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p )1 OOl ACAOET 1

Waterborne transportation accounts for 90% of the world trade and can be
considered as a low polluting mode, as it is accountable for 3% of the total pollution.
Despite its low pollution numbers, its sustainability and environmental performance
is the focus of international marine organizations as well as national authorities. One
of the most important if not the mostg factors that affect the performance of the
ship is the fouling of its hull and propeller.

ExceptfordnR2 O1 Ay 3 | &aKALIQa Kdzf | yR LINRLISTE f
the stay of a ship at a port. Hull cleaning costs between 10.000 $ to 30.000 $ and
takes from one up to three days, while propeller polishing costs between 2.000$ to
5.000%$ and can be done in one day. Most commonly, ship owners choose to polish
GKS LINRLIStfSN gKSY (GKS &4 Ahp wSking dloSek Sy 08 K
to its optimal efficiency is both better for the ship owner, as it requires less power
output to achieve the necessary speeds thus less fuel consumption which also makes
the ship more friendly towards the environment.

Even though efficiency itself, judging it from the power outQueHP the ship
needs to achieve the necessary speed is an indicator of the state of the fouling, it
R2Say Qi LINRPOGARS Fye AYF2NNI0GA2y | 062dzi 6KS
efficiency is the fouling of the hull or the propeller. Having in mind that the more
time a ship spends in ports the less cost efficient it becomes and the extra cost of
cleaning the hull or polishing the propeller, a parametric approach that can quantify
the state of fouling both of the hull and the propeller can prove to be really
beneficial for the ship owner. Having thtsol, a ship owner will have extra
information that will help them make the right decision regarding the timing and
cleaning of the vessel.

The goal of this diploma thesis is to create a parametric approach based on
GKS SljdzZt §A2ya 2F aKALI NBaraidlyOoS FyR (KS
combined with measurements done onboard that represent the overall state of the
AKALIQAa F2dzZ Ay3ad ¢2 | OKAS@OGS AG Iy |f32NAGKY
existing paper and technical notes éfarmonizingSEEMP with effective vessel
operation (Grigoropoulos & Theodossiou)rhus, combining the methodology
proposed in it with new ideas and the tools thRaythonoffers through its libraries
the Propulsive Performance Evaluation (PPEV) script tends to the needs of this posed
problem.

11
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C4EAT OAOEAAIT " AAECOI

2.1 Resistance

Calculating the resistance of a ship is a complicated procedure that requires a
lot of accuracy. Understanding the components of ship resistance and the way they
behave is of extreme importance as they can be used to scale the resistance of
model sized tests to full size. These estimations are then used in calculating the
required propulsive power of the ship. Underestimation of its value will result in the
ship being unable to reach its desired speed and overestimation will result in
increased cost and weight of machinery and mechanical installations, as well as
decreased transportation capacity due to the aforementioned increased weight.

In analyzing a shé@resistancewe take into acount many different factors
who represent different forces that act on it and when added they represent the
total resistance.

The friction resistance of a submerged vessel can be analyzed into two parts.
The first part is the resistance of a plate with same surface area, running in the same
fluid and with the same speed as the vessel and is called equivalent skin friction. The
second part, takes into account that the form of the vessel affects the flow around it,
causing it to accelerate and effectively increasing the frict®mfriction resistance
is the combination of the form effect and the equivalent skin friction.

The viscosity of the fluid surrounding the body also affects its resistance.
From ideal fluids theory it is known that stagnation pressure should increase towards
the aft of the body, but due to viscous effects like energy losses in boundary level,
vortices and flow separation this increase is prevented, resulting in viscous pressure
resistance.

All objects moving on or near the free surface of water create waves. The
energy these waves contain comes from the propulsion energy of the ship. Also, part
2T GKS aKALIQ& LINRLMzZ aA2y SySNHE& Aa O2yadzyS
The sum of wave making and wave breaking resistance is called wave resistance.

Ly G(GKS O2yGSEG 2F YIENRYS SyaiaySSNAy3a (K
done under three conditions:

13
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i.  Total resistance is the horizontal force acting on the hull, without

taking into account the effects of propulsion
i. {KALIQa &aLISSR Aa O2yaidlyd FyR Ada O2dz
iii. Calm and deep water mssumed, no wind or wind generated waves

FYyR GKS aSI o02042Y R2SayQid FFFSOO GK

I Total Resistance Ay '
i .

Skin Friction Resistance R,
I Residusl Resistance Ay l (Equivalent Flat Ptate) i
|

1
| Form Effect on Skin Friction I

I Pressure Resistance Rp] l Friction Resistance A, I
8 - . |
l Wave Resistance HWI I Viscous Pressure Resistance val
. | A 1 L
Wave-making Wave-breaking
Reslistance Ry, Resistance Ayg I Viscous Resistance R, I
L I

1
I Total Resistance Rr]

Figure2-1 Subdivision of marine vessel resistant@chneecluth & Bertam, 1998)

Total resistance Rnay be measured as a towing force, but for displacement
type vessels is usually replaced by the dimensionless total resistance coefficient C

0 -—— (2.1)

" : Fluid density
Vs: Vessel speed
WS : Wetted surface

In general,we can obtain the total resistance by summing up the following
resistance components:
Y Yo Y (2.2

Rr. Total Resistance

R= Frictional Resistance

R/e Viscous Pressure Resistance

Rwv: WaveResistance

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

YoOY Y (2.3)

14



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

Even when there is no wind apparent, the movement of the ship through the
air creates an added resistance called wind resistance. The approached incorporated
in the ITTEL978 method is:

N |0

"wo o6 ¢8

Vs Ship Speed

Ar: Transverse Area of Ship
Gair: Air Resistance Coefficient
“n: Density of Air

When there is wind present then the speed of air in correlation to the ship,
AayQid Sldzrf G2 AGa aLISSR:I odzi ¢S ySSR G2 O
GKS GAYR aLISSR (KS aKALI aaSSaco

Hull speed, V

App. wind

True wind angle
Prw

Figure2-2 Apparent Wind Velocityo [ “ <* _ ' | £ HAMYy O

¢CKAa FAIdZINE RSLIAOGA (GKS NRIS ARY &6 0\BHR G
absolute ¢ true velocity (Mw), the g A Y RQa | LILJ Ny (F yaRS f (RKOSA (1 @ A YOR:
apparent { aw) and true anglei(w). True angle and velocity of wind are what an
outside observeat restwould ¢se€t.

15
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The relation between the speeds is

@ ¢ A ¢®

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

W W w cow Al D )
.. i Qe
Al
T ACAT o € i &

The longitudinal force of the wind X is the added wind resistance and is given
through thecoefficient Gwhich is a function of the apparent wind andle ().

)
0 1 0 &
_” w 0
C
“-SEJEKER&R%A?;GSESNPS 1 OB CONTAINER SHIPS 'l Q"_l;}égglseussék'mfps ’ »
“ —RSNSEQ%S éons' 7T Y & . ' Cx ‘ 1
| | | | :
041" Tues ' ( 04— — 04 = — } =
| I l S 0 | I— / i
CONTAINERS {
= = I ON DECK ‘ 4 | — | ! | |
| ‘ 3 TIERS ‘
i 2 coummess | ' S VN S N S S .
=2 | = 2 SUe R [N EVLT Pt { Ty CSets =
180~ %%° 90" T 80"

Figure2-2 Cx coefficienfor models of merchant shipgHarvald, 1983)
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2.2 Propulsion

Previously, while defining the resistance of a vessel, we assumed it was
moving through the water at a constant speed without taking into account the
propulsion system. Knowing the total resistance of a vessel we can define a tow
force equal to it, in order to balance the external forces acting on it. Then the
effective power B is the power spent for towing the vessel.

Pe=R1V5(2.9)

Pe: Effective Power
Rr: Total Resistance
VY +S53aStQa {LISSR
In reality adding a propulsion system affects the flow around the hull. In fact,
the force acting on the hupropulsor system, is greater than the total resistance of
thehul RE ¢gAGK | LI NI 2F GKS LINR LIz a2NRa (KNI
resistance.

T=Rr+1T (2.10)

¢Y t NRLMzZ a2 NR& ¢ KNYza i
Rr: Total Resistance
t: Thrust Deduction Coefficient

The value t is defined as the thrust deduction coefficient and it expresses the
ratio of increase imesistance and thrust.

0O — (2.11

(b) Ship sailing at constant speed with propulsion

Figure 24 Forces acting on ship without and with propulsion system (Birk, 2019) 17
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Also, with the propeller situated so close to the hull, the flow going into the
propeller is affected by th& dzf ptes§kéce, altering its speed. Usually, the average
speed of the flow heading towards the propeller is less than the speed of the hull.
Wake fraction refers to this change in speed.

0

(2.12)

w: Wake Fraction
VoY { KALIQ&a aLISSR
Va: Speed of the Flow

and

© ©op 0 (2.13

{—= Vs /

L
= 7

Figure2-5 Wake Speed VéMullond, Turnock, & Hudson, 2011)

Taking into account how the thrust produced by the propulsion system taed
speed of the flow at the propeller, Thrust Power can be defined.

Pr=TVa(2.14)

¢Y t NRLJz &8 2 NRAa ¢ KNHza G
Va: Speed of the Flow

For any propulsion system, it is fundamental that it manages to efficiently
converge the power available from the main engine or engines into thrust, so it can
propel the ship at the required speed.

e | B f
ﬁ/l (W) }

Figure2-6 Conversion of Power to ThrugMullond, Turnock, & Hudson, 2011)
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In order to assess the efficiency a propulsion system we have to define the values
that are directly correlated to it.

Efficiency

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

QY0 VRE—6r6—

As the ship is a closed system, we know from the laws of Thermodynamics,
that the efficiency will be a positive number smaller than one.

Hull Efficiency

From its definition, Effective PoweeR2 Say QG GF 1S Ayd2 | 002 dzy

of the propeller but only of the hull, whereas Thrust Powrtakes into
account both the existence of the hull and of the propeller the ratio between
them, defines Hull Efficiency.

Yo p O
0 0 CP v

~

I
C-l| CcA

Delivered Power

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

0 10 c¢¢0 (2.16)

. 2 Angular Velocity
n: Rate of Reolution of the Propeller
Q: Torque

Behind Efficiency

Behind efficiency or the efficiency of the propeller, is the ratio of the Thrust
power it produces in relation to thBelivered power.

19
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v. Open Water Efficiency

Under open water conditions, there is an undisturbed parallel flow in which
the propeller works, without the wake created by the vessel.

“Yw
‘el

P Y

Ccq C2

To: Thrust measured in parallel flow
Qo: Torque measured in parallel flow

vi.  Relative Rotative Efficiency

The ratio of behind and open water efficiency defines Relative Rotative
Efficiency

-y — (2.19)

And assuming thrust identityoFE T

1| c2

v —(2.20)

C

vii.  QuasiPropulsive Efficiency

The ratio of effective and delivered power
- - — - - (2.2)

vii. Brake Power

LG A& GKS LIR6SNI GKIFIG (GKS akKALIQa YAy S
shaft and its symbol issP

20
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ix.  Shaft Power and Gearing Efficiency

When the engine is directly connected to the propeller shaft, then Shaft
Power is equal to Brake Power.

0 0 (2.22

In case the coupling between the ships main engine and its propeller is done
GKNRdzZAK | NBRdAzOGAZ2Y (KSy> @gKAOK A& R2
revolutions to reach their optimal working point, there are losses of power.

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

L2 SNJ GKFEG NBIFOKS&a GKS LINPLIStt SNRa akl T

- —(2.23

x.  Shafting Efficiency

Due to friction a part of the power is lost when delivered frtme engine to
the propeller through the shaft, so the ratio between the Shaft Power and
the Delivered Power is how the Shafting Efficiency is defined.

- —(2.29

xi.  Total Propulsive Efficiency

Propulsive Efficiency combines all the aforementioned efficiencies.

