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Abstract

Ship maneuverability has a significantly important role in navigation safety point of view. In
order to ensure this important role, a ship must certainly have good maneuver during the initial
design process before the ship is built. Likewise, a ship should be maneuvered safely without
harming the effectiveness of operating costs. Particularly, a Very Large Crude Carrier (VLCC)
with a large size sails not only in still waters or inland waterways but also frequently in various
sea states with uncertain environmental conditions. These conditions make a VLCC potentially
get a serious accident at sea. Therefore, a VLCC must have a good course stability, and it
can be well maneuvered and controlled even in stormy weather under any loading conditions.
Furthermore, a VLCC also must be efficient that is proven by low fuel consumption to reduce
COs emissions as regulated under IMO regulation with respect to the Energy Efficiency Design
Index (EEDI). A small main engine output is one of the alternative options to the above
constraint. However, an excessive reduction in the engine output will adversely result in a
potentially unexpected unsafe situation wherein a helmsman may not be able to maneuver the
ship well in adverse weather conditions. As consequences to the engine output reduction, a
large-diameter and low-revolution propeller and an energy efficiency device are employed. A
high lift rudder has been selected in this research work as an effective way that aims to improve

the ship maneuverability since it becomes worse under reduced-engine output.

In this study, the maneuvering performance of a VLCC tanker in both still water and adverse
weather conditions is investigated by using a Maneuvering Modeling Group (MMG) model
including wind and waves. A free running model test using a VLCC model (KVLCC2) was
carried out to evaluate the maneuvering simulation method in waves. Next, maneuvering of a
VLCC is investigated in two loading conditions of a full-load condition (DF) and normal ballast
load condition (NB) to assess the effect of load conditions. Furthermore, to achieve an energy
efficiency of a VLCC in DF, the investigation involved a situation where the engine output of a
VLCC was significantly reduced owing to advances in energy-saving technology. A VLCC with
30% reduced EEDI (Step3) is planned for the conventional VLCC (Step0) by the adoption of
energy efficiency devices, a large-diameter and low-revolution propeller, etc. Subsequently, to
improve the maneuverability of a VLCC in Step3, a high lift rudder (HL rudder) with a fishtail
section and end plates was newly designed to increase the rudder force under a restriction that

minimizes the increase in rudder resistance. Tank tests were performed by using a scaled ship



model with a HL rudder to capture propulsive performance and rudder force characteristics of

the ship with a HL rudder.

Through the research presented in this thesis, it was confirmed that the loading conditions
significantly influence the ship maneuverability. The steady-state sailing condition in adverse
weather conditions is quite different between DF and NB: the absolute value of the check helm
becomes small in NB, but the hull drift angle becomes large. The relative drift direction of the
ship in turning to the wave direction is 20° — 30° in NB and DF with a rudder angle 35° and
almost constant for any wind (wave) directions. The drifting displacement in turning under
NB becomes larger than that under DF at the same environmental condition. Advance Ap
and tactical diameter Dy become significantly small with an increasing Beaufort scale in head
wind and waves when approaching, although Ap and D7 are almost constant in following wind
and waves. In beam wind and waves, the tendency depends on the plus and minus of the
rudder angle. In zig-zag maneuvers, the first and second overshoot angles (OSAs) in head wind
and waves become smaller than those in still water (SW), and those in following wind and
waves are almost the same or become larger than those in SW. In the case of 10/10 zig-zag
maneuvers of a ship in beam wind and waves, the first OSA increases compared with the value
in SW, because the effective rudder angle decreases, and the second OSA decreases, because
of the effective rudder angle increases. This tendency becomes opposite for —10/ — 10 zig-zag
maneuvers. The effective rudder angle changes owing to the order of magnitude of the check
helm in adverse weather conditions. These tendencies with respect to OSAs are the same
in between DF and NB, although DF is more significant. However, the situation where the
VLCC uncontrollable in DF did not occur. Since the reduction 30% EEDI was applied to
a VLCC in Step3, it was observed that Step3 satisfied IMO maneuvering criteria in the still
water condition. However, the maneuverability of Step3 was worse than that of Step0O since
the rudder force was reduced owing to the low propeller load, which resulted from the small
engine output. Additionally, the steady-state sailing performance of Step3 in adverse weather
conditions, such as check helm, hull drift angle, and speed drop, generally worsened when
compared with those of Step0. Furthermore, course changing ability also deteriorated in the
case of Step3. However, the difference between the trajectories of Step0 and Step3 reduced with
respect to the large Beaufort scale since the difference in the rudder force became less noticeable
owing to the presence of large external lateral forces caused by strong winds and waves. The

improvement of step3 was performed by attaching a HL rudder. The results indicated that the

i



designed HL rudder increased the effective rudder force by approximately 10% when compared
to a conventional mariner rudder (MN rudder). And the HL rudder presented in this study is
useful in improving maneuverability while maintaining almost the same level as the propulsive

performance of a ship with a mariner rudder.
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Glossary

Abbreviations

ACS Air Circulation System

BHP Brake Horse Power

CFD Computational Fluid Dynamic

DF Design Full

DOF Degree of Freedom

EEDI Energy Efficiency Design Index

HL rudder High Lift rudder

IMO International Maritime Organization
ITTC International Towing Tank Conference
LFRP Low Frictional Resistance Paint
MCR Maximum Continuous Rating

MMG Maneuvering Modeling Group

MN rudder Mariner rudder

NB Normal Ballast

NOR Normal output

NRIFE National Research Institute of Fisheries Engineering
OSA Overshoot Angle

PSF Pre-Swirl Fin

RBF Rudder Bulb Fin

SW Still Water

VLCC Very Large Crude oil Carrier

Greek symbols

Qo

aR

relative drift direction in turning to the wave directions

(= fo — x) (rad)
effective inflow angle to the rudder (rad)

hull drift angle at midship, 8 = tan™'(—v,,/u) (rad)
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Bo drift turning direction (rad)

Bp Geometrical inflow angle to propeller in maneuvering motions (rad)
Br effective inflow angle to rudder in maneuvering motions (rad)
Bro Geometrical inflow angle to rudder in maneuvering motions (rad)
X wave direction (rad)
X0 relative wave direction with respect to ship heading
Xo =X — ¥ (rad)
n ratio of propeller diameter to rudder span (= Dp/Hg) (—)
Ny hull efficiency (—)
NR relative rotative efficiency (—)
) rudder angle (rad)
dFNO rudder angle where rudder normal force becomes zero (rad)
YR flow straightening coefficient (—)
A rudder aspect ratio (—)
K an experimental constant for expressing ug (—)
\Y, displacement volume of ship (m?)
P ship heading (rad)
p water density (kg m™3)
Da air density (kg m™3)
Ow wind direction (rad)
04 relative wind direction 04 = tan™!(v4/u4) (rad)
€ ratio of wake fraction at propeller and rudder positions

(=1-wgr)/(1 —wp)) (-)

Roman symbols

Ap advance (m)

A, expanded area of the propeller (m?)

Ag disc area of the propeller, Ay = 7D,?/4 (m?)
ap rudder force increase factor (—)

Apg rudder area including horn (m?)

Ax front wind pressure area (m?)
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Bg

Cy

Cxa

OYA7 CNA

Cyw, Cnw

C(XW

C(YW7 C1NW

k?) k17 kO
Kq

42,491,490

side wind pressure area (m?)

ship breadth (m)

averaged rudder chord length (m)

block coefficient (—)

aerodynamic coefficient in surge (—)

aerodynamic coefficients in sway and yaw moment, respectively (—)
the wave-induced added resistance coefficient in regular waves (—)
the wave-induced lateral force and yaw moment coefficients in regular waves,
respectively (—)

the averaged wave-induced added resistance coefficient in irregular waves (—)
the averaged wave-induced lateral force and yaw moment coefficients
in irregular waves, respectively (—)

ship depth (m)

displacement of the drift turning (m)

propeller diameter (m)

tactical diameter (m)

ship draft (m)

draft at after perpendicular of the ship (m)

draft at fore perpendicular of the ship (m)

rudder normal force (N)

Froude number based on Ly, (—)

rudder lift gradient coefficient (—)

metacentric height (m)

gravity acceleration (m/s?)

rudder span (m)

significant wave height (m)

moment of inertia of ship around the center of gravity (kg m?)
added moment of inertia (kg m?)

propeller thrust open water characteristic (—)

coefficients representing Kr (—)

propeller torque open water characteristic (—)

coefficients representing Kq (—)
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L ship length between perpendiculars (m)

L ship length waterline (m)

Uy effective longitudinal coordinate of rudder position in formula of S (—)
m ship’s mass (kg)

My, My added masses of z-axis direction and y-axis direction, respectively (kg)

Ny yaw moment around the midship due to the wind (N m)

Ng engine revolution at MCR, (rpm)

Ny yaw moment around the midship acting on ship hull with the exception of

the added mass component (N m)
Ny, yaw moment around the midship with the exception of the added mass

component (N m)

np propeller revolution (rps)

Ngr yaw moment around the midship by steering (N m)
Ny yaw moment in irregular waves (N m)

0 — XYz fixed coordinate system of the ship by considering the origin at the midship
00 — L0020 space fixed coordinate system

P propeller pitch ratio (—)

Py main engine output (kW)

Py engine power at MCR (kW)

Q propeller torque (Nm)

r yaw rate (rad s7!)

7 yaw acceleration (rad s~2)

S wetted surface area of a ship without a rudder and horn (m?)
Sce wave spectrum (m?s)

t time (s)

T propeller thrust (N)

Tr transfer (m)

T, averaged wave period (s)

tp thrust deduction factor (—)

tr steering resistance deduction factor (—)

U resultant speed, U = \/m (m s™1)

Uo approach speed (given speed) (m s™!)



Ur resultant inflow velocity to rudder (m s™!)
u surge velocity (m s™1)
UR, VR longitudinal and lateral inflow velocity components to rudder,

respectively (m s™1)

u surge acceleration (m s72)

U, lateral velocity at midship (m s™!)

U, lateral acceleration at the midship (m s™2)

Vi relative wind speed (m s71!)

Vi ship speed (knots)

w wake fraction in the model (—)

wp wake fraction at propeller position in maneuvering motions (—)
wpo wake fraction at propeller position in straight moving (—)

WR wake fraction coefficient at rudder position (—)

WR effective wake fraction coefficient at rudder position (—)

W wake fraction in fullscale (—)

X surge force with the exception of the added mass component (N)
Xa surge force due to the wind (N)

e, longitudinal position of the center of gravity of a ship (m)

Xy surge force acting on a ship hull with the exception of the added mass

component (N)

Xp propeller force (N)

Xr surge force by steering (N)

Xw surge force in irregular waves (N)

TH longitudinal coordinate of the acting point of the additional lateral force (m)
TR longitudinal coordinate of the rudder position (m)

Y lateral force with the exception of the added mass component (N)

Y4 lateral force due to wind (N)

Yu lateral force acting on the ship hull with the exception of

the added mass component (N)

Yr lateral force by steering (N)
Yw lateral force in irregular waves (N)
7 number of propeller blades (—)
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Chapter 1

Introduction

Ship maneuverability has a significantly important role in navigation safety point of view. In
order to ensure this important role, a ship must certainly have good maneuver during the initial
design process before the ship is built. Likewise, a ship should be maneuvered safely without
harming the effectiveness of operating costs. Commonly, the ship with a large size not only
sails in still waters or inland waterways but also frequently in various sea states with uncertain
environmental conditions. These conditions make a ship potentially get a serious accident at
sea. Therefore, the ship must be designed safely, efficiently and Eco-friendly. A reliable ship
is a ship that has good course stability, and it can be well maneuvered and controlled even in
stormy weather under any loading conditions. Not only that, but the ship also must be efficient
that is proven by low fuel consumption, in order to reduce COs emissions as regulated under
IMO regulation with respect to the Energy Efficiency Design Index [EEDI] of ships [12, 13]. A
small main engine output is one of the alternative options to the above constraint. However, an
excessive reduction in the engine output will adversely result in a potentially unexpected unsafe
situation wherein a helmsman may not be able to maneuver the ship well in adverse weather
conditions. As consequences to the engine output reduction, a large-diameter, low-revolution
propeller and an energy efficiency devices are employed. A special rudder namely high lift
rudder has been selected in this research work as an effective way that aims to improve the ship

maneuverability since it becomes worse under reduced-engine output. The maneuvering criteria
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as regulated by IMO [14, 15, 16] is used as the primary guideline to measure quantitatively for

ship maneuvering performance in this study.

This chapter presents the purpose, objective and reviews studies as references for this study.
Section 1.1 introduces the applied terminologies and the research background. Section 1.2
states the research problems to be resolved. Section 1.3 presents some research questions that
appear from the problem statement, and it will be a basis for improvement of maneuverability
of a large tanker. Section 1.4 addresses the scope of this research. At the end, Section 1.5

explains the structure of this dissertation and describes the content of each chapter.

1.1 Research Background

1.1.1 Terminologies

The use of the term like ship design and maneuvering commonly appears in some literature,
especially in an engineering field. To avoid ambiguity in this thesis, the following terms are

briefly defined as below:

o Tanker is a ship that is built to carry liquid or gas. in this study a Very Large Crude
Carrier (VLCC) as an oil tanker with a deadweight capacity 200,000 - 400,000 tons used

as reference ship.

o Ship maneuverability is the quality of ship being able to respond to certain navigation

orders, which include but not limited to, turning, course keeping, yaw checking and

stopping.

o Energy efficiency is to use less energy to provide the same energy level. The ship
energy efficiency is defined as EEDI which expressed in grams of carbon dioxide CO4 per
ship’s capacity-mile (the smaller the EEDI the more energy efficient ship design) and is

calculated by a formula based on the technical design parameters for a given ship.

o Still water is the sea condition with little or no wind and waves.
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o Adverse weather is severe weather with strong wind and waves that cause an unsafe

condition. In this study, adverse weather is assumed on a Beaufort 6 and above.
« MMG model is one of the simulation models for ship maneuvering developed in Japan.

o Engine output is the maximum power that an engine can put out. Normally it is defined

as a maximum continuous rating (MCR).

o Loading condition is a certain load condition, which includes fully loaded departure
condition, fully loaded arrival condition, and ballast departure condition, ballast arrival
condition. In this study, to evaluate the maneuvering performance of a large tanker based

on loading conditions, both of full loaded departure and ballast arrival condition are used.

o Full load condition is a fully loaded departure condition with the full cargo, stores, and

fuel.

« Ballast condition is a ballast arrival condition without cargo and with 10% stores and

fuel remaining.

o Course stability is the ships ability to return soon to its initial motion characteristics

after a momentary disturbance.
e Mariner rudder is a rudder with a spade type incorporated with a rudder horn.

o High lift rudder is a special rudder with a fishtail section and end plates, and it is

designed to increase the rudder force.

1.1.2 Tanker transport

The tanker transports crude oil, refined petroleum products, and chemicals. Tankers have
large populations whose operations typically travel beyond the open seas and oceans. The
world tanker fleet has greatly expanded in recent years, whose number until 2017 are 12,662
ships totaling 577 million dead-weight tons [17]. It was principally through a major use of large

tanker or supertankers. An equivalent number of large tankers are now under construction
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throughout the world. It was reported that until 2016, the world tanker trade performing is
relatively better than any other sector, although the world tanker production rate was decreased
compared with previous years [31]. Those conditions might be triggered by the impact of
declining in world oil prices that occur to date. Nevertheless, this situation tends to recover in
line with the energy demands which certainly needed in some developed countries. On the other
hand, recent estimation shows that one-third of all oil pollution of the world’s oceans due to
the marine transportation. Tankers understandably are the single most significant contributor
to such pollution due to its high fuel consumption and CO, emissions generated. Accordingly,
this requires international regulation to make a strict policy through the improvement of the
energy efficiency index on the ship. As the solutions from those problems, it is necessary to
develop and apply new methods and technology in the ship design process. One of the areas of
most importance for large tankers is their maneuverability. And the most important point in
the design process is to ensure that the tankers have reliable maneuverability in still waters and
adverse weather conditions. From the explanation mentioned above, it is necessary to perform
a research that concerns the design of tankers to operate safely and efficiently based on the

navigation point of view.

1.1.3 Navigation safety

The safety of ships is critical to the world economy. This is due to the international trades which
dominantly transported by shipping sector. With increasing sea transportation, the number
of ships in operations also increases as well as the risk of marine accidents. During the period
of 2007-2016, it was reported that the total losses were 1186 ships throughout the world [1].
Based on statistical data, they have declined 50% over the past decade. It was informed that
the cause of total losses with respect to the ship maneuverability such as foundered, stranded
and collision over half of all total losses. Additionally, one of the ship’s accidents is due to the
ship being unable to maneuver appropriately during its operation. Storm weather is often as
a factor, even though human error also involved in those accidents. The other statistical data

show that most of the ship accidents related to the ocean swell occurred relatively in low sea
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states conditions [50]. It is noted that maritime safety has been improving in recent years,
driven by continually evolving regulation and the development of a more robust safety culture
and many ship-owners are now much more proactive around safety than they were in the past.
Based on the explanation described above, studies that concern for marine safety in relation to

ship maneuvering are needed.

1.1.4 Loading conditions

International Maritime Organization (IMO) standards for ship maneuverability [15, 16] apply
the full load and even keel condition as the fundamental condition for the assessment. However,
many trades and voyages require passage without cargo or in a light-cargo condition. When
a ship is not fully laden, ballast water is required to compensate for the increased buoyancy
and keep the propeller and rudder submerged for navigation safety. The propeller thrust or
rudder force may reduce due to not fully-immersed propeller and rudder. Those situations
may lead to the unsafe condition of the ship in adverse weather conditions. For instance, the
serious accident in stormy weather by grounding occurred for a ship in ballast load condition,

in Australia [2].

