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Abstract

The estimation of the mainds engine fuel 0i
conditions as expressed by her loading condition, speed and weather conditions is an issue that
constantly concerns shi posialegnentda fiamewasrkfavrhi | e

the monitoring of ship performance.

In this thesis, theoretical/semi empirical and data driven models are employed for the estimation
of FOC aiming at the examination of their prediction capabilities utilising operaticabtia

specific ship. The first model used is the modified Kwon method (Kwon, 2008) which is an
approximate method that predicts the speed loss due to the added resistance in irregular waves
and wind. The second theoretical model is the power correctomegure provided by the

ITTC (2017), which uses a power correction formula to express the added resistance due to
waves and wind. Moreover, a statistical approach is implemented based on an integrated dataset
and after applying extended gpeocessing angsis. The statistical model is a multiple linear
regression model entailing operational variables, such as wind velocity and direction, speed
through water, draft and trim, in order to calculate the fuel oil consumption for different loading
and weatheranditions. Our analysis concerns the operation of a containership for 18 months.
The comparison study focuses on the direct examination of the FOC within a typical range of
ship speeds as well as through selected key performance indicators. To sum twm the
theoretical models estimate the FOC with an average margin of 10% from the actual FOC,
while the respective deviations of the statistical model are much lower.
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1 Introduction

The continuous growth of the world population, as well as the depletion of local resources
increase the dependency of the economy to international trade. Ship transport accounts for most
of the world trade (90 %). Energy efficient shipping is requiredriteioto reduce the Green
House Gas (GHG) emissions.

In order to control and eventually reduce the,@@issions a set of regulations have been
implemented by the International Maritime Organisation (IMO, 2011). The most recent
regulations are the implemtation of the Energy Efficiency Existing Ship Index (EEXI)

(MEPC 76), which essentially is the calculation of the Energy Efficiency Design Index (EEDI)

for existing ships, as well as the adoption of the Carbon Intensity Indicator (Cll), which is used

in order to achieve a reduction in carbon intensity of 40% by 2030 compared to the 2008 level.

The target is to reduce GHG emissions by impr
introducing new technologies and low or zeaybon fuels. Moreover, unprethbility of the

rising fuel prices increases the need for energy efficient shipping.

Energy efficient shipping can be achieved by the means of energy saving devices, such as
Propeller ducts (Mewis Duct, Schneekluduct). Another proposal, in order to reduce the
GHG, is the creation of an optimum route models. However, the optimum route is going to be
evaluated under the spectrum of the decrease of fuel oil consumption. Voyage optimization has
multiple objectives:

x  Minimizing Costs

x  Safety

x Passenger Comfort
x On Time Arrival

In order to improve one objective another may reduce its efficiency.

Voyage optimization is usually extracted and calculated using data from similar ships. However
the performance of each ship inrieas voyage conditions (speed, fouling, loading condition,
weather conditions) is different. The need of dadaven methods and ship specific modelling,

in order to provide increased accuracy of the ships operational performance is essential.

The preset study provides results for the estimation of the fuel oil consumpmifadhe main

engine, under different conditions and takes into consideration the state of the sea. The first
theoretical model , that is usecdhisproposadibe modi f i
Lu (2015).

The Kwon method is an empirical method for the prediction of added resistance due to weather
conditions, sea state and wave directigfter using the aforementioned formutze fuel olil
consumption of a shigan be estimatetbr different operational profiles (waves, weather
conditions, different speeds, drafés)d waveencounter angle). This can be used, in order to
optimize a voyage, provided that the weather forecast is accurate enough.

Furthermore, a different theoredianethod is introduced. The ITTC method (2017) uses power
correction, due to added resistance, as a toedtimatethe actual fuel oil consumption of the
ship, in different conditions. The ITTC method, uses the Fujiwara regression formula (2005)
for theadded resistance due to wind and the Stawdv@Boom, 2013) for the added resistance
due to waves.
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Moreover a statistical model is fitted in the prexisting dataset of the ship, in order to calculate
the fuel oil consumption in different weather dodding conditions. The main purpose of the
study is the calculation and comparison of the fuel oil consumption, while using methods that
are not correlated with each other.

The implementation of a new set of rules and guidelines, in order to red@el@Gemissions
emphasizes the need to use theoretical and statistical models, in order to estimate the fuel oil
consumption and optimize the operations of a vessel, by understanding the correlations between
the fuel consumption in different weather and logaconditions.

1.1 Ship Energy & Ship Resistance

The calculation of the fuel oil consumption needs to be analysed, by firsthf s necessary
describehe main flow of energy in ships. The estimation of the fuel oil consumption is heavily
influencedby the total resistance of the ship (Still Water Resistankdded Resistance) and

ités a necessity to describe the basic terms a
categories the energy that is provided to the ship and the energy ttet syuke ship.

The providel energy is in the form of fue($iFO, LSDO, VLSFOand LNG and is the only

energy source the ship uses, with the exception of small ships that use solar power or use electric
power (Nordic Sea). The main engine and the digseérators are responsible for powering

the ship. The energy loss of a diesel main engine is remarkable and can be up to 40%. The main
reason for the aforementioned energy loss is due to heat loss, created by friction, radiation and
cooling.

The remainingne c hani c al energy that is created due to
additional heat loss, due to friction between the bearings, the shaft itself and the lubricants. The
mechanical energy from the shaft is used by the propeller, in ordeoue the blades of the

propeller and create the required thrust and speed through water. Energy lossescppear

the transformation of shaftés torque to thrust
energy losses occur, due to pressuredifiice in the two sides of the propeller disc.

Ideally, all the power transmitted by the shaft needs to be converted into thrust power, which
accelerates the ship. However, this particular concept cannot be achieved, because of the
relative efficiency du¢o the interaction of the hull type and the propeller. The hull, in front of

the propeller, distorts the potential flow of the water (wake friction) and the rotation of the
propeller increases the drag of the ship, by reducing the pressure in the steftharst
deduction). The two aforementioned phenomena affect the total efficiency of the propeller and
more importantly deduct 30% of the produced energy.

In addition the ship efficiency is affected by the increase of the hull resistance, due teethe add

resistance of the appendages. Appendages may be added to the bare hull for manoeuvring,
structural or stability reasons. The most commonly used equipment is the rudder. The
aforementioned energy description of the ship, is used in order to undersitititetbrake

power provided from the main engine, due to tl
propeller shaft power that facilitates the movement of the ship.

A basic ship design procedure is the evaluation of the still water resistance aautiéuke

resistance due to wind and irregular waves, in order to derive the required power of the ship.
Since, the consumption of fuel is the main pow
val ue of the fuel, by | S @moyntlosfuelti@)is providedito c al c ul a
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the main engine. The energy efficiency of the ship can be reproduced in the following flow
diagram (Figure 1).

Bunkering

Cooling

A

e Still Water ~q Added Total
¥- Euek-Slorage Resistance "l Resistance Resistance
4
Fuel Oil Brake Required
h 4 Needs Power/SFOC | Power
Fuel Oil
Usage
Diesel : o| Friction/
Generator Main Engine "1 Cooling
Shaft »| Heat Loss
v
Electrical
Supply h 4
Energy Loss
| (wake friction,
Propeller thrust
deduction)
v
Propeller
Power
\ 4
Speed

through Water

Figure 1. Energy Flow & Fuel Requirements

After analysing the procedure of the energy flow from the main engine to the propeller, that
determines the speed through water, it is important to understand that the required power of the

ship

s highly

correl at edIlrésistantehisecalcslated yotise

tot al

use of the still water resistance and the added resistance due to waves. The still water resistance

can be divided in six categories, as presented by Holtrop & Mennen (1982):

X X X X

Frictional Resistance
Resistance of Appendages
Wavei making and Wavé breaking resistance
Additional pressure resistance due to immersed transom stern
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x  Additional pressure resistance of bulbous bow near the water surface
x Modeli Ship correlation resistance

The added wave resistance can be calculagg@®.A. Wilson, 1985):

x  Hull pressure methods, hydrodynamic solutions via the velocity of potential techniques
of disturbing sources.

x Momentum and Energy Methods, the foundation of these approaches is to consider a
control volume around the ship and thenderive either an energy or momentum
balance.

x Radiated Energy Methods, the method equates added resistance and the work that is
thus done to overcome it, to that of the energy contained in the radiated damping waves.

x  Semii Empirical Methods

The ship efitiency is optimized for specific conditions (design conditions, ballast conditions,
scantling condition). The conditions are affected by the ships speed, the draft and the trim of
the ship, the combination of the latter defines the loading condition olhie The
aforementioned variables affect the total resistance of the ship and are the most crucial
parameters in the calculation of baseline measurements for calm water.

The correlation between the total resistance, the required shaft power and ttee leage
power is essential for the calculation and estimation of the actual fuel oil consumption.

1.2 Literature Review

The prediction model for voyage optimization is analysed by Lu (2015) and practically is
correlated to the fuel oil consumption fdifferent loading conditions and weather conditions.

The aforementioned model is based upon the modified Kwon method (2008) for the calculation

of the added resistance due to wavesteaasformit to absolute speed loss. Furthermadhe

Holtrop & Mennenmethod (1982) is used for the calculation of calm water resistance and
finally with the use of the key per f(EEOmance i n
the fuel oil consumptiont he shi pds operational per&or mance
provided for two oil tankers (Suezmax, Aframax) for wind sped@® and 4 BN.

A different approach is provided by Kim & Roh (2020), in which the fuel oil consumption of
the vessel is calculated using the ISO 15016:2015 method (ISO, 2015). In tloislgastudy

the guidelines ofSO 15016 are followed strictly. Thaurpose of the study is to improve the
methodology of ISO 15016:2002 and compare the results of the estimated fuel consumption
with real data from a grey box model based on operating data.

Anotherapproach to the estimatioffuel oil consumption is the use of a statistical model. The
aforementioned method is provided by Bialystocki & Konove@i46). This study suggests

an operational approach for the estimation of fuel consumption and speed curves, by taking into
account the most significant operational variables such as draft and displacement, weather
speed andveatherdirection, hull and ppeller roughness andave encounter angle. A
statistical analysisfonoon reports is carried out and the influence of the above factors is
calculated. The conclusion is that, stronger wind and head weather isctbaséuel
consumption, and a vast majgriof estimated consumption could be quantified for several
different weather conditions. The statistical model that depicts from the following study is a
simple regression, which can be used easily by ship operators.
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Moreover, although not related to tbstimation of the estimation of the fuel oil consumption
the study of Vitali (2020) provides a methodology for the coupling of water and voyage data.
The speed loss is investigated for container ships with diffaraimdimensions and the results

are compred with existing methods for speed loss.

An approach for the propulsion coefficient is provided by the study of Kristensen (2015). The
propulsion coefficient is provided with the use empirical and numerical methods as well as the
use of figures providebly Andersen & Berslin (1994) and the methodology of Harvald (1983).
This study estimates the key parameters of the propulsion coefficient and the total resistance
with the use of numerical formulas.

The theory for the creation and the evaluation of theoenter angle of waves and wind is
described in the paper of Varela & Soares (2011), in order to represent the ship motions at
interactive frame rates. Although the goal of the paper is different from the estimation of the
fuel oil consumption the explanamn and the formula for the calculation of the encounter angle

is vital for the implementation of the Kwon method (2008).

The guidelines and recommendations provided by the ITTC (2017) are implemented in order

to correct the power using three added reststavariables. To be more specific the guidelines
provide the exact procedure in order to correct the relative wind speed, wind direction at the
anemometer height and to calculate the added resistance due to waves (BtawBeem

2013), added resistandee to wind (Fujiwara, 2005) and the deviation of the temperature of

the sea. The aforementioned added resistances are converted in added shaft power, hence a
corrected power can be calculated.

1.3 Purpose and Structure of the Study

The development of the data collection systems, with the use of electronics, sensors and
satellites can support the development of performance monitoring and data analytics using big
data. The data, alone, provide valuable information about the shipioaratid can provide

trend lines and baselines for the need of either hull or engine maintenance. The combination of
big data and the use of the statistical models helps evaluate the trustworthiness of the theoretical
models and produce a highly accuratedalpfor a specific ship. With the existence of an
accurate model, for the estimation of the fuel consumption, a lot of operational measures can
be thoroughly and effectively investigated and provide feedback fpetisentagef effective

fuel consumptia reduction, after the installation of an energy saving devitkearse of an
optimum route (weather routing).

The purpose of the current study is to use big, dat@esponding to a sampling rate period of

18 months, for a container ship, in order tomeate the consumption of the ship in irregular

waves (random speed, encounter angle) with the use of two theoretical models and one
statistical model (multiple |Iinear regression)
as the representatiof the fuel consumption and its relationship with the speed through water,

in different weather conditions. This particular application can be the first step for the creation

of a model that is used for route optimization, speed optimization, weathergroatid

performance monitoring.

An overview of the proposed procedure of the estimation of the fuel oil consumption and the

comparison of the results is presented in Figure 2. Firstly, operational data are collected, by a
variety of sensors and measuringides. The data prie processing procedure is the use of a

set of filters that are meaningful (GPS speed < 0) for the function of the ship, described in the
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Chapter 2 andre necessary, in order to exclude unusual and random data. Furthermore the
most sign f i cant part of Chapter 2 is the excl
aforementioned filters and the statistical outlying detection procedure. The excluded data points
distort the relationships between the physical quantities, hence theingasbtine exclusion

and the creation of the final dataset, which will be used throughout the whole procedures, is
finalized. Once the operational data are filtered, the two theoretical models are used in order to
find a corrected propeller shaft power,igthis the cornerstone for the estimation of the actual
fuel oil consumption of the ship. The study of the Kwon method (2008) and the ITTC method
(2017), conducted in Chapter 3, is a basic part of this study as it reveals the results of the two
models andthe actual fuel consumptiois estimated for different weather conditions. A
regression model is produced in Chapter 4 to fit the available operational data and to provide
predictions about the fuel oil consumption (FOC) for different operational scendiie
regression analysis is a different approach for evaluating the actual fuel oil consumption of the
vessel. Finally, in Chapter 5, a comparison analysis of the estimation of the fuel oil
consumptions from the three methods is presented.

Measured
Data
v
Initial Dataset
v
Data pre-
processing
v
Filtered Data
v v v
. \ Statistical
Kwon Method ITTC Method Model
v A 4 v
Estimation of Estimation of Estimation of
the Fuel the Fuel the Fuel
Consumption Consumption Consumption
(Model 1) (Model 2) (Model 3)
«| Comparison |
“|of the Results [~

Figure 2. Structure of the thesis
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2. Data Analysis

This thesis is strongly connected to the acquisition of large data from the operation of a ship.
The afsementioned ship is a Contaisbip and the main particulars are presented in Table 1.

Tablel. Main particulars of the Containship

Main Particulars
Ship type Container Ship (2550 TEU)
Length between Perpendicularsf) 199 m
Depth (By) 16.7 m
Breadth (B) 30.2m
Draft (T) 11.5m
Ballast Draft (Taias) 6.07m
Engine MCR 21560 kW
Engine rpm (MCR) 99 rpm
Engine type Hyundaii W& r t si | @ -B7 RT
Propeller diameter 7.2m
Blades 5

The sensors equipped to the ship monitor the propulsion parameters, the loading condition, the
relative wind speed as well as the relative wind direction. The parameters are thoroughly
presentedn Table 2.