- = ———— - - -~ (225

21
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‘ hydrodynamic system H mechanical system ’
propeller ' gear }~ — engine —
I. - hul (behind condition) shafting box U_—] (prime mover) J_—”_—]
\ Pp ~~- Pr Py Pg
g =—2 i MB= % N =izs N ~=rp
Al B Pa Y
| & AN ) [ _—I LA A 2% PR SA L d
H Ve !y AN R4
: A’ — g T 1T T 11
: : ,"\“:IEU; L _‘_U_ —‘IJ_
\ R 2 =
P S beanng thrust
| : LY \ S 'zeer_m_o_} ______________________________
Pg Py Pp Pg Py
effective thrust  delivered shaft brake
power power  power power power
Py ’ ; . ,
—- Np=—— --——  quasi-propulsive efficiency
Pp
P IE W
np = - propulsive efficiency
Py

Figure2-7 Propulsion System including transmission Powers and Efficien@aé, 2019)
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2.3 Propeller and Performance Characteristics

To fully understand propeller hydrodynamic action and performance
characteristics it is important to have a firm grasp of basic propeller geometry and
corresponding definitions commonly used. Although propeller geometry consists of
many different elements, in this section we will discuss those necessary to the

assessing of the performance characteristics of a propeller.

Number of Blades Z

¢CKS ydzYoSNJ 2F o6fFRS&a 2F | aKALIQA LINRLISE

Generally, lower numbers of blades are preferable, due to the fact that the
bigger the number, the more costly the propeller becomes. In the case of
large merchanships,it is common for them to equip propellers with four or

five blades. Propellers develop cyclical forces with frequencies that are
multiples of Z and it should be made sure that these frequencies do not

YFGOK gAGK GKS YIFAY Sy3aiaySQa ylI GdzNT f

Diameter

The diameter D, is defined by the outermost circle which circumscribes the
blade tips and the enclosed area is called propeller disk agea A

0 —(2.26)

Pitch

If we consider a point P lying on the surface of a cylinder of radius r that
moves forming a helix over the surface of said cylinder, then if we define as
the angle of rotation in the -¥ plane of radius r, the motion of the point P
will be governed by the following equations:

W Qe
W ii e
A 1 Qéi

23
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When the point completes on full rotation over theZYplane, meaning
., = Z , the distance it has moved forward on the>Oaxis is the pitch of the
propeller.

Pg

Figure2-8 Visual Representation of PitcfCarlton, 2018)

iv. Expanded Area

LiQa GKS O2Y0AYySR FINBIF 2F ff FT2Aata 27
rotated to zero angle.

o) DY, OOQuR.27)

c(x): true chord radius as a function of the dimensionless blade radius of
x=r1/R

expanded blade contour

\
expanded area Ap _
ofasingleblade 7 = R [ e(x)dx
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03 ’

Xp

hun\/ Tth

Figure2-9 Expanded Area of a single bla@Birk, 2019)
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The performance characteristics of a propeller can be divided into open
water and behinehull properties. In the first case the propeller rotates and moves
parallel to its axis, the speed with which the propeller moves is called speed of
advance. Due to the lack of a body in front of the propeller at the open water case,
the flow that heads towards it is characterized by uniformity, parallelism with the
LINR LISt t SNDR&a |EA& YR @St20AaGe 27F Sljdz €
advance.

propeller rotation

propeller rotaw
n /

g ot

uniform
flow field

nonuniform
flow field

Figure2-10 Propeller behind hull and propeller in opewater (Birk, 2019)

In order for the propeller to rotate a certain amount of Torque must be
exerted to it, which therleads the propelleto produce Thrust. The point of interest
is managing to determine the developed Thrust and Torque of the propeller for
specified speeds of advance and rotations per minute. These values are correlated
with the water properties such as its density and kinematic viscosity. Also, cavitation

]

(surface tension parameter) that symbolizes the surface tension (resulting from
cavitation) coefficient hasto be included in the calculations. If the axis or the
propeller is located in close proximity to the free surface of the water, then there will
be phenomena of interaction between them, so gravitational acceleration (g) must
be included as another independent parameter. Lastly, there are geometric
parameters that influence Torque and Thrust, with the most influential being the
diameter and pitch of the propeller, the number of blades and the expanded area
ratio.

phenomena should be accounted for. When present, the paramstpr|
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Specifically, the open water test takes place in a towing tank or a cavitation
tunnel with the model scale propeller operating in uniform flow. Usually, the
experiment is performed by moving the propeller forward through the towing tank
using a towing carriage. Measurements for several operating points are to be taken,
depending on the loading of the propeller, which is controlled by changing the speed
of advance while having constant propeller revolutions.

Motor

&
"
W

| — Thrust balance

Gear box o

Torque
balance

WA
Torque reactionA

{7
|
box |
|
I
[
|
I

AWy

Carriage deck

( Water level

Aerofoil section
strut or ‘boat’

Direction
of travel
Figure2-11 Propeller open water test using towing tank carriag€arlton, 2018)

For these experiments to be carried out, specific dynamometers of free flow
have been developed.

Figure2-12 Propeller situatedat dynamometer of free flomd [ ~ < _ ' 3
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Assuming that the free surface has no effect on the propeller performance
we can use dimensional analysis to define the -donensional coefficients Kk.
These coefficients are functions of the ndimensional advance coefficient J.

i.  Thrust coefficient

” ‘E 'O C& l‘IJ
T: Thrust of the Propeller
" Water Density
n: Revolutions of the Propeller
D: Diameter of the Propeller
ii.  Torque coefficient
. 0 &
0 — W
” 8 O c

Q: Torgue of the Propeller

" Water Density

n: Revolutions of the Propeller
D: Diameter of the Propeller
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iii.  Advance coefficient

J: Advance coefficient
n: Revolutions of the Propeller
D: Diameter of the Propeller

iv. Open Water efficiency

In the previous chapter we defined open watefficiency as the ratio
between the Thrust and the Delivered power. Having introduced the Thrust
and Torque coefficients and replacing them in equation we get:

- ——(2.3)

The obtained results of the coefficients Kgare presented in what is called
open water diagram. This diagram contains all the information required to define the
performance of a propeller under specific operating conditions. The open water

diagram, depicts KKg and'  as functions of the advance coefficient and of P/D
ratio.
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Open water diagram, B-Series Z=35, P/D=0.9, and Ag/A¢=0.75
L | | | | | | |

0.8 I 08

52

-]

thrust and torque coefficients K7, 10K,
open water efficiency 7o

00 ; ; | 1 1 | 00
0.0 0.1 0.2 03 0.4 05 06 07 0.8 09 1.0
- _ ba @
advance coefficient J = —5 [—]
n

FHgure 2-13 Propeller open water diagram for one pitch ratigBirk, 2019)
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Fgure 2-14 Propeller open water diagram fomultiple pitch ratios (Carlton, 2018)

In theory the open water diagrams & propeller is applicable to any
propeller with similar geometric form, but due to the influence of scale effects and
cavitation, this is not entirely true.

Cavitation is a completwo-way phenomenon. The mechanism that the
propeller uses to produce thrust is to form a variable pressure field around the blade
surfaces. On the back of th#ades,it produces suction and on their faces pressure.
The suction of the blades can reach such values, that the absolute pressure may
approach the vapor pressure of water, forming small cavities that contain water
vapor. As these cavities enter regions of higher pressure, they collapse violently,
producing noise, vibration and material erosion. Moderate levels of cavitation are
not expected to have impactful results on the propulsion performance. Cavitation
number, is the nordimensional quantity used to express it and it is defined as:

., — (232

po: absolute static pressure at the shaft center
Pps: vapor pressure at the ambient temperature
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Open water tests are performed on model scale propeller with low Reynolds
numbers, in contrast to full scale propellers that operate at higher Reynolds
numbers. That difference leads to different viscous boundary layers. For full scale
propellers turbulent flow is expected around the blades of the propeller, whereas in
for model scale propellers laminar flow can prevail over significant parts of the
blades. The 1978 ITTC committee suggests an analytical procedure to account for the
viscous scale effects.

1.0}

R,=2x10°

0.8
s Wy w2 %10

0.6

0.4

0.2

Thrust and torque coefficient K, 10Ka

A

A L 24 ,
0.2 0.4 0.6 0.8 1.0
Advance coefficient J
Hgure 2-15Reynolds number effectonKtandKgf “ <’ _ ' £ HAamMy O
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2.4 Python

Python is one of the most commonly used programming langu@f§tsck
Overflow Developer Survey 2020, 202(he State of Developer Ecosystem 2020
Infographic, 202 LG Q& |y  Aeval SyehkdBrioSeRprodgtameikg
language which uses significant indentation to achieve code readability. In general,
Python aims to help the user write clear and logical cdd@es/e, 2012)Python was
created by Guido van Rossum who started working on it in the late 1980s and
intended it to be a successor to the ABC programming language. Its first release was
at 1991 as python 0.9.0, Python 2.0 was released at 2000 and Python 3.0 in 2008
(Van, 2009)

The core philosophy of Python is presented in the document The Zen of
Python where many aphorisms regarding it are included, some notable examples are
the following(Peters, 2004)

W Beautiful is better than ugly.

W Explicit is better than implicit.

W Simple is better than complex.

W Complex is better than complicated.

w Readability counts.

The language was designed so that it can be extensible, meaning that other
than the core of it and its standard library, there is a vast array of modules that can
be used to add on its functionality. This design has allowed Python to find multiple
different usages including web applications, scientific computing, artificial
intelligence, game creation, finite element method and is included as a standard
component of many operating systems.

More specifically in the case of scientific computing, which was its main
usage in the context of this thesis paper, there are a number of libraries available to
be used. Characteristic examples are NumPy, SciPy and Matplotlib which allow the
effective usage of Python for scientific computing purpa®éshael Aivazis, 2011)

teiK2yQa FoAfAdGe G2 0SS dzaSR Ay @I NR 2 dzi
right libraries made it the ideal language for this diploma thesis. The need for a

language that can create aserfriendly GUI, access and create data for the
monitoring of the vessels and can be used for the scientific computing of the
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parameters hrough the available equationspade Python the ideal programming
language based on the needs of the endeavor.

django @

Graphlcal User Interface _.- Web Development K
"V.. ",V" .......................
sessnnnnnnsnnnnrnnnnne, ¥, :lllllllllll: ’, peRMrTE R,
System LERAE . : «+* 7 Productivit .
Administration  : ..0.. . pgthon . o : y
H ‘e - L[] +* E
: '0.- '.” H
: LSB ‘lllllllll’l.: P !::IIIIIII’E PyUNO
: THE o = ey, :
LINUX | . & J: **e.. i[ Y The Documenti
L FOUNDATION . _,»** : powered ; RO Foundation
"""""""""""""""""" : " 'IIIIIIIIIIII. Q.‘.""".'"'."""""""‘
[ A, [ U
4 Data Science ! Machine Learning "
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» -
-----------------------------------------------------------------------------------------------

Figure 216 Python Powered Usages
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2.5 Root Finding Algorithms

A root finding algorithm, as the name suggests, is an algorithm that finds
zeroes or roots, of continuous function3hezero of a functioiQis a numberwfor
which™Qw  18In general the zeroes of a function are neither computable nor is
there a way for them to be expressed in a closed form, so-fioding algorithms
provide approximations for the zeroes of the functions.

