VIRTUS IMPAVID,
L B

UNIVERSIDADE FEDERAL DE PERNAMBUCO
CENTRO DE TECNOLOGIA E GEOCIENCIAS
DEPARTAMENTO DE ENGENHARIA MECANICA
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA MECANICA

LUIS CARLOS FABRICIO FILHO

A STUDY ON HULL FORM DESIGN OF A SHIP

Recife
2020



LUIS CARLOS FABRICIO FILHO

A STUDY ON HULL FORM DESIGN OF A SHIP

Thesis submitted to the Graduate
Program in Mechanical Engineering of the
Federal University of Pernambuco in
partial fulfillment of the requirements for
the degree of Master in Mechanical
Engineering.

Field of concentration: Materials and

Manufacturing Engineering.

Advisor: Prof. Dr. Armando Hideki Shinohara.

Co-advisor: Prof. Dr. Tadao Yamano.

Recife
2020



Catalogacao na fonte
Bibliotecaria Margareth Malta, CRB-4 / 1198

F126s  Fabricio Filho, Luis Carlos.
A study on hull form design of a ship / Luis Carlos Fabricio Filho.
- 2020.
121 folhas, il., gréfs., tabs.

Orientador: Prof. Dr. Armando Hideki Shinohara.
Coorientador: Prof. Dr. Tadao Yamano.

Dissertacdo (Mestrado) — Universidade Federal de Pernambuco. CTG.
Programa de P6s-Graduagdo em Engenharia Mecénica, 2020.

Inclui Referéncias.

Texto em Inglés

1. Engenharia Mecénica. 2. Reducdo da resisténcia de formacdo de
ondas. 3. Método de projeto de forma de proa. 4. Ensaio de resisténcia ao

avanco em CWC. 5. Navio-modelo. 1. Shinohara, Armando Hideki
(Orientador). 1l. Yamano, Tadao (Coorientador). Ill. Titulo.
UFPE

621 CDD (22. ed.) BCTG/2020-89




LUIS CARLOS FABRICIO FILHO

A STUDY ON HULL FORM DESIGN OF A SHIP

Thesis submitted to the Graduate Pro-
gram in Mechanical Engineering of the
Federal University of Pernambuco in par-
tial fulfilment of the requirements for the
degree of Master in Mechanical Engineer-

ing.
Approved in: 02 / 03 / 2020.

THESIS COMMITTEE

Prof. Dr. Armando Hideki Shinohara (Advisor)
Federal University of Pernambuco

Prof. Dr. Cezar Henrique Gonzalez (Internal Committee Member)
Federal University of Pernambuco

Prof°. Dr°. Shuji Aihara (External Committee Member)
The University of Tokyo (Emeritus Professor)



This master's thesis is dedicated to professor Tadao Yamano, whose
contribution was essencial for the development of the studies here reported, without

which this master’s thesis would not be possible. | am greatly indebted to him.



ACKNOWLEDGMENTS

The study described in Chapter 4 has been conducted as a cooperative study
between Federal University of Pernambuco and Oshima Shipbuilding Co., Ltd.
Thanks are given to Dr. Junichi Man, General Manager of Design Department,
Oshima Shipbuilding Co., Ltd. and Prof. Cezar H. Gonzalez, Coordinator of the
Graduate Program of Mechanical Engineering — PPGEM/UFPE, for their
understanding the significance of the cooperative study and their contribution to its
realization. Special thanks are given to Prof. Armando H. Shinohara and prof. Tadao
Yamano, my supervisors. Thanks are also extended to CAPES/MEC, for the financial
support through the master’s scholarship and to prof. Kleber Gongalves B. Alves, for
his kindness to the approval of the examination board in a short time due to carnival
holidays.



ABSTRACT

It goes without saying that energy saving is important now for our world. The
study carried out for this master’s thesis has the theme of energy saving a ship. This
master’s thesis reports two studies that share the same theme: hull form design of a
ship, with a focus on reduction of wave-making resistance by the hull form
improvement. In both studies, the importance of the bow form for reduction of wave-
making resistance, which my undergraduate thesis has clarified, is a base. In the first
study, a bow form design method for a full ship has been developed and its
usefulness has been confirmed by model tests. In the second study, a new
resistance test method for a fine ship in a CWC (Circulating Water Channel) has
been developed to solve the issues present in the traditional resistance test method
in a small CWC concerning accuracy in resistance measurement and model ship
manufacture. The new method increases the value of the measured total resistance
of the most important part of hull by 216 times compared with that of Traditional
Resistance Test Method. The models and connection system necessary for the
confirmation test of the method in the CWC have been designed. A study on the
model manufacture for the test in a CWC was also conducted, in which material,
paint and resin were studied from the viewpoints of strength, water tightness and

manufacture easiness by actually manufacturing a partial model and by testing it.

Keywords: Reduction of Wave-making resistance. Bow form design method.
Resistance test in CWC. Model ship.



RESUMO

E indiscutivel a importancia da economia de energia para o mundo atual. O
estudo realizado para esta dissertagdo de mestrado tem como tema economia de
energia de um navio. Esta dissertacdo apresenta dois estudos que compartilham do
mesmo tema: projeto da forma do casco de um navio, com foco na reducdo da
resisténcia de formacédo de ondas pela melhoria da forma do casco. Em ambos os
estudos, a importancia da forma da proa para a reducéo da resisténcia de formacéo
de ondas, que foi esclarecida no meu trabalho de conclusdo de curso, é tomada
como base. No primeiro estudo, um método de projeto de forma de proa para um
navio de formas cheias foi desenvolvido e sua utilidade foi comprovada por ensaios
de resisténcia ao avanco de navios-modelo. No segundo estudo, um novo método
de ensaio de resisténcia ao avango para um navio formas finas em um CWC (Canal
de Agua Circulante, do inglés circulating water channel) foi desenvolvido a fim de
solucionar os problemas presentes no método tradicional de ensaio de resisténcia
ao avanco em um CWC de pequeno porte no que diz respeito a precisao da
medicdo da resisténcia ao avanco e a confeccdo de navios-modelo. O novo método
aumenta o valor da resisténcia ao avanco total medida da parte mais importante do
casco em 216 vezes em comparacdo com 0 método tradicional de ensaio de
resisténcia ao avanco. Os modelos e o sistema de conexdo necessarios para o teste
de comprovacdo do método no CWC foram projetados. Foi realizado também um
estudo sobre a confeccdo de um modelo para ensaio em CWC, no qual o material, a
tinta e a resina foram estudados sob o0s pontos de vista de resisténcia,
impermeabilidade e facilidade de confeccdo, através da confeccéo e teste de um

modelo parcial.

Palavras-chave: Reducédo da resisténcia de formagédo de ondas. Método de projeto

de forma de proa. Ensaio de resisténcia ao avan¢co em CWC. Navio-modelo.
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1 INTRODUCTION

The world’s economy is undergoing a profound transition. The driving factors
of the transition are population growth, rising incomes, decreasing natural resources,
and a climate change scenario. Shipping is an ocean-based industry. It is responsible
for carrying approximately 90% of global trade (OECD, 2016). Shipbuilding is another
ocean-based industry and is responsible for providing ships for the shipping industry.

The economic importance of shipping activities is attested by the UN (2017):
“Sea-borne trade is of strategic economic importance, as it accounts for over 80 per
cent of world merchandise trade by volume and more than 70 per cent of its value”.

Ships mostly use fossil fuel as energy resource. However, it goes without
saying that the carbon emissions caused by the burning of fossil fuels have severely
impacted the ocean. The increase of atmospheric CO:2 since the industrial revolution
has induced ocean acidification “ten times faster than at any time in the las 55 million
years” (OECD, 2016).

The fuel oil combustion generates not only COz2, but also other products such
as NOx, SOk, CO, HC (which, together with CO2, are the so-called greenhouse
gases, GHG), and particulate materials. The exhaust gases are emitted into the
atmosphere from the ship's exhaust and are diluted with the ambient air. These
emissions can alter regionally and globally the composition of the atmosphere,
impacting the climate (Eyring et al., 2005, apud Schiller, 2017).

The IMO estimated that the fuel consumption used by the world fleet doubled
between the years 1990 and 2007, ranging from 170 million to more than 340 million
tons per year (IMO, 2008, apud Schiller, 2017). This shows that the demand for fuel
oil is also increasing, which threatens the sustainable use of natural resources.

In such a scenario, it is indispensable to design resource-efficient and climate-
friendly ships. The study carried out for this master’s thesis has the theme of energy
saving a ship. This master’s thesis reports two studies that share the same theme,
which is based on my undergraduate thesis results. In section 1.1, the theme is
presented. In section 1.2, the importance of the theme is presented. In section 1.3,

the structure of this master’s thesis is reported.
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1.1 THEME

The definition of the theme of this master’s thesis and its two studies needs
the understanding of technical terms such as hull form, full ship, fine ship, model test,
CWC, and wave-making resistance. For this understanding, the reader may refer to
chapter 2.

The theme of this master’s thesis is hull form design of a ship, with a focus on
reduction of wave-making resistance by the hull form improvement.

In the first study, “Study 1” hereafter, a bow form design method for a full ship
has been developed and its usefulness has been confirmed by model tests. In the
second study, “Study 2” hereafter, a new resistance test method for a fine ship in a
CWC has been developed to solve the issues present in the traditional resistance
test method in a smaller CWC concerning accuracy in resistance measurement and

model ship manufacture.
1.2 IMPORTANCE OF THE THEME

When a shipowner requests a ship to a shipbuilder, the shipowner provides
only two design conditions: ship speed and cargo weight. The shipbuilder realizes all
the work of design and construction to complete the ship, and hull form design is one
of the designs. The hull form design decides the main engine horsepower of a ship,
which is very important because it decides fuel consumption. And, fuel consumption
decides the ship's operation economy, which is related to energy saving. So, it is
important to minimize the main engine horsepower. To do that, the hull form design
tries to realize minimum resistance, highest propeller efficiency and best interaction
between the hull and the propeller.

From the resistance point of view, the main purpose of the hull form design is
to design a hull form with minimum wave-making resistance. To do that, it is
necessary to understand the relation between hull form and wave-making resistance.
However, this relation is not yet completely clear. So, three methods can be used to
help understanding this relation:

a) Wave-making resistance theory (theoretical approach)
b) Model test (experimental approach)
c) Accumulated model test results (past, history)
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“Study 1” uses methods “a)” and “c)” to develop a bow form design method for
a full ship, and method “b)” for confirmation. “Study 2”, is concerned with solving a

problem present in method “b)”.
1.3 STRUCTURE OF THIS MASTER’S THESIS

Chart 1 below presents the structure of the two studies of this master’s thesis,

which are referred to as “Study 1” and “Study 2”.

Chart 1 — Structure of the two studies of this master’s thesis

“Study 1” “Study 2”

) Development of a new resistance
) Development of a bow form design ] o
Title of the study ) test method for a fine ship in a
method for a full ship

CwcC
Location (Chapter) Chapter 4 Chapter 5
Target ship kind Full ships with F, around 0.15 Fine ships with F, > 0.20

e To clarify the reason why the wave-
making resistance at Ballast condition
of the subject ship is so large.

e To reduce the large resistance at|®LOwW accuracy in resistance
ballast condition of the subject | measurement and  model
Panamax bulk carrier manufacture in traditional

Issues to be solved

e Absence of a bow form design method | resistance test method in a
that: can be used for any bow form; is | small CWC.
effective at Full and ballast condition; | e Lack of model ship suppliers.
can be used even for full ships with C,
around 0.9 and can be used to solve

the above issues

Base finding for study | e Undergraduate thesis results. e Undergraduate thesis results.

¢ Resistance test results on a 7m-long

model ship of a Panamax bulk | e Hull form data of a 354,000ft3
Base data for study ) ) )
carrier at 21 drafts by Yamano | refrigerated cargo ship

(1994)

) o CWC with observation part with
eA CWC with B more than 2m . ]
CWC to be used for ] . o dimensions length x breadth x
i ) (Finally, that of Oshima Shipbuilding .
confirmation test height =2.00mx0.50mx0.50m
Co. Ltd. has been used) . ] ] )
installed in the university
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Basic idea for study

1) The base data give us 21 data on
the relation between bow form and
wave-making resistance for a full
ship.

2) To clarify the relation by detailed
analysis of base data “1)”

3) From “2)”, to derive an equation to
estimate wave-making resistance.

4) From “3)”, to develop a bow form

design method for a full ship

The most important study is at step
‘12)!!.

1) To realize such a model test
in a small CWC in that only an
important part of a hull is tested.
2) By the test “1)”, we can use

larger scale partial model.

3) The larger scale partial
model brings
1. Larger resistance and
higher measurement
accuracy

2. Higher accuracy of model

manufacture

The most important study is how

to realize step “1)”.

Results of study

1) A bow form design method for a
full ship has been developed.

2) By the method, the reason why
the wave-making resistance at
Ballast condition of the subject ship
is so large has been clarified.

3) By the method, the large wave-
making  resistance at Ballast
condition of the subject ship has

been reduced.

1) Models including connection
system to be used for the
confirmation test in the CWC
have been designed.

2) Materials and manufacturing
procedures for the models have

been clarified.

Confirmation of
usefulness of

developed method

Modified bow form designed by the
developed bow form design method
was tested using 2m-long model ship
in the CWC of Oshima Shipbuilding
Co. Ltd.

The result showed a EHP reduction of
55% by the modified bow M2
as the average value in the E, range
from 0.10 to 0.18.

This value is practically large enough.

As a result, we have concluded that
the developed bow form design
method for a full ship is useful for

practical design.

e Confirmation test

was not
conducted, because the CWC is
not in such a condition we can

use it normally.

Source: The Author (2019).
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1.4 GENERAL OBJECTIVE

To further clarify the relation between hull form and wave-making resistance of
full ships and fine ships and develop new technologies to design hull form with less
wave-making resistance based on the results of the studies.

1.5 SPECIFIC OBJECTIVES

The specific objectives are stated in the following for each of the studies:
“Study 1”7 and “Study 2”.

1.5.1 For “Study 1”

(1) To clarify the relation between the bow form parameters and the wave-
making resistance of a full ship

(2) To derive an equation to estimate the wave-making resistance of a full ship
at any draft and any Froude number E,, using the relation got in “(1)”

(3) To confirm the usefulness of the equation derived in “(2)” by applying the
equation for reducing the larger wave-making resistance at Ballast condition of a
Panamax bulk carrier.

(4) Based on “(1)”, “(2)” and “(3)”, to derive a practical bow form design meth-
od for a full ship which we can apply to any bow form including that of such a very full

ship as with block coefficient C, of around 0.9.
1.5.2 For “Study 2”

(1) To confirm the reliability of the result of the undergraduate thesis
(FABRICIO FILHO, L.C., 2018) that has pointed out the outstanding importance of
bow form of a fine ship in wave-making resistance at Froude number below 0.26

(2) Based on the result got in “(1)”, to develop a new resistance test method
for a fine ship in a CWC which improves the demerit of a small CWC: low accuracy in
resistance measurement and model manufacture.

(3) To clarify the issues and the ways how to solve the issues regarding the

confirmation model test of the new model test method.
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2 THEORETICAL FUNDAMENTALS

This chapter presents and explains fundamental concepts necessary to
understand this master’s thesis. In section 2.1, important technical terms used in this
master’s thesis are explained. In section 2.2, the resistance problem is presented. In
section 2.3, model test, Froude number and Froude’s law of similarity, which is the
base of model test, are explained. In section 2.4, the types of resistance are
presented. In section 2.5, the wave-making resistance is explained. In section 2.6,
the linear wave-making resistance theory is presented.

