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SUMMARY

The publication of the Energy Efficiency Design Index (EEDI) by the International
Maritime Organization (IMO) has recently stimulated the accurate assessment of ac-
tual sea performance of ships, which is evaluated as added resistance in waves. How-
ever, a satisfactory consensus on the evaluation method has not yet been reached
owing to uncertainty in wave added resistance. This uncertainty can be improved
by developing analytical methods that recognize nonlinearities. A typical factor con-
tributing to the uncertainty of added resistance is the breaking of the bow wave. In
this study, an evaluation method is developed to explain the nonlinearity of added
resistance due to the uncertainty of bow-wave breaking. The accuracy of evaluation
of added resistance can be improved by considering the speed of the ship, which
affects the stability of the bow wave. This study also confirms that the breaking of
the bow wave causes a violation of the linear relation between the pressure and the
relative wave elevation of the bow wave.

In order to express the nonlinearity of added resistance due to the breaking of the
bow wave, a transfer function including the speed of the ship is proposed because
the speed of the ship affects the stability type of bow-wave breaking. By analyz-
ing the results of the added resistance measured in a fast ship series test, it was
confirmed that the added resistance should be evaluated by considering the ship’s
speed. In addition, hull pressures and relative wave elevations are measured for
the mother ship of the series test, and analysis tools are developed to represent the
nonlinearity between these two signals. This analysis confirms that the nonlinear
relationship between the hull pressure and the relative wave elevation, which sig-
nificantly contributes to the added resistance, is greatly influenced by the speed of
the ship.

This study provides important insight into the violation of the linear relation by
using the proposed analysis tools. The results show that the nonlinearity due to the
plunging breaking of a bow wave is intuitively detected. The nonlinearity is shown
to vary with the ship’s speed. The findings provide a better understanding of the
process of plunging breaking of bow waves.

Based on the above findings, a correction model is proposed to improve the ac-
curacy of numerical calculation performed using the linear potential theory. The
calculation of the fast ship is compared with the experimental results. The results
reveal that the accuracy of added resistance estimation can be improved through
the physics-based correction. Furthermore, a method for improving the reliability of
the added resistance estimation is proposed by identifying the nonlinearity of the
plunging breaking of the bow wave on a fast displacement ship.
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1
INTRODUCTION

1.1. Motivation

Ship designers and operators are interested in reducing fuel consumption and CO2

production for improving cost efficiency and reducing environmental impact. To that
end, the Energy Efficiency Design Index (EEDI) regulation has been adopted by the
International Maritime Organization (IMO). The regulation requires that EEDI is
applied to new ships built from 2015 in order to reduce CO2 emissions by 30%
by 2030. Furthermore, the IMO will implement a regulation on the monitoring,
reporting, and verification (MRV) of fuel usage from 2019 to analyze the status of a
ship’s greenhouse gas emissions [1].

The reduction of fuel consumption and greenhouse gas emissions by increasing
the energy efficiency of a ship is possible by accurately predicting and evaluating the
forces required for the ship to move at a constant speed. The force acting on the hull
is a resistance when the ship is moving at a constant speed in calm water. The ad-
ditional force required to maintain a constant speed even when the ship encounters
incident waves is called added resistance. The performance of the hullform must be
accurately predicted before building the ship because the ship’s sea performance is
difficult to change after the design has been finalized and building has started [2].
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Model tests are thus far the most reliable method to predict the added resistance,
since hydrodynamic interactions between the hull and the incoming waves are very
complex. Alternatively, a comparative solution in computational fluid dynamics can
be obtained using a solver based on the Reynolds-averaged Navier-Stokes (RANS)
equation, which includes the viscosity of the fluid and the nonlinear free-surface
effect [3, 4].

Nevertheless, neither method is cost-effective in the preliminary design stage.
Model tests require much care in preparation and data measurement, and the RANS
technique is time-consuming to generate proper grids to capture the detailed phe-
nomena and perform the calculations. Therefore, a more suitable method for esti-
mating added resistance is sought. The linear potential theory method, which has a
small calculation requirement, can be used to determine the character of the added
resistance quickly. Although the accuracy of the linear potential theory method is
limited, it is suitable for grasping the tendency of the added resistance [5]. This
is because the motion response of the ship can be estimated relatively accurately
[6, 7]. A ship’s motion response is a major factor determining the added resistance
of the ship navigating in waves. Furthermore, the reflection of waves by the hull
plays a significant role. In the linear potential theory method, the influence of a
wave reflected on the hull is regarded as a linearized diffraction effect.

While the linear potential theory method is attractive because of the promptness
of its calculation, it has a drawback that it does not take into account the influence of
viscous resistance by friction. The effect of viscosity is generally neglected because it
hardly contributes to the ship’s motion response or the reflected wave [8]. Therefore,
many studies based on the linear potential theory have ignored the influence of
viscosity on the added resistance. However, when the influence of reflection of waves
by the hull is dominantly nonlinear (e.g., owing to breaking), the added resistance
cannot be calculated accurately by the linear potential theory method. Therefore,
if the added resistance can be estimated more accurately by taking into account
the generation of nonlinearity between the hull and the incident wave, the linear
potential theory method can still be attractive.

The effect of the reflected wave of the hull, especially the wave breaking part,
is a typical issue that has hardly been considered in the past in the context of wave
added resistance. Previously, the added resistance could be estimated by focusing
on the motion responses that make the greatest contribution. However, in addition
to the motion response of the ship, the diffraction effect due to the change in hull-
form (such as an increase in the length of the ship) in parallel with the issuing of
EEDI regulations is important because, for example, the motion response is signif-
icantly decreased under normal operating conditions for ships longer than approx-
imatley 300 m. Therefore, understanding the phenomenon of bow-wave breaking,
which appears in a complicated form, can improve the evaluation method of added
resistance. In order to investigate the effect of the complex wave phenomenon of
added resistance, the research subject needs to be confined to a specific breaking
phenomenon by clearly defining the influence factors. Moreover, it is necessary to
present a method to evaluate the added resistance based on the understanding of
the breaking phenomenon.
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1.2. Research objective and outline

This thesis presents a method to improve the reliability of added resistance esti-
mation through the identification of nonlinearities caused by breaking of the bow
wave on fast ships. This method is motivated by the realization that numerical anal-
ysis cannot adequately evaluate the nonlinearity caused by the breaking of the bow
wave. Moreover, a correction model is presented to consider the nonlinearity in the
added resistance evaluation. An outline of the thesis is shown in Figure 1.1 together
with the connections of chapters.

Chapter 2 reviews existing literature and background information on the added
resistance and the breaking of the bow wave and analyzes the limitations of existing
research results. The existing research results on the breaking of the bow wave are
discussed to find a method to consider the bow-wave breaking in the evaluation of
added resistance.

Chapter 3 presents a hypothesis that an increase or decrease of the added re-
sistance depends on the stability type of the bow wave and confirms its validity by
analyzing model test results. Since the ship’s speed can change the type of breaking
of the bow wave, the speed is set as an independent variable to test the hypothesis.
The transfer function of the added resistance including the speed of the ship is pre-
sented and set as a dependent variable. Then, the hypothesis is verified by analyzing
a series test of fast ships. This feasibility test confirms that the added resistance
evaluation considering the ship’s speed is appropriate.

Chapter 4 examines the nonlinearity between the relative wave elevation of the
bow wave and the hull pressure that is caused by plunging breaking, which is known
to have a relatively small influence on viscosity among the wave types presented in
Chapter 3. Analysis templates are proposed to intuitively evaluate the nonlinearity
of the elevation of the bow wave and the pressure distribution on the hull surface,
which significantly influence the added resistance estimation, and the nonlinearity
of the fast ship is analyzed using these tools. In this investigation, it is confirmed that
the nonlinearity occurring between the relative wave elevation and the hull pressure
closely depends on the speed of the ship.

Chapter 5 confirms that the accuracy of the added resistance estimation by the
numerical calculation can be improved by considering the nonlinearity that depends
on the speed of the ship, based on the findings of previous chapters. It is also con-
firmed that the same estimation method can be applied to a similar type of hullform
at the same speed of the ship.

Chapter 6 presents the major research findings and suggestions for future studies.
It concludes that the reliability of the added resistance estimation can be improved
by identifying the nonlinearity that occurs between the ship’s hull and the breaking
of the bow wave.
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2
LITERATURE REVIEW AND

BACKGROUND

2.1. Introduction

As discussed in Chapter 1, the influence of bow-wave breaking on the added re-
sistance is not clearly defined. This chapter reviews the literature on methods for
evaluating the added resistance, examines the phenomenon of bow-wave breaking,
and discusses a realistic solution for predicting the nonlinear influences of bow-wave
breaking on the added resistance.

Section 2.2 introduces previous studies on added resistance estimation methods.
Section 2.3 identifies the factors to consider for enhancing the accuracy of the added
resistance estimation. Section 2.4 analyzes previous research on bow waves. The
results of the review are presented as the main question of this thesis in Section 2.5.

2.2. Evaluation of wave added resistance

This section reviews the literature on the evaluation of the wave added resistance
of a ship. When a ship sails through waves, the forward speed of the ship is less

5
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than the speed in calm sea for the same power supplied to the engines. The speed
difference of the ship can be estimated by evaluating the added resistance, which
is the load increase due to the incoming waves. The added resistance in waves has
been extensively studied through experimental, theoretical, and numerical methods.
The literature on wave-added resistance evaluation provides a variety of solutions.

Research on the added resistance shows a dependency on the properties of the
wave (length and height) and the ship (hullform, heading, speed, and motion re-
sponse). The increase in added resistance due to waves is mainly caused by the
phase difference between the motion of the incident wave against the ship and the
motion response of the ship. The maximum value of the added resistance is related
to the peak of the motion response of the ship.

The added resistance has secondary characteristics. According to the analytical
approach of Maruo [9], the added resistance is proportional to the squared of the
wave amplitude function (Kochin function), which is given as a superposition of the
diffraction wave (ζdiff ) and radiation wave(ζrad). Since ζrad is proportional to the
ship motion amplitude, the square of ζrad is linearly proportional to the square of
the motion response. Strom-Tejsen et al. [10] experimentally showed that the added
resistance in regular waves changes linearly with the square of the wave amplitude
at a constant wavelength.

Blok [11] showed that the vertical relative motion response of the ship is the
dominant factor contributing to the added resistance. This is confirmed by the non-
dimensionalized added resistance based on the square of the relative motion through
experimental and mathematical modeling. He also showed that the upper part of the
bow’s waterline greatly contributed to the added resistance, while the lower part and
stern part have small contributions.

In addition, the added resistance is relatively small compared to the amplitude of
oscillating forces acting on the ship since it is the average of the forces. A deviation in
the prediction for the relative wave or motion response generally causes a deviation
in the added resistance prediction. Therefore, a high accuracy is required for the
predictions.

2.2.1. Experimental methods

The hydrodynamic interaction between the hull and the incoming wave is complex.
Thus far, the model test has been regarded as the most reliable method for evaluating
added resistance. The biggest advantage of the model test is that realistic modeling
can adequately simulate significant physical phenomena. This is especially important
when applying a concept or a design solution to the application.

Model tests provide reliable benchmark data for the added resistance. Reliable
benchmark data helps to understand physical phenomena and to verify the accuracy
of numerical calculations. However, the main problem with model testing is that it is
difficult to change the modeling conditions during testing. In addition, the measure-
ment of added resistance is sensitive because the amplitude of the measured value
is large while the mean value is small.

The strict preparation of test equipment is required for the measurement of
added resistance, and the fine calibration of the measurement device is required
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Figure 2.1: Model test in waves of a fast ship [12]

for accurate measurements. The measurement reference points must be maintained
while measuring oscillating signals. Careful treatments of electrical wires connected
to various measuring instruments are essential to reduce noise. Furthermore, there
is a possibility of noise in the measured signal due to the vibration of the towing
carriage. The limits of the amplitude and wavelength of wave conditions made by
the wave generator must be considered in the experiment planning.