Solving equationdQw Qo Aay Qi RAFFSNBYd FNBY TFAYR
function, provided that the functions of the equation are continuous. When they
both are continuous the solution to the equation is the same as the root of the
functionQw "Qw "Qw. It is notable that a root finding algorithm might not
FAYR |ff GKS NeB2Ga 2F | TFdzyOGA2yI 2N S@Sy
exists(William H. Press, 20Q7)

t2gStftQa 523 [S3T YSGK2R Aa Fy FE32NRAGKY
linear squares problems. These problems consist a form of least squares analysis that
is used to fit a set of m observations with a Horear model in n parameters, where
m  n. The method usually used is based on approximating thelinear model
with a linear one and refining the parameters by successive iterations and its usage is
found in some nodinear regression methodd/.J. Box, 1969)

This method was introduced in 1970 and its basis is the combination of the
GaussNewton algorithm with gradient descent, using an explicit trust region. At
every iteration of the algorithm there are three different scenarios:

i. The step from the Gauddewton algorithm is within the trust region, then
this step is used to update the current solution.

ii. The step from the Gauddewton algorithm is not within the trust region and
neither is the Cauchy point, then the Cauchy point is truncated to the
boundary of the trust region and is take as the new solution.

iii. The step from the Gaudsewton algorithm is not within the trust region but
the Cauchy point is, then the new solution is taken at the intersection
between the trust region boundary and the line joining the Cauchy point and
the GaussNewton step(Yuan, 2000)
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¢ KS F2NXdzZ I (A Agy mthod is &sdoffoivg: Qa 52 3
Ow - Qw" -B "Qw ¢® ¢, aleast squares problem

With™@a ©a t2¢gSftfQa R23 YSIK2RJS FThy REQd KS
by constructing a sequence ® 1

The Gausd\Newton step is given by:
1 V0 VQw ¢®& o

Wherethe Jacobian matrikis equal to:

Andthe steepest descent direction is given by:

1 0 Qw c& v

The objective function is linearized along the steepest descent direction:
Ow 9§ -“ Qo 0w T Ow ¢ LvQw -0~ 0 ~ (236)

To compute the value of the parameter t at the Cauchy point, the derivative of the
objective function with respect to t when equal to zero, gives:

2 LJG A

o Lbee
0 — - C¥X
0ig°
Given atrustregionofradiyg t 26 St f Qa R23 YSGKZ2R aStSoOda
i. 1 ,Iifthe Gaus®Newton step is within the trust region|{ ~ @38
i. ——="1 T~ hif both the Gaus®\ewton and the steepest descent steps are
outside the trust region.
i. 4 ] & withssuchthat| =~  hif the GaussNewton step is
outside the trust region but the steepest descent step is insidéPiawell,
1970)
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Trust region

Gauss—Newton step

4 Dog leg step

Steepest descent direction

Cauchy point

Figure2-17 Powell's Dog Leg Methofl_ourakis & Argyros, 2005)
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2.6 Mathematical optimization

Mathematical optimization or mathematical programming refers to the area
of mathematics that deals with the selection of a best element, from a pdol
alternatives, according to some predefined criteria of chqitdFORMS Computing
Society) This kind of problems is commonly encountered in all quantitative
disciplines, including but not limited to, engineering and computer sci¢hzatins
& Ning, 2021) operations research and economics. Solutions and methods for
optimizations problems has been an interest of mathematicians for centbes
Pardalos, & Wu, 2008)

Although the complexity of optimizations problems can be pretty severe, the
simplest ones consist of maximizing or minimizing a real function, by choosing input
values from a set and then computing the value of the function. Optimization theory
along with the techniques used, are a part of applied mathematics.

Before analyzing thquasinewton methods, we will briefly mention the gradient
descent and the newton method.

i Gradient desceninethod:

Xk+1 = Xk -sIN"Qw  ¢& Y(Polyak, 1987)

On the one hand this method is not computationally expenghe identity
matrix|lR2 Say Qi O2y il AY AYTF2NXIGA2Y | o62dzi GK
difficult for the method to converge on the extremum.

T b Sg i ngtdd
Xk+1 = XkZ s N "Qw n"Qw & w(Polyak, 1987)

In this method instead of the identity matrix, we take into account the
inverse of the Hessian matrix. Due to its mathematical properties, this matrix
contains information about the curvature of the function, making it easier for
the method to converge. On the othéand,the computation of the inverse

of the hessian matrix in every iteration is expensive.
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So,quasiNewtonY S K2Ra GNEB (2 SYydZ FGS (GKS bSgi2yQa
computational cost, the basic form of these methods is:

1 Quasi Newtormethods:
Xk+1 = Xk Z SHKMQw  ¢& m(Polyak, 1987)

WhereHk isa matrix chosen to benore useful than the identity matriwith

less expensivhan 1 "Qw , thus the methods combinthe speed of the
bSsiliz2yQa YSIiK2R ¢ kostbeingfintlar O thatolins | G A 2 y I §
Gradient descent method. In that way we can get information about the

curvature for the area close ta x

In anyQuasiNewtonmethod,a quadratic approximation is used, so:
MO Q a Q Mo vAd Q S’Q 6 Qc8 p
By minimizing theight-handside of the equation, we derive that the minimizer is
Q 0 NQw ¢8 ¢
So,in anyQuasiNewtonMethod we have:
Xk+1 = XkZSk0 NQw ¢c8 o

Where' kand0 are updated iteratively, whilex is chosen through Back Tracking
Line Search.

38



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

We have that:

M Q a Q ¢8 thQw Q& 0 c8 1

We desire to match the curvature along the trajectory, so in order to accomplish
that, we require that the gradient af matches the gradient éfat the last two
iterations:

i. n& s n"Qw cg8 v
i. na =N"Qw ¢& ¢
Knowing thatw W -Q0%°w o -Q ¢8 x

The Secant Equation
Starting, we know that:

P

G Q Mo Qe Q E’Q(’i Qc8 Y
Then ng Q  nQw 0 Qcg w
So nd s n"Qw ¢® 71, Sso the first requirement fothe
gradient is true,
And na n"Qw -Q6 dp

From equationZ.51) and condition (i), 2.47) wederive:
n"Qw -Q0 n"Qw
O -1Q06 n"Qw nN"Qw & ¢
From(247)° -'Q W Cdo
Combining2.53), (2.52) © ® w 0 n"Qw n"Qw
Replacingw w) withi andn"Qw n"Qw with w we get the

TheSecant Equation

i 0 W BT
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Defining The Hessian Matrix Through Optimization
The conditions the Hessian Matrix should masg the following:
i. 0O Wi QEBE 6 ¢dU
Meaning, that since the steps we take are close to one another, the
gl £ dzSa 2F GKS 1 Saaraly o0SteSSy GKS Ad
ii. B=BT(2.56)

As the Hessian Matrix is symmetricdsfinition

ii. 10 w (2.57)
As mentioned above, the Hessian must validate the Secant Equation

In criterion (i) there is a norm, each different norm selection gives a different Quasi
Newton method. In BFGS, the norm that is used is the weighted Frobenius norm

which is defined as:
T 0° T0TO0TT c® Y

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

S0 0 & w

h

But, as we have already mentioned, we are interested not on the Hessian itself, but
on the inverse of itD 0 so the conditions are:

i. O Gi QEM@ 0 @
i, H=HT(2.61)
i. %0 i (28p ¢

In the BFGS method we chose as w:
O . "TQw 0Q Q28 o
Which when calculated gives the result:
O O”"iw 00" wi (28T

with”  —— (28pu
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BFGS Algorithm

1. Q onQw

2. & @ -—Q0 G 006
3.0 o )

4. @ Q0 Q6

5. "0 D"id 00" &i

Back Tracking Line Search

In every iteration we choose a different based on two requirements:
. Qn -7 N ©O-"TQw Q ¢H o
i. "Qw -Q Q ONQw Q cdX

(Nocedal & Wright, 2006)
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o- AOET AT 11 CU

3.1 Governing Equations

The objective of this thesis paper is to estimate the variation of the Thrust
coefficient (k), Torque coefficient (¥, Wake fraction (w), Thrust deduction
coefficient (t) and coefficient of added Resistance due to foulil@) (n correlation
G2 (0KS aKALIQA F2dz Ay3ad Ly 2NRSNI G2 | OKAS@
LK, L Ko, 4w, 11,41 G so the aforementioned parameters are now defined as the sum
of their original values and the additive quantities. The original values represent the
condition of the ship after dry docking, when the hull and propeller are both in
perfect condition whilst the additive quantities depict the effect of the fouling.

Kr=Ik+1Kr(3.1)
Ko=Kob Kd(3.2)
w=wb wi3.3)
t=t+t(34)
G=G+1G(35)

= =4 =4 4 A

In the case of fixed pitch propelle(6PPwe assume that the nedimensional
coefficients K and kg can be expressed as thiatder polynomials. By expressing
them in this way we can have the Thrust and Torque coefficients as a function of the
advance coefficient (J) which greatly benefits our calculations.

Furthermore, for approximating the Effective Horsepower at ship speeds,
knowing that:
000 Y ®» 0
y g&w\do t 'O0v Eoooo‘d) ol

So, with the total resistance coefficient and the wetted surface being constants,
effective horsepower can be also expressed as a-hicer polynomial in relation to
0KS aKALIQa aLISSRo
0O O&b‘y 000 O 'O&;)Y 0O "OG(J'L)Y 0O OD(J’L)Y od
|  gAy3 GKS 9FFSOGAGS | 2NBESLIZ2SSNI a | Fdzy
beneficial for the calculation of the fouling parameters.
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The approach that should be followed in order to calculate the variation of the
parameters is influenced by the availability of a Thrust meter onboard. In both cases
though, the procedure consists of a numbeifalf-scaletrials done on board and the
evaluation of the results through the algorithm. As far as the onboard experiments
are concerned,they should take place under calm sea conditions so the added
resistance from sea waves is not a factor.

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

1Y gw‘dﬂ 5 o

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

Y & g”cb"mé Y1 p 010 oBp

The thrust coefficient:

vooY gmm 8
" O "E0 p 0 10

b 10

o C

The torque coefficient:

SEE 0 90 YO O
U U ”‘E 'O ”‘8 ’O O-$) 0

The advance coefficient:

Then depending on weather there is a Thrust meter available onboard or not,
there are two different systems to be solved. For each different case a different
number of experiments is to be executed and based on the measurements the
assessment of the fouling state is done.
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Firstly, if the ship is equipped with a Thrust meter, the equations that govern the
problem are:

Case A

1.+ 0 1+ —2 2 (315
2.+ 0 1+ —2 2 (316)
3.+ 0 1+ — (3.17)

4. + 0 O+ — (3.18)

5. 0 (3.19)

6. U (3.20)

7. D PC" OWiTw Yp O 10 ofp

8. Y pc” OWiTw "Yp O 10 o8 ¢
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LF GKS aKALI Aay Qlmetsrljttozi thal $8tRf equatidns isl ¢ K N3z
differentiated. The system of equations that define the problem becomes:

Case B

1. + 0 1+ =— (3.23)

2.+ U 1+ =—— (3.24)

3.+ 0 1+ =— (3.25

4. h= (3.26)

5. b= (3.27)

6. B= (3.28)

7. + 0 1+ = T (3.29)

_ 2487 ¢ pIem 30160
0t p @10

(3.30)

T
9. + 0 1+ = (3.31)

Solving the aforementioned equations for the values recorded on the onboard
experiments, we can determine the additive parameters that define the fouling state
2T UKS aKALIQA KdzZ f FyR LINRLISt f SN

46



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

3.2 Experiments

The experiments should take place on calm water minimizing the effect of sea
waves on thaesistance and in general on the propulsive performance of the vessel.
Even though this kind of sea condition is not rare, a certain amount of wind is almost
always apparent. The existence of wind affects the resistance of the vessel, so the
added wind resistance will also have to be calculated for the fouling parameters to
0S I O0dzNI 1S® ¢KS gAYyR NBaAradgrkryOS AayQid Ol f
user should calculate it by hand. An analytic guide on how it should be done is
provided.

As it has already been mentioned the numberfuf-scaleexperiments done on
02FNR RSLISYyRa 2y (KS | @FIAfroAftAGE 2F | ¢ KN
case. When one is available (case A), then the experiment has to be repeated 2 times
and when it is not (case B), the experiment is to be repeated 3 times. In both cases
0KS SyaiaySQa 2dzillzi #HI & KS WKSLISSHESDDANE A
well as the velocity and direction of thepeed shoulde measured and only in case
A, the Thrust produced by the ship.