Several studies were conducted to investigate the effect of loading conditions on maneuvering
performances. Eda et al. [6] confirmed that both the water depths and loads significantly
influenced the ship maneuverability characteristics. With decreasing water depth, turning per-
formance become worse and dynamic course stability improved, likewise decreased turning
capability and increased dynamic course stability are indicated for the ballast condition rela-
tive to the full load condition. Kijima et al. [20] proposed a practical method to predict the
maneuvering motions of the ships in any loading conditions. The method based on a lot of
approximate formulas to estimate the hydrodynamic force coefficients of ships. The prediction
accuracy is acceptable, and it is useful for predicting maneuverability of the conventional ships
at the initial design stage. Kijima et al. [21] also proposed prediction method that expresses the
loading condition effect on the ship maneuverability based on the parameters of flow straight-

ening coefficient v and effective wake fraction coefficient at rudder position wgg, the prediction
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method has relatively good accuracy for turning ability but not for course keeping ability. In
addition, a new modification of Kijima’s mathematical model was introduced by Yoshimura
[42]. It confirmed that a dry cargo with V-shape model becomes worse in ballast condition and
conversely improved for U-shape model when compared to that of full load condition, V-shape
makes the course stability worse in general, though it produces better resistance and propulsion.
Im et al. [19] proposed approximate formulas to estimate the hydrodynamic derivatives of a
ship in any loading conditions. Yoshimura et al. [44] investigated the effect of load condition on
the rudder force, and it was confirmed that the rudder normal force decreases with decreasing
the aft draft in ballast condition. Recently, Yasukawa et al. [40] investigated the impacts of
load conditions with series models of a large tanker in full and ballast load conditions. And they
confirmed that by increasing the block coefficient (C), turning performance increased, zig-zag
maneuvers decreased, and the course stability becomes worse. However, in these studies, they

did not mention the ship maneuverability in adverse weather conditions.

1.1.5 Maneuverability in adverse weather

Nowadays, ships maneuverability as regulated by the IMO [15, 16], which does not address
ship maneuverability in adverse conditions. Meanwhile, well maneuvers of the ship in adverse
conditions are required since the introduction of EEDI [12, 13]. Some researchers and experts
were involved in these challenging activities. Hirano et al.[10] initiated to investigate the ship
maneuverability in regular waves by the simple prediction method where only wave-induced
steady forces are considered as the wave effect in a time domain simulation method. A practical
maneuvering simulations method in waves was proposed by Yasukawa et al. [35]. In the method,
2nd-order wave-induced steady forces acting on the ship were considered as the wave effect.
The simulation method can capture the maneuvering motions of the ship with the sufficient
accuracy for practical purposes. Yoshimura et al. [43] and Hasegawa et al. [9] investigated
maneuverability of a Pure Car Carrier in the wind by a time domain simulation method.
Nagarajan et al. [24] observed maneuverability of a large tanker with the Mariner Schilling

Rudder in the strong wind. However, they never mentioned the engine output effect on the
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ship maneuverability in adverse weather conditions in relation to EEDI requirements. Hence,
in order to increase the index of EEDI effectively, one of the ways is by applying a small main

engine output. However, this may lead to worse maneuverability in adverse conditions.

1.1.6 Minimum power requirement

The IMO requires that all ships above 400 GT must reduce EEDI by a maximum of 30% after
2025 [12]. The implementation of the EEDI has raised justified concerns that some ship de-
signers might choose to simply lower the installed power to achieve EEDI requirements. The
employment of a small main engine output is an extremely effective way to lower fuel consump-
tion and to reduce CO5 emissions. However, small engine output leads to a low propeller load,
and thereby reduces the rudder force. Therefore, an excessive reduction in minimum power
will result in unsafe situations in which the ship is unable to be well maneuvered in adverse

weather conditions.

Several studies have been carried out to improve ship maneuverability under a lower engine
output in adverse weather, although very few studies deeply discuss with regard to this subject.
Takahashi and Asai [29] confirmed that a lower-powered ship has larger speed loss and poorer
course keeping ability when compared with a higher-powered ship in stormy conditions. They
examined a case in which engine output was reduced with decreases in the design speed and did

not consider the impact of specific maneuvering motions such as turning and zig-zag maneuvers.

1.1.7 Improvement of manueverability

There are many ways to improve ship maneuverability, such as reducing ship weight, optimizing
hullform, increasing thrust power, modifying rudder design. In practice, it may not be possible
to improve ship maneuverability which related to the main particulars and hullform because
both constrained by the cargo capacity and the ship lightweight. Likewise, upgraded thrust
power by increasing main engine output leads to an increase in fuel consumption. Therefore,

the remaining possibilities to improve the maneuvering performance are through optimizing
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rudder design. A rudder has a significant contribution to the ship maneuvering performances
as well as an underestimated potential for fuel savings [11]. A rudder with special sectional

shape achieves the high lift rudder forces, and it will improve the ship maneuverability certainly.

Several studies investigated the impacts of a high lift rudder on maneuvering and propulsive
performances of ships. Bingham and Mackey [4] reviewed the maneuvering performance of
ships with a high lift rudder, such as the Schilling rudder and a flap rudder, and indicated that
the Schilling rudder exhibited better turning ability, was simpler in construction, and cheaper
when compared with the flap rudder. Brix [5] indicated that the rudder with various fishtails
section produces a larger lift force as compared to the NACA mariner rudder, although the drag
increases at all rudder angles. The lift force of this rudder evidently improved about 8-12%
when attached on a series of the container ship. Hasegawa et al. [9] investigated the course-
keeping ability of a Pure Car Carrier in windy conditions for two rudders (Schilling rudder
and mariner rudder), and concluded that the Schilling rudder produces a larger lift force when
compared with the mariner rudder. Nagarajan et al. [24] confirmed that maneuverability and
fuel efficiency of a VLCC with a Schilling rudder was superior when compared with a ship with
a conventional mariner rudder. Nguyen and Ikeda [25] numerically confirmed that a rudder
with a fishtail section exhibited a higher lift when compared with a NACA mariner rudder. Liu
et al. [22] investigated the impact of the rudder section on maneuvering performance, and the
results indicated that the wedge-tail section produces a larger rudder force and smaller turning
indexes albeit with least efficiency (i.e., higher rudder resistance). In summary, existing studies
have indicated that a rudder with a fishtail or a wedge-tail section similar to a Shilling rudder
can potentially be used as a measure to improve maneuverability, although there is a possibility

that the propulsive performance worsened due to the rudder resistance increased.

1.1.8 Concluding remarks

In section 1.1 we have discussed the importance of proper maneuverability for a large tanker
with various load conditions in still water and adverse weather conditions. A small main engine

output due to advances in energy efficiency devices and a propeller with a large-diameter and
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low-revolution is proposed for the conventional VLCC to improve the index of EEDI. A high lift
rudder is selected as an effective way to improve the maneuverability of a VLCC under reduced-
engine output. Furthermore, IMO maneuvering criteria are used to assess the maneuvering

performance of ships.

1.2 Problem statement

Presently, studies on ship maneuvering are mainly conducted in still water conditions, whereas
in reality, seagoing ships with various load conditions travel in different sea-states, and most
likely also sail in stormy conditions. These conditions allow that the ship gets a high risk
accident. In order to protect the environment from the pollution at sea and to increase the
ship energy efficiency, a strict regulation was issued by IMO [12]. This regulation will impact
on the reduction of main engine output to fulfill EEDI requirements. By employing a small

main engine output, a ship might have insufficient maneuverability in adverse conditions.

Considering the research challenges as mentioned above, there are the several issues to be ex-

plored in this study, as follows:

e According to the existing research, the effect of loading conditions on ship
maneuvering performance in adverse conditions, has not been examined yet.
There are several studies which concern related to the ship maneuverability in wind
and waves. However, their maneuvering studies only in full load condition but not in
ballast load condition. In fact, loading conditions will affect the course stability of the
ship. Accordingly, the course stability should be observed to confirm the maneuvering

performance based on its loading effects.

e The importance for the development of maneuvering simulation methods un-
der adverse weather conditions.
The ship maneuverability in adverse condition has to be discussed under minimum propul-

sion power under-regulated by IMO [14]. However, the mentioned assessment procedure
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may not be enough to represent the actual condition of the ship maneuvers in adverse con-
ditions. Therefore, some parameters should be added in the simulation, such including,
but not limited to wind and waves in any direction together with the engine torque-rich

model.

o Effects of engine output on ship maneuverability are not clear.
Some researchers have been investigated the maneuvering performance of a large ship in
wind and waves [9, 10, 24, 35, 43]. However, they never mentioned the engine output
effect on the ship maneuverability in adverse weather conditions. In fact, Takahashi and
Asai [29] performed a maneuvering study in severe weather conditions in conjunction with
appropriate reductions in the engine output. However, they did not consider the impact

of specific maneuvering motions such as turning and zig-zag maneuvers.

o Effect of a high lift rudder on maneuvering performance in wind and waves
has not been examined yet.
One of the effective ways to improve the maneuverability of a ship under a small main
engine output is attaching a high lift rudder. Studies related to the effect of a high
lift rudder on the maneuverability of a ship in adverse weather conditions are limited.
Therefore, it is necessary to extend the advantageous by a high lift rudder to the ship

maneuvering performance in adverse conditions.

1.3 Research questions

Some problems were identified in section 1.2. There is a lack of study in the prediction methods
of maneuverability of a large tanker in still water and adverse conditions under a small engine
output. The effect of load conditions on ship maneuvering in the wind and waves has been not
investigated yet. The impacts of high lift rudder on ship maneuverability in adverse conditions
are not clear. Following these conditions, this thesis intends to resolve these main problems

through the following questions:
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(1) What is the practical simulation model to evaluate the ship maneuvers in
adverse weather conditions?
If the above question is answered, a maneuvering simulation model including wind and
waves will be proposed. The proposed simulation model will be useful for practical pur-

poses, particularly at the initial design stage.

(2) How does the effect of loading conditions on ship maneuvering performance?
Answers to this question will provide some information such as the performance of ship
maneuvers in design full and normal ballast conditions in still waters and adverse weather
conditions. The course stability will be taken account as the significant parameters for

the loading conditions effect on maneuvering performance.

(3) How does the engine output effect on ship maneuvering performance?
Answering this question, a small main engine output with a large diameter and low
propeller and applying some energy efficiency devices will be proposed. As a result, a

VLCC tanker with energy saving, Eco-friendly and safe maneuvers will be achieved.

(4) How to improve the ship maneuverability under a small main engine output?
Answers to the above question will provide insight into the impacts of a high lift rudder on
the maneuvering performance of the ship. This solution aims to improve the maneuvering

performance due to low engine output.

1.4 Research boundaries

In this thesis, the study of ship maneuverability based on the assumption that the maneuver-
ability of a ship can be assessed by its maneuvering trajectories and indices in specified test
maneuvers. A VLCC tanker was taken as reference ship (length: 320 m, breadth: 58 m, depth:
30 m) with a single propeller and single rudder. Based on the above assumptions, the following

research boundaries are determined:
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« The maneuvering simulation method based on MMG model [12].

e Human factors are not included.

o Effect of the ship to ship interaction is not included.

o Metacentric height GM for a large tanker is commonly large, and the roll coupling effect

on maneuvering is negligible.

o The speed effect on the averaged wave-induced steady lateral force coefficient Cyy and

yaw moment coefficient Cyy in irregular waves is negligible [34].

« Wind and waves directions as the external forces in the simulations are assumed almost

the same.

1.5 Thesis outline

To answer the identified research problems as mentioned in section 1.2 and 1.3, a maneuvering
performance of large tanker in any loading conditions under adverse conditions will be inves-
tigated, the impacts of small engine output on ship maneuverability will be analyzed, and the
improvement of maneuverability will be proposed. Fig. 1.1 shows the thesis structure which

describes a relation between chapters. This thesis is organized as follows:

o Chapter 1 presents research background and reviews state of the art literature on ship
maneuverability in still water and adverse weather conditions and a ship with lowered
engine output to support the research topic. In this chapter the main purposes and

problem identification for this study are explained.

o Chapter 2 proposes the development of the mathematical maneuvering models which
involve wind and waves effect. The engine output is modeled as torque limit line for

controlling the propeller revolution. This chapter answers the question 1.
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o Chapter 3 outlines a VLCC tanker as studied ship with the detail of ship particulars
that will be as the reference ship for the simulation. This chapter answers the question 1

as subject ship used in Chapter 2.

o Chapter 4 presents the verification of the simulation method as mentioned in Chapter
2 through free-running model tests in waves with specified maneuvering test. The ship
model based on Chapter 3. This chapter answers the question 1 and ensures the reliability

of simulation models.

o Chapter 5 discusses the effect of load conditions on ship maneuverability. By using
the simulation maneuvering model in Chapter 2 and the subject ship in Chapter 3, the
ship maneuverability in full load and ballast load conditions are investigated. A course
stability is observed to confirm the ship maneuvering performance based on its loading

conditions. This chapter answers the whole question 2.

o Chapter 6 presents a maneuvering performance of ship under a small main engine out-
put in full load condition. Using the reference ship in Chapter 3 and hydrodynamic
characteristics in Chapter 5, the simulations method corresponds to Chapter 2 is applied
to investigate the maneuverability for both a conventional vessel and a ship with 30%

reduced EEDI. This chapter answers the question 3.

o Chapter 7 introduces a new high lift rudder design to improve ship maneuverability of
ship with a small engine output based on Chapter 6. The reference ship corresponds to
Chapter 3. Tank test is carried out to obtain the self-propulsion performance and rudder

force characteristics. This chapter answers the question 4.

o Chapter 8 summarizes the conclusions of this thesis and outlines the recommendations

for further research.
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Figure 1.1: Thesis outline




Chapter 2

A Simulation Method for Ship

Maneuvering in Wind and Waves

As reviewed in Chapter 1, a mathematical model for maneuvering motion in adverse weather
conditions is required, then both wind and waves effects should be incorporated to the motion

equations of maneuvers into the MMG simulation model [37], with the following assumptions:

« Ship is a rigid body.

o Ship speed is not fast that wave-making effect can be neglected.

o Hydrodynamic forces acting on the ship are treated quasi-steadily.

o Lateral velocity component is small compared with longitudinal velocity component.

e Roll coupling effect on maneuvering is negligible since metacentric height GM is suffi-

ciently large.

To analyze the ship maneuvering performance in adverse conditions, it is necessary to develop
a mathematical model associated with the maneuvering motions involve wind and waves. This
chapter describes maneuvering simulations models, and those will be used to simulate the

maneuvering of a VLCC with a single propeller and rudder. Section 2.1 introduces the applied

15



16 Ch. 2. A Simulation Method for Ship Maneuvering in Wind and Waves

coordinate systems. Section 2.2 describes the motion equations to be solved for maneuvering
motions of the ship. In this section, describes the equations of hydrodynamic forces acting
on ship hull, the hydrodynamic forces due to the propeller, and hydrodynamic forces by the
rudder are described. Section 2.3 expresses the prediction of the wave-induced steady forces in
irregular waves. Section 2.4 expresses the wind forces acting on the ship. Section 2.5 presents
the torque limit model. In the end, the conclusions of this chapter are summarized in Section

2.6.

2.1 Coordinate system

Fig. 2.1 shows the coordinate systems used in the study. Specifically, the space-fixed coordinate
system is denoted as 0y — xoyozo in which the zo— 1y plane coincides with the still water surface,
and the zp-axis points vertically downward. The moving ship-fixed coordinate system is denoted
as o —zyz in which o is considered on the midship of the ship, and z, y, and z-axes point toward

the ship’s bow, i.e., toward the starboard and vertically downward directions, respectively.

xO A
X, 0
waves &
wind
v
[
0p >
Yo

Figure 2.1: Coordinate systems
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The heading angle 1 is defined as the angle between the xy and x-axes. Furthermore, ¢ denotes
the rudder angle, and r denotes the yaw rate. Additionally, v and v,, denotes the velocity
components in x and y directions, respectively. The drift angle at the midship position is
defined as (= tan~!(—v,,/u)). The total velocity corresponds to U(= m) The main
wave propagation direction is denoted as y as shown in Fig. 2.1. Subsequently, relative wave
direction g is defined as xo = x — ¥. The head wave, the beam wave, and the following wave
of the ship are defined as xo = 0°, xo = 90°, and o = 180°, respectively. The wind direction

Ow is assumed as same as the wave direction x.

2.2 Motion equations

The motion equations with respect to surge, sway, and yaw are expressed as follows [37]:

(m + mg)iu — (m + my)v,r — zgmr? = X
(m +my)0m, + (m + mg)ur +xegmir - =Y (2.1)
(Lg + x2m + J,)i + zgmi, + zgmur = N

where m denotes ship’s mass, I, denotes the moment of inertia around center of gravity, m,
and m, denote the added masses of z-axis direction and y-axis direction, respectively, and J,
denotes the added moment of inertia. Eq.(2.1) denotes the equations of motion to be solved.
The unknown variables corresponded to u, v,,, and r. Additionally, X, Y, and N in the right
hand side of Eq.(2.1) denote the surge force, lateral force, and yaw moment around midship

except added mass components, respectively, and are expressed as follows:

X = Xg+Xp+Xp+Xyw+ Xy

Y = Yy4+Yp+Yw+Yy (2.2)

N = Nyp+ Ngp+ Ny + Ny

Here, subscripts H, R, and P denote hull, rudder, and propeller, respectively. The forces with
subscripts H, R, and P could be predicted by using the MMG standard method [37]. The
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subscript W denotes the wave-induced steady forces in irregular waves, and A denotes the
wind forces. By solving the equation of motion, i.e., Eq.(2.1), it was numerically possible to

determine the maneuvering motions of the ship.

2.2.1 Hull forces

Surge force (Xg), lateral force (Yg) and yaw moment (Np) around midship acting on ship hull

can be express as:

X = (1/2)pLdU? X} (vy,,7")

Yu = (1/2)pLdU} .7 (2.3)

Ny = (1/2)pL*dU?NY (v, 1)

where p is water density, L is ship length, d is ship draft, and U is ship speed, v/, denotes
non-dimensionalized lateral velocity (v/, = v,,/U), and 1’ denotes non-dimensionalized yaw

rate (r' =rL/U). X}, Y}, and Nj; are expressed as follows:

Xy ) = —Ry+ X, 2+ X o'+ X%+ X0

vy Tm vrm VVVYV "M
1 () / _ 1,00 1,0 ! 3 P2, P a2 /13
YH (Um’ r ) - }/'U/Um + Y;’T + Y:U'U’U/Um + YL)’U'I’/UT)”LT + Y’UTTUWLT + }/7"’!"7'7“ (2.4)

Ny (v ") N'v! + N'v'+ N! o3+ N! v?r'+ N/ o r'*+ N _r3

VY Tm vUr Tm vrr -m rrr

/ / / / / /
er’ er’ X var7 err and Nrrr are

VYUV

where X’/

vV

/ !/ /
VYU vUr? vrr) TrT? N’U ? NT‘ ) N’U’U’U )

Y;)/, Y;f, N A A

the hydrodynamic derivatives on maneuvering.