Experiments have time limits. After testing one condition, it takes a long time
until the waves of the test tank become calm again. In addition, long measurements
are advantageous for obtaining reliable data. However, the measurement time is
limited by the size of the experiment tank.

In general, the viscosity is known to have no significant effect on motion response
and added resistance. However, if the scale factor is large and the ship model is
too small, a scale effect due to viscosity or surface tension may occur. Ley et al.
[4] showed through computational fluid dynamics (CFD) simulations that viscosity
plays a role in the evaluation of the added resistance in short waves.

Although these difficulties exist, experimental data are invaluable. In the present
research, recent experimental studies are used to develop the analytical techniques
in response to new needs. Current trends and new requirements are discussed in
Section 2.3.

Gerritsma and Beukelman [13] measured the added resistance on the Series-60
model. Fujii and Takahashi [14] and Nakamura and Naito [15] measured the added
resistance with the S175 container ship. Journée [16] measured the added resis-
tance of the Wigley models. These experimental data are still used as a benchmark
for numerical calculations.

Tsujimoto [17] presented experiments and calculations on added resistance for
a container ship and pure car carrier in short waves. The added resistance due to
front reflections in short waves is proposed as an empirical equation considering the
effect of the ship’s speed.
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Kuroda et al. [18] experimentally investigated the relationship between the wave
added resistance and the bow shape above the waterline of container ships. Experi-
ments on three model ships with different bow shapes were performed. The exper-
imentally determined influence of the bow shape above the waterline is compared
with the results of a hybrid calculation method using Tsujimoto’s empirical equation
with Maruo’s formula [19].

Guo and Steen [3] measured the added resistance of KVLCC2, the hullform of a
conventional large tanker, in short waves. This experiment divided the ship model
into three parts, front, parallel middle, and rear, and inspected the added resistance
acting on the model parts. The results show that the added resistance of short waves
is small in the rear part and concentrated in the front part. The increase in the
frictional resistance measured at the middle is also very small. The total added resis-
tance of the short wave is approximately proportional to the square of the amplitude
of the incident wave.

Simonsen et al. [20] investigated the added resistance of the KCS container ship
in calm water and regular waves. The conditions resulting in the maximum mo-
tion response for three velocities were selected. The time series of the resistances
of the experiment and calculation were compared. The calculation was performed
using CFDSHIP-IOWA and StarCCM+, which are unsteady RANS codes. The results
of AEGIR, a potential theory time-domain code [21], were also included in the com-
parison. The comparison shows that the resistance in calm water and waves can be
easily disturbed by experimental and numerical uncertainties.

Park et al. [22] measured the vertical motion and added resistance of KVLCC2.
The measured data were compared with the results obtained using the strip the-
ory method and Rankine panel method, which are described in Section 2.2.2. This
research also summarizes and quantifies the causes of uncertainties in the added
resistance.

Park et al. [23] measured the added resistance for four draft conditions of a
tanker in head waves. Experimental results at full load, ballast, and two intermediate
conditions were compared with numerical results.

Abdul Ghani and Wilson [24] showed the experimental study of the sea-going
performance for four different bulbous bow of the catamaran. They studied the effect
of the bulbous bow to the motion response (heave and pitch) and added resistance
in waves. The results shows that ships with minimum resistance in calm water do
not exhibit the lowest added resistance in waves.

Recently, experiments have been performed to observe nonlinearity in conven-
tional ships and various off-design conditions in addition to design conditions. These
experimental data are necessary for developing and validating appropriate numeri-
cal techniques.

2.2.2. Theoretical and numerical methods

The theoretical or numerical solutions of the wave added resistance of a ship can
be divided into the potential theory method and CFD method. The main cause of
the added resistance is the motion response of the hull due to incoming waves and
the influence of reflected waves. The effect of viscous resistance due to friction is
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negligible compared to the factors mentioned above. Therefore, there are many con-
ventional studies based on the potential theory of wave added resistance.

Potential theory calculation
The potential theory assumes that the ship is rigid and floating on the surface of an
inviscid, incompressible and irrotational fluid. Watanabe [25] and Havelock [26, 27]
used the Froude-Krylov approximation to solve the sea-keeping problem. In this
approximation, the hull does not diffract the incident wave; rather, the ship’s motion
in regular waves is calculated. But, It was found in [10] that Havelock [26] is not
sufficiently accurate for engineering applications.

The added resistance estimation through methods based on the potential theory
has a long history and can be divided into several types [28]. The potential theory
is used to calculate the added resistance from the linearized potential processing
and pressure solutions. Among the practical methods, linearized potential process-
ing can be divided into the strip and the panel method according to the treatment
of singularity (Green’s function). This solution is used in integral formulas to ob-
tain hydrodynamic forces. Pressure solutions are divided into near-field and far-field
methods. In addition, short-wave solutions are provided with a hybrid method.

Singularity treatment
The strip theory can be used to determine the force and motion of a ship based
on the potential theory. The strip theory regards a ship as a cross section of a two-
dimensional slice. The mapping of the strips translates the half-circle into strips
similar to the ship section through an analytical approach [29], as shown in Figure
2.2(a). Each slice is treated as a section of an infinitely long cylinder. Therefore, the
strip theory is also referred to as the thin-ship theory. This treatment assumes that
the motion response of the ship in waves is physically small.

To simplify the formulation, the strip theory assumes that the components of the
radiation wave and diffraction potential slowly change along the length of the ship.
The ship’s wave load is obtained by integrating the load of all strips along the ship
length. The strip theory describes the hydrodynamic effects of each section below
the free surface.

Strip theory assumes that the unsteady wave generated by an oscillating ship
propagates in a direction perpendicular to the ship’s center plane. The interaction
between the strips is ignored owing to the two-dimensional approach of the strip
theory.

Maruo [19] developed an analytical solution for the added resistance by using
the potential theory. Hosoda [30] developed a modification using an isolated sin-
gularity method based on the strip theory of Maruo [19]. But, the theory of Maruo
[19] and Hosoda [30] gave accurate results only for cruiser-stern ships without large
bulbous bows and that is not applicable to other hull forms.

Salvesen et al. [31] described a hull section using a close contour mapping
method to define the hydrodynamic potential. Most strip theory methods are vari-
ants of the stripping method proposed by Salvesen, Tuck, and Faltinsen [32]. It is
also referred to as the STF method according to the initial of each author.

Journée [16] reported a comprehensive comparison between experimental data
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Figure 2.2: Representative classification of potential theory methods according to singularity treatment.

and calculated data based on strip theory method. Data on the hydrodynamic coef-
ficients for pitch, vertical motion, wave loading, and added resistance in the form
of four Wigley hullforms from experiments performed at the Ship Hydromechanics
Laboratory at the Delft University of Technology were compared to the calculated
results.

The main advantage of the strip theory method is that the hydrodynamic poten-
tial can be solved only by the discretization of the hull. The influence of the wave
system around the hullform is ignored, and free-surface conditions are simplified.
Therefore, the exact hullform is not simulated. However, the wave system around
the actual ship is complex. A breaking of the bow wave is especially important for
high-speed or blunt-bow ships. This effect is ignored in the strip theory.

The panel method evaluates the hydrodynamic potential by using a singularity
distribution method on the discretized free surface and the hull, instead of eval-
uation in the strip, as shown in Figure 2.2(b). The panel method uses boundary
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conditions to distribute the intensity of the singularity at the boundary of the dis-
cretized panels and numerically express the fluid force acting on the ship by using
the linear potential theory [33]. The velocity potential of each panel satisfies the
Laplace equation, radiation conditions, and simplified free-surface conditions. The
nonpenetration condition of the hull is also satisfied for the collocation point of each
panel.

The panel method is a numerical method to calculate the hydrodynamic prop-
erties around the hull based on Green’s integral theorem. A source distribution is
expressed by means of the Green’s function and is determined by the linear equa-
tion for each element. According to this theorem, the three-dimensional Laplace
(potential) equation can be transformed into a surface integral equation known as
Green’s identity [34]. The Green’s function is used to find solutions to boundary
value problems involving a linear combination of the unknown and its derivatives
[35].

Squires and Wilson [36] showed an efficient numerical scheme for evaluating
the Green’s function. Their approach is based on an alternative form of the pulsating
source Green’s function of Wu and Taylor [37], a method to subtract the singularity
from the integrands of the Green’s function, together with an analytical evaluation
of the singularity.

Among the panel methods, a widely used method is the Rankine panel method.
Gadd [38] and Dawson [39] reported the fundamentals for the boundary element
method using Rankine source singularity. They proposed a three-dimensional panel
method for a ship’s steady resistance problems. The Rankine panel method solves the
boundary element problem by distributing Rankine sources as singularities over dis-
crete panels that approximate the underwater surface of the ship. Rankine sources
assume singularities with an unknown constant strength, which are expressed as a
simple Green’s function (l/r) [39] [40].

Sclavounos and Nakos [41] effectively expressed the force and wave of the sea-
keeping problem with the Rankine panel method. Their research led to the develop-
ment of Nakos and Sclavounos [42], a frequency domain panel method called ship
wave analysis (SWAN), which can satisfactorily solve a ship’s sea-keeping problem.

Raven [43] solved the nonlinear ship resistance problem by moving the singular-
ities generating the flow to a certain height above the free surface while maintaining
the collocation points on the exact boundary of the free surface. Bunnik [44] derived
the linear discrete dispersion of the reflected and radiated waves of the incident
waves based on Raven’s results.

One of the advantages of the Rankine panel method is the flexibility to han-
dle complicated shapes and hull surface conditions. In principle, the shape of the
hull, created with precision panels, improves the accuracy of the results. This panel
method provides a practical estimate of the ship’s motion response and resistance.
One of the disadvantages is the distortion of the wave system due to free-surface
discretization. The handling of numerical radiation conditions can also cause devia-
tions. Linearized free-surface conditions are difficult to be satisfied when nonlinear-
ity occurs because of a blunt hullform at the waterline or high speeds [45].
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Fluid pressure solutions
The fluid pressure solution that estimates the added resistance is divided into far-
field and near-field methods. The far-field methods include the momentum conser-
vation method [9, 46–48] and the radiated energy method [13, 31]. The near-field
method is the direct pressure integration method.

The momentum conservation method is derived from the conservation of energy
and momentum of the volume under inspection surrounding the hull. This approach
is derived by introducing the slenderness parameter of Joosen [46] into Maruo’s
equation. Joosen and Newman [49] evaluated added resistance by combining the
strip theory with the momentum conservation method to solve for unknowns.

The radiated energy method involves the calculation of added resistance from the
generated wave energy and infinite momentum flux. The solution is usually provided
in combination with the strip theory. The Gerritsma and Beukelman method (G-
B method) [13] is widely used in the literature. This approach evaluates added
resistance from the energy contained in the damping wave radiated out of the ship.
The radiated energy is calculated by dividing the energy dissipated in one cycle by
the distance traveled by the ship in waves.

Salvesen et al. [31] applied the two coupled linear equations that govern the
heave and pitch motion to the G-B method. Fang and Chen [50] followed Salvesen’s
approach but used the strip theory in another manner to modify the method and
obtained improved results. The calculations are simple and show high correlations
with the model tests, especially at the peak values.

The radiated energy method has been extensively used to estimate the added
resistance in practical applications. This far-field method is straightforward and ro-
bust because it is not necessary to solve a complete boundary value problem for the
second-order pressure on the hull surface to obtain the body pressure. However, this
approach considers only radiation due to hull motion and has limitations in that it
cannot handle the scattering effect. A problem with the use of far-field methods is
that the added resistance tends to be zero in short waves because the diffraction ef-
fect is not considered. In the case of long waves, it shows a low resistance compared
to other methods.

The direct pressure integration method is a near-field method to evaluate added
resistance. Boese [51] and Faltinsen et al. [52] combined the strip theory method
with the direct pressure integration method, while Bunnik [44] and Kim and Kim
[53] combined the Ranking panel method with the direct pressure integration method.
Boese [51] calculated the added resistance by integrating the pressure on the body
surface in the longitudinal direction. The direct pressure integration method in-
volves complicated expressions but simplifies the physical analysis [52].