2.1 EXPLANATION OF IMPORTANT TECHNICAL TERMS

In the following, the technical terms hull form, full ship, fine ship and CWC,
which are used in this master’'s thesis, are explained in sections 2.1.1 to 2.1.4. In

section 2.1.5, a hull form description (hull forms dimensions, AP, FP, C,) is done.
2.1.1 Hull form

Hull form is the form of the ship’s body. The hull form is represented by hull
lines (Figure 1): body plan (transverse sections), buttock lines (longitudinal sections)

and waterlines (horizontal sections). The fore part of the hull is called bow, shown in

the figure.
Figure 1 — Hull Lines
Body Plan
(Transverse
Buttock Lines (Longitudinal sections) sections)

Waterlines (Horizontal sections)

Source: RESEARCHGATE (2009). Adapted.
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2.1.2 Full ship

Full ship is a low-speed ship, with a full-bodied form and Froude number
around 0.15 (Froude number will be explained in 2.3.1), such as bulk carriers and oll
tankers. Figure 2 shows an example of full ship, a bulk carrier. The bow is shown in
the figure. The lines of full load condition and ballast condition (the present condition)
are also shown. The full load condition is that of the fully loaded ship. The ballast
condition is that of the unloaded ship, where only the ballast tanks are filled with

water to provide the ship enough stability.

Figure 2 — An example of full ship.

RO

| < O

VI Lwt
E, =0.15
Ly, =235.0m
V=72m/s
=14 knot
=26 km/h

Source: WORLDCOAL (2014). Adapted.

2.1.3 Fine ship

Fine ship is a high-speed ship, with a fine form and Froude number larger than
0.20, such as container ships and pure car carriers. Figure 3 shows an example of
fine ship, a container ship. The bow is shown in the figure. The lines of full load

condition and ballast condition (the present condition) are also shown.
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Figure 3 — An example of fine ship.

Ly =336.0 m

V=129 m/s
=25.0 knot
=46.3 km/h

Source: SEATRADE MARITIME (2013). Adapted.

2.1.4 CWC

A CWC - circulating water channel — is shown in Figure 4. It is a device that
has a channel, which is filled with water, and an impeller in it circulates the water
(Figure 4). It has an observation section (Figure 4), where some object is set and the
flow around the object can be observed, or, the resistance of the object can be

measured. CWC can be used for resistance test with a model ship.
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Figure 4 - CWC

Observation section

-

Impeller

Source: FEL (2015), adapted.

2.1.5 Hull form description

Figure 5 shows important hull dimensions. B is the breadth molded. d draft
molded. dy fore draft. d, aft draft. L,, length between perpendiculars
(perpendiculars: AP — aft perpendicular, on the center of the rudder shaft; FP — fore
perpendicular, on the cross point of LWL (load waterline) and bow profile). Ly,; length
on the waterline. L4 length overall.

Figure 6 shows the definition of C,, the block coefficient. C;, expresses how
much of the volume of a box with dimensions L, - B - d is occupied by the hull form.
The closest to 1, the fuller is the ship. That is, C;, expresses the fullness of a ship’s

hull form.
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Figure 5 — Hull dimensions

LWL o
= 7 / d
% 7
B
AP FP
JE—
: 7 v LWL
da % df -
Lpp
LWL
Loa
Source: MAN DIESEL & TURBO (2011).
Figure 6 — Definition of C,
c \Y
b N Lpp B d |
I\
~ & d
Waterline plane - H
== v- - _ — ~
=
=><_ g LwL
B

Source: MAN DIESEL & TURBO (2011).
2.2 RESISTANCE
Daily experience shows that it is necessary to put force on a solid so that it

moves at a certain speed in the fluid medium: that is, when moving in this medium,

the solid feels resistance. The intuitive concept of resistance probably came into
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existence as soon as it was built. Builders, since antiquity, found that certain forms
were more favorable to navigation than others, although they did not know how to
explain the reason (LAP, 1958).

Over thousands of years, shipbuilding had been developing quite slowly. One
could experiment with full-scale ships without much concern. With the Industrial
Revolution, the daily life of the Western World began to demand rapidity in several
areas, and the naval sector was not left out. The use of propellers and steel allowed
the construction of new types of ships, with higher speeds and larger sizes (and also
more expensive), with which the designers had no experience (LAP, 1958).

After several attempts at construction, some forms did not permit the design
speed to be reached at installed main engine horsepower, and in other cases, a
speed can be achieved in a fraction of the installed main engine horsepower. This
motivated the development of a method that allows determining beforehand the main
engine horsepower that a ship should have to reach a certain speed (LAP, 1958).

In the course of the 19th century, then, many notable scientists turned their
attention to this problem. In the search for solutions, many of them turned to the
preparation of model tests. It so happens that, at that time, there was a lack of
understanding of the physical phenomenon of flow in a moving ship, which meant
that model tests were discredited by the shipyards of the time. (LAP, 1958).

2.3 MODEL TESTS: RESISTANCE TEST

The resistance problem came to have its first solutions with the English naval
architect William Froude, the pioneer of experimental techniques for investigating hull
forms and propellers, after obtaining fundamental explanations of the phenomenon
discussed in the previous section. He obtained support from the British Admiralty
(institution that was formerly responsible for the British Royal Navy), which resulted in
the construction of the world's first towing tank for model experiment in Torquay,
around 1870. The method developed by W. Froude is still used today in model tests
(LAP, 1958).

One of the experiments done with models is called resistance test. If done in a
towing tank, the resistance test is as follows: a model is guided through the water
and along the tank with the help of a towing cart or a long wire. The force required to
move the model at a certain speed is measured. If done in a CWC, the model ship is

set in water flow with a certain speed and the force with which the model ship is
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pushed by the water flow is measured. From the measurements at resistance test,
with the aid of the method proposed by Froude, it is possible to calculate the
resistance of the full-scale ship corresponding to the model ship tested (LAP, 1958).
A perhaps more important fact about model tests is the possibility of making
comparative tests with different models designed for the same ship. This makes it
possible for designers, using the method developed by Froude, to test various

models until reaching the form that best meets the resistance criteria (LAP, 1958).
2.3.1 Froude number

W. Froude found that the resistance depends on the hull form, the speed and

the properties of the fluid, as expressed in equation (1) (LAP, 1958).

B V. pVL
R = f| hull form, —,— (2)

Jo' v

Where V is the ship speed, p is the specific density, v is the viscosity, g is the

gravitacional acceleration, and L is the waterline length of a ship.
The parameter pTVL is the Reynolds number, which represents the ratio
between the inertial force of the water and the frictional force.

The parameter% is the Froude number, which represents the ratio between

N

the inertial force of the water and the gravitational force to the water.
Usually, Froude number is based on L,,,. So, we use Froude number as

equation (2):

F, = (2)

2.3.2 Froude’s law of similarity

The Reynolds number decides the frictional coefficient Cr. In a model test, the

Reynolds number is different between the model ship and full-scale ship. So, to
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estimate the frictional resistance of the full-scale ship, C; of a flat plate is used (and a
correction factor AC; got from sea trial results).

However, in a model test, the model ship speed is set so that its Froude
number is same as that of full-scale ship because, at the same Froude number, the
wave by a model ship becomes similar to that of its full-scale ship. So, the wave-
making resistance coefficient is also same between the model ship and full-scale
ship. This is called Froude’s law of similarity and is the reason why model ships can

be used for a test.
2.4 TYPES OF RESISTANCE

Resistance has three components: frictional resistance (Ry), form resistance

(Ry), and wave-making resistance (R,,). The total resistance (R;) is the sum of the

components, as shown in equation (3).
R =Ry +Ry +R, (3)
A resistance component R can be non-dimensionalized by pV?/3V2:

R R R R
pV2/3V2 ’ f pV2/3V2 ’ f pV2/3V2 ’ w pV2/3V2

Tt
Where 1, is the total resistance coefficient, 7y is the frictional resistance
coefficient, r,, is the wave-making resistance coefficient, and k is the form factor. p is
the water density, V is the displacement volume, and V is the speed.
Writing equation (1) in terms of the resistance coefficients and the form factor
k, we have:

nn=rr+k-r+m7,

nn=>0+Kr+r, 4)
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2.5 WAVE-MAKING RESISTANCE

For bodies completely immersed in a fluid, such as an airplane moving in the
air or a submarine moving in the water, only the frictional resistance and the form
resistance are present. However, a ship moves between the boundary of the two
fluids, air and water. Since the density of water is about 800 times larger than that of
air, as the ship moves on the boundary, the boundary moves up and down. This
movement of the boundary is wave made by the ship. To make the wave, the ship
loses energy to the water. The ship feels the energy loss as a force from the water.
This is wave-making resistance.

Therefore, the total resistance of a ship has the three components: frictional
resistance, form resistance, and wave-making resistance. Figure 7 shows the

resistance components of an airplane, a submarine, and a ship.

Figure 7 — Resistance components of an airplane, a submarine, and a ship.

air % J resistance = frictional+form

‘/E’_‘Qj;? ANV resistance = frictional + form + wave-making

water

/&—,g resistance = frictional+form
/
Source: The Author (2019)..

Lord Kelvin is credited with the first considerations regarding the ship's wave
system. He observed that for a pressure point moving at a uniform speed, in a
straight line, on the water surface, waves generated by the point combined to form a
specific pattern. This pattern consists of a system of transverse waves following
behind the point, along with a series of divergent waves radiated from the point. The
complete system is limited by two straight lines that start from the point and make an
angle of 19°28'on each side of the movement line, as shown in Figure 8 (VAN
MANEN, 1988).
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Figure 8 — Kelvin’s wave pattern

Wave crest

Wave trough

19028’

Moving pressure point

Source: VAN MANEN (1988, p. 16).

The Kelvin’s wave pattern illustrates and explains many of the characteristics

of a ship's wave system (see Figure 9). (VAN MANEN, 1988).

Figure 9 — Ship’s wave pattern

Source: MFAME TEAM (2016).
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2.6 THE LINEAR WAVE-MAKING RESISTANCE THEORY

The design of the hull form became, after Froude, very dependent on model
tests. Even though it is not possible to get rid of model test to use only a theoretical
method, theoretical treatments can provide valuable information regarding the
phenomenon. The combination of a theoretical approach with purely empirical
investigations can guide the designer towards the optimization of his project (LAP,
1958).

The linear wave-making resistance theory was first formulated by Michell
(MICHELL, 1898) and was developed by authors such as Havelock and Lunde
(HAVELOCK, 1932, 1934, 1924; LUNDE, 1951). It has great utility in the design of
thin ships with a higher Froude number, in which the wave-making resistance
represents the largest portion of the total resistance (YAMANO, 2018).

At the forefront of the hull form design is Computational Fluid Dynamics
(CFD). CFD directly solves the equations of motion of a fluid (Euler or Navier-Stokes
equation) through numerical realization. Nonlinear factors are even taken into
account, which allows obtaining more accurate data than a linear approach, such as
the linear wave-making resistance theory (YAMANO, 2018).

Despite the advantage of precision, CFD is not a theory, but a numerical
method and, therefore, does not, in itself, present the relation between results (for
instance, resistance) and input parameters (for instance, hull form). Thus, CFD can
be considered a method similar to model tests, which provides an accurate result,
without, however, explaining the relation between hull form and resistance
(YAMANO, 2018).

The linear wave-making resistance theory, on the other hand, although it does
not provide results as accurate as CFD, shows the relation between hull form and
wave-making resistance, which is quite useful to assist in the design (YAMANO,
2018).

2.6.1 Equations to calculate wave-making resistance

The wave-making resistance, according to the linear wave-making resistance
theory, can be calculated by equation (5) (HAVELOCK, 1934):



38

/2
R = V2 [ [520) + C2(@)] cos? 0.6 ®)
0

In equation (5), R,, [kgf] is the wave-making resistance; V [m/s] is the ship
speed; p [kgf s?/m#] is the water density; S(8) and C(8) are called amplitude function
of, respectively, a sine elementary wave and a cosine elementary wave, advancing in

the direction 6 (see Figure 10).

Figure 10 — Coordinate system
Z
| 0

G

—=>
Vv

Source: The Author (2019).

The linear wave-making resistance theory is based on a principle in which the
ship wave can be expressed with the superposition of innumerable elementary
waves (two-dimensional waves) advancing to the direction 8 from —m/2 to /2.

According to the linear wave-making resistance theory, for a coordinate
system as in Figure 10, the functions S(68) and €(6) can be calculated by equation
(6) (HAVELOCK, 1934):

X2 Z2

cOn_4x L. 2y sec? §€OS
5(6)}_ 7 sec’ 6 JJa(x,z)e sin()(xsece)dzdx

X1 Z1

(6)
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In equation (6), y = g/V?%, where g is the gravitaty acceleration; o(x,z) is
called singularity distribution density. The singularity distribution is a distribution of

sources and/or sinks, over a plane, a line or a point, that represents a hull form.
2.6.2 Representation of a hull form with singularities

The relation between hull form and singularity distribution density o(x,z) in
equation (6) can be expressed according to the next two points (YAMANO, 2018):

a) main hull: singularity density with distribution given by equation (7):

_ V oy(x,z)

o(x2) = 2 Ox (7)

Where:

vy(x, z): main hull half-breadth as a function of x and z

b) bulbous bow: for the following three cases:
(i) Stem with breadth 2b, in Figure 11 (i), at x = x,: line source with density

given by equation (8).

4 b
2w ¢ (8)

U(xe: Z) =
(i) Bulb similar to a longitudinal cylinder with radius r; and rounded head in

Figure 11 (ii), at x = x5, z = z,: point source with density given by equation (9).

|74
O_(xs» Zs) == 7:?2

4 9)

(i) Bulb similar to a ball with radius r;, (Figure 11 (iii))) at x = x;,, z = z,:

doublet with density given by equation (10):

%4
3
o(xy,z,) ==
(xp, Zp) > T (10)
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Figure 11 — Relations of singularity density for bulbous bow

PP —\Zb —>V
T2
T| *

P(

»
Ttz

Source: YAMANO (2018). Adapted.

2.6.3 Effect of immersion in wave-making resistance

In equation (6), the term eZxsec®® shows the effect of immersion. In the

resistance equation (5), this term becomes e22xse<* ¢ For example, consider a ship at
draft of d = 11m, V"= 25 knots (V = 12.86m/s). For these values, with gravity
acceleration g = 9.8 m/s? and § = 0, y = g/V? = 0.05926. The graph in Figure 12
shows that the effect on load waterline (LWL, z = 0), which is the largest, drops to
approximately half at z = % (—d) and to about 1/3 at the bottom (z = — d) (YAMANO,
2018).

Figure 12 — Effect of immersion in wave-making resistance

eZzX sec2@
0.0 0.5 1.0
LWL 0
zZ .5 //

/
10 /

/

BL

Source: The Author (2019).
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3 METHODOLOGY

The methodologies of “Study 1” and “Study 2” are described in this chapter, in
sections 3.1 and 3.2, respectivelly.

3.1 FOR“STUDY 1”

In this section, the methodology of “Study 1” is presented. In 3.1.1, the base
data adopted for “Study 1” is presented. In 3.1.2, the form to express wave-making
resistance in “Study 1” and the reason for using such a form are explained. In 3.1.3,
the theory used to analyze the data in “Study 1”7 is presented.

In “Study 17, first, a preliminary study was conducted. In 3.1.4, the
methodology of the preliminary study is presented. Then, a detailed study was

conducted. In 3.1.5, the methodology of the detailed study is presented.
3.1.1 Base data

As the base data for the “Study 1”, we adopted the results of resistance test by
Yamano (1994), with a 7m-long model ship of a Panamax bulk carrier (Ship ISNI) in a
towing tank with length 200m, breadth 13m, and water depth 6.5m. The characteristic
point of the data is that the resistance test was conducted at as many as 21 drafts
from a shallow draft (d; = 2.68 m) to an over-full draft (d; = 14.66 m). With the
change of draft, the waterline form at water surface, which is the most important hull
parameter for wave-making resistance, changes. Therefore, despite the data are
those of only a ship, the value of the resistance test data for our present study is

almost equivalent to that of resistance test results on 21 different bow forms.