It has to be noted that these experiments should not only take place when the
performance of the ship has deteriorated due to fouling, but also after every dry
docking. Ageing of the ship affects is performance, mainly through increasing the
roughness of the hull. By repeating the experiments after eachddoking, we
integrate this phenomenon in our calculations. That way when the experiments are
done for the calculation of the fouling, they will not contain the effects of ageing.
Preferably, the nominal values of the inputs should be changed so they represent the
new clean condition of the ship, including the ageing, based on the additive
parameters calculated after the cigocking of the vessel.
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131 £Ox AOA

The language that was selected for the script to be written was Python. The
reasoning behind this choice is that Python iSeneralPurposedanguage, making it
flexible enough to be able to tend to the needs of the problem, from the calculation
of the coefficients and their presentation to creatingGraphical User Interface
Another aspect that made Python the most suitable language is the vast number of
libraries that have been created. Finding the ones that suit the requirements of the
project proved to be really beneficial. Lastly, the simplicity of writing in python was
also really helpful.

) python

In this section of the thesis the libraries that were used in the code will be
presented and their main usages will be explained. Their usage varied from creating
the GUIfor the easier interaction between the user and the code, the presentation
of the results inPDForm, to automatically reading the necessary inputs froikRT
files to solving optimization problems.
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4.1 Graphical User Interface

For the convenience of the user the decision to creat&ll was made.
Python and its libraries provide the tools required to create a functional and easy to
useGUI For the purpose of the script two separate libraries were used.

i. tkinter

It is the standard Python interface and is available on most Unix
platforms, including macOS, as well as Windows systems. Tkinter
provides the user with the ability to create buttons, input sections and
message boxes, making sure the user has all the necessary
information when using the script.

i. ttkthemes

For the purpose of th&UIbeing more presentable anglasier on the
eye, ttkthemes library was used. It provided the style that was
selected.

Is it the first time monitoring this MV?

YES NO

Graphs

Do you want to obtain the graphs of the performance?

YES NO

Experiments
Is the MV equipped with a Thrust meter ?
YES NO

Ship Characteristics
Do you want to update the ship characteristics?

YES NO

Figure4-1 Graphical User Interface
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4.2 Reading Files z Pandas

Due to the nature of the problem, a sufficient amount of dateds to be
A02NBR® ¢KS S@Ffdzr A2y 2F || aKALIQa ¥F2dz Ay3
all the correlated valuefReadindiles and in some cases even chandimgr format
was made possible with the usagepEndaslibrary. In our code the main usage of
pandaswas to read the files containing the necessary values and arrange them to
lists.

J KT 16KQ
File Edit Format View Help 6 0.0 0.500 0.776
KT 10KQ ETAO KT 10KQ ETAO 1 6.1 0.480 0.731
.000 0.3614 0.3933 0.000 0.5 0.77 0.000 2 8.2 0.446 6.698
1 0.3446 0.3783 0.072 0.48 0.731 0.074
2 ©.3257 0.3620 ©.143 0.44 0.69 0.146 3 0.3 0.416 0.640
3 9.3052 0.3437 0.212 0.41 0.64 0.216 4 0.4 0.370 0.585
4 0.2837 0.3242 0.279 0.37 0.585 0.284 5 8.5 0.326 0.530
5 9.2616 ©.3039 0.343 0.326 0.53 0.350
6 0.2391 0.2833 0.403 0.28 0.468 0.413 6 0.6 0.280 6.468
7 0.2164 0.2624 0.459 0.22 0.4 0.472 7 0.7 0.220 0.400
8 0.1938 0.2414 0.511 0.16 0.33 0.526 8 0.8 0.160 0.330
9 0.1713 0.2203 0.557 0.11 0.245 0.575 9 8.9 0.118 6.245
0.1488 0.1989 0.595 0.06 0.16 0.616 |
1 0.1264 0.1771 0.625 0.0 0.085 0.650 16 1.6 0.866 0.166
11 1.1 ©0.006 0.685

Figure4-2 TXT to python inputhrough Pandas

The usage of thpandaslibrary enabled us to easily collect and transform the
data from the ships without having to type them one by one. It helped with the
automation of the procedure making it easier for the data of new ships to be passed
onto the code(The pandas development team, 2020)
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4.3 Creation of PDF files

Instead of letting the user take the results from the terminal of the computer,
the method chosen for exporting them was through PDF files. The creation of PDF
files can be analyzed into two separate procedures. The first one is the creation of
single page PDF and formatting them so that the results are presented in a nice way
and the second part is managing to create multiple pages of PDF files.

i. reportlab

For the creation and the formatting of single page PDF files, the
library reportlabwas used. The tools that it offers made it possible to

format the results of the code in a presentable way, as it gave the
ability to input pictures and shape the lines, font and colors as we
deemed preferable.

i. PyPDF2

Using thidibrary, we managed to merge prexisting PDF files created

by the code so we can create a single one that includes all the results
together. As aresult, the user can obtain everything he needs in a
single file making the program easier to use.
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PROPULSIVE PERFORMANCE EVALUATION OF AN AVAILABLE LOADING CONDITION

MV MEONIA

Vs(kn) SHP(PS) RPM Rt(Ton) w t hr Kt 10Kq J
19.0 18549 100.53 79.6 0.31 0.226 1.038 0.23 0.48 0.644
21.0 28084 114.72 106.0 0.299 0.226 1.035 0.235 0.487 0.633
220 35039 122.71 1245 0.29 0.215 1.021 0.238 0.491 0.628
dw=0.087 dt=0.045 dKq=0.004 dKt=-0.02 dCf*1073=0.401
19.0 13267 98.2 69.5 0.223 0.181 1.038 0.198 0.368 0.742
21.0 19960 111.7 92.4 0.212 0.181 1.035 0.204 0.376 0.732
22.0 25149 119.5 109.4 0.203 0.17 1.021 0.208 0.381 0.724

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

The most importantPython libraries used are those that were utilized in
order to build, solve and plot the solutions to the equations. The libraries used and
the purposes theyulfilled are the following:

i. math

Math is a library that includes many mathematical functions and
other useful tools. What we used it for, is that it includes a good
approximation of the number pi that helped us build the equations
that govern the problenfVan Rossum, 2020)

ii.  Numpy

NumPyis anopensourceproject that enables numerical computing
with Python More specifically in our code it was used to creale 3
degree polynomials based on the data provided by the reports of the
ships(Harris, Millman, & van der Walt, 2020)

iii.  Matplotlib

Matplotlib is a comprehensive library for creating static, animated and
interactive visualizations iRython.The creation of the figures for the
reports was where it found usage in our cadunter, 2007.)

iv.  Scipy.optimize

SciPyis an opensourcesoftware for mathematics, science and
engineering. It covers a vast area of applications, more specifically
Scipy.optimizeleals with optimization and root finding problems and
was used for both purposes in the co@®cipy Development Group,
2020)

All the aforementioned libraries and their usages will be explained in greater
depth in the analysis of the code.
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v! I CT OEOEI '1T Al UOEO

5.1 Inputs

Firstly,the algorithm, given the name of the vessel and the available data in the
correct from, reads them and manipulates them so they can be used later. The
necessary data are obtained from the model t@gIOERIDf the ship and the open
water characteristics of the design propellefhe interface created serves the
purpose to make it as easy as possible for the user to input the data from the tests
and the experiments.

i. { KANaeiandCharacteristics

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

file that can be used again in the future. It should be noted that when
G2NJAYy3 2y | RAFFSNBYyd RNIFGEX GKSy (GKS
Ship characteristics consist of:

The name of the ship

¢KS aKALIQA tSy3adkK o[0 AY YSGSNa
¢tKS aKALIQ&a OoNBFRGK 6.0 Ay YSGSNE
¢ KS KALIQa RSLIIK 650 Ay YS{OSNH
¢CKS aKALIQa RNIFd o6¢0 Ay YSUOSNE

¢ KS LINR LIS f §iInaterRA I YSGSNI 65

ax

= =4 =4 4 -4 -

The txt file created is saved automatically and can be later used, assuming
the analysis is done for the same dratft.

ii. Effective Horsepower (EHP)
All the available values of the Effective Horsepower of the ship as a function
of its speed for the draft we want to do the analyai® stored on a txt file

The Effective Horsepower must be in kilowatts and the corresponding speeds
in knots. These values are obtained from the model test of the ship.
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iii.  Open Water Characteristics of the Design Propeller

From the open water propeller characteristics of the propeller the user inputs
the values available for the Torque Coefficiertrifultiplied by ten and the
Thrust Coefficient¥as a function of the advance coefficient J.

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

From the model test results the usegets all the available values in
correlation to the speeaand proceeds to store them on a txt filall of the
data are dimensionless except for the speed that should again be on knots.

¢CKS dzaSNJ YIydzZ ff@& Aylldzia 2yfeée GaUSthel KA LIQA
rest are read automatically by the program, given the name of the vessel. The
formatting, name and location of the files is explained in greater detail at the
chapterintroduction to theGraphical Useinterface
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5.2 Data Reading and Manipulation

Data used by the algorithm can be separated into two categofiés. first
category consists of the data that need no further action to be usable from the code
and the second one of those who demand further actions for them to be used. In the
FANBRG OF 1S3I2NR o06Sf2y3a (GKS &AKALIQa ylYS
deduction fraction, rotational efficiency and the shafting efficiency of the vessel and
on the second one the effective horsepower (EHP) as well as the open water
propeller characteristics ) whose values arased for the creation of thehird-
degreepolynomials.

The data that belong into the first category are simply converted intthon
lists which are stored for later use. In case data for a specific speed are not available
on the model test then they are approximated through linear interpolation on the
closest set of points. For the reading of the data through the txt file8 G K2 y Q
Pandaslibrary was usedand more specifically theead_csvfunction and oér creating
the lists, thebuilt-in function of Python tolist.

data = pd.read_csv(name + 'WTHinputs.txt', sep=" ", header='infer', index_col=False)

v data['v'].tolist()
data['w'].tolist()
t = data['t’'].tolist()
hr = data['hr'].tolist()
hs8 = data['hs'].tolist()

Figure5-1 Example of data to list conversion

In this category of data also belong the user inputs, for the results of the
experiments as well as the values of the parameters for the propulsive performance
diagrams of the vessel. These values are storedRgtbonvariables so they can be
used by the algorithm, whiclvasdone using & { K Bujt & fuiiction get.

SHP1 = float(SHPT1l.get())
SHP2 float (SHPT2.get())
SHP3 = float(SHPT3.get())
N1 = float(NTl.get()) / 608
N2 = float(NT2.get()) / 60

N3 = float(NT3.get()) / 68
V1 = float(VT1l.get())
V2 = float(VT2.get())

V3 = float(VT3.get())

xwl = float(XWT1l.get())
xw2 = float(XWT2.get())
xw3 = float(XWT3.get())

Figure5-2 Example of reading input value
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The data that belong into the second category are to be deethe creation
of the 39 order polynomials. In this case, after we read and convert them to lists like
the data in the previous category, we use those lists in order to crehee t
polynomials. For the calculatioof the polynomialcoefficients,we uset & 1 K2 y Q&
Numpylibrary and more specifically th@olyfit function.

J = datai['J'].tolist()

Kt = datal['KT'].tolist()
Kq = datal['10KQ'].tolist()
Kq = [1 / 10 for i in Kq]

global fkgq, fkt, fehp

fkq
fkt

numpy.polyfit(J, Kq, 3, rcond=None, full=False, w=None, cov=False)
numpy.polyfit(J, Kt, 3, rcond=None, full=False, w=None, cov=False)

Figure5-3 Example of polynomial coefficientsalculation
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5.3 Performance Diagrams

9EOSLII T2NJ SgI t dzl i stsfed theliakg&ithn® Sadr &ISof Q& F 2 0
produce performance diagrams. These diagrams are characterized by the initial
g2N]lAYy3 LRAYID 6KAOK O2yarada 27 gakd L2 oSN
the rotations of the propeller (RPM), the initial values of th@rameters (w, ), the
range of the parameters variatign p,! [,* cr), are all selected by the user.

The algorithm produces 15 diagrams, in which one of the values of the initial
working point is constant, depicting the variation of téher two values These
RAIF3INFrYaEa |NB | jdzt t AGFGAGBS FaaSaavySya 27
influence each parameter and its variation has on the performance.