The parameters have a sampling period of 1 reiant are given a corresponding timestamp

following the formatMM/DD/YYYY HH: MM: SSThe collected data correspond to a period

of almost 1.5 years from December 2016 till May 2018. The data are provided in csv files and

the total amount of data points, équal to 531560. Because of the sampling frequency being

one minute, one data point is equal to one minute in real time and by simply calculating the

amount of minutes that consist of 17.5 months (the data begin from 16/12/2016 and end at
30/05/018) the actual data points are 764637. Hen
recordngcover 70% of the total ti me. I'tds consi d
condition and the omitted data dhedata that correspond to port relatadivities.

The data are in need of a filtering procedure, whidemarated in two parts. In the first part a

series of threshold values is implemented to the data points. All measurements below the
thresholds are discarded. The filter aims to discafdes with no physical meaning, such as

negative ship speed values or zero Propeller shaft Power and Propeller Shaft rpm. Furthermore

low ship speed and low engine power are considered unfit to participate in the modelling
processes, because they tentldppen in port operations (loading & unloading) and while the

ship is approaching a harbour in which case they have to slow down and follow particular speed
regul ations that dondét provide the desired res

The second part of the filteringrocedure aims to further reduce the amount of data by
identifying and excluding outlying data points. The procedure depends on-tlependency

of the variables. The highly correlated parameters are paired with each other and filtered
through a statistal process that omits values of one parameter, based on the outliers of the
other parameter and vice versa.
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2.1 Data acquisition system

The recorded parameters that are used in the dataset are displayed in the following Table.

Table2. Dataset Parameters

Parameters Units
Time MM/DD/YYYY HH: MM: SS
Speed through Water (STW) Knots (kn)
Speed over Ground (SOG) Knots (kn)
Mean Draft Meters (m)
Trim Meters (m)
Rudder Angle Degrees (deg.)

Propeller shafpower

Kilo Watts (kW)

Propeller shaft torque

Kil o Newton A N

Propeller shaft rpm

Revolutions per minute (rpm)

Main Engine start air pressure

Bar (bar)

Main Engine Fuel Oil Consumption (FOQ

Tonnes per 24 hours (tn/24h)

Wind Speed Metersper seconds (m/s)
Wind Direction Degrees (deg.)
Wave Height Meters (m)
Heading Degrees (deg.)
Longitude Degrees (deg.)
Latitude Degrees (deg.)

The various sensors used to record the parameters of Table 2 are grouped in Table 3 and

analysed.

Table3. Measuring devices/sensors

Device Parameters
Global Positioning System (GPS) Speed over Ground, Longitude, Latitude
Speed Log Speed through Water

Pressure Sensor

Draft, Trim

Shaft torque meter

Propeller shaft torquéropeller shaft rpm,
Propeller shaft Power

Mass flow meter

Main Engine FOC

Anemometer Wind Speed, Wind Direction
Rudder angle indicator Rudder Angle
Gyrocompass Ship Heading
Global Positioning System (GPS)
The GPS retrieves information about theni p6s position in

for the locatim of ships position, and has an accuracy of a few meters.
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Speed Logs
Two sensors are used for the measur ement of t h

I.  Doppler Log: An acoustic speed log based on the Doppler Effect in which the wave
lengths of moving olgicts appear to shift in relation to the observer. This shift can be
converted to speed, thereby producing a very accurate result. The Dual Axis Doppler
Speed Log utilizes the Doppler shifted returns from high frequency acoustic energy
transmitted into watgto provide precise speed data, distance travelled and water depth
below the transducer. The transmitted signal is scattered back from the sea bottom
and/or scatters in the water mass. The system amplifies the received signals and
processes them to detena the Doppler shift.

Il. Electromagnetic log: The electromagnetic log works by generating a small alternating
current in a transducer producing an electromagnetic field in the adjacent water. As the
vessel moves through the water, the voltage proportionthle speed is generated at
90 degrees to the direction of travel. This signal voltage is detected by the probes and
transmitted to the master electronic unit where it is amplified and processed digitally
before being passed to the speed and distandayhsp

Pressure Sensor

The draft of the ship can be estimated by the hydrostatic pressure on the hulls bottom surface.
Sensors that measure the pressure are placed
deduce the instantaneous draft of the hullhat position that they are installed. From the
measurement of the draft on two different | ong
be calculated.

Shaft torque meter

The shaft torque meter is a piece of equipment the measures the torquerataditimal speed

of the shaft, and multiplies them to esti mate
consists of strain gauges, arranged on a ring and mounted directly on the shaft for the continuous
monitoring and logging the aforementioned valuBhe basic principal of operation is that any
deformations of the strain gauges are transferred into voltages deviation which determine the

strain of the shaft.

Mass flow meter

Mass flow meters, also known as Coriolis mass flow meters are theretiabte devices to

measure the fuel oil consumption of a ship, because they eliminate the conversion of volumetric

fl ow to mass f |l ow, accor diThegeasomis thahtee Chriols| 6 s den
acceleration induces oscillations to theesilof the device that depend on the mass flow in

them. As a result, the magnitude and the frequency of these oscillations help determine the fuel

mass flow through the tubes.

Anemometer

The wind anemometer is a device that provides both, the relatiee spel direction of the
wind with respect to the shipbds orientation. T
helicoid propeller and a vane that measure t he
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angular displacement of the vane helpsneatit e t he windbés relative di
rotational speed of the helicoid propeller helps estimate the wind speed.

Rudder angle indicator

The Rudder angle indicator is an electrical device that measures the actual angle of the rudder.

It consists ofwo parts, the transmitter which is mounted on the steering system of the ship

(steering gear room) and the receiver that is placed in the wheelhouse and displays the
transmittero6és signal. The measuring accuracy i
angl es and N 1.5A hard over rudder.

Gyrocompass

The gyrocompass is a form of gyroscope @nmagnetic compass) that is used in ships for

monitoring their heading orientation. It is based on ag$psining disc and the rotation of the

Earth, to find geograptal direction automatically. It has the ability to point always the true

north, and so the shipbés heading is accurately

2.2 Initial Data

In this particularsubsectionthe dataset is unfiltered and a variety of figures is presented to
pinpoint the problematic areas (Outliers) and the frequency with which the value of the
significant variables appears (Histograms). The dataset is considered to be separated into two
loading conditions:

x  Loading Condition with Mean Draft: 9.3 m (6.65/n9.875 m)
x Loading Condition with Mean Draft: 10.5 m (9.875 m1.65 m)

The separation of the dataset is a hecessity, because in order to form the Speed through Water
T Propeller shaft Powdigure or Speed through WafieFuel Oil Consumption figure, we have

to normalize the datat The normalization formula derives from the formula of the coefficient

of admiralty, provided that the brake power is proportional to thdegjree of power ahe

velocity and isshown below:

@ wd — (21

For each | oading condit i odsplacéentesisth@onsofther ed t h
reference draft. The criteria in which we use the normalization formula are the following:

x| 166—A>5
X | trimyesT trimaee| > L&Y102 A

If a data point meets one of the two criteria
loading condition. After the normalization of the data and the separation dathset, the
figures of the most significant parameters are presented:

x  Speed over GrounidSpeed through Water
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Propeller shaft rprin Propeller shaft Power
Propeller shaft rprin Fuel Oil Consumption
Propeller shaft Poweir Fuel Oil Consumption

X X X X

Speed through Water (normalizédPropeller shaft power

The figures are separated in two categoiiehistograms presenting the frequency of the data

(Figure 3, Figure 5) and in Scatter plots (Figure 4, Figure 6).
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Figure 3. Histogramsof the initial parameters for eandraft = 9.3 m
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Figure 4. Scatter plot of thenitial data for mean draft = 9.3 m
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In addition the graphs for Mean Draft 8.5 m are also illustrated in the following pages.
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As it can be observed above, the SOSTW graph depicts the linear relationship between the

two speed variables. However there are points that are considered as outliers and need to be
excluded from the dataset. The aforementioned points usually tend ta loé parizontal or

vertical regions, which depict from the main scatter plot that respects the linear relationship of
the two variables (SOG & STW).

SOG=0&STW>0
STW<O0

SOG <0

SOG >20 & STW < 15
STW > 15 & SOG < 15
STW > 20 & SOG < 18
SOG=18& W< 15

X X X X X X X

The Speed through WatérPropeller shaft Power curve appears to have a lot of outlying
regions, especially for low speeds, such as STW < 5 knots and for Propeller shaft Power in the
60007 9000 kW region. Furthermore an outlying region is illustavhen STW > 15 kn and
Propeller shaft Power < 12000 kW. All in all the horizontal areas that appear are considered
problematic. Furthermorenegative values in Propeller shaft Power should not exist. The
relationship of the graph is, empirically, exmed by the PropellersLa®R = 38 A V

The Propeller shaft rpinPropeller shaft Power graph is problematic for low shaft revolutions
per minute, 40 rpm and lower, and the data are considered as outliers. The Propeller shaft rpm
T Fuel Oil Consumptionisupposed to oblige t®Ha=t3he propell er

The aforementioned theoretical formulas are derived from the fact that the water resistance is
proportional to the @ degree of power of velocity  R=ACsAAA A A V) and the e

power of the ship follows the following for mul
power and the velocity is the following: = *Ca=8. n

The Propeller shaft rpinFuel Oil Consumption is thought to have a linedationship between

the two parameters, however it appears to have two linear distribution points. This phenomenon

is depicted again in the Propeller shaft rpiruel Oil Consumption graph. Since its common

knowl edge that FOC = P specifie Fu@ Oil consumptione ThR6& FOC i s
relationship between the Propeller shaft rpriuel Oil Consumption is expressed by the

foll owi ng f or inthéseparato®i@t isillugrated intoth graphs is considered

as an outlying region and will idiminated from the dataset. Moreover negative values of Fuel

Oil Consumption and zero values are considered as false data and are eliminated from the
dataset.

In this particular study the DraftT r i m graph i s not wused, atbecause i
the dataset into two different loading condition, ballast and laden. However the Relative Wind

Speed and Relative Wind Direction is an intriguing variable that is going to be a vital for the
theoretical models and statistical model. The Relative Wpek& is also measured and used

in Beaufort scale.
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2.3 Flow Diagrams describing the filtering procedures

The following flow diagrams are used to summarize all the filtering procedures mentioned in
the below suli sections and to visualize the whdiléering method. Two flow diagrams are
illustrated in the following page. The one describes the whole filtering procedure (Figure 7) and
the second one describes the Statistical outlier detection, multifilter application procedure,
(Figure 8).

B biEia | Observation/identification +| Threshold Values
o of outlying Data by Selection
v
Statistical Outlier Observation of Threshold filters
Detection filtered data application
Pearson correlation o| Evaluation of chosen zl
coefficient > pairs »| Multifilter application

h 4

End Result (fully
filtered dataset)

Figure 7. Flow Diagram for the filtering procedure

Multifilter application > Filter No 1 (SOG - STW) i) “FiRes NS%ZC;)ST"A" 5
v
Filter No 4 (Shaft Filter No 3 (FOC -
Power - FOC) Shaft Power)

v

Filter No 5 (Shaft
Power - shaft rpm)

N

Filter No 6 (Shaft rpm
- Shaft Power)

A 4

Filter No 7 (STW -
Shaft Power)
Fl#g; .r:f.ssﬁr\]/?ﬁ > Filtered Data

Figure 8. Flow Diagram for the muiltifilter function
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2.4 Data Filtering based on Threshold Values

This subsectionpurpose is to processes the data by appljiteys based on the relationship

of the examined parF®DBGet=erPs A(BSFOCB And the phy
parameters (FOC < 0, doesnobt exist). Through
reliable, realistic and corrected in ordectomply with the empirical formulas.

Threshold values for speed

Speed is considered the most important variable in this particular study and is measured through

Speed over Ground (SOG/GPS) and Speed through Water (STW/Speed Logs). The variables

should avays be of positive value, as the sensors
Furthermore, low speed through water occurs at ports, where the ship is waiting for berths to

become available or while the ship is manoeuvring through a port or a Canag, I9peed

through Water values are considered to be greater than 3 knots and anything below this

t hr es hol ththe fsa dataseu s e d

x  SOG >0kn
x  STW >3 kn

Threshold values for Propeller shaft Power & Fuel Oil Consumption

Propeller shaft Poweshaft revolutions and main engine Fuel Oil Consumption are considered

to be the most significant parameters that describe the operation of the main engine. The three
parameters are highly correlated and as mentioned above its necessary to omit ass#taif dat
illustrate port operation condition. To achieve that three threshold values are applied and they
eliminate any data points that have a lower value than the following thresholds.

x  Propeller shaft Power > 1000 kW
x  Propeller shaft rpm > 20 rpm
x  Main Engire Fuel Oil Consumption > 3 t/d

2.4.1 Threshold filters application

With the application of the above filters the dataset is partially corrected, because the data, that
illustrate a porfi related condition, are excluded and the values with no physical meaning
(negative values) are omitted. The results are portrayed ifollbaving graphs (Figure 9,

Figure 10). The blue colored data points are the excluded data and the orange colored data
points are the remaining data.
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In addition the graph®f Mean Draft = 10.5 m are also illustrated in the following page.
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Figure 10. Scatter plots for the filtered data (Color = blue) and remaining data (Threshold FilBaior = orange), Mean Draft =10.5m
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The first part of the filtering procedure, in order to create a realistic dataset, manages to improve
the dataset by omitting non logical values and undesirable operations condition (Port
operations).

The Speed over Grouiidspeed through Water lineaalationship is illustrated in the respective

graph and the filter eliminates low speed values and negative values. However the filtering
procedure doesnot el i mi n aundertht apecdic cpoomstances t h at
filtering the outlyingregions with a different method is inevitable. The areas that need to be
filtered are:

x STW>20& SOG <18
x SOG>185&STW< 15
x STW<175&S0G>21

This particular areas appear, mostly, at the graphs used for Mean Draft = 10.5 m, because this
is the Daft we have the majority of the data points.

The Propeller shaft PowérFuel Oil Consumption is not affected by the filtering procedure
and only a small area of data points, bottom left cornexdkided The separation of the data
points, into two distbution areas, needs to be eliminated, so that a linear relationship between
the two parameters is achieved.

The Propeller shaft rpinPropeller shaft Power graph is affected less by the preliminary filter,

as only the low revolutions speeds and low sRafwer are filtered. The graph complies with

the formula of the Propeller Law and appears to have a small amount of data that are detached
from the main curve and are in need of elimination. The filtering procedure eliminates a small
area of data points #te bottom left cornesimilar to the data correction of the Propeller shaft
Poweri Fuel Oil Consumption graph.