. . . . R
3.1.2 Expression of wave-making resistance in the form p‘;’;
s¥s

The displacement volumes at 21 drafts vary widely from the smallest one
0.34Vp,; to the largest one 1.20V,;;. However, the hull form parameter that is most

important for wave-making resistance is not V but the waterline form on the water

surface. Therefore, the form r,, = % is not preferable for us to compare wave-
making resistance at a draft to those at other drafts. So, we use the form ;V;SZ, which

is proportional to R,,; at a ship speed.
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3.1.3 Linear wave-making resistance theory

As the method to describe the relation between bow form and wave-making
resistance, we use the linear wave-making resistance theory. The application of the
linear theory to a full ship might cause lower quantitative accuracy. However, the
theory has a merit that it not only gives us the calculation result but also it explains
the relation between input data (bow form) for calculation and calculation result. This

is the reason why we use the linear theory.
3.1.4 Preliminary study

In a preliminary study, using the base data described in 3.1.1 and the theory in
3.1.3, we clarified the relation between bow form and wave-making resistance,
concluding that wave-making resistance is strongly related with the far fore end of the

bow, from fore end to 0.5% L, aft. The means by which we could get such a result is

described in 3.1.4.1. The way of the analysis is presented in 3.1.4.2.
3.1.4.1 Means for analysis

As a means to analyze the base data described in 3.1.1 in the preliminary
study, we developed an algorithm using the software Octave GNU to calculate wave-
making resistance by a bow based on the linear wave-making resistance theory. One
of the characteristics of the developed algorithm is that a bow form, input data for the
algorithm to calculate wave-making resistance, is divided draft-wise into many units.
Each unit has an upper side waterline and lower side one. These waterlines are
approximated with polynomials for calculation. Each transverse section of the unit
has a form of trapezoid. We can select the draft-wise depth of each unit and number
of the units between BL and water surface according to the form of a transverse
section or the profile of the bow. With such an algorithm, we can input the details of

the bow form to calculate its wave-making resistance.
3.1.4.2 Analysis

We analyze the base data described in 3.1.1 using the algorithm developed in
3.1.4.1 from the viewpoints of 1) clarifying the relation between a bow form of a full
ship and its wave-making resistance and 2) clarifying the most important part of a

bow for its wave-making resistance.
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3.1.5 Detailed study

Based on the results of the “Preliminary study” described in 3.1.4, we further
studied in order to find the bow form parameters which are most strongly related with
wave-making resistance. As a result, we find such bow form parameters (3.1.5.1),
derive an equation to estimate the wave-making resistance of a full ship (3.1.5.2),
apply the derived equation to design new bow forms and estimate their wave-making
resistance (3.1.5.3), confirm the usefulness of the equation by model test of the
design new bow forms (3.1.5.4), and, finally, develop a bow form design method for a
full ship (3.1.5.5).

3.1.5.1 Investigation of bow form parameters

We use the base data described in 3.1.1 and the theory in 3.1.3 to investigate

the effect of the bow form parameters “b,”, “i,” and “i,” on wave-making resistance of

a full ship.

3.1.5.2 Derivation of an equation to estimate wave-making resistance of the subject
ship

Through the findings of the investigation described above, we derive an
equation to estimate the wave-making resistance of a full ship, at any draft, at any

Froude number E,.
3.1.5.3 Application of the derived equation to bow form design

For reducing the larger wave-making resistance at Ballast condition of the
subject ship (Ship ISNI), from the original bow form of Ship ISNI (which we call bow
form “O”, original), we design modified bow forms “M1” and “M2”. Then, we estimate
the reduction of wave-making resistance by the designed modified bow forms “M1”
and “M2” and estimate their wave-making resistance using the equation we derived,

described above.
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3.1.5.4 Confirmation of the derived equation by model test

We conduct resistance test by using 2m-long model ships of the three bow
models: “O”, “M1” and “M2”, in order to confirm the EHP reduction by the modified

bow forms “M1” and “M2”, which are designed as described above.
3.1.5.5 Development of a bow form design method for a full ship

Based on the procedures above, we derive a practical bow form design
method for a full ship which we can apply to any bow form including that of such a

very full ship as with ¢, of around 0.9, with design Froude number E, below 0.17.
3.2 FOR STUDY 2

In this section, the methodology of “Study 2” is presented.
3.2.1 Base findings of the new resistance test method

Two findings support the new resistance test method (we call “Finding 1” and
‘Finding 2”). “Finding 1” is that of the results of my undergraduate thesis and other
works by Yamano: that most of the wave-making resistance is generated by the bow
(YAMANO et al., 1996, 1997; FABRICIO FILHO et al., 2018, 2019a). “Finding 2” is
that most of the wave-making resistance by the bow is due to wave-breaking near
the bow (YAMANO et al, 1996, 1997).

We confirm the reliability of the undergraduate thesis result by:

1) additional theoretical analysis: We try to clarify the relation between hull
form and wave-making resistance by analyzing a 354,000ft® refrigerated cargo ship
(a fine ship). The linear wave-making resistance theory (Havelock, 1924; 1932) is
used for the analysis. Using the linear theory, we can understand how each part of
the forebody of the refrigerated cargo ship affects the wave-making resistance. In our
previous study (Fabricio Filho et al., 2018), calculations are made for the overall
forebody. In our present study, calculations are made only for the bow. Both results
are compared and discussed.

2) discussion with related other model test results: We have searched for other
model test results which we can use to confirm our previous study result and found
the paper written by Yamano et al. (1996). It has two model test results which are

useful for us to discuss our previous study result.
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3.2.2 The new resistance test method

We propose the new resistance test method for a fine ship in a CWC to solve
the current issue of low accuracy in resistance measurement and model manufacture
present in the traditional resistance test method in a smaller CWC due to smaller
scale model ship. We design models according to our developed new resistance test
method and design a connection system to connect the models to the measuring
apparatus of UFPE’s CWC.

3.2.3 Study of manufacture of a model for the test in a CWC

In our university, there was no experience of manufacture of a model for a test
in a CWC. Further, we found some difficulties in asking the manufacture to some
makers around us, even to those who work with 3D Print or NC Cutting. In such a
condition, the best and most practical way we should take to achieve our objective is
to manufacture the model by ourselves first. The reason is that through our
manufacturing the model, we can find the issues in the manufacture and they can be
studied the ways how to solve them. So, we design and manufacture a partial model
for atestin a CWC.
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4 DEVELOPMENT OF A BOW FORM DESIGN METHOD FOR A FULL SHIP

The study reported in this chapter is designated “Study 1”. Here, we report the
development of a bow form design method for a full ship, which can be applied to any
bow form. In section 4.1, the background necessary to understand “Study 17 is
reported. In section 4.1.3, the base data for “Study 1” — the results of resistance test
with a 7m-long model of a Panamax bulk carrier (Ship ISNI) is reported. In section
4.3, the results of resistance test by Yamano (1994) are directly compared with the
bow form. In section 4.4, the theoretical analysis through which the study was
conducted is reported. In section 4.5, the investigation of important bow parameters
and the derivation of an equation to estimate the wave-making resistance of a full
ship is reported. In section 4.6, the design of new bow forms to reduce wave-making
resistance at ballast condition of Ship ISNI using the derived equation is reported. In
section 4.7, the resistance tests of the designed bow forms conducted with 2m-long
models to confirm the usefulness of the derived equation is reported. In section 4.8,
the discussion of the results of “Study 1”7 is reported. In section 4.9, the developed
design bow form method is stated.

41 BACKGROUND

This section presents a background of “Study 1”7. In 4.1.1, a review of the
studies on bow form design of a full ship is presented. In 4.1.3, the importance of
wave-making resistance for a full ship is discussed. In 4.1.2, the outline of “Study 1”
is presented.

4.1.1 Review of the studies on bow form design of a full ship

In the following: 4.1.1.1 studies on the flow around a bow, 4.1.1.2 studies on

bow form design, 4.1.1.3 the remaining issues on bow form design.
4.1.1.1 Studies on the flow around a bow

As characteristics of the flow around the bow of a full ship, Taneda (1975)
found that wave-breaking occurs there. The wave-breaking is important for the ship’s
resistance because it accompanies larger momentum loss. Takekuma and Kayo
(1981) pointed out that the flow speed at the water surface just before a bow largely

influences the wave-breaking. Baba (1969) pointed out that the bulbous bow has an
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effect of reducing bow wave-breaking of a full ship. Ueura, Hino and Suzuki (2014)
studied CFD application to a full ship with ¢, = 0.95, L/B = 5 and F, = 0.1 and
pointed that, in order to get correct results from CFD application to such a full ship, it

is essential to establish a model for wave-breaking.
4.1.1.2 Studies on bow form design

If L,, is required to keep a given value, a protruding bulbous bow is an
effective method to reduce wave-making resistance of a full ship. Inui (1962)
proposed a theoretical bulbous bow design method where the bulb size and position
are selected so that amplitude functions of elementary waves due to a bulb well
cancel those of the bow. The method was applied to a fast and fine passenger ship
and was proved effective by a full-scale ship sea trial by Shigemitsu and Kai (1961).
Kracht (1978) proposed a practical design method of a bulbous bow. It was derived
as a result of analysis of many model test results. It selects the main parameters of a
bulbous bow. Yamano (1995) pointed out that the load waterline fore end form is
especially important for wave-making resistance and its importance increases with
the decrease of E,. Sharma and Sha (2005) proposed a practical and hydrodynamic
bulbous bow design method based on both theory and model test data. Their basic
idea was that, even if CFD is used for the optimization of a bulbous bow, its start
point affects its goal. Therefore, its start point is important, and his proposed method
is for the design of the start point. However, these methods are for a fine ship with
Froude number higher than about 0.2. Similar bulbous bow or stem design methods
for a full ship with F, of around 0.15 have not been proposed yet. On the other hand,
many model tests on bulbous bow for a full ship including cylindrical bow, for
example by Muntjewerf (1967), have been conducted.

If L, is required to keep a given value, we can take other method to reduce
wave-making resistance of a full ship. Ebira, lwasaki and Komura (2004), to reduce
the wave-making resistance of an LPG carrier where the necessary minimum hull
breadth at the bottom fore end corner of the fore-most LPG tank was always a great
restriction against hull form design, extended the fore end of every waterline to the

fore end of L,, and reduced wave-making resistance by 6% of total resistance.
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4.1.1.3 Remaining issues

First one is the method how to design a bulbous bow that is effective at both
conditions of Full load and Ballast, for the ships that run at Ballast condition for out-
bound and at Full load condition for return. Second is the bow form design method
which we can apply even for a very full ship whose ¢, is increasing up to around 0.9.
Third is the method which we can apply to any bow form, with a bulbous bow or

straight vertical stem.
4.1.2 Importance of wave-making resistance for a full ship

The importance of wave-making resistance is presented in the following by
discussing the results of the resistance test with a 7m-long model of Ship ISNI, by
Yamano (1994). In 4.1.2.1, the components of the full-scale resistance for a full ship
(using Ship ISNI) are presented. In 4.1.2.2, it is presented what surprised us much by
looking at the results of wave-making resistance on a full ship (using Ship ISNI) that
motivated us to conduct this study.

4.1.2.1 Components of the full-scale resistance

From the adopted base data: results of resistance test with a 7m-long model of
Ship ISNI, by Yamano (1994), the full-scale resistance was estimated by using the
friction correction ACy shown in Table 1. The AC;: at other conditions were
interpolated or extrapolated from the values at the two conditions on the assumption

that ACy linearly changes with 4/4g,;.

Table 1 — AC; used for estimation of full-scale resistance

Condition AfApyy  ACy- 103
Full 1 0.13
Ballast 0.424 0.28

Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

The comparison of the amount of the three components of the full-scale

resistance — frictional resistance, form resistance, and wave-making resistance — at

RVS

E, = 0.15, in the forms pR’;SZ,

sVs psVsz’

and ;‘;SZ, respectively, is shown in Figure 13.

At the Design (Full load) condition of d,/df = 12.4m/12.4m, the ratio

between the wave-making resistance R,,; and the total resistance R, is 6.3 %. On



49

the other hand, the same ratio is 12.9% at the Ballast condition of d,/d; =
6.5m/4.69 m. This data shows that, at Ballast condition, there is still room for

improvement of propulsive performance by reducing the wave-making resistance.

Figure 13 — Comparison of amount of three components of full-scale resistance at £,=0.15 (7m-long
model ship, tested by Yamano (1994)).
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Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

4.1.2.2 What surprised us much

From the results got by Yamano (1994), the wave-making resistance
measured in the resistance test with a 7m-long model of Ship ISNI is correlated with
the fore draft d; in Figure 14.

We were much surprised at Figure 14 in the point that R,,; at Ballast condition
is about 1.5 times larger than that at Full condition, because we know that the hull at
Ballast condition (0.424 Ag,;;) is finer than that at Full load condition.

Then we had the following question and issue:

Why is the resistance at Ballast condition so large?

There is room to reduce wave-making resistance at Ballast condition. How can

we reduce it?
These are our motivation for the present study.



50

Figure 14 — d; — R, /psVi% at E, = 0.15 (7m-long model ship, tested by Yamano (1994))
f
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Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

4.1.3 Outline of “Study 1”

We start by clarifying the relation between bow form and wave-making
resistance. For doing that, we apply the linear wave-making resistance theory to the
results got by Yamano (1994), of resistance tests at 21 drafts with a 7m-long model
of a Panamax bulk carrier Ship ISNI. As a result, in a preliminary study, we find that
wave-making resistance is strongly related with the far fore end of the bow, from fore
end to 0.5% L,, aft. In a detailed study, we clarify the bow form parameters which
are most strongly related with wave-making resistance. Using the bow form
parameters, we derive an equation to estimate the wave-making resistance of a full
ship, at any draft, at any F,. Then, we confirm the equation by model test with 2m-
long models. Finally, using the equation, we derive a bow form design method for a
full ship.

4.2 BASE DATA

This section presents the base data adopted for the “Study 1”: the results of
the resistance test by Yamano (1994), with a 7m-long model ship of a Panamax bulk
carrier (Ship ISNI) in a towing tank with length 200m, breadth 13m, and water depth
6.5m. In 4.2.1, the principal particulars of Ship ISNI are presented. In 4.2.2, the



51

results of the resistance test by Yamano (1994) are presented in a table. In 4.2.3, the

check of the results of the resistance test by Yamano (1994) is reported.
4.2.1 Principal particulars of the subject ship

The principal particulars of the subject ship, a Panamax bulk carrier — Ship
ISNI, are shown in Table 2 in full-scale. The size of the model ship used by Yamano
(1994) for the resistance tests is Ly, = 7.120 m (scale = 1/29.78).

Table 2 — Principal particulars of tested ship

Ship Unit ISNI
Liwe m 2155
Lyp m 212.0
B m 32.2
d m 124
L/B - 6.584
B/d - 2.597
Cp - 0.823
Loy %L, -2.5

Source: YAMANO (1994).

4.2.2 Resistance test results on a 7m-long model of Panamax bulk carrier
Ship ISNI by Yamano (1994)

The results of resistance test at 21 drafts with a 7m-long model of Ship ISNI by

Yamano (1994) are shown below in Table 3.

