their content.  

1.2.1. Prediction of Added Power in Seaway by Numerical Simulation – [1] 

This paper was the basis for the bibliography research on this study. In this publication it is 

proposed a numerical method to predict added power in seaway. The proposed method 

combines wave and wind forces with calm-water reactions and forces from propulsion system 

and rudders. The numerical predictions are compared with full scale measurements. 

1.2.2. A Study of Methods to Predict Added Resistance in Waves – [2] 

This reference is a master thesis where the author has made a research on the available methods 

to predict the added resistance of ships in waves. One of the useful outcomes for this research 

is the list of methods described in the work. Most of the methods were developed in 1970s, and 

have a good agreement with experimental results for head seas. 

1.2.3. A Comparison of Different Methods for Added Resistance Prediction – [3] 

This reference, similarly to [2], compares different added resistance prediction methods. This 

comparison is done for a Ro-Ro/Pax ship. The main outcome is that after evaluating both 

analytical and statistical methods it was concluded that the statistical regressions should be 

updated by the new Ro-Ro/pax profile designs. 

1.2.4. Uncertainties Related to the Estimation of Added Resistance of a Ship in Waves – [4] 

This work similarly to previous ones, compares different methods for assessing the added 

resistance of ships in waves. The uncertainty origins are analyzed and compared taking in 

consideration assumptions and simplifications on each method. 

1.2.5. Experimental Study on Added Resistance and Unsteady Pressure Distribution in 

Following Waves – [5] 

This paper goal is to discuss the applicability of Enhanced Uniform Theory (EUT) for 

evaluating the added resistance of a ship on following waves. In this work, the strip theory was 
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compared with EUT to compute added resistance of ships. As conclusion of the work, EUT was 

considered better than strip theory because of the consideration of three dimensional and 

forward speed effects. 

1.2.6. Estimating Added Power in Waves for Ships Through Analysis of Operational Data – 

[6] 

Similarly to this work, this paper has focused on trying to quantify the added power in seaway, 

from full scale measurement. The calculated approach for estimating the added power due to 

waves and wind was by deducting the calm water power from the total measured shaft power.  
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2. INVESTIGATION METHOD 

The aim of this work is to perform a sensitivity study with respect to the parameters that may 

have an influence on a ship added power in seaway, by analyzing real data measured on board 

of a series of six sister container ships of 8400 TEU and approximately 300 m LOA. The 

measurements related to years 2009 to 2014 while navigating on an Asia - Europe route through 

Suez Canal. Among other, the recorded data include the following information: 

• Date and time of record 

• Speed over ground 

• Course 

• Shaft RPM 

• Shaft power  

• Geographical Latitude 

• Geographical Longitude 

• Draft at aft perpendicular 

• Draft at forward perpendicular 

• Operational Status (departure, arrival, port, anchor stops, EOSP, sea, drifting start) 

 

Based on the date, time, latitude and longitude it is possible to retrieve the environmental 

conditions the ship faced, such as wave spectra, wind speed, wind direction as well as current 

speed and direction.   

Moreover, the hull lines of the ship were available so that it was possible to calculate the acting 

forces and moments for the given loading and environmental condition by using DNV GL 

software called GL Power. To better understand the basic steps taken to perform this analysis 

a flowchart is shown in Figure 1. 
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Figure 1 - Schematic of steps taken. 

2.1. Data preparation 

Cleaning the available measurement data had a major importance to begin this study, as the 

data provided by the shipowner summed altogether almost 295.000 measurements. To avoid 

inconsistencies, as well as to be sure that the sensitivity study would occur in a proper and 

controlled range of data the following items were disregarded in the study: 

• Shaft RPM < 20 RPM 

• Speed over Ground < 10.0 knots 

• Trim > 3.5m 

• Shaft power < 106 W 

• All events where it was stated by the captain that the ship was not on full navigating 

condition (e.g. Departure, Arrival, PORT, Anchor Stops) 

Ship 

Measurements 

Data 

Preparation 

Hydrodynamic 

Models 

Run  

GL Power 

Added Power 

Environmental 

Conditions 
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After applying these filters, the number of the remaining conditions was about 170.000 cases, 

which can be observed on Figure 2. 

 

 

Figure 2 – Filtered loading conditions.  

 

2.2. Environmental Conditions 

Based on the date, time, latitude and longitude provided by the shipowner, a script was 

developed to download the environmental conditions from the websites sources [6] and [8] to 

include those conditions on the previous filtered table provided by the shipowner. This was 

done to be further possible to run another script by reading this tables lines and running GL 

Power Software. 

The data extracted was wave energy spectra (directions and frequencies as components), current 

speed, current direction, wind speed and wind direction. 

2.3. Hydrodynamic Model 

Calm-water derivatives, wind force coefficients, open-water propeller characteristics, and wave 

drift forces for this series of ships were provided by DNV GL as input to this study. Calm-water 
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derivatives were obtained via CFD – RANSE (computational fluid dynamics - Reynolds-

Average Navier-Stokes equations) and model basin tests, where components of x- and y- forces 

and moment with respect to z direction are given, see Figure 3. Open water propeller 

characteristics (J - advance ratio, KT - thrust coefficient and KQ - torque coefficient). 

Coefficients of wind force and moments were defined from wind tunnel tests. Wave drift forces 

were obtained by running a linear 3d Rankine source-patch method GL Rankine, for a given set 

of loading conditions (drafts, trims) ship forward speeds, wave frequencies and directions. 

 

Figure 3 – Coordinate system (picture from GL Power manual). 

2.4. GL Power Software 

GL Power was the software used to calculate the added power of the ship by combining the 

input information described in items 2.1, 2.2 and 2.3 above. The software solves the equilibrium 

equation of forces and moments (1) to (3) in coordinate system shown in Figure 3 with the 

origin O in the intersection of waterplane, central plane and midship transversal plane. X 

positive pointing towards bow, Y towards starboard and moment around Z downward.  