The Propeller shaft rprin Fuel Oil Consumption is affected by the filtering procedure and
eliminates outlying data with FOC < 5 t/d and sheftolutions < 30 rpm. The main problem

in this graph is the separation of the data points into two areas. This separation is not ideal and
needs to be filtered in order to coincide with the empirical formulas, mentioned above.
Moreover vertical areas areot filtered and are in need of a stricter and more reliable filtering
method. The vertical areas are shown below:

x Shaft revolutions
x Shaft revolutions
x Shaft revol utions

Qo Qo Qo

The Speed through Water (normalizéddropeller shaft Power graph is affected by the filtering
procedure in a positive way. Howey#he filter only eliminates values for low speed and low

43 rpm & 17 O FocCc O 30
50 rpm & 30 O FOC O 42
nd63 rpm & 10 O FOC O 20

shaft Power. Under t hi s stpfiter thdoutlgingecegionswithst ances

a different method. The areas that need to be filtered are:

STW > 17 & Propeller shaft Power < 12000

STW < 10 & 6000 O Propeller shaft Power
STW < 7.5 & 2000 O Propeller shaft Power
STW > 12.508e20@0 ©hBft Power O 4000

11 O STW O 13 & Propeller shaft Power <

X X X X X
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After identifying the already existing outlying regions in the, Speed through Wa&peed
Over Ground, Propeller shaft rgnfuel oil consumption, Propeller shaft Power and Prepell

shaft Powei F u e | oi | consumption curves, that the t hi
regions) itdés necessary to i mplement a new set
2.5 Statistical Outlier Detection
The purpose of this partitar subsectionis to further process the data from the previous-sub
sections. The filtering procedure is heavily influenced by the relationships between the
parameters and is applied only in highly correlated variables. Firstly the correlations aenong th
parameters is uncovered and used as a measureiotiependency. Through the filtering
procedure the effect of each filter is evaluated and an optimal combination of filters is
determined. After the completion of this procedure an acceptable datasatided.
2.5.1 Correlation Calculation
The correlation of the examined variable is calculated using the Pearson correlation coefficient.
Given two parameters the Pearson correlation coefficient (PCC) of the pair is calculated:
B 2
PCC = ] L (22)
B roB r
Where,
x  w: The data points of the x parameter
x of The mean value of the x dataset
x @: The data points of the y parameter
x @ [The mean value of the y dataset
x ¢: The number of data in the dataset
Thecalculated coefficients are presented in Table 4.
Table4. Pearson correlation coefficient
Rudder| Shaft| Shaft | Shaft Start Wind Wind .
SOG | STW Angle | RPM | Power | Torque FOC Pressure| Speed | Direction Heading
SOG 1 0.975 -0.109 | 0.954| 0.908 | 0.900 | 0.902| -0.024 0.048 -0.102 -0,1542
STW 1 -0.111 0.909 -0.023 0.058 -0.0994 | -0,1535
T -0.005 | 0.1376 | -0.0163 | 0,0391
Trim -0.0101 | -0.207 | -0.0427 | -0,0744
Rudder 1 | -011| 013 | -0.142 | -0.13| -0.0006
Angle
Shaft RPM 1 0.973 | 0.985 | 0.966| -0.0275
Shaft Power 1 0.994 | 0.983| -0.0326
Shat 1 |0981| -0.0297
Torque
FOC 1 -0.0294
Start 1 0.0088 | -0.0016 | 0,0212
Pressure
Wind Speed 1 -0.1387 0,0273
wind
Direction 1 REe
Heading 1
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Table5. Color Correlations

Values Correlation Colour
|07 0.2 ] Not correlated
0.27 0.7 Slightly correlated
0.71 0.99 Highly correlated
1 Totally correlated
Blanks 0

The Pearson correlation coefficients have vahets/een + 1 antl 1:

x + 1 indicates a total positive linear correlation.

x 1 lindicates a total negative linear correlation.
x 0 indicates no correlation

The pink coloredcells represent a small absolute Pearson coefficient, indicating that the
parameters are not correlated. The blue colored cells represent a slight correlation between the
parameters. The green colored cells represent a high correlation coefficient bétereen
variables. Also the orange colored cells represent the diagonal of the matrix and have a Pearson
correlation coefficient + 1 because the same variables are obliged to be positively linear
correlated with each othéFable 5)

The highly correlated pameters, are paired with each other and used in the next filtering
procedure. In this particular moment the pairs are going to be evaluated, in order to determine
the best combination of siildilters that if combined, are going to give a reliable datagath

will be used in the creation of the statistical model and the theoretical models.

The following pairs are chosen for evaluation:

Speed through WatérSpeed over Ground
Speed through WatérPropeller shaft rpm
Speed through WatérPropeller shafPower
Speed through WatérPropeller shaft Torque
Speed through WatérFuel Oil Consumption
Propeller shaft rprin Propeller shaft Power
Propeller shaft rprii Propeller shaft Torque
Propeller shaft rprin Fuel Oil Consumption
Propeller shaft Poweér Fuel Oil Consumption

X X X X X X X X X

From the nine pairs chosen not all of them are going to be used in the filtering procedure,
because a lot of them provide the same results (Propeller shaft Bpapeller shaft Power,
Propeller shaftrpmPr opel | er shaft Torque). A
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2.5.2 Filtering process

The proposed filtering method is described in the following page and consists of eight steps:

I.  Choose a primary parameter X. (STW)
Il. Divide the parameter values in groups with range r. (1 kn)
Il Pick a second parameter Y, which is higbbyrelated with the primary parameter X
IV.  Group the data points;@ccording to the division mentioned in Step 2.
V. Calculate the mean valug;rand the standard deviatiéi for the secondary
parameter in each group of data G
VI. Pick a factor k, outlier thehold, to be multiplied with the standard deviatign
VILI. For every value of Y in thei@roup test if the following inequality is fulfilled

[Yi-myi|<k Alyi (2.3)

VIII. I f the inequality isnét fulfilled the data

The outlier thresholdeceives values greater than 1.5 < k < 2.5 since there can be multiple
curves representing the relationships between two vallesse data points would be falsely
discarded if a lovthreshold (k)value was applied. To be even more specific in the Prapelle
shaft rpmi Propeller shaft Power graph the curves follow an empirical formula:

P = n%eadh curve represents a different weather condition (Wind Speed = 4 BN, Relative
Wind Direction = Head Sea {030 deg.), Significant Wave Height = 2 m) anditherent hull
condition. The data points deviating from the

because they provide a series of valuable information for the condition of the ship and the
handling by the crew members. These data points are vit#thdgoeformance analysis of a
vessel.

The described method is applied for four pairs of parameters that are chosen below and the
main factor, in order to choose a pair, is the correlation coefficient.

For each pair the process is applied twice by svwapibie primary and the secondary variables.

Speed through WatérSpeed over Ground
Speed through WatérPropeller shaft Power
Propeller shaft rprin Fuel Oil Consumption
Propeller shaft Powér Fuel Oil Consumption

X X X X

The particular pairs are used, because 6s not advi sed toiOB%e highly
parameters a lot of times (Propeller shaft Torgqu@r opel | er shaft Power)
mandatory to use Speed through Water in a | ot
Speed through Wati Propeller shaft rpm. The goal was to use different parameters that cover

the vast majority of remaining outlying regions, as shown in Figure 5, 6.

Comparison between Theoretical and Statistical models for the estimation of Fuel Oil Consumption using data 32



2.5.3 Multifilter process and results

The corrected dataset is achieved by the applicatiomuil#filter that effectively combines
eight single filters (sub filters). The multifilter contains the following single filtefEable 6)

Table6. Multifilter parameters

: Primary Secondary Ouitlier Range
Filter Name Parameter Parameter threshold k r
SOGI STW SOG STW 2 1kn
STWi SOG STW SOG 2 1 kn
FOCi Shaft Power FOC Shaft Power 2 5 tn/d
Shaft Powei FOC Shaft Power FOC 2 750 kW
Shaft Powei Shaft rpm Shaft Power Shaft rpm 2 750 kW
Shaft rpmi Shaft Power Shaft rpm ShaftPower 2 4 rpm
STW1 Shaft Power STW Shaft Power 2 1kn
Shaft Powei STW Shaft Power STW 2 750 kW

The range of each Group is experimentally chosen so that a stricter Outlier Threshold (k) can

be applied. It 6s eas i ek),thanochange thexrgnge of theeGrodpa t | i e r
for each parameter. Moreover the goal was to create the same number of Groups for all of the
parameters (16 19), with the exception of the Speed over Ground parameter that is divided in

21 individual Groups. Theange of the Groups is affected by the number of data, that each
Groups, consists of. For example the number of data each Group consists of is aboiut 15000

25000 data points. Furthermotie amount of data each filter eliminates is shown in the

following Table 7.

Table7. Number of remaining data, unfiltered data and percentage of excluded data after eadiitsuks

applied
Number of remaining
Filter Name N_umber of d_ata_after the Percentage of
unfiltered data | application of a sub | excluded data (%)
filter
First Filtering Procedure
(Threshold filters application) 531557 518502 2.54%
SOGi STW 518502 494687 4.51%
STW1 SOG 494687 472154 4.54%
FOC1 Shaft Power 472154 460112 2.55%
Shaft Powei FOC 460112 445867 3.096%
ShaftPoweri Shaft rpm 445867 426461 4.352%
Shaft rpmi Shaft Power 426461 406100 4.774%
STW1 Shaft Power 406100 390977 3.724%
Shaft Powei STW 390977 378108 3.291%
Final 531557 378108 28.8%

The percentage of the excluded data is 29% and every §iteyieliminates approximately 4

% of the data, except th&2and 3° set of filters, because the amount of outlying data is smaller,
which is affected from the previous filter and is affected by the correlation coefficient that the
parameters share. the following pages the dataset is illustrated in a series of graphs for the
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two differentloading conditionsrfean Draft valugs The percentage of excluded data is given
by the following method:

Percentage of Excluded Data (%)= P m(2.4)

Example:
x  Unfiltered Data = 531557
x  Remaining Data = 518502 (SQGSTW, suli filter).

x  Percentage of Excluded Data (%)=——— T 72.54%

In continuity of the above statistical filtering procedure a series of graphs of the reaming data,
after the application of the statistical outlier detection, (green colour) compared to the dataset
provided after the fat filtering procedure of chapter 2.4 (blue colour)rf@an Draft = 9.3 m

is illustrated in the following pages (Figure 11, Figure 12):
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Figure 11. Comparison between the remaining datahef thresholdilter (Color = blue)
and theactualremaining dateof the datasetColor = green), mean draft = 9.3 m (1)
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Figure 12. Comparison between the remaining datahef threshold filte(Color = blue) and tht
actualremaining dateof the datasetColor = green), mean draft = 9.3 m (2)
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Comparison graphs of the reaming data, after the application of the statistical outlier detection,
(green colour) and the dataset providedréatfie first filtering procedure of chapter 2.4 (blue
colour) formean Draft = 10.5 m are displayed in the following pages (Figure 13, Figure 14):
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Figure 13. Comparison between the remaining datahef threshold filte(Color = blue) and
theactualremaining dateof the datase{Color = greer), mean draft = 10.5 m (1)
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Figure 14. Comparison between the remaining datahef threshtd filter (Color = blue) and the
actualremaining dateof the datasefColor = green) mean draft = 10.5 m (2)

In the legends of the graphs of the above figures:
x Remaining data from Threshold Filter corresponds to the dataset provided after the
applicaton of the threshold values, such as Speed over Ground > 0 &nbtetion
2.4)
x Remaining data from Statistical Outlier Detection corresponds to the final dataset
proposed after the application of all the Subilters and the threshold values filter
(initial sub-section(2.5))

The graphs above are used, in order to understand the correction of the dataset via the outlier
detection procedure and to show that the dataset, is now reliable and realistic, and ready to be
used in the statistical model andtfire theoretical analysis of the prediction of the main engine
Fuel Oil Consumption.

Due to this particular omission of data and
parameters refer to different loading conditions, but not at anchorage, ingloadditions in

ports, waiting for port births or bunkering in the port. The data used are for open sea conditions

and fully developed seabhe graphs for the remaining data from the statistical outlier detection
procedure is presented in Appendix A.
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3. Theoretical Models

The goal of this chapter is to estimate the Fukldonsumption of the Contairgrip, using
two different t heoretical met hods. To achieve
(Chapter 2) and describe the framework for the theoretical models.

The first theoretical model is strongly connected to the modified Kwon Methoddprbtiy
Kwon, 2008. The method analyses different operational conditions of the ship, irstegaed
relative wind speed and relative wind direction, to eventually calculate the brake power of the
ship (B) and as a result estimate the Fuel Oil Consuwmpaif the ship, for different weather
conditions (Wind Speed & Wind Direction).

The second theoretical model is implemented by the International Towing Tank Committee
(I'TTC) in the article 606Preparatiorn@OBonduct a
01.1) 2017. The |1 TTC met hod, as itdéds going to
correction of the dataset that is provided by the ship sensors. The correction method is based

on the resistance increase due to wind and wave effects. To be peaificsthe added

resistance that we use is separated in three parts the added resistance due to the wind effects,

the added resistance due to the effect of waves and the added resistance due to water
temperature and salt content. The basic principlesoffiC method is the conversion of added

resi stance to 66added shaft Power 66 and then t

shaft Power with the 66added shaft Power 66. Fui
Power it 0 sstinfate thesthebrétieal fuelooil cdnsumption using the formula: FOC =
P A SFOC. ltds mandatory to mention that the

resistance due to the wind effects, as presented in the ITTC, is developed by Fujiwara, 2005
andthat the method used for the calculation of the added resistance due to the waves is the
Stawavd 1 method, which is described in the ITTC and the $T#P, is developed by Boom,

2013.

In order to be able to carry out the Kwon method and the ITTCacdrre on i t 6s necess
transform the relative wind speed and relative wind direction, in a way so that it can be placed
at a widely accepted reference height0 meters

3.1 Kwon Method

3.1.1 Wind Speed & Wind Direction correction

The wind speed andind direction correction are based on the suggested instructions provided

inthe ITTC (7.504i 0171 01.1, 2017) and in ISO 190350, 2016) In order to begin with the
suggested methodol ogy itds necessary aeo unders
given for the height of the anemometer sensor.
vertical position of the anemometer, for the design draft. Also, the reference height for the wind
resistance, for the design draft is necessary. Moreoeearéfa of maximum transverse section

exposed to the winds is necessary. The said parameters are provided with the following values:
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X Aref: 485 rﬁ

X Zaret=10m
X Zrefref=25mM
Moreover, itbés necessary t o drecfongdevblaepedtby e

ISO, 2015. The following figure (Figure 15) is illustrated.

Wind input

Figure 15. Sign conventions for wind directions (ISO, 2015)

The first step towards the correction of the wind speed and wind direction is Witatalhe
true wind velocity at the vertical position of the anemometgrin m/s and the true wind
direction at the vertical position of the anemomgtgrin degrees.

