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The prediction of added resistance of a ship in waves is essential to evaluate the ship performance in seaway.
Also, it is of interest as the main factor for the fuel consumption in seaway to meet the requirement for
minimum energy efficiency level measured by an Energy Efficiency Design Index (EEDI) and Energy Efficiency
Operational Indicator (EEOI) which are regulated by the International Maritime Organization’s (IMO) Marine
Environment Protection Committee (MEPC), Since the added resistance has a second order nature and it is
based on the mean valﬁe of wave force, its value is relatively small compared to the amplitude of the excitation
force. Thus a high degree of accuracy is required both in experiments and calculations. Once the added
resistance, ship motions and wake field are predicted preciously, the propulsion design with higher efficiency, a
more appropriate engine margin and lower gas emission could be expected. The present work is for the model
ship KVLCC2 at design-Froude number 0.142 in fully loaded and ballast condition, in Iong and short waves.

The dissertation is divided into five chapters: )

Chapter 1 reviews the literatures. The approaches developed to predict or estimate the added resistances are
introduced: analytical method, advanced Potential Flow (PF) and lately Computational Fluid Dynamies (CFD).
Along with the cbmputation, the studies about Experimental Fluid Dynamics (EFD) are referrea. The factors to
influence the added resistance such as ship motions, ship speed, wave length, wave height, wave heading, hull
form, bow shape and bow relative motion are discussed. In the end of section, the studies related to ship
propulsion and nominal wakes in waves are reviewed.

Chapter 2 briefly introduces the experiment conducted in the towing tank of Osaka University, including the
PIV (Particle Image Velocimetry) measurement for the wake field, and the other experiment data sources. The
data is used for the validation of the present CFD simulation. The model ship's geometry is provided in the
figures and a table.

Chapter 3 explains the CFD method (CFDSHIP-IOWA V4.5) utilized in the present work in detail. Absclute
inertial earth-fixed coordinates are employed with the blended k-e/k-@ turbulence model using no wall function.
The free-surface is modeled by the single phase level-set method. The 2DOF motion: free to heave and pitch and
3DOF motion: free to heave, pitch and surge are considered. The computational domain and boundary conditions
and grid topology to capture the free surface, wave height/length and boundary layer/turbulence are discussed.

Chapter 4 introduces the uncertainty analysis. The theory of CFD verification and validation are explained.
The verification study is performed for the wave length ML=1.1 in fully-loaded condition. The iterative, grid and
time step uncertainties are investigated. The total numerical uncertainty is less than 4%, which is better than
the results of the other seakeeping studies published using CFDSHIP-IOWA.

Chapter 5 discusses the maximum ship response and resonance condition. The empirical formula for the
natural frequency of heave and pitch motion are introduced. The CFD natural frequency simulations are
performed at Fr=0.0 for 1IDOF or 2DOF with a constant value of initial ship motion. The CFD results are
compared with the empirical values. The diffraction and radiation problem investigated by CFD and PF method
are explained.

Chapter 6 presents the results for global variables. Firstly, the calm water resistance is discussed for
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fully-loaded and bhallast condition. For fully-loaded condition, the time histories for three wave lengths are
studied and then the RAOs (Response Amplitude Operators), forces, moments and added resistance responses
are analyzed, The surge/heave/pitch amplitude and phases are predicted fairly well. The relative bow and stern
motions are discussed. The added resistance shows a peak near the wave length ML=1.1. It is slightly under
predicted for shorter waves A/.<1.2 and over predicted for longer waves ML>1.2. The maximum ship responses
and natural frequency of heave and pitch motion are investigated. The PF and CFD resulis for diffraction and
radiation problem are compared. The wave amplitude effect for A/L=1.1 is discussed. For ballast condition, the
RAOs and the added resistance are presented. The CFD free surge simulation can predict surge/heavefpitch
amplitude. The added resistances are slightly under predicted generally. Both CFD and EFD show the peak is at
AL=0.9.

Chapter 7 is to find the source of added resistance by local flow analysis and investigate the impact on the
propulsion in waves. The X-force distribution after subtracting the calm water values on the hull shows the
upper part of bow surface around FP has the major contribution for mean value, 15t and 254 harmonic component.
According to the unsteady wave pattern analysis, the non-zero mean value is induced by the diverging wave
amplitude in waves higher than that in calm water. The 1t harmonic component including radiated and
diffracted waves initiates at the fore-body shoulder and transom corner. The nominal wake behavior in waves is
studied by comparing CFD result and PIV measurement in tank-fixed and ship-fixed coordinate. The bilge vortex
and the vortex shedding around the shaft are observed. The bilge vortex is developed from the boundary layer on
the stern hull and shedding into the propeller plane. It moves relative to the ship motion. The vortex shedding
around the shaft is induced by vertical stern motion. A low speed area under the shaft extends downward deeply
as the stern moves up. Two vortex systems are in different votating divections. The orbital velocities along
different vertical positions, vorticity/circulation and volume mean velocities on propeller plane are analyzed. The
appearance of phase lag and 2nd harmonic component on the periodic oscillation of these variables is related to
the movement and development of the bilge vortex. Their mean values would be different from the calm water
one,

Chapter 8 draws the conclusion and proposes the future work. CFD is a powerful tool to predict ship motions
and added resistance. Also the detail flow field could be provided to investigate the source of the added
resistance and understand the phenomena of the ship wake behaving in waves. For the future work, the study of
different heading wave effect is proposed. And the effective wake will be studied with a rotating propeller
simplified by a propeller model. The appended rudder will be also considered.
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