 

𝑋𝑆 + 𝑋𝑊 + 𝑋𝑑 + 𝑋𝑅 + 𝑇(1 − 𝑡) = 0 (1) 

𝑌𝑆 + 𝑌𝑊 + 𝑌𝑑 + 𝑌𝑅 = 0 (2) 

𝑁𝑆 + 𝑁𝑊 + 𝑁𝑑 + 𝑁𝑅 − 𝑌𝑅𝐿𝑃𝑃 2⁄ = 0 (3) 
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Here X and Y are force projections on x and y directions, N moments around z axis, T propeller 

thrust and t is thrust deduction. The subscripts s, w, d and R refer to calm water hydrodynamic 

reaction, wind load, drift load due to waves and rudder forces, respectively. 

One of the various outputs produced by the software is the required delivered power for the 

given input conditions. 

The final output of the work is a comparison of the numerical result with measurements. 

2.5. Sensitivity Study 

The sensitivity study was performed by comparing the measured power of the ship for each 

given environmental condition against the required delivered power given as output from GL 

Power. The main goal of the sensitivity study is to evaluate the influence of wind, current and 

waves on the final added power of the ship in seaway. This and other graphical enabled the 

author to investigate which parameters have a major influence on the added power of a ship on 

seaway.  

The result of this investigation can serve as input to industry on where to focus the attention 

when in the prediction of added power in seaway, as well as how to improve route optimization 

tools. 
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3. POST PROCESSING OF MESUREMENTS 

Based on the reported data for each ship, it is possible to retrieve the actual environmental data 

faced by the ship, by accessing environmental databases available. It would be extremely 

difficult to accomplish such task manually, as the measurements report had more than 100.000 

cases. Thus, a software tool was developed to automatically retrieve wind speed, wave energy 

spectra and current. These data served as input for GL Power. 

3.1. Environmental Conditions  

Wind and wave information was retrieved from the European Centre for Medium-Range 

Weather Forecasts (ECMWF) website where a project called ERA-Interim [8] performs a 

reanalysis of its archived observations using a forecast model and data assimilation systems 

from 1979 until present days. Public datasets are available for downloading. 

Ocean current information were obtained from the Physical Oceanography Distributed Active 

Archive Center (PO.DAAC) website which is a part of the group Earth Observing System Data 

and Information System (EOSDIS) that provides science data for NASA’s Science Mission 

Directorate.  

PO.DAAC, among many available environmental data, has a project called OSCAR (Ocean 

Surface Current Analysis Real-time), [6], with the near-surface ocean currents information. 

3.1.1. Wind Information 

Wind information was retrieved with a script in Python language. The data are available for a 

grid of 0.75º by 0.75º with measurements steps of 6:00 hours. 

The information was downloaded in a Network Common Data Form (NetCDF) file format, 

where information on latitude, longitude, zonal velocity (positive for west to east wind), 

meridional velocity (positive for south to north wind) and date and time of measurements are 

stored. 

3.1.2. Wave information 

Wave information was retrieved from ERA-Interim as 2D Wave Spectra, where the energy 

spectra defined at 30 frequencies and 24 directions. Frequencies were distributed geometrically 

with a 1.1 step, according to Eq. (4), where f(0) = 0.0345 Hz, whereas the directions range 
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started on 7.5 degrees with a step of 5º for 36 directions. A wave propagating to north is a 0o 

wave. 

𝑓(𝑛) = 𝑓(𝑛 − 1) ∙ 1.1 (4) 

 

The energy spectrum data are encoded as a logarithm of base 10, thus the wave energy spectra 

should be 10 to the power of the value provided. 

The wave input information was downloaded for the same grid of locations, date and time and 

in the same file format (NetCDF). 

3.1.3. Ocean Current 

The ocean current information was obtained from the OSCAR project [7], where it is available 

since October 5th,1992 at the frequency of 172 per scan, i.e. approximately every 5 days, on a 

spatial grid of 1/3º in latitude and longitude directions. The measurements considered a near-

surface ocean current with an average depth of 15 m below water level. 

The file format used to download this information was also NetCDF, containing information 

about latitude, longitude, date and time similarly to the above described. 

3.2. Resulting Database 

A script written on Python was developed to read each line of the shipowner database and 

include the measured environmental conditions as additional columns in the original 

spreadsheet.  

Because, the spatial and temporal grids vary from file to file and don’t match with the latitude, 

longitude, date and time of the measurements, interpolated values were used (5). 

 

u = ℎ̂𝑙𝑑̂(𝑢𝑑2,𝑙2,ℎ2 − 𝑢𝑑1,𝑙2,ℎ2 − 𝑢𝑑2,𝑙1,ℎ2 + 𝑢𝑑1,𝑙1,ℎ2 − 𝑢𝑑2,𝑙2,ℎ1 + 𝑢𝑑1,𝑙2,ℎ1

+ 𝑢𝑑2,𝑙1,ℎ1 − 𝑢𝑑1,𝑙1,ℎ1)

+ 𝑙ℎ̂(𝑢𝑑1,𝑙2,ℎ2 − 𝑢𝑑1,𝑙1,ℎ2 − 𝑢𝑑1,𝑙2,ℎ1 + 𝑢𝑑1,𝑙1,ℎ1)

+ ℎ̂𝑑̂(𝑢𝑑2,𝑙1,ℎ2 − 𝑢𝑑1,𝑙1,ℎ2 − 𝑢𝑑2,𝑙1,ℎ1 + 𝑢𝑑1,𝑙1,ℎ1)

+ 𝑙𝑑̂(𝑢𝑑2,𝑙2,ℎ1 − 𝑢𝑑1,𝑙2,ℎ1 − 𝑢𝑑2,𝑙1,ℎ1 + 𝑢𝑑1,𝑙1,ℎ1)

+ 𝑙(𝑢𝑑2,𝑙2,ℎ1 − 𝑢𝑑1,𝑙1,ℎ1) + 𝑑̂(𝑢𝑑2,𝑙1,ℎ1 − 𝑢𝑑1,𝑙1,ℎ1)

+ ℎ̂(𝑢𝑑1,𝑙1,ℎ2 − 𝑢𝑑1,𝑙1,ℎ1) + 𝑢𝑑1,𝑙1,ℎ1 

(5) 
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Where: 

𝑑̂ =
𝑑−𝑑1

𝑑2−𝑑1
 , 𝑙 =

𝑙−𝑙1

𝑙2−𝑙1
, ℎ̂ =

ℎ−ℎ1

ℎ2−ℎ1
 (6) 

 

and d=time, l= longitude, h=latitude; 1=left boundary, 2= right boundary and d, l and h without 

index is the point of interest. 