O O O ¢O O AicO 312

¢ OAIl hd AT© ¢ O ATO =
(3.1.2)
¢ OAIl pym® AT O ¢ @)
AT © m@E13)
Where,
X V. Relative wind velocity at the vertical position of the anemometer (m/s)
X Vg Shi p 06 soves@raueddm/s)
x  Yw: Relative wind direction at the vertical position of the anemometer (degrees)
X YoShi pbébs heading (degrees)

The second and final step in the wind velocity and direction correction is the calculation of the
relative wind speed at theference height and relative wind direction at the reference height.
However a few calculations are necessary in order to achieve the correct weather data.

m¢: ¢ref TT (314)
A = Aret + gL (3.1.5)
Zo= o+ (BEL6)
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J i (3.1.7)

The described calculations are used to calculate the true wind velocity at the reference height
(m/s).

) ) 7
O d — (318

Where.

x  ¢g(m): The difference between design drafts =Tq = 11,5 mand mean draft that is
measuredby the sensors.

A (m?): Correctedarea of maximum transverse section exposed to the winds.

Aret (M?): Area of maximum transverse section exposed to the winds.

B (m): Breadth.

Z.(m): Vertical position of the anemometer.

Zaretf(m): Vertical position of he anemometer, for the design draft.

Zi(m): Reference height for the wind resistance coefficient.

Zetretf(mM): Reference height for the wind resistance, for the design draft

X X X X X X X

The above calculations lead us to thkative wind speed at the referencégheand relative
wind direction at the reference height.

O i Oy O 06y O AITO ¢ @319
¢ 5 OAT h_ hd 60 AIO ¢ T(3.1.10)
h
¢ & OAT —f pUd O F AIO ¢ m
h
(3.1.11)

The aforementioned functions are described in the ITTC, 2017. The following table (Table 8)
is used to sum up the basic information used to correct the relative wind speed and direction in
the reference height (10 m).

Table8. Stardard Values for Wind Speed & Wind Direction correction

Parameter Name Values Units

Area of maximum transverse sectior 485 2
exposed to the wind#\rer)

Breadth (B) 30.2 m

Vertical position of the anemometer, f o5 m

the design drafta re)

Reference height for the wind resistan 10 m
for the design draftfe ey

Design Draft () 115 m
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3.1.2 Beaufort Scale & Encounter Angle

The purpose of this suibsection is to create a Beaufort scale, given the new relative wind
velocity for the reference height, and define the meaning of an encounter angle between the
ship and the weather effects (Waves, Wind). The encounter angle ipf ia diefined by the
following formula:

Encounter Angle ¥ i U(3.1.12)

Where,p is the wave angle arldis the ship heading. This study considers that the wave angle
is similar and equal to the wind direction.

However, the above formula provides valfiesn O degrees to 360 degrees, in order to be in
the designated direction limits[01 8 0] degr ee s, itds necessary
using the following formula:

Corrected Encounter Angle = Encounter Arigee A ( E n ¢ oiu)n(rad® (81.13) nAfier e
this particular correction four encounter angle categories ¢keun, 2008)

Head Sea (D 30) degrees

Bow Sea (30 60) degrees

Beam Sea (60 150) degrees
Following Sea (1500 180) degrees

X X X X

The aforementioned categories are used only for an orthogonal coordinates system. Hence the
above Encounter Angle formulas are used. The figure provided by Soares & Varela (2011)
(Figure 16) and Figure 17, provided by Kwon (2008), are used for the bedterstanding of

the above formulas.

- ship speed
a. - ship heading

B - wave angle

Y -encounter angle

Y - corrected encounter angle

Figure 16. Definition of the Encounter Angle (Soares & Varela, 2011)
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Furthermore, it shall be mentioned that the wave direction and the iséatiah are thought
to be the same.

Following sea /\
. Head sea (0Odeg - 30deg)
150deg-180deg) \% J(\\

Bow sea (30deg - 60deg)

Beam sea (60deg - 150deg)

Figure 17. Encounter Angle Categories (Kwon, 2008)

The Beaufort scale is defined by the ITTC (04 01i 01.1) and is described in the following
table (Table 9), as well as shown in Figure 18.

Table9. Beaufort scale

Beaufort Number Descriptive term m/s
0 Calm 0-0.2
1 Light Air 0.31.5
2 Light breeze 1.63.3
3 Gentle breeze 3.454
4 Moderate breeze 5.57.9
5 Fresh breeze 8-10.7
6 Strong breeze 10.813.8
7 Neargale 13.917.1
8 Gale 17.220.7
9 Strong gale 20.824.4
10 Storm 24.528.4
11 Violent Storm 28.532.6
12 Hurricane 32.7 and over

Beaufort Scale

80000

70000 -

60000 |

50000 -

40000 -

Frequency

30000 -

20000 -

10000 -

10 12

Figure 18. Histogram of Wind Velocity data (Beaufort Number)
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3.1.3 Added Resistance Modelling

This subi sectiondescribes the seriempirical modifiedkwon method (Kwon, 2008) that

helps express the added resistancenabaolutespeed loss. The weather effect, presented as

speed loss, compares the ship speed in different sea conditibnetos hi p6s expected
calm water conditios

The goal , of the added resistance modelling ct
water condition and be able to use it to define the effective engine Power using the Holtrop &

Mennen methodHoltrop & Mennen, 1982). Furthermqrafter defying the effective engine

Power the goal is to create the relationship ¢
and the required engine Power. If the aforementioned goals are achieved, the egtintia¢ion

Fuel Oil Consumption for a Specific Ship under Specific Speed, Encounter Angle, Draft, and

Sea State can easily be calculated with the fo

The following Flowchart is used to describe the whole procedure mentioned above {Bigure

Ship Characteristics
& Weather Data

Speed Loss due to
Added Resistance

Actual Ship Speed Kwon coefficients

Relation between
Power & Speed in
Still Water

Resistance at Still
Water Condition

Holtrop & Mennen Still Water Speed

Ship Effective Power
Required for a
Specific Speed in
irregular Waves

Relation between
Power & Speed in
irregular Waves

Ship Engine Power
Propulsive coefficient Required for Speed
in irregular Waves

H

SFOC Diagram Fuel Oil Consumption

Figure 19. Flow Diagram (Kwon Method)

The formula used for the Kwon method (Kwon, 2008) is the following:

—A 100.% &A (@113

V2=V1T (Cy A oA b) C—A- é\ 1(8.1.14)
Where,

x V. Design (nominal) operating ship speed in still water conditions (no wind, no
waves), given in mis
x V3 Actual ship speed in selected weather (wind and irregular waves) conditions given
in m/s.
aqV =V1T1 V2 Absolute speed loss, given in m/s
Cy: Direction reducton coefficient dependant on the weather direction angle (with
respect to the shipbs bow) and 12he Beaufort
x  Crorm: Ship form coefficient, as shown in Taldle.
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x  Cy Speedreductioncoefficientd e pendant

o0 n dodffieientsGh Thp 6 s

loading condition and the Froude Number (Fn), as shown in Tdble

For the calculation of the Froude Number we use the following formula:

Fn= — (3.1.15)

The calculation of the block coefficient is provided by the followengpirical formula:

Cb = Coo AT/To) ™ ((Cu/Cio)-1) (3.1.16)

Where,

x  To: Is considered to be the water ballast draft = 6.07 m
x  Cyo: Is considered to be the water ballast block coefficient = 0.5573 (Sea Trials)

The calculation of the displacement is doiseng the following formula:

p=C Ao AL AB AT ACy (3.1.17)

The following Tables (Table 10, Table 11, and Table 12) are necessary to define the

aforementioned coefficients.

Table10. Ship form coefficienfCrorm)

Type of(displacement) ship

Ship form coefficient Ciorm)

All ships (except container ships) in loaded loading condit

0.5BN + BN¥/(2.7A 23p

All ships (except container ships) in ballast loading conditi

0.7BN + BN*¥/(2.7A P3p

Container ships inormal loading conditions

0.7BN + BN*%(22 &)

Tablell Speed reduction coefficief@u)

Block Coefficient Ship Loading Condition | Speed reduction coefficienty)
0.55 Normal 17i1. 4 TA. BEAA
0.6 Normal 2272 .578. FAA
0.65 Normal 26i3. 7 TA1FB® A
0.7 Normal 31i5. 3 1TA2Fd4? A
0.75 Loaded or Normal 24710 . 61 9A 5F2nA
0.8 Loaded or Normal 267113. 171 1A5 .FIA A
0.85 Loaded or Normal 31118. 7+ A2 FARO0
0.75 Ballast 267112 . 57 1A3 .F54 A
0.8 Ballast 3.0i16. 371 2A1 .F6A A
0.85 Ballast 34i20. 9 A FA

Table12 Weather direction reduction coefficigi@s)

Weather Direction Encounter angle Direction reduction coefficieng)
(degrees)
Head sea (irregular wave) and win 07 30 2 Ci=2
Bow sea (irregular wave) and wing 307 60 2 CA=17i0. 03 AP ( BN
Beam sea (irregular wave) and wir] 601 150 2 CA0910. 06 AP( BN
Following seav\(lli:]rdegular wave) and 1507 180 2 CA=0.470. 03 BY( B
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In this study a linear interpolation is used in order to find the speed reduction coefficient. The
area of the linear interpolation is:

Cp = [0.55i 0.7].

The followingfigures (Figure 20, Figure 21) are provided to justify the need of a new filtering
procedure, only for the Kwon Method.

80

AV/VT (%)

Speed Loss/Calm Water Speed

50000 100000 150000 200000 250000 300000

Number of Data

350000 400000

Figure 20. Speed Loss/Calm Water Speed (Unfiltered)

100

Calm Water Speed

50000 100000 150000 200000 250000 300000
Number of Data

350000 400000

Figure 21. Calm Water spee@nfiltered Data)

As it can be seen from the two graphs, a few data points appear to have very high calm water
speed and the Speed Loss/Calm Water Speed is in need of a threshold value, in order to discard
the data points that have higher values thanhteshold parameter.
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3.1.4 Filtering Procedure (Kwon Method)

In this subsection, two new filters are applied to the dataset. The first one is a simple inequality.
The inequality is the following: Calm Water speed > 24 kn. If this criterion is metthkealata

points are considered unfit and will be excluded from the dataset. The threshold value of 24
knots is provided by the maximum amount of speed the ship can achieve in the sea trials.

The second filter i s used,Toéachievaasarestidatiomof6 s met h
fuel oi | consumption, itdés necessary to discar
formula:

Qv =(V1iVa) /Vi%>20% (3.1.8)
Where,

x V. Design (nominal) operating ship speed in still water conditionswimal, no
waves), given in mis
x Vg Actual ship speed in selected weather (wind and irregular waves) conditions.

The absolute speed loss is heavily influenced by the weather conditions that the ship has to
overcome (Beaufort scale, Encounter angle). Theorgéag behind this filter is to eliminate the

values of the Beaufort scale that cause a huge change between calm water speed and speed in
irregular waves and wind.

For the following calculation a specific loading condition is used (Displacenignafti Block
coefficient). The variable that is being changed through the whole filtering procedure is the
calm water speed. The loading condition is the following:

X p = 3900
x  Cp=0.6250

The specific values illustrate the mean value of the displacements and block coefficient, the
ship achieves during ite8 monthsof travel(data sampling periodYhe variation of the calm
water speed is from 5 m/s to 9 m/s, the Beaufort scale is froh0OBN and there are four
different categories of Encounter angles (Head, Bow, Beam, Following). Moreover, the
direction reduction coefficient) is presented in the following tables (Table 13, Table 14,
Table 15, Table 16) and figures (Figu2, Figure23) to illustrate the problematic nature of

the semi empirical Kwon method (Kwon, 2008).
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Tablel13. Speed Loss/Calm Water speed for Head Sea.

Head Sea
BN qv/VliforVi=9m/s | gv/V1iforV1l=75m/s| qVv/V1lforV1=5m/s 10AbC

0 0 0 0 10

1 0.9287 1.0969 1.3390 10

2 1.8624 2.1997 2.6852 10

3 2.8571 3.3745 41194 10

4 41763 4.9326 6.0215 10

5 6.6123 7.8099 9.5338 10

6 12.0127 14.1883 17.32(8 10

7 24.0432 28.3975 34.6661 10

8 49.2163 58.12964 70.9613 10

9 98.2110 115.9975 141.6031 10

10 187.5067 221.4651 270.3520 10

Tablel4. Speed Loss/Calm Water speed for Bow Sea.
Bow Sea
BN | gV/ViforV1=9m/s | gqV/V1lforV1l=7.5m/s qV/V1 for V1 =5 m/s 10 DA

0 0 0 0 6.1
1 0.6640 0.7842 0.9574 7.15
2 1.4713 1.7377 2.1213 7.9
3 2.3857 2.8177 3.4397 8.35
4 3.5498 4.1927 5.1182 8.5
5 5.5213 6.5213 7.9607 8.35
6 9.4900 11.208 13.6830 7.9
7 17.1908 20.3042 24.7862 7.15
8 30.0219 35.4590 43.2864 6.1
9 46.6502 55.0988 67.2615 4.75
10 58.1270 68.6542 83.8091 3.1

In the following page a series of graphs is going presented to show the Speed Loss/Calm Water
Speed variations for the encounter angles (Head, Bow Sea) as a function of the Beaufort
Number. The yellow part of each Table is the outymegions for each encounter angle
respectively. For example, for Bow Sea (360 degrees) any relative wind speed greater than

7 BN is not used for the estimation of the fuel oil consumption (Figure 22). The direction
reduction coefficient is used to shaehe impact of the weather condition.
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Head Sea-Kwon Method

Speed Loss/Calm Water Speed

BN

—Vi=9ms

V1=75m/s Vi=5m/s

Bow Sea-Kwon Method

Speed Loss/Calm Water Speed

BN

—V1=9m/s V1i=75m/s

V1=5m/s

Figure 22. Speed Loss/Calm Water Speed (Head, Bow Sea)

Tablel5. Speed Loss/Calm Water speed for Beam Sea.

Beam Sea
BN | gV/V1 for V1 =9 m/s| qv/V1for V1 =7.5m/s qVv/V1forV1l=5m/s 10 bA
0 0 0 0 6.3
1 -0.2786 -0.3291 -0.4017 -3
2 -0.0558 -0.0660 -0.0805 -0.3
3 0.5142 0.6074 0.7415 1.8
4 1.3781 1.6277 1.9871 3.3
5 2.7772 3.2801 4.0042 4.2
6 5.4057 6.3847 7.7941 4.5
7 10.0981 11.9270 14.5598 4.2
8 16.2413 19.1827 23.4172 3.3
9 17.6779 20.8796 25.4885 1.8
10 -5.62520 -6.6439 -8.1105 -0.3
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Tablel16. Speed Loss/Calm Water speed for Following Sea.

Following Sea
BN @/NV1forVi=9m/s | @//V1forV1=75m/s| //N1forVi=5m/s| 10 DA
0 0 0 0 -7.6
1 -0.4968 -0.5868 -0.7163 -5.35
2 -0.6332 -0.7479 -0.9129 -3.4
3 -0.4999 -0.5905 -0.7209 -1.75
4 -0.1670 -0.1973 -0.2408 -0.4
5 0.4298 0.5076 0.6197 0.65
6 1.6817 1.9863 2.4248 1.4
7 4.4479 5.2535 6.4132 1.85
8 9.8432 11.6259 14,1922 2
9 18.1690 21.4595 26.1965 1.85
10 26.2509 31.0051 37.8492 1.4

In the following page two graphs are going tgpbesentedo show the Speed Loss/Calm Water
Speed variations for the Beam Sea and the Following Sea (Encounter Angle) as a function of
the Beaufort Number (Figure 23)he yellow part of each Table is the outlying regions for each
encounter angle respectively.