2.2.2 Hydrodynamic forces due to propeller

Surge force due to propeller (Xp) is expressed as follows:

Xp = (1—tp)T (2.5)
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tp is the thrust deduction factor. The thrust 7" and the torque () are generated by propeller
are written as

T = pnbDpKr(Jp)
(2.6)

Q = pEDpEo(Jp)

Here, Dp is the propeller diameter. The propeller thrust open water characteristic K and the

characteristic of propeller torque in open water K are expressed by the following equation.

KT(JP) - kQJ]%‘i‘liP‘i‘/{?O (2 7)

Kqo(Jp) = @Ji+alter+q

Where ko, ki, and kg are coefficients representing K7, and ¢o, ¢; and ¢y are coefficients repre-
senting K. Kr and K¢ are approximately expressed as 2nd polynomial function of propeller

advance ratio Jp.

u(l —wp)
Jgp = ——= 2.
P woDn (2.8)

wp in the equation is the effective wake fraction, np is the propeller revolution and Sp is the
geometrical inflow angle to the propeller in maneuvering motions (Sp = 8 —2'pr’), 25 is longi-
tudinal position coordinate of the propeller and dimensionalized by L. A formula corresponds

to wp is expressed as

TP - exp(-CulBRDI(C - 1) (29)

1—U)p0

Here, C; and Cy are constants representing the characteristics of (1 — wp)/(1 — wpy).
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2.2.3 Hydrodynamic forces by rudder

The hydrodynamic forces generated by the steering (Xg, Yz, Ng) are expressed as

XR = —(]_ - tR)FNSiIl5
Yr = —(14 ag)Fncosd (2.10)
Nr = —(xg+ agry)Fycosd

Here, tg, ay, vy are parameters representing the interaction between the hull and the rudder.

Fy is expressed as

Fy = (1/2)pARU} fasinag (2.11)

Where Agr denotes rudder area and f, denotes rudder lift gradient coefficient. The resultant
inflow velocity to rudder Uy and effective inflow angle to the rudder ag are expressed by the

following equation:
Ur = Juk+v% (2.12)

ar = 0—tan"! (UR):(S—UR (2.13)

UR UR

ug is longitudinal inflow velocity components to rudder, vg is lateral inflow velocity components

to rudder. v can be expressed as follows:

vg = UvrBr (2.14)

where

Br = B—Llp' (2.15)
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Here, vy is called the flow straightening coefficient and usually smaller than 1.0. Sg denotes
the effective inflow angle to rudder. ¢ is treated as an experimental constant for expressing

vr and can be obtained from the captive model test.

ug uses the following equation,

nJ3

up = 5u(1—wp)\l17[1+/<a< 1+8KT—1>] +(1—n) (2.16)

where ¢ means ratio of wake fraction at rudder position to that at propeller position defined
by ¢ = (1 —wg)/(1 — wp). The k is an experimental constant. 7 denotes ratio of propeller

diameter to rudder span (= Dp/Hg).

2.3 Wave-induced steady forces

The wave-induced steady forces in irregular waves (X, Yy, Ny ) are expressed as follows:

Xy = PQH12/3L CXW(Ua T,, Xo)

Yw = pgH} L Cyw(Ty, o) (2.17)

Nw = pgH};;L* Cyw (T, Xo)

where H, /3 denotes the significant wave height, and g denotes the gravity acceleration. The
averaged wave-induced added resistance coefficient in irregular waves (Cxy) is expressed as
a function of ship speed (denoted as U), averaged wave period (denoted as T,), and relative
wave direction (denoted as o). The speed effect on C'xyy cannot be neglected. In contrast, the

speed effect on the averaged wave-induced steady lateral force and yaw moment coefficients in

irregular waves (Cyw, Cyw) is assumed as negligible [34]. Then, Cyy and Cyy are expressed
as a function of T, and . The averaged value of wave-induced steady force coefficients in

irregular waves are calculated by applying the short-term prediction technique based on the
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wave-induced steady force coefficients in regular waves as follows:

T o0 Sec(w
Txw(U.Tox0) = 2 G0)b [~ Cxaw (U0, x0) 4
- 1/3

. 7T 00 S,
Cyw(Ty,x0) = 2 G(e)dQ/O Cyw (w, Xo0) gg(w)dw (2.18)
—r 1/3

. K _ K
Cvw(Toxo) = 2/ G(0)dd /0 Conr (w0, x0) 22 g,

—r i

where S¢c(w) denotes the wave spectrum, and G(6) denotes the wave direction distribution
function. Cxw, Cyw, and Cyy denote the wave-induced steady force coefficients in regular
waves, and Cxy and Cyy are non-dimensionalized through the division by pghiL where h,
denotes amplitude of incident waves, and Cyy is non-dimensionalized through the division
pgh?L?. The following procedure was employed in the actual simulations: Prior to the sim-
ulations, a database of wave-induced steady force coefficients in irregular waves (Cxw, Cyw,
Cyw) was provided as the functions of U, T, and . The steady forces at the moment of the
maneuvering motion were estimated in the time domain by an interpolation technique based

on the database [35].

2.4 Wind forces

Based on the assumption of steady and constant wind, the surge force, lateral force, and yaw

moment due to the wind (X4, Y4, Na) are expressed as follows:

Xa = (1/2)paAxVE Cxa(0a)

Ya = (1/2)paAYVjOYA(9A) (2.19)

NA = (1/2)paAyL Vj ONA(GA)

where
04 = tan *(va/ua) (2.20)
Vi = Jui +03 (2.21)
us = u-+ Uy cos(fw — ) (2.22)

VA4 = Uy + UW sin(@w — 1/1) (223)
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Here, p, denotes air density, V4 denotes the relative wind speed, Uy, denotes the absolute wind
speed, 04 denotes the relative wind direction, and 6y, denotes the absolute wind direction.
Cxa, Cya, and Cy4 denote the aerodynamic force coefficients expressed as a function of the

relative wind direction (denoted by 604).

2.5 Torque limit line

A large load could act on the main engine in a severe sea. In order to avoid an undesirable
situation, the propeller revolution is controlled not to exceed a propeller torque limit. In

accordance with a previous study Ref.[30], the limit line is expressed as follows:

Pp = min(Ppyep, ProLp) (2.24)

where Pg denotes the main engine output. Averaged effective pressure limit Pgy/gp is expressed

as follows:

Ng

Nuycr

where Npg denotes the engine revolution. Overload protection limit Pgorp is expressed as

follows:

N )F (2.26)

PBOLP = Oél_FMCR(
Nuycr

Here, o = 0.967 and I" = 2 are used.

2.6 Concluding remarks

In this chapter, a model presented was based on the MMG maneuvering simulation method
[37]. To observe the maneuvering performance of the ship in adverse condition, both wind and
waves effects have been included in the maneuvering motion equations. Further investigations

and experiments are required to confirm the accuracy of the simulation method (Chapter 4).
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Moreover, research on the ship maneuverability in waves is suggested. Through the further
simulation study, it is expected that the present model can roughly capture the maneuvering

performance of the reference ship.



Chapter 3

Studied Ship

As explained in Chapter 1, a VLCC tanker will be used as a subject ship to investigate ma-
neuvering performance in still water and adverse conditions. This chapter describes a ship
particulars used in this study with a single propeller and a single rudder. Section 3.1 describes
ship main dimensions and hullform. Section 3.2 presents the arrangement of superstructure

and wind exposed area. Section 3.3 describes rudder and propeller information.

3.1 Ship Particulars

In this study, a VLCC titled KVLCC2 [27] in which hull form data was previously published
is used as the target ship. Table 3.1 shows the principal particulars of the ship. The scale
ratio between the actual ship and model is 1/110. In the table, L denotes length between
perpendiculars, L,,; denotes length of the waterline, B denotes breadth, D denotes depth, d
denotes draft, V denotes displacement volume, S denotes wetted surface area without a rudder
and a horn, z¢ denotes longitudinal position of the center of gravity (fore position from the
midship is positive), and C}, denotes the block coefficient. The load condition involved a full
load even keel. Fig. 3.1 illustrates the body plan of KVLCC2, and a picture of the KVLCC2

model used for the tank test as shown in Fig. 3.2.

25
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Table 3.1: Principal particulars of a target ship (KVLCC2)

symbol Ship Model

L (m) 320.0  2.9091
Lwl (m) 3255 29591
B (m) 58.0 0.5273
(m) 30.0 0.2364

D
d (m) 20.80 0.1891
\Y (m3) 312,622 0.2349
S (In ) 27,467  2.2475
ze (m) 11.2 0.1012
Cy 0.81 0.81
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Figure 3.1: Body plan of KVLCC2
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Figure 3.2: KVLCC2 model

3.2 Wind exposed area

Fig. 3.3 shows side and front views including the super-structure of the ship used in the study.
The configuration and arrangement of the super-structure were estimated based on an existing
VLCC tanker with a similar size since an actual fullscale ship corresponding to KVLCC2 was
not available. The front wind pressure area Ay corresponds to 1,161 m?, and the side wind

pressure area corresponds to Ay 4,258 m?.
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L
T 5

Figure 3.3: Side and front views of a VLCC

3.3 Rudder and propeller

The ship possessed a Mariner rudder (NACA0018) as shown in Fig. 3.4. Table 3.2 shows the
principal particulars of the rudder. In the table, Hr denotes span of the rudder, Br denotes
the averaged chord of the rudder including horn, Ar denotes the rudder area of the movable
part, and A denotes the aspect ratio. 71 denotes the ratio of propeller diameter and rudder

height. Ar/(Ld) denotes the rudder area ratio. f, denotes the Rudder lift gradient coefficient.

Table 3.2: Principal particulars of the rudder

Symbol Fullscale Model
Hg (m) 15.80 0.14

Bp (m)  8.65 0.08

Ap (m?) 1125  0.0093
A 1.827  1.827
" 1.827  0.624

Ag/(Ld)  1/59.15  1/59.15
fa 2747 2.747

Table 3.3 shows the principal particulars of the engine and propeller. In the table, Dp denotes
the propeller diameter, p denotes the propeller pitch ratio, A./A4 denotes the expanded area
ratio, Z denotes the number of blades. kg, k1, and k5 denotes the propeller thrust characteristics.

qo, q1, and go denotes the propeller torque characteristics. Pg denotes the engine power at
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(a) Rudder model

(b) Rudder profiles, units in meter

Figure 3.4: KVLCC2 Rudder

Maximum Continuous Rating (MCR), Ng denotes the engine revolution at MCR. Fig. 3.5
shows the propeller model of KVLCC2.

Table 3.3: Principal particulars of propeller

Symbol Fullscale Model

Dp (m) 986 0.0896
p 0.673 0.673
AJA; 0384 0.3%4
A 4 4
ko 0.2653 0.2653
kq -0.1568  -0.1568
ko -0.2595 -0.2595
o 0.0244  0.0244
1 0.00025  0.00025
Q2 -0.03638  -0.03638
Py (kW) 25,600
Ng (rpm) 76.0

Figure 3.5: Propeller model (KVLCC2)



Chapter 4

Evaluation of the simulation method

In this chapter, maneuvering simulations are performed for ships moving in irregular waves.
MMG standard method [37] as explained in Chapter 2 is used as the simulation method.
As the wave effect, 2nd order wave induced steady forces (wave drift forces) acting on the
ship hull as mentioned in Chapter 2.3 are considered in the simulations. To evaluate ship
maneuvering simulation method, a KVLCC2 model as described in Chapter 3 is used for free-
running model tests. Turning test and zig-zag maneuver test were carried out in both still
water and irregular waves with various speed conditions. Then, the simulation method and the
measured results are compared in the same condition. This chapter describes the evaluation of
maneuvering simulation method to be used in this study. Section 4.1 outlines the free-running
model test. Section 4.2 presents the comparison results of turning and zig-zag maneuvers
between experiment and simulation in both still water and irregular waves. Finally, section 4.3

concludes this chapter.

4.1 Outline of free-running model test

The free-running model tests were conducted in a square tank of National Research Institute
of Fisheries Engineering (NRIFE), Japan (Tank length: 60m, width: 25m, depth: 3.2m) as

shown in Fig. 4.1. In the square tank, short-crested irregular waves can be generated.

29
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Figure 4.1: National Research Institute of Fisheries Engineering

4.1.1 Test setup and measurements

Turning test with a rudder angle § £35° and time histories of rudder angle § and heading angle
Y in +£10°/+10° zig-zag maneuver tests are performed in still water and irregular waves. In
the tests, the approach speed U, and propeller revolution np are mentioned in Table 4.1.

Table 4.1: Ship speed and propeller revolution in the test

still water irregular waves
Up fullscale (kn) | 15.5 10.0 5.0 | 13.0 10.0 5.0
Up model (m/s) | 0.760 0.491 0.245 | 0.636 0.491 0.245
np model (rps) 172  11.6 6.0 172 14.0 8.3

The variation of ship speed in Table 4.1 is intended to observe the speed effect on the ma-
neuvering motions. we made the propeller revolution same in still water and irregular waves.
Then, the approach speed U, decrease 13.0kn in irregular waves from the previous approach
speed 15.5kn in still water. In the medium and low speed cases (Uy=10.0kn and 5.0kn), the
approach speed same in both still water and irregular waves. The radius of gyration was set to

be 0.25L. GM was 120mm. Steering rate was 19.0°/s for fullscale.

The significant wave height H; /3 and averaged wave period T}, in the tank tests corresponding
to Sea State 6 as mentioned in Table 4.2. ITTC spectrum was used as the wave spectrum

Sce. The cos? function was used as the wave direction distribution function G(6). Head wave
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Table 4.2: Wave condition in the tank test

Fullscale Model
T, (s) 9.46 0.902

direction (x = 0°) was selected in the ship approach condition as the main wave direction.
Total Station system measures the ship positions of surge, sway and heave. The Total Station
can truck the ship model automatically from the square tank side and measure the 3D position
of a prism equipped to the midship of the model. At the same time, roll, pitch and yaw were
measured by a three axes gyro installed to the model. The ship model was launched with the
certain approach speed by a catapult set at the beach of the tank. After reaching the target
model speed (Uy) and the target heading () = 0°) by an autopilot, the model was steered by

a radio controller for turning or zig-zag maneuvers.

4.1.2 Test reliability

The repeat tests in irregular waves are carried out to confirm the test reliability during five
times under the same conditions. The repeat test result of § = £35° turning trajectories in

irregular waves is shown in Fig. 4.2.

Repeat test results

4
o | Uo= 13.0En
\o —~
=
/ N
T
/
0 = a
5 ]
‘4 2 0

2 yo/L4

Figure 4.2: Repeat test results: comparison of turning trajectories in irregular waves (§ = +35°)
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The comparison of turning indices (Ap, Dr) in irregular waves as mentioned in Table 4.3. The

difference is not significant in the measured turning performances and the repeatability.

Table 4.3: Repeat test results: comparison of turning indices in irregular waves (Uy=13.0kn)

0 = —35° 0 = 35°

Repeat No. Ap/L Drp/L Ap/L Dr/L
1 2.82 3.06 2.97 3.13

2 2.92 2.91 2.96 3.19

3 2.92 3.04 2.92 3.19

4 2.85 2.97 2.94 3.19

) 2.80 2.97 2.94 3.23
Averaged 2.86 2.99 2.95 3.19

Standard deviation 0.050 0.054 0.017 0.032

4.2 Comparison results of simulation and experiment

4.2.1 Hydrodynamic force coefficients

Table 5.2 shows the hydrodynamic force coefficients used in the maneuvering simulations. These

are the same as the coefficients shown in Ref.[37] except wpy.

Table 4.4: Hydrodynamic force coefficients used in the simulations

Symbol values Symbol values

X 0.04 m 0.022
X' 0.002 m, 0.223
X 0011 ! 0.011
X\ 0771 tp 0.2
Y, -0.315 tr 0.387
Y 0.083 am 0.312
Y/ -1.607 2 -0.464
Y' o 0.379 C 2.0
Y/ 0391 Cu(Bp<0) 1.1
Yr/rr 0.008 Cg(ﬁp > 0) 1.4
N 0137 yr(Br<0) 0.395
N 20049 ~r(Br>0)  0.640
N -0.030 A 0.71
N -0.294 c 1.09
N/ 0.055 K 0.50

N’ -0.013 Wpo 0.42
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4.2.2 Turning in still water

The comparison of turning trajectories with rudder angle 6 £35° in still water are shown in
Fig. 4.3. The turning indices (Ap and D) both of experiment and calculation are presented in
Table 4.5. From those results, it is confirmed that the present method can capture the tendency
Ap and D7 become small with decreasing the approach speed, although the simulation results

are slightly larger than the experimental values in all cases.
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Figure 4.3: Comparison of turning trajectories in still water (6 = +35°)

Table 4.5: A comparison of turning indices in still water

5 = 35° 5 = —35°
Ap/L Dr/L Ap/L Dr/L

EXP (5.0kn) 279 3.08 273 299
CAL (5.0kn) 3.10 332 298  3.10

EXP (10.0kn) 293 3.15 292  2.92
CAL (10.0kn) 327 342 315 3.0
EXP (15.5kn) 3.08 325 297  3.10
CAL (15.5kn) 3.39 347 327 324

4.2.3 Zig-zag maneuvers in still water

The time histories of heading angle ¢ and rudder angle ¢ for 10/10 and —10/ — 10 zig-zag

maneuvers in still water are presented in Fig. 4.4, and the comparison of overshoot angle
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(OSA) mentioned in Table 4.6. The present simulations agree well with the measured time
history changes of 1) and §. The captured tendencies in the present method are OSA decreases
with decreasing the approach speed. This is due to the increase of relative steering rate for low

ship speed. The present method has a sufficient accuracy in the practical point of view.
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Figure 4.4: Comparison of time histories of the heading angle (1) and rudder angle (9) in still
water (left: 10°/10° zig-zag, right: —10°/ — 10° zig-zag)

Table 4.6: A comparison of overshoot angle in still water

10/10 zig-zag -10/-10 zig-zag
1st OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)
EXP (5.0kn) 5.3 10.6 5.8 6.3
CAL (5.0kn) 4.2 12.1 6.1 8.0
EXP (10.0kn) 6.7 14.8 6.4 12.4
CAL (10.0kn) 4.9 14.0 7.0 9.3
EXP (15.5kn) 8.2 16.7 7.9 12.8
CAL (15.5kn) 5.6 15.7 8.0 10.5

4.2.4 Data related to wave-induced steady forces

A theoretical method based on the potential theory is used to predict the wave-induced steady

force coefficients in regular waves, i.e., Cxw, Cyw and Cyyw . In zero speed case, Cxw, Cyw
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and Cnw are predicted by a 3D panel method [18]. A method based on strip theory [32] is
used to consider the speed effect on the added resistance (denoted Cxy). In the framework of
the strip theory, Maruo’s far field theory [23] was applied for the added resistance prediction
with the empirical correction of the added resistance in short wave length referring proposed by

Tsujimoto et al. [30]. The averaged wave-induced steady force coefficients in irregular waves,

Cxw, Cyw and Cyyw can be obtained by the short-term prediction based on Cxyw, Cyw and

Cyw in Eq.(2.18). Fig. 4.5 shows Cyy with different Froude numbers, F,=0.15 and 0.0, and

Cyw and Cny for KVLCC2 model. In the figure, y = 0° means heading waves, y = 0° the

beam waves and y = 0° the following waves when the ship advances to the direction of 1) = 0°.