Grue and Palm [54] and Ye and Hsiung [55] applied the Green’s function with the
near-field method to the added resistance problem. Joncquez et al. [48] extended
the AEGIR motion program based on the high-order Rankine panel method to ana-
lyze the added resistance problem and apply both far-field and near-field methods.

Kim et al. [53, 56] applied higher-order panel methods to added resistance prob-
lems by using far-field and near-field methods. They showed that the pressure inte-
gration method is more efficient than the G-B method, especially for relatively long
or short waves. The pressure integration method can also be successfully used to es-
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timate the added resistance peak, but at a high Froude number, the added resistance
can be overestimated [45].

Solutions for short waves
In the case of short waves, it is difficult to predict the added resistance without
accurately considering the diffraction effect. This is because incident short waves
are mostly diffracted, the wavelength of incident short waves is less than the ship
length, and the motion response of the ship is almost zero. Much effort has been
dedicated to improving the accuracy of this diffraction effect of the added resistance.

Fujii and Takahashi [14] derived semi-empirical formulas for resistance added
in the case of short waves. Faltinsen et al. [52] derived an asymptotic formula for
added resistance in the case of short waves by assuming that the ship has a ver-
tical hullform around the waterline and the incident wave is completely reflected.
Both approaches provide good results for a relatively blunt body. However, some re-
sults unsatisfactory with high-speed fine-bow ships. To overcome these drawbacks,
Kuroda et al. [57] proposed a practical correction method for added resistance based
on Fujii and Takahashi’s method. They modified the existing coefficient using exper-
iment data.

Bingjie and Steen [58] combined the G-B method with Faltinsen’s formula to
provide a better prediction of the added resistance of KVLCC2 under almost all
wavelength conditions. The problem of the G-B method underestimating the added
resistance in the case of short waves is solved by applying Faltinsen’s formula.

Guo and Steen [3] and Duan and Li [59] developed combined methods to merge
effects related to ship motion and reflection. In order to overcome the limitation of
the radiated energy method [13] based on ship motion, Guo and Steen [3] applied
the asymptotic function of Fujii and Takahashi [14], and Duan and Li [59] applied
an extended integral equation in combination with the semi-empirical function of
Kuroda et al. [57]. These combined methods showed good agreement in all wave-
length ranges.

Kashiwagi [60] introduced the enhanced unified theory (EUT) based on Maruo’s
method to predict the added resistance accurately over the entire range of wave-
lengths. The evaluation results obtained using the EUT and panel methods are in
good agreement with the diffraction effect as well as the radiation. However, the re-
sults show a deviation from the measurement when the forward speed of the ship is
high. In particular, the deviation is large in the case of short waves, where the wave
diffraction near the ship is strengthened, and the nonlinear hydrodynamic effect is
prominent.

Seo et al. [6, 61] applied three numerical approaches: the strip method, Rank-
ine panel method, and Cartesian grid method. The Cartesian grid method solves the
Euler equations to compute the added resistance in waves. The near-field method
(direct pressure integration method) and the far-field methods (momentum con-
servation method and radiated energy method) are adopted for the estimation of
added resistance. The added resistance in short waves was also evaluated by an
asymptotic approach. The calculated results show a reasonable agreement with the
experimental data for the Wigley, Series 60, and S175 container ship.



2

14 2. Literature review and background

2.2.3. Computational fluid dynamics

CFD refers to a numerical method that applies field equations such as RANS equa-
tions. Codes that use the potential theory have limitations in that they cannot ac-
count for turbulence or viscosity, despite extensive work to improve accuracy. As
an alternative to overcome these limitations, the CFD solver has been extensively
applied to added resistance problems.

The primary purpose of implementing the CFD method in sea-keeping is to
solve problems involving strong nonlinear phenomena such as wave breaking, large-
amplitude ship motion, and wake flow. CFD is being expanded to complex geometry,
and test cases with the RANS method show good results.

Orihara and Miyata [62] analyzed the motion response of the S175 container
ship in head waves and evaluated the added resistance by applying the RANS equa-
tion in the finite volume method with overlapping grid systems. Simonsen et al.
[20] obtained good results by estimating movement and added resistance in regular
waves for the KCS container ship at the Gothenburg 2010 CFD workshop. Larsson
et al. [63] compared the performance of various CFD-based methods in an assess-
ment at the Gothenburg 2010 CFD workshop. Various results on the resistance and
motion response of ships were compared to experimental data. The three hulls used
in the workshop were KVLCC2, KCS, and DTMB 5415. Sadat-Hosseini et al. [64] cal-
culated the added resistance for KVLCC2 by using the RANS equation for turbulence
modeling and CFDShip-Iowa v4.5, an unsteady RANS (URANS) code with detached
eddy simulations [65]. Söding et al. [7] calculated the added resistance in head
waves from several Froude numbers on the Wigley, a large oil tanker, and a modern
container ship. They compared the Rankine panel method with the extended RANS
solver. The results are similar in the intermediate and long wavelength regions, but
the results for short waves are unsatisfactory with the RANS solver. The comparison
results show that the Rankine panel method is still fast and efficient in evaluating
the added resistance of a ship in waves.

An open-source and a commercial CFD software are being applied to wave-body
interaction issues. Moctar et al. [66] applied RANS solvers, OpenFOAM and COMET,
to a container carrier and cruise ship. Both methods predict similar values for added
resistance. However, RANS solvers need extensive computational effort and have
issues such as numerical dispersion in short waves and long waves.

The CFD method has been proved to provide accurate predictions even for com-
plex phenomena. Despite improved computational capabilities, there is still some
doubt about the efficiency of the CFD-based method owing to the sensitivity of
the grid treatment or time-step interval. Furthermore, it is difficult to apply CFD
with special methods for field analysis including the use of turbulence models, free-
surface treatment (fluid volume, level set, or particle method), and mesh updates
(moving mesh or embedded overset meshing). Even the same approach can produce
different results depending on the domain configurations or calculation implemen-
tation procedures.

A distinct advantage of certain CFD methods is in the study of nonlinearity. How-
ever, compared to potential flow-based methods, CFD is not a time-efficient evalu-
ation method of added resistance. With the help of the development of programs,
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Figure 2.3: CFD solutions of boundary layer represented by slices colored with axial velocity for the four
quater encounter periods from Sadat-Hosseini et al. [64]

pre-processing and post-processing are becoming simpler, but a large amount of ef-
fort is still required to perform calculations.

2.3. Research trends and limitations

Regulations on operational performance have motivated an accurate estimation of
added resistance. The accurate estimation of added resistance is a key step in im-
plementing energy-efficiency regulations for ships. The focus of recent research has
been to improve and integrate hydrodynamics simulation tools. However, various
numerical solutions and multiple operating conditions of ships make it difficult to
obtain an integrated solution.

2.3.1. Need to improve accuracy

The Energy Efficiency Design Index (EEDI) and Energy Efficiency Operation Index
(EEOI) are important issues in the shipping and shipbuilding industry. Procedures for
estimating and identifying CO2 emissions from ships are being discussed intensively
at IMO/Marine Environment Protection Committee (MEPC) [1]. EEDI regulations
apply to new ships over 400 GT. EEDI regulations were issued on January 1, 2013.

Regarding the EEDI calculation, the most important parameter in actual opera-
tion is the power increase or speed loss in waves. In order to calculate EEDI, these
parameters must be predicted by a model test, theoretical calculation, or numerical
calculation. The most important aspect in the speed loss calculation is the prediction
of the added resistance in waves.
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The preceding literature does not cover all the research carried out in this field.
However, these studies show various methods and complexities associated with
added resistance calculations. Unfortunately, a reliable procedure for calculating the
speed loss factor (fw) in EEDI is not yet available. The decision on a representative
method for determining added resistance has been suspended by the International
Towing Tank Conference (ITTC) sea-keeping committee [2].

2.3.2. Needs for practical estimation methods

The added resistance can be understood as a combination of various components.
Therefore, experimental studies are necessary, but they involve difficulties, as dis-
cussed in Section 2.2.1. Numerical approaches estimate the added resistance fairly
accurately, but the proper solution applies differently to each problem. In particular,
the accuracy of numerical analysis cannot be guaranteed if nonlinear phenomena
are involved in a given problem. For example, the numerical analysis of fast ships
and large ships in short waves can provide less accurate results. CFD tools, includ-
ing commercial software, are actively used in the field of sea-keeping. However, the
time required for CFD and the quality of results rely heavily on the code developer’s
technical knowledge and the code operator’s proficiency.

A practical solution is required to evaluate the wave added resistance in ship de-
sign. Methods of numerical estimation have been extensively reviewed by a consor-
tium of energy efficiency and safety by ship operation (SHOPERA) [5]. SHOPERA
is a European research consortium from October 2013 to 2016 with expertise in
the maritime industry. The purpose of the consortium was the development of new
guidelines on the propulsion and navigation performance required to maintain the
performance of a ship under actual sea conditions.

The consortium developed hydrodynamics tools and rules related to experimen-
tal techniques, ship design, and operational optimization. SHOPERA studied various
types of numerical analysis techniques for various ship types and operating condi-
tions. They mainly considered the potential theory (quasi-2D strip method with pos-
sible viscous flow corrections), boundary element method (BEM), 3D panel method
with a possible viscous flow, and RANS methods. The reviews show that the BEM
method is more suitable than the strip theory, and the RANS method still shows a
variation in prediction. Moreover, experimental research is needed to produce reli-
able benchmark data for the short-wave application.

The complexity of the added resistance can be addressed by applying a better
explanation of the nonlinearity of the wave elevation or motion response. Papaniko-
laou et al. [67] corrected the damping coefficient of the potential theory semi-
empirically while including viscous flow correction. An understanding of nonlinear
phenomena is necessary for problems that are difficult to solve by the numerical
method for added resistance. Practical methods for considering nonlinear effects
based on an understanding of bow waves should be developed.
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2.3.3. Elements of wave added resistance

This section uses the linear potential theory to gain insight into the elements of
wave added resistance. The contributing factors are investigated through the direct
pressure integration method, which provides a physical understanding. The hydro-
dynamic force acting on the hull surface can be obtained by integrating the pressure
acting on an infinitesimal wetted hull surface (dS), as follows.

F (~x, t) = −
∫∫

S

p~ndS (2.1)

where ~x is the coordinate vector, t is the time, p is the pressure, ~n is the normal
vector of the hull and S is the wetted hull surface.

From Bernoulli’s equation, the pressure is given by

p(~x, t) = −ρ
(

Ψt +
1

2
∇Ψ · ∇Ψ +

1

2
U2 + gz

)
+ patm (2.2)

where ρ is the fluid density, Ψ is the velocity potential, U is the velocity of the ship,
g is the gravity and patm is the constant atmospheric pressure.

As linear potential flow assumption, a velocity potential Ψ is superposed as fol-
lows:

Ψ(~x, t) = Φ(~x) + φ(~x) + ϕ(~x, t) (2.3)

where Φ(~x) is the base-flow potential, φ(~x) is the steady velocity potential and ϕ(~x)
is the unsteady velocity potential.

Using the decomposition of the overall velocity potential, pressure can be di-
vided into a time independent steady part ps(~x) and a time dependent unsteady
part pu(~x, t).

p(~x, t) = ps(~x) + pu(~x, t) (2.4)

To obtain the integrals form, a Taylor series and a perturbation series are adapted
to the pressure.

p = p0 + ~α · ∇p0 +
1

2
(~α · ∇)

2
p0 +O

(
|α|3

)
(2.5)

where p0 is the pressure at average position, the total displacement of ~α = ~η+ ~Ω×~x
with ~η is the translational vector and ~Ω is the rotational motion of the body.

When the formula is further developed, the added resistance, which is the mean
value of the second-order force acting on the hull, can be obtained using the follow-
ing pressure integration approach.