Beam Sea-Kwon Method

d

ed Loss/Calm Water Spee

Spe

BN

—Vi=9m/s Vi=75m/s Vi=5m/s

Following Sea-Kwon Method

ed

Speed Loss/Calm Water Spe

BN

Vi=9m/s V1=75m/s Vi=5m/s

Figure 23. Speed Loss/Calm Water Speed (Beam, Following Sea)
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The following limitations arise:

x Head Sea (@0 degrees) ®? O 7
x Bow Sea (360 degrees) d? O 7
x Beam Sea (6050 degrees) ®? O 8
x  Following Sea (15180 degreesfh? O 9
The fundament al mi stake of the method is that i

greater than 6 BN. Mostly because the wind, when it is regarded as Following Sea, under normal
circumstances provides a boost to the vessel but with thef tise Kwon method it appears

that for wind speeds higher than 5 BN the direction reduction coefficient, causes a speed loss
and not an increase in spektbreover, the graphs of the weather direction reduction coefficient
(Cs), which explains the aforemémmed fundamental mistakeeillustrated in Appendix B.

As a result the end result graphs will illustrate the relationship of the actual ship speed and the
fuel oil consumption in the area of 1 BN to 6 BN in the Beaufort scale, in which areas the error
of the empirical formula (Kwon, 2008) is minimal.

The results of the two new filters are a 0.625 % elimination and a 5.12 % elimination of data
points for each filter respectively atite results of the filterare shown in the following figures
(Figure 24, Figure 25).

Speed Loss/Calm Water Speed

AV/V1(%)

Number of Data

Calm Water Speed

Calm Water Speed (kn)

0 50000 100000 150000 200000 250000 300000 350000 400000

Number of Data

Figure 24. Results of the Filtering Procedure (Kwon Method)
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Beaufort Scale (filtered)
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Figure 25. Beaufort scale for Kwon method (filtered data)

3.1.5 Ship Operational performance modelling

In this particular suld section the resistance in calm water is going to be calculated using the
Holtrop & Mennen method (Holtrop & Mennen, 1982). Moreoveg, ¢ffective power of the
ship is going to be calculated. All the formulas provided in this particulai s@ttion are

devel oped

by

either Holtrop & Mennen

Pe = Rtotal AV (31]9)

The resistance in calm water is provided by the following formula:

Ritotal = R A

Where,

()1+Riep+ Ry + Rs + Rrr + Ra (3.120)

x Rt Total resistance of the ship in calm water.
x  Rg: Frictional resistance according to the ITT@957 friction formué

1 + 8, FormFactor describing the viscous resistance of the hull form in relatiga to

Rr

= 0.°3 &A%31Q)

Cr=0.075/(LogioRei 2)? (3.1.2)

Re=; AV ABLR)

x  Rapp: Resistance of appendages

Rapp =

0} A2 ABpp A K2)iqACF (3.1.20)

(1982)

Where } is thewaterdensity V the speedof the vesselin calmwater, Sapp the wetted area of
the appendagedl+e, the appendage resistance facamd Cr the coefficient of frictional
resistance of the ship according to the ITTCI57formula.
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x Rw: Wavei making and wavé breaking resistance
Rv=caA2AsAR A A g AiAed¥ppA nod s} (3.1.5)
x  Rg: Additional pressure resistance of bulbous bow near the water surface
Rs=0.11exp(-3 P#&) FAMrSAgA / (1+F?) (3.1.2)
x  Rrr: Additional pressure resistance of immersed transom stern
Rir= 0.2% 1A A (3.1.2)
x Ra: modeli ship correlation resistance

Ra= 0 .23 /A A¥%3.1C8)
Ca= 0. 006 %A OL 040 210060 +B s'BREX A-C) (D14D)

It s al so necessary to provide the basic par ame
resistance (Table 17).

Tablel7. Holtrop & Mennen (Basic Parameters)

Name Symbol Formula Units
Lengthof Waterline L 1.01p A L m
Length between perpendiculars Lop 199 m
Breadth B 30.2 m
Draughton F.P T T + trim m
Draughton A.P Ta TT trim m
Displacement Volume n CeAgsdA B A T m?
Longitudinal center of buoyancy Ich 88138.F9 A m
Transverse bulb area Ast Cee A QuAA O me
Center of bulb area above keel line hyp CeA T m
Midship section coefficient Cwm 1.0061 0. 005%%° A C
Waterplane area coefficient Cwp 0. 95+ A. CTCAD (1
Transom area At 0.0% A A m?
Wettedarea appendages Sapp 50 m?
Propeller diameter Dp 7200 mm
Clearance propeller with keel line 0.035 A D m
Number ofpropeller blades Z 5
Shi pbs Speeq( V Calm Water Speed m/s
Stern Shape Parameter Cstern 10
Block coefficient Cs Cro A T/T0)((Cwi/Cho)-1)
Prismatic coefficient Cp Cw/Cs
Midship section area Ay B AwT A C m?
Depth D 16.7 m
Height coefficient Czs 0.405
Breadth coefficient (Kracht, 1970) Ces 0.17
Froude Number Fn g/ (L A V)~r(1]
Froude Number based on the immersi Fni V/I"O'Y Qg Wl T uw
Coefficient of emergence of the bow, Ps 0. 516 A°Y pd20Q)
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By using the aforementioned formulas, the total resistance, of the ship is calculated, for different
loading conditions. The results of the total resistarateulation are summed in a graph using

the total resistance divided by the displacement force as a function of the Froude number (Fn)
(Figure 26).

Holtrop & Mennen

0,0035
0,003
0,0025
0,002
0,0015

0,001

Total Resistance/ Displacement force

0,0005

0 0,05 0,1 0,15 0,2 0,25 0,3
Froude Number

Figure 26. Relation between Total resistance (calm water) / Displacement fodcErande number

Since the total resistance in calm water conditions is found, the effective Power can be
calculated using the formula:

Pe = Riotal AV (3.130)

The next step, in order to calculate the brake Power, is to calculate the mpoificient,
which consists of four coefficients. The hull efficiency, the open water efficiency, the relative
rotative efficiency and the shaft efficiency. The following formulas, for the calculation of the
open water efficient are developed Kyinstene n & L ¢t zandhare (b&@&d1o8 dhe
Andersen &Berslin (Andersen, 1994) graphihe arithmetical approximatigrintroduced by
Krinstensenapplies only for propellers of the Wageningen geries Since the propeller type

is not provided in the Seaidls,i t considered to be a propellertbke Wageningen B series

The rest of the functions are proposed by Holtrop & Mennen (1982).

Mm=nAunArAs@1.3)
Where,
x  nu: The hull efficiency

= — (3.1.2)

t= 0. 250 PASSAUB(NBI2R4)(1i Co+ 0. 02 2°5%2+4A 0. cO@d 5 A
(3.1.3)
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wW=GAvE AAT(0.066187FA—+). 2105 @4A58 A

+ 0. #hA B @ . Qte&(&l.% C

t: Thrust coefficient (Holtrop & Mennen, 1982)

w: Wake friction (Holtrop & Mennen, 1982)

Cp: The prismatic coefficient (mentioned in Table 10)

ng: The relative rotative efficiencjHoltrop & Mennen, 1982)

NR=0.99221 0 . 0 5 BDAG + (A07424Cpi 0 . 0 2iD)53.15)
x ns: The shaft efficiencyshaftline, gearboX
ns = 0.99(3.1.%)
X no. open water efficiency

The calculation of the open water efficiency is based on the Bresindgrsen curves. The
open water efficiency is described with the help of the thrust loading coefficignt C
(Krinstensen. & L¢tzen, 2013)

CTh = W (3137)

Crh=8/ A ——— (3.1.3)

Crm=8/" A 11K (3.1.9)

J = Va/n AD (3.140)

Kr = 555 (3.1.4)

R=(1lit )T (3A.49)
Va=(17w) VB8.18)

In the particular study itds considered that
following formula:

Mo = ———=AMax {0.65; (0.81i 0 . 0 Cr4)} (L.4)

In this manner the propulsion coefficienpi®vided, according to equati¢8.1.3L).

The distribution of the open water efficienisyshown inthe following histogramKigure 27.
The propulsive coefficient can bercluded based on the specific ship operational performance
conditions and sea trial data
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Figure 27. Distribution of the open water efficiency

After calculating the propulsive coefficient, the brake Power can be definediby the
formula:
Ps = P/t (3.1.5)

It shall be noted at this point that the most appropriate solution for the calculation of the
delivered power of the vessel is the use of open water diagrams, provided they are available for
the specific propelletype. In that case, the open water efficiency can be calculated accurately,
from the respective open water diagram is provided. For the sake of completion, in Appendix
D this calculation procedure is presented.

3.1.6Estimation of the fuel otonsumption

The calculation of the fuel oil consumption is completed by finding the Specific fuel oil
consumgion (SFOC) of the main engin&o calculate the SFOC for a significant amount of

|l oads itdéds necessary to revi ewOQfdranacoepiable engi ne
amount of data, as well as the fitted data (polynomial interpolation) and the error margins of

the polynomial interpolation (Table 18).

Table18 SFOC from Project Guide, SFOC fitted and the polynomial

Engine typeHyundaii W2 r t si | @2-B7RTA72U
Load (%) SFOC (g/kwh) SFOC fitted (g/kwh) Error

25 181.6012 181.6079 0,004%
30 180.1859

40 177.1323

50 174.3329 174.2277 0,060%
55 1729918 172.9668 0,014%
60 1716508 171.8926 0,141%
75 1703098 170.1147 0,115%
85 1703098 170.3420 0,019%
95 1716508 171.7690 0,069%
100 1729918 172.9178 0,043%

Since the basic SFOC curve is provided,adégree polynomial interpolation is used to
describe the SFOC curve for loads smaller than 25% of the MCR.

The used polynomial interpolation is the following:
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SFOC = -4.4538%-0 7 LoAd" + O .
0. 12 4 2L8atl51B4.48130983.1.5)

Where,

x Load =Ps/MCR (%)
x  MCR = 21560kW (Sea Trials)

000 16afF2®6 0 A296Goa®B8 A

The following figure (Figure 28) is used to show the curve of the specific fuel oil consumption.

SFOC Diagram (Polynomial, n=4)

SFOC (g/Kwh)
=
3

0 20 40 60 80
Engine Load (%)

100

120

Figure 28. Specific fuel oil consumption (curve)

Themaximum amount of error is 0.15%. In this case the polynomial interpolation is considered

robust and acceptable.

The relationship between the speed through water, normalized for the two refesating
conditions (Mean Draft = 9.3m, 10.5 m), and thenaated fuel oil consumption provided by
the theoretical metho@won) is in display in the following figures (Figu&9, Figure30).

Speed through Water - Fuel Oil Consumption (Kwon)

Fuel Qil Consumption (tn/d)

Speed through Water (kn)

——BN=2 ——BN=3 BN=4 BN=5 ——BN=6

Figure 29. Estimation of the Fuel Oil Consumption for different Beaufort Number (Kwon metladids &.3m)
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Figure 30. Estimation of the Fuel Oil Consumption for different Beaufort Number (Kwon method, draft = 10.5m)

3.2 ITTC Method

The second theoretical model is based on the methodology, provided by the ITITOZi(@15

01.1). The ITTC method is based on the power correction due to the added resistance caused
by wind and wave effects. The three basic formulas, used in the ITTC method, are the
following:

qR = RWII’]d + Rwa\/e (321)

W WYS3— 0 Op — (322

Pocorr=Pp 1 P (3.2.3)

Where,
x  Rwina: The added resistandee to the wind effects (N).
x  Rwave The added resistandee to the wave effects (N).
x wi Shipbs speed through water (m/s).
x & : Propulsive efficiency coefficient during sea trial.
x ¢ :Propulsive efficiency coefficient in ideal condition obtained from standard

towing tank test and interpolated to the spwed
x  Pp: Delivered engine power, in this case
Power, that is provided by thesbig sensors and measuring

The following flow diagram is necessary for the explanation of the ITTC method (2017),
(Figure31).
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Figure 31. Flow Diagram for the ITTC method (2017)

3.2.1 Added resistance due to wind

lnorder to calculate the added resistance due
speed and relative wind direction in the reference height (Chapter 3.1.1). The resistance due to
relative wind is calculated by:

Raa =Rw T Row (3.2.4)
Where,
Rw= 0 LoBAVwPBA ACpA (Y wrref) (3.2.5)
Row= O0L0B #R Apa @) (32.6)
Where

} & Mass density of aif@ )

Vwr: Relative wind speed at reference heighti |

| xv: Area of maximum transverse section exposed to the wifid (m

Ywrret. Relative wind direction at reference height (degrees)

Coa: Wind resistance coefficient

Vo Measured ship6Gsdg) speed over ground (

X X X X X X

The calculation of the wind resistance coefficient is provided by the regression formula
Fujiwara, 2015ITTC (7.504-01-01.1).

6o = O50ACET (1) + OovoA T E( 0i)T 0. 5@ (Aci) EIA( 6i)2) ("@( oi) A
Gl ( oi) + 6500 @ ( vi) GEA( i)} (3.2.7)
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Where,

0 90kQu< 9:0 A
0 TfTpmnipd—7F pO—(B23
0 TpPMIpO—F— 1pC—FB29
0 -pm -p D— -p O—(3.2.10)
isU 90 480 A

6 fTqemi¢M—F 1¢O— 1¢d— [¢10—(@E211
0 TCMICH—F— 10— 1¢HB— 1¢0B5-0B212)

o) -¢ m -¢ @—(3.2.13)

5 ,=q 90 A

=]

0 ™00 0

, , , (3.2.14)

Where

" so. Lateral projected area of superstructures etc. on deck
" & Area of maximum transverse section exposed to winds
" e Projected lateral area above the waterline
" : Ship breadth
Ows: Wind resistance coefficient
0s 6. Horizontal distance from Midship section to center of lateral projected)arga
sv. Height of top of superstructure (bridge etc.)
5. Height from waterline to center of lateral projected area
Oss: Length overall
€ smoothing range, normglllO degrees
0i: relative wind direction, where 0 means heading winds

X X X X X X X X X X X

The norii dimensional parametar§ChCOCHCNRed in the formulae are shown in Tabe 1

Table19. Non- dimensional parameters

j

! 0 1 2 3 4

o 1 0,922 20,507 1162 - -
i 2 20,018 5001 | -10,367 | 3,011 0,341

N 1 20,458 -3.245 2313 - -
U 2 1,901 | -12,727 | -24.407 | 40,310 5,481

. 1 0,585 0,906 -3.239 -

Y 2 0,314 1,117 ; - -
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For the better understanding of the parameters used in the regression formula the following

figure (Figure3?2) is provided.