Table 3 — Results of resistance test with a 7m-long model of Ship ISNI tested by Yamano (1994)

" d d d trim b i i Ty k
CONamOn  (m)  (m) (m) (L) (m) (deqy @eqy 4@ K W1 Tan
OF1* 14.66 14.66 14.66 0 158 32 -24 85715 0.3009 0.6107 1.168 5.350
OF2* 13.53 13.53 13.53 0 127 365 -13 78574 0.2703 0.5518 0.9958 4.600
3A 14.47 12.35 10.23 2 0.62 33,5 325 71437 0.3100 0.1200 0.2032 5.039
3B 13.44 12.38 11.32 1 0.74 37.8 17 71436 0.2800 0.2200 0.3726 4.550
3C*(Full) 124 124 124 0 1 378 0 71432 0.2500 0.4200 0.7113 4.062
3D 11.36 12.42 13.48 -1 1.27 36.5 -12.5 71428 0.2500 0.5700 0.9652 4.062
3E 10.3 1242 1454 -2 157 328 -23 71431 0.2500 0.6300 1.067 4.065
4* 11.26 11.26 11.26 0 0.75 37.8 17.8 64291 0.2354 0.4175 0.6590 3.640
5A 11.62 95 7.38 2 0.78 14.1 515 53533 0.2700 0.4400 0.6148 3.851
5B 10.59 953 8.47 1 0.62 20.2 525 53673 0.2450 0.4330 0.6060 3.500
5C* (Half) 9.55 9.55 9.55 0 06 28 40 53784 0.2450 0.3800 0.5326 3.504
5D 8.43 9.49 1055 -1 0.66 35.7 27 53578 0.2450 0.4000 0.5592 3.470
6A 99 778 5.66 2 148 7.4 12 42928 0.3050 0.7300 0.8804 3.974
6B 882 776 6.7 1 1 102 40 42904 0.2850 0.5900 0.7113 3.697
6C* 772 172 1.72 0 0.68 15.8 53.5 42889 0.2650 0.4900 0.5906 3.416
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6D 6.6 7.66 8.72 -1 0.6 21.8 515 42847 0.2623 0.4460 0.5372 3.400
7A 8.7 6.58 4.46 2 166 6.9 0 35734 0.3150 1.070 1.142 3.809
7B 76 654 548 1 153 7.2 7 35730 0.3100 1.070 1.142 3.744
7C* 6.51 6.51 6.51 0 1.08 9.4 36 35871 0.2850 0.7500 0.8024 3.459
8(Ballast) 6.5 56 469 085 165 6.9 0 30299 0.3100 1.300 1.243 3.545
9 6.5 594 537 053 157 7.2 3 32351 0.3100 1.120 1.119 3.626
10 6.5 526 402 117 16 7 0 28288 0.3100 1.350 1.233 3.460
11 65 459 268 180 14 7.6 -26 24261 0.3351 0.9864 0.8132 3.564

Source: YAMANO, T. (1994).
Remarks:
1. Mark *: even keel
2. Model basin: L = 200 m, B = 13 m, water depth = 6.5 m; Model ship: L,,,, = 7.120 m (scale =
1/29.78).
Water temperature at resistance tests: 16 °C.

Test results: k (form factor), r,, (wave-making resistance coefficient) at F,, = 0.15.

2/3_ Ry
Tw VS _PsVs2

. L w2/3_ Rv) Tfm
k rfm VS _(P5V52 (Tfs>

4.2.3 Check of the resistance test results

o row

o

In the analysis of the resistance test results, the value of the form factor k =

Rym/Rsm is first decided and then the wave-making resistance coefficient ,, = pvj—gvvz
is derived using the value of the form factor k. The value of the wave-making
resistance coefficient r, is correlated with the value of the form factor k. So, the

check of RLVSZ =Ty fo was conducted with the check of k - 75, - 17,125/3 = (ﬂ) (Tf—m>

psVs psVé) \ rgs
at the same time.
The wave-making resistance is estimated to be largely related to the bow
form, and the form factor, to the aft body. Based on such consideration, the wave-

making resistance in the form 7, - |752/3 = R,s/psVi¢ at E, = 0.15 at 21 drafts is plotted

on a graph with abscissa of the fore draft d in Figure 15 and the form resistance in

the form k- g, - 722 = (%) (77’") on a graph with abscissa of the aft draft d,, in

Figure 16.

From Figure 15, we know that, except for two points 3A and 3B, most data are
on a trend line. Regarding these two points, we could not find the reason for such a
large deviation. So, we put them out of our discussion.

From Figure 16, we know that the data at even keel drafts are on a trend line.

The knuckle of the trend line at d, = 11m coincides with the bottom of the aft end of

the hull lines. The rapid increase of k - 7, - |7,52/3 with the increase of d, in the d,
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range deeper than 11m is estimated due to the increase of the dead-water after the
stern end. The deviation of other points from the trend line for even keel drafts can be
explained as the effect of trim as follows: from the data at a trimmed condition in the
d, range shallower than 11m, we could derive the trend lines for +2% trim and £1%
trim. The trend lines for trimmed conditions also must have knuckles at d, = 11m.
They are shown in Figure 16. Trim effect derived from these lines at d, = 6.5m, 9m
and 11m is shown in Figure 17. In the d, range deeper than 11 m, the number of
trimmed condition data is too small for us to derive the trend lines for +2% trim and
+1% trim.

Only the % at conditions 3A and 3B largely deviates from the others. So,

from the above discussion, we concluded that the RV;SZ data at 21 conditions besides

PsVs

3A and 3B are reliable and can be used for our analysis.

Figure 15 — Correlation of wave-making resistance at F, = 0.15 with fore draft d; (7m-long model ship,
tested by Yamano (1994)).
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Figure 16 — Correlation of form resistance with aft draft d, (7m-long model ship, tested by Yamano
(1994)).
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Figure 17 — Correlation of form resistance with trim (7m-long model ship, tested by Yamano (1994)).
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4.3 DIRECT COMPARISON OF THE RESISTANCE TEST RESULTS BY
YAMANO (1994) WITH THE BOW FORM

In Figure 18, the wave-making resistance measured at F, = 0.15 obtained by
the resistance test results of a 7m-long model of Ship ISNI (Yamano, 1994) is directly
compared with the bow fore end form.

Figure 18 — Direct comparison of wave-making resistance at F,=0.15 and bow fore end form (7m-long
model ship, tested by Yamano (1994))
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The points of the measured wave-making resistance —% =7 = are almost on a line.

PsVs

This seems to show that the wave-making resistance is almost decided by the form

of bow fore end.

The measured wave-making resistance =¥ IR = curve has a peak near the Ballast
Ps

N

condition (df = 4.69 m) and a bottom around d; = 10 m. After the bottom, the wave-

making resistance ~% v increases with the increase of fore draft d;.
Ps

N
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. . R .
When we compare the wave-making resistance p—‘gsz curve with the bow fore
svs

end form — the curves of the imaginary half breadth of the waterline fore end and

waterline entrance half-angle — shown in Figure 18, we can estimate that:

a) The peak of the wave-making resistance % curve near the Ballast

condition seems to be caused by the largest imaginary half breadth of waterline fore

end.

R
~% curve around dy = 10m

b) The bottom of the wave-making resistance 7
svs

seems to be caused by the smallest imaginary half breadth of the waterline fore end.

RWS

oz curve over df =10m
sVs

c) The increase of the wave-making resistance

seems to be caused by the increase of the imaginary half breadth and also the

entrance angle of the waterline fore end.
4.4 THEORETICAL ANALYSIS OF THE WAVE-MAKING RESISTANCE

This section reports the theoretical analysis of wave-making resistance
conducted in the preliminary study of “Study 1”. In 4.4.1, the fundamentals of the
theoretical analysis. In 4.4.2, the calculation procedures. In 4.4.3, the calculation
results for the preliminary study. In 4.4.4, a discussion of the results of the preliminary
study. In 4.4.5, implications of the results of preliminary study.

4.4.1 Fundamentals of the theoretical analysis of preliminary study

In 4.4.1.1, the used coordinate system is presented. In 4.4.1.2, the equations
used to calculate wave-making resistance are presented. In 4.4.1.3, the

representation of the hull form with singularities is presented.
4.4.1.1 Coordinate system

The used coordinate system “xyz, 8” is shown in Figure 19. The origin is at the
FP section plane, hull centerline plane and water surface plane; the x-axis is on the
intersection of the hull centerline plane with the water surface plane, and points to the
aft of the ship; the y-axis, on the intersection of the FP section plane with the water
surface plane, and points to the starboard direction; and the z-axis, on the

intersection of the FP section plane with the hull centerline plane, and points to the
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upward direction. We consider a uniform flow with speed V towards the positive

direction of the x-axis.

Figure 19 — Coordinate system xyz, 6.

| 3 waterline

plane

-

hull centerline
plane

g:ection plane
Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

4.4.1.2 Equations to calculate wave-making resistance

The wave-making resistance, according to the linear wave-making resistance
theory, can be calculated by equations (5) and (6) (HAVELOCK, 1934):

/2
R,, = mpV? f [S2(08) + C?(8)] cos® 6 do
0

®)
X2 Z2
4V y*
5533}: gX SeCBQ'f fG(x,z)ezxs“zei?;()(xsecH)dz dx (6)
X1 Z1

(Equations (5) and (6) are first presented in 2.6.2. For further explanation on

these equations, the reader may refer to section 2.6).
4.4.1.3 Representation of a hull form with singularities

The bow part of a hull consists of many waterlines, like the one shown in
Figure 20. We represent the bow part mathematically as follows (see Figure 20):
(a) Surface functions y(x, z), representing the side hull;

(b) Straight segments y(l¢(z), z), representing the imaginary fore end breadth.
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Figure 20 — Definition of waterline fore end.

AY
y=y(x2) /\y
y = (L) Z)T line source
= r(Z), K | .
p position
€ /\ >
es(2) = y( (2),2) /7| — X
7@ ep

Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

The singularity distribution for the above (a) is a source distribution on the hull
centerline plane (plane “xz”) with a density given by equation (7); for (b), a line
source located a little aft of the fore end (line x(z) = —ls(2) + &5,y(2) = 0) with a

density given by equation (11), where &,(z) = y(l¢(2), z)/m:

V dy(x,z)
ot = LG (7)
V
a(lf(z) + els,z) = %}’(lf(z)'z) (11)

(Equation (7) is first presented in 2.6.2. The reader may refer to there.

Equation (11) comes from equation (8) in 2.6.1).
4.4.2 Calculation procedures

In the following, the calculation procedures for the calculation as part of the
theoretical analysis of “Study 1” are presented.

4.4.2.1 Bow form to be discussed

For the longitudinal direction, we discuss the hull part fore from the SS 9 %
because we focus our attention on the bow. For draft-ward direction, we discuss the
hull part below 15WL, because the deepest draft the resistance test is conducted is
14.66m.
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4.4.2.2 How to calculate wave-making resistance from the bow form

(a) Mathematical representation of the hull form: First, we express the hull
form data in the non-dimensional coordinates ¢, nand {: ¢ =x/¢,n=y/b,{=1z/¢,
where ¢ = L,,,/2 . Second, we approximate the waterlines with third or fourth-order
polynomials n(¢). Third, if necessary, we interpolate a waterline at any draft using
three of the above-approximated waterlines near the draft.

(b) Division of the bow: to precisely take the bow form into the calculation, we
divide the bow draft-wise into small calculation units, as shown in Figure 21. The
interval between two waterlines 4z is changed from 0.25 m to 1 m according to the

bow form near the waterlines.

Figure 21 — Division of bow for calculation.

s 0.5% Ly,
N | N
12.4 WL (Full load) Az=1m
Az=0.5m
""""""""""""""""" Az=1m
Az=0.5m
R 1 JAz=0.25m
FP SS 9 3/4

Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

(c) Calculation of a divided unit: The section form of a divided unit between the

two waterlines — equations. (12) and (13):

= (X, Zn+1)
Yn+1 = fn+1 n+1 (12)

Yn = fn (X, 2y) (13)
is approximated with a form of a trapezoid as shown in Figure 22. Therefore, a

waterline between the two waterlines above can be expressed as follows — equation.
(14):
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y = F5,2) = fulrzg) + I TR (14

Zp+1 — Zn

The fore end of a divided unit is approximated with a vertical line as also shown in
Figure 22.

Figure 22 — Transverse section and fore end profile of a divided unit.

Transverse Section Fore-end profile
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»

-

y X
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Zn+1 straight - 2T
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. 'N€ " bow profile Z,
\ huII section \ Lli
(X, z, ’

x f @

\

¢

Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

The longitudinal position of the fore end is expressed with equation (15):

lran = 5 1 ) + (22)] (15)

The section form at x = Iy, Which can be obtained from equation (14) at x =
lran, decides the equivalent line source density. The line source is positioned a little

after the fore end, atx = l¢qn + 15, ¥ = 0, Where g5, = [£15(2n41) + &15(20)]1/2.

From equations (6), (7), and (14), we can get the amplitude functions by the
side hull of a divided unit — equation (16):

Xn Zn+1

2 dy(x,z
GO _Hpag [ [ 20D porsec oy ceco)dz ax

Sshn (9) (16)

lfan Zn
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C
where the upper limit of the integral in x, is x,, = {l

1
ran + €2’ for any constants
an

C1,C2 < Xss93/4 (x position of SS 9 %a).

From equations. (6), (11), (14) and (15), we can get the amplitude functions by

the fore end of a divided unit — equation (17):

Zn+1

Cren(0)) 2
yen = 3 zy sec29C€O0S
Sfen(e)} = sec’ f Y(lran 2) € o ((yan sec8)dz

Zn

(17)

The total amplitude functions by a divided unit are obtained as follows —

equations (18):

Cn(8) = Cspn(0) +'C}en(9)
(18)
5n(0) = Sspn(6) + Sfen(g)
(d) Summing up of the divided units: The amplitude functions by the area to be
taken into calculation can be obtained by summing up those by a divided unit as

follows — equations (19):

(0] <O [Cen(8)
Sx(H)} - z {an(e) (19)

n=1

4.4.3 Calculation results of preliminary study

In the preliminary study, the wave-making resistance rW-V§/3= R,s/psVi¢ at
F,=0.15 was calculated for the following two cases, “Case a” and “Case b”, where the
range of the bow to be taken into calculation is different from each other.

Case a: From the fore end to 0.5% L,,, aft at each waterline (see Figure 21)

Case b: From the fore end to 1% L,,, aft at each waterline

The calculation results are shown in Figure 23, compared with the resistance

test results.
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“‘Case a” takes into calculation only the real fore end (the real fore end
corresponds nearly to the imaginary half breadth of the waterline fore end “b,” and
the entrance half-angle of the waterline, “i,.”). In “Case b”, the range is extended to
1% Ly,

From Figure 23, we know that the calculated wave-making resistance due to
the side hull seems larger than the wave-making resistance obtained by the
resistance tests.

The calculation results of “Case a” is nearest to the resistance test results,
both in amount and tendency. So, in the discussion hereafter, for example in Figure
24 and Figure 25, the results of the “Case a” are referred to as the calculation results.

Figure 23 — Comparison of wave-making resistance between calculation results (“Case a” and “Case
b”) and test results at £,=0.15 (7m-long model)

Wave-making resistance

F,=0.15
S —_—
Calculation results:
4 fore-end ~ 1%Lpp
Calculation results:
3 fore-end ~ O.S%Lpp
RWS
psVe? 5
1_ ’-."\(‘\\ /".
0 Test results/
| | |
0 5 10 15

df (m)
Source: FABRICIO FILHO, SHINOHARA; YAMANO (2019b).

4.4.4 Discussion of results of preliminary study

In Figure 24, the wave-making resistance Bws at E, = 0.15 obtained by the
PsVs2

resistance test conducted by Yamano (1994) with a 7m-long model is compared with

the results of our theoretical calculation by the method described in section 4.4.1.
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Figure 24 — Comparison of wave-making resistance between calculation results and test results by
Yamano (1994) at F,=0.15 (7m-long model ship, tested by Yamano (1994))

Wave-making resistance
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Source: FABRICIO FILHO; SHINOHARA; YAMANO (2019b).

The results of the theoretical calculation shown in Figure 24 are different from
the resistance test results in its amount. However, its tendency is similar to that of the
resistance test results. That is, the peak around df =5m, the bottom around
d; = 10m and the resistance increase over d; = 10 m are seen in both results.

In Figure 25, two contents of the wave-making resistance calculated by linear
R

wave-making resistance theory at F, = 0.15 are shown in the form of One is the

>
PsVs

wave-making resistance due to the imaginary breadth of fore end, and the other is
that by the side hull.

Figure 25 — Calculated components of wave-making resistance at F,=0.15

Wave-making resistance
(Calculation results: Fore-end ~ 0.5%L,,)
F,=0.15

total —

fore-end

side M

0 T T 1
0 5 10 15

df (m)

Source: FABRICIO FILHO; SHINOHARA; YAMANO (2019b).
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From Figure 25, we can know that

a) The peak around fore draft d; =5 m is caused by the largest imaginary half
breadth of the waterline fore end.

b) The bottom around fore draft d; = 10 m is caused by the smallest imaginary
half breadth of the waterline fore end and the not-so-large entrance angle of the side
hull.

c) The increase of resistance over fore draft dp =10 m is caused by the
increase of the imaginary half breadth of the waterline fore end and of the entrance
angle of the side hull waterline.