1. RPM = Constant, Variation &f p,1 G

Theequations that govern the problem are

. ., wip 0
(% 0 e S
’p . U Q
o YOu -
U U T o o~
v ¢t " 0O
,’}D 0 O0ww i
VaRY) wi p 0 p 0"0

Sincel G-is present the value of the effective horsepower (EHRjfected as
follows:

!O"Ofxbi 'Y(bi ) ¥, T ) ¥, O 4 o T ot e L4
'y VAR S MO Vawi=00Vwi/wi+] W™ )wi

91t Qlr 9FFTSOGADS | 2NBSLI26SNI T2NJ 0KS F2dzZ
R: & Total Resistance for the fouled condition

So,the system is now transformed into:

, ., wip 0

. 0] = 7 o~

[ ] O

W o OOWiTel B o i

¥ 0 wip 0 p 070
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Having Kas a third order polynomial of the advance coefficient J, we can
arithmetically solve this 2x2 system using the functisolveoft @ (1 K2 y Qa
library Scipy.Optimize

After calculating the advance coefficient (J) and the speed, we proceed to
calculate the corresponding power output SHP, taking into account the
additive parametet p.

O 70 ¢ O

"Y'00

We repeat these calculations until we have created all the necessary points
(Vs,SHP) and then we plot them.

V = [P for i in range(5)]
SHP = [0 for i in range(5)]

for j in range(5):
dcf® = -dcfbB
for i in range(5):
def func(x):
‘ return [x[0] - x[1] % (1 - wB) / (rpmd® % D),
x[0] ** 2 % ((fehp[B] % x[1] %% 3 + fehp[1] % x[1] #* 2 + fehp[2] * x[1] + fehp[
3]) 75 /
x[1] + a % dcfB) / (x[1] #% 2 % (1 - wB) #%* 2 % (1 - t0) * r % D #% 2) -
(Fkt[B] % x[B] ** 3 + fkt[1] % x[B] #* 2 + fkt[2] % x[B] + fkt[3])]

value = fsolve(func, (0.6, 20 * 0.5144))
j = float(value[B])
kg = fkq[0] * j #* 3 + fkq[l] # j ** 2 + fkq[2] * j + fkq[3] + dkq®
SHP[i] = kq # 2 * pi % r % rpmD ** 3 * D %% 5 / (hr % hs % 75)
V[i] = float(value[1]) / B.5144
‘ dcfB += dcfbB / 2
plt.plot(V, SHP)
dkgB += dkqB® / 4

dcf® = -dcf0O

Figure5-4 Example of diagram calculation
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2. SHP = Constant, Variation ofp, { G-

Having already explainedow we take into account G- in the calculation of
EHP(Y, the system to be solved is as follows:

] ., wip 0

v 0 ————

: 60 .

r o 1y YO8 -
U U U [13 w L/

Ly < O

>, , . e~ vy p T e e L4
co 0 O Owi Twi E‘] W Wi

r 0 wip O p 0”0

This is a 3x3 system and solving it gives us the combinatidn\éfand N,then
GKS O2YoAylGAz2ya 2F (0KS @Saass0ihata LISSR
define the working points of the shjpare plotted

3. Vs= Constant, Variation of p,1 G

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

o o OO0 Toi % O™ Qi

0 wi p U p 070

As it is the only unknown. We proceed to calculate the rotations of the propeller
through the advance coefficient identity and the power output through the
Torque coefficient.

., wip 0
o U - -~
o
e U0 T0 ¢"7 O
IUYOU
ir _ _
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4. Vs= Constant, Variation of p, w

We follow the methodology of case 3 to calculate the advance coefficient, with
the equation of the effective horsepower not including the, so:

0 0 00 |
0 ®ip 0 p 6°0

And then we calculate the propeller revolutions and th@wver output (N,SHP)
based on the advance coefficient.

. wip U
o U T sea—
o
e 00 10 ¢ O
“TY0U
ir _ _

Where the value of wake (w) changes with every iteration.
5. RPM= Constant, Variation of p, w

We use the samenethodology as the aforementioned RPM = constant case
(case), but the Effective Horsepower @ly depended on Vs

wip 0

LI 3 , 'O

DLV O 0w i

o Y wip U p 0"0

After solving the 2x2 system we get the speed adetance coefficient based on
which we proceed to calculate the power output (SHP).

~, L U v ¢¢” O
'O | q

Thevalue ofwake (w) changes with every iteration.
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6. SHP= Constant, Variation of p, w

We use the samenethodology as the aforementioned SHP = constant (gase2
but the Effective Horsepower is depended only on Vs

. wip U
1y U —_—
I'p Lo >

Yo YOu —

U L V) _—
(N C~ O
R0 [ONOLIVAY
Y wi p U p 070

Thevalue ofwake (w)changes with every iteration.

7. RPM= Constant, Variation of p,1 [

We use the same methodology as the aforementioned RPM = constant case
(case), but the Effective Horsepower anly depended on Vs, due to the lack of
1Cr

wip 0
"0
0 10 00w i
ip 0 wi p U p 070

We solve the system to calculate the advance coefficend the speed of the
vessel andve proceed to calculate the poweutput (SHP)

~, L U v ¢¢” O
'O | q
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8. SHP= Constant, Variation of p,1 |

We use the same methodology as the aforementioned SHP = constant case
(case3, but the Effective Horsepower enly depended on Vs

, ., wip 0

1y U —_—

I’y UO ¥
SCIRT. YOu -
U U U o o~

I‘l} c“ H’~ o

o0 10 00l i

w 0 wi p 0 p 070

When calculatinglo ,Kr, we take into accounthe additivecoefficientst p,{ [.

9. Vs= Constant, Variation of p,{ [

We use thesame methodology as the aforementioned Vs = constant (§abaB8
the Effective Horsepower is constant

b v 0 0"0Olw
0 wi p 0 p 070

And then we calculate the propeller revolutions and the power output $HP
based on theadvance coefficient.

wip 0

LN} L’)'O
w0 0L 10 ¢ O
Y00 S

U’ — —

When calculating< ,Kr, we take into account the additive coefficientsp, 4 f.

64



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

10.RPM= Constant, Variation of G, w

We use the same methodology as the aforementioned RPM = constase ).
wip 0
v —
(e 1] O
W o OOWiTel B done ol

¥ 0 Wip O p 070

After we have calculated the advance coefficiehtwe can calculate the
power output

l‘) l') cu ”w 'O

“Y"O 6

Thevalue ofwake (w) changes with every iteration.

11.SHP= Constant, Variation of G-, w

We use the same methodology as thimrementioned SHP = constant (case?2)

wip v
; U 0
Ly o "Y'Ou —
V UV @ —
Ly S O

N , e~ T T oy E T e e iy
o 0 OO0Wwi Twi c‘] w0 wi

'y

U wip U p 670

The wake valuexf) changes with every iteration
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12.Vs= Constant, Variation of G-, w

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

(case3d)

b u OO0l Toi % M Oi

0 wi p U p 070

As it is the only unknown. We proceeddalculate the rotations of the propeller
through the advance coefficient identity and the power output through the

Torque coefficient.

wip 0

w0 ~
0] @)

AU | B VI G ©

Y00

o —

The wake value (w) changes with every iteration.

13.RPM= Constant, Variation of t, w
We use the same methodology as the aforementioned RPM = constant (casel)
, wip 0
0 ——
O
V) O 0w i
0 wip 0O p 070

After we have calculated the speed and advance coefficignve can

calculate the power output

, L VUG 7 O
VOB C

The values of wake and thrust deduction fractiow,(t) changewith every

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

We use the same methadbgy as theaforementioned SHP onstant(case?2).

. ., wip 0
1y U —_—
I’p Y Q
o Y'Ou —
L U TR E—
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The values of wake and thrust deduction fractiow,(t) changewith every
iteration.

15.Vs=Constant, Variation of t, w
We use the same methodology as the aforementioned Vs = constant (case3)
0 U 00w
0 wi p U p 0”0

As it is the only unknown. We proceed to calculate the rotations of the propeller
through the advance coefficient identity and the power output through the
Torque coefficient.

-, wip 0
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o

e U0 GO
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The values of wake and thrust deduction fractiow,(t) changewith every
iteration.
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5.4 Propulsive Performance Evaluation

CKA&d Aa GKS O2NB 2F (GKA& RALX2YI GKSaaa
through the additive parameters/coefficients given the data from the onboard
experiments and the results from the model and open water tests of the ship. As
mentioned above we got two set of equations and therefore two different systems
to be solved depending on the availability of a thrust meter.

CASE AA Thrust meter is available
In this case the experiment has to take place two times for two different speeds
The available data ithis case are:
i.  The speeds of the onboard experiments ) in knots
i. ¢KS LINRLIStfSNDRa Neil,NyBFRAM T2NJ SI OK SELIS
iii.  The power output of the engine for each experiment (SEIRP) in PS

iv. TheThrust generated in each experiment, () in Tones
v. The calculated Wind Resistance ()fw) in Tones

The first step is retrieving and calculating the values that define the clean state of the
vessel for each experimental speed. For the values of wake, thrust deduction fraction,
rotational and shafting efficiency we use the list that have already been created.

for i in range(len(V)):
if V[i] == Vvi:

wl = w[i]
t1 = t[i]
hrl = hr[i]

elif- 8 < i and V[i - 1] < V1 < V[i]:

‘ wl = wli - 1] + (VI - V[i - 11) % (w[i] - w[i - 11) / (V[i] - V[i - 11)
t1 = t[i - 1] + (VI - V[i - 1]) * (t[i] - t[i - 1]) / (V[i] - V[i - 1])
hrl = he[i - 1] + (V1 - V[i - 11) * (hr[i] - he[i - 11) /7 (V[i] - V[i - 11)

Figure5-5 Retrieving Data example

So other than the aforementioned data we also have available:

vi.  The wakegwi, W)

vii.  The thrust deduction (f to)

viii.  The rotational efficiency &1, ' ro)
ix.  The shafting efficiency §
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Then we calculate the Resistance of the ship in clean state for those speeds.

We know from theory that:
000
w i
And we have th¢hird-degreeLJl2 f @ y 2 YAl 2F 91t & | Fdzy Ol A2
000y 000 00wy O00wy O0lwy
So:
00 OOy 00K VOJ®°
Wi

Y

The EHP polynomial taut is in PS and the speed msknots, so to gethe resistance
in Tones, we have:

. A X L

0y x Qnr DTMTMHR: « i P oys & s

— & Ve & Qi—"Y¢ ¢ Qi

Qe T p T ™ PTT QL w
So:

.. ../00f OOfiv 00K 00j&°
Y “Y¢E € Qi R pLo ,4) 4
O INVRN

rtl = (fehp[B] * vsl #* 3 + fehp[1] * vs1l #% 2 + fehp[2] % vsl + fehp[3]) / (6.859 % V1)
rt2 = (fehp[B] * vs2 %% 3 + fehp[1l] * vs2 #% 2 + fehp[2] % vs2 + fehp[3]) / (6.859 % V2)

Figure5-6 ResistanceCalculation
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Then we can start solving the system:

: 2 O
1. + v 1+

2. + 0 O+

3.+ 0 1+ —

7. O pc” OWiTo Yp O 10

8. Y Pc" Wit "Yp O 10

We begin by subtracting equations 3 and 4:
9)=Bx @M

@+ 0 1+ + 0 1+ b X

mE:+ o + o —b ¥

And having already calculated the polynomial coefficients of the thrust coefficient
we get:

wgd 0O O vV 0L UV UL UV UV O O O

Then wesolve fort w andsubtract equations 5 and 6:

(10} (5+(6)b
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Equations (9), (10) produce a 2x2 system with the unknowns being the advance
coefficients g } that can be arithmetically solved usinge it K2y Qa { OA LR @2 LJ
f A 0 Nindlignfzalve
def func(x):
return [fkt[B] % x[1] #* 3 + fkt[1] * x[1] #* 2 + fkt[2] % x[1] + Fkt[3] - (