Aop

L. Eg :[" ; :

Ap

K|

center of Ay

upper deck

Laa

k3

midship

w

Axv

Figure 32. Parameters of the Fujiwara regression formula (Fujiwara, 2015)

For the calculation of the wincesistance coefficient the parameters are necessary and are

provided in the following table (TabR0):

Table20. Wind resistance coefficient parameters

Ballast Design Draft Draft=9.3 m| Draft=10.5m
g (m/s) 9.81 9.81 9.81 9.81
1 s (kg/mP) 1025 1025 1025 1025
Aop (M?) 439 2311 1552.55 1966.25
Axv (m?) 485 551.44 515.2
Cwmc (m) -6.185 -12.193 -9.759 -11.087
Hc (m) 7.027 5.080 5.869 5.439
her (M) 40 40 40 40
Lwe (m) 195.231 202.015 199.32 200.84
B (m) 30.2 30.2 30.2 30.2
T (m) 6.07 11.5 6.07 11.5
D (m) 16.7 16.7 16.7 16.7

Furthermore, tharea of maximum transverse section exposed to winds is calculated by the

following formula:

Moreover, theprojectedateral area above the waterline is calculated by the following formula:

The values oCuc, He, Aop, and Lw. consistently remain the same, depending on the current

s hi p .redThat fobreeanndoaftsdroms7pnete i f i c
9.875 m, the wind resistance coefficient is obliged to adopt the curve provided by the mean
draft of 9.3 m. Respectively for mean drafts greater than 9.875 m the wind resistance coefficient

me an

dr aft

Axv = 485 +B Ap ¢#(3.2.15)

Ayv =Aop+ (D1 T) LvA (3.2.16)

of

t he

follows the curve provided iyhe mean draft value of 10.5 m.

This particular procedure occurs because the used data refer only to laden condition and for that

reason the curve created for the ballast condition cannot be used. Moth®vearticular

separation of the dataset isndar to the separation of the dataset used in the Speed through
Wateri Propeller shaft Power, Speed through Watéuel Oil Consumption graphs, which
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are illustrated in the"2Chapter of the thesis. In addition the wind resistance coefficient cannot
use the curve provided for the Design Draft
particular draft. In the following pages the wind resistance coefficients are ihdbtra a

different pair of graphs. All in all the dataset uses the wind resistance coefficient for the mean
drafts values of 9.3 m and 10.5 m.

The following figure Figure 33) illustrates the two wind resistance coefficients used to
calculate the added iis&ance due to wind for every data point in the dataset. The data with
mean draft lower than 9.875 m use the air resistance coefficient for Draft 8r8trgréaph of
Figure 33) and the data with mean draft value greater than 9.875 m use the air resistanc
coefficient for Draft 10.5 mgecond graph of Figurg3d).

To sum it all up a comparative set of graphs are displayed, in order to show the difference
between the fouavailable wind resistances coefficie(fsgure34).

Air Resistance Coefficient (Draft = 9.3 m)

Wind Direction (deg)

Air Resistance Coefficient (Draft = 10.5 m)

Wind Direction (deg)

Figure 33. Air resistance coefficient draft = 9.3m, 10.5 m respectively
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Air Resistance Coefficient

Figure 34. Comparative graplof the Fujiwara method for the calculation of the air resistance coefficient

3.2.2 Added resistance due to waves

The goal of this sub section is to examine and calculate the added resistance due to waves.
Given the lack of parameters describing the sea state the method that is going to be used is the
Stawavd 1 (Boom, 2013). The Stawavel method estimates thesistance increase in head
waves provided that heave and pitch motions are smalls. The application is restricted for the

area of t he bow, to be more specific the encol
degrees. For wave directions outside théaano wave correction is applied. In addition, in this
condition, itdos considered that the effect of

the added resistance of the ship is dominated by the wave reflection of the hull on the waterline.

Theadded resistance is calculated by the following formula:

Y —0" 0Q00 B —(3.2.17)

Where

} s Water density for actual water temperature and salt corigkai f)

g: Acceleration of gravityq( /i 2

H: Significant wave height (m)

B: Beam of the ship (m)

Uswo: Length of the bow on the waterline to 95% of maximum beam as shown in Figure
35 (m)

X X X X X
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Figure 35. Usw s for Stawaveg 1 (Boom, 2013)
Stawave 1 is validated for the following conditions:

I.  Heaveand pitch during speed/power trial are small (vertical acceleration at bow <
0.05 A g

Il. Head Waves. Wave direction within 0 to N 45
waves

For the calculation of the added resistance using the Staiwdve me t h o @ssaryttd s nec
calculate the significant wave height. The wave height is going to be calculated for every data
point separately and the calculation are based on the Hasselmann formula, for fully developed

sea (Chen et al 2002).

The formula that calculates thigysificant wave height as a function of the wind speed for a
fully developed sea is the following:

Hs= 0.01°61@ @ U@BO®187 .5 m/ s
Hs= 0 .Ud# O0A 000°8 134G AL (3.2.19)

Where, U is the true wind speed at the reference height of 10 meters calculated in m/s.
Subsequently a series of graphs are used to illustrate the relationship between the significant
wave height and the absolute value of the added resistance due tqrigwes36).

Stawave-1 (Resistance - Significant Wave Height)

350
300
250
200
150
100

50

H (m)

Figure 36. Added ResistandeSignificant Wave height
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After calculating the two added resistance and considering the added resistatcevdtes
temperature and salt content negligible, the formula that calculates the corrected gbhwer is
following (ITTC, 2017):

Pocorr=Pp T qP (3.2.20)
W GYDI— 0 Dp 20 (3221

Where, both thepropulsive efficiency coefficient during sea triadd ( and propulsive

efficiency coefficient in ideal condition obtained from standard towing tank test and
interpolated to the speedi(¢ )area st andard value andideted be mor e
to be 0.7. The power deviation graphs provide additional ddtaitdhe results of the ITTC
method(Figure37).

Added Power - Propeller shaft Power

40

AP/P (%)

40

-50
0 50000 100000 150000 200000 250000 300000 350000

Number of data

Figure 37. Power Variation for ITTC method (Fujiwara + Stawale

Since the propeller shaft Power é®rrected the calculation of the theoretical Fuel olil
Consumption is finalized using the following formula:

FOOTTC = PD(;orr IBSFOC(BZQ)

The relationship between the speed through water, normalized for the two reference sailing
conditions (Mean Draft = 9.3m, 10.5 m), and the estimated fuel oil consumption provided by
the ITTC method is illustrated in the following pages (FigdBeFigure39).

Normally the ITTC shaft Power correction is used for data that comply with the following
limitations:

Water temperature > 2 AC. The ship isnodt tr
The true wind velocity is betweeri07.9 m/s (O° 4 BN)
The depth oflie sea is greater than:

H = &80Yor H =@2235 A
The propeller shaft power is within the acceptable limits (Sea trials)
The displacement is within N 5 % of the dis

The rudder angle is lower than 5 degs
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In this thesis the ITTC method is used for all possible data points which are not filtered in
Chapter 2 oare not excluded after the usetloé filters applied to the Kwon method.

Speed through Water - Fuel Oil Consumption (ITTC)

Fuel Qil Consumption (tn/d)

8 10 12 14 16 18 20 22
Speed through Water (kn)

——BN=2 ——BN=3 BN=4 BN=5 ——BN=6

Figure 38. Estimation of the Fuel OConsumption for different Beaufort Number (ITTC method, draft = 9.3 m)

Speed through Water - Fuel Oil Consumption (ITTC)

80

Fuel Oil Consumption (tn/d)

8 10 12 14 16 18 20 22
Speed through Water (kn)

——BN=2 ——BN=3 BN=4 BN=5 ——BN=6

Figure 39. Estimation of the Fuel Oil Consumption for different Beaufort Number (ITTC method, draft = 10.5m)
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3.3 Comparison of the results of the theoretatels

This subi section provides a comparison analysis between the estimated FOC by the two
theoretical models and the respective measured values. In addition, after the creation of the
statistical model, a more thorough analysis of results and penficenparameters will be
presented.

The results of the estimation of the fuel oil consumption for Mean Draft = 9.3 m are displayed
in the following pages:

Table21 Mean Value of the Estimated Fuel Oil Consumption (Draft = 9.3 m)

Beaufort | Measured Fuel Oll Estimated Fuel Oll Estimated Fuel Oll
Scale Consumption Consumption (Kwon Method)| Consumption (ITTC Method
Average Average Average
1 25.99 19.77 22.73
2 23.21 17.76 20.31
3 26.63 20.77 23.19
4 31.64 24.64 27.22
5 30.97 23.48 25.52
6 33.39 26.46 26.01
7 42.11 34.7 34.75

The aforementioned fuel oil consumptions are the meansptogided by the whole dataset
(Table21). The mean values are provided using the average formula and calculating each fuel
oil consumption for a specific weather condition.

For example, for the calculation of the Measured Fuel Oil Consumption the dataset that is used
is the one corresponding telative wind speed of 1 BN and in the loading condition of 9.3 m
(Draft between 7 m to 9.875 m). After the separation of the dataset in 14 categories (Draft,
Weather Condition) the average of each dataset for the 2 methods and the measured data,
provided by the sensors, is calculated.

The FOC/Nautical miles is the division of the Average Fuel Oil Consumption calculated from
Table 14 and the distance covered under a specific weather condition and is displayed in
Figure40and Figuredl.
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Figure 40. Fuel Oil Consumption to nautical miles (mean draft = 9.3 m)

The results of the estimation of the fuel oil consumption for Mean Draft = 10.5 m are displayed
in the following pages:

Table22. Mean Value of the Estimated Fuel Oil Consumption (Draft = 10.5 m)

Beaufort Measured Fuel Oll Estimated Fuel Oll Estimated Fuel Oil
Scale Consumption Consumption (Kwon Method] Consumption (ITTC Method
Average Average Average
1 32.04 26.28 28.1
2 36.95 30.49 32.5
3 37.66 30.9 33.08
4 38.89 32.24 33.77
5 41.61 35.14 35.03
6 46.58 40.81 37.74
7 47.5 41.82 39.63

The aforementioned fuel oil consumptions are the meansptogided by the whole dataset
(Table22). The mean values are provided using the average formula and calculating each fuel
oil consumption for a specific weather condition.
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Figure41. Fuel Oil Consumption to nautical miles (mean draft = 10.5 m)

The results grapldisplay the relationship between the speed through water and estimated fuel
oil consumption for each theoretical method respectively.

The main takeaway of the results is that the theoretical fuel oil consumption is lesser than the
actual fuel oil consumpiin measured by the shipbs sensors.

The Kwon method (Kwon, 2008) doesnodot take into
hull fouling, and the condition of the main engine and provides results for clean hulls and for a

mai n engi ne rmmam@ihed and pas nd peobléms yor the wratdéa sampling

period In additi on, the Kwon method doesnodt take
a ship has to encounter in open sea. l'tds wo
conditioned or orrected to acknowledge the hull condition and the hull problems that can

appear fronl8 monthsof sailing. Moreoverf or t he purpose of the thesi
the ship isnbét dry docked throughout the whol e

The Kwon method mvides logical results considering the fact that if the ship encounters worse
weather condition, then the ships resistance is affectedsausitively substantial, than the
previous value. Hence the effective Power required to overcome the weatheonosdigger

and in that way the fuel oil consumption igeeatervalue, when the ship sails in weather
condition of6 BN than in2 BN.

The ITTC method (ITTC, 2017) is practically the correction of the required power in order to

overcome specific weatheondition (Head Sea, Specific relative wind Speed). The ITTC

method provides better estimations for the fuel oil consumption for Beaufort Numbér&pof 1

comparing them to the results of the Kwon method, and for BN greater or equal to 6 the ITTC

method provides drastically smaller Fuel oil consumption than the Kwon method. This

particular deviation from the norm happens, because the ITTC method is strongly connected to

the shipbés operation profile, t he madeldi ti on of
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the crew members. The ITTC method is the correction of the already measured Propeller shaft
Power , hence itbés highly correlated to the act

The I TTC method doesndt devi at e38fFigueBd, all he mai n
of the Speed through WatérFuel Oil Consumption curves seem to be close to each other,

except the curve for 6 BN for mean draft = 9.3 m. The problematic region of results for this

method is the lack of data for the sea state, sadded resistance for waves is calculated by

the Stawavé 1 method (Boom, 2013) that is applied only in 20 % of the Propeller shaft Power

data.

All'in all, the ITTC method provides better results for relative wind direction of head waves

and relative Windrelocity lesser or equal to 4 BN. The estimated values for relative wind speed

equal to 5 BN is the same and for 6 BN the recommended estimation method is the Kwon

met hod. Al t hough the particular figures/resul:t
angle a better representation of the estimated fuel oil consumptions for the theoretical methods

will be provided after the evaluation of the statistical model (Multiple Linear Regression).
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4. Statistical Model

The aim of thischapter is the creation of the statistical model and the evaluation of the

capabilities of the model. The model is based on a multiple linear regression method. The
chapter of the statistical model will be separated into two sections the regressiors amalysi

the evaluation of the statistical method and its results, for the estimation of the fuel oil

consumption.

4.1 Regression analysis

Regression analysis is the procedure used in order to estimate the relationships between a
dependant variabl@esponse) and an independent variable (predictor). The goal of this section

is to create a model that has the capability to estimate the fuel oil consumption of the ship for
the whole dataset.

The relationship between the Propeller shaft Power and tHeCHu€onsumption is linear,

hence a robust model, would be a linear regression between the Shaft Power and the fuel oil
consumption. Although the aforementioned linear regression, as well as a regression using the
propeller shaft torque or the propelldraft revolutions, seem like the best scenarios for a

statistical model, this particular thesis utilizes the speed through water, the weather data
(relative wind speed, relative wind direction)
Draft, trim) and the rudder angle as the main variables to predict the fuel oil consumption of

the vessel. In addition thé“2and 3 power of the Speed through water variable are used as
parameters in the multiple linear regression, because of the relationshéptofal resistance

ofthe shipRr= 0 .2R /A& AMan€the relationship of the effective power (R=A V) .

The following equationkad us to the assumption that the power is a function oftdegee

of power of ,hoWweverisalmorp detiled gpudyeeden the value of the power in

the speed could be a parameter to be calculdieel fuel oil consumption is calculated by a

linearr el ati on with the shipbs power. Hence, the
correlatedwihthe ¥degr ee of power of % he shipbds speed (

The dataset used for the regression analysis is the same one that is described in chapter 2. The
corrections and the data exclusions for the Kwon method, ITTC method (Chapters 3.1 & 3.2)
are revertd. Moreover an additional filter is applied, to be more specific any data point that
produces speed through water less tHaknots is discarded. The aforementioned filter affects

the regression model positively, because it helps predict the fuel oil consumption accurately
and as shown in Figure 11 and Figure 13 (Speed over GioBpded through Water, graphs)

the dataset haslianited amount of speeds lesser tH#rknots.