That is, what we estimated in 4.3 (Figure 18) has been confirmed by the

preliminary theoretical analysis.
4.4.5 Implications of results of preliminary study

As shown in Figure 23, the calculation results for “Case a” — from the fore end
to 0.5% Ly aft — is nearest to the resistance test results in its amount and in its
tendency.

This result at least shows that:

a) The wave-making resistance of a full ship is largely related to the far fore
end of “from the fore end to 0.5% Ly aft”.

b) The calculated wave-making resistance by the side hull is larger than that
by the resistance tests.

These results seemed to imply something important to us. This motivated us
to further study in order to find the bow form parameters which are most strongly

related with wave-making resistance.
4.5 RELATION BETWEEN BOW FORM AND WAVE-MAKING RESISTANCE

In this section, we proceed with a detailed study to clarify the relation between
bow form and wave-making resistance. In 4.5.1, we search for bow form parameters
which are strongly related with wave-making resistance. As a result, we find that
wave-making resistance can be almost explained with only one bow form parameter.
Based on our finding, in 4.5.2, we develop an equation to estimate the wave-making

resistance.
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4.5.1 Search for bow form parameters which are strongly related with wave-

making resistance

In the preliminary study, we calculated the wave-making resistance with
changing the length of side hull. As a result, we found that the calculation result for
the case of side hull with length 0.5% L,,, is fairly near to the resistance test results
by Yamano (1994).

We further search for the bow form parameters which are strongly related with

wave-making resistance in the following.

4.5.1.1 Evaluation of influence of water depth and side hull on wave-making

resistance

In the following, the effect of water depth and side hull on wave-making
resistance.

a) Water depth

Figure 26 shows the calculation results for the cases where depth of the hull
taken into calculation is changed “from water surface to BL, 6m, 4m and 2m below”
on the condition that side hull length is 0.5%L,,,,.

From Figure 26, we know that the calculation result for water depth “from
water surface to 2m below” is nearest to the resistance test results in its amount and

tendency.

Figure 26 — Water depth effect at F, = 0.15 (7m-long model ship, tested by Yamano (1994))
Test result by a 7m-long model ship

3 . ® Test results (Yamano (1994))
F,=0.15 calc. results
AL = 0.5%L,, Water surface to BL
5 Water depth =6 m
Rws 4m
psVé
2m
l |
1m
0 T T 1
0 5 10 15

d; (m)

Source: FABRICIO FILHO et al (2020).
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b) Side hull

Figure 27 shows the calculation results for the cases where the side hull
length is “2.5%, 2%, 1%, 0.5% L, and 0" from the fore end, on the condition that the
water depth is “from water surface to 2m below”.

From Figure 27, we know that “side hull length AL = 0%” is nearest to the

model test results in its amount and tendency.

Figure 27 — Side hull length effect at E, = 0.15 (7m-long model ship, tested by Yamano (1994))

Test result by a 7m-long model ship

6 _
F =015 AL = 2.5%L,
. = 0.
5 4
water depth =2 m 2%
4 e Test results (Yamanno
R, (1994)
V2 3
Psts calc. results (this
study) 1%
2 _
0.5%
1 4
0%
0 T T T T T T 1
0 2 4 6 8 10 12 14

ds (m)

Source: FABRICIO FILHO et al. (2020).

4.5.1.2 Evaluation of influence of “b,”, “i,” and “i,” on wave-making resistance

The three bow form parameters “b,.”: imaginary half breadth of waterline fore
end, “i,.”: stem rake angle and “i,”: entrance half angle of the waterline, on the water

surface, are illustrated in Figure 28.
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Figure 28 — lllustration of “b,”, “i,.” and “i,”

water surface

stem

fore end

Source: FABRICIO FILHO et al. (2020).

From 4.5.1.1, item “(b)”, we know that we need not take the side-hull into

consideration in the calculation of wave-making resistance due to the bow. That is,

only a line source with density o(z) = (%) b.(z) and with depth of about 2m is
enough for the calculation. It implies no influence of “i,”. However, we will confirm the
“no influence” by another way and discuss the reason for the “no influence” in the

following.

(a) Calculation of wave-making resistance due to a vertical line source

The depth of a line source, which is used for calculation of wave-making
resistance, is only about 2m. So, the “b,” on the water surface is used for the whole
depth about 2m. Then, the wave-making resistance due to a vertical line source with

depth d;; can be calculated by the following equation (20):

/2
R
2 = T[J [S2(0) + C?(6)] cos® 6 db
0

psVE (20)

Where
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0
2 .
g%} - 41;)( sec” 6 {zg;}(m sec @) f 0(zy) exp(z,x sec? 0) dz, (21)

_dls
With 0(z;) = o-be, —dis = —T€ , x; = 0, z; = £y, then:

S(6) =0
(22)

2b
Cc(O) = ne [1 — exp(—1y,sec?6)]

Therefore, the wave-making resistance due vertical line source with depth dq,

(RWS) , is calculated with equations (20) and (22).
LS

psVE
(b) Influence of “b,” on wave-making resistance

Figure 29 shows the relation of resistance test results % by Yamano (1994)
with a 7m-long model of Ship ISNI, at F,, = 0.15 and “b,” at each draft. Almost all the
test results by Yamano are nearly on a line. Only No. 11 is largely deviated. The
reason is its smaller d (2.68 m) which will be explained later in Figure 33. The d; of
the other data is more than 4.5 m. The No. 11 data corrected to the condition with d

more than 4.5m is shown as “No. 11m”.

Figure 29 — b, — R,/ p,V:? test results at E, = 0.15 (7m-long model ship, tested by Yamano (1994))
Test result by a 7m-long model ship

1.5 -
F,=0.15 Calculation by Eq. (23)
* 7m-model test 8 (Ballast)
1 4 -
11m
Rws
ps Vi 5C (Half)
3C (Full)
05 - 0.437
0 T T T 1
0 0.5 1 1.5 2

b, (m)
Source: FABRICIO FILHO et al. (2020).
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The mean line can be expressed with equation (23).

RWS ( RWS )
= +0.437 23
psV&  \psV2/ (23)

Where

RWS .

wave-making resistance of Ship ISNI at F,, = 0.15

>
PsVs

R R . . . .
( ‘”52) : —= due to a vertical line source, positioned at waterline fore end,
PsVs' /s PsVs

with density o = %be and with depth 1.5 m at E, = 0.15 which can be calculated by

eqguations (20) and (22).

Equation (23) and Figure 29 can be considered to mean that:

a) The wave-making resistance at F, = 0.15 at a draft consists of two
components.

b) One is that due to bow fore end with depth 1.5m. Its amount is decided
only by be on the water surface. We need not consider the interference

with other part. Its amount can be calculated as wave-making resistance of
a vertical line source with density o = %be and with depth 1.5 m.

c) Another is that due to the hull below 1.5m water depth. Its amount has a
constant 0.437 and is same at any draft.

(AR

(c) Influence of “i,.” on wave-making resistance

Figure 30 shows the relation between the deviation of each test result ofRLVS2

PsVs
by Yamano (1994) from the mean line in Figure 29 and “i,”. From Figure 30, we can

[T RWS

say that there is no influence of “i,” on T
s's
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Rw.

Figure 30 — “i,.” — A (p VSZ) (measured one — mean line in Figure 29) (7m-long model ship, tested by
Yamano (1994))
Test results with a 7m-long model ship
1 - F,=0.15
e Test results by
Yamano (1994)
A ( Rys ) 8 (Ballast) 5C (Half)
o . )
) . \-. i \. b hd *—¢ Line
11m 3C (Full)
'1 T T T T 1
-40 -20 0 20 40 60
i (deg)

Source: FABRICIO FILHO et al. (2020).

We check the influence of “i,.” by another way. We calculate the wave-making

resistance due to a raked line source shown in Figure 31.

Figure 31 — Raked stem for R,, calculation

A
Ly
V
_—
Water surface 3
K cun
Vertical _ _
line source No. n unit } 6t =1/N

g Zln

& \ o, Cae

Source: FABRICIO FILHO et al. (2020).

The raked line source was divided draft-wards into 1,000 units. Each unit has
a vertical line source at the fore end as shown in Figure 31. The amplitude functions

S(8) and C(0) by the divided units can be calculated as follows:
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For a unit No. n:

2
= SunXosec? 6 _ ,{imxosec? 6
C,(0) nbe ec9{ (fm)(o sec 9)} E e ] ”

where 7 =d/€, 8 =1/N, {un = —(n— 1) 6T, {jy = =1 6T, &y = L an(i,).

Then,

SO) _ N 5a(6)
C(6) L Cal(®) 25)

Calculation was conducted for the “i,” range from 53.5 deg to —26 deg which

covers “i,” of 21 drafts of Ship ISNI. The result is shown in Table 4.

Table 4 — Calculated Fws for line sources with different rake angle “i,” at F, = 0.15

No. 6C 5C 11

Condition Max. aft-ward rake Half Max. fore-ward rake
b, (M) 0.7 0.6 1.4

i, (deg) 0 53.5 0 40 0 -26
() 0.582 0.575 0.544 0.542 1.017 1.013

estimated

Source: FABRICIO FILHO et al. (2020).
Remarks:
1. Line source depth d =1.5m, N = 1,000
2. Estimation by equations (20), (24), (25) and (23).

From Table 4, we know that the influence of “i,.” is negligibly small. This result

confirms what Figure 30 shows.

(d) Influence of “i,” on wave-making resistance

Figure 32 shows the relation between the deviation of each test result ofRLS2

PsVs

from the mean line in Figure 29 and “i,”. The mean line in Figure 32 has no

inclination. Therefore, we can say that there is no influence of “i,” on P
Ps S
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Figure 32 —“i,” — A (;V(;) (measured one — mean line in Figure 29) (7m-long model ship, tested by
Yamano (1994))
Test resul by a 7m-long model ship

1 _
F,=0.15
olest results by
Yamano (1994)
A ( Rys ) .
psVs? 0 5 e - e ) ) .\_
¢ \ 3C (Full)
11m 5C (Half)
8 (Ballast)
'1 T T T T 1
0 10 20 30 40 50
ie (deg)

Source: FABRICIO FILHO et al. (2020).

({3t

As a reason for no influence of “i,”, we can point out the fact that, except OF2
(36.5 deg), 3B, 3C and 4 (37.8 deg), 3D (36.5 deg) and 5D (35.7 deg), “i,” is lower

than the maximum allowable “i,” = 35 deg at F,, = 0.15 by Lewis (1988) and even the

K N

maximum “i,” value 37.8 deg is only 2.8 deg over the maximum allowable value.

({3t

Probably, this fact has resulted in the no influence of “i,.”.
Figure 33, extracted from Yamano et al. (1996), shows the maximum

“e N

allowable “i,” values for several kinds of ship, according to Lewis (1988).
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Figure 33 — Maximum allowable “i,” for several kinds of ship
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Source: YAMANO et al. (1996)

4.5.2 An equation to estimate wave-making resistance of the subject ship

As a summary of the above discussion, the wave-making resistance of Ship
ISNI at E, = 0.15 can be estimated by equation (26):

Rws _ (Rws )
7 = > +a
pSVS pSVS LS 26)

Where

Rws
psVé

: wave-making resistance at F, = 0.15

R . . . . .
(p—";) : wave-making resistance due to a vertical line source, positioned at
s¥s /LS

waterline fore end, with density o = %be and with depth 1.5 m

a. RLVSZ due to the hull below 1.5 m water depth

PsVs

a=0437" df=45m
a = the curve shown in Figure 34: 1.5m < df < 4.5m

a=0: df <1.5m
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Atdf < 1.5m, a = 0, because there is no hull below the line source. The

WS

;Vz value of condition No.11.

curve at 1.5m < df < 4.5m was decided by using the

Figure 34 shows the line estimated by equation (26) compared with resistance test

results by a 7m-long model ship, by Yamano (1994).

R

Figure 34 — dy — p—";sz at F, = 0.15 (7m-long model ship, tested by Yamano (1994))

Test result by a 7m-long model ship

15 4
8 (Ballast) e Test results by
Yamano (1994)
e & Calculation by Eq. (26)
11 Noii . ,
s 3C (Full)
psV?
5C (Half) .
0.5 A1
0.437
0 [ - | |
0 15 45 5 10 s
d; (m)

Source: FABRICIO FILHO et al. (2020).

We can use equation (26) to any other ships, if the two parameters in it:
a) The depth of the line source, d;
b) The constant a

are adapted to the ship using the base data of the ship.

4.6 DESIGN OF BOW FORMS TO REDUCE WAVE-MAKING RESISTANCE AT
BALLAST CONDITION

In order to reduce the larger wave-making resistance at Ballast condition of
Ship ISNI, we design two modified bow forms, M1 and M2, using equation (26).
Original bow form O is that of Ship ISNI.
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4.6.1 Design of bow forms

From equation (26) and Figure 29, we know that a smaller “b,” makes the
wave-making resistance smaller on the condition “i,” is lower than 35 deg. The “b,” at
Ballast condition of original bow O is 1.65 m. So, we design “b,” of modified bows M1
and M2 as follows to reduce the wave-making resistance of bow O:

M1: “b,” = 0.6 with the same bow profile as O, “i,” = 0 deg, “i,” = 20 deg

M2: to extend waterline fore end of M1 to the point where “b,” becomes equal
to 0.1 m, “i,.” = 0 deg, “i,” = 20 deg.

Comparison of bow forms among bow models O, M1 and M2 is shown in

Figure 35.

Figure 35 — Comparison of bow forms among bow models O, M1 and M2

____________ OF1 (deepest)
A\ d; = 14.66m

Full
J dr=12.4m

Half
df::955m
M1, O
MZ\'
;' Ballast
dr = 4.69m

11 (shallowest)
dr =2.68m

LA a4 o oo a0
N

S ~eqeccccscccccccccs

BL _00000@0OO"==-a

FP

6

Source: FABRICIO FILHO et al. (2020).

(@) Comparison of “bow profile” and “b,” among bow models O, M1 ans M2
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b, = 1.65m
0.6m .
G 0.1m | -7 M1
M2 FP SS9%

(b) Comparison of 5 m waterline fore end among bow models O, M1 and M2.

4.6.2 Estimation of reduction of wave-making resistance by designed bow

forms

We have estimated the R“;Sz at F, = 0.15 of bow models O, M1 and M2 with

PsVs
equation (26). The results are shown in Table 5. The estimated EHP reduction by M1

and M2 is 7.3% and 8.3%, respectively.

Table 5 — Estimation of resistance reduction by M1 and M2

Bow Rws/ps‘/;2 Rws/RtsO (%) ARws/RtSO (%)
O 1.243 *12.9 0

M1 0.544 5.65 -7.3

M2 0.440 4.57 -8.3

Source: FABRICIO FILHO et al. (2020).
Remarks:
1. R,./psVi?: estimation by equation (26)
2. *: testresult by a 7m-long model ship
3. Suffix O: Bow O

4.7 MODEL TESTS OF DESIGNED BOW FORMS

To confirm the usefulness of the developed bow form design method, 2m-long
model ships of bow forms O, M1 and M2 were prepared and tested for this study, by
Oshima Shipbuilding Co., Ltd. This section reports the model tests and the results

got by them.
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4.7.1 Outline of model tests

In order to confirm the usefulness of equation (26), we conducted model test
of the three bow models: O, M1 and M2.The outline of the model test conducted for

this study is repoted below.
4.7.1.1 Model tank

The circulating water channel of Oshima Shipbuilding Co., Ltd. with the
following particulars was used.
Observation part: L =6,000 mm, B = 2,000 mm, Water depth = 1,000 mm

Max. waterflow speed = 2.5 m/s.
4.7.1.2 Model test

Model ships with L,,, = 2,000 mm without rudder and bilge keels were used.

Resistance tests at three conditions — Full, Half, and Ballast — were conducted on
each of the bow models — O, M1, and M2 — as shown in Table 6. At the same time,

wave photos were taken.