The average of the secondary forces is divided by the components of Equation 2.6
in the following order: velocity squared, the product of angular motion and pressure
gradient, the product of linear motion and pressure gradient, the product of angular
motion and inertia force, and the waterline contribution of relative wave elevation.
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〈
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∫
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2
− α(1)

3

2)
~ndl

〉
(2.6)

where <> is a sign to take the mean value, M is the mass, ~̈xg is the gravitational
body accelerations, α3 is the heave displacement, ρ is the density of fluid, g is the
gravitational acceleration, S0 is the initial hull surface, wl is the waterline, ζu is
unsteady relative wave elevation, and the superscripts (0) means the zeroth order
and (1) means first order.

The linear potential theory method estimates the motion response relatively ac-
curately. In addition, the terms related to the quadratic term of the motion response
in added resistance calculation typically have a small effect for fast displacement
ships, as shown in Figure 2.4. Therefore, secondary components related to the mo-
tion response are excluded considering the major factors of nonlinearity. Compo-
nents that contain motion responses in the extended formula, Equation 2.6, are
excluded. This condition also corresponds to the short-wave condition without the
motion response of the ship. The resulting formula can be reduced to〈

~F (2)
〉

=

〈
1

2
ρ

∫∫
S0

∇ϕ(1) · ∇ϕ(1)~ndS − 1

2
ρg

∫
wl

ζ(1)u

2
~nl

〉
(2.7)

In this condition, the influence of the bow wave generated by the advancing
ship is significant because there is no motion response of the ship. The height dis-
tribution of the bow wave and the velocity field acting on the hull surface near the
waterline are the key elements of the added resistance calculation. In this condition,
the diffraction caused by the reflected wave of the incident wave is important.

The diffraction boundary condition on the hull for the unsteady potential is given
by Equation 2.8. On the hull surface, the velocities on the hull surface due to the
diffraction potential (ϕ7) must cancel the velocities due to the incident wave poten-
tial (ϕ0).

∂ϕ7

∂n
= −∂ϕ0

∂n
on S0 (2.8)

where ϕ0 is the incident wave potential and ϕ7 is the diffraction potential and n is
the normal vector.

The waterline contribution significantly influences the added resistance estima-
tion in the linear theory method. It is important to estimate the waterline contri-
bution accurately since it is calculated as the square of the relative wave elevation,
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Figure 2.4: Classification of added resistance contributors in the fast displacement ship in a linear poten-
tial theory method (This is one of the results presented in Chapter 5 of this thesis.)

which consists of the radiated wave resulting from the ship’s motion response and
the reflected wave. Although most studies accurately estimate the vertical motion
response of a ship, research on the contribution of reflected and radiated waves is
still lacking.

2.4. Research on bow waves

This section reviews the literature on bow waves. The nonlinear phenomenon of
bow waves is reviewed, and the effect of the bow wave on the added resistance is
discussed.

A typical displacement ship displaces a significant amount of water as it moves
forward. In this process, surface waves are created. A good description of the wave
pattern generated by the ship starts with the Kelvin wave pattern [68]. The Kelvin
wave consists of diverging and transverse waves, as shown in Figure 2.5. A single
pressure point moves linearly over the free surface and forms a distinctive pattern.
Surface waves are one of the causes of ship resistance.

Wave systems are often described with potential theories. However, the waves
of a ship are complex fluid motions that cannot be fully explained by the potential
theory. In particular, the bow wave is difficult to model theoretically because the bow
wave changes continuously through the interaction of air and water with significant
differences in properties (e.g., density and viscosity).

In fact, bow waves around the hull are difficult to simulate with numerical al-
gorithms. Reliable experiments from this standpoint are necessary for developing
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Figure 2.5: Schematic of a Kelvin wave system

mathematical models to understand and simulate the characteristics of bow waves.
Advances in computer performance are promoting the development of CFD and the
ability to simulate complex waves numerically.

2.4.1. Experimental observation

Experiments on bow waves mainly measure the wave height or the velocity fields.
The University of Tokyo Towing Tank has conducted many experimental studies on
bow waves [69]. Inui et al. [70], Miyata et al. [71], Miyata and Inui [72] character-
ized the structure and flow characteristics of bow waves using surface visualization
techniques (aluminum powder and tracking particles). Toda et al. [73] measured
the wave height and average velocity using a capacitance wire and a 5-hole pitot
tube for Series 60. The presence of a bow-wave-induced vortex was observed.

There have been several studies on wave breaking and energy loss. Duncan [74]
measured the surface height profile and vertical distributions of velocity behind an
underwater hydrofoil at a constant velocity. According to wake investigation mea-
surements, the drag associated with wave breaking at a free surface is thrice the
theoretical maximum drag of a nonbreaking wave.

At the David Taylor Model Basin, Dong et al. [76] and Roth et al. [77] per-
formed PIV measurements and free-surface visualization focused on the early stages
of bow-wave development while the bow wave breaks. The flow in the bow wave of
the DTMB 4817 model was studied. The results were characterized by Weber and
Reynolds numbers. They showed that viscosity and surface tension play a role in the
phenomenon of bow-wave breaking.
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Figure 2.6: Experimental observation of bow waves by Olivieri et al. [75]: Model 5512 side and front
views (a) and (b); Model 2340 side and front views (c) and (d)

Waniewski et al. [78] investigated the dynamics and air entrainment processes
of ship waves. A wedge-shaped bow demonstrates that the bow wave is a nonlinear
phenomenon. Olivieri et al. [79] researched the bow-wave breaking generated by
a naval combatant (INSEAN model 2340). The velocity field was measured using a
5-hole pitot tube downstream of the bow wave. Olivieri et al. [75] observed a bow
and shoulder wake of a model ship in a subsequent study. The mean velocity mea-
surements showed a complex vortex structure beneath the free surface generated by
the breaking waves. The measured data were used to verify the CFD simulation re-
sults of the flow. CFD simulation and observations show that high free-surface r.m.s.
values are correlated with bubble generation.

Karion et al. [80] investigated the size and velocity distribution of the bow-wave
breaking generated by a simple wedge-shaped bow through high-speed video anal-
ysis. Measurements were made under various Froude, Reynolds, and Weber number
conditions. The results show that breaks occur when the Froude and Reynolds num-
bers exceed a threshold. The study also showed that there exists a critical Weber
number to generate the spraying of bow waves. The results are used to examine
scaling issues related to bow-wave breaking.

Maxeiner et al. [81] investigated the characteristics of a bow wave by using a
two-dimensional plus time (2D+T) approximation method using a flexible wave
board designed to simulate one side of bow waves for an advancing ship with a
simple bow shape. The characteristics of the bow wave were investigated consider-
ing the height of the bow wave and shape of the crest. Wave parameters such as
maximum wave height and wave velocity were found to correlate strongly with the
motion of a wave generator simulating the shape and speed of the ship.
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Figure 2.7: Numerical simulation and comparision with experimental observation for the bow wave
breaking in the CNR-INSEAN by Marrone et al. [82]

2.4.2. Numerical simulation

Numerical studies on bow waves are reviewed here. The complex interaction be-
tween bow waves and incident waves requires good solvers. Efforts have been made
to understand bow waves numerically using RANS-based codes. Many technolo-
gies have been applied to abnormal applications, and satisfactory progress has been
achieved. For example, many studies have been conducted on the diffraction of bow
waves when the ship has an advancing speed [62, 62, 83, 84].

Dommermuth et al. [85] simulated the flow around a ship model by using an
immersive body and volumetric methods that can calculate the flow with spilling
breaking. Carrica et al. [86] numerically analyzed the forward diffraction problem
using the RANS approach. A mixed turbulence model for the turbulent viscosity and
the level set method to calculate the free surface were used. Analysis of the flow
indicates that the force of the wave can cause nonlinear behavior. Olivieri et al.
[75] provided an analysis of vortices generated by wave breaking using the RANS
method.

Weymouth et al. [87] used a high-resolution direct numerical simulation (DNS)
of the Navier-Stokes equation to simulate unsteady breaking waves. The results
show that vorticity or surface tension plays a major role in the strength of wave
breaking.

Colagrossi and Landrini [88] and Marrone et al. [82] applied the smoothed par-
ticle hydrodynamics (SPH) model to the wave pattern generated by a fast ship with
a fine bow. This method allows the ship motion to be approximated by a mathemat-
ically equivalent set of equations that governs the abnormal 2D free-surface flow
created by the deformable body on a vertical plane across the ship. These studies
simulated the shape of the bow waves. Complex phenomena can be realistically
simulated using RANS or DNS. However, each calculation is time-consuming.
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2.4.3. Theoretical approach

The studies that achieved theoretical and straightforward descriptions are notewor-
thy. Longuet-Higgins et al. [89] introduced numerical techniques for nonlinear and
unsteady free surface waves. By focusing on the simpler and larger features of the
wave flow, ignoring the viscosity and surface tension, he studied the spatial depen-
dence of motion at each time interval.

Noblesse et al. [90, 91] and Delhommeau et al. [92] used the thin-ship theory to
approximate the bow-wave characteristics by observing empirically simulated bow
waves on a flat plate. They focused on the waterline entrance angle of the wedge-
shaped hull and the depth-based Froude number. Several simple relationships have
been developed to calculate the bow-wave height, crest location, and steepness.
Noblesse’s findings, especially the expressions of stability of the bow wave, are dis-
cussed further in Section 2.4.4.

2.4.4. Nonlinearity of bow waves

A phenomenon that can affect the added resistance is the nonlinear behavior of the
bow wave. Pile-up and swell-up are important phenomena to be considered in the
analysis of added resistance as they affect the increase of the relative wave elevation
of the bow wave.

Pile-up, shown in Figure 2.8(a), is a phenomenon in which water splashes up
when a wedge is dropped into the water. Pile-up is described by Payne [93] as a
function of the hull bow’s deadrise. It is an important concept related to the non-
linearity of the bow wave with respect to the flare angle of ships. Pile-up occurs
when the relative motion between the incident wave and the bow increases and is
connected to the breaking of the bow wave. A similar phenomenon can occur in
the case of a relatively high wave steepness and rapid variation of the relative wave
elevation.

Swell-up, shown in Figure 2.8 (b), is an increase in the relative wave elevation
compared to undisturbed incident waves, and it occurs even when considering a
stationary bow wave. The peak wave height measured in a model test is greater
than the sum of the undisturbed incident wave height and motion response [94, 95].
Swell-up is caused by the increase in waterline entrance angle with increasing draft.
This can be understood from the fact that the stationary bow wave increases at high
drafts in general. The increase in bow-wave amplitude also affects the estimation of
added resistance [11].

Ferguson and Dand [96] provided a discussion of the validity of the linear su-
perposition of wave profiles of the hullform and the bulb. Each wave profile of the
hullform and the bulb were discussed to be nonlinearly superposed due to the com-
plex interaction of turbulence and boundary layer growth and to be able to account
for energy dissipation due to disturbance and breaking.

Lloyd et al. [97] investigated the effect of variations in above waterline bow
shapes on deck wetness. They showed an experimental study of nine bow shapes
that had the same waterline entrance angle but different flare, stem overhang, and
knuckle. The effect of bow shape on deck wetness in regular waves was compared.
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Figure 2.8: Nonlinear height increase of bow wave
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The effect of different bow shapes was explained with the swell-up coefficient de-
fined by Blok and Huisman [98] as the ratio of the actual and notional relative mo-
tion amplitudes. The swell-up coefficient generally increases to reflect the increase
in flare angle and relative motion.

Although there is uncertainty in their results, the frequency of freeboard ex-
ceedances and deck wetness were low for small flare angle and long stem overhang.
And the reduction of freeboard exceedances caused by the knuckle was evident. This
was considered to be the result of the knuckle suppressing the swell-up by promot-
ing the detachment of bow waves. However, the knuckle effect on deck wetness was
not significant.

In addition, in the form of excessive flare angle (55 degrees), the relative motion
was large while the deck wetness was less. This was interpreted as a result of the
large relative motion and the effect of flare throwing impressive sheets of water
aside.