The database is made based on the results of C'xy,, Cyw and Cyy for the interpolation in the

maneuvering simulations.
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Figure 4.5: Averaged wave-induced steady force coefficients in irregular waves

4.2.5 Turning in waves

The comparisons of turning trajectories with 6 = —35° and 35° in irregular waves are shown
in Fig. 4.6. In Uy=13.0kn, the simulated trajectory agrees well with the experiment. However,
the difference between simulation and experiment becomes large with decreasing the approach
speed. Subsequently, the ship drifting amount becomes large with decreasing the approach
speed since the effect of the wave-induced steady forces becomes relatively large for the slow

ship even though the wave condition is the same. The ship drifting direction appears the
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direction to the coordinate (z¢/L, yo/L)=(-1,0) for three approach speeds, and is different
from the wave direction. The turning trajectories in irregular waves and the wave effect are
captured roughly with the present method, although the accuracy of simulation results are

worse with decreasing the approach speed. In addition to the usual Ap and Dp, also we

Sea State 6 ——-EXP Sea State 6 ——-EXP Sea State 6 ——-EXP

5.0 kn ){:(Jdeg; —— CAL 10.0 kn )(:Odeg; — CAL 13.0 kn x:o(leg; — CAL

8 i N //’:\\ 8 /// T X
o = 2 / _—n \\ 2 L //M\ /%’_\‘\\ A
N x \| /7 7 \ \
// A \\ !// /¢ \\ \ / \ 0 (/ \
/ \ \ 14 i/ Al { | \ |
1 i pr < i 1 t y ’\ Ly 1 ’.‘ A if
% L | AN N IS
0 h / 7\\-\ N / 0 A\ 2 ~ 7 0 AN / NSy
N

W AN \// N7 =
No~—- N 4 <] =7

Xo/L
xo/L
xo/L

3

N
N

3 3
Yo/ L Yo/ L Yo/L

Figure 4.6: Comparison of turning trajectories in irregular waves (§ = +35°)

defined new turning indices in waves Apo and Dpo as follows: Aps is the advance when the
heading angle reaches 450(=90+360)deg, and Do the tactical diameter when the heading angle
reaches 540(=180+360)deg as shown in Fig. 4.7. Note that Ap; and Dy are completely the
same as the usual advance Ap and the tactical diameter Dy. The comparison of Apy, Dr1,
Aps and Dpy. Aps becomes small with decreasing the approach speed since the ship drifts due
to waves as shown in Fig. 4.8. Dpy also becomes small with decreasing the approach speed
and the ship drifts laterally toward the position of (zo/L, yo/L)=(-1,0). The simulated results

agree with the experimental results roughly.
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Figure 4.7: Definition of advance and tactical diameter
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Figure 4.8: Comparison of turning trajectories in irregular waves (§ = £35°)

4.2.6 Zig-zag maneuvers in waves

The comparisons of time histories of ¢ and ¢ for 10/10 and —10/ — 10 zig-zag maneuvers in

irregular waves are shown in Fig. 4.9.
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Figure 4.9: Comparison of time histories of the heading angle (1) and rudder angle (9) in still
water (left: 10°/10° zig-zag, right: —10°/ — 10° zig-zag)

The comparison of overshoot angles (OSA) in irregular waves is shown in Table 4.7. The
difference between simulation and experiment becomes large compared with the results in still
water. Steering timing in the simulations is different from that in the experiments. This is due

to the poor estimation accuracy of the added resistance in waves. OSAs in irregular waves are
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the same order of magnitude of OSAs in still water. We see that the course stability in waves
does not change so much for y = 0° case. However, steering timing is different in still water
and irregular waves for cases of Uy=10kn and 5kn. This may be caused by the effect of the

propeller load increase in irregular waves for keeping the same approach speed.

Table 4.7: A comparison of overshoot angle in still water

10/10 zig-zag -10/-10 zig-zag
1st OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)
EXP (5.0kn) 6.1 0.3 6.7 114
CAL (5.0kn) 3.3 7.8 4.4 5.5
EXP (10.0kn) 5.6 13.3 7.8 10.8
CAL (10.0kn) 4.3 10.7 6.0 7.4
EXP (13.0kn) 10.9 10.9 5.6 15.8
CAL (13.0kn) A7 12.3 6.6 8.5

4.3 Conclusions

This chapter presents a maneuvering simulation method in irregular waves. The maneuvering
simulation method was based on the MMG model as explained in Chapter 2. The present
method is evaluated by the simulations on turning and zig-zag maneuvers in irregular waves
using a KVLCC2 model, and the simulated results are compared with the model test results.
Chapter 2 partly answers the first question in Section 1.3;

What are the practical simulation models to evaluate the ship maneuvers in ad-
verse weather conditions?

From the comparison results, it was confirmed that the present method can capture the maneu-
vering motions in irregular waves with the sufficient accuracy for practical purposes although
it still needs improvement. Furthermore, based on the present method, studies on the ship

maneuvering in adverse weather conditions can be performed using a large tanker in fullscale.



Chapter 5

Effect of Load Condition on Ship

Maneuverability

Chapter 1 has discussed the importance of loading conditions effects on ship maneuverability.
Subsequently, Chapter 2 introduced a maneuvering simulation method based on MMG model.
For the simulations, KVLCC?2 is selected as a reference ship which has been presented in Chap-
ter 3. Next in Chapter 4, a free running model test was carried out and the maneuvering
simulation method was evaluated. Since the loading conditions influence the ship maneuver-
ability, this chapter further discusses its effect on maneuvering motions such as turning and
zig-zag maneuvers in both still water and adverse weather conditions. Section 5.1 provides
some data related to the loading conditions used in this study. Section 5.2 outlines the simula-
tion procedures with respect to the load conditions. Section 5.3 simulates turning and zig-zag
maneuvers in still water, and uses the criterion to measure a difference of course stability due
to the load conditions. Section 5.4 analyses the performance of ship maneuvering in wind and
waves, and discusses the results of the simulations from a navigation safety point of view. In

the end, Section 5.5 remarks the conclusions of this chapter.

39
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5.1 Ship particulars in loading conditions

The VLCC in full loaded even keel condition is referred to as DF, and the normal ballast in trim
by the stern condition is referred to as NB [47]. Table 5.1 shows the principal particulars of the
ship in two loading conditions (DF and NB). A ship in DF is same as the ship particulars were
defined in Section 3.1 and 3.2. The rudder, main engine, and propeller are same as previously
presented in Section 3.3. In the table, d, denotes the draft at after perpendicular, df denotes

the draft at fore perpendicular of the ship.

Table 5.1: Principal particulars of KVLCC2 tanker

items value
L (m) 320.0
B (m) 58.0
D (m) 30.0
Cy 0.81 (in DF)
Load Condition DF NB
d, (m) 20.80 15.12
df( ) 20.80 11.28
d (m) 20.80 13.2
V (m?) 312,622 182,439
S (m?) 27,467 21,700
ze (m) 11.2 8.873
Ax (m?) 1,161 1,712
Ay (m?) 4,258 6.724

5.2 QOutline of simulations

Maneuvering simulations are carried out in DF and NB. The following parameters and treat-

ments are as follows:

e The engine and propeller used in this study as described in Table 3.3. The torque limit
lines for DF and NB are obtained by the torque limit model as previously mentioned in
Section 2.5. Fig. 5.1 shows the torque limit lines for two loading conditions (DF and
NB).

o Hydrodynamic force coefficients were obtained from the model experiment based on MMG
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Figure 5.1: Torque limit lines

model procedures [37]. Table 5.2 shows the hydrodynamic force coefficients used in the

simulations. The notations as shown in Table 5.2 follow to the definition in Ref. [37].

Table 5.2: Hydrodynamic force coefficients used in simulations

Symbol DF  NB  Symbol DF NB
X! -0.0397 -0.0470 ml, 0.0189 0.0111
X! 05181 0.4409 m 0.2405 0.1429
X' 0.0211  0.0320 J! 0.0135 0.0076
X! o 07707 0.3669 tp 0.149  0.200
Y/ -0.3145 -0.3016 tr 0.387  0.306
Y,  -0.2326 -0.2047 an 0312 0.292
Y,  -16074 -1.0433 2y -0.464  -0.412
Y/, 03794 0.6101 Cy 80 6.0
Y/ -0.3907 -0.3536 Ch(Bp>0) 14 145
Y/ 00078 0.0249 Co(Bp<0) 11  1.30
N/ -0.1366 -0.0655 ~g(Br<0) 0.395 0.397
N -0.0586 -0.0517 ~g(Br>0) 0.640 0.578
N/, -0.0298 -0.0429 A 071 -0.71
N/, -0.2042 -0.2815 € 1.09 137
N/ 0.0553 0.0632 K 0499  0.39
N/, -0.0132 -0.0163 fa 2747 2747

o In the simulation, the propeller revolution (np) both of DF and NB is set same as 1.2 rps

(= 72 rpm), then the initial approach speed Uy both of those can be obtained in steady

state conditions. The initial approach speed in fullscale for DF is 15.5 knots and NB is

18.1 knots, the rudder steering rate is 2.34° /s in fullscale, and the radius of yaw gyration
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is 0.25L. Propeller revolution (np) is assumed to be kept the revolution at Uy constant

in a case without torque-rich.

5.2.1 Free running model tests

The free running model tests were conducted to confirm the maneuvering simulation results of
the ship in DF and NB condition in the National Research Institute of Fisheries Engineering
(NRIFE) Square Tank in Japan (length: 60 m, width: 25 m, depth: 3.2 m) by using a scaled

ship model (length: 2.901 m, scale ratio 110).
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Figure 5.2: Comparison of ship trajectories between experiment and calculation for DF and
NB in still water with 6 = 35°
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Figure 5.3: Comparison of time histories of the heading angle (1) and rudder angle (9) between
experiment and calculation for DF and NB in still water (right: 10/10 zig-zag, left: —10/ — 10

7ig-7ag)
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The comparison of maneuvering simulation results and free running model test as presented
in Chapter 4 and follow to the work of Yasukawa et al. [35, 37]. In the test, the approach
speed Uy for DF is 0.76 m/s (15.5 kn in fullscale), and NB is 0.785 m/s (16 kn in fullscale).
The propeller revolution (np) were set as 17.2 rps (1.6 rps in fullscale) for DF and 16.1 rps
(1.5 rps in fullscale) for NB. A comparison of the simulation (cal) and experiment (exp) both
of DF and NB during turning in still water with a rudder angle of +35° as shown in Fig. 5.2.
The turning simulation results agree well with the free-running model test results, although the
simulation results slightly smaller than the experiment results. Fig. 5.3 shows a comparison
of the simulation and experiment for time histories of heading angle ¢ and rudder angle ¢ in
10/10 and —10/ — 10 zig-zag maneuvers for both of DF and NB in still water. The simulation
results roughly agree with the free-running test results. The steering timing in the experiment
was slightly slower than those of simulation results. However, the differences in overshoot angle
between simulations and experiments are small. From those results, it indicated that NB has
a larger turning radius than DF, as well as the course keeping performance of NB improved

when compared to that of DF.

5.2.2 Wave-induced steady force coefficients

A database of wave-induced steady forces in irregular waves was made based on both results of
DF and NB for the interpolation in the maneuvering simulations, and this was predicted with
the same procedures as those used in Section 4.2.4. The wave-induced steady forces in irregular
waves were obtained by performing short-term predictions based on the wave-induced steady
forces in regular waves, which were calculated by zero-speed 3D panel method (3DPM) for
the steady lateral force and yaw moment and the strip theory-based Kochin-function method
(SKFM) for added resistance [41]. Fig. 5.4 shows surge force (Cxw ), lateral force (Cyyy) and
yaw moment (Cyy) corresponds to 15.5 knot (F,, = 0.14). These are non-dimensionalized by
pH? 39L for forces and pH 2 /3gL2 for moment, where H, /3 is the significant wave height. In the
Fig. 5.4, xo denotes wave directions and 7T, denotes the averaged wave period. The absolute

values of wave-induced steady forces in NB become smaller than those in DF as a whole.
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Figure 5.4: Averaged wave-induced steady force coefficients in irregular waves for DF and NB
at V, = 15.5 knot

5.2.3 Aerodynamic force coefficients

Aerodynamic coefficients (Cxa, Cya, Cya) for DF and NB were predicted by using a method

proposed by Fujiwara [8].
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Figure 5.5: Aerodynamic force coefficients for DF and NB

Fig. 5.5 shows the coefficients which are non-dimensionalized by 0.5p,AxV4? for the surge

force, 0.5p,AyVa? for the lateral force, and 0.5p,Ay V%L for the yaw moment, respectively.
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pq is the air density and V4 is the relative wind velocity. These coefficients based on the
front /profile wind pressure area of the target ship versus those of the relative wind direction
04. The absolute value of lateral wind force coefficients (Cy 4) in NB generally becomes large

than that in DF.

5.2.4 Beaufort scale

The environmental parameters were set based on the Beaufort scale. Table 5.3 shows the wind
power class of the Beaufort scale (BF) used in the simulation under adverse conditions. From
the table, the absolute wind speed (denoted as Uy ), the significant wave height (denoted as
Hy3), the averaged wave period (denoted as T),). The wind and waves were assumed to be
constant with respect to time, and the wind direction () was the same as the wave direction

(x)-

Table 5.3: Wind and wave conditions in the simulations

BF Uw (m/s) Hys (m) T, (s)

7 15.6 4.0 7.7
8 19.0 9.5 9.1
9 22.7 7.0 10.2
10 26.5 9.0 11.6

5.3 Maneuvering in still water

5.3.1 Turning

Fig. 5.6 shows a comparison of turning trajectories between DF and NB with a given rudder
angle of £35° in fullscale. Table 5.4 shows a comparison of turning indexes, advances (Ap),
and tactical diameters (D). The turning radius increases in NB when compared with that
of DF, and Ap and D7 increased 0.1% and 15.2% respectively, as the averaged value of port
and starboard turning. The turning indexes (Ap, Dr) in NB condition satisfied the IMO
maneuvering criteria [15, 16], although they increase when compared with that of DF condition.
It should be noted that the IMO criteria for ship maneuverability are only applicable to the
full-load and even-keel condition as the fundamental condition for the assessment. The turning

performance of NB was not at a potentially problematic level in the safe navigation viewpoint.
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Figure 5.6: A comparison of the turning trajectories in still water (§ = +35°)

Table 5.4: A comparison of turning indexes

5 =35° 5 = —35°
Ap/L Dr/L Ap/L Dr/L

DF 367 383 350 354
NB 369 443 349  4.06

IMO criteria  4.50 5.00 4.50 5.00

Fig. 5.7 shows a comparison of the time history of the rudder normal force coefficient (Fy')
during turning. F’ is nondimensionalized by 0.5pLdU?. Fy' in NB is larger than that in DF,
although the turning circle is larger in NB than DF| as shown in Fig. 5.6.
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Figure 5.7: Comparison of time history of rudder normal force coefficient (Fy') during turning
in still water (0 = 35°)

Generally, a larger rudder force makes a smaller turning circle. Therefore, the reason why the
turning circle is larger in NB than DF is not caused by the rudder force. This may be caused
by a difference in course stability in DF and NB, and it is expected that the course stability in
NB is better than that in DF.
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5.3.2 Course stability

To observe a difference of course stability in DF and NB, the course stability criterion C' in still

water is compared. The criterion C' is expressed as follows:

C = YN =V — (m'+m))IN >0 (5.1)

Here, the derivatives correspond to the center of gravity as converted from midship point (see
Appendix A.1). The ship stable when C' > 0 and unstable when C' < 0. YUG/, YTG/, Nf/ and
N¢ " denote the non-dimensionalized linear of the hydrodynamic forces on maneuvering without
steering effects shown in Table 5.5. m’ and m!, are the non-dimensionalized mass and added
mass as mentioned in Table 5.2, respectively. The details of course stability derivation are
explained in Appendix A.2.

Table 5.5: Comparison linier derivatives on maneuvering and C' without propeller and steering
effects

Index DF NB
vE¢ 03145 -0.3016
Y& 00718 0.0735
N&  -0.1256 -0.0571
NG -0.0461 -0.0444

v
r

C -0.02 0.00

As the results, the C' in DF is -0.02 and C' in NB is 0.00. Namely, the ship in DF is unstable
for course-keeping, and the ship in NB is neutral. Thus, it is confirmed that better turning
performance in DF comes from the bad course stability. Furthermore, since the effect propeller
and rudder are taken into account on the course stability correspond to derivatives in Appendix
A.3, the criterion C' which represents a course stability includes steering effects can be expressed

as,

C = YN [V — (i +ml) NG > 0 (5-2)
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where,

ky = (1+ap)4ifa

kv = —(vk+anrly) 4 fa

Y& = Y — kyupe .
YO = Y — kyuprly o
NG = N& 4 kyufyr

NG = N 4+ kyubyply

Here, the non-dimensionalized linear of the hydrodynamic forces on maneuvering includes the
steering effects denoted as YUG*/, YTG*’, Nf*/ and NTG*/. Those values are shown in Table 5.6.
The interaction coefficients values among hull, propeller and rudder are taken from Table 5.2.
ap denotes the rudder force increase factor, ', denotes the non-dimensionalized longitudinal
coordinate of rudder position (normaly, 2, ~ —0.5). 2/, denotes the non-dimensionalized
longitudinal coordinate of acting point of the additional lateral force component induced by
steering. f, denotes rudder lift gradient coefficient, it was estimated using Fujii’s formula
(= (6.134)/(A + 2.25))[7]. u}y denotes the non-dimensionalized longitudinal rudder inflow
velocity, since ¢ is small, the non-dimensionalized resultant rudder inflow velocity Uy, (~ uf),
u’, was assumed as 1.0 for both of DF and NB. vi denotes flow straightening coefficient, and
assumed in average value of yr(8r < 0) and vr(8r > 0). ¢}, denotes the non-dimensionalized

effective longitudinal coordinate of rudder position.