3.3. Environmental Data Consistency Check 

To verify consistency of environmental data, a random check was performed comparison with 

some website sources which use the same database as the ones referred in this thesis, (e.g. LAS 

– Live Access Server, http://thredds.jpl.nasa.gov/las/ ).  

All consistency checks performed gave confidence that script developed was running well 

without numerical inconsistencies. 

http://thredds.jpl.nasa.gov/las/
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4. ADDED POWER CALCULATION 

In this section there will be a brief discussion on how to run the software GL Power, the 

equations it is solving, input and output file examples as well as the method to obtain the 

calculated added power of the ship in given conditions. 

4.1. GL Power Input Files 

The aim of this section is to briefly discuss the input files and method of solution used by this 

software. 

Figure 4 illustrate an example of input file for GL Power. 

  

Figure 4 - GL Power input example. 

4.1.1. Calm-Water Reactions 

Coefficients of calm-water reactions are provided in an input file that has a structure of four 

columns, containing the drift angle β[o], the non-dimensional coefficients 𝑋𝑆
′(𝛽) , 𝑌𝑆

′(𝛽) and  

𝑁𝑠
′ as shown in Figure 5. 

 

Figure 5 - Calm-water coefficients input file. 
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Those non-dimensional derivatives are used to calculate de calm water forces as per. (7) to (9). 

𝑋𝑆 = 𝑋𝑆
′(𝛽)

𝜌

2
𝑣𝑠

2𝐿𝑝𝑝𝑇𝑚 (7) 

𝑌𝑆 = 𝑌𝑆
′(𝛽)

𝜌

2
𝑣𝑠

2𝐿𝑝𝑝𝑇𝑚 (8) 

𝑁𝑆 = 𝑁𝑆
′(𝛽)

𝜌

2
𝑣𝑠

2𝐿𝑝𝑝
2𝑇𝑚 (9) 

where, 𝜌 is water density, 𝑣𝑠 is ship speed, 𝐿𝑝𝑝 length between perpendiculars and 𝑇𝑚 draft 

midship. 

The calm water derivatives input files used to perform this study were for the drafts of 13,0m 

and 13,5m. Those files were obtained from model test combined with CFD-RANSE 

simulations, which as can be seen from the histogram below is a representative range of the 

represented loading conditions reported. 

  

Figure 6 - Histogram with mean draft. 
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4.1.2. Wind Force 

Wind force and moments are calculated from the wind forces as shown in eqs. (10) to (12).  

𝑋𝑤 = 𝑋𝑤
′ (𝜀)

𝜌𝑎

2
𝑣𝑤

2𝐴𝐹  (10) 

𝑌𝑤 = 𝑌𝑤
′ (𝜀)

𝜌𝑎

2
𝑣𝑤

2𝐴𝐿 (11) 

𝑁𝑤 = 𝑁𝑤
′ (𝜀)

𝜌𝑎

2
𝑣𝑤

2𝐴𝐿𝐿𝑜𝑎 (12) 

Where, 𝜌𝑎 is air density, 𝑣𝑤 apparent wind speed, 𝐴𝐹 forward projected area above waterline 

and  𝐴𝐿 lateral projected area above waterline. The input file has a similar structure as calm-

water reactions consisting of four columns, being the first column the apparent wind angle of 

attack 𝜀 [o] and second, third and fourth column with aerodynamical coefficients 𝑋𝑤
′ (𝜀), 𝑌𝑤

′ (𝜀) 

and 𝑁𝑤
′ (𝜀).   

4.1.3. Wave Drift Forces 

Wave drift forces are calculated in GL Power using the spectral method (13). 

𝐹𝑑
⃗⃗⃗⃗ = 2 ∬

𝐹𝑑
⃗⃗⃗⃗ (𝑢𝑠, 𝜇, 𝜔)

𝜁𝑎
2 𝑆𝜁𝜁(𝜔)𝐷(𝜇)𝑑𝜔𝑑𝜇

∞ 2𝜋

0  0

 (13) 

𝐹𝑑
⃗⃗⃗⃗ 𝜁𝑎

2⁄  is the quadratic transfer function of the mean longitudinal and lateral drift forces and 

yaw moments 𝑢𝑠 longitudinal ship speed, 𝜇 is the mean wave direction, 𝜁𝑎 is the wave 

amplitude, 𝑆𝜁𝜁 is the wave spectrum and D is the spreading function.  

From GL Rankine transfer functions results are input file to GL Power. The input file has six 

columns being the first column the forward speeds [m/s], second column wave frequencies 

[rad/s], third column wave directions [o], fourth column x-drift forces per wave amplitude 

squared [kN/m²], fifth column y-drift forces per wave amplitude squared and last column z-

drift moment per wave amplitude squared [kN.m/m²]. An example of input file is show on 

Figure 7. 

 

Figure 7 – Wave drift forces input. 
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This input file would ideally have to be generated for all cases of study. However, this would 

lead to an enormous computational time. Thus, it was decided to limit the number of cases to 

run in GL Rankine to an envelope of the reported loading conditions. In this way, to determine 

the wave-drift forces for each loading condition, the input file was generated by interpolating 

the envelope surrounding cases or considering the nearest case if the loading case was outside 

the envelope region. The calculated envelope conditions are shown on Figure 8. 

 

 

Figure 8 - Wave drift forces envelope conditions. 

 

4.1.4. Propeller Characteristics 

The propeller thrust and torque are obtained from the input of open-water propeller 

characteristics. The file contains three columns being the first column the advance ratio J, 

second column thrust coefficient KT(J), and third column torque coefficient. 