Squires [99] showed the connection between the swell-up of bow waves and
deck wetness. The phase difference was compared between the experimental rela-
tive motion and the theoretical relative motion. From experimental and theoretical
studies, he showed that diffraction and radiation can have a significant influence on
the relative motion. And the swell-up coefficient can be used to improve the accuracy
of the amplitude of the calculated motion response.

In his study, the peak of the swell-up coefficient was found to shift aftward as
Froude number increased. And the steady potential at which the wave profile calcu-
lation can play an important role in determining the characteristics of incident wave
distortion and diffraction swell-up coefficient. This swell-up coefficient has a phase
difference because there is a phase change between the actual and the theoretical
relative motion.

Wu and Taylor [37] also showed the nonlinearity by coupling of steady and
unsteady potentials. They derived a mathematical formula of linearized potential
theory for slowly moving vessels based on a perturbation series of forward velocities.
They included a degree of nonlinearity by coupling effects between the steady and
unsteady potentials in the free surface boundary conditions to improve reverse flow
prediction around a submerged circular cylinder and a floating semicircular cylinder.

2.4.5. Stability type of bow-wave breaking

Bow-wave breaking occurs on most ships operating in waves with different strengths
and types. The type of breaking is divided into plunging and spilling depending on
the stability appearance at the crest, as shown in Figure 2.9. Plunging is a type of
breaking that appears as an overturning detachment on the crest of the bow wave.
This type is mainly found in a hullform with a narrow bow angle. Spilling is a type
of turbulent form that disturbs the adjacent flow field. This type is predominant in a
hullform with a blunt bow angle.

In the study by Maxeiner et al. [81], the breaking type of the bow wave was
estimated to be significantly influenced by the waterline entrance angle and the
ship’s speed. Moreover, a narrow range of transition regions where two types of
breaking overlap were found. The transition region of the bow wave with the change
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(a) Plunging breaking

(b) Spilling breaking

Figure 2.9: Classification of the bow-wave breaking by stability on the crest
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of speed was also found in Karion’s experimental study using a simple wedge shape
[80].

Noblesse et al. [91] approximated a simple analytical equation for a wedge-
shaped ship without a bulbous bow in calm water that divides the types of the bow
wave with the boundary shown in Equation 2.9. This analytical expression has been
applied to the Bernoulli’s equation for the bow wave and by the experimental ap-
proximation method. The major parameters that affect the stability of the bow-wave
crest are the depth-based Froude number (FD) and the waterline entrance angle
(αE) defined by Figure 2.10.

FD =
4.4

(1− q2b )

tan αE

cos αE
− 1 (2.9)

where qb is the total flow velocity at a bow wave crest and αE is the half waterline
entrance angle and FD is the ship draft D based Froude number FD = U/

√
(gD).

Figure 2.11 shows this boundary for various flow velocities at the crest q0. Figure
2.11 shows that, when the test is conducted at the left-hand side of the boundary,
an overturning bow wave (stable) is expected. On the other hand, when the test is
conducted at the right-hand side of the boundary, an unstable (corresponding to un-
steady in his description) spilling-type bow wave is expected. From this boundary, it
can be deduced that the characteristics of the bow wave can be changed dynamically
when the speed of the ship or the depth of the ship is changed.

2.4.6. Nonlinear effects on resistance

Some previous experimental studies provide a link between the resistance and the
type of wave breaking. Rapp and Melville [100] analyzed the loss of momentum
due to the breaking of deep-water waves through an experimental approach. They
showed that the loss of momentum depends on the type of wave breaking, and
plunging breaking causes more energy loss than spilling breaking because of the
large difference in wave height before and after breaking. This study shows that
energy dissipation depends on the type of breaking.

Kayo and Takekuma [101] described the increase in resistance of a ship with
a blunt bow by controlling the shear flow of the free surface. They showed that an
increased shear flow of the free surface of the ship in the advancing direction induces
a high residual resistance. This study clarifies the resistance change due to the shear-
flow change of spilling breaking. In addition, Ali et al. [102] investigated the bow
wave for a ship moving at a slow speed, typically the wave in front of a bow. They
described the correlation between wave resistance and energy dissipation by the
breaking of the bow wave and the disturbance of the free surface for a hullform with
a large block coefficient. The goal of that study was to investigate the relationship
between free-surface disturbances and bow-wave breaking, which can be used to
determine parameters for numerical analysis. The results of that study show that
the wave-breaking area increases with the increase of the Froude number and block
coefficient and with the increase of the surface integral of the square of the free-
surface disturbance function.
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Figure 2.11: Stability boundary of the bow wave from Equation 2.9 for the various number of the flow
velocity on the crest qb (adapted from [91])
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An experimental study was also reported on the nonlinear effects of bow-wave
breaking on the added resistance. Kashiwagi et al. [103] performed model tests to
find the nonlinearity of the bow wave using the unsteady wave analysis method at
various wavelengths for the modified Wigley model. They showed that, as the ship’s
motion response is increased in intermediate waves, the added resistance can be
significantly different between direct measurements and wave analysis because of
nonlinear local waves. This nonlinearity is prominent near the forefront of the ship.

2.5. Conclusions

The existing literature on estimation methods of the added resistance of a ship has
been reviewed. Experimental and numerical studies on the added resistance and
nonlinearity of the bow wave have been discussed. The added resistance requires
accurate estimation owing to regulations on operational performance.

Experimental measurements are the most accurate method to evaluate added re-
sistance. However, it is difficult to measure the added resistance for all ships exper-
imentally. Experiments to measure added resistance depend on experimental con-
ditions (wavelength, wave height, and ship’s velocity) and involve time-consuming
procedures for test preparation (ship model, instrument, and tank schedule).

Numerical studies are suitable as alternatives to experimental measurements.
Since the added resistance is proportional to the square of the motion response, it is
important to estimate the motion response accurately. Most numerical studies aim to
estimate the accurate vertical motion response of a ship. Numerical approaches es-
timate the added resistance based on accurately evaluated motion responses. How-
ever, the suitable solution is different for each problem. In particular, the accuracy
of numerical analysis cannot be guaranteed if nonlinear phenomena are involved
in a given problem. Therefore, if the experimental information can complement the
numerical evaluation, it can be an effective solution.

The waterline contribution due to the relative wave elevation is closely linked
to the added resistance. For the relative wave elevation, accurate estimation of the
radiation component due to the motion response and the diffraction component due
to the reflection of waves by the ship is required. Therefore, the nonlinear effect of
the relative wave elevation due to the bow-wave breaking is an interesting topic.

A typical example of the nonlinear phenomenon of the relative wave elevation
is the swell-up that the actual wave elevation is larger than the theoretical wave
elevation. A small flare that effectively sheds water can reduce the swell-up. And the
knuckle suppresses the swell-up and physically promotes the detachment of the bow
wave [97].

As the Froude number increases, the maximum swell-up coefficient of the fast
ship moves aftward [99]. The stability of the bow-wave crest is related to the speed
of the ship [81, 90, 91]. From these results, it can be inferred that if the nonlinearity
of the bow wave (swell-up and stability) can be related to the pressure distribution
over the hull, this may yield a practical approach to correcting added resistance
calculations.

The review also focused on the influence of bow waves on the added resistance.
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Bow-wave breaking occurs on most ships operating in waves. There is a lack of
research on the effect of breaking waves on the added resistance. The loss of energy
that occurs in this process is a factor that contributes to the added resistance.

A realistic option for the accurate estimation of this effect is to include a practical
implementation of the nonlinear effect of the bow wave in the analysis, which is
typically a CFD analysis using the RANS formula. This method is also effectively
applied to the solution of the added resistance in short waves, in which the motion
response of the ship is small.

However, another method is to incorporate the experimentally confirmed non-
linear characteristics into a numerical calculation using the linear potential theory.
This method can be a realistic solution that reflects physical properties. Consider-
ing the advantage of rapid computation, the linear potential theory method, which
accurately estimates the motion response, is suitable for added resistance evalua-
tion in the hullform development stage. Techniques are still needed to account for
nonlinear phenomena in cases where the linear theory is not applicable.

A typical problem related to the nonlinearity is the breaking of bow waves. The
most important issue in this problem is the specific perception of nonlinear phenom-
ena and the application of appropriate solutions. A similar solution can be applied
to ships showing similar nonlinear phenomena.

The review of literature shows that the effect of bow-wave breaking on added
resistance in waves is an interesting topic. Among the types of bow-wave breaking,
this thesis will focus on the plunging breaking phenomenon. Plunging breaking is
relatively free from the effects of viscosity. Based on experimental investigations, this
thesis attempts to investigate effective perspectives that can be applied to numerical
analysis.



3
INFLUENCE OF PLUNGING

BREAKING OF BOW WAVE

3.1. Introduction

From the literature review in Chapter 2, bow-wave breaking is classified according
to the stability at the crest of the bow wave. The stability changes of bow-wave
breaking depend on the water entrance angle and the speed of the ship. The stability
of bow-wave breaking may vary with speed for a given hullform.

There are many factors to consider for clarifying the impact of bow-wave break-
ing on added resistance. Excluding the motion response of the ship, which is esti-
mated relatively accurately through theoretical or numerical analysis, the squared
relative wave elevation along the waterline and the squared velocity around the hull
significantly influence the added resistance, as expressed in Equation 2.7.

Gerritsma and Beukelman [13] assumed that the added resistance changes lin-
early with the squared wave height at constant wavelength and a constant forward
speed. This assumption has been verified by the experiment of Journée [104]. How-
ever, in his experiment, it was shown that the assumption of wave amplitude squared
can be broken if the nonlinearity is significant.
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Bow-wave breaking directly affects the relative wave elevation, which is a major
component of the added resistance because it affects the hull pressure distribution.
The nonlinear phenomenon of bow-wave breaking is too complex, but the prospect
of analysis in relation to the stability of the bow wave is examined. The investigation
also starts with the assumption that the stability of the bow wave is affected by the
speed of the ship.

This chapter examines the nonlinear response of the added resistance with re-
spect to the ship’s speed, in conjunction with changes in the characteristics of plung-
ing breaking of bow waves. Insight into the connectivity is verified by analyzing
model test results of the added resistance for a series of fast displacement ships.

Section 2.3.3 investigates the uncertain factors that violate the linear theory of
added resistance regarding bow-wave breaking. A hypothesis is suggested that the
influence of bow-wave breaking on the added resistance depends on its stability
type. For testing the feasibility of the hypothesis, the speed of the ship is set as an
independent variable because the ship’s speed affects the stability type of bow-wave
breaking. Moreover, a transfer function of the added resistance is proposed that
includes the squared speed of the ship as a dependent variable. The hypothesis is
given in Section 3.2, and the feasibility is tested using test results for a series of fast
ships in Section 3.3. Section 3.4 provides verification results of the hypothesis.

3.2. Hypothesis

The intensity of breaking of bow waves in a given ship is related to the ship’s speed.
The influence of bow-wave breaking is investigated by connecting the speed of the
ship to the added resistance analysis.

For a given hullform, the breaking phenomenon of the bow wave can be clas-
sified into two types. One is plunging breaking, which appears as an overturning
detachment of the bow wave. The other is spilling breaking, which appears as a
disturbance of the flow field around the hull. The detachment of the bow wave can
make the relative wave elevation less than the value predicted by the linear theory,
and the disturbance of the flow field around the hull can weaken the suction effect
of the incident wave. Therefore, this section proposes a hypothesis that the type of
bow-wave breaking, which is distinguished by the stability of the crest of the bow
wave, affects the added resistance.

Figure 3.1 shows a conceptual representation of the proposed hypothesis. If the
plunging breaking of the bow wave becomes strong, the height of the bow wave
may not reach the value given the linear relation owing to the detachment of the
bow wave. Thus, the added resistance will be less than that predicted by the linear
theory. On the other hand, if the bow wave exhibits a relatively unstable spilling
breaking, the disturbance of the velocity field around the hull weakens the pressure
suction effect of the incoming waves, and the added resistance can be greater than
that predicted by the linear theory.