Table 5.6: Comparison of linear derivatives on maneuvering and C' (including effect of propeller
and rudder

Index DF NB
vEe 20.3528 -0.3576
YE0.0990  0.1132
NG -0.1068 -0.0303
NG 20.0594 -0.0635
C 0.00  0.02
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The calculation result of C' in DF is 0.00 (neutral) and NB is 0.02 (stable). The stability
criterion improves since the course stability considers the steering effects. Thus, it confirms
that ship in NB is more stable for course keeping and quicker to respond to the rudder in

transient motion, even though steady turning performance is worse than in DF.

5.3.3 Zig-zag maneuvers

Fig. 5.8 shows the time histories of heading angle 1) and rudder angle ¢ in 10/10 and —10/— 10
zig-zag maneuvers in still water. Additionally, Fig. 5.9 shows the time histories of ¢ and
0 during 20/20 and —20/ — 20 zig-zag maneuvers. At the same time, a comparison of time
histories of the ship speed (u), yaw rate (r), hull drift angle () and rudder normal force (Fy)
during zig-zag maneuvers are shown in Fig. 5.8 and Fig. 5.9. The steering timing of NB
is faster in all cases than that of DF, which means that a VLCC has a quick response when
the ship is sailing in the ballast load condition. Tables 5.7 and 5.8 present the comparison of
overshoot angle (OSA) during the zig-zag maneuvers. The OSA of NB is smaller than that of
DF, and the course stability evidently improved. The averaged value of 1st OSAs in the port
and starboard side decreases approximately by 60% in NB, and the averaged value of second
OSAs also decreases approximately 73%. Thus, the zig-zag maneuvers in ballast condition have
a good performance, and the IMO maneuvering criteria [15, 16] are fulfilled in all cases. This

is caused by better course stability in NB, as mentioned in Section 5.3.2.
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Figure 5.8: Comparison of time histories of the heading angle (¢) and rudder angle (J) in still

water (left: 10/10 zig-zag, right: -10/-10 zig-zag)
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Figure 5.9: Comparison of time histories of the heading angle (1) and rudder angle (J) in still

water (top: 20/20 zig-zag, bottom: -20/-20 zig-zag)

Table 5.7: Comparison of the overshoot angle of 10/10 and -10/-10 zig-zag maneuvers in still

water

10/10 zig-zag -10/-10 zig-zag
1st OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)

DF 5.3 16.7 7.8 10.5
NB 2.1 3.1 2.7 2.2
IMO criteria 20.0 40.0 20.0 40.0
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Table 5.8: Comparison of the overshoot angle of 20/20 and -20/-20 zig-zag maneuvers in still
water

20/20 zig-zag -20/-20 zig-zag
Ist OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)
DF 11.2 18.7 15.3 13.2
NB 5.1 6.3 6.3 4.9
IMO criteria 25.0 - 25.0 -

5.4 Maneuvering in adverse conditions

5.4.1 Straight moving conditions in adverse weather conditions

A ship traveling with a propeller revolution in the design speed under wind and waves is
considered using the auto-pilot. In the auto-pilot, the PD control is applied with a proportional
gain corresponding to 5.0 and a differential gain corresponding to 20.0 s. Fig. 5.10 shows the
longitudinal component of the ship speed (denoted as u), hull drift angle (denoted as (), and
check helm (denoted as 0) in the steady state sailing condition under wind and waves. In the

figure, for purposes of distinction, additional lines are placed to connect the calculation results.

A significant decrease in speed occurred with the increase in the BF scale. The ship speed
decrease for NB was slightly smaller than that for DF with respect to the head waves. In BF10,
the smallest u is about 4.1 knots (xo = 15°) in DF and about 5.2 knots (xo = 30°) in NB. The
B and the absolute value of § increase with increases in the BF scale. With respect to BF10,
The largest 8 both of DF and NB occurs approximately at xo = 45°, and the smallest § occurs
about at yg = 75° in DF and about at xo = 105° in NB. The maximum g is about 7.3° in DF
and about 16.2° in NB. The minimum ¢ is about —10.3° in DF and —3.6° in NB. The check
helm of NB is smaller than that of DF. Thus, the steady-state sailing conditions in adverse
weather conditions are quite different between DF and NB: the absolute value of § becomes

small, and  becomes large in NB when compared with DF.

Fig. 5.11 depicts a schematic showing the lateral force components, such as the rudder force,
hull lateral force, wind lateral force, and wave-induced steady lateral force acting on the ship in

DF and NB (xo = 45°,90°, and 135°). The largest external force (the sum of the wind lateral
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Figure 5.10: Comparison of ship speed (u), drift angle (8) and check helm (J) in wind and
waves

force and wave-induced steady lateral force) is induced in beam wind and waves (xo = 90°) for
both DF and NB. Although the order of magnitude of the external force is roughly the same
between DF and NB in any wind (wave) directions, the significant difference appears at the
longitudinal acting point of the hull lateral force. The acting point of the hull lateral force
for DF (approximately 135 m in the x-coordinate) is close to the fore perpendicular (FP), and
the acting point for NB (approximately 70 m in the x-coordinate) is close to midship. The
abovementioned difference comes from a difference of the hydrodynamic force characteristic
represented as linear derivatives on maneuvering, such as YUG*/ and NUG*/, as mentioned in
Table 5.6. The absolute value of N ' in NB is significantly smaller than that in DF', although
the absolute value of Y;G*/ is almost the same between DF and NB. As a result, the acting point
of the hull lateral force in NB moves toward the midship direction. In NB, larger lateral force is

required to counterbalance the yaw moment due to the external force because the acting point
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Figure 5.11: Force application point in Beaufort 9 (xo = 45°,90°, and 135°)
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of the hull lateral force that is located near a more midship position and the moment lever
is smaller than DF. For producing a large lateral force, the hull drift angle should be large.
Meanwhile, in DF, a large hull drift angle is not necessary, as is NB, because the acting point
of the hull lateral force is located near FP and the moment lever is relatively large. When the
large lateral force is produced by taking the large drift angle like NB, the required rudder force
to counterbalance the external force can be small. This is the reason why the absolute value of

the check helm becomes small in NB.

5.4.2 Turning in adverse weather conditions

Turning simulations were performed in adverse weather conditions such as BF7 and BF9. It was
assumed that the ship initially advances along xg-axis. Fig. 5.12 show a comparison of turning
trajectories in wind and waves of x = 0° and 180° with § = 35°. Fig. 5.13 show a comparison
of turning trajectories in wind and waves of y = 90° with § = £35°. An approach speed used
in the simulation is obtained from the steady state speed as shown in Fig. 5.10. It is obvious
that ship drifting becomes large with increasing BF scale. The ship drifting direction during
the turning (drift turning direction) changes with changing wind (wave) directions. Also, the
drifting displacement in NB is larger than that of DF in any wind (wave) direction. However,

an uncontrollable situation does not occur in both DF and NB in the simulations.

Fig. 5.14 shows a definition of the angles of drift turning direction denoted as [, relative drift
direction in turning to the wind (wave) directions, denoted as ag(= Sy — x), and displacement
of the drift in turning denoted as Dy. [y can be obtained as the angle between the xy-axis and
the drift turning direction. Dy is the distance between the edges of turning circles (taken from
the second edge of the circle to the third edge), and it was measured perpendicular to the line

of drift turning direction.

Fig. 5.15 shows a comparison of Sy, ag, and D4 (= Dy/L) in BF7 and BF9 with 6 = +35°.
The By linearly increases with x for both DF and NB. The values of «g in DF and NB tend
to be constant for both cases (BF7 and BF9). The order of magnitude of oy is 20° — 27° in

NB and approximately 30° in DF in BF7 and BF9 for 6 = 35°. The ag becomes small in NB
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Figure 5.12: Comparison of turning trajectories in wind and waves x = 0° for BF7 and BF9
(6 = 35°)

compared with DF. The discrepancy of ag between DF and NB becomes small with increasing
the BF scale. The Dy is almost the constant for any wind (wave) directions, although there
is a tendency that D, gradually decreases with an increase of wind (wave) directions. D;’ in
NB is larger than that of DF in all cases, and Dy’ significantly increases in larger BF scale
like BF9. The ship’s mass in NB is obviously smaller than that in DF, although the external
forces due to wind and waves are almost the same between DF and NB. Therefore, the external
forces due to wind and waves per ship’s mass are larger in NB. The ship in NB with a light
displacement easily drifts away because of wind and waves. Because of the effect of the ship
drifting in adverse weather, the turning indexes (Ap,Dr) also change with the magnitude and

the direction of the external forces.
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Figure 5.13: Comparison of turning trajectories in wind and waves y = 90° for BF7 and BF9
(6 = £35°

Fig. 5.16 shows a comparison of the turning indexes (Ap,Dr) in adverse weather conditions.
Note that “SW” in the horizontal axis of the figure denotes the still water. In y = 0°, Ap and
Dy become significantly small for both DF and NB with increasing BF scale. This is because the
rudder force increase comes from a significant speed drop in adverse weather. When the speed
drop occurs under the condition of constant propeller revolution, the propeller load increases

and the rudder force increases.

Fig. 5.17 shows a comparison of time history of rudder normal force coefficient (Fy') during
turning with 6 = 35° in SW, BF7 and BF9 (x = 0°) for both DF and NB. F' in BF7 and BF9
is larger than that in SW at about t=100s just after the steering action finished. Also, we can

observe that peaks of Fy' periodically appear at the speed drop range during turning in wind
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Figure 5.16: Comparison of turning indexes Ap and Dy in wind and waves (6 = +35°)
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Figure 5.17: Comparison of time history of rudder normal force coefficient (Fy') during turning
with § = 35° in still water (SW), BF7 and BF9 (x = 0°)

and waves. In x = 180°, Ap and Dy are almost constant in both DF and NB since the ship
speed is almost the same in still water. In y = 90°, the change of Ap and Dy for increasing
BF scale is quite different in between § = 35° and § = —35°. In the case of § = 35°, Ap and
Dy become small for both DF and NB with increasing BF scale, and, conversely, in the case
of § = —35°, Ap decreases slightly and D7 increases slightly with increasing BF scale. At the
beginning of the turning with ¢ = 35°, the relative wind (wave) direction changes from the beam
wind (wave) direction to the head wind (wave) direction (namely, yo = 90° to 0°). Roughly
speaking, this situation is similar to the turning situation in x = 0°. On the contrary, in the

case of 0 = —35°, the relative wind (wave) direction changes from beam wind (wave) direction
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to following wind (wave) direction (xo = 90° to 180°). This situation is similar to the turning
situation in xy = 180°. In the change of Ap and Dy with changing BF scale, NB is remarkable
compared with DF in all cases. This may be because a ship in NB with a light displacement
easily drifts and follows the wind (wave) directions. However, the effect of external forces by

the wind and waves on the turning indexes is qualitatively the same in DF and NB.

5.4.3 Zig-zag maneuvers in adverse weather conditions

Zig-zag maneuvering simulations were performed for DF and NB to capture the effect of the
load condition in adverse weather. It also is assumed that the ship initially advances along the
xo-axis. The direction of the wind and waves changed to x = 0°,90°, and 180°. Fig. 6.7 shows
time histories of ¢ and § in 10/10 zig-zag maneuver in x = 0° and 180°, and Fig. 5.19 shows
time histories of ¥ and § in 10/10 and —10/ — 10 zig-zag maneuvers in y = 90°. The behaviors
in time of ¢ and § are quite different between DF and NB. The overshoot angle in DF becomes
large, and steering response is delayed, because the ship’s mass in DF is larger, and the course

stability is potentially worse, as mentioned in Section 5.3.2.
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Figure 5.18: Comparison of time histories of the heading angle (¢) and rudder angle () for
DF and NB in BF7 and BF9 (x = 0° and 180°)
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Figure 5.19: Comparison of time histories of the heading angle (¢) and rudder angle () for
DF and NB in BF7 and BF9 (y = 90°)

Next, zig-zag maneuvering simulations were performed in still water (SW) and adverse weather
conditions (BF9) to capture the effect of the adverse weather. Fig. 5.20 shows a comparison
of time histories of heading angle ¢) and rudder angle § of a 10/10 zig-zag maneuver in xy =

0°,x = 90°, and y = 180°, and —10/ — 10 zig-zag maneuver in x = 90° for DF.
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Figure 5.20: Comparison of time histories of heading angle (¢)) and rudder angle (§) for DF in
still water (SW) and BF9

In x = 0°, peak absolute values of ¢/ in BF9 become smaller than those in SW. In approaching
conditions, a significant speed drop occurs, because the resistance increase induced by the

disturbance comes from the heading wind (waves) direction. When the speed drop occurs under
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the condition of constant propeller revolution, the propeller load increases, and the rudder force
increases. However, in y = 180°, no remarkable difference is observed between BF9 and SW in
the peak absolute values of 1. In the following disturbance condition, the resistance increase
is small. As a result, a significant speed drop does not occur. In a 10/10 zig-zag maneuver
of x = 90°, the absolute value of the first peak of ¢ in BF9 is larger than that in SW, and
it takes time to change 1 to the minus value. Nevertheless, the absolute value of the second
peak of 1 is smaller, and the response becomes faster. However, in —10/ — 10 zig-zag maneuver
of x = 90°, the first peak of ¢ is smaller, and the response becomes faster. The second peak
is larger, and it takes time to change the sign of ). Thus, an interesting behavior appears in
X = 90°. It should be noted that similar behaviors have been indicated by Yasukawa [33] in
free-running model test results for an S-175 container ship model in regular beam waves. The

reason for the behavior in zig-zag maneuvers of x = 90° is discussed below.

Fig. 5.21 shows the comparison of OSAs for DF and NB in BF7 and BF9. From the figure,

the following tendency can be observed:

o The first OSA becomes larger in x = 45° — 180°, and the second OSA becomes smaller
in y = 0° — 165° than those in SW for 10/10 zig-zag maneuvers. The tendency becomes
opposite for —10/—10 zig-zag maneuvers: the first OSA becomes smaller in y = 0°—165°,

and the second OSA becomes larger in xy = 45° — 180°.
e In xy = 0°, the first and second OSAs become smaller than those in SW.

e In y = 180°, the first and second OSAs are almost the same or become larger than those

in SW.

Basically, this tendency is the same between DF and NB, although DF is more significant.
Further, this tendency becomes remarkable at a larger BF scale. The phenomena in y = 0°
and y = 180° are deeply related to the rudder force mentioned in the previous subsection.
In beam wind and wave conditions, such as y = 90° — 120°, the order of magnitude of the
check helm becomes important. Here, consider the —10/ — 10 zig-zag maneuver of the ship

of DF sailing in xy = 90°. In BF9, the required check helm of the ship (d.) approximately
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Figure 5.21: Comparison of OSAs of 10/10 and —10/ — 10 zig-zag manuevers for DF and NB
in BF7 and BF9

—8°, as shown in Fig. 5.10. Then, the given rudder angle in the zig-zag maneuver () is
—10° for the second-time steering, because the rudder angle in the second time steering is
important when discussing the first OSA. As a result, effective rudder angle 6. (= J, — d.)
becomes approximately 6. = 10 — 8 = 2°, and it is too small to overcome the external forces
due to wind and waves for safe sailing. In this condition, the ship gradually responds to the
rudder with slower steering timing. For the second OSA, on the contrary, the effective rudder
angle is approximately d, = 10 + 8 = 18°, and the order of magnitude increases. As a result,
the second OSA significantly decreases compared with the first OSA. Additionally, the OSAs
of NB are significantly smaller than those of DF because the ship in NB has a better course

stability in still water. In addition, the ship in NB has a quicker response in zig-zag maneuvers
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to the rudder, because the effective rudder angle is relatively large (approximately . = 7°) for

the first OSA. As a result, the produced OSAs in NB become smaller than those in DF.

5.5 Concluding remarks

This chapter has analyzed the effect of load conditions of a VLCC on maneuvering in still water
and adverse conditions by using an MMG-based simulation method [37]. The maneuvering
simulations were performed to the conventional VLCC in DF and NB conditions. Conclusions
are summarized as follows to answer the research question in Section 1.3: How does the

effect of loading conditions on ship maneuvering performance?

o As NB is better in course stability than DF| the turning performance of NB in still water
becomes worse than that of DF. Although the turning performance is worsened in NB,

the turning indexes (Ap,Dr) are still in compliance to the IMO maneuvering criteria

[15, 16].

o The averaged 1st and 2nd overshoot angle (OSA) of NB for zig-zag maneuvers in still
water decreased since the dynamic course stability increased, the overshoot angle satisfied

the IMO maneuvering criteria [15, 16].

o The steady-state sailing condition in adverse weather conditions is quite different between
DF and NB. In NB, the absolute value of the check helm becomes small and the hull
drift angle becomes large. This mainly comes from the difference in the dynamic course

stability between DF and NB.

o Turning in adverse weather conditions, the relative drift direction of the ship in turning to
the wave direction «q is almost the constant for any wave and wind directions. The order
of magnitude is 20° — 30° in NB and DF in the case with a rudder angle of 35°, although
ap in DF is slightly smaller than that in NB. The drifting displacement in turning Dy is
almost the constant for any wind (wave) directions. D, in NB is remarkably larger than

that of DF at the same BF scale, because the external forces due to wind and waves per
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the ship mass are larger in NB. D, significantly increases with an increasing BF scale.
Advance Ap and tactical diameter D become significantly small with an increasing BF
scale in head wind and waves when approaching, although Ap and Dt are almost constant
in following wind and waves. In beam wind and waves, the tendency depends on the plus
and minus of the rudder angle §. The effect of external forces owing to the wind and

waves on the turning indexes is qualitatively the same in DF and NB.

o Zig-zag maneuvers in adverse weather conditions, the first and second OSAs in y = 0°
(heading) become smaller than those in still water (SW), and those in xy = 180° (following)
are almost the same or become larger than those in SW. In the case of 10/10 zig-zag
maneuvers of the ship in beam wind and waves, the first OSA increases compared with
the value in SW because of the effective rudder angle decreases; the second OSA decreases
because the effective rudder angle increases. This tendency becomes opposite for —10/—10
zig-zag maneuvers. The effective rudder angle changes owing to the order of magnitude
of the check helm in adverse weather conditions. Basically, these tendencies are the same

between DF and NB, although DF is more significant

With the results of this chapter, it is now possible to consider a study regarding the reduction
of main engine output and its effect on ship maneuvering performance. Based on the results
correspond to the conventional VLCC in full load condition, a small main engine output due

to advances in energy-saving technology will be discussed in further studies (Chapter 6).