4.1.5. Rudder Forces 

The forces in x and y directions on the rudder are calculated as per eqs. (14) and (15) 

respectively, while the equations of moment around z is shown in eq. (16). 
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𝑋𝑅 = −𝐿 sin(𝛼 − 𝛿) − 𝐷 cos(𝛼 − 𝛿) (14) 

𝑌𝑅 = 𝐿 cos(𝛼 − 𝛿)−𝐷 sin(𝛼 − 𝛿) (15) 

𝑁𝑅 = −𝑌𝑅𝑙𝑅 (16) 

L is lift force, D is drag force, 𝛿 rudder angle and 𝛼 is the angle of attack of rudder with respect 

to surrounding flow. Lift and drag forces can be determined from eqs. (17) and (18). 

L = 𝐶𝐿(𝛼)
𝜌

2
𝑣𝑅

2𝐴𝑅 (17) 

D = 𝐶𝐷(𝛼)
𝜌

2
𝑣𝑅

2𝐴𝑅 (18) 

𝐶𝐷(𝛼) is rudder drag coefficient, 𝐶𝐿(𝛼) is rudder lift coefficient, 𝑣𝑅 is the average flow speed 

around the rudder, 𝐴𝑅 is the rudder submerged projected area and 𝜌 is water density. 

4.1.6. GL Power Solution Method 

GL Power iteratively solves the equations (1) to (3) using equations given on sub-items 4.1.1 

to 4.1.5, resulting on a non-linear system shown in eqs. (19) to (21). Thus, this non-linear system 

can be solved with respect to T, 𝛼 and 𝛽.  

𝑇 + 𝑋𝑤
′ (𝜀)

𝜌𝑎

2
𝑣𝑤

2𝐴𝐹 + 𝑋𝑆
′(𝛽)

𝜌

2
𝑣𝑠

2𝐿𝑝𝑝𝑇𝑚 + 𝑋𝑑(𝜇, 𝑢) − 𝐶𝐿(𝛼)
𝜌

2
𝑣𝑅

2𝐴𝑅

− 𝐶𝐷(𝛼)
𝜌

2
𝑣𝑅

2𝐴𝑅 = 0 

(19) 

𝑌𝑆
′(𝛽)

𝜌

2
𝑣𝑠

2𝐿𝑝𝑝𝑇𝑚 + 𝑌𝑤
′ (𝜀)

𝜌𝑎

2
𝑣𝑤

2𝐴𝐿 + 𝑌𝑑(𝜇, 𝑢) + 𝐶𝐿(𝛼)
𝜌

2
𝑣𝑅

2𝐴𝑅

− 𝐶𝐷(𝛼)
𝜌

2
𝑣𝑅

2𝐴𝑅 = 0 

(20) 

𝐶𝐿(𝛼)𝑙𝑅
𝜌

2
𝑣𝑅

2𝐴𝑅 − 𝑁𝑤
′ (𝜀)

𝜌𝑎

2
𝑣𝑤

2𝐴𝐿𝐿𝑜𝑎 + 𝑁𝑆
′(𝛽)

𝜌

2
𝑣𝑠

2𝐿𝑝𝑝
2𝑇𝑚 − 𝑁𝑑(𝜇, 𝑢)

− 𝐶𝐷(𝛼)𝑙𝑅
𝜌

2
𝑣𝑅

2𝐴𝑅 = 0 

(21) 

From the result of thrust force T, it is possible to calculate J using eq.(22). 

T =
ρ𝑢𝑎

2𝐷𝑝𝐾𝑇(𝐽)

𝐽2
 (22) 

Propeller rotation can be found from eq.(23). 

n =
𝑢𝑎

𝐽𝐷𝑝
 (23) 

The required delivered power can be obtained by (24), 

𝑃𝑑 = 2𝜋𝜌𝑛𝐾𝑄(𝐽) (24) 
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4.2. Ship Added Power Estimation 

The strategy to study the added power factors influence on the ship total power was to run GL 

Power software setting the values of environmental conditions to real conditions and further 

evaluating the result for the same load case when this specific environmental condition is 

neglected. From the input file, as shown on Figure 4, the wind speed, wave height and ship 

speed are numeric inputs. Thus, to neglect wind speed, this value was set to zero, when the 

wave influence was neglected, wave eight was set to zero, finally when the ocean current was 

taken in account the ship speed was set to relative ship speed, and to speed over ground value 

when current was neglected. 

Table 1 - Studied cases. 

Case Wind Wave Current 

Case 1 Neglected Neglected Neglected 

Case 2 Considered Neglected Neglected 

Case 3 Neglected Considered Neglected 

Case 4 Neglected Neglected Considered 

Case 5 Considered Considered Neglected 

Case 6 Considered Neglected Considered 

Case 7 Neglected Considered Considered 

Case 8 Considered Considered Considered 

 

The influence of only those parameters were chosen to be first studied due to the simplicity of 

running the cases on by changing the input files. 

By definition, the added power is obtained by deducting calm water power from the total power 

as described on eq. (25).  

𝐴𝑃𝑜𝑤𝑒𝑟 = 𝑃𝑇𝑜𝑙𝑎𝑙 − 𝑃𝐶𝑎𝑙𝑚 (25) 

Hence, in this work, the added power was assessed by comparing the total power, against the 

total power deducted by the cases shown on Table 1. 
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4.3. Added Power Script Development 

A second script was developed to analyse and run the software GL Power based on all data 

provided by shipowner and postprocessed including environmental conditions. 

The software was written using Python language, where it went through line by line of the post 

processed data, and ran GL Power for all cases described in Table 1. After running all cases, 

the values of delivered power calculated were included in the same post-processed table. 
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5. RESULTS AND ANALYSIS 

5.1. Added Power  

As mentioned in 4.2, the initial approach taken to evaluate the added power was to subtract the 

calm water power to obtain the added power. However, as expected and shown in [6] results, it 

is hard to graphically assess the contribution of the added power. 