Table 6 — Model ship and test condition (2m-long model)

Full-scale ship (m) Model Ship (m)
Name ISNI 0O, M1, M2
Lyp 212 2
B 32.2 0.3038 Condition Tested E,
12.4/12.4/12.4 0.1170/0.1170/0.1170 Full 0.05-0.18
do/dp/ds 9.55/9.55/9.55 0.0901/0.0901/0.0901 Half 0.05-0.18
6.50/5.60/4.69 0.0613/0.0528/0.0443 Ballast 0.05-0.18

Source: FABRICIO FILHO et al. (2020).

4.7.2 Test results
The results of the resistance tests conducted for this study are reported below.

4.7.2.1 Results of resistance tests

R
== curves among bow models O, M1

Figure 36 shows the comparison of F, — 7

and M2. At Full and Half conditions, there is no difference. At Ballast condition, there
is difference among the three bow models at the E, range from 0.1 to 0.18. Figure 37

shows the comparison of I, — EHP curves among the three bow models. The
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average EHP reduction in the F, range from 0.1 to 0.18 by M1 is 3.1% and that by
M2 is 5.5%.

Figure 36 — Test results E, — R,,s/p,V;? of O, M1 and M2 (2m-long mode ships, tested for this studyl)
Test results by 2m-long model ship

57 @)
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>
£
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o
0 i
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Source: FABRICIO FILHO et al. (2020).
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Figure 37 — Test results V,’- EHP of O, M1 and M2 (2m-long model ships, tested for this study)
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Source: FABRICIO FILHO et al. (2020).

4.7.2.2 Wave photos

Photos for each F, at three conditions for three bow models were taken. Figure
38 shows photos of bow wave of bow models O, M1 and M2 at F, = 0.15 at Ballast
condition. From Figure 38, we can know that bow wave is improved to the direction
from OB through M1 to M2.
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Figure 38 — Bow waves of bow models O, M1 and M2 at E, = 0.15 at Ballast condition (2m-long model

O Ballast (0)

ships, tested for this study)

. . e

Source: FABRICIO FILHO et al. (2020).

4.8 DISCUSSION OF “STUDY 17

In 4.8.1, we discuss the EHP reduction by M1 and M2 measured in the
resistance test with the 2m-long model ships prepared for this study, comparing it
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with the estimation with our developed equation. In 4.8.2, we discuss the change of

R .
—= with Froude number E,.
psVs

4.8.1 Comparison of measured EHP reduction by M1 and M2 with estimation

The comparison of the measured EHP (R,) reduction by M1 and M2 with

estimation is shown in Table 7.

Table 7 — Comparison of EHP (R,,) reduction by M1 and M2 at F, = 0.15 between estimation and 2m-
long model test

Estimation 2m-long model test
Bow Rws/psVs2 Rws/RtSO (%) ARWS/Rt'SO (%) Rws/.osvs2 Rws/RtSO (%) ARws/Rtso (%)
@) 1.243 *12.9 0 1.211 13.7 0
M1 0.544 5.65 -7.3 0.872 9.87 -3.8
M2 0.440 4.57 -8.3 0.733 8.30 —5.4

Source: FABRICIO FILHO et al. (2020).
Remarks:
1. *: estimation
2. **: Estimation by equation (26)
2. Suffix O: Bow O

The measured EHP reduction is smaller than the estimation as shown in Table
7. The difference between the test results by 2m-model ships and estimation is also
shown in Figure 39.

Figure 39 — Comparison of EHP (R,,) reduction by M1 and M2 between estimation and test results by
2m-long model ships (tested for this study)

F.=0.15
15
OB
l -
Rs | | ~M2B X .
[ N A (T
0.5 - A Testresults by 2m-long model ship
M2B
®  Estimation
O T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

b,

Source: FABRICIO FILHO et al. (2020).
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From Figure 39, we know the followings. The points OB, OH, OF, M1B and
M2B obtained by the tests by 2m-long model ships are on another line (dotted line
corresponding to WAVE-MAKING RESISTANCE due to a line source with 0.9m
depth) different from that of the estimation (solid line corresponding to WAVE-
MAKING RESISTANCE due to a line source with 1.5m depth). This difference
caused the smaller EHP (R;s) reduction by M1 and M2 in the tests by 2m-long model
ships than estimation.

The reason why the line for OB, OH, OF, M1B and M2B obtained by the tests
by 2m-long model ships has changed from that the estimation has not been found.
However, the ratios Test result/Estimation of both models have, each other, near

values, as shown in Table 8.
Table 8 — Comparison of EHP reduction ratio 2m-long model test result/estimation at F,=0.15
between M1 and M2

M1 M2
EHP reduction: Test result/Estimation 3.8/7.3=0.49 5.4/8.3=0.65

Source: FABRICIO FILHO et al. (2020).

This shows that equation (26) is qualitatively correct at least. On the other
hand, the EHP reduction -5.4% by M2 at F,=0.15 in the test by 2m-model ships can
be said to be practically a large enough value compared with the rather smaller
modification of M2 from O shown in Figure 35.

The estimation of the price of saved fuel per year with EHP reduction of 5.5%
(which is the average EHP reduction by M2 in the test by 2m-model ships in the E,
range from 0.10 to 0.18) is shown in Table 9 for two ships: Ship ISNI, and one more
ship, Ship IYNR. The price of saved fuel oil per year is estimated in 111 thousand US
dollars for Ship ISNI and 272 thousand US dollars for Ship IYNR, for an average
price of type C heavy oil. These are very large savings.

As a conclusion, we can say that the equation (26) is useful for the bow form

design for a full ship.

Table 9 — Price of saved fuel per year with EHP reduction of 5.5%

Unit Ship 1 Ship 2
Ship name - ISNI IYNR
Ship kind - Panamax bulk carrier VLCC
Ship speed knot 14 16

DWT t 62,377 258,733
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NOR BHP hp 9,520 25,200
Fuel consumption gffhp/h

rate of Main 131 121
Engine*

Fuel consumption t/day 29.9 73.2
per day ' ’

Operation  days daylyear
per  year (at 150 150
ballast condition)

Fuel consumption tlyear 4487 10,977
per year
fuel consumption tlyear 246.9 603.7
reduction of 5.5%
per year
JPY/t 50,000 50,000
Fuel price per ton USD/t 450 450
BRL/t 1,950 1,950
JPYlyear 12,346,488 30,187,080
Price of saved fuel -, qp e 111,118 271,684
per year
BRL/year 481,513 1,177,296
Source: The Author (2019).
Remarks:

* Base calorific values=9,800 kcal/l, type C heavy oil

ws

R
4.8.2 Change of PR

value with Froude number F,,

Until now, we have discussed the data at F, = 0.15. Next, we check how%

changes with Froude number F,. In 4.8.2.1, we check whether we can use a line

source to estimate —% at other E, than 0.15. In 4.8.2.2, we check the part which

Ps Vsz

does not come from line source, that is, the remaining part .

4.8.2.1 RLSZ due to a line source

PsVs
. . R . . .
Figure 40 shows a comparison of A (LSZ) between the estimation with a
PsVs'/ M2B-0B
i [ R » H R
line source and the test result over E,. A(LSZ) is the difference of ==
psVs M2B-0OB PsVs

between M2B and OB. Figure 41 is the same comparison between OH and OB.
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Figure 40 — Comparison of A (;‘”;52) between test result and estimation with a line source
$¥s “M2B—0B
Ey
0.1 0.15 0.2
O L J
4
-1 4
RWS . . . .
A ~z —— Estimation with a line source
pS S “M2B—-0B
-2 4
—— Test results by 2m-long model
ship
-3 -
Source: FABRICIO FILHO et al. (2020).
Figure 41 — Comparison of A (;”;52) between test result and estimation with a line source
$¥s “ OH-O0B
Fy
0.1 0.15 0.2
0 1 |
/
-1
A ( Rys )
pSVSZ OH-0B
—— Estimation with a line source
-2
——Test results by 2m-long
model ship
-3 -

Source: FABRICIO FILHO et al. (2020).

In both of Figure 40 and Figure 41, at F, from 0.12 to 0.18, the test result

changes with F, with the same amount and tendency as the estimation. It shows that

at F, from 0.12 to 0.18, we can estimate RLVSZ due to bow fore end with a line source

PsVs

which we used at F,= 0.15. Therefore, ;V‘V/Sz due to bow fore end decreases with the

increase of F, as shown in Figure 42.



85

Figure 42 shows how RLVSZ due to bow fore end changes with F, in case of OB.

PsVs

In Figure 42, the value of R

= at F, =0.15 is from the test result by the 7m-long model

psVs
ship by Yamano (1994) and the change of ;";SZ with E, is from the test result by the
2m-long model ship. At F, =0.15, occupies about 65% of total %. However, it

decreases to about 32% at F, = 0.17.

Figure 42 — ;LVSZ due to bow fore end (estimation with a line source) in total :”‘”/52 (OB, 7m-long model
SsYs sVs

ship, tested by Yamano (1994))
3 _
7m-long model test, Ship ISNI, Ballast
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Source: FABRICIO FILHO et al. (2020).

S

4.8.2.2 Remaining 5—

w.
2
VS

The comparison of the remaining ;V;SZ obtained using the following equation

(27) among OF, OH and OB is shown in Figure 43.
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(Rws ) _ ( Rys ) _ ( Rys ) 27)
pSVSZ remaining 'DSVSZ 7m—model test pSVSZ LS 0.9m depth

(RLSZ) . the value at F,=0.15 is from test result by the 7m-long
PsVs'/ 7m-model test

model ship and the change of Bws \ith E, is from the test result by the 2m-long model
psVé

ship. The mean line of OF, OH and OB shown with a dotted line in Figure 43 can be
expressed by equation (28):

R
( WSZ) = 3700 (F, — 0.1)3 (28)
PsVs remaining
Figure 43 — Comparison of (RWSZ) (7m-long model ship, tested by Yamano (1994))
$’s 7 remaining
3 _
—— OB
—OF
—— OH
2 -
Ros — 3700 (Fn-0.1)3
psVs?
1 -
O T T T T 1
0.13 0.14 0.15 0.16 0.17 0.18

Ey

Source: FABRICIO FILHO et al. (2020).

49 BOW FORM DESIGN METHOD FOR A FULL SHIP

In 4.5.2, we have derived equation (26) to estimate wave-making resistance of
a full ship at E, = 0.15. In 4.8.2, we have clarified how the two components of the
wave-making resistance change with F,. Based on these results, we propose the

following bow form design method for a full ship. This method is paying attention to
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wave-making resistance due to bow fore end. Therefore, it is effective for a ship with
design E, lower than 0.17.
The design method is described in the following items (1) — (5).
(1) Base data:
Resistance test results at three drafts of a parent form or a similar ship — Full,
Medium draft and Ballast (the largest “b,” and the smallest “b,” are preferable

to be included in these conditions).

(2) Decision of b, — (;“;52) curve in equation (26) based on the base data:
sYs 7 .S

The depth of the line source which represents waterline fore end is decided by

using the base data.

(3) Decision of F, — (RWS) curve:

2
PsVs remaining

. R . -
First, the curve F, — (LSZ) is made at each condition. Next, as a mean
PsVs remaining

of those at three conditions, F, — (RWS) curve is decided. This mean

2
PsVs remaining
curve can be applied to every condition.

Now we have got equation (26). The a in equation (26) is the curve which we

have got above as F, — (RLSZ) curve. With the equation (26), we can
PsVs remaining
estimate % at any draft and at any F,.
svs

(4) Design of “b,” distribution:

In principle, smaller “b,” gives smaller %. We design df - “b,” distribution on
Ssvs

this principle.
(5) Design of “i,” and bow profile:
If we try to decrease “b,” on the condition that bow profile is kept as it is, “i,”

increases. We must compromise this issue. To solve the issue, we can use

the recommended maximum “i,” given in Lewis (1988) as a maximum

[T 1]

allowable limit of “i,”. To keep the “i,” smaller than the recommended

wr o n

maximum “i,”, we can adjust bow profile.
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5 DEVELOPMENT OF A NEW RESISTANCE TEST METHOD FOR A FINE SHIP
IN A CWC

The study reported in this chapter is designated “Study 2”. Here, we report the
development of a New Resistance Test Method for a fine ship in a CWC. In section
5.1, the background necessary to understand “Study 2” is reported. In section 5.2,
the proposal of the New Resistance Test Method is reported. In section 5.4, the
design of models for a confirmation test in a CWC is reported. In section 5.5, a study

on the manufacture of a model for a test in a CWC is reported.
5.1 BACKGROUND

In the following, the background necessary to understand “Study 2 is

reported.
5.1.1 Traditional Resistance Test Method in a CWC

CWC - Circulating Water Channel — is a device used, among other purposes,
for conducting resistance tests in model ships. For knowing more about CWC, the
reader may refer to 2.1.4. In Figure 44, the CWC acquired by UFPE is shown.

Figure 44 — UFPE’s CWC (Circulating Water Channel), with an observation part with dimensions
length x breadth x height = 2.00m x 0.50m x 0.50m, and with a maximum flow speed of 1.5m/s.

l;

| Observationpart [ =

Source: West Japan Fluid Engineering Laboratory Co., Ltd. (2015).

In the Traditional Resistance Test Method, the length L,,, of a model ship used

for a resistance test in a CWC is decided to be equal to the breadth B,,,. of the CWC.

There are several types of CWCs with B,,,. varying from 0.3m to 2.0m. Therefore, the
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length L,,,,,, of the model ship used in these CWCs ranges from 0.3 to 2.0m in the
Traditional Resistance Test Method.

On the other hand, the length L, of a model ship used in a towing tank (L =
200m, B = 13m, Water depth = 6.5m, for example) is about 7m. The total resistance
of a model ship is proportional to Lm,m3 at a Froude number. Therefore, the total

resistance of the model ship used in a CWC is much smaller than that of the model in

a towing tank, as shown in Table 10.

Table 10 — Model ship length L,,,,, — total resistance of a model ship

Model tank Towing tank CwC
Model ship length L, (m) 7 3 2 0.5 0.3
1 1/12.7 1/42.9 1/2744 1/12703
12.7 1 1/3.4 1/216 1/1000
Ratio of total resistance 42.9 3.4 1 1/64 1/296
2744 216 64 1 1/4.6
12622 994 294 4.6 1

Source: YAMANO (2019).
Especially in a CWC with smaller breadth B,,,. = 0.3 — 0.5m, the amount of the
total resistance is from 1/64 to 1/296 of that of the model ship with L,,,,, = 2m, as

shown in Table 10. The smaller total resistance decreases the accuracy of the
resistance measurement. This lower accuracy in resistance measurement in a
smaller CWC, as well as the lower form accuracy of the smaller model ship for a
smaller CWC are issues that the New Resistance Test Method for a Fine Ship in a
CWC solves.

5.1.2 Advantages and disadvantages of test in a CWC

Chart 2 shows the Advantages and disadvantages of a test in a CWC.

Chart 2: Advantages and disadvantages of a test in a CWC.

Advantages Disadvantages
Possible to keep a condition for a long Model scale is small L,,,,, = Bewe,
time usually 0.3 — 0.5m
! l
Preferable for observation of flow Low accuracy of measured resistance

Source: The Author (2019).
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For observation of flow, compared with a towing tank, CWC is more
convenient, since it can keep a condition for a long time. However, the demerit of
CWC is that the model scale L, is limited to the breadth of the observation part of
the CWC, B,,,., Which is usually from 0.3 to 0.5m, what makes the accuracy of
measured resistance low, as already explained in 5.1.1. Such demerit is an issue that

the New Resistance Test Method is proposed to solve.
5.1.3 Models for a test

For the developed New Resistance Test Method, a model for a test in a CWC
is necessary. However, we have had no experience of model manufacture by our-
selves, and there are no makers around us who have such experience. Therefore,

we decided to study the way how to prepare such a model by ourselves.
5.1.3.1 Conditions necessary for models and model manufacture

The model should satisfy the following conditions: for a model, 1) Accuracy, 2)
Strength and 3) Water tightness; for model manufacture, 4) Accuracy control and 5)

Time-schedule control should be possible.
5.1.3.2 Model manufacture through out-sourcing or by ourselves

Since there are no makers around UFPE who have the experience of the
manufacture of such a model, it cannot be expected that the makers do the
conditions 4) and 5) described above in at an acceptable level. We also have no
such experience. Therefore, the best way we should take would be for us to
manufacture the model by ourselves, at least first, and to find the issues that we

might meet and to study the ways how to solve the issues by ourselves.
5.2 BASE FINDINGS THAT SUPPORT NEW RESISTANCE TEST METHOD

In 5.2.1, the two findings on which the New Resistance Test Method is based
are presented, “Finding 1” and “Finding 2”. We confirm the reliability of “Finding 1” in
5.2.2. In 5.2.3, we discuss the dominance of wave-breaking near the bow (“Finding
2!!)'
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5.2.1 Two findings that support the New Resistance Test Method

The New Resistance Test Method is based on two findings, which are
described in the following.