Chapter 6

Impacts of minimum power on ship

maneuvering performance

The loading conditions affect the ship maneuverability as discussed in Chapter 5. However, the
situation where the ship uncontrollable in all cases did not occur. Therefore, it is possible to
propose a significant reduction in engine output which aims to improve EEDI. In this chapter,
the engine output of a VLCC (KVLCC2) in full load condition as described in Chapter 3 is
reduced due to the progress of the energy-saving. Next, a maneuvering simulation method
based on MMG model [37] correspond to Chapter 2 is used to investigate the maneuverability
of the VLCC in still water and adverse weather conditions. It may be noted that the prediction
accuracy of the simulation method was sufficient for practical use as explained in Chapter 4.
A VLCC with 30% reduced EEDI (Energy Efficiency Design Index) is proposed instead of a
conventional VLCC by employing energy efficiency devices, a large-diameter, and low-revolution
propeller. The VLCC with 30% reduced EEDI is referred to as Step3, and the conventional
VLCC is referred to as Step0 [38, 46]. The engine output of Step3 is inevitably smaller than that
of Step0. Thus, this study performs the maneuvering simulations for Step0O and Ship3 in still
water and adverse weather conditions. The impacts of the minimum power on maneuverability

will be discussed based on the calculation results from a navigation safety perspective.

65
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6.1 EEDI improvement

This section presents the improvement of EEDI (or the propulsive performance) based on the

KVLCC2 by employing the following technologies:

e a low-revolution engine and large-diameter propeller,

a low-output engine with electronic control,

e energy-saving devices, such as Pre-Swirl Fin and Rudder Bulb Fin, to improve self-

propulsion factors, and

o low frictional resistance paint and air lubrication technology to reduce hull frictional

resistance.

Further, it was assumed that there were no changes in the main particulars and the hull form

of the ship except for the propeller characteristics.

In the study, StepO corresponds to a conventional VLCC that was the base ship and Step3
corresponds to a VLCC with 30% reduced EEDI. Table 6.1 shows a summary of EEDI, the

main engine output, the propeller revolution, and other details for Step0 and Step3.

Table 6.1: Basic concept involved in reducing EEDI

Step0 Step3
EEDI 2.67 1.85
MCR (kW) 25,600 21,200
Nyer (rpm) 76.0 61.4
Engine control Mechanical Electronic
Propeller diameter Original Large
Energy-saving devices non PSF + RBF
Others ACS + LFRP(-10%)

others (-5%)

PSF: Pre-Swirl Fin, RBF: Rudder Bulb Fin
ACS: Air Circulation System, LFRP: Low Frictional Resistance Paint

Table 6.2 shows the estimated self-propulsion factors and roughness allowance AC} in addition

to the designed propeller particulars. In the table, Dp denotes the propeller diameter, p denotes
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the propeller pitch ratio, A./A; denotes the expanded area ratio, Z denotes the number of
blades, tp denotes the thrust deduction factor, wp denotes the wake fraction, and ngr denotes
the relative rotative efficiency. The propeller was designed such that it could achieve a ship
speed of 15.5 knots in the normal output (NOR) with 15 % sea margin based on the existing
propeller diagram. Changes in the self-propulsion factors due to the installation of energy-
saving devices were determined based on prior experience of the authors of the present study.
Moreover, AC; was reduced to account for the reduction in hull frictional resistance due to air

bubbles.

Table 6.2: Designed propeller particulars, estimated self-propulsion factors, and AC}

Step0 Step3
Dp (m)  9.86 10.60

p 0.673  0.674
A JA; 0384  0.380
Z 1 4

1—tp 0851  0.821
1—wp 0.626  0.484
N 1.020  1.020

AC;  0.00025 0.00015

A wave-making resistance coefficient curve (C,s) based on wetted surface area shown in Fig.
6.1. The horizontal axis corresponds to the Froude number F,,; based on the length waterline
L. The Hughes formula was used to predict the frictional resistance coefficient, and the form
factor K was assumed as 0.40. Thus, the wave resistance coefficient and the form factor were

same for Step0 and Step3 given that the hull form was the same.
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Figure 6.1: Wave-making resistance coefficient curve
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Fig. 6.2 shows the BHP curves of Step0 and Step3 versus the ship speed. The transmission
efficiency was assumed as 0.97. A significant reduction in the engine output of Step3 was

observed due to the improvements in the EEDI.
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Figure 6.2: Estimated BHP curves

6.2 QOutline of the maneuvering simulation

Maneuvering simulations are carried out in Step0 and Step3 [38, 46]. The detailed treatments

of the simulations are described as follows:

e The maneuvering simulation used in this study based on the MMG model as explained

in Chapter 2.

o Wave-induced steady forces in irregular waves (denoted as subcript W), and the wind
forces (denoted as subcript A) are predicted with the same conditions as those in Section

5.2.2 and Section 5.2.3 correspond to the full load condition.

o The engine and propeller particulars according to Section 6.1 together with the torque
limit model as mentioned in Section 2.5. Fig. 6.3 shows the torque limit lines for Step0

and Step3.
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Figure 6.3: Torque limit lines for Step0 and Step3

« Hydrodynamic force coefficients on maneuvering examined in a previous study Ref. [38,

46] are used to perform maneuvering simulations for both Step0 and Step3.

e In this study, the environmental parameters in wind and wave conditions are set based

on the Beaufort scale (BF) 7 to 9 as shown in Table 5.3

In the simulation, The initial approach speed Uy corresponded to 15.5 knots (full load and even
keel condition) for Step0 and Step3. The rudder steering rate is 2.34°/s in fullscale, and the

radius of yaw gyration is 0.25L.
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6.3 Maneuvering in still water

6.3.1 Turning

A comparison of turning trajectories between Step0 and Step3 with § = +35° as shown in Fig.
6.4. Table 6.3 shows a comparison of turning indexes, advances (Ap), and tactical diameters
(D7). The turning radius increases in Step3 when compared with that of Step0, and Ap and

Dr increased 14% and 12%, respectively, as the averaged value of port and starboard turning.

Figure 6.4: A comparison of the turning trajectories in still water (§=235 deg)

Table 6.3: A comparison of turning indexes

5 = 35° 5= —35°

Ap/L Dy/L Ap/L Dr/L

Step0 367 383 350 3.54
Step3 418 429 399  3.95

IMO criterion 4.50 5.00 4.50 5.00

Fig. 6.5 shows a comparison of the time histories of the ship speed (u), yaw rate (r), hull drift
angle (), rudder normal force Fyy and propeller thrust 7' during turning with § = 35°. In the
figure, u slightly increases in Step3 since the ship resistance decreases due to the effect of energy
efficiency devices. With the engine output reduced, the propeller thrust (7) in Step3 is smaller
than those of Step0. As a result, the rudder normal force (Fy) of Step3 become decreases, and

this is the reason for the deterioration in the turning performance. The time history of Fly in
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Step3 was smaller than that in Step0 at the peak that appeared immediately after steering and
the steady turning condition; this is due to the low propeller load that resulted from the small
engine output. Although the turning performance worsened in Step3, the turning indexes (Ap,
Dr) still satisfied the IMO maneuvering criteria [15] as shown in Table 6.3. Thus, the turning

performance of Step3 still at a safe condition level.
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Figure 6.5: Comparison of time histories of ship speed u, yaw rate r, drift angle 3, rudder
normal force Fiy and propeller thrust 7" during turning in still water (§ = 35°)

6.3.2 Zig-zag maneuvers

Fig. 6.6 shows the time histories of heading angle ¢ and rudder angle ¢ in 10/10 and —10/ — 10
zig-zag maneuvers in still water. Additionally, Figure 6.7 shows the time histories of 1) and
during 20/20 and —20/—20 zig-zag maneuvers. A comparison of time histories of the ship speed
(u), yaw rate (r), hull drift angle () and rudder normal force (Fy) during zig-zag maneuvers
shown in Fig. 6.6 and Fig. 6.7. The steering timing of Step3 was slower than that of Step0, and
this implied that the response of Step3 had worsened. Tables 6.4 and 6.5 show the comparison
of overshoot angle (OSA) during the zig-zag maneuvers. The OSA of Step3 is larger than that
of Step0, and the course stability evidently worsened. The averaged value of the 1st OSA in
the port and starboard side increased by 23 % in Step3, and the averaged value of 2nd OSA
also increased by 43%. However, the zig-zag maneuvering performance is not at a potentially

problematic level since the IMO maneuvering criterion [15] is fulfilled in Step3.
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Figure 6.6: Comparison of time histories of the heading angle (1) and rudder angle (9) in still
water (left: 10/10 zig-zag, right: -10/-10 zig-zag)
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Figure 6.7: Comparison of time histories of the heading angle (1) and rudder angle (J) in still
water (left: 20/20 zig-zag, right: -20/-20 zig-zag)

Table 6.4: Comparison of the overshoot angle of 10/10 and -10/-10 zig-zag maneuvers in still
water

10/10 zig-zag -10/-10 zig-zag
1st OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)
Step0 5.3 16.7 7.8 10.5
Step3 6.3 24.3 9.7 14.7
IMO criterion 20.0 40.0 20.0 40.0
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Table 6.5: Comparison of the overshoot angle of 20/20 and -20/-20 zig-zag maneuvers in still
water

20/20 zig-zag -20/-20 zig-zag
Ist OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)
Step0 11.2 18.7 15.3 13.2
Step3 12.9 23.4 18.2 16.2
IMO criterion 25.0 - 25.0 -

6.4 Maneuvering in adverse conditions

6.4.1 Steady state sailing conditions

In this section, the autopilot condition is set the same as those in previous Section 5.4.1. The
ship course was set to be ¢ = 0°. Fig. 6.8 shows the longitudinal component of the ship speed
(denoted as w), hull drift angle (denoted as /), and check helm (denoted as ¢§) in the steady

state sailing condition under wind and waves.

As expected, a significant decrease in speed occurred with the increase in the BF scale. The
speed decrease for Step3 was slightly larger than that for Step0 with respect to head waves.
With respect to the head waves of BF9, u was less than 8 knots in both Step0 and Step3, and the
propeller revolution (np) decreased due to the restriction placed by the torque limit as shown
in Fig. 6.3. Thus, the torque limit line model employed in this study worked well with the
propeller revolution control. The 5 and the absolute value of § increased with the increase in the
BF scale. With respect to BF9, the maximum [ approximately 2.9° in Step0 and approximately
3.2° in Step3, and the minimum § approximately —7.3° in Step0 and approximately —10.6° in
Step3. The maximum [ and the absolute value of minimum ¢ were slightly larger in Step3.
The largest 8 occurred at approximately x = 75°, and the smallest § occurred at approximately

x = 90°. This tendency was the same for both Step0 and Step3.

The drift angle and check helm were not very large in both Step0 and Step3, and the ship
speeds reached approximately 6 knots in head wind and waves until BF9, even though the

torque-rich occurs.
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Figure 6.8: Comparison of ship speed (u), drift angle (8) and check helm (9) in wind and waves
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Figure 6.9: Comparison of propeller revolution (np) in wind and waves

6.4.2 Course changing ability

Course changing simulations are carried out by steering the rudder angle 6 = 20° in wind and
waves. Fig. 6.10 shows a comparison of ship trajectories in BF'7, BF8 and BF9. The direction

of the wind and waves changed to x = 0°, 30° and 60°. The steady state speed is shown in
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Fig. 6.8 is used as an approach speed in the simulation. A course change with a significant
speed decrease is observed in BF9 since the situations involved the bow wind and waves. Fig.
6.11 shows a comparison of the non-dimensional values of advance Ap and transfer Tk in the
course changing with respect to the BF scale for the three different wave (wind) directions. It
should be noted that “SW?” shown in the horizontal axis of the figure denotes the still water.
The results of Ap and Tk are smaller in Step0 when compared to those in Step3. Thus, Step0
indicated better maneuverability than Step3. This was because Step0 had a better turning
performance in still water when compared with that of Step3 as discussed in Section 6.3.1.
However, the difference between the trajectories (or Ap and Tg) for Step0 and Step3 clearly

decreased when the BF scale is large.

Fig. 6.12 shows time histories of the rudder normal force (Fy), the lateral force acting on the
ship by the wind and waves (Y4 + Yjy ), and the ratio (Fy/(Ya + Y )) during course changing.
Specifically, Fy/(Ya + Yy ) denotes a ratio of the rudder normal force to the lateral force
acting on the ship hull due to external disturbances such as wind and waves. A greater value
of Fx/(Ya + Yw) indicates higher rudder effectiveness with respect to external disturbances.
Additionally, Fiy of Step0 exceeded that of Step3 for both BE7 and BF9, and this tendency was
the same as the result in still water as shown in Fig. 6.5. The difference of Y4 + Yy between
Step0 and Step3 was small since the wind forces and the wave-induced steady forces were the
same for both Step0 and Step3 in principle. As a result, F/(Ya + Y ) of Step0 exceeded
that of Step3, and this tendency became significant in BF7. In contrast, with respect to BF9,
the difference of Fyy/(Ya + Yi) between StepO and Step3 decreased. This is because Y4 + Yy
showed a more significant increase in BF9 than the others. Thus, it could be interpreted that
the difference in the rudder force between StepO and Step3 decreased due to the presence of
large external lateral forces in terms of the strong wind and waves such as BF9. Thus, the
course changing performance of Step3 became similar to that of Step0 with respect to strong

external disturbances, although the turning performance of Step3 is worse in still water.
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Figure 6.10: Comparison of ship trajectories for course changing in wind and waves
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Figure 6.12: A comparison of the rudder normal force (Fy), lateral force due to wind and waves
(Y4 + Yw), and ratio of Fiy to Y4 + Yy during course changing (x = 0, 6 = 20deg)

6.5 Concluding remarks

This chapter applied an MM G-based maneuvering simulation method (Chapter 2) to investigate

the maneuverability of a VLCC in still water and adverse weather conditions. A conventional

VLCC in full load condition (Chapter 5) has been replaced by proposing a VLCC with 30%

reduced EEDI together with energy efficiency devices and a propeller with a large-diameter

and low-revolution. The engine output of the VLCC with 30% reduced EEDI (Step3) evidently

reduced when compared with that of a conventional VLCC (Step0). The presented results show

the impacts of minimum power on the maneuverability of the ships in still water and adverse

weather conditions, and answer the third question in Section 1.3:

How does the engine output effect on ship maneuvering performance?

Conclusions of this chapter are drawn as follows:
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o In Step3, both the turning radius and the overshoot angles of the zig-zag maneuver in still
water increase with improved EEDI when compared with those of Step0. By reducing
the engine output, the rudder normal force decreased due to the low propeller load.
Although the maneuverability worsened in Step3, the turning indexes and the overshoot

angles satisfied the IMO maneuvering criteria[15, 16].

o The steady state sailing performance of Step3 in adverse weather conditions is worse
than that of Step0. Specifically, speed drop, hull drift angle, and check helm of Step3 are

slightly large.

o The course changing ability of Step3 also worsened in adverse weather conditions. How-
ever, the difference in the trajectories of Step0 and Step3 clearly reduced when the BF
scale is large. This is because the difference of the rudder force between Step0 and Step3
decreased due to the presence of large external lateral forces in the strong wind and waves.
Hence, the course changing performance of Step3 was at a similar level to that of StepO

in the presence of strong external disturbances.

In Chapter 6, the effect of engine output are primarily analyzed on ship maneuverability. In the
simulations, problems that not comply with the IMO maneuvering criteria does not occur even
though the engine output reduced in Step3. This is because the subject ship (Step0) initially
possessed good maneuverability as discussed in Chapter 5, and there is a sufficient margin for
the IMO criteria. However, there could be a possibility in which the maneuverability worsened
until an unacceptable level is reached in terms of navigational safety by reducing the rudder
force due to a small main engine output. Therefore, further research is suggested to improve the
performance of maneuverability in Step3. The attachment of a high lift rudder considerably
is an effective way to improve the ship maneuvering performance. Moreover, some aspects
should be considered to choose a proper rudder such as the high lift rudder force, the rudder
impacts on the resistance and maneuvering ability, and the efficiency of the rudder in related
with the rudder construction and the maintenance cost. Thus, the high lift rudder is proposed
for improving the maneuverability of the VLCC with a 30% reduction in EEDI (equivalent 19%

reduced-engine output), and to be discussed in Chapter 7.



Chapter 7

Improvement of Maneuverability of a

Large Tanker by a High Lift Rudder

As reviewed in Chapter 6, the reduction of engine output of a VLCC generates in decreasing
the rudder force due to low propeller load. This condition has consequences in which maneu-
verability worsened in still water and adverse weather conditions. Therefore, it is necessary to
advance the maneuvering performance of a VLCC with low powered engine output. This chap-
ter involved performing an improvement in the maneuverability of a VLCC with small engine
output under a condition with 30% reduced EEDI (Step3) by attaching a high lift rudder as
an extension of a previous study in Chapter 6. Thus far, extant studies did not investigate
the effect of a high lift rudder on the maneuverability of a ship in adverse weather conditions
with respect to small engine output. In this Chapter, the discussion of the impact of a high
lift rudder on maneuverability refers to the work of Zaky et. al [48], and it is systematically
explained as follows; Section 7.1 proposes a new design of high lift rudder with a fishtail sec-
tion and end plates to increase the rudder force under a restriction that minimized the rudder
resistance increase. The new rudder is termed as a HL rudder and the original mariner rudder
is termed as a MN rudder. Section 7.2 describes the captive model test by using a scaled
ship model (model length: 2.909 m) to capture the propulsive performance and rudder force

characteristics of a ship with MN and HL rudders. The incorporation of the test results into

79
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the MMG simulation model (Chapter 2) led to the performance of maneuvering simulations in
still water and adverse weather conditions for a VLCC with a HL rudder (Step3yr) and MN
rudder (Step3yn). Section 7.3 presents the maneuvering simulations in both still water and
adverse weather for a VLCC in Step3 with a MN rudder and HL rudder. For the purposes of
comparison, maneuvering simulations are also performed for Step0O with a MN rudder. It should
be noted that the prediction accuracy of the simulation method was confirmed by performing
a comparison with free-running test results [37, 35]. At last, Section 7.4 draws the conclusions

of this chapter.