The4" Chapteiis separated ifour subi sections. The first stibsection is the introduction of

basic principles, statistical quantities and the actual meaning of each calculated statistical
parameter. fie second suibsection describes the correlation of the variables and finds the best
subset. The third subsection presents the main characteristics of the model and the formula
used for the estimation of the fuel oil consumptidbe fourth and lastub i section presents

the behaviour of the statistical model, in random conditions.
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4.1.1 Multiple linear regression

The most popular multiple linear regression model that relates the dependant (y) to a number
of independent (x) is the following:

Yizho+biA n XboA X  ébpA p XU(4.1)

Where,
x yi: The Ii th observation of the dependant variable
x  X;j: The I7 th observation of the independent variable
x  be: The regression intercept term
x by: The slope coefficient of the jth independent variable
x (& The error term of theil th observation, usually considered to be normal

distribution

The model assumes that there is a linear relationship between the dependent variable and the
predictors. Each slope coefficierfi) (representghe change in the mean response per unit
increase with the associated variable when all the other predictors remain constant. The
intercept term represents the mean response when all the predictors are zero.

The MLR model that is able to make predictiémsthe y variable can be represented using the
following formula:

Tizho+tbiA i XA 2X é A pH.1)
Where,

x 1i: The predicted value of thd Ith observation of the dependent variable y
x  X;: The IT7 th observation of theij th independent variable
x b The sample estimates of theoefficients.

The estimates of the slope coefficients are calculated using the following formula (matrix):

O p W o T -
Y = X A B =*+pE => Af + - (42
é é é é f é
Where,
B=&® 3o 20 Jv(4.3
Where,

x X Is the design matrix
x Y: The observed dependent variable

The residual error term is calculated for each observation:

Q O 144
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4.1.2 Coefficient of determination

The coefficient ofletermination, known as’& a valuable characteristic of regression models.

It explains how the variation in the response can be explained by the variation in the

i ndependent variables. To be more spamn fic ito
f the fitted value predicted by the regression model. Thentiedlculated by the following

formula:

R?=1 ——(45)

Where,

x Y'Y =B & & The total sum of squares of the dependent variable
x @The mean value dhe y variable
Y :B ® "Q Z The residual sum of squares

R? Receives values in the area of [0, 1], interval that expresses the fitting of the regression
model:

x R2=0: The model always prediafs&he outcome cannot be predicted by anyhef t
independent variables

x R2=1: The model always predicts the obseruedalue and has no residuals. The
outcome can be predicted without error from the independent variables

The coefficient of determination increases as more predictors are added to the model. However,
ités worth mentioning that adding a predictor
despite the increase in the coefficient of determination. Thenrailable increase of

predictors to a model makes it overly customized. This phenomenon is called overfitting.

An adjusted coefficient of determination is used in regression analysis to account for the
increase of the coefficient of determination whempredictors are added to the model. For a
model with z data points and p independent variables the adjusted coefficient of determination
is calculated by the following formula:

Y p p Y O—— (46
Finally the predictedR? is calculatedy the following formula:
Y p — (47
The predictive residual errors sum of squares, PRESS, is calculated as the sum of the squares

of all the resulting prediction errors that occur by removing each observation in turn and
refitting the model with the remaining observations.
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4.1.3 Multicollinearityi Variance inflation factors

In a multiple Ilinear regression model, i tos
predictors with each other and not only the relationship of the predictors with the response. In

the ideal regression model all the independent variables are cedr@d@gh the dependent
parameter but not with each other. However that ideal model cannot be achieved and the
predictors correlate with each othktulticollinearity occurs when a predictor of the model can

be predicted from the other independent variabléis a substantial degree of accuracy. The
existence of collinearity causes the coefficient of the model to change drastically in response to
smal | changes in the dataset. The phenomenon
its predicting strerty within the dataset, but it may produce a regression model that gives
invalid results about individual predictors and cannot distinguish which variables are redundant

with others.

The severity of the multicollinearity can be quantified by the Variamitation factor (VIF).

The numerical value of the VIF is the percentage to which the variance is inflated for each
coefficient due to multicollinearity. The Variance inflation factor is calculated for each
independent parameter of the model based orotlueving procedure:

x  For the following regression model:
Yi=bo+bi A 1 X2 A 2 X ébpA ,XU48)

x  For each independent variable, a regression is calculated ;with the response and
the rest of the variables as the predictors. For example:

Xo=a+aA 1 XaA X é A (49

x The coefficient of determination is calculated for the aforementioned model. The
variance inflation factor for the ¥ariable is provided by the following formula:

VIF = — (4.10)

Hence, high values of the Variation inflation factor are indicatomsuficollinearity since

they occur for high values of the coefficient of determinati®f).(This suggest that the
respective predictor can be accurately predicted by the rest ofittgeimdent variables. In
addition a VIF value of 1 means that the examined variable is not correlated with the other
predictors. The VIF threshold value is considered to be 2.5 anything greater than that is
considered to be unfit to participate in the regien model.

4.1.4 Standard deviation & Standard error of coefficient

The regression analysis includes the calculation of the standard deviation S of the distance
between the data values (y) and the fitted values (f). The standard deviation is cailculeed
units of the response.

The formula used to calculate Standard deviation is the following:
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s= 2% (41

Where,
x X=yif
x n: Is the number of observations in the dataset

In a regression model the standard error of the coeffiC&tf is calculated for each predictor
variable x according to following formula:

SE=— (4.12)
B é

Where, S: Is the standard error of the model.

The standard error of the coefficient is always positive and it measures how precisely the
models estmat es the coefficientds unknown value.
precise the estimate.

4.1.5Ti Value

The TT statistic is the ratio of the departure of the estimated value of a parameter from its
hypothesized value to its standardor. In regression models, thé Value is used to measure,

for each variable, the ratio between the coefficient b and its standard error (SE). Vatué

is calculated by the following formula:

T1 Value = b/SH4.13)

4.1.6 Mpllowds C

The regresion analysis often incudes a preliminary procedure called best subsets, which aims
to identify the subset or subsets that best meet some fitting criteria, such as & \aige &r
a small Mean Squared Error (MSE 3.S

During this process, a statisid guant ity nBokdatedlia drdeotovassess C
the size of the bias introduced into the responses by the presence of a model that lacks important
predictors, an underspecified model.

Ma | | owcalcul@ted for each one of the examinegression models, all the possible
combinations among the predictors, by using the following formula:

Ch=Q p A i(kin 1) (4.14)

Where,

x  k: Is the number of variables of the examined model
x n: The number of dafaoints.
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x 0 "Y'OThe mean squared error of the examined model
x 0 "YO drhe mean squared error of the uniqgue model that combines all the predictors.
The usage of MSEkguarantees that the full model haspa=& + 1.

Models with a small value dfla | | o phéve a dhall estimated total variation in predicted
responses. pisiiearbrebéldwdk w b the blas is low or none but when it is much
greater than k + 1 the bias is significant. In general, when conducting a best subset analysis, the
model or models with Gralues near k + 1 are more preferable for selection.

4.1.7 F Value

The dependent variable is expressed by y and the fitted value, which is predicted by the
regression model, with f. TheiFvalue of the model is calculated thye following method:

F1 Value = o) (4.15)

Where,

X

Y'Y =B "Q ® & The regression sum of squares

‘00 =p: The degrees of freedom of the regression model and p is the number of
the model s predictors

Y'Y =B & "Q 2 The residual sum of squares

00 ¢ p Nndrhe degrees of freedom of the residual errors and n is the

number of the obseniahs

4.1.8 Pi Value

The Rvalue is a probability that measures the evidence against the null hypothesis. Lower
probabilities provide stronger evidence against the null hypothesis.

To determine whether each main effect and the interaction effectis$icadly significant, the

Pval ue of each term is compared to a significa
value indicates the percentage of the risk of concluding that an effect exists when it does not. If

the Rvalue is greater than theelected significance level then the effect is not statistically
significant, whereas iif ités equal or |l ess the
The Pi Value is calculated with the iTValue or the F Value, hence t h@glsly correhted to

this particular statistical variables.
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4.2 Best Subsets Procedure

The variables that are going to participate in the creation of the linear regression model for the
estimation of the fuel oil consumption are the following:

X X X X X X X X X

Wi

Shipbs

hea)di ng

Speed through Watgknots)
24 Power of the Speed through Watkendts)
3 Power of the Speed through Watkendts)
Mean Draft (m)
Trim (m)
Relative wind speed at the anemometer height (m/s)
Relative wind direction at the anemometer height (degrees)
(degrees

nd Effect.

Wi

nd

Ef fect

It 6s

essentially a cal cul
at the anemometer height and the relative wind direction at the anemometer height. The
formula, in order to calculate the wind effect is:

CGos (Wihdrdidectinj4ele) d = A

ati

The correlations between the response and the predictors is provided by the calculation of the
Pearson Correlation Coefficient.

Where,

X X X X X

PCC =

ro

B

roas

w: The datgoints of the x parameter
of The mean value of the x dataset
w: The data points of the y parameter
«1 [The mean value of the y dataset

¢: The number of data in the dataset

r

(4.17)

The results of the Pearson correlation coefficient are described folldwing tables (Table
23, Table 24).

Correlation using the STW

Table23. Correlation using STW

Correlations STW | STW Mean Trim Wind .Wm(.j Wind Effect| FOC
Draft Speed | Direction

STW 1
STW? 0.995 1

Mean Draft 0.292 | 0.303 1
Trim 0.462 | 0.47 | 0.585 1

Wind Speed | 0.086 | 0.087| 0.186 | 0.072 1

Wind Direction | -0.042 | -0.05 | -0.068 | -0.129 | -0.301 1

Wind Effect 0.031 | 0.035| 0.109 | 0.136 0.462 -0.88 1
FOC 0.955 | 0.971| 0.328 | 0.419 0.224 -0.091 0.097 1
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Correlationusing the STW

Table24. Correlation using STW

Correlations STW | STW® Mean Trim Wind .Wm(_j Wind Effect| FOC
Draft Speed | Direction
STW 1
STWE 0.995 1
Mean Draft 0.292 | 0.3 1
Trim 0.462 | 0.4 | 0.585 1
Wind Speed 0.086 | 0.087 | 0.186 | 0.072 1
Wind Direction | -0.042 | -0.057 | -0.068 | -0.129 | -0.301 1
Wind Effect 0.031 | 0.08 | 0.109 | 0.136 0.462 -0.88 1
FOC 0.955 | 0.977 | 0.328 | 0.419 0.224 -0.091 0.097 1

The fuel oil consumption and the speed through watehighdy correlated from the start of

the analysis (PCC = 0.9, Chapter 2) and itodés tF
the value is close to 0.96, because the dataset that is used for the statistical model is filtered,

hence it provides bitr results and higher Pearson correlation coefficients for particular

variables.

A best subsets analysis is conducted in order to determine the most suitable regression model
for the examined dataset and variables. The results of this analysis areegré@seiné tables

below. More specifically, for each possible number of variables the best two models are picked
and their respective’®  Ma | |, and 8 are sBown. The aforementioned parameters and the
whole best subset procedurecialculatedwith the use of the statistical program Minitab,
developed by the University of Pennsylvania (B. Ryan, 1972).

The first set of subsets have the STWriable as the most significant variable (Table 25).

Table25. Best Subsets for STAV

Variables| R? Co S Wind Effect
1 94.3 | 222089.9| 4.357
1 91.3 | 514135.4| 5.368
2 95.5 | 99378.6| 3.855
2 94.7 | 183475 | 4.206
3 95.8 | 66092.2 | 3.707
3 95.8 | 74038.9| 3.743
4 96.2 | 31859.2| 3.548
4 96.1 | 39555.8| 3.584
5 96.5 6 3.394
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The second set of subsets have the $¥akiable as the most polarizing variable (Table 26).

Table26. Best Subsets for STW

Variables| R? Co S Wind Effect
1 95.4 | 109119.8| 3.8827
1 91.3 | 520506.5| 5.3675
2 95.8 | 73696.9 | 3.7273
2 95.7 | 83871.4| 3.7726
3 96.1 | 39181.1| 3.5693
3 96.1 | 45833.2| 3.6003
4 96.5 | 4168.2 | 3.4016
4 96.2 | 33264.8 | 3.5415
5 96.5 6 3.3811

The green blocks shothe variables that are used for the model. On the other hand the red
blocks show the variables that are not used for the regression model.

The best Subset is the one that has the following variables:

3 Power of the Speed through Watkendts)
Mean Draft(m)

Trim (m)

Wind Effect

X X X X

This particular decision was made, after considering the values of the coefficient of

det er mi nat i onpandtthe etantVbed| deviatiod. The €ubsets containing"the 2

power of the Speed through water appear to have the phenomenotiodllinearity, because

the Speed through water is used in all> of the
are highly correlated with each other. Moreover the subsets usifg'ivé have quite large

Ma | | €&pwgdeater than 40000, and the subsets using the STW3 variable tend to have at least

3 subsets with loweMa | | €wd sThe coef ficient of determinati
clarity, because all of the subsets have at 8@86.

On the other hand thé&'®ower of the Speed through Water appear to have a minimum amount

of subsets that contain STW, hence there are no problems with multicollinearity and the VIF

numbers are lower than the threshold of 2.5. Althoughthe modeltt cont ai ns t he shi
the possible predicgoi¢$obdbanod smmald bRalluuewd st C
and multicollinearity, because of the use of the STW as a predictor. Moreover the fact that the

mean draft and trim are used doe 0 t cause the variance inflati on
the prei determined threshold of 2.5. The standard deviation in all of the proposed subsets
varies from 4 to 3.5, for t hat reason the st an

selection of the regression model. The worst standard deviation is 5.1 and appears when the

sole predictor is the Speed through Water, which appears to be the worst individual subset. The
primary factor for the sel egThelmasofthéregressiore best ¢
model is the most significant checking variable.
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4.3 Regression Model

The following model is the best option for the statistical method and it uses the following

formula:
FOC=-11.

Where,

X X X X

6426

STWE: 3" Power of the Speed through Watkndts)
T: Mean Draft (m)
Trim: The trim of the ship (m)
WE: The Wind Effect, proposed in chapter2j4as the combination of the relative

wind velocity and theelative wind direction.

The fuel oil consumption is calculated in tons per day.

In the following tables a series of important statistical information is provided (Table 27,

Table 28, and Table 29):

Table27. Coeffidgent of the regression model

STVE+ 00 8 B&KA3 2. A56 .15 Aing4.18

Coefficients
Term Coefficient | SE coefficient| TT Value | P7T Value VIF
Constant -11.6426 0.0936 -124.33 0.000 -
STWE 0.008860 0.000003 2758.86 0.000 1.29
WA 0.183332 0.000904 202.9 0.000 1.02
T 1.9511 0.0105 186 0.000 1.53
trim -6.5528 0.0258 -254.27 0.000 1.8
Table28. Regression model summary
Model Summary
S R? R? adjusted R?predicted Mal | owo
3.40162 96.5% 96.5% 96.5% 4168.2
Table29. Variance analysis
Analysisof Variance
Source DF Adj SS Adj MS Fi Value Pi Value
Regression 4 109318009 | 27329502| 2361890.09 0.000
STWA 1 88070582 88070582| 7611299.78 0.000
WA 1 476339 476339 41166.47 0.000
T 1 400292 400292 34594.33 0.000
trim 1 748092 748092 64652.12 0.000
Error 342401 3961932 12
Total 342405 113279941
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The Fi Test indicates whether the linear regression model provides a better fit to the data, than
a model that contains no independent variabiég. T1 Value is used to measure, the ratio
between the coefficient b and its standard error (SE) and theajue is the probability of
getting results, as extreme as, the observed values under the null hypothesis. The larger the
absolute value of theiTvalue and the larger thei Fvalue, provided by the FTest, the smaller

the Pi value and the greater the evidence against the null hypothesis. A null hypothesis is a
hypothesis that says there is no statistical significance between the varialhiestHadis, the
absolute Ti Values are quite high and also thé alues are greater than the designated
threshold. Hence, the PValue is equal to zero and the presence of the null hypothesis is
negligible. Moreover the VIF values are smaller tharthineshold of 2.5, hence the regression
model is robust and the values well fitted.