‘Finding 1”: Most of the wave-making resistance is generated by the bow: The
studies on wave-making resistance of a ship (YAMANO et al., 1996, 1997;
FABRICIO FILHO et al., 2018, 2019a) show that:

a) Each part of the forebody is not equally important for wave-making
resistance.

b) Most of the wave-making resistance of a fine ship is that due to the bow
(from about 3% aft of FP to the fore end of a ship’s hull)

‘Finding 2”: Most of the wave-making resistance by the bow is due to wave-
breaking near the bow: Wave-making resistance consists of wave-pattern resistance
and wave-breaking resistance. Wave-pattern resistance is the resistance due to the
waves propagating afterwards. Wave-breaking resistance is the resistance due to the
wave-breaking just near the bow. In the two studies on wave-making resistance of a
ship by Yamano et al. (1996, 1997), it has also been found that:

a) Wave-pattern resistance is very small.

b) Most of the wave-making resistance due to the bow is that due to wave-
breaking just near the bow.

The reliability of “Finding 1” and “Finding 2” has been confirmed through the
following:

For “Finding 1”: through theoretical analysis using the linear wave-making
resistance theory (HAVELOCK, 1924; 1932), it can be understood how each part of
the forebody affects the wave-making resistance. This approach is used in Fabricio
Filho et al. (2018), where calculations are conducted for the overall forebody of the
hull forms of two models of a 354,000ft3 refrigerated cargo ship, M.No.1 and M.No.5.
The resistance test results of M.No.1 and M.No.5 show that the wave-making
resistance of M.No.5 is much lower than that of M.No.1 in the range 0.20 < F,, < 0.26.
The same approach is used in Fabricio Filho et al. (2019), but in the latter, the
calculations are conducted for the bow only of the same. The comparison of the

results of both studies confirms the reliability of finding 1).
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For “Finding 2”: through the model test results presented in Yamano et al.
(1996,1997), it is shown that the main component of the difference in wave-making

resistance is that in wave-breaking resistance.
5.2.2 Confirmation of the reliability of “Finding 1”

We confirm the reliability of “Finding 1” below by theoretical analysis with
linear wave-making resistance theory, in 5.2.2.1, and discussion with other related

model test results, in 5.2.2.2.
5.2.2.1 Theoretical analysis with linear wave-making resistance theory

About fundamental explanation on the linear wave-making resistance theory,
the reader may refer to 2.6. The used coordinate system xyz is shown in Figure 45:
origin is at the fullest section, hull centerline plane and load waterline plane of a ship
with length 2¢ and draft d;. the x-axis is in the load waterline plane and hull centerline
plane, and points to the aft of ship; y-axis is in the load waterline plane and fullest
section plane, and points to the starboard direction; z-axis is in the fullest section
plane and hull centerline plane, and points to the upward direction). V is the speed of
a uniform flow towards the positive direction of the x-axis.

The wave-making resistance, according to the linear wave-making resistance
theory, can be calculated by equations (5) and (6) (HAVELOCK, 1934):

/2
R, = mpV? J [S2(0) + C?(6)] cos® 6 db
0

5)
X2 Z2
4V 2
ggg;}z gX sec39'J JU(x,z)ezxseczeg(i)rsl(xxsecH)dzdx (6)
X1 Z1

(Equations (5) and (6) are first presented in 2.6.2. For further explanation on

these equations, the reader may refer to section 2.6).
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Figure 45 — (a) Coordinate system definition. (b) The direction 6.

4 £
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Source: FABRICIO FILHO; SHINOHARA; YAMANO (2019a).

For convenience of calculation, the following non-dimensional coordinates &, n
and ¢ are used: ¢ =x/f; n=y/(B/2); { = z/¢, where fis the entrance length (the
length from FP to the fullest section), B/2 is the half breadth of the ship. To input the
forebody hull form into the theoretical calculation, the hull form is simplified and
represented with just three important parameters: sectional area curve, load
waterline, and fore end half breadth. Polynomial approximations are used for the

sectional curve n,(§) — equation (29) — and the load waterline n,(¢) — equation (30).

5

ME =1 aye™ for—1<§<0 (29)
n=1
- o2 y
1— ) Lplé+1-= for—1<&é<—-1+—
M0 (&) = ; ( {)) ¢ (30)
1 for—1+7e <¢<0

The simplification of a transverse section form of the forebody is illustrated in

Figure 46.
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Figure 46 — Simplification of a transverse section form.
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Source: FABRICIO FILHO; SHINOHARA; YAMANO (2019a).
The polynomial simplified hull surface n(¢,¢) (main hull) expressed with

sectional area curve n,(¢) and LWL curve n,(¢) is shown in Figure 47.

Figure 47 — Simplified hull surface n(¢,¢) (main hull) expressed with sectional area curve n,(¢) and
LWL curve nq(é).
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Source: FABRICIO FILHO; SHINOHARA; YAMANO (2019a).

To calculate S(8) and C(6), the hull form is represented with singularities
(sources, sinks, and doublets) distributed over the hull center line plane. In the
present case, the forebody main hull is represented with a source distribution over
the hull centerline plane (-1 < ¢ < 0,—7 < { < 0) and the fore end part with a
line source located a little aft FP (¢ = =1+ ¢,,—7 < ¢ < 0). Figure 48 shows the
relation between source density o(¢,¢) and hull form n(&,{). Figure 49 shows the
equations to calculate S(#) and C(0) for each of the three hull form parameters

(sectional area curve, section form, and fore end form). The integration of these S(6)
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and C(0) squared over 8 from —m/2 to /2 with equation (5) gives the wave-making

resistance due to each of these parameters separately or also due to all of them.

Figure 48 — The relation between source density ¢(¢,¢) and hull form n(¢, ).
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Figure 49 — Equations to calculate S(8) and C(8) of forebody hull.
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Concerning the calculation procedure, the wave-making resistance due to
each of the three parameters (sectional area curve, section form, and fore end form)
and due to all of them was calculated, using the equations shown in Figure 49 above,
integrating in ¢ from FP (¢ = —1) to the Fullest Section (¢ = 0). Fabricio Filho et al.
(2019a), the wave-making resistance was calculated for the same parameters as
before, but with the integration range in ¢ from FP (¢ = —1) to Square Station No. 9

s (§ = —0.90654).
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Figure 50, Figure 51 and Figure 52 show the calculated results in terms of

Rw

wave-making resistance coefficient, r, = PR

Figure 50 — Comparison of the calculated wave-making resistance coefficient due to the sectional area

curve.
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Figure 51 — Comparison of the calculated wave-making resistance coefficient due to the section
frame.
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Figure 52 — Comparison of the calculated wave-making resistance coefficient due to the fore end form.
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From these figures, the wave-making resistance due to the sectional area
curve and section form is small compared with that due to the fore end. Therefore,
the difference in wave-making resistance between due to the integration range in &
from FP to SS No. 9 % and due to the integration range from FP to the fullest section
is also small.

The wave-making resistance due to the fore end form, represented by a line
source a little aft FP is the same for the above both cases. The wave-making
resistance coefficient due to the fore end form is shown in Figure 52.

From the above analysis, it has been theoretically confirmed that the bow form
of a fine ship has an outstanding importance in wave-making resistance at the

Froude number range below 0.26.
5.2.2.2 Discussion with other related model test results

The following discussion relies on model test results presented in Yamano et
al. (1996,1997). The effect of the bow form and the effect of LWL entrance angle on
wave-making resistance and

(a) On the effect of the bow form on wave-making resistance: Yamano at el.

(1996, 1997) investigated five stem forms of a container ship with L,, = 206.0 m
shown in Figure 53 (a) by resistance tests. Form @ is the base form. The part from

the fore end up to 6 m (2.9%L,,,) aft of FP was mainly modified. The results show

that the stem form difference makes a very large difference in EHP, as it can be seen

in Figure 53 (b): at 22.5 knots, there is an EHP increase ratio of up to 18% from form

@ and a ship speed drop up to 1 knot from form @ This data clearly shows that

the form of the bow part with a length of only 2.9%L,, largely controls the hull

resistance.
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Figure 53 — (a) Investigated bow forms: LWL fore end forms. (b) Comparison of EHP curves among
the investigated bow forms — resistance results.
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(b) On the effect of LWL entrance angle on wave-making resistance of ten fine
ships: The residual resistance coefficients of ten ships are compared in Figure 54 (a).
The principal particulars of the ships are shown in Table 11. The five ships of Group

A are designed by the shipbuilder A completely independently from those of group B
designed by the shipbuilder B.

Table 11 — Hull particulars of the ten fine ships.
Group: A B

Ship No.: Al A2 A3 A4 A5 B1 B2 B3 B4 B5
6.67 6.90 7.14 7.00 6.72 6.72 6.65 6.60 6.60 6.90
2.76 2.35 3.08 3.13 3.13 2.58 2.42 2.65 2.53 2.76

0.57~0.61

72.1 79.6 70.0 89.3 87.4 79.6 76.9 82.4 81.6 104.0
143.7 1606 136.1 180.2 1745 166.0 1558 161.5 164.4 213.0

11 7 7 6.5 4 10.5 9.5 12.5 12 13

0.15 0.10 0.12 0.25 0.45 0.05 0.05 0.18 0.08 0.05

Source: Yamano et al., 1996.
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Figure 54 — (a) Comparison of r. of ten fine ships. (b) Correlation between LWL entrance half-angle 6
and measured 7.
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In Figure 54 (a), the three ships of Group B have a higher . (residual
resistance coefficient) at Froude number lower than 0.26 compared with the other
seven ships. The difference corresponds to about 8% of EHP. The authors of the
paper have made all the efforts to find the cause of the large . difference. At the last,
they found that the large . difference can be explained by only the difference of the
LWL entrance angle as shown in Figure 54 (b). The ships of group A were designed
independently from those of Group B as explained above. It means that many other
hull form factors besides the LWL entrance angle are different from each other
between the two groups of ships. Nevertheless, the large . difference can be
explained only by the LWL entrance angle difference. It shows how large the
influence of the LWL entrance angle to wave-making resistance is.

From the above discussion, we know that the above two resistance test results
strongly support our previous study result that has pointed out the outstanding
importance of bow form of a ship in wave-making resistance at Froude number below
0.26.

5.2.3 Dominance of wave-breaking near the bow (“Finding 2”)

In the bow form comparison in Yamano et al. (1996, 1997), EHP of Stem @

is higher than that of Stem @ by 18%. The EHP difference is caused by the

difference in wave-making resistance. Figure 55 shows that the main component of
the difference in wave-making resistance coefficient (r,) measured by resistance test

is that in wave-breaking resistance (r,,), Since the difference in wave-pattern
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resistance (r,,) coefficient calculated from measured wave pattern following the

model ship in negligibly small and r, = 1, + 1.

Figure 55 — Comparison of wave-making resistance coefficient r,, and its component wave-pattern
resistance coefficient r,,

Ty (K=0.17)

Source: YAMANO, 1996, 1997.

Figure 56 shows bow waves of Stem (1) and Stem 65).

Figure 56 — Comparison wave-breaking at bow between Stem @ and Stem 65

Stem @

Source: YAMANO, 1996, 1997.

From Figure 56, we can know that the wave breaking, which is the main
component of the above 18% of EHP difference, occurs just near the bow.
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5.3 PROPOSAL OF A NEW RESISTANCE TEST METHOD FOR A FINE SHIP IN
A CWC

In the following, the proposal of a New Resistance Test Method for a fine ship
in a CWC, which intends to solve the issues presented in 5.1.2 is reported. In 5.3.1,
the New Resistance Test Method is presented and explained. In 5.3.2, our evaluation

of the New Resistance Test Method is reported.
5.3.1 The New Resistance Test Method for a fine ship in a CWC

In this section, the New Resistance Test Method is

In this section, the New Resistance Test Method is presented and evaluated.
5.3.1.1 Presentation of New Resistance Test Method

The components of a model according to the New Resistance Test Method

are shown in Figure 57, represented in top view.

Figure 57 — Components of a model according to the New Resistance Test Method

B..,. New Resistance
; Test Method

Observation part of [1] (4]

LCWC

Y

B.,. Iraditional Resistance
; Test Method

/7
model ship

[1]: CWC, [2]: Model to be tested, [3]: Bow madel, [4]: Fairing part

Source: YAMANO (2019).
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The rectangle indicated by Is the observation part of the CWC, where a
model is placed for a test. The observation part has length L., and breadth B,,,..

In the New Resistance Test Method, a model such as is used. The model

has two parts:

(a) a “bow part” model , of a much larger model ship.

(b) a “fairing part" [4], after the “bow part” model [3].

5.3.1.2 The way the New Resistance Test Method solves the issue

As described in 5.1.1 and 5.1.2, the issues that the New Resistance Test
Method is proposed to solve are: the lower accuracy in resistance measurement in a
smaller CWC and the lower form accuracy of the smaller model ship for a smaller
CwcC.

Based on the findings described in 5.2, it is known that the bow part is the
most important hull part for wave-making resistance. So, in the New Resistance Test
Method, a test is not done with the model of a whole ship from stern to bow like in the
Traditional Resistance Test Method, but with the model of only the bow part, which is
the most important hull part for wave-making resistance.

By using the model of only the bow part, instead of the model of a whole ship
from stern to bow, for a resistance test in a CWC, we can increase the scale of the
model. By increasing the scale of mode, the total resistance of the model increases.
With the increase of total resistance, the accuracy of measuring total resistance is
increase. As a result, by increasing the scale of model, the model can be

manufactured more accurately. Therefore, the form accuracy of is also increased.
5.3.2 Evaluation of the New Resistance Test Method

In the following, we discuss the effect of CWC walls in our developed new
resistance test method and evaluate effectiveness of our developed new resistance

test method.
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5.3.2.1 Discussion of effect of CWC side walls on the resistance of the model in New

Resistance Test Method

A concern about the New Resistance Test Method is the effect of CWC side
walls on the flow. In Figure 58, an example of a model [2], of a fine ship, designed
according to the New Resistance Test Method is shown. The observation part of the

CWC has length L,.=2.00m and breadth B.,.=0.50m. The length of the assumed
model ship is Ly, = 5.38B,,,=2.69m.

Figure 58 — Waves generated by model at New Resistance Test Method in a CWC

\

/

Source: YAMANO (2019).

Concerning wave-breaking, as discussed in 5.2.3, it occurs near the bow. The
area around the bow in Figure 58 is enough for the wave-breaking. Therefore, we
can say that the effect of CWC walls on wave-breaking near the bow is negligibly
small.

Concerning wave pattern propagating afterwards, as discussed in 5.2.3, it is
known that, in wave-making resistance, the component due to wave pattern is much
smaller compared with that due to wave -breaking. Therefore, the concern about
wave pattern is less important than that about wave-breaking.

In Figure 58, wave ridge lines of the 15t and 2"¥ waves generated by the model

are represented by the segment lines [6], at F,=0.25. The diverging waves of the
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two waves are reflected by the CWC. However, the reflected waves do not reach the

tested model [2]. Therefore, the effect of CWC side walls to wave-making resistance

due to wave pattern is considered small.
From the above discussion, it can be concluded that the effect of CWC side
walls on wave-making resistance in the New Resistance Test Method is negligibly

small.
5.3.2.2 Effectiveness of New Resistance Test Method

To evaluate the effectiveness of the New Resistance Test Method we consider
two CWCs: “CWC 1” with breadth B, .=0.5m and “CWC 2” with B,,,.=2.0m. Other
particulars of these two CWCs are shown in Table 12.