FKE[B] # x[0] ** 3 + Fkt[1] # x[0] ** 2 + fkt[2] * x[0] + fkt[3]) + dkt,
Xx[B] #* NL * D / vs1l - x[1] * N2 * D / vs2 + wl - w2]

value = fsolve(func, (0.65, 0.55))

Figure5-7 Solving the Thrust coefficient system

Having the advanceoefficients,we can calculate the values of the Torque and
Thrust coefficients without the additive parametgrs fj+ D

U Uy U U U, U Uy U Uy

And from (1)(3) we can calculate the additive coefficiepts f+ :

p ®+ ] w i/ + 0

From (5) we can calculate the additive coefficient

0 00U
wi

vg U p U

2S KIF@S |t NBFERe OFf Odz I (YSH &okog soldrig$he y & KA LI
2x2 system of equations (7), (8) we derive the additive coefficjeiftsco
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CASE B Thrust meter is not available
In this case the experiment has to take place two timesticee different speeds
The available data ithis case are:

i.  The speeds of the onboard experiments W, \5) in knots
i. ¢ KS LINRotaohstfab @aghaExperiment (N\b, N) in RPM
iii.  The power output of the engine for each experiment (SSIRP, SHE) in PS
iv.  The calculated Wind Resistance (XMwe, Xwg) in T
V.  The wakgwi, we, Ws)
vi.  The thrust deduction  t2, t3)
vii.  The rotational efficiency &1 ' ra ' r9
viii.  The shafting efficiency §
iX.  The clean ship resistances{fRr, Rr3 in T

We retrieve and calculate the nominal values that define the clean hull state of the
ship as mentioned in Case A. The equations that govern the problem in Case B are:
1. + 0 1+ =
2. + 0 1+ =

3.+ 0 1+ =

7. + 0 1+ =
_ 2487 ¢ pIem 30160
0t p @10
e

8. + 0 O+

9. + v 3+ =

We could theoretically follow the steps of Case A by choosing a couple from the
Torgque coefficient equations (1), (2), (3) and the advance coeffiaiemtities (4),

(5), (6) and create a 2x2 system that is arithmetically solvable. Even though that is
possible, the K identity represents a slightly less heavily loaded propeller
(International Towing Tank Conference, 2Q0&)aking the results of such an
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approach unreliable. That means that a different approach has to be taken for the
calculation of the advance and additive coefficients.

For the problem to be solved we devised a method that uses all the available data
for the power output of the vessel (SHP). We created an objective function with
variables the advance coefficients ;, kand the additive coefficientsv,1+ .

Objective function

¢ : the experimental values of the rotations of the propeller
¢ :the rotations of the propeller based on the advance coefficient

¢ : the rotations of the propeller through linear interpolation on the experimental
values of the SHI, where the SHP is approximated with the Torque coefficient K

Firstly,it is obvious that it is a strictly positive function, meaning that when it is equal
to zero, then both parts of this function must be zero too.

So,if:

. . Od)ip O 10 . Oo’oip O 10 .
£ £ T — £ T — £
VNO) INO)

Meaning that when the objective function is minimized at 0 then the advance
coefficient identity is true.

And if:
€ € T
o wi p ’0 10 . tp6° " O ~'OF 2 L’S~ 0 ¢
00 - - "Y'0b "Y'00
o to€" " O b 2 UN 0 ) wip 0 10
- - "Y'OU "Y'OU 00
With:
+ Ogn  Ugp0  Upc 0 0507 1+
fori=1,2,3
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Meaning that when the objective function is minimized at O then the value of
propeller revolutions from the linear interpolation in th&KIP, RPMdiagram of the
experimental data, with SHP attained from the Torque coefficient identity, is equal
to the value of RPM based on the advance coefficient. The way the function is built,
it evaluatestw and Jin both its parts and p at the second part, for all three
couples of experimental values simultaneously.

As we mentioned above thegKdentity represents a slightly less heavily loaded

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

By making the evaluation through calculating the rotations and minimizing their
RATFSNBYOS: 4SS aF2NOS¢ (GKS OFf Odz ISR NERI
experiments, so the calculated variables depict the actual load of the propeller.

Last but not least, assuming that the data do not include much noise, based on the
fact that there must be a solution to the initial system of equations, then there must
also exist a set of values for which the objective function is equal to zero.

The analytical expression of the objective function is:

Qoh QR RO (Nz - Y2+ ¢ - Nz -

Ujo Ujc l')f)p Uin “Y"OG 7 )2+
(Ne- P+ Ny

Uio Ui¢ O5g Uin “Y"OG 7 )2+
(Ns- P+ ¢ Ne-

UVio Vg L"f)p Uin YOG 7 )2

¢t2 FTAYR GKS aSit 2F @l tdzSa GKFd YAYAYATS @K
f A 0 NiunsktiBrQrainimize. We chose the minimization to be done with a BFGS
algorithm.
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def funcl(w):
dw, J1, J2, J3, dkg = w
return ((vsl % (1 - (w1l + dw)) / (J1 % D) - N1) #% 2
4+ (vsl % (1 - (wl +dw)) / (J1 %D) - N1
- (2 % pi * (fkq[0] % J1 #% 3 + fkq[1] * J1 #% 2 + fkq[2] * J1 + fkq[3] + dkq) / (
75 * hrl % hs) * r *
(vsl * (1 - (w1l + dw)) / (J1 % D)) #* 3 * D #x 5 - SHP1) % (N2 - N1) / (SHP2 - SHP1)) #* 2 +
(vs2 % (1 - (w2 + dw)) / (J2 % D) - N2) #*x 2
+ (vs2 *# (1 - (w2 +dw)) / (J2 # D) - N1
- (2 % pi % (Fkq[B] * J2 %% 3 + Fkq[1] * J2 #+ 2 + fkq[2] * J2 + Fkq[3] + dkq) / (
75 * hr2 * hs) * r *
(vs2 * (1 - (w2 + dw)) / (J2 *# D)) %% 3 % D %% 5 - SHP1) # (N2 - N1) / (SHP2 - SHP1)) #+* 2 + (
vs2 * (1 - (w2 + dw)) / (J2 % D) - N2) #% 2
+
(vs3 * (1 - (w3 + dw)) / (33 % D) - N3) %% 2
+ (vs3 % (1 - (w3 + dw)) / (33 # D) - N2
- (2 % pi * (fkq[B] % J3 *x 3 + fkq[1l] * J3 ** 2 + fkq[2] * J3 + fkq[3] + dkq) / (
75 * hr3 * hs) * r *
(vs3 % (1 - (W3 + dw)) / (J3 # D)) *% 3 % D #x 5 - SHP2) % (N3 - N2) / (SHP3 - SHP2)) #% 2)

result = minimize(funcl, (.001, 1, 1, 1, .001), method='BFGS', jac='cs')

Figure5-8 Minimization of objective function

Now we have calculated the additive coefficientsh 'Q as well as the advance
coefficients for the three experiment®) W) z0 . The next step is calculating

16 ,1® + which is done by arithmetically solving the system of equations (7), (8),
(9), by using the functiofsolvelike in case A.

def func2(x):

return (ktl + x[B] - (rt1 + xwl + al % x[1]) / (r % N1 %% 2 % (1 - t1 - x[2]) = D %% 4 / 1088),
kt2 + x[0] - (rt2 + xw2 + a2 % x[1]) / (r * N2 #** 2 % (1 - t2 - x[2]) *# D %% 4 / 1000),
kt3 + x[0] - (rt3 + xw3 + a3 * x[1]) / (r % N3 #* 2 % (1 - t3 - x[2]) *# D #% 4 / 106060))

result2 = fsolve(func2, (0.1, 6.1, 0.1))
dkt = result2[0]
dcf = result2[1]
dt = result2[2]

u

Figure5-9 Case B Cf,4 1,4t calculation

76



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

@) 1 OOT AOAOEIAID EEA AQE £
) T OAOZEAAA

The GUI created is made ooftfour different frames. The purpose of the first
one is to give instructions to the user on how to proceed and check that the
necessary files for the evaluation of the performance are available.

Is it the first time monitoring this MV?

YES NO
Graphsﬁ >
Do you want to obtain the graphs of the performance?
YES NO
Experiments 1
2 3

Is the MV equipped with a Thrust meter ?
YES NO

Ship Characteristics

Do you want to update the ship characteristics?

YES NO

Figure6-1 Graphical User Interface

The second frame is to be used when the user wants to obtain the graphs of
the performance and the third on when they want to calculate the additive
coefficients. The fourth frame is to be used the first time a vessel is getting
monitored, as well as each time the draft of the monitoring is changed.
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6.1 Frame 1- Authentication

If it is the first time monitoring the ship then we press the YES button of the
frame and then the information pop up indicates we should proceed by going on the
ship characteristics (frame 4).

Al

o~

0 Please update ship characteristics

0K
Figure6-2 Frame 1 Pop Up

In case the ship has been monitored before or the user has finished updating
the characteristics the next step is inserting the name of the vessel and the script
checks if it has access on the necessary files.

Is it the first time monitoring this MV?
YES NO
Ship Name
Ready

Figure6-3 Frame 1 Ship Name input

After typing the name and clicking the Ready button if no pppappears,
0KS dzaSNJ YIeé O2yiGAydzs$Se® LT (GKS FTAtSa I NByQi
informing the user that the necessary files are missing.

y

| file notfound

OK

Figure6-4 Frame 1 Warning
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6.2 Frame 2 z Performance Diagrams

Assuming the user clicks YES on the second frame, meheygant to
obtain the graphs of the performance, then as described in the methodology part,
the user needs to type the values for which he wants the evaluation to be done.

Graphs
Enter the following values
Vs(kn)
SHP(PS)
N(rpm)
"
t
hr
hs
dKq
dKt
dcf

Ready

Figure6-5 Frame 2 user's inputs

The values that the user needs to input are the Velocity of the Skjptfié
Power Output of the main engine (SHP), the Rotations of the Propeller (N) that
define the initial working point, also the values of the Wake (w) , Thrust deduction
coefficient (t) which either represent the clean ship dioaled condition, as well as
the shafting and rotative efficiency and the deviations of the Thrust coefficiait (K
the Torque coefficient @ and the additional Resistance due to fouling coefficient
(G). After the user is donayping, he presses the Ready button and the PDF
containing the Performance Diagrams is created.
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6.3 Frame 3 z Experiments

As mentionedin the methodology part, there are two cases depending on
whether the ship is equipped with a Thrust meter or not. If the ship to be assessed
has one, then the user clicks the YES button of frame 4 arad,ithe user clicks the

NO button.
Experiments
Is the MV equipped with a Thrust meter ?
SHP1(PS)| N1(RPM) Vikn) | T WindForced(T)
SHP2(PS)| N2(RPM)| V2(kn) | T2(T)| WindForce2(T)|

Enter the Values of the two experiments

Ready

Figure6-6 Frame 3 Case A

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

2F GKS alAy 9y3aAaySQa LI2gSNI 2dzi Lidzi

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

Experiments

Is the MV equipped with a Thrust meter ?

6{1tos

SHP1(PS)| N1(RPM)

‘ Vitkn) | ~ WindForce1(T)
SHP2(PS)| N2(RPM) V2(kn) WindForce2(T)
SHP3(PS)| N3(RPM)| V3(kn) WindForce3(T)|

Enter the Values of the three experiments
Ready
Figure6-7 Frame 3 Case B

In Case B, where a Thrust meter is not available, the user has to type the
gl tdzSa 2F (GKS alAy 9y3IAyYySQa LJ2g SN 2dzi Lidzi

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

After typing the aforementionedalues,the user clicks the Ready button and

the PDF containing the assessment of the fouling for the Vessel is created.
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6.4 Frame 4 z Ship Characteristics

This frame is used the first time a vessel is monitored as well as if we want to
make the calculations for a different Draft than the previous time. The user types
GKS akKALIQa ylFryYS Fa ¢Sttt Fa Ada oFaiadO OKIF NI
(D), Dratft (T), Wetted Surface (WS) of the ship and the Diameter of the Propeller. By
clicking the Readyutton, the TXT file containing this information is created.