The fitting of the model is illustrated in a figure that consists of the Predicted Fuel OIl
Consumption (statistical model) and the observed Fuel Oil Consumption (medatadmbm

the shipds sensors). The fitted model i s compa

Prediction - Observation

-~ w o ~ ) =)
o =] =] o =] =]

FOC_predicted (tn/d)

w
=]

20

0 10 20 30 40 50 60 70 80 90
FOC_observed (tn/d)
Scattered Data with relative error < 10% from the Perfect Condition
® Scattered Data with relative error > 10% from the Perfect Condition

Perfect Condition (FOCmeasured = FOCpredicted)

Figure 42. Observed Fuel Oil Consumption compared to Predicted Fuel Oil Consumption

The scattered data, which have a relative errabofre 10%rom the perfect condition (blue
color),accountonly for 32.3% of the actual datéhe rest of the data appear to have a relative
error value smaller or equal than 1@9&llow color) Hence the model appears to have good
results Moreover, thedrmula used to calculate the relative error is the following:

i Qa Haion €3 s(4.19)

N'Ql O@EioEPp TT Qa OQIQLERO)
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4.4 Behavior othe statistical model

In order to determine, if the statistical model, predicts the Fuel Oil Consumption with a fairly
accuracy, itods

decent

relative wind direction), random Draft amdndom Trim and the whole speed spectrum of:

mandatory

to test

10knotsi 20 knots. The aforementioned variables of the tests are the following:

l. Condition number I:

X X X X

Draft =9 m,
Trim=0.8m

Wind Speed = 4 BN
Wind direction = 49 degrees

I, Condition number II:

X X X X

Draft = 10 m,

Trim =1.096 m
Wind Speed = 4 BN
Wind direction = 83.56 degrees

I, Condition number I

X X X X

Draft =10 m,
Trim=1.17m
Wind Speed = 6 BN
Wind direction = 67.2 degrees

V. Condition number IV:

X X X X

Draft = 10.5 m,
Trim =1.088 m
Wind Speed =5 BN
Wind direction = 55.8 degrees

V. Condition number V:

X X X X

The aforementioned parameters are the mean values of a sample dataset around the mean Draft.
In addition, the used data for each condition are summairizadableand the tolerances of

Draft = 9.55 m,
Trim=0.99 m
Wind Speed = 3 BN
Wind direction = 77.954 degrees

each variable are presented in the following tables (Table 30, 3&ble

Table30. Tolerances for testing conditions

Tolerances@range Color Data, Scatter Data)

Conditions Draft (m) Trim (m) Wind Speed (BN)| Wind Effect (m/s)
I 8.851 9.15 071 1.206 5.51 8 -7.8971 7.98
Il 9.851 10.15 01 1.73 5.51 8 -87 8
1 9.8571 10.15 0.371 1.652 10.87 13.9 -13.91 13.9
\Y 10.35i 10.65 | -0.114i 1.809 81 10.8 -10.871 10.8
V 9.351 9.65 -0.214i 1.774 3.41 5.5 -5.57 5.5
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Table31 Used Data for testing conditions

Used Data (Black Color Curve, Statistical Method)
Conditions Draft (m) Trim (m) | Wind Speed (BN) | Wind Direction (deg)
I 9 0.8 4 49.00
Il 10 1.096 4 83.56
11 10 1.17 6 67.20
\Y 10.5 1.088 5 55.80
V 9.55 0.99 3 77.95

The following figures describe the ability of the regression model to estimate the fuel oil
consumption for random conditis (Figure 43, Figure 44).

Predicted Fuel Oil Consumption - Observed Fuel Oil Consumption

w i o @ ~ 0
S =] o o =] o

Fuel Oil Consumption (tn/d)

~
o

-
15

o

10 11 12 13 14 15 16 17 18 19 20
Speed trhough Water (kn)

® FOC observed =——FOC Predicted

Predicted Fuel Oil Conumption - Observed Fuel Oil Conumption
80

Fuel Oil Conumption (tn/d)

10 11 12 13 14 15 16 17 18 19 20
Speed trhough Water (kn)

® FOC observed ——FOC Predicted

Figure 43. Comparison of measured and estimated FOC for the condition$ Npup and lower grapt
respectively.
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Predicted Fuel Oil Conumption - Observed Fuel Qil Conumption

Fuel Oil Conumption (tn/d)
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5}

o

10 11 12 13 14 15 16 17 18 19 20
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Predicted Fuel Oil Conumption - Observed Fuel Oil Conumption
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Speed through Water (kn)
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10 1 b 13 14 15 16 17 18 19 20
Speed through Water (kn)
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Figure 44. Comparison of measured and estimated FOC for the conditions N&/Jllip, middle
and lower graph respectively.

In addition the behavior of the statistical model is tested for the relationship between its own
variables. For example if the relative wind velocity is steadily increased what is the response of
the regression model, considering that the other three variables rémasame (Wind
direction, Mean Draft, and Trim). In this particular analysis the Speed through Water is
considered to be integral part of the graphs \earthtefrom 10 knots to 20 knots (Figura,

Figure 5).The summary of the constant variables, usdddnre 45, can be summarized by the
following table (Table 32).
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Table32. Constant Variables

Fuel Oil Consumption (tn/d)
= "

=]

10 11 12 13 14 15 6 17 8 19 20
Speed through Water (kn)

——FOC(T=Tm) FOC(T=8m) FOC(T=9m) FOC(T=10m) ——FOC(T=10,5m)

Constant Variables
Graph Draft (m) Trim (m) Wind Speed (BN) | Wind Direction (deg)
I 10.13 1.081 07 10 60
Il 10.13 1.081 5 07 180
11 77 10.5 1.081 5 60
v 10.13 071 2 5 60
Wind Direction Variation
Wind Speed Variation o
80
g rd
E 60 /’/" z
?m _,,/ F EL
é o = 4
0
1 1 12 13 14 15 16 17 18 19 20
Speed through Water (kn) 1 12 e} 12 5 I
Speed through Water (kn)
——FOC(BN=1) FOC(BN=5) FOC(BN=8) FOC(BN=10) —— FOC(WD=0) FOC{WD=45) FOC[WD=90) FOC[WD=135) FOC{WD=180)
Draft Variation Trim Variation

Fuel Qil Consumption (tn/d)

10 11 12 13 14 15 16 17 18 19

Speed through Water (kn)

—— FOC(Trim=0m) FOC(Trim=0,5m) FOC(Trim=1m) FOC(Trim=1,5m) ——FOC(Trim=2m)

Figure 45. Relationship of the statistical model with each parameter

After analyzing the behavior of thmodel an operational range for each predictor of the
statistical models defined in order for the statistical model to be robust and not generate

negative fuel oil consumption values.
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5. Comparison between the Statistical model & Theoretical

models

Theaimof this chapter is to provide the results of the aforementioned methods (Kwon Method,
ITTC Method, and Statistical Method) for different weather conditions (Encounter angle and

Wind speed) in shared graphs. Furthermore the dataset is separated ingpdoaditions:

x  Loading Condition with Mean Draft: 9.3 m (6.65/n9.875 m)
x Loading Condition with Mean Draft: 10.5 m (9.875 m.1.65 m)

The figures that are going to be illustrated in the following pages are summed up in the
following table (Table 33):

Table 33. Comparative Figures

Set of Graphs Encounter Angle | Wind Speed (BN) Mean Draft (m)
I Head Sea 4,6 9.3
Il BeamSea 6 9.3
1 Following Sea 4 9.3
\Y Head Sea 4 10.5
V Bow Sea 6 10.5
\i Following Sea 4 10.5
\l All 47 6 9.3
VIII All 47 6 10.5

Additionally a table form is introduced to describe the coefficient of determination each method
achieves for the conditions, mentioned in Table 33 (Table 34).

Table34. Coefficient of Determination fahe theoretical and statistical models in different weather & loading
Conditions

Encounter | Wind Speed| Mean Draft | R”"2 Kwon RA2ITTC RA2 Statistical
Angle (BN) (m) Method Method Model
Head Sea 4 9.3 0.9651 0.9652 0.9807
Head Sea 6 9.3 0.8664 0.8222 0.9219
BeamSea 6 9.3 0.971 0.9699 0.9699
Following Sea 4 9.3 0.9562 0.9527 0.9670
Head Sea 4 10.5 0.9679 0.978 0.9785
Bow Sea 6 10.5 0.9557 0.8202 0.9584
Following Sea 5 10.5 0.9601 0.9632 0.9705

It appears that the statistical model provides thedyestll results. Moreovethe most suitable
theoretical method for wind speed greater than 5 BN is the Kwon method (2008). The following
figures are illustrated, in order to confirm the aforementioned table. (Figure 46, Figure 47,
Figure 48, Figure 49).
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Speed through Water - Fuel Qil Consumption, BN=4
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Figure 46. Head Sea for mean draft =9.3 m
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Speed through Water - Fuel Qil Consumption, BN=6
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Figure47. Beam Sea (up graph) & Following Sea (lower graph), mean draft = 9.3

ltds obvious that for Head Sea and for Wi nd Sp
oil consumption to be lesser than the actual consumption. On the other hand the Kwon method

for Wind Speed greater than 5 BN seems to be able to estimate the ptasunith good

accuracy. The statistical model provides lower fuel oil consumption estimations for speed

through water in the area ®@71 18 knots, than the actual fuel oil consumption.

For Bow Sea and for Wind Speed > 4 BN the ITTC method estimatéseli@l consumption

to be lesser than the actual consumption. On the other hand the Kwon method for Wind Speed
greater or equal than 6 BN seems to be able to estimate the consumption with great accuracy.
(Appendix C).The statistical model provides lowel oil consumption estimations for speed
through water in the area 807 16 knots, than the actual fuel oil consumption and for speed
through water greater than 16 knots the statistical model estimates the fuel oil consumption to
be bigger than the aicu a | (shipbdbs) consumpti on.

For Following Sea and for Beam Sea, both the Kwon Method and the ITTC method estimate
the fuel consumption to be smaller than the actual fuel oil consumption. The statistical model
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is robust and provides great results on thenesgton of the fuel oil consumption. However, it
appears to not be able to estimate the fuel oil consumption, with the ideal accuracy, for speed
through water greater than 17 knots.

Hence the statistical model for mean draft = 9.3 m can provide a gamatest for the fuel
oil consumption for speeds that variate frb@knots to 17 knots.

Generally speaking the statistical model provides the best estimation of the fuel oil consumption
because itdéds been trained anattud datbsetofdheshpp. have t

The following figures (Figure 48, Figure 49) provide the necessary results for the second
loading condition, mean Draft = 10.5 m.
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Figure 48. Head Sea (up graph) & Bow Sea (lower graph), mean dt8f6=m
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Speed through Water - Fuel Oil Consumption, BN=5
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Figure 49. Following Sea, mean draft = 10.5 m

As seen in Figurd8, the Kwon method estimates the fuel oil consumption for wind spded =
BN perfectly and anything lower thath BN the model deviates from the actual dataset
(Appendix C) The ITTC method estimates the fuel oil consumption to be much lower than the
actualconsumptionThe reason for that is the correction of the Power (decrease of Power) due
to the Stawavd 1. The statistical model is robust and estimates the fuel consumption
accurately.

For Bow Sea the Kwon method estimates the fuel oil consumption for wind speed = 6 BN
perfectly and anything lower than 6 BN the model deviates from the actual dAjssendix

C). In addition, the ITTC method continues to estimate the fuel oil consumptTs Per day
lower, than the actual fuel oil consumption of the ship.

For Following Sea and for Beam S@ppendix C) both the Kwon Method and the ITTC
method estimate the fuebnsumption to be smaller than the actual fuel oil consumption and
theresults are similar to Figure'4

The statistical model is robust and provides great results on the estimation of the fuel oil
consumption. However, it appears to not be able to etitha fuel oil consumption, with the
ideal accuracy, for speed through water greater than 19 Rinetsesults that are not presented

for the above encounter angles and wind velocity are portrayed in Appendix C.

The following pages consist of the resuibr the wind velocity range of: [4 BN, 6 BN], while
including the real data (FOC_observed), the two theoretical models and the statistical model
are illustrated in the following figures (Figus, Figure51). The dataset is separated oy
tothewid speed criterion and the s epsedfoathe on,
partiaular graphs. In additiom new graph is used: FOC DeviatioBpeed through Water. This

will be used to show the variationd the estimated fuel consumptidetweenthe two
theoretical models and the statistical model. The FOC Deviation is calculated following the
formula:

FOCDeviation= = (5.1)

Where,
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x "00 0 Is the standard part of the equation and is calculated by the statistical model
x "00 0: Is the variable of the formula and its calculated by the theoretical models
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Speed through Water (kn)
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Kwon Deviation  ——Fujiwara Deviation
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Figure 50. Speed through WatérFuel Oil Consumption &0C margins for mean draft = 9.3 m

It is observed that only in the case of wind speed = 6 BN Kwon method has a higher fuel
consumption compared to the ITTC model. For the statistical model and wind speed of 4 BN
the fuel consumption is identical with t&eatter, of the actual data, for speeds lower than 17

knots. For the case of the wind velocity of 5, 6 BN the statistical fuel consumption is lower for

117 17 knots and higher for the other speeds.

In addition the average difference in fuel consumptiorttie Kwon model compared to the
consumption of the statistical model is: 23%. While in the case of the ITTC method the
difference between the theoretical consumption and the consumption of the statistical model is

in the area of 15.2%
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Figure51. Speed through WatérFuel Oil Consumption & FOC margins for mean draft = 10.5 m

It is observed, from the graphs of Figik that for a speed through water fraknots to 12

knots the difference between the theoretical aonmsion of the ITTC method and the actual

fuel consumption is greater than that of the theoretical method of Kwon. This phenomenon
occurs in all weather conditions under consideration. In addition, it is observed that only in the
case of wind velocity = 8N, a higher fuel consumption in the theoretical model of Kwon,
rather than in the ITTC model, is estimated. For the statistical model and for wind speed equal
to 4, 5, and 6 BN the fuel oil consumption is less than the actual consunifiiohq knots).

For the remaining speed range the fuel consumption is higher than the actual fuel consumption
of the container ship.

Moreover the average fuel oil consumption difference for the Kwon model compared to the
statistical model is 14.6%. While the case of ITTC the difference between the theoretical
consumption and the consumption of the statistical model is in the area of 15.4%.
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