Initially, the comparison made was on the added power measured, which represented the total 

power measured less the theoretical calm water power obtained from GL Power, against the 

added power obtained from GL Power software. 

Figure 15 to Figure 14 illustrates the results obtained if we deduct the calm water from the total 

power. This cloudy tendency, agrees with [6] obtained results. 

 

Figure 9 - Total added power due to wind (x-axis) vs. measured (y-axis) – Case 2. 
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Figure 10 - Total added power due to wave (x-axis) vs. measured (y-axis) – Case 3. 

 

Figure 11 - Total added power due to current (x-axis) vs. measured (y-axis) – Case 4. 
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Figure 12 - Total added power due to wind & wave (x-axis) vs. measured (y-axis) – Case 5. 

 

Figure 13 - Total added power due to wind & current (x-axis) vs. measured (y-axis) – Case 6. 
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Figure 14 - Total added power due to wave & current (x-axis) vs. measured (y-axis) – Case 7. 

 

Figure 15 - Total added power computed (x-axis) vs. measured (y-axis) – Case 8. 
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From Figure 9 to Figure 15 above, it is possible to make a rough qualitative analysis on the 

influence of the environmental parameters on the final added power. The closer the scatter gets 

to the y- axis would mean that parameter studied has a minor influence on the final added power, 

since the calculated value would be closer to zero. 

From this rough qualitative analysis, it is possible to see that wind and wave has a major 

influence on the added power since their clouds are wider.  

5.2. Total Power 

Analysis in the previous section didn’t provide a good outlook to evaluate the results. Thus, it 

was decided to compare the influencing parameters on added power without deducting calm 

water results.  

Initially it was decided to compare the total power measured against the total power calculated. 

Ideally, this graph should be a perfect fit. The linear regression tool from Microsoft Excel was 

considered to evaluate the graph tendency and it R-squared values, to check how close the 

measures are to the fit.  

 

 

Figure 16 – Total power computed (y-axis) vs. measured (x-axis) – Case 8. 
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However, as it can be seen from Figure 16, the fit is not passing through origin. Since the ideal 

correlation should be a linear function passing from origin with slope 1,0, it was decided to 

evaluate the slope shift from this ideal fit. Using the least squares method, it was calculated the 

slope of 𝜃 (27) of the new fit that necessarily would cross origin. 

 

θ =
∑ 𝑦𝑖𝑥𝑖

𝑁
𝑖=1

∑ 𝑥𝑖
2𝑁

𝑖=1

 (26) 

 

For the case shown in Figure 16, the calculated slope A = 0,915 which can be considered that 

the proposed method in this work captured about 100% of the added power effect when 

compared to the measured results.  

Before performing an analysis of the calculated added power results against measurements, it 

was decided to first investigate the influence of the wind, wave and current parameters using 

numerical results. The comparisons were total calculated power against the calculated power 

for the cases shown on Figure 18 to Figure 23. 

 

 

Figure 17 – Theoretical comparison of calm water power (Case 1, y-axis) vs. total calculated power. 
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Figure 18 – Theoretical comparison of wind power (Case 2, y-axis) vs. total calculated power. 

 

Figure 19 – Theoretical comparison of wave power (Case 3, y-axis) vs. total calculated power. 
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Figure 20 – Theoretical comparison of current power (Case 4, y-axis) vs. total calculated power. 

 

Figure 21 – Theoretical comparison of wind & wave power (Case 5, y-axis) vs. total calculated power. 
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Figure 22 – Theoretical comparison of wind & current power (Case 6, y-axis) vs. total calculated 

power. 

 

Figure 23 – Theoretical comparison of wave & current power (Case 7, y-axis) vs. total calculated 

power. 
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The table below summarizes the slope 𝜃 of the least square linear fit crossing origin. 

Table 2 – Slope 𝜃 and R² of theoretical comparison. 

 Case 1 - 

Figure 17 

Case 2 - 

Figure 18 

Case 3 - 

Figure 19 

Case 4 - 

Figure 20 

Case 5 - 

Figure 21 

Case 6 - 

Figure 22 

Case 7 - 

Figure 23 

Slope 𝜃 0,945 0,980 0,956 0,944 1,001 0,979 0,956 

R² 0,9179 0,9591 0,9152 0,9341 0,9771 0,976 0,9367 

 

By analyzing the theoretical results in the light of slope shift, it is possible to conclude that wind 

(case 2) and wave (case 3) has a bigger influence on added power than current (case 4). 

However, those results should be further compared with real measurements to have a better 

understanding of the influencing parameters on added power. 

5.3. Ratio of Computed to Measured Total Power 

This attempt of analysis had as main goal to check the behaviour of the calculated and measured 

points on a ratio based graph. The ratio formula considered in this analysis is described in eq. 

(27). 

 

Ratio =  
𝑃𝑜𝑤𝑒𝑟 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝑃𝑜𝑤𝑒𝑟 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
− 1,0 (27) 

 

This ratio would give us a sense of added power factors influence on total power by analysing 

how far the points are from axis 0. Moreover, from the ratios plots, it is possible to identify if 

there are any outliers that may distort the results.   
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Figure 24 – Measured total power (x-axis) vs. calm-water power ratio (Case 1, y-axis). 

 

Figure 25 – Measured total power (x-axis) vs. wind power ratio (Case 2, y-axis). 
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Figure 26 – Measured total power (x-axis) vs. wave power ratio (Case 3, y-axis). 

 

Figure 27 – Measured total power (x-axis) vs. current power ratio (Case 4, y-axis). 
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Figure 28 – Measured total power (x-axis) vs. wind & wave power ratio (Case 5, y-axis). 

 

Figure 29 – Measured total power (x-axis) vs. wind & current power ratio (Case 6, y-axis). 
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Figure 30 – Measured total power (x-axis) vs. wave & current power ratio (Case 7, y-axis). 

 

Figure 31 – Measured total power (x-axis) vs. total power computed ratio (Case 8, y-axis). 
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As expected it was possible to see that some points don’t quite agree to the calculated power. 