-Ship Characteristics-

Do you want to update the ship characteristics?

Ship Name
L(m)
B(m) |

D(m) |

\

\
|
2
\

T(m)
Wetted Surface (m*2) |
Propeller Diameter (m)|

Ready

Figure6-8 Frame 4 Ship Characteristics

Notes

1 When the user types the name of the ship in frames four and, he
can do it either in lower or in upper case.

1 All the units of measurement for the inputs are written next to each
physical quantity.
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x2AOOI OO

In the context of this thesis paper the script was run for two ships, MV
Meonia and MV Aramon. For the first ship other than the data available for the open
water propeller characteristics and from the calm water tests, there had also taken
place a similar evaluation of the additive coefficients. The results from this
evaluation were used to cross check the results of the proposed methodology and
algorithmic approach.

The results both for the performance diagrams and for the additive
coefficients will be presented for each ship. In the case of MV Meonia the same data
as the previous experiment were used and for MV Aramon a new set had to be
ONBIGSR da GKSNB ¢gSNByYyQl | ye |qxredtihg 6f S
data for evaluation for MV Aramon is presented in detail along with the MV Aramon
results.

In order for the results to be readable and easily understood as well as
presentable, they are stored in suitably formed PDF files. This way they are both
accessible and ready to be saved or sent. For each ship 3 PDF files were created,
containing results for Case A, Case B and a PDF with the propulsive performance
diagrams.
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7.1 Formatting of the F iles

For both cases A argl the formatting of the PDF files is the same, it contains
the values recorded on the onboard experiments (N, SHP, V), the calculated values of
the parameters R, w, t, Ko, K, J), the calculated additive coefficientav 1 t, 4 Kg,

1 Kr, 1 G) for the fouled condition as well as tloalculated parameters for the clean
performance of the ship at the same speeds.

/J
all‘é‘:'

nvpeopol

PROPULSIVE PERFORMANCE EVALUATION OF AN AVAILABLE LOADING CONDITION

o

),

N
POMHOEVS 4

3

SHP(PS) Rt(Ton)
V1 SHP1 N1 il RT1 wi t1 hr1 Kt1 Kqg1 i
V2 SHP2 N2 2 RT2 w2 t2 hr2 Kt2 Kg2 j2
d d dKq d d 0
V1 SHPc1 Nc1 Tel RTc1 wci te1 hr1 Ktc1 Kgc1 jc1
V2 SHPc2 Nc2 Tc2 RTc2 wc2 tc2 hr2 Ktc2 Kqgc2 jc2

Figure7-1 Case A PDF Format

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

1. In the first two lines thaesults of the experiments and the calculation of the
of the parameters for the fouled condition are presented

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

3. In the last two lines the calculation of thparameters for the clean condition
at the same speeds as the experiments are presented

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

different set of values there are three as the experiments are conducted for
three speeds.
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The propulsive performance diagrams PDF consists of sixteen pages, the first

2yS O2ydFLAyAy3a (GKS AYF2NNIGAZ2Y | o62dzi GKS
name. Each page after that contains a plotted figure that depicts the qualitative
influence of the parameters on the performance.

SHP(PS) N

RPM = 104.25 Variation of dKq, dcf 1

17500 A — dKq = -0.002
I —— dKq = -0.001
E\ : :;2 ; (()).001
I m— dKq = 0.
17000 A - d:fimgso(f-os
I dcf*10~3 = -0.25
:\ == dcf*10°3 =0
! dcf*10~3 = 0.25
16500 41 == dcf*1073 = 0.5
I
;\ \
|
I~ e I
15500 - \‘.
N~ :
15000 A '\“}
\E
14500 A
194 19.6 19.8 20.0 20.2 20.4

Vs(kn) 3

Figure7-2 Diagram Example

hdKSNJ) 6KFY (GKS FA3IdzNE GKS 5AF3INFYQa t5C

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

2. The physical quantity of the y axis

The physical quantity of the x axis

4. The annotation for the coloring of the graphs

w
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7.2 MV MEONIA Characteristics

MV Genoa is a containership that was used to assess the mathematical model
RSAONAOSR FT2NJ GKS S@Ffdza GAz2zy 2F (KS aKALIQA
necessary data to do the evaluation, the results of it as well. This ship has the
following main particulars:

i.  Length Between Perpendiculars: 185.93m

ii. Breadth: 25.91m
iii. Depthto Upper Deck: 15.05m

iv.  Summer Load Draft: 9.17m

v. Displacement (salt water): 277@des
vi.  Block Coefficient: 0.612
vii. Deadweight: 18290Tones

Its two-strokemain engine is coupled directly to a fixed pitch propeller with the
following particulars:

i.  Number of Blades: 6

ii.  Propeller Diameter: 6.249m
iii.  Pitch Ratio: 1.04
iv. Expanded Area Ratio: 0.767

For thecalculation of the EHP curve of the clean condition the following values
were available:

Draught = 9.17m with even keel

Vs (kn) EHP (PS)
18 7541
19 9058
20 10907
21 13314
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For the creation of thelata base with the values of the wake fraction, thrust
deduction coefficient, the rotative and shafting efficiency the following values were

available:

Draught = 9.17m with even keel

Ship Speed Wake Thrust Rotative  Shafting

fraction deduction efficiency efficiency

Vs (kn) w t 'R 's
18 0.228 0.178 1.035 0.98
19 0.223 0.181 1.038 0.98
20 0.221 0.183 1.040 0.98
21 0.212 0.181 1.035 0.98
22 0.203 0.170 1.021 0.98

In the data there were also available the open water propeallaaracteristics
curves of the Thrust and Torque coefficients as well as of the Open Water efficiency
of the propeller. Points were taken with a ruler in order to be used as inputs for the

creation of our own curves.

1.0 ; .
EIPRIT PROJECT R163

Shipboard; Installation of

s Knowledgg—based; Systermis

0.8
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>~ 1 TN
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(8]
I !ll]llj‘!lllllllllll I!I’Myﬁll"ll LLLLRLE]]

v
L
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0.2 M7V NIA
0'1 | \
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Figure7-3 Open Water Propeller Characteristics of MV Meonia
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7.3 MV MEONIA Case A

Experimental Values |

Experiment  Ship THRUST  SHP Wind wind
Number Speed RPM (Tones) (PS) Speed Direction
(kn) (kn) (degrees)
1 19 100.53 104.186 18549 15 11
2 20 107.63 121.185 23025 23 15

Knowing the wind speed and direction we can calculate the Wind Resistance
of the ship during thosexperiments.

Wind Resistance |

1 3.06 Tones
2 5.55 Tones

Having calculated the WinResistancewe have all the necessary values to
run the program.

“EXNEIQ

S
8 & \y
AR
o
“o#:[|8| PROPULSIVE PERFORMANCE EVALUATION OF AN AVAILABLE LOADING CONDITION
>

NPOMHOEVS 4 l}
ul
n

N

MV MEONIA

SHP(PS)
19.0 18549 10053 | 1042 | 80.1 0314 |0231 |1038 |0213 |0484 |o0.641
20.0 23025 107.63 | 1218 |934 0312 |0233 |104 |0217 |049 |o0632
d 0.09 dt=0.0 dKqg=0.004 d 0.0 d 0 0.398
19.0 13267 98.2 84.7 69.5 0223 |o0.181 |1038 |o0.198 |0368 |0.742
20.0 16076 1044 | 97.1 79.5 0221 |0.183 |104 |0201 |0372 |o0.737

The results of the previous analysis are as follows:

Iw=0.0894 + _ I n®ip=0004 1 F=-0.0197 10G=0.4
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So,the divergence between the results per coefficient is:

tw=1.7% L % n 4 p=0% 1 F=1.5% 10% Ge= 0.5%

The deviatiorbetween the results of this and the previous analysis suggests that the
method is accurate.
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7.4 MV MEONIA Case B

Experiment  Ship SHP Wind Wind
Number Speed RPM (PS) Speed Direction
(kn) (kn) (degrees)
1 19 100.53 18549 15 11
2 21 114.72 28084 22 19
3 22 122.71 35039 22 16

Knowing the wind speed and direction we can calculate the Wind Resistance of the
ship during those experiments.

1 3.06 Tones
2 5.09 Tones
3 5.74Tones

Having calculated the WinResistancewe have all the necessary values to
run the program.

‘511
&

PROPULSIVE PERFORMANCE EVALUATION OF AN AVAILABLE LOADING CONDITION

P
n

F 3
-, ‘;\y
hav’,
/‘—'
MPOMHOEVS /,
S
USH=¢
vp$opol

b

MV MEONIA

Vs (kn) SHP(PS) RPM

19.0 18549 10053 | 80.0 0.31 0.231 1.038 |0232 |o04s 0.644

21.0 28084 114.72 106.6 0299 | 0.231 1035 |0238 0487 0633

22.0 35039 122.71 125.1 0.29 0.22 1.021 0.24 0.491 0.628
dKq=0.004 . dCf*1013=0.395

19.0 13267 98.2 69.5 0223 | 0.181 1038 |o0198 |0368 |0.742

21.0 19960 11.7 92.4 0212 | 0.181 1035 |0204 0376 0732

22.0 25149 119.5 109.4 0203 |017 1.021 0.208 | 0.381 0.724
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The results of the previous analysis are as follows:

tw=0.0907 { _ HB82n®1i p=0.004 1 [=-0.0209 10% G-= 0.3993

A

SoiKS RAOSNHSYOS 0Si¢SSy (KS NBadz Ga

1w =4.1% 1 _ 3.6% 1 p=0% L F=9% 103 G= 1%

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

Method used:

LW = 44% 1 0% 1 p=0% 1 F=5% 1031 G-=0.75%

Previous method:

Lw = 1.4% L _ 3.6% L p=0% L [=5.7% 10% G-= 0.1%

If we define x as the divergence between the results of the two methods then its
meanvalued v h ~ h <h >~ “isidefined asH n n 0O

- W
(L) —_—
€

So
Method used:

w b
Previous method:

W cg& b

The value of the mean divergence between the results of the two cases is indicative
of the robustness of the shared methodology used.
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7.5 MV MEONIAPerformance Diagrams

DIAGRAMS OF PERFORMANCE AT AN AVAILABLE LOADING
CONDITION

MV MEONIA

For this ship and the prescribed propulsion plant a systematic variation
of dw,dt,dKt,

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

performanceis shown in the attached diagrams.

The initial working point of propulsion

performance is:

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

Each diagram shows the combined influence on performance for two
parameters
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RPM = 104.25 Variation of dKq, dcf

= dKq = -0.002

17500 + e dKq = -0.001

— dkq = 0

m— dKq = 0.001
—— dKq = 0.002
== dcf¥1073 =-0.5
dcf*10~3 = -0.25
== dcf¥10"3 =0
dcf*1073 = 0.25
== dcf*10~3 = 0.5

17000 A

16500 A

16000

SHP(PS)

15500 A

15000 A

14500 A

19.4 19.6 19.8 20.0 20.2 204
Vs(kn)

Ly GKAA&a 3INI LK GKS O2NNStlI A2y 0Si0G6SS
power output of the engine is investigated, for constant revolutions of
the propeller, only taking into account the Torque additive coefficient
and the Frictional Resistance additive coefficient.

The graph suggests that increase of the Torque additive coefficient
results on the working point moving upwards on theayis but the xaxis
value remains constant, meaning that for constant RPM the demand for
engine power is increased, but the same speed is attained.

Whereas,increase of the Frictional Resistance coefficients results
in the working point moving upwards in thegxis, meaning the demand
of power output is also increased and towards the left on thaxis,
suggesting the attainable speed is decreased.
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SHP = 15981.0 Variation of dKq, dcf

21.0 m— dKq = -0.002
« dKq = -0.001
— dkq = 0
s dKq = 0.001
= dKq = 0.002
== dcf*10"3 =-0.5
20.5 A dcf*10°3 = -0.25
== dcf*10"3 = 0
dcf*10~3 = 0.25
== dcf¥1073 = 0.5
G 20.0
o
k2l
>
19.5 A
19.0 A1
101 102 103 104 105 106 107
RPM

z

Ly GGKA&a 3INFLIK (GKS O2NNStlFGAz2y o0Si6SSy (K
the propeller is investigated, for constant engine power output, only

taking into account the Torque additive coefficient and the Frictional
Resistance additive coefficient.