If we adopt the Traditional Resistance Test Method, the length L, of a
model ship to be used in a CWC should be equal to CWC breadth B,,,.. Therefore,
Lypm=0.5m for “CWC 1" and L,,,,=2.0m for “CWC 2". However, if we adopt the New
Resistance Test Method, we can test the bow part model of an assumed model ship
with length L,,,,=3.0m for “CWC 1" and L,,,,=7.0m “CWC 2", for example.

The total resistance of the bow part model in the New Resistance Test Method
is 216 times larger than the resistance of the same bow part of a model ship
according to the Traditional Resistance Test Method in “CWC 1” and 42.9 times in
“‘CWC 2”. This shows that we can measure the resistance by the most important part

(bow) of a hull with much higher accuracy with the New Resistance Test Method.

Table 12 — Comparison between Traditional Resistance Test Method and New Resistance Test
Method

CcwcC 1 2
TRTM NRTM TRTM NRTM
Lewe m 20 6.0
Bewe m 0.5 20
V max m/s 15 25
Lyppm m 0.5 3.0 2.0 7.0
max F, - 0.678 0.277 0.565 0.302
R, ratio 1 216 1 42.9

Source: YAMANO (2019).
Remarks:
TRTM: Traditional Resistance Test Method in a CWC
NRTM: New Resistance Test Method in a CWC
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5.4 A DESIGN OF MODELS FOR A CONFIRMATION TEST IN A CWC

A complete model for a confirmation test of the New Resistance Test Method
for a fine ship in a CWC was designed. The model has two parts that are connected
each other and then, connected to the measuring apparatus of a CWC. In 5.4.1, the
design of the complete model is reported. In 5.4.2, the design of the connection
systems — one to connect the two parts each other and the other to connect the
complete model to the measuring apparatus of a CWC — is reported. And, in 5.4.3,
the complete model with two parts and the connection systems are shown all

together.
5.4.1 Design of a complete model

The design of a complete model with two parts is shown in Figure 59.

Figure 59 — Designed complete model for a confirmation test in a CWC (M.No.1)

Aftbody

Connection section

Forebody

Source: The Author (2019).
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In view of Figure 57 the model shown in Figure 59 above corresponds to

“Model to be test [2]” in Figure 57, which consists of “Bow model [3]” and “Fairing

part [5]”.
A model shown in Figure 57 was designed for the UFPE’'s CWC, whose

observation part — which corresponds to the rectangle “Observation part of [1]” in

Figure 57 — has the dimensions: L., = 2.00m x B,,,. = 0.50m x height = 0.50m (see
Chart 1.1 and Figure 44).

Three bow models of a 354,000ft® refrigerated cargo ship (L,,s = 134.5m)
were intended to be designed: M.No.1, M.No.5 and M.No.7. So, the design was done
in such a way that a body is separated into two parts: “Forebody” and “Aftbody” and
the “Aftbody” is used connected to the three “Forebody”.

Figure 60 shows the dimensions of a complete model with the two parts:
“Forebody” and “Aftbody”.

Figure 60 — Dimensions (in mm) of a complete model for a confirmation test in a CWC. In dimension
label of “Forebody” length, I¢ 1. (mm) is the maximum longitudinal length of bow profile from FP.

/Aftbody Forebody

Source: The Author (2019).

At SS 9, which is the fullest section of the complete model — where all the
waterlines are parallel to the centerline plane, the complete model is separated into
two parts. The part from SS 9 to SS 7 in Figure 60 is the “Aftbody”, and the part from
the fore end to SS 9 in Figure 60 is the “Forebody”. The “Aftbody” consists of the
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“Fairing part [5]” in Figure 57, which has a two-dimensional form based on NACA

0009, and the “Forebody” consists of:

1) from the fore end to SS 9 % , the bow part of one of the three models

(M.No.1, M.No.5 or M.No.7), same as “Bow model [3]” in Figure 57
2) from SS 9 ¥ to SS 9 — a part of the “Fairing part [5]” which is a transition
between the “Aftbody” in SS 9 and the “Bow model [3]” at SS 9 .

The “Assumed model ship [4]” is a model for a Traditional Resistance Test

with the hull form of one of the three models (M.No.1, M.No.5 or M.No.7), with L, =
2.69m. So, the model scale is 1/50.

5.4.2 Design of connection systems
In the following, the design of the connection systems is reported.
5.4.2.1 Design of connection system between “Forebody” and “Aftbody”

“‘Aftbody” is attached to “Fixed center plate” shown in Figure 61. “Fixed center

plate” is connected to the measuring apparatus of the CWC.

Figure 61 — Fixed center plate to which “Aftbody” is attached.

Source: The Author (2019).

“Forebody” is attached to “Movable center plate” shown in Figure 62. For each

model, one “Movable center plate” is needed.
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Figure 62 — Movable center plate to which “Forebody” is joined.

f oo —

Source: The Author (2019).

“‘Movable center plate” is connected to “Fixed center plate” by an upper
connection and a lower connection, as shown in Figure 63. As “Movable center plate”
is connected only to “Fixed center plate”, to change the model, only changing

“Movable center plate” is needed.

Figure 63 — “Movable center plate” connected to “Fixed center plate”.

Upper connection Upper connection

Fixed Movable
center plate center plate

Lower connection Lower connection
Source: The Author (2019).
5.4.2.2 Design of connection system between complete model and measuring
apparatus of a CWC

The connection system described in 5.4.2.1, with the model attached to it, is
connected to the measuring apparatus by clamps, as exemplified in Figure 64 with a

flat plate. The connection system is positioned in the place where the flat plate is.
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Figure 64 — Flat plate connected to measuring apparatus by clamps.
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5.4.3 Complete model and connection system designed

Figure 65 shows the design of a model attached to connection system and

immersed in the CWC observation part.

Figure 65 — Design of a model attached to connection system.

Clamp (connect to CWC’s

measuring apparatus)

Side view

Front view

mm—————————————

Top view

Source: The Author (2019)..

5.5 ASTUDY OF MODEL MANUFACTURE FOR THE TEST IN A CWC

For the developed New Resistance Test Method, a model for a test in a CWC

is necessary. Due to the lack of model suppliers, we decided to study the way how to
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prepare such a model by ourselves. We manufactured a partial model and evaluated
it in order to confirm whether it satisfies or not the conditions for a model and for
model manufacture established in 5.1.3.

In the following, the study on the manufacture of a model for a test in a CWC
is reported. In 5.5.1, the structure and manufacture process to manufacture a model
is reported. In 5.5.2, the materials used to manufacture the partial model. In 5.5.3,
the evaluation the manufacture partial model. In 5.5.4, the discussion of the results of

this study.
5.5.1 Structure and manufacture process

The structure of the model consists of the following parts:

1) Center plane

2) Transverse frames with accurate section forms shown in Figure 66 (a), (b)
and (c)

3) Horizontal members with accurate waterline forms shown in Figure 66 (a),
(b)

4) Plastic to be inserted into the rectangular space surrounded with two
transverse frames and two longitudinal members shown in Figure 66 (c).

Regarding the manufacturing process:

- The inserted plastic is shaped using the forms of the surrounding frames and
longitudinal members as shown in Figure 66 (c).

Figure 66 — (a) Transverse frames and longitudinal members before cut, drawn in A4 papers. (b)

Assembled frames and longitudinal members on a center plane. (c) Frames, longitudinal members
and inserted “Plastic 1”.
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5.5.2 Materials

(@)

(b)

Source: Author.

(©)

The materials used to manufacture the partial model are the following:



111

1) Paper with size A4 (210 mm x 297 mm) and with a density of 180 g/m2 was
used for the center plane, transverse frames, and longitudinal members.

2) “Plastic 1”7, the material (styrofoam) used for a float in a swimming pool
found in a supermarket is used as the plastic to be inserted between the frames and
longitudinal members.

3) Glue gel was used for joining the paper members and joining “Plastic 1” to
paper members.

4) Filler made of white glue and wood powder is used to fill gaps in the partial
model.

5) Water-based paint usually used for cloth painting was used to paint the
completed partial model.

Figure 67 — Tests of two plastics against polyester resin and oil paint. “1” refers to “Plastic 1” and "2” to

“Plastic 2”. (a) Samples with size: 20 mm x 20 mm x 15 mm before tests. (b-1), (b-2) Samples after
polyester resin application. (c) Samples after oil paint application.

@ (b-1) (b-2) (©)

Source: Author.

5.5.3 Test of a partial model

After the completion of the partial model, we evaluated it in order to confirm
whether it satisfies or not the conditions for a model established in 3.1.3. The

completed partial model is shown in Figure 68.
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Figure 68 —Completed partial model before the water tightness test. Left and right photos show
different views of the same model.

The evaluation is as follows:

1) Accuracy: We have confirmed that we can keep the accuracy of form by the
way where we use transverse sections and horizontal sections even with papers. By
increasing the number of sections and by using wood for transverse and horizontal
sections, we can increase the form accuracy.

2) Strength: Material for the center plane, transverse frames, and horizontal
members is paper. However, the completed partial model was rigid enough and
seemed able to be used for the test in a CWC.

3) Water tightness: We have soaked the completed partial model in water for a

day, to check its water tightness. As a result, it showed that the water had penetrated
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the model as shown in Figure 69. It showed that the water-based paint used did not

realize its water tightness.

Figure 69 — Partial model after the water tightness test.

Source: Author.

5.5.4 Discussion of the result

We discuss the result as follows:

1) Accuracy: We have confirmed that we can keep enough accuracy of the
model by manufacturing the model by the method above described. If we need more
accuracy, we can get it by increasing the number of transverse frames and horizontal
members and by using wood instead of paper.

2) Strength: Even with structure members made of papers as described
above, the completed partial model was rigid and seemed to have enough strength
for the model test in a CWC. Therefore, if we use water-resistant wood for the center
plane, transverse frames, and horizontal members, we can surely get a model with
enough strength for the model test in a CWC. The wood will improve the accuracy of
the model also compared with the paper.

3) Water tightness: To get water tightness, we need such material that can
bear polyester resin and oil paint. We have searched for such material and found it. It
is “Plastic 27, the material used for a styrofoam block. We have tested whether
“Plastic 2” can bear polyester resin and oil paint. The result is shown in Figure 67.

The result shows that “Plastic 2” can bear them.
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4) Our prospect of the model for a CWC: Through the above study, we have
found that we can manufacture such a model that has enough accuracy, strength,
and water tightness and so we can use for the model test in a CWC. It has strength
members made with water-resistant wood, “Plastic 2” as material to be inserted

among strength members, polyester resin and oil paint to be laid over the model.
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6 CONCLUSIONS

The conclusions are stated below for each of the studies: “Study 1” and “Study
2’.

6.1 FOR“STUDY 1"

We have got the following conclusions:

(1) About the relation between the bow form parameters and the wave-making
resistance of a full ship, we could clarify that:

(a) “b,”: imaginary half breadth of fore end of waterline on the water surface

decides the larger part of wave-making resistance at a draft, at E, lower than

0.17.

(b) “i,”: entrance half angle of waterline on the water surface has a negligibly

small influence on the wave-making resistance at the draft, if its value is lower

than the recommended maximum value in (LEWIS, 1988).

(c) “i,”: stem rake angle on the water surface has a negligibly small influence

on the wave-making resistance at the draft.

(2) To estimate the wave-making resistance of Ship ISNI, we have derived
equation (26), which is a function of “b,” and F,,. We can use it for any other ships by

deciding two factors in the equation with their base data: depth of a line source and

R

E - (—= curve.

n V2
PsVs remaining

(3) We designed two modified bow models, M1 and M2, using equation (26),
in order to reduce the larger wave-making resistance at Ballast condition of Ship
ISNI. The EHP reduction by them we got by the resistance test with 2m-long model
ship are 3.8% (M1) and 5.4% (M2) at F,=0.15. The average EHP reduction in the F,
range from 0.10 to 0.18 are 3.1% (M1) and 5.5% (M2). These values are somewhat
smaller than our estimation by equation (26). However, they are practically large
enough as we explained in Table 9. Therefore, we can say that we have confirmed
that we can use equation (26) for our bow form design of a full ship.

(4) We have developed a bow form design method for a full ship based on
equation (26) as described in 2.8.4. We can apply it to bow form design for a full ship

with any bow form and with design F, less than 0.17.
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6.2 FOR“STUDY 27

(1) We have confirmed, by our additional theoretical analysis and further
discussion with other related model test results, that the result of the undergraduate
thesis (FABRICIO FILHO, 2018), which has pointed out the outstanding importance
of bow form of a ship in wave-making resistance at Froude number below 0.26, is
quite reliable.

(2) We developed a New Resistance Test Method for a fine ship in a CWC
and evaluated its effectiveness. As considered in 3.2.3.2, the developed New
Resistance Test Method in a CWC increases the value of the measured total
resistance by 216 times compared to the Traditional Resistance Test Method in
“‘CWC 1”7 and 42.9 times in “CWC 2”. This makes the New Resistance Test Method
much more accurate than the Traditional Resistance Test Method.

(3) We have designed models and connection system for the confirmation test
of the new resistance test method in the CWC.

(4) We have designed and manufactured a partial model for a test in a CWC,
by ourselves. Through these studies, we have clarified the issues we meet in the
model manufacture. Then, we have studied the ways how to solve the issues and
clarified them.

(5) As a result, we are now ready for the manufacture of models including

connection system and for the confirmation test in the CWC.
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7 FINAL CONSIDERATIONS

Master’s: 2019/03~2020/03
What we did in one year
Until the end of May/2019, we had done:
1. New Resistance Test Method for a fine ship in a CWC
a) Base: undergraduate thesis result (2018, resulted in one paper to SOBENA)
b) Proposal of a New Resistance Test Method for a fine ship in a CWC
c) Design of models and connection system for a confirmation test in a CWC
d) A study on model manufacture (this was done because we confirmed that
we cannot rely on outsourcing for model manufacture: the makers nearby cannot
manufacture a model according to our expectation; so, we had to study how to do a
model by ourselves)
e) We have finished preparation for confirmation test in the CWC
On May 31%t, 2019, Oshima Shipbuilding Co., Ltd. (OSY) confirms their
decision to hire me on April 1%t, 2020. This meant | must finish master’s in one year.
CWC: since the end of August/2018, CWC was successfully installed at
UFPE. However, at the end of May/2019, we could not have such prospect that we
can use the CWC normally and conduct the confirmation test of the method soon
there. So, we added one more theme: development of bow form design method for a
full ship.
We could benefit from the added theme because:
e We could develop a useful design method also for a full ship
e Since OSY works with bulk carriers, the additional theme is useful for them.
So, we proposed to OSY to cooperate with us in the realization of my
master’s thesis. They have accepted our proposal and we are very much
thankful to them.
We can conclude that to add one more theme was a very wise choice.
From the end of May/2019, until January/2020, we have done:
1. Development of bow form design method for a full ship
a) Base: undergraduation thesis result
b) Preliminary study (resulted in one paper to SOBENA)
c) Detailed study (resulted in one paper to JMST)
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The unhappy situation that we could not use CWC at UFPE in our research
did not make us stop. Instead, we did more than what was initially planned, could
have the support by OSY and could directly contribute to the company with our study.
We could take advantage of an unhappy situation and finish very much satisfied. And
we did it in one year, not in two.

This master’s was a nice life experience for me. Such experience taught me
not only about design of ship’s hull form. It also taught me how to live in such a world
where we have limited time, limited budget, some accidents, but we, anyway, must
do our work there. Such a world is the real world, and even in it, we can find a way to
be happy.

This is the last but most important message. | have done much work in one
year for my master's thesis study and could get enough results as described.
However, they have not been completed only by me. Without good cooperation with
the people around me including the people of Oshima Shipbuilding Co. Ltd., | could
not have done it. Now, | know that good enough cooperation with the people around

me is a key to accomplish a big project.
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