However, the number of cases with a ratio bigger than 1,0 was about 9, which is less than 0,01% 

of the total cases studied, thus considered to have no influence on the final conclusions of this 

study.  

5.4. Measured Total Power vs Calculated Added Power 

In this approach it was observed the behaviour of the measurements against the calculated total 

power with the influence factors deducted. On those observations a linear regression was fit to 

get some sense of influence of the parameter by checking R-squared values. Figure 32 to Figure 

38 illustrates the obtained results for such observations. Additionally, as proposed before, the 

slope shift 𝜃 from the ideal fit with slope 1,0 was calculated to support the sensitivity study. 

 

 

Figure 32 – Measured total power (x-axis) vs. computed calm-water power (Case 1, y-axis). 
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Figure 33 – Measured total power (x-axis) vs. computed wind power (Case 2, y-axis). 

 

Figure 34 – Measured total power (x-axis) vs. computed wave power (Case 3, y-axis). 
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Figure 35 – Measured total power (x-axis) vs. computed current power (Case 4, y-axis). 

 

Figure 36 – Measured total power (x-axis) vs. computed wind & wave power (Case 5, y-axis). 
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Figure 37 – Measured total power (x-axis) vs. computed wind & current power (Case 6, y-axis). 

 

Figure 38 – Measured total power (x-axis) vs. computed wave & current power (Case 7, y-axis). 
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Figure 39 – Measured total power (x-axis) vs. computed total power (Case 8, y-axis). 

 

Table 3 below, summarizes the shift in slope from the ideal fit as well as the R² from the best 

fit automatically generated by Microsoft Excel.  

Table 3 – Slope 𝜃 and R² of measured vs. calculated total power. 

 Case 1 - 

Figure 

32 

Case 2 - 

Figure 

33 

Case 3 - 

Figure 

34 

Case 4 - 

Figure 

35 

Case 5 - 

Figure 

36 

Case 6 - 

Figure 

37 

Case 7 - 

Figure 

38 

Case 8 - 

Figure 

39 

Slope 𝜃 0,871 0,897 0,881 0,871 0,916 0,897 0,881 0,915 

R² 0,8374 0,7889 0,8157 0,8591 0,7857 0,8092 0,8419 0,8107 

 

It is possible to see from the table above that if we analyze the data from the shift of slope point 

of view, wind has a bigger contribution to added power (case 2), rather than wave (case 3) and 

current (case 4) respectively.  
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5.5. Measured Total Power X Calculated Added Power (By Classes) 

From checking the graphs obtained above, one concern is that the linear regression might not 

be the best fit to analyse the influencing parameters on the total added power. Also, to have a 

clearer view of the results it would be nice to superimpose all plots. Unfortunately, with the 

amount of data available, superimposing the scatters is not practical.  

It was decided to analyse the scatters by averaging the results by sectors. The graphs were 

averaged on five sectors based on ship speed and shaft power as shown in Table 4 and Table 5. 

Those ranges were equally divided based on the maximum and minimum values of the reported 

data in order to create five averaging sectors. 

Table 4 – Speed ranges. 

Speed [knots] 

min  13 

13 16 

16 19 

19 22 

22 Max 

 

Table 5 – Shaft power ranges. 

Shaft Power [kW] 

min 11.337 

11.337 21.372 

21.372 31.408 

31.408 41.443 

41.443 Max 

 

Additionally, a histogram of the most common range of the analysed categories recorded in the 

ship report is shown in Figure 40 and Figure 41. 

Those histograms aim to support the graphical analysis and make sure the study and conclusions 

take into considerations the relevance of the range verified. This means that the average values 

that fall in or nearby the most common operating ranges should have a bigger importance than 

the ones with lower number of occurrences. 

 



Sensitivity Analysis of Added Power of Ships in Seaway P39 

 

“EMSHIP” Erasmus Mundus Master Course, period of study September 2016 – February 2018 

 

Figure 40 – Speed histogram. 

 

Figure 41 – Shaft power histogram. 
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5.5.1. Average Results Segregated by Speed  

The analysis below has considered an average of calculated power based on cases 1 to 8.  

Table 6 below, summarizes the average of the influencing factors (cases 1 to 4), whereas Figure 

42, graphically illustrates those results.  

 

Table 6 – Cases 1 to 4 average power by speed range. 

Range Average per range 

Speed [Knots] 
PD Calm 
Water 

(Case 1) 

PD Wind 
(Case 2) 

PD Wave 
(Case 3) 

PD Current 
(Case 4) 

PD Total 
Measured 

min  13 06,50E+06 07,15E+06 06,66E+06 06,68E+06 07,62E+06 

13 16 10,18E+06 10,34E+06 10,75E+06 10,28E+06 14,40E+06 

16 19 15,21E+06 15,76E+06 15,48E+06 15,27E+06 19,54E+06 

19 22 23,75E+06 24,17E+06 24,17E+06 23,71E+06 27,03E+06 

22 max 37,80E+06 39,60E+06 37,71E+06 37,52E+06 39,64E+06 

 

 

 

Figure 42 – Cases 1 to 4 - distributed over ship speed. 
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Table 7 – Cases 5 to 8 average power by speed range. 

Range Average per range 

Speed [Knots] 
PD Wind & 

Wave 
(Case 5) 

PD Wind & 
Current 
(Case 6) 

PD Wave & 
Current 
(Case 7) 

PD Total 
Calculated 

(Case 8) 

PD Total 
Measured 

min  13 07,31E+06 07,33E+06 06,84E+06 07,49E+06 07,62E+06 

13 16 10,94E+06 10,44E+06 10,84E+06 11,02E+06 14,40E+06 

16 19 16,21E+06 15,83E+06 15,53E+06 16,27E+06 19,54E+06 

19 22 24,88E+06 24,12E+06 24,12E+06 24,83E+06 27,03E+06 

22 max 39,73E+06 39,31E+06 37,43E+06 39,44E+06 39,64E+06 

 

 

 

 

Figure 43 – Cases 5 to 8 – distributed over speed. 
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Table 8 – Cases 1 to 4 average ratio by speed range. 