The added resistance is a second-order hydrodynamic parameter known to be
proportional to the squared amplitude of the incident wave under the non-breaking
condition [105]. The result is often expressed as a quadratic transfer function (QTF).
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Figure 3.1: The concept of a hypothesis that the type of bow-wave breaking has a different influence on
the added resistance

However, the conventional QTF of the added resistance expressed by Equation 3.1
has weak compatibility to grasp the nonlinear effects of the bow wave because this
transfer function is derived considering linear sea-keeping.

Caw =
Raw

ρgB2ζ2a/L
(3.1)

in which Raw is the measured added resistance, ρ is the water density, g is the accel-
eration of gravity, B is the maximum breadth of the waterline, ζa is the amplitude
of the incident wave, and L is the length between perpendiculars.

To test the feasibility of the hypothesis, the speed of the ship is set as an indepen-
dent variable. It is necessary to analyze the added resistance based on the speed of
the ship to understand the nonlinearity of the added resistance because the stabil-
ity type of bow-wave breaking depends on the ship’s speed as well as the waterline
entrance angle. Therefore, this section proposes a transfer function of the added
resistance including the ship’s speed as a dependent variable, and the proposed hy-
pothesis is verified through this variable expressed by Equation 3.2.

Cra =
Raw

ρζ2aU
2

(3.2)

where U is the speed of the ship.



3

34 3. Influence of plunging breaking of bow wave

3.3. Feasibility study on fast ships

3.3.1. Model ship

The feasibility of the hypotheses presented in the previous section was tested using
experimental data from a series test of fast displacement ships (FDSs). In order to
limit the impact parameters as much as possible, the test data-set of a simple FDS
hullform was chosen. The hullforms of the chosen FDSs have a relatively small flare
angle and waterline entrance angle. Therefore, the influence of viscosity and sur-
face tension on these hullforms is low compared to their influence on conventional
hullforms with complex shapes. In the case of low speed, it was considered that the
effect of viscosity is not negligible; therefore, the results of the high-speed test were
judged to be valid. Moreover, the bow wave is expected to be dominated by the form
of plunging breaking.

A systematic series of model tests on a FDSs was conducted as a Joint Industry
Project in 1979-1989 [94, 106]. The model tests were performed in a deep-water
towing tank measuring 250 x 10.5 x 5.5 m and a high-speed towing tank measuring
220 x 4 x 3.6 m in length, width, and depth, respectively, at the Maritime Research
Institute Netherlands (MARIN). The resistance of the ship in calm water and the
added resistance in regular waves were measured along with the motion response.
The model ship was secured to the towing carriage by universal joints, which limit
sway, yaw, and surge motions. The joint is attached to an air-lubricated cylinder so
that the ship can freely move up and down.

For all experiments measuring physical quantities, uncertainty analysis of the
measurements is important. A contemporary experimental program conducted be-
tween 1986 and 1990. The experimental set-up for testing comprises the model; the
measurement set-up; and the system for acquiring, amplifying, and digitizing data.
All experiments were conducted based on a measurement system meeting the exper-
iment organization’s acceptable standards. The measurement system was evaluated
formally, and the accuracy due to random error was found to be on the order of
1.2%.

Nine hullforms, which consisted of three waterline entrance angles and three
block coefficients (CB = 0.35, 0.4, and 0.5), were selected in the series tests. Hull-
forms were developed to have the same bodyplan when the block coefficient is the
same, but they have different waterline entrance angles because of the difference in
L/B. The main parameters of the model are listed in Table 3.1, and the bodyplans
are shown in Figure 3.2.

The dimensions of ships are slightly different because the series test was origi-
nally designed to examine the sea-keeping performance against various nondimen-
sional parameters of ships. However, because the experiment was conducted accord-
ing to Froude similarity, the similarity between the resistance component related to
the bow wave and the dynamic motion response of the ship is preserved in the exper-
iment region. Therefore, the model test data of this study are suitable to investigate
the dependence of the added resistance on the stability type of bow-wave breaking.
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Figure 3.2: Bodyplans of fast displacement ships
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3.3.2. Data analysis

The measured resistances of nine hullforms in calm water are analyzed according
to the two-dimensional performance prediction method established at the Interna-
tional Towing Tank Conference in 1978 (ITTC-78), which divides the total resistance
Ct into the frictional resistance Cf and the residual resistance Cr.

The total resistance coefficient is given by:

Ct =
Rt

1
2ρSU

2
(3.3)

where Rt is the total resistance, S is the wetted surface area and U is the ship speed.
The frictional resistance is treated in the same manner as the measured resistance

of a flat plate with the same wetted surface area under the wave-free condition. A
typical formula was provided by the International Towing Tank Conference in 1957
[107].

Cf =
0.075

{log(Rn)− 2}2
(3.4)

where Rn is Reynolds number for the ship.
The rest resistance of the total resistance of the ship except the frictional resis-

tance is the residual resistance Cr.

Cr = Ct − Cf (3.5)

The added resistances for nine hullforms in regular waves of wavelength ratio
λ/L = 0.4 and 1.2 were measured for Fn = 0.285, 0.430, 0.570, 0.855 and 1.140.
Some measurement points are missing because of the experimental conditions. In
the shortwave condition, the wave slope (2ζa/λ) was up to 4%. The waves of inter-
mediate and long waves had a constant wave height of 0.02L.

The measured added resistance in regular waves is compared with the conven-
tional QTF (Equation 3.1) and the proposed transfer function (Equation 3.2). First,
experimental data for short waves are investigated. A short wave causes little motion
response of the ship, and the wave diffraction effect is important. Then, experimen-
tal data for intermediate waves with significant motion response of the ship and high
added resistance are investigated.

Table 3.1: Main particulars for nine hullforms of fast displacement ships

Ship ID 15 12 16 9 5 10 19 11 20
Length [m] 4 5 6 4 5 6 4 5 6
Breadth [m] 1 0.625 0.5 1 0.625 0.5 1 0.625 0.5
Depth [m] 0.25 0.156 0.125 0.25 0.156 0.125 0.25 0.156 0.125
CB 0.5 0.5 0.5 0.40 0.40 0.40 0.35 0.35 0.35
Lpp/Breadth 4 8 12 4 8 12 4 8 12
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3.3.3. Performance in calm water

The resistances in calm water are analyzed for the selected nine hullforms. Figure
3.3 and Figure 3.4 show experimental data for the nine hullforms as a combination
of shapes and lines. CB = 0.5 is a circle, CB = 0.4 is a diamond, and CB = 0.35 is
an inverted triangle. The results of hullforms of L/B = 4, 8 and 12 are indicated by
solid line, dash-dot line, and dashed line, respectively.

Figure 3.3 shows the total resistance coefficients Ctm of Equation 3.3 and the
frictional resistance coefficients of ITTC-57 in Equation 3.4 of each hullform as
functions of log(Rn). Figure 3.4 shows the residual resistance coefficient of each
hullform as a function of the Froude number (Fn). In Figure 3.3 and Figure 3.4, the
resistance coefficients are divided into three groups illustrated by different colors in
the order of L/B of the hullform, which is the magnitude of the waterline entrance
angle.

In Figure 3.4 at the ship’s speed is less than Fn = 0.5, the value and slope of
residual resistance coefficient Cr are large for hullforms having a small L/B with
a large waterline entrance angle. The residual resistance coefficient of all hullforms
has a maximum at approximately Fn = 0.5. Moreover, all the residual resistance
coefficients converge to a specific value as the Froude number increases to a very
high speed.

The residual resistance is greatly influenced by the change of wetted surface area
due to the dynamic squat of the ship. However, the residual resistance may reflect
the effect of shifts in the stability of the ship’s bow wave, which may change with
the speed of the ship. The dynamic squat (trim and sinkage), which is affected by
the speed of the ship, changes the dynamic waterline entrance angle of the ship. The
variation of the waterline entrance angle of the ship due to the squat can cause sta-
bility transients in the bow wave. If a stability transient occurs and the characteristics
of the bow wave change, the residual resistance will show a different response.

Therefore, with the generation of the bow wave along the ship’s speed, the vari-
ation of the draft by the dynamic squat and the change of the waterline entrance
angle can be treated as factors contributing to the residual resistance. These factors
are also closely related to the stability of the bow wave.

The connectivity of the residual resistance and the dynamic squat of FDS-19 with
CB = 0.35, L/B = 4 is investigated. Figure 3.5 shows the trim and sinkage as well
as the residual resistance coefficients as functions of the Froude number of FDS-19.
This hullform has a relatively large incident angle of 33.2 ◦. At a Froude number less
than 0.5, there is a small dynamic squat change of the ship, but Cr increases greatly.
Trim changes drastically around Fn = 0.5, and Cr shows a peak. At speeds greater
than Fn = 0.6, Cr tends to decrease without substantial changes in the dynamic
squat.

The relationship between the residual resistance due to the change of Froude
number and the change of stability type of the bow wave can be interpreted as fol-
lows. From the viewpoint of the stability boundary presented in Figure 2.11, the
residual resistance responds greatly to the speed because of the relatively unstable
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Figure 3.3: The total resistance coefficients of nine hullforms against log(Rn) with the frictional resistance
coefficient of ITTC-57

Figure 3.4: The residual resistance coefficients of nine hullforms against Froude number



3.3. Feasibility study on fast ships

3

39

(a) Trim and sinkage (b) Residual resistance coefficients

Figure 3.5: Results according to Froude number of FDS-19

bow wave with a large entrance angle and the low speed with a Froude number
less than 0.5. At approximately Fn = 0.5, the speed increase and the large squat
change induce a change of stability type of the bow wave; therefore, the residual
resistance shows its maximum value at this Froude number. When the Froude num-
ber is greater than 0.6, the response of the residual resistance to the ship’s speed
is reduced by a stronger plunging breaking, as the detachment of the bow wave
increases at very high speeds.

Therefore, the residual resistance coefficient can be interpreted to reflect the
characteristics of the bow wave formed by the change of the dynamic squat and
the waterline entrance angle with the change of the ship’s speed. As the speed of
the ship can change the stability of the bow wave, it is the main parameter to be
considered when interpreting the added resistance related to the bow wave.

3.3.4. Performance in short waves

The added resistance of the ships advancing with little motion response in short
waves of λ/L = 0.4 is investigated. The added resistance in this condition is mainly
caused by the diffraction of the bow wave. From the perspective of the bow wave, the
added resistance of the short waves can be interpreted as a resistance added to the
calm-water resistance because of the interaction with the incident wave. Under the
same wave amplitude, a wave of short wavelength has a relatively high steepness,
which is expressed by the ratio of the wave length to the wave amplitude. When the
ship encounters relatively short waves, the interaction increases the steepness of the
bow wave and, in turn, enhances the probability of bow-wave breaking.

Figure 3.6 and Figure 3.7 show the experimental data for the nine hullforms as a
combination of shapes and lines with the same rule as Figure 3.4. Figure 3.6 shows
the heave and pitch of the motion response at λ/L = 0.4. In this figure, the response
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(a) Heave (b) Pitch

Figure 3.6: Motion response against Froude number for nine hullforms in short waves (λ/L = 0.4)

(a) Caw of Equation 3.1 (b) Cra of Equation 3.2

Figure 3.7: Quadratic transfer functions of added resistance against Froude number for nine hullforms in
short waves (λ/L = 0.4)
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amplitude operators (RAO) are close to zero, and there is little motion response of
the ship in the entire speed range. The absence of motion response implies that
the dynamic squat of the ship at a given speed is the same as that in calm water,
even though the ship encounters waves. The added resistance measured in the short
waves of λ/L = 0.4 is analyzed by using the conventional QTF of Equation 3.1 and
proposed transfer function expressed by Equation 3.2.