7.1 Design of a high lift rudder

A rudder design necessitates the consideration of certain aspects such as working conditions,
parameters (area, thickness, span, and aspect ratio), sectional shape, structural arrangement,
and hydrodynamic interactions (among hull, propeller, and rudder). Significantly, the selection
of the parameters and sectional shape impact ship maneuverability [3]. Existing studies [22,
25, 24] indicate that a special rudder with a fishtail section produced a larger rudder force and
smaller turning indexes when compared to those of a mariner rudder. A rounded leading edge
and a fishtail trailing edge were employed as the sectional shape of the present HL rudder.
Additionally, slipstream guide plates fitted to top and bottom of the rudder are used. The
plates increased the lift gradient, and it was experimentally investigated by Tachi and Endo
[28]. Fig. 7.1 shows the profiles of MN and HL rudders in a fullscale. Table 7.1 shows the
principal particulars of MN and HL rudders. In the table, Hg denotes span of the rudder,
Bpr denotes averaged chord of the rudder, A denotes the aspect ratio, Ar denotes rudder area
including the horn, and Agr/(Ld) denotes rudder area ratio. The rudder area of the HL rudder is
approximately 30% less than that of MN rudder. Its aim involves reducing the rudder resistance
of the HLL rudder. With a reduction in the rudder area of HL rudder, it is expected to minimize
the rudder torque, although the rudder torque in HL rudder may be increased due to fishtail
section and end plates effect. Additionally, thinner thickness with a taper was employed in the
HL rudder to reduce the rudder resistance since a thinner profile generally exhibits a better

propulsive performance when compared to a thicker profile. Fig. 7.2 shows photographs of two
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rudders for the ship model used in the tank tests. The MN rudder incorporates a rudder horn

that provides housing for a pintle to support the rudder, and otherwise, the HL rudder does

not possess a horn.
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Figure 7.1: Rudder profiles (left: MN rudder, right: HL rudder), units in meter

Table 7.1: Principal particulars of two rudders

MN rudder HL rudder remarks
Hg (m) 15.80 12.65
Bpr (m) 8.65 7.44 including the horn part for MN rudder
A 1.83 1.70 including the horn part for MN rudder
Ag (m?) 136.67 94.12 including the horn area for MN rudder
Ar/(Ld) 1/48.7 1/70.7

Figure 7.2: Layout of the rudder (left: MN rudder, right: HL rudder)
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7.2 Tank Test

In order to capture the propulsive performance and rudder force characteristics of the ship
with MN and HL rudders, tank tests were performed in the Hiroshima University Towing Tank
(length: 100 m, width: 8 m, depth: 3.5 m) by using a scaled ship model (model length: 2.901

m, scale ratio 1/110) as shown in Fig. 7.3.

Figure 7.3: Self propulsion test

7.2.1 Propulsive performance

Self-propulsion tests were conducted for a ship model with MN and HL rudders after completing
propeller open test using a stock propeller model with 90 mm in the diameter and resistance
tests by using the same ship model without a rudder. Therefore, the effect of rudder difference
was captured by the difference in the self-propulsion factors such as thrust deduction factors
(tp), wake fraction (w), and relative rotative efficiency (ng). Subsequently, the hull efficiency
(ny) was predicted by (1—tp)/(1—ws) of the full-scale ship where w, denotes the wake fraction
in full-scale.

Table 7.2: Self-propulsion factors and hull efficiency at V; = 15.5 kn

I1—tp 1—-ws g i
MN rudder 0.694 0.534 1.018 1.300
HL rudder 0.727 0.552 1.014 1.316

Fig. 7.4 shows the self-propulsion factors and the hull efficiency. The horizontal axis corresponds
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Figure 7.4: Self-propulsion test results

to the Froude number F),,; based on the length waterline L,,;. Table 7.2 shows a comparison
of the self-propulsion factors between MN and HL rudders at a service speed (V;) of 15.5
knots (equivalent to F,; = 0.141). The ratio of wake fraction in fullscale w; to the model w
is assumed as 0.85. A high lift rudder (HL rudder) was attached, and (1 — tp) increases to
approximately 5% when compared to that of the MN rudder, (1—wj) increases by approximately
4%, nr decreases by approximately 1%, and ny increases by approximately 1%. The difference
is small. The designed HL rudder is significantly reasonable to minimize the increase in rudder

resistance.

7.2.2 Characteristics of Rudder forces

Additionally, ‘the rudder force test in straight moving’ was performed to capture rudder force
characteristics. In the test, the lateral force (V) and yawing moment around the midship (1V,,)
acting on a ship hull and rudder normal force (Fy) were measured when a ship moved in a
straight manner while maintaining a certain rudder angle §. In the test, the rudder angle () was
changed from —35° to 35° with an interval corresponding to 5°. Fig. 7.5 shows the rudder force
test results for both MN and HL rudders under a propeller loading condition with np = 17.2
rps and ship model speed U = 0.76 m/s (equivalent to 15.5 kn in fullscale). This condition is

termed as the model point. The forces (Y and Fy) and moment (N,,) are non-dimensionalized
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by (1/2)pLdU? and (1/2)pL?dU?, respectively, where p denotes water density. The absolute

values of Y, N/

m?

and F}, increase linearly with increases in § in the range of —20° to 20°.
Inclinations of Y/, V), and Fy relative to the ¢ for the HL rudder increase when compared to
those for the MN rudder. Thus, Y’ and N/, are expressed as follows:

Y = Y6

(7.1)
N = N6

where Yy denotes rudder force derivative, and Nj denotes turning moment derivative. Table
7.3 shows the derivatives determined based on the measured data in the range of —20° to 20°.
When compared to the absolute value of the MN rudder, the absolute value of Yy increases
by 10% in HL rudder, and the absolute value of N} increases by approximately 8%. Thus, a

rudder force increase of 8-10% was confirmed with respect to the HL rudder as expected.
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Figure 7.5: Lateral force coefficient acting on a ship hull (Y’), yawing moment coefficient
around the midship (/V),) and rudder normal force coefficient (F) in the rudder force test
versus rudder angle §

Table 7.3: Rudder force and moment coefficients

MN rudder HL rudder
Yy -0.0571 -0.0626
Nj 0.0315 0.0339

In contrast, Fy at the same § increase by approximately 30% with respect to the HL rudder,
and the increase ratio is significantly different from the results of Y’ and N/ . In order to clarify

the reason, the measured data were analyzed based on the MMG model [37]. According to the
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MMG model, Y" and N/ are expressed as follows:

Y' = —(14ay)F}cosd
(7.2)

N = —(2%y +apx’y)F} cosd

where ay denotes the rudder force increase factor, z/; denotes the non-dimensionalized lon-
gitudinal coordinate of rudder position (normaly, z%; ~ —0.5), and z/; denotes the non-
dimensionalized longitudinal coordinate of the acting point of the additional lateral force com-
ponent induced by steering. (1+ap) is determined as an inclination of Y” relative to —F}, cosd,
and (2’ + agx’y) is also determined as an inclination of N’ relative to —F} cosd as shown in
Fig. 7.6. Table 7.4 shows (1+ ag) and (2’; + aga’y) of the MN and HL rudders. Furthermore,
(1+ ap) decreases by approximately 16% in HL rudder and the absolute value of (', + apx’y)
decreases by approximately 17% when compared to those of the MN rudder. The effective rud-
der force in HL rudder is reduced by approximately 16-17% due to the hull-rudder interaction
effect although the absolute value of F}, increases by approximately 30%. Hence, the increase
ratio of the effective rudder force with respect to the HL. rudder actually approximately corre-
sponds to 1.09 (~ 1.30 x (1 —0.16)). The order of magnitude approximately coincides with the
increase ratio of Yy or Nj as previously mentioned. This potentially because the HL rudder is
incorporated with the horn although MN rudder is not as shown in Fig. 7.1. Therefore, the
lift force acting on the horn part is not considered for F}, of MN rudder. Conversely, (1 + ay)

or (¥’ + aga’y) increases with the additional lift force.
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Figure 7.6: Analysis results with respect to the hull and rudder interaction coefficients
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Table 7.4: Hull and rudder interaction coefficients

MN rudder HL rudder
1+ay 1.291 1.086
T+ apgrly -0.713 -0.588

7.2.3 Course stability

To observe a difference of course stability of the ship with MN and HL rudders, the course

stability criterion C' in still water is compared. The criterion C' is expressed as follows:

C = YN — [V — (m/ +m) )N (7.3)

The ship becomes stable when C' > 0 and unstable when C' < 0. Here, Y&, Y& N&' and
NTG*/ denote the non-dimensionalized linear hydrodynamic derivatives on maneuvering, and
m’ and m! are the non-dimensionalized mass and added mass, respectively. The derivatives
correspond to the center of gravity as converted from a midship point and include the effect of

propeller and rudder, and are expressed as follows:

Y& = V) — kyugr
YO = Y =Yl — kyulpinly 74
NG = N, Y,z + knugyr
N& = N =Y2g — (N, =Y, wg)at + knupyrly
b= N (7.5)
kn = Nj/uf

where u/, is non-dimensionalized longitudinal inflow velocity component to the rudder, and
assumed to be 1.0. g is the flow straightening coefficient, and ¢/, is non-dimensional effective
longitudinal coordinate of rudder position in formula of the effective inflow angle to rudder in

maneuvering motions. The last term of Eq.(7.4) represents the rudder effect. The difference
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between MN and HL rudders in the linear derivatives appears as a change of ky and ky. As
shown in Eq.(7.5), ky and ky are equivalent to the rudder force and moment coefficients (Y5,
Nj). Table 7.5 shows the calculation results of ky and ky, the linear derivatives and C' for a
ship with MN and HL rudders. The hydrodynamic derivatives and parameters required for the
calculation of C' except Yy and Nj have been shown in Ref. [37]. Yy and N§ were indicated in
Table 7.3. The C' in MN rudder (Step3mn) is -0.002 and HL rudder (Step3pyy,) is -0.001. Thus,
it confirmed that the ship with HL rudder is slightly more stable for course keeping. However,

the difference is small.

Table 7.5: Hydrodynamic coefficients and C

MN rudder HL rudder

ky 0.057 0.063
kn 0.032 0.034
ye 10345 -0.347
Yo+ 0.115 0.117
NG 20.110 -0.108
NG 20.059 -0.060
C -0.002 -0.001

7.3 Maneuvering simulations

7.3.1 Simulation outlines

In the maneuvering simulations of fullscale ship with the HL rudder, the initial approach speed
Up corresponds to 15.5 knots (navigation full condition), the rudder steering rate corresponds
to 2.34°/s, and the radius of yaw gyration corresponds to 0.25L. The engine and propeller used
are the same as those in the ship with MN rudder together with the torque limit model, with
referring to Step0 in Chapter 6. Propeller revolution np is assumed to be constant except a
case over the restrictions placed by the torque limit. MMG model as explained in Chapter 2 is
used for the maneuvering simulations. Wave drift forces and wind forces are predicted with the
same conditions as those used in Chapter 6. The hydrodynamic treatments in the simulations

are summarized as follows:
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o A 30% increase in the rudder normal force (Fl) is used for the simulations based on the

test result indicated in Section 7.2.

« Given the ay and z'y, the measured values as shown in Table 7.4 are used

o With the exception of Fy, ag, and 2, the hydrodynamic parameters used are the same

as those of the ship in full load condition (DF) as presented in Table 5.2, and.

o The environmental parameters are set based on the Beaufort scale 7-9 as shown in Table

5.3.

7.3.2 Turning in still water

In the simulation, Step0 denotes a conventional VLCC, and Step3yn and Step3yr, denote a

VLCC with a MN rudder and a HL rudder, respectively, under a condition with 30% reduced

EEDL

Figure 7.7: A comparison of turning trajectories in still water (6 = £35°)

Table 7.6: A comparison of turning indexes

d = 35°

Step3un 4.18
Step3y;, 3.89
Step0 3.67

0 = —35°
Ap/L Dy/L Ap/L Dp/L
429 399 395
404 368  3.65
383 350 354
500 450  5.00

IMO criteria  4.50
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Fig. 7.7 shows a comparison of turning trajectories between Step0, Step3,y, and Step3yy;, given
a rudder angle of +35°. Table 7.12 shows a comparison of turning indexes such as advances
(Ap) and tactical diameters (Dr). When compared to Step0, the turning radius in Step3yn
increases, and Ap and Dz increase by 14% and 12%, respectively, and correspond to the

averaged value of port and starboard turning.

The reduction in the rudder normal force (Fy) of Step3 causes the deterioration in the turning
performance. This is due to the low propeller load that results from the small engine output.
When compared to Step3yn, the turning radius in Step3yy, decreases, and Ap and Dy decrease
by approximately 7% as the average values of port and starboard turning, respectively. Thus,
a significant improvement of the turning performance is confirmed by attaching the high lift
rudder. The turning indexes (Ap, Dr) in Step3py, satisfy the IMO maneuvering criteria [15, 16]
with a sufficient margin although they slightly exceed those in Step0. The turning performance

of Step3yy, is not at a potentially problematic level.

7.3.3 Zig-zag maneuvers in still water

Fig. 7.8 shows the time histories of heading angle ¢ and rudder angle ¢ in 10/10 and —10/—10
zig-zag maneuvers in still water. Additionally, Fig. 7.9 shows the time histories of ¥ and ¢
during 20/20 and —20/—20 zig-zag maneuvers. To confirm the effect of HL rudder during
zig-zag maneuvers, a comparison of rudder normal force (Fly) between MN and HL rudders is
also shown in Figs. 7.8 and 7.9. Step3yy, has the larger absolute values of Fy than Step3yn at
the time of rudder angle changes from port side to starboard side and vice versa, and is close
to the Step0 in all cases. This indicates that HL rudder produces a larger lift force than MN

rudder as expected.

Tables 7.7 and 7.8 depict a comparison of overshoot angle (OSA) during the zig-zag maneuvers.
The OSAs of Step3yn exceed those of Step0, and the course stability evidently worsens. The
average value of the 1st OSA in 10/10 and -10/-10 zig-zag maneuvers increases by 23% in
Step3mn, and the average value of 2nd OSA also increases by 43%. The reduction in the rudder

normal force (Fl) led to an increase in the OSAs as mentioned in Section 7.3.2. Conversely,
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Figure 7.9: A comparison of time histories of heading angle (¢), rudder angle (§), and rudder
normal force (Fy) in still water (left: 20/20 zig-zag, right: -20/-20 zig-zag)

the OSA in Step3yr, is smaller than that of Step3yy. The average value of the 1st OSA in
10/10 and -10/-10 zig-zag maneuvers decreases by 22% in Step3yr, and the average value of
2nd OSA also decreases by 33%. The high lift rudder is useful in significantly reducing the
OSAs in zig-zag maneuvers. It should be noted that the IMO maneuvering criterion [15, 16] is

fulfilled in all the cases.
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Table 7.7: A comparison of overshoot angle of 10/10 and -10/-10 zig-zag maneuvers in still
water

10/10 zig-zag -10/-10 zig-zag
1st OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)
Step3ain 6.3 24.3 9.7 14.7
Step3yr, 4.9 16.4 7.6 9.7
Step0 5.3 16.7 7.8 10.5
IMO criteria 20.0 40.0 20.0 40.0

Table 7.8: A comparison of overshoot angle of 20/20 and -20/-20 zig-zag maneuvers in still
water

20/20 zig-zag -20/-20 zig-zag
1st OSA (°) 2nd OSA (°) 1st OSA (°) 2nd OSA (°)
Step3yn 12.9 23.4 18.2 16.2
Step3gL 10.5 18.3 14.9 12.4
Step0 11.2 18.7 15.3 13.2
IMO criteria 25.0 - 25.0 -

7.3.4 Steady state sailing conditions in adverse weather conditions

A ship traveling with a propeller revolution in the design speed is considered under wind and
waves using the auto-pilot. In the auto-pilot, the PD control is applied with a proportional gain
corresponding to 5.0 and a differential gain corresponding to 20.0 s. The adverse conditions
in the simulation correspond to the environmental parameters (wind and waves) which were

based on Beaufort scale as mentioned in Table 5.3.

Fig. 7.10 shows the longitudinal component of the ship speed (denoted as w), hull drift angle
(denoted as 3), and check helm (denoted as d) in the steady state sailing condition under wind
and waves for Step3yn and Step3yr,. In the figure, additional lines are inserted to connect
the calculation results for purposes of distinction. A significant decrease in speed occurs with
an increase in the BF scale. The speed decreases in Step3yp, are almost the same as those in
Step3un. In xo = 0° of BF9, w is less than 8 knots for both, and the propeller revolution
decreases due to the restrictions placed by the torque limit. The [ and the absolute value of
0 increase with increases in the BF scale. The largest 5 occurs approximately at yg = 75°,
and the smallest § occurs approximately at xo = 90°. This tendency is the same for both

Step3un and Step3dyr,. In BF9, the maximum [ approximately corresponds to 3.2°, and is
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Figure 7.10: A comparison of ship speed (u), drift angle (/3,) and check helm (J) in wind and
waves

almost identical in both Step3yy and Step3gr,. The minimum 0 approximately corresponds to
—8.1° in Step3yr, and —10.6° in Step3yn. Thus, the check helm of Step3yp, is smaller than
that of Step3yn. The HL rudder is effective in reducing the check helm in adverse weather

conditions.

7.3.5 Course changing ability in adverse weather conditions

Course changing simulations are performed by steering the rudder angle, 6 = 20°, in wind and
waves. Fig. 7.11 shows a comparison of ship trajectories in BF7, BF8 and BF9. The direction
of the wind and waves changes to x = 0°, 30°, and 60°. The steady state speed is shown in
Fig. 7.10 is used as an approach speed in the simulation. A course change with a significant

speed decrease is observed in BF9 since the situations involved bow wind and waves.
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Figure 7.11: Comparison of ship trajectories for course changing in wind and waves

Fig. 7.12 shows a comparison of the non-dimensional values of advance Ap and transfer T in
the course change with respect to the BF scale for the three different wave (wind) directions.