Range Average Ratio per Range 

Speed [Knots] 
PD Calm Water 

(Case 1) 
PD Wind 
(Case 2) 

PD Wave 
(Case 3) 

PD Current 
(Case 4) 

PD Total 
Measured 

min  13 0,85 0,94 0,87 0,88 03,40E+06 

13 16 0,71 0,72 0,75 0,71 07,26E+06 

16 19 0,78 0,81 0,79 0,78 15,71E+06 

19 22 0,88 0,89 0,89 0,88 25,10E+06 

22 max 0,95 1,00 0,95 0,95 38,85E+06 

 

 

 

 

Figure 44 – Cases 1 to 4 ratio - distributed over speed. 
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Table 9 – Cases 5 to 8 average ratio by speed range. 

Range Average Ratio per Range 

Speed [Knots] 
PD Wind & 

Wave 
(Case 5) 

PD Wind & 
Current 
(Case 6) 

PD Wave & 
Current 
(Case 7) 

PD Total 
Calculated 

(Case 8) 

PD Total 
Measured 

min  13 0,96 0,96 0,90 0,98 03,40E+06 

13 16 0,76 0,72 0,75 0,77 07,26E+06 

16 19 0,83 0,81 0,80 0,83 15,71E+06 

19 22 0,92 0,89 0,89 0,92 25,10E+06 

22 max 1,00 0,99 0,94 0,99 38,85E+06 

 

 

Figure 45  – Cases 5 to 8 ratio - distributed over speed. 

 

From the graphs and tables shown on this sub-chapter, it is possible to see that depending on 

the range analyzed, the averaging value varies. In this sense it would be confusing to say what 

parameter has the most influence on the total power. However, if we have a closer look on the 

most common range of speed [19 knots ~ 22 knots], it is possible to conclude that the bigger 

influencing parameter are wind, wave and current respectively. 
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5.5.2. Average Results Segregated by Shaft Power 

In this sub-item, the analyses were performed by segregating the results based on the shaft 

Power. The most common range of operating power reported by the ship owner and shown by 

the histogram on Figure 41 was [21,37 MW ~ 26,39 MW]. Thus, the enveloping range of 

[21.372 kW ~ 31.408 kW] were highlighted on the further tables. 

Table 10 – Cases 1 to 4 average power by shaft power range. 

Range Average per range 

Shaft Power [kW] 
PD Calm 
Water 

(Case 1) 

PD Wind 
(Case 2) 

PD Wave 
(Case 3) 

PD Current 
(Case 4) 

PD Total 
Measured 

min 11.337 07,82E+06 08,14E+06 08,02E+06 07,69E+06 07,75E+06 

11.337 21.372 14,03E+06 14,71E+06 14,41E+06 13,89E+06 17,10E+06 

21.372 31.408 21,98E+06 22,29E+06 22,40E+06 21,95E+06 25,63E+06 

31.408 41.443 33,02E+06 34,37E+06 33,06E+06 33,26E+06 36,93E+06 

41.443 max 40,79E+06 42,38E+06 40,45E+06 40,48E+06 44,39E+06 

 

 

 

Figure 46 – Cases 1 to 4 - distributed over shaft power. 
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Table 11 – Cases 5 to 8 average power by shaft power range. 

Range Average per range 

Shaft Power [kW] 
PD Wind & 

Wave 
(Case 5) 

PD Wind & 
Current 
(Case 6) 

PD Wave & 
Current 
(Case 7) 

PD Total 
Calculated 

(Case 8) 

PD Total 
Measured 

min 11.337 08,40E+06 08,02E+06 07,88E+06 08,27E+06 07,75E+06 

11.337 21.372 15,18E+06 14,57E+06 14,26E+06 15,03E+06 17,10E+06 

21.372 31.408 23,01E+06 22,27E+06 22,37E+06 22,98E+06 25,63E+06 

31.408 41.443 34,67E+06 34,60E+06 33,30E+06 34,90E+06 36,93E+06 

41.443 max 42,24E+06 42,05E+06 40,13E+06 41,92E+06 44,39E+06 

 

 

 

 

Figure 47 – Cases 5 to 8 - Distributed over shaft power. 
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Table 12 – Cases 1 to 4 average ratio by shaft power range. 

Range Average Ratio per Range 

Shaft Power [kW] 
PD Calm 
Water 

(Case 1) 

PD Wind 
(Case 2) 

PD Wave 
(Case 3) 

PD Current 
(Case 4) 

PD Total 
Measured 

 min   11.337  1,01 1,05 1,03 0,99 03,40E+06 

11.337  21.372  0,82 0,86 0,84 0,81 07,26E+06 

21.372  31.408  0,86 0,87 0,87 0,86 15,71E+06 

31.408  41.443  0,89 0,93 0,90 0,90 25,10E+06 

41.443   max  0,92 0,95 0,91 0,91 38,85E+06 

 

 

 

 

 

Figure 48 – Cases 1 to 4 ratio - distributed over shaft power. 
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Table 13 – Cases 5 to 8 average ratio by shaft power range. 

Range Average Ratio per Range 

Shaft Power [kW] 
PD Wind & 

Wave 
(Case 5) 

PD Wind & 
Current 
(Case 6) 

PD Wave & 
Current 
(Case 7) 

PD Total 
Calculated 

(Case 8) 

PD Total 
Measured 

 min   11.337  1,08 1,04 1,02 1,07 03,40E+06 

11.337  21.372  0,89 0,85 0,83 0,88 07,26E+06 

21.372  31.408  0,90 0,87 0,87 0,90 15,71E+06 

31.408  41.443  0,94 0,94 0,90 0,94 25,10E+06 

41.443   max  0,95 0,95 0,90 0,94 38,85E+06 

 

 

 

Figure 49 – Cases 5 to 8 Ratio - Distributed over shaft power. 