Figure 3.7 (a) shows that the added resistance for the nine hull forms is generally
proportional to the Froude number. However, it is difficult to define a meaningful
relationship between the geometric element (e.g., CB or L/B) and the added re-
sistance coefficient (Caw). On the other hand, Figure 3.7 (b) showing the proposed
transfer function of added resistance, shows a clearer relationship of the added re-
sistance coefficient (Cra) with the Froude number. In Figure 3.7 (b), as the speed of
ship increases, all the Cra values decrease. The Cra of a hullform with a relatively
large waterline incident angle (L/B = 4), expressed by a solid line, is higher than
those of the others. It is expected that a bow wave formed on the ship with a large
waterline entrance angle and slow speed will be relatively unstable in comparison
with the other hulls. An unstable bow wave causes an unstable reflected wave prop-
agating in the direction normal to the hull surface, which disturbs the fluid field
around the hull. Consequently, the suction effect is reduced because of disturbed
velocity fields in the ship with a large waterline entrance angle, which may cause a
higher resistance compared to those of other hullforms.

Figure 3.7 (b) reveals that a steep decrease in Cra occurs between Fn = 0.430
and Fn = 0.570 for CB = 0.35 and L/B = 4 (FDS-19), as shown with an inverted
triangle and solid line. This abrupt change region coincides with the peak-value
region of the residual resistance in calm water shown in Figure 3.5. In this region,
the dynamic squat due to the increase in the ship’s speed is greatly changed, and
the stability of the stationary bow wave may change. The stability change due to
the increase in the ship’s speed induces a more stable bow wave, which can be
deduced from Noblesse’s relation shown in Figure 2.11. A steep decrease in Cra due
to an increase in the speed, therefore, can be explained as a transient region of the
stability of the bow wave, where the detachment of the bow wave occurs by adding
a stable plunging to the unstable bow wave. Consequently, the added resistance
decreases because of the detached contribution of the relative wave elevation.

3.3.5. Performance in intermediate waves

This section investigates the response of the added resistance for intermediate wave-
lengths of λ/L= 1.2, at which the ship’s motion response is significant. The response
of the ship is highest at a wavelength similar to the length of the ship, and the added
resistance is closely linked with the square of the motion response in the absence of
wave breaking [11].

The model test data are analyzed considering the changes in stability of the bow
wave due to the increased vertical motion response. As the vertical movement of the
ship increases, the velocity of vertical motion is added to the velocity of the water
particles at the crest of the bow wave, which can cause the bow wave to detach.
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Therefore, the vertical movement of the ship increases the strength of the plunging
breaking of the bow wave.

Figure 3.8 and Figure 3.9 show the experimental data for the nine hullforms as
a combination of shapes and lines with the same rules as in Figure 3.4. Figure 3.8
shows the heave and pitch as well as the motion response of hullforms advancing at
λ/L = 1.2. The motion response is significantly increased compared to the case of
short waves. The added resistance measured for intermediate wavelengths of λ/L
= 1.2 is analyzed using the conventional QTF of Equation 3.1 and the proposed
transfer function of Equation 3.2. The added resistance in Figure 3.9 is significantly
greater than that in Figure 3.7 for short waves.

The Caw analysis of Figure 3.9 (a) shows that the peak of the added resistance
does not match the motion response of the hullform with a small waterline entrance
angle (L/B = 8 and 12). It is difficult to define a relationship between the added
resistance and hull-related parameters, such as the ship’s speed, CB , or L/B. On
the other hand, a meaningful relationship can be established in the Cra analysis of
Figure 3.9 (b). In the hullform with a small waterline entrance angle, the motion
response of heave and pitch at Fn = 0.570 is greater than those at other speeds,
but Cra values are smaller. The increase in vertical motion response enhances the
plunging breaking of the bow wave, which detaches the bow wave and weakens the
contribution of the relative wave elevation to the added resistance. Therefore, the
added resistance does not increase in proportion to the squared ship’s speed and the
motion response; rather, it decreases.

In addition, the Cra values of all block coefficients and L/B = 4 with large
incident angles at Fn = 0.570 are significantly lower than those of Fn = 0.285. The
slope of this abrupt decrease is greater than the slope at the same speed for short
waves shown in Figure 3.7. In Figure 3.7, the Cra of a ship with a large entrance
angle sometimes maintained a large value even if the speed increased. However, in
the case of intermediate wavelengths, for which the vertical motion response of the
ship is added, the Cra values of all hullforms tend to decrease as the speed increases.
This tendency of abrupt decrease in Cra with an increase in the ship’s speed may be
associated with a decrease in the motion response of heave and pitch. However, it
can also be interpreted to result from a reduction in the contribution of the relative
wave elevation to the added resistance due to the detachment of the bow wave.

3.4. Interpretation using transfer function

In Section 3.3, a feasibility test was performed with the hypothesis that the two
breaking types, spilling and plunging, affect the nonlinearity of the added resistance
in different ways. The response of the added resistance was investigated according
to the variation of stability type, especially for the plunging breaking of the bow
wave deduced from the waterline entrance angle and the speed of the ship. The
plunging breaking, which causes the detachment of the bow wave, affects the rel-
ative wave elevation of the bow wave. On the other hand, spilling breaking causes
the disturbance of the velocity field around the hull.

In the process of stability change of the bow wave, the speed of the ship is the
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(a) Heave (b) Pitch

Figure 3.8: Motion response against Froude number for the nine hullforms in intermediate waves (λ/L
= 1.2)

(a) Caw of Equation 3.1 (b) Cra of Equation 3.2

Figure 3.9: Quadratic transfer functions of added resistance against Froude number for nine hullforms in
intermediate waves (λ/L = 1.2)
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primary variable to be considered. The change of the ship’s speed affects not only the
ship’s dynamic squat but also the stability of the crest of the bow wave. As shown in
Figure 3.7 (b), the added resistance at adjacent speeds can have a significant impact,
which can be explained by the resulting difference in the stability of the bow wave.

In Figure 3.8 (a), the resonant frequency varies with speed. Nevertheless, Figure
3.9 (b) showing the proposed transfer function of added resistance, demonstrates a
clearer relationship of the added resistance coefficient with the Froude number. The
speed discrimination power can be evaluated as too strong.

Nevertheless, the Cra analysis can also be interpreted as a decrease of the added
resistance due to threshold passing near Fn = 0.5 in Figure 3.7 (b) for short waves.
Cra abruptly decreases around Fn = 0.5 in the hullform with a relatively large
entrance angle. This decrease can be interpreted to be caused by a decrease in con-
tribution of the wave height of the added resistance by the detachment of the bow
wave in the transient process, in which the plunging breaking of the bow wave sud-
denly increases because of the increased vertical motion response of the ship. These
transient regions of Cra occur in a region similar to the maximum point of the resid-
ual resistance curve in calm water shown in Figure 3.5.

Figure 3.9 (b) for intermediate waves shows an analysis for consistency with the
analysis of Figure 3.7 (b) for short waves. In other words, it can be interpreted as a
decrease in the contribution of added resistance due to the detachment of the bow
wave. The decrease in Cra with increasing ship speed in Figure 3.7 (b) is interpreted
to be caused by the relative wave elevation being lower than that predicted by the
linear theory owing to the detachment of the bow wave.

The interpretation of the added resistance with the proposed transfer function
Cra, which includes the squared ship’s speed, effectively explains the hypothesis
presented in Section 3.2. This effectiveness implies that the nonlinear response of
the added resistance presented in the hypothesis can be identified by the change
in the stability of the bow wave inferred from the speed change and the motion
response of the ship.

Figure 3.10 and Figure 3.11 show the added resistance expressed by the conven-
tional QTF of Equation 3.1 and the proposed transfer function expressed by Equation
3.2 with respect to the waterline entrance angle for three hullforms of CB = 0.35
in short waves and intermediate waves, respectively. The Caw in Figure 3.10 (a) for
short waves and that in Figure 3.11 (a) for intermediate waves show a decreasing
trend with increasing waterline entrance angle. This decreasing trend is considered
to be due to differences in the length of the model in experiments performed accord-
ing to the Froude similarity. The reason for this decrease is that the speed difference
between the model ships in the experiment is not reflected in the analysis. Model
ships with a large waterline entrance angle are constructed to have shorter lengths.
Thus, their speed is less than that of other model ships for the same Froude number.
Additional scientific interpretations for this decreasing trend are not possible.

However, in the analysis using Cra proposed in Section 3.2, it is feasible to inter-
pret the different diffraction effects on the bow wave, assuming that the similarity
of the bow wave is preserved in the experiment. The Cra of Figure 3.10 (b) and Fig-
ure 3.11 (b) is generally proportional to the waterline entrance angle at each speed.
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(a) Caw of Equation 3.1 (b) Cra of Equation 3.2

Figure 3.10: Quadratic transfer functions of added resistance against waterline entrance angle for three
hullforms of the CB = 0.35 in short waves (λ/L = 0.4)

(a) Caw of Equation 3.1 (b) Cra of Equation 3.2

Figure 3.11: Quadratic transfer functions of added resistance against waterline entrance angle for three
hullforms of the CB = 0.35 in intermediate waves (λ/L = 1.2)
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In these figures, a smaller Cra is obtained at a faster speed or a smaller waterline
entrance angle of the ship. This result can be interpreted following the hypothesis
presented in Section 3.2 that the ship having a greater speed or smaller entrance
angle will have a relatively stable breaking of the bow wave; thus, the resulting
added resistance will be smaller than that predicted by the linear theory. This rela-
tionship can prove to be useful as it allows an intuitive interpretation by analyzing
the nonlinearity of the added resistance depending on the speed of the ship.

3.5. Conclusions

This chapter investigated the response of the added resistance to the stability of the
bow wave to understand the influence of bow-wave breaking for fast ships in which
plunging breaking dominates. A hypothesis that the increase or decrease of added
resistance depends on the stability type of bow-wave breaking was presented, and
its feasibility was verified through the analysis of the model test results.

Since the speed can change the stability type of breaking of the bow wave, the
ship’s speed was selected as an independent variable to test the hypothesis. A trans-
fer function of the added resistance including the squared ship’s speed was presented
and set as a dependent variable.

In the feasibility test, the hypothesis that the change of the added resistance
depends on the stability of the bow wave was confirmed to be effective to interpret
the nonlinearity observed in the model test results. To understand the nonlinearity of
the added resistance due to the bow-wave breaking, the added resistance should be
analyzed according to the speed of the ship. There is a transient region where sudden
resistance changes occur. It was determined that there exists a boundary where the
influence of the bow-wave breaking changes. The shift of the dominant influence of
the bow wave induces a sudden change in the resistance. This was confirmed in the
response of the added resistance through the proposed QTF including the squared
ship speed. The transient region corresponds to the peak of the residual resistance
coefficient in calm water as well. As the speed changes, the trend of the residual
resistance coefficient and the added resistance changes at a specific speed region.

Understanding the phenomenon of bow-wave breaking, which appears in a com-
plicated form, can improve the evaluation of added resistance. The results of this
section show that a solution in the form of a method to evaluate the added resis-
tance based on an understanding of the breaking phenomenon is necessary. Further
research is needed to analyze the breaking phenomenon quantitatively and link it
with the added resistance. Moreover, research to understand the nonlinear phenom-
ena physically through the observation of a specific subject should be continued.
Although the phenomena vary for different conditions of ships, phenomena that
have similar physical characteristics must be explored continuously. The solution for
the added resistance evaluation should be based on an understanding of the specific
phenomena. Understanding the physical phenomena allows for a better estimation
of the added resistance.

This chapter focused on the fact that the added resistance depends on the stabil-
ity of the bow wave, which in turn depends on the speed of the ship. This chapter
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suggests that the ship speed should be considered for the analysis of nonlinear phe-
nomena. In order to verify this suggestions in detail, by measuring the hull surface
pressure and relative wave elevation, the effect of the ship speed on the added re-
sistance is investigated in the next chapter.