It should be noted that “SW?” shown in the horizontal axis of the figure denotes still water.
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Additionally, Ap and Ty in Step3yy, are smaller than those in Step3yn. Thus, Step3y;, indicates
better maneuverability when compared to Step3yn. This is because Step3yy, indicates a better

turning performance in still water when compared to Step3yn as discussed in Section 7.3.2.
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Figure 7.12: Comparison of Ap and Tk in wind and waves (0 = 20°)

7.4 Conclusions

An improvement of maneuverability of a VLCC with small engine output under a condition
with 30% reduced EEDI has been performed by attaching a high lift rudder. First, a high lift
rudder (HL rudder) with fishtail section and end plates was newly designed to increase the
rudder force under a restriction that involved minimizing the rudder resistance increase. The
rudder area including horn was reduced by approximately 30% when compared to the original
mariner rudder (MN rudder). The tank tests confirmed that the designed HL rudder increased
the effective rudder force to approximately 10% with a few delivered power increases when
compared to those of MN rudder. Subsequently, time-domain simulations based on the MMG
model [37] were conducted for a fullscale ship with HL and MN rudders to investigate the effect
of the high lift rudder on the maneuvering motions in still water as well as the steady state
sailing condition and course changing ability in adverse weather conditions. The impacts of
a high lift rudder on the maneuverability of a large tanker in still water and adverse weather
conditions have been presented in this chapter. As summary, this chapter answers the fourth
question in Section 1.3:

How does the high lift rudder effect of improving ship maneuverability under a

small main engine output?
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Conclusions of this chapter are drawn as follows:
1. Advance Ap and tactical diameter D7 decreased to approximately 7% as the averaged
value of port and starboard turning with a rudder angle of +35° in still water.

2. The averaged 1st overshoot angle (OSA) in 10/10 and -10/-10 zig-zag maneuvers de-
creased by 22%, and the averaged 2nd OSA also decreased by 33%.

3. The check helm reduced by approximately 25% in adverse weather conditions, and a

better course changing ability was confirmed in all the wind and wave directions.

Thus, the results indicated that a high lift rudder is useful in improving the maneuverability

of the VLCC with a 30% reduction in EEDI.



Chapter 8

Conclusions and Future Works

This thesis investigates the maneuvering performance of a large tanker in still water and adverse
weather conditions. Several studies have been conducted through simulations in the previous
chapters. As a concluding chapter, Section 8.1 summarizes the main findings and answers the
research questions of this thesis. Section 8.2 discusses the remaining open issues and suggests

the direction for future research.

8.1 Conclusions

In this thesis, the following main research question is addressed: How does the maneuver-
ability of a large tanker in adverse weather conditions? To investigate the subject
of this research, a simulation method for ship maneuvering in wind and waves has been intro-
duced in Chapter 2. By using KVLCC2 as reference ship in Chapter 3, the present simulation
method was evaluated with the model test results in Chapter 4. With the maneuvering simu-
lation method, the effect of load conditions on the maneuvering performance of a VLCC was
studied in Chapter 5. Since a VLCC in full load condition has a good maneuvering perfor-
mance, the EEDI improvement through employing a small main engine output was proposed
as described in Chapter 6. Further, to improve the maneuverability of a VLCC with a small

main engine output under 30% reduction in EEDI, a high lift rudder with special shape was

96
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attached as presented in Chapter 7. Following the main research question, the following four

key research questions as mentioned in Section 1.3 are answered as follows:

Q1:

Q2:

What is the practical maneuvering simulation model to evaluate the ship
maneuverability in adverse weather conditions?

To resolve this question, a maneuvering simulation method should be built accurately
considering the wind and waves. A simulation method in Chapter 2 was proposed to
predict the maneuvering motions such as turning and zig-zag maneuvers in wind and
waves. The validation study was carried out to confirm the present method as presented
in Chapter 4 using a VLCC (KVLCC2) as described in Chapter 3. As the results, it was
confirmed that the present method can capture the maneuvering motions in waves with
the sufficient accuracy for practical purposes. Moreover, further research is required to

investigate the performance of ship maneuvers in adverse weather conditions.

How does the effect of loading conditions on ship maneuvering performance?
The effect of load conditions on maneuvering performance of a VLCC has been consid-
ered in design full (DF) and normal ballast (NB) as critical conditions when the ship
is sailing in rough seas. By using the present maneuvering simulation method in Chap-
ter 2 and its hydrodynamic characteristics based on MMG model, the maneuverability
of a VLCC in two loading conditions (DF and NB) were investigated in still water and
stormy conditions. The hydrodynamic characteristics of DF and NB were obtained from
the model experiment based on MMG model. As discussed in Chapter 5, in still water,
the turning performance of NB becomes worse than that of DF since ship in NB has a
good course stability than DF. Zig-zag maneuvers performance of NB improved with the
steering timing were faster than DF since the course stability increased. The turning
indexes (Ap,Dr) and OSAs of DF and NB comply with the IMO maneuvering crite-
ria. The steady-state sailing condition in adverse weather conditions is quite different
between DF and NB: the absolute value of the check helm becomes small in NB, but the
hull drift angle becomes large. The relative drift direction of the ship in turning to the

wave direction is 20° — 30° in NB and DF with a rudder angle 35° and almost constant
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Q3:

for any wind (wave) directions. The drifting displacement in turning under NB becomes
larger than that under DF at the same environmental condition. Advance Ap and tactical
diameter D7 become significantly small with an increasing Beaufort scale in head wind
and waves when approaching, although Ap and D7 are almost constant in following wind
and waves. In beam wind and waves, the tendency depends on the plus and minus of the
rudder angle. In zig-zag maneuvers, the first and second overshoot angles (OSAs) in head
wind and waves become smaller than those in still water (SW), and those in following
wind and waves are almost the same or become larger than those in SW. In the case
of 10/10 zig-zag maneuvers of a ship in beam wind and waves, the first OSA increases
compared with the value in SW, because the effective rudder angle decreases, and the
second OSA decreases, because of the effective rudder angle increases. This tendency
becomes opposite for —10/ — 10 zig-zag maneuvers. The effective rudder angle changes
owing to the order of magnitude of the check helm in adverse weather conditions. These
tendencies with respect to OSAs are the same in between DF and NB, although DF is
more significant. However, the situation where the VLCC uncontrollable in DF did not

occur.

How does the engine output effect on ship maneuvering performance?

Further study has been performed for a VLCC in design full load condition by the em-
ployment of a small main engine output due to advances energy efficiency devices and a
propeller with a large-diameter and low-revolution, as discussed in Chapter 6. The engine
output of the VLCC with 30% reduced EEDI (Step3) evidently reduced when compared
with that of a conventional VLCC (Step0). In still water, both the turning and zig-zag
maneuvers in Step3 become worse compared to Step0. This was due to the rudder normal
force decreased as a result of the engine output in Step3 reduced. The same tendency also
occurs in adverse weather, the performance of Step3 in steady state sailing is worse than
that of Step0, and the course changing ability also worsened. However, the discrepancy
in the trajectories of Step0 and Step3 becomes small when wind and waves strong. The
differences in the rudder forces between StepO and Step3 decreased due to the presence

of large external lateral forces in the high wind and waves. Thus, Step3 has a similar
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level of course changing performance comparable to Step0O in the presence of the strong

external disturbance.

Q4: How to improve the ship maneuverability under a small main engine output?
The maneuverability of Step3 was worse than that of Step0 since the rudder force was
reduced owing to the low propeller load, which resulted from the small engine output.
However, problems that not comply with the IMO maneuvering criteria does not occur
even though the engine output reduced in Step3. It was observed that Step3 satisfied
IMO maneuvering criteria in the still water condition. In the next discussion in Chapter
7, a high lift rudder (HL rudder) has been proposed to improve the ship maneuvering
performance in Step3. To minimize the rudder resistance, the rudder area of HL. rudder
was reduced by 30% when compared to the original mariner rudder (MN rudder). By
attaching a HL rudder, both the turning radius and OSAs in still water decreased, the
check helm reduced and a better course changing ability in adverse weather conditions.
In general, the maneuvering performance of a VLCC with a 30% reduction in EEDI

improved by attaching the HL rudder.

In summary, a brief answer to the main research question is made as the following:

A large tanker must be designed to sail safely and efficiently. A safe tanker means having a
good course stability and well maneuvers in still water and adverse weather under any loading
conditions. In this study, it was confirmed that a VLCC in ballast load condition is better in
course stability than a VLCC in full load condition, the drifting displacement in ballast load is
remarkably larger than that of full load at the same BF scale due to wind and waves per the ship
mass are larger in ballast load, and the effective rudder angles changes owing to the order of
magnitude of the check helm in adverse weather conditions. A tanker must be efficient that is
proven by low fuel consumption to reduce C'Oy emissions with respect to the EEDI. To achieve an
energy efficiency, a VLCC with a 30% reduction in EEDI is planned for the conventional VLCC
in full load condition by the employment of a small main engine output owing to advances energy
efficiency devices and a propeller with a large-diameter and low-rotation, etc. It was observed
that the maneuverability of the VLCC with 30% reduced EEDI was worse than the conventional
VLCC since the rudder force decreased due to the low propeller load. Furthermore, to improve
the maneuverability of a VLCC with a small main engine output was performed by attaching
a HL rudder. The results indicated that the designed HL rudder increased the effective rudder

force and the HL rudder presented in this study is useful in improving maneuverability.
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8.2 Future Works

Further investigations are required in the following sections. These further research directions
are given in the perspectives of the degrees of freedom, the types of ships, the rudder area, and

the speed effect in lateral force and yaw moment coefficients as follows:

e Degrees of Freedom
As it may affect the speed and accuracy in the simulations, the required number of degrees
of freedom should be considered according to the navigation conditions. For seagoing ships
that frequently encounter severe wind and waves, a maneuvering simulation model with
6 Degree of Freedom (DOF) including surge, sway, yaw, heave, pitch and roll motions
can give more reliable results rather than 3 DOF (surge, sway and yaw). Considering
the impacts of sinkage and trim, further research with a 6 DOF can be more suitable for

seagoing vessels.

o Ship types
In this research, all investigations were conducted with respect to the large tanker. Thus,
it is possible to directly apply the study to extend studies involving other ship types with
different sizes to validate the accuracy of the present maneuvering simulation method.
Hence, investigations involving other types of ships could be an interesting topic for

further research.

 Rudder area
HL rudder is useful in improving the ship maneuverability of a VLCC with a 30% reduc-
tion in EEDI. Although, the HL rudder does not possess a horn. As previously reviewed
in Chapter 7, the effective rudder force of HL rudder increased by 10% compared to MN
rudder. However, there is an open space between the bottom of the stern part and the
HL rudder as drawn in Figure 7.2. Further investigations are suggested to modify the
structure of the rudder by extending the rudder area of the HL rudder. Meantime, it
should be kept in mind that the rudder resistance is maintained as minimum as possible.

By adjusting its arrangement, it is expected to create more lift force in the HL rudder.
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Additionally, Computational Fluid Dynamic (CFD) can be used to visualize the flow

pattern as well as the hydrodynamic characteristics around the rudder.

o Speed effect in lateral force and yaw moment coefficients
In this study, the ship speed effect on the steady lateral force and yaw moment coefficients
in irregular waves (Cyw, Cnw ) is negligible in view of the practical purposes. Meanwhile,
the speed effect on steady lateral force and yaw moment coefficients is important for the
accuracy of calculation to capture the maneuvering motions in irregular waves. Thus, the

speed effect on those coefficients should be considered in the future research.
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Appendices

A.1 Conversion of midship base and center of gravity

derivatives

The non dimensionless of linear hydrodynamic derivatives of lateral force and turning moment
acting on the ship hull in midship point can be written as follows:

Y' = YU +Yr+Y{6

(A.1)

N’ = N}V + N/r" + Ngé
Here, the forces Y and moment (V) are non-dimensionalized by (1/2)pLdU? and (1/2)pL*dU?,
respectively, where p denotes water density, L denotes ship length, d denotes ship draft, and
U denotes ship speed. And if the lateral force and yaw moment correspond to the center of
gravity, the notation G is attached in the equation above, it can be rewritten as

Yo = Y+ Y+ Y e

A2
/ G G el ( )
NG = Nv UG+NT TG+N5 56‘
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Then lateral velocity (vg), yaw rate (r) and rudder angle (§) component at the center of gravity

are expressed as,

v = v +agr
o= 1 (A.3)
g = 0

Substituting Eq.(A.3) into Eq.(A.2), then obtained

Yo = YU+ (VY ag)r + Y (A-4)

N, = NS+ (NE + NGz + N&'s (A.5)

Since Y in the midship and Y in the center of gravity are same, Eq.(A.4) can be expressed as,

Y = YU+ (S + Y ) + VS (A.6)
then obtained,
v, = v¢
V! = Y& 4 v, (A7)
p = v

On the other hand, there is relationship between N around the midship point and Ng around

the center of gravity, N = Ng + z¢Y. Eq.(A.5) can be rewritten as

N' = (N + Yag)' + [N + (N + Y))agl' + (NS + Yag)s (A-8)
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then obtained,

N = NY Yzl

N = N 4+ (NS¢ +Y))a, (A.9)

N; = N§'+Y]ag

Combining Eq.(2.1) and the lateral force ¥ and yaw moment N in midship point relative to

the center of gravity as expressed in Eq.(A.6) and (A.8), the following equation are obtained,

(m’ +my)o" + (m +ml)u'r" + xem/i’ =

Y+ (VY g + VS
(A.10)

!/ . .
(Il +xZ'm/ + I + xpm'ol, + xpm/u'r’ =

(NS + Yjag)v' + [NT + (N + Y))aglr' + (N§ + Yag)6

Since both of sway and yaw relative to the center of gravity, then z¢ = 0 and the maneuvering

motion equations can be expressed as follows:

(m' +mg)o" + (m' +mi)u'r’ = VG + Y +YES
(A.11)
(Il + )i = NG 4+ N + N&'s
where,
v =y
Ve = Y=Y
W =y
/ (A.12)
NG = Ny =Yg
N = N} =Ywy — (N, = Yag)ag
N§' = Nj-Yiag
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A.2 Dynamic course stability

From Eq.(A.11), we set 6 = 0 and the linear equation of ship maneuvering is the following:

r

—Y;G/v’ + (m' + m;)i/ — [YG/ —(m +m))u]r" = 0
(A.13)
— NG — N&'v' (I’ + J0)i =0

Differentiating v,,, and 7 in Eq.(A.13) by time then a linear differential equation is obtained as

[(m +my) g = YW = [V = (m +m)u]r’ = 0
(A.14)
NG 4 [(Ig + T4 — NS - 0
The general solution can be written:
Vo= vjett 4 vheo?!
(A.15)
o= riemt + rheo?t
Solving Eq.(A.14) for v and r by assuming A;-A3 and B;-Bjs, then obtained:
(A1% + As)v" + (B)r' = 0
(A.16)
(Ag)?)l + (BQ% + 83)7’, =0
where,
A = m'+m]
Ay = =Y
A3 = —Nfl
(A.17)
By = [V — (m/+m)u]
By = Ig+J.
B; = —N¢
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Eq.(A.16) can be rewritten in matrix form as follows,

(A +42) By o]0 (A18)
As (B2 4+ Bs) || o 0
Substituting Eq.(A.15) into the homogeneous differential Eq.(A.14), then obtained:
Aoc*+Bo+C = 0 (A.19)
where:
A = AB;
= (m'+my) (I + J)
B - A1B3 + A2B2
(A.20)
= —(m' +m)NZ — (I + J)Y
C = AQB:), - AgBl
= YN = [V = (' + m ) |NJ
Thus, the stability roots are
—B++vB?—4AC
0'172 = (AQ].)

2A

where the plus and minus signs of the radical refer to o1 and oy, respectively. If the real parts
of o1 and oy are negative, the solution v’ and 7’ given by Eq.(A.15) will vanish with time and
a new straight on course. In this case the ship is dynamically stable on course. On the other
hand, if either o and o5 has a positive real part, an initial disturbance will lead to continuous
increases of v" and ' (until the non linearity of the hydrodynamic reactions prevails) and the
ship will be unstable in yaw. In Eq.(A.21), o5 is always negative and algebraically less than o;.

Therefore, o, is the critical root and is called the stability index. since m’ +my, and I’ + J.
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are always large positive values, it can be concluded that:
A = (m' +my)(Ig+J,) >0 (A.22)

and since both (m’ 4+ m/ ) NS "and (I’ + J)Y.S are positive values, then B is always positive

expressed as
B = —(m'+m)NE — (I'g+ J)YE >0 (A.23)

Moreover, since the product of Y,¢" and N are large absolute positive values, Y,¢' — (m/+m/,)u/
and N/ are uncertain sign with small absolute values. Thus, the criterion for dynamic course

stability is reduced to

C = YN —[v¢ — (m/ +m)uINE >0 (A.24)

By eliminating u, the criterion C' will be satisfied if

¢ = YINI > Y — (m + ml) NG (A.25)

A.3 Effect of steering on course stability

The steering effect on the course stability was performed by considering the linearization of
steering Fyy in straight moving, note that sind ~ ¢ and cosd ~ 1, the resultant rudder inflow

velocity Ug is approximated to ug and sin ag is approximated to ag.

Fy = (1/2)pApuyfaar (A.26)
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the angle ag is expressed as

an ~ - Z;* (A.27)
= 0+ U+ pr') )'YR (A.28)
UR

where, vg = Uyg(f — lxr') and § ~ —v'. Substituting Eq.(A.28) into Eq.(A.26), the Fyy can
be expressed as

Fv = (1/2)pAnif. [5+U<;f>v] (A.29)

Next, Eq.(A.29) non-dimensionalized by (1/2)pLdU? in both sides, then obtained

/ A ! / !/ )
Fy = L—Zfa [uéé + upyr(v + lpr )] (A.30)

where, uy = ur/U. The dimensionless of lateral force and yaw moment by steering (Y} and

Np,) taken from MMG model [37] are expressed as

Y, = —(1+4ap)Ficosd ~ —(1+ay)Fy
(A.31)

N = —(wh + anly) Fieosd = — (v + anaty) Fy

Substituting Eq.(A.30) into Eq.(A.31). By considering the steering effect, the non dimensionless
of lateral force and yaw moment (Y’ and N') acting on the ship hull as mentioned in Eq.(A.11)

can be expressed as

Y = YO+ YEW — hy ko + ua(v’ + L)
(A.32)
N' = NFW + N + knluhd + wpyr(v) + Cgr')]
where,
A
]{ZY = (1+CLH)L7§fa
) (A.33)
ky = —(2h+anty) = fa

Ld



A.3. Effect of steering on course stability 109
Eq.(A.32) can be rewritten as
Yy = YL;G*,U/+K~G*,T/+Y;$G/6/
(A.34)
N' = NGy + NGy 4 NG's
where,
Y;}G*/ _ Y;}GI o kYUIR”YR
YO = Y kyulpyrly
NUG*/ = NUG/ + kNujR'yR
(A.35)
NG = N+ knulpyrly
V= —kyud
N(;GI = ]ﬂN’LL%%/

From Eq.(A.25), the criterion C' which includes the effect of steering on course stability can be

expressed as follows,

C = YE'N& —[v& — (m/ +ml)]NS*' >0

(A.36)
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