 

Finally, from this set of analyses it is possible to see that the varying behavior that occurred on 

both previous studies has repeated in the above results. Nonetheless, the results for the most 

common shaft operating power showed that the order of influencing parameter on total power 

are: wave, wind and current. 
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6. CONCLUSION AND OUTLOOK 

As discussed in chapter 1, this work aims to contribute to the scientific community and industry 

in different ways as well as for different players. For DNV GL, as a starting point to further 

develop its advisory software and services; to ship owners that based on those results can better 

optimize the ship route; ship design offices and towing tank basins that would get some benefit 

from this study on deciding which considerations to take on the ship optimization; and, lastly, 

for the scientific community that lately has put a lot of effort to investigate the added resistance 

of ships in waves, which of course has the same source of research content to the added power 

in seaways. 

Apart from the contributions where those results could be further applied, the main raised 

question to be investigated and proposed by the author was to identify and study the influence 

of the parameters that may influence on the added power of a ship in seaway.  

From the literature, it is seen that the added power can be derived from forces and moments 

equilibrium, as per equations. (1) to (3). Moreover, the main parameters that could influence on 

the added power of a ship are: wind, wave, current and rudder. However, it was decided on this 

work to have a closer look only on the environmental parameters: wind, wave and current. 

The environmental parameters considered by the author was as accurate as possible, based on 

datasets provided by ERA-Interim and NASA (see Ref [6] and [8]). Although, the obtained data 

had some different grid mesh and measuring time steps differences, it was considered by the 

author that the usage of this source of information would provide more confidence on the 

obtained results believing that the magnitude of the values obtained and interpolated form those 

sources will be accurate enough to support the study. 

Furthermore, a theoretical check on the influencing parameters were performed to get a first 

impression on the sensitive analysis study. From the theoretical results it was possible to see 

the importance of wind and wave together when compared by analyzing its R² value of 0.9771.  

Some further analyzing strategies were conducted aiming to better assess the results other than 

performing a linear regression fit. 

 

Finally, to better visualize and compare the results, it was decided to average the scatter values 

dividing into sectors based on the ship speed and shaft power. The fluctuation of the results in 

regards to what is the most influencing parameter on the added power of a ship could lead for 

misinterpretations. Therefore, a histogram showing the most common operating ranges of the 

ship related to shaft RPM, ship speed and shaft power was considered to support the analyses.  
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The averaging results can be summarized on calculating the relative percent difference as 

shown in (28).  

 

𝑃𝑜𝑤𝑒𝑟 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 −  𝑃𝑜𝑤𝑒𝑟 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑃𝑜𝑤𝑒𝑟 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 (28) 

 

From this expression, it is possible to visualize the most influencing parameter by checking the 

lowest values on the most common operation range. Those values are highlighted on Table 14 

to Table 17. 

Table 14 – Percent difference of influencing parameters on cases 1 to 4 – speed range. 

Range Average per range 

Speed [Knots] 
PD Calm Water 

(Case 1) 
PD Wind 
(Case 2) 

PD Wave 
(Case 3) 

PD Current 
(Case 4) 

Min 13 -14,7% -6,1% -12,5% -12,3% 

13 16 -29,3% -28,2% -25,3% -28,6% 

16 19 -22,2% -19,3% -20,8% -21,9% 

19 22 -12,1% -10,6% -10,6% -12,3% 

22 max -4,7% -0,1% -4,9% -5,4% 

 

Table 15 – Percent difference of influencing parameters on cases 5 to 8 – speed range. 

Range Average per range 

Speed [Knots] 
PD Wind &  

Wave 
(Case 5) 

PD Wind &  
Current 
(Case 6) 

PD Wave &  
Current 
(Case 7) 

PD Total  
Calculated 

(Case 8) 

Min 13 -4,0% -3,7% -10,1% -1,6% 

13 16 -24,0% -27,5% -24,7% -23,4% 

16 19 -17,0% -19,0% -20,5% -16,7% 

19 22 -8,0% -10,8% -10,8% -8,2% 

22 max 0,2% -0,8% -5,6% -0,5% 

 

Table 16 – Percent difference of influencing parameters on cases 1 to 4 – shaft power range. 

Range Average per range 

Shaft Power [kW] 
PD Calm Water 

(Case 1) 
PD Wind 
(Case 2) 

PD Wave 
(Case 3) 

PD Current 
(Case 4) 

Min 11.337 1,0% 5,1% 3,5% -0,7% 

11.337 21.372 -17,9% -14,0% -15,7% -18,8% 

21.372 31.408 -14,3% -13,0% -12,6% -14,4% 

31.408 41.443 -10,6% -6,9% -10,5% -10,0% 

41.443 max -8,1% -4,5% -8,9% -8,8% 
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Table 17 – Percent difference of influencing parameters on cases 5 to 8 – shaft power range. 

Range Average per range 

Shaft Power [kW] 
PD Wind &  

Wave 
(Case 5) 

PD Wind &  
Current 
(Case 6) 

PD Wave &  
Current 
(Case 7) 

PD Total  
Calculated 

(Case 8) 

Min 11.337 8,4% 3,5% 1,7% 6,8% 

11.337 21.372 -11,2% -14,8% -16,6% -12,1% 

21.372 31.408 -10,2% -13,1% -12,7% -10,3% 

31.408 41.443 -6,1% -6,3% -9,8% -5,5% 

41.443 max -4,8% -5,3% -9,6% -5,6% 

 

From the results shown above and along the chapter 5, it is possible to conclude that wind plays 

an important whole on the total added power, being even greater than the added power due to 

waves. Nevertheless, the differences between those parameters aren’t big enough to give a 

bigger emphasis to one or another. Therefore, the combined factors, wind and wave, should be 

considered the most important parameters that influence the ship added power in seaways. 
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7. FUTURE WORK AND FURTHER INVESTIGATIONS 

Even though this thesis work has arrived to an end, the research has always room for 

improvement and further investigations. Therefore, a few proposals for the next steps on this 

topic are proposed as follows: 

• Investigate the influence of Rudder on total added power. 

• Investigate the influence of parameters for different environmental conditions 

directions. 

• Perform this study for different types of ships. 

• Investigate origin of the few outliers found on the work 
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