The graph suggests that increase of the Torque additive coefficient
results on the working point moving downwards on theayis and
towards the left on the xaxis, meaning that for constant SHP the
attainable vessel speed, as well as the attainable propeller revolutions
are decreased.

Increase of the Frictional Resistance coefficients affects the waorking
point of the vessel the same way as the increase of the Torque coefficient
for constant SHP.
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Vs = 20.0(kn) Variation of dKq, dcf

— dKq = -0.002
e dKq = -0.001
] e dkq = 0
19000 —dK::0.00l
m— dKq = 0.002
= dcf*1073 = -0.5
18000 4 —_ ser10m3-0
dcf¥*10°3 = 0.25
ww dcf*107°3 = 0.5
17000 A
o
e
T 16000 -
wn
15000 -
14000 A
13000 A
101 102 103 104 105 106 107 108
RPM
Ly GKA& 3INF LK GKS O2NNStllGAzZY

0S0sSSyY

power output of the engine is investigated, for constant vessel speed,
only taking into account the Torque additive coefficient and the Frictional

Resistance additive coefficient.

As in the case of constant RPhMicrease of the Torque coefficient results
in increased power output demand with the attained speed remaining

constant, whereas increase of the Frictional

Resistance coefficient

increases the power output demand and decreases the attained speed.
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Vs = 20.0(kn) Variation of dKqg, w
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In this graph the correlation between thpower output and revolutions of the
propeller is investigated, foconstant vessel speednly taking into account the
Torque additive coefficient and the@ake fraction coefficient

Torque coefficient affects the working point as mentioned above.

Increase of théNake fraction results in moving the working potldwnwardsand
towards theleft, meaning that for the same speed to be attained we néesk
power output and less propeller revolutions, in contrast if the Wake fraction
coefficient is lowered it leads tworsepropulsive performance of the ship
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RPM = 104.25 Variation of dKq, w
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In this graph the correlation between th@ower output and ship speedis
investigated, for constanpropeller revolutions only taking into account the Torque
additive coefficient and thevake fraction coefficient

Torque coefficient affects the working point as mentioned above.

As mentioned above increase of the Wake fraction coefficient results in better
propulsive performancevhereas its decrease results deteriorates the performance,
which is made more obvious from the Vs = constant diagrams.
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SHP = 15981.0 (PS) Variation of dKg, w
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propeller is investigated, for constant engine power output, only taking into account

the Torque additive coefficient and tiveake fraction coefficient
Torque coefficienaffects the performance as mentioned above

Wake fraction affects the performance as mentioned above.
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In this graph the correlation between th@ower output and ship speedis
investigated, for constarpropeller revolutions only taking into account the Torque
additive coefficient and thevake fraction coefficient

Torque coefficient affects the workimpint as mentioned above.

Increase of the Thrust coefficiemiffects positively the propulsive performance of
the ship, whereas decrease of it affects it negatively. The relationship between the
speed of the vessel and the revolutions of the propeller is affected.
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SHP = 15981.0 (PS) Variation of dKq, dKt
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propeller is investigated, for constant Power output of the engine and variation of

the Thrust and Torque coefficients.

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

previous analysis of the graphs.
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Vs = 20.0(kn) Variation of dKq, dKt
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In this graph the correlation between th@ower outputand the revolutions of the
propeller is investigated, for constarship speedand variation of the Thrust and
Torque coefficients.

The effects of the variations of the coefficients follow what we have mentioned in
previous analysis of the graphs.
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RPM = 104.25 Variation of w, dcf
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investigated, for constant revolutions of the propeller and variation of efffective
wake fraction and the frictional resistance coefficient.

The effects of the variations of the coefficients follow what we have mentioned in
previous analysis of the graphs, increase of the wake improves the propulsive
performance, whereas increase of the frictional resistance deteriorates it.
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SHP = 15981.0 Variation of w, dcf
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revolutions is investigated, for constant power output and variation of the effective
wakefraction and the frictional resistance coefficient.

The effects of the variations of the coefficients follow what we have mentioned in
previous analysis of the graphs, increase of the wake improves the propulsive
performance, whereas increase of the frictional resistance deteriorates it.
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Vs = 20.0(kn) Variation of w, dcf
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revolutions is investigated, for constant power output and variation of the effective
wake fraction and the frictional resistance coefficient.

The effects of the variations of the coefficients follow what we have mentioned in
previous analysis of the graphs, increase of the wake improves the propulsive
performance, whereas increase of the frictional resistance deteriorates it.
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RPM = 104.25 Variation of w,t
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investigated, for constant revolutions of the propeller and variation of the effective
wake fraction and the thrust deduction fraction.

The effects of the variations of the coefficients follow what we have mentioned in
previous analysis of the graphs, increase of the wake improves the propulsive
performance, whereas increase of the thrust deduction fraction increases the power
requirements and decreases the attainable speed.
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SHP = 15981.0 (PS) Variation of w,t
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propeller is investigated, for constant power output and variation of the effective

wake fraction and the thrust deduction fraction.

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

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

performance, whereas increase of the thrust deduction fraction decreases the

attainable speed and the revolutions of the propeller.
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revolutions is investigated, for constant power output and variation of the effective

wake fraction and thrust deduction fraction.

The effects of the variations of the coefficients follow what we have mentioned in
previous analysis of the graphs, increase of the wake improves the propulsive
performance, whereas increase of the thrust deduction fraction deteriorates it.
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7.6 MV ARAMONCharacteristics

MV Aramon is @roduct carrier that was used to assess the mathematical
Y2RSt RSAONAOGSR F2N) GKS S@lfdzZ GA2y 2F GKS
available the Model Test Reports, that consisted of the following parts:

I.  Model Test Results
ii.  Full Scale Prediction of Powering Performance
iii.  Trial Prediction of Powering Performance
iv.  Drawing of the Design Propeller
v. Prediction of Powering Performance
vi. OpenWater Characteristics of the Design Propeller

The basic ship characteristics are the following

i. Length Between Perpendiculars: 219m

ii. Breadth: 32.24m
iii.  Depth to Upper Deck: 20.65m

iv.  Design Draft: 12.25m

v. Displacement (salt water): 72888m
vi.  Block Coefficient: 0.8427

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

i.  Number of Blades: 4
ii. Propeller Diameter. 7m

For the calculation of the EHP curve of the clean condition, on the design draft,
the following values were available:

Vs (kn) EHP Kw)
13 3567
14 4458
15 5615
15.8 6992
16.5 8544
17 9783
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For the creation of the data base with the values of the wake fraction, thrust
deduction coefficient, theotative and shafting efficiency the following values were

Ship Speed Wake Thrust Rotative  Shafting

fraction deduction efficiency efficiency

Vs (kn) w t "R 's
13 0.284 0.180 0.988 0.99
14 0.284 0.1& 0.991 0.99
15 0.284 0.1&4 0.993 0.99

15.8 0.282 0.18&% 0.995 0.99
16.5 0.282 0.187 0.997 0.99
17 0.282 0.188 0.998 0.99

available:

In the data there were also available the open water propeller characteristics
the values of the Thrust and Torque coefficients were available:

Advance Torque Thrust
Coefficient Coefficient Coefficient
J 10xko Kr

0 0.3872 0.3620
0.050 0.3727 0.3452
0.100 0.3559 0.3263
0.150 0.3376 0.3058
0.200 0.3181 0.2843
0.250 0.2978 0.2622
0.300 0.2772 0.2397
0.350 0.2563 0.2170
0.400 0.2353 0.1943
0.450 0.2142 0.1718
0.500 0.1928 0.1493
0.550 0.1710 0.1269
0.600 0.1486 0.1042
0.650 0.1249 0.0811
0.700 0.0995 0.0571
0.750 0.0719 0.0320
0.800 0.0413 0.0051
0.808 0.0359 0.0005
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MV ARAMON Engine Layout
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Figure7-4 MV Aramon Engine Layout

The creation of the Layout Diagram of the MV Aramon was based on the
details of its main engine B&W 6S60MCprovided by the manu@MAN B&W)f
said engine. Inside the Layout there has been also graphed the three working points
that were used for the evaluation of the additive coefficients.
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7.7 MV ARAMON Case A

Experiment  Ship THRUST  SHP Wind Wind
Number Speed RPM (Tones) (PS) Speed Direction
(kn) (kn) (degrees)
1 13 85.62 80.9 11024 0 0
2 15 99.8 111.3 17672 0 0

Even though we suppose that there is no apparent during the experiments, the
existence of air and its resistance has to be accounted for. In the model test there is
available the wind coefficientaaswell as the transverse area of the shig=834n¥

for the condition we study. Knowing that -” w0 6 we proceed in the
calculation of the resistance for each veloaithich is used as the wind resistance
input, so:
Experiment Number Ship Speed Resistance
(kn) (M)
1 13 1
2 15 1.1

esv}jll}
EJ“*?

PROPULSIVE PERFORMANCE EVALUATION OF AN AVAILABLE LOADING CONDITION

el
i
v - ®
" )
npoMmmM
NSl
nvp$opol

[

MV ARAMON
Vs(kn) SHP(PS) RPM Rt(Ton)

13.0 11616 86.04 |822 63.4 0352 | 0229 |o0988 |0136 |0266 | 0431
15.0 18419 10027 | 1130 | 866 0352 |0233 |0993 |0.138 |o0268 |0427
dw=0.068 dt=0.049 dKq=0.004 dCf*10%3=0.303

13.0 6962 80.7 66.3 54.5 0284 |018 |o0988 |0146 |0.19 |0.509
15.0 11103 94.1 92.1 74.8 0284 |0.184 |0993 |0.149 |o0.192 | 0503
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7.8 MV ARAMON Case B

Experiment

Number

N

>3
£9
&

Ell

POMHOEVS
VvP$opos

1]
n

Ship
Speed
(kn)
13
14
15

PROPULSIVE PERFORMANCE EVALUATION OF AN AVAILABLE LOADING CONDITION

RPM

85.62
92.15
99.8

SHP
(PS)

11406
14170
18101

wind Wind Air
Speed Direction Resistance
(kn) (degrees) (M
0 1
0 1.1
0 1.3

MV ARAMON

SHP (PS) Rt (Ton)
13.0 11616 86.04 63.5 0.355 0.227 0.988 0.159 0.262 0.43
14.0 14418 92.58 32 0.355 0.229 0.991 0.159 0.261 0.43
15.0 18419 100.27 86.7 0.355 0.231 0.993 0.161 0.263 0.426
dw=0.071 dt=0.047 dKqg=0.004 dKit=-0.02 dCf*10”13=0.306
13.0 6962 80.7 54.5 0.284 0.18 0.988 0.146 0.19 0.509
14.0 8641 86.8 62.8 0.284 0.182 0.991 0.146 0.19 0.509
15.0 11103 94 1 74.8 0.284 0.184 0.993 0.149 0.192 0.503

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

Lw = 4.2% 1 _ 4.T% 1 p=0% L = 0% 10% G==0.98%
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7.9 MV ARAMON Performance Diagrams

B

DIAGRAMS OF PERFORMANCE AT AN AVAILABLE LOADING CONDITION

vP$opos

OMMHOEV

L]
n

np

4

MV ARAMON
For this ship and the prescribed propulsion plant a systematic variation of dw,dt,6Kt,
0Kqg and 4Cf has been performed and the influence on the propulsion performance
is shown in the attached diagrams.
The initial working point of propulsion performance is:
Vs=13.0(kn) SHP=6977.0(PS) RPM=80.82

Each diagram shows the combined influence on performance for two parameters

For analysis of the graphs you can refer to the diagrams of MV Meonia in previous
chapter, as the results differ only numerically due to the different working point of
each vessel.
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