4
EXPERIMENTAL ASSESSMENT OF

EFFECTS OF BOW-WAVE BREAKING

4.1. Introduction

In the review in Chapter 2, it was discussed that the behavior of the relative wave el-
evation of a ship is important to understand its effect on added resistance. Chapter 4
experimentally investigates the cause of plunging breaking of the bow wave and its
effect on the added resistance by assessing the nonlinearity. Experiments have been
conducted on a fast ship, which clearly shows the plunging breaking phenomenon.
The relationship between the pressure of the hull and the relative height of the bow
wave is examined. Templates have been proposed to evaluate the nonlinear rela-
tionship between the bow-wave height and the hull pressure, which has a decisive
influence on the added resistance evaluation. The results show that the overturning
detachment of the bow wave induces a pressure drop during the rise of the relative
wave elevation. This pressure drop results in a lower wave added resistance com-
pared to that predicted by the linear theory, which is based on a linear relationship

49
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Table 4.1: Main particulars of FDS-5

Description Ship Model
Length [m] 100 6.667
Breadth [m] 12.502 0.833
Submerged draft [m] 3.125 0.208
Displacement [m3] 1568.4 6.971
Wetted surface [m2] 1212.3 0.359
Block coefficient CB [-] 0.40 0.40

between pressure and wave height. The effect of this pressure drop on the added
resistance is examined by the integration of measured pressures. The nonlinearity
between the pressure and the relative wave elevation due to plunging breaking is
closely related to the speed of the ship. Furthermore, the process of plunging break-
ing is defined in three stages: bow-wave development stage, pile-up, and breaking
stage, and bow-wave absent stage.

The fast ship model used in the experiment and a video observation of the model
test are introduced in Section 4.2 and 4.3, respectively. Section 4.4 proposes tech-
niques to evaluate the breaking effect by investigating the relationship between the
pressure on the hull surface and the relative wave elevation of bow waves. Sec-
tion 4.5 assesses the effect of bow-wave breaking. Section 4.6 defines the process of
plunging breaking considering its nonlinear effect on the added resistance. Section
4.7 assesses the cause of the nonlinearity due to plunging breaking and its influence
on the added resistance. The conclusions of this chapter are presented in Section
4.8.

4.2. Measurement of a fast ship

Model tests with a fast ship were performed to measure the hull surface pressure and
the relative wave elevation to clarify the relationship between them. The model ship
has a length of 6.7 m, and the experiments were conducted at the Maritime Research
Institute Netherlands (MARIN)’s Seakeeping and Maneuvering Basin (SMB), which
has a length, width, and depth of 170 m, 40 m, 5 m, respectively. The hullform used
in the experiment is the parent hullform of the systematic series of fast displace-
ment ships (FDSs) of the Joint Industry Project from 1979-1989 [94, 106, 108].
The hullform has a simple triangular V-shaped front part and a nearly flat bottom
stern, as shown in Figure 4.1. The main parameters of the model are listed in Table
4.1, and the scale factor is 15.0. The model test was performed with the ship in the
free-running mode and equipped with the propeller, rudder, and autopilot system at
three speeds (Fn = 0.285, 0.430, and 0.570).

As shown in Figure 4.2, the model ship is equipped with diaphragm-type pres-
sure transducers and resistance-type wave height transducers at vertical intervals
of 0.525 m at five stations (16, 17, 18, 18.75, and 19.5). Technically, there is a dis-
tance difference of 0.1 stations between the two types of transducers installed on the
model ship. However, this difference, corresponding to 3.3 cm, is ignored because
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Figure 4.1: Profile and bodyplan of FDS-5

Figure 4.2: Photograph of the model ship
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it does not play a decisive role in determining the effect of unsteady bow waves.
Pressures and the relative wave elevation on the hull surface are measured for the
ship advancing at a constant speed in calm water and regular waves (λ/L = 0.5, 1.1
and 2.0) with an amplitude of 1.0 m.

4.3. Observation of bow-wave breaking

Videos of the model tests are captured to show the behavior of the bow waves.
Figure 4.3~4.6 show the instantaneous bow waves at three speeds in calm water,
short waves (λ/L = 0.5), intermediate waves (λ/L = 1.1) and long waves (λ/L
= 2.0). The left-hand side photographs of Figure 4.4~4.6 show the highest wave
height at station 18. The photographs on the right-hand side in Figures 4.4~4.6
show the lowest wave height at station 18.

Bow waves appear as sheet-shaped overturning detachment because the ship is
fast and has a simple fine bow shape with a small waterline entrance angle. Model
tests on the fast ship can focus on the influence of wave elevation on the hull-surface
pressure due to the bow-wave breaking, in contrast to conventional ships (e.g., blunt
bow or bulbous bow), which are known to be influenced by viscosity [4].

In Figure 4.3~4.6, an overturning thin sheet of the plunging breaking of bow
waves is observed. As the speed of the ship increases, the size of the sheet increases.
At Fn = 0.285 in the figures, the bow wave is observed to break relatively less.
When the ship’s speed increased to Fn = 0.430, the bow wave clearly breaks with
overturning motion. At the maximum speed of Fn = 0.570, the longitudinal length
of the region where the overturning detachment of the thin sheet occurs is consid-
erably increased.

The left-hand side of Figure 4.4 shows the highest wave height of the bow wave
in short waves. It is observed that the overturning detachment of the bow wave is
greatly increased compared to that at the same speed in calm water. At the right-
hand side of Figure 4.4, which shows the lowest wave height, the stationary wave,
which is a fundamental element of the wave resistance of the ship, disappears.

The left-hand side of Figure 4.5 shows the highest wave height of the bow wave
in intermediate waves. The bow wave is significantly broken. It is observed that the
breaking area also increases as the speed increases. In the photographs on the right-
hand side, where the wave height is the lowest after the bow wave breaks, the bow
wave has disappeared.

In the left-hand side of Figure 4.6, the overturning detachment is also observed
in long waves. At each speed, however, the breaking form of the bow wave is milder
than in the short-wave condition of Figure 4.4, in which the ship shows no motion
response.

The plunging breaking in the fast ship is observed as two phenomena. The first
is the overturning detachment on the crest of the bow wave. The second is the
disappearance of the stationary bow wave. These breaking phenomena of the bow
wave are more clearly observed as the speed of the ship increases.
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(a) Fn = 0.285

(b) Fn = 0.430

(c) Fn = 0.570

Figure 4.3: Stationary bow waves in calm water for three speeds
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(a) Fn = 0.285

(b) Fn = 0.430

(c) Fn = 0.570

Figure 4.4: Instantaneous bow waves for three speeds in short waves (λ/L = 0.5). The left-hand side
photos show the highest height of the bow wave and the right-hand side photos show the lowest wave
height at station 18.
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(a) Fn = 0.285

(b) Fn = 0.430

(c) Fn = 0.570

Figure 4.5: Instantaneous bow waves for three speeds in intermediate waves (λ/L = 1.1). The left-hand
side photos show the highest height of the bow wave and the right-hand side photos show the lowest
wave height at station 18.
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(a) Fn = 0.285

(b) Fn = 0.430

(c) Fn = 0.570

Figure 4.6: Instantaneous bow waves for three speeds in long waves (λ/L = 2.0). The left-hand side
photos show the highest height of the bow wave and the right-hand side photos show the lowest wave
height at station 18.
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4.4. Development of evaluation template

In Chapter 2, various studies successfully simulated the dynamics of the bow wave.
However, little research has been performed on basic physical models to help under-
stand the impact of bow-wave breaking on the added resistance.

The waterline contribution of the added resistance has an important significance,
especially in the fast displacement ship. The waterline contribution is proportional
to the square of the relative wave elevation in Equation 2.7. Therefore, it is im-
portant to evaluate the relative wave elevation accurately. In addition to accurately
evaluating the relative wave elevation, it is necessary to pay attention to the par-
ticular changes in the hull pressure when the bow wave is breaking. In particular,
it is important to evaluate the relationship between the relative wave elevation and
the unsteady pressure of a ship concerning the nonlinearity of the wave added re-
sistance.

Pressure measurements are needed to identify physical phenomena that affect
the added resistance. In the analysis of the measured signals, it is difficult to corre-
late the time-domain signals of each pressure gauge and wave transducer. The mea-
surement of the hull-surface pressure in waves is an expensive experiment, which
involves difficult-to-install pressure gauges and signal processing. The measured re-
sults should be carefully analyzed and evaluated. It is necessary to develop an effi-
cient method for processing a large amount of measurement data.

This section presents analytical templates to evaluate the effect of the bow-wave
breaking by using the relative wave elevation and the pressure of the hull surface
measured in the model test. Two types of templates are introduced: the sequence
history of pressure and the pressure and relative wave elevation diagram (P-R di-
agram) of the bow wave. These templates have been developed to investigate the
effect of bow-wave breaking. The two templates proposed in this chapter have the
advantage of capturing the relationship between the time series of pressure and the
relative wave elevation into a simple synthesized form.

4.4.1. Sequence history of pressure

Figure 4.7~4.9 show the sequence history for one cycle of the signals measured
from twelve pressure gauges installed in sequence at a vertical interval of 0.525
m at station 18. Each box represents the time-series pressure for one of twelve se-
quences from left to right. These figures show the pressure trend in the order of the
pressure gauges installed at constant vertical intervals along the y-axis. The pres-
sure measured at zero speed in calm water is selected as the reference zero value
for each run. The unsteady pressure measured for the advancing ship is corrected
by the pressure of the still water.

The sequence history of pressure shows the compression of the relationship
among each pressure signal. Consequently, the development and disappearance of
the bow wave are captured in this figure. Figure 4.7~4.9 show the results for λ/L =
0.5, 1.1, and 2.0, respectively. In these figures, when the elevation of the bow wave
is high, pressure is generally high, but this is not the case at high speed.
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Figure 4.7: The sequence history of pressure at station 18 in short waves (λ/L = 0.5)
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(a) Fn = 0.285

(b) Fn = 0.430
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Figure 4.8: The sequence history of pressure at station 18 in intermediate waves (λ/L = 1.1)
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(a) Fn = 0.285

(b) Fn = 0.430

(c) Fn = 0.570

Figure 4.9: The sequence history of pressure at station 18 in long waves (λ/L = 2.0)
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At Fn = 0.570 in each figure, the pressure acting on station 18 at the sequence
of the maximum wave elevation is not the greatest. This discrepancy in pressure
is usually significant at high speeds. The pressure trend described by the sequence
history is consistent with the detachment phenomenon of the bow wave observed in
the experiment video.

This comparison demonstrates that the pressure contribution of the bow wave
is not linearly proportional to the wave height. The nonlinear relationship between
these two signals is also related to the speed of the ship. The association of these
two signals is explained in detail in the next section.

4.4.2. Pressure and relative wave elevation diagram

In regular waves, the pressure and relative wave elevation signals in the time do-
main at station 18 for three periods are shown in Figure 4.10~4.12. The measured
time-domain pressure signals are smoothed with a time-based moving average filter
of a five-point span. Figures 4.10~4.12 show the smoothed pressure data with a
solid line, the raw data with circles, and the relative wave elevation with a dashed
line. The figures show that the smoothed pressure signal removes the local high-
frequency signal and preserves the response of the original signal well. Each mea-
sured value in calm water is subtracted from the measured signals (pressure and
relative wave elevation) in regular waves to focus only on an unsteady bow wave.
Therefore, the subtracted signal represents the unsteady phenomenon in regular
waves. As the ship’s speed increases, it is observed that the sinusoidal tendency of
the signal decreases.

An analysis tool called pressure and relative wave elevation diagram (P-R dia-
gram) is proposed. The measured pressure is non-dimensionalized by the square of
the speed in Equation 4.1.

Cp =
P

1
2ρU

2
(4.1)

where P is the measured pressure, ρ is the water density and U is the speed of the
ship.

The pressure measured by the fixed pressure gauge and the relative wave eleva-
tion measured by the wave height transducer at a specific location on the hull show
a repeated signal in the same period. Figure 4.13 shows a schematic X-Y plot for
three cycles, with the smoothed pressure on the x-axis and the corresponding rela-
tive wave elevation on the y-axis. The P-R diagram shows a closed shape by directly
matching these two terms but not the time term. In the P-R diagram, the center of
the graph is the origin (0, 0) because the corresponding values of the pressure and
the relative wave elevation in calm water are subtracted from the measured signals
in waves.

Figure 4.13 depicts the periodic history of the development and disappearance of
the bow wave and the instantaneous pressure contribution on the hull surface in the
order of the numbered dashed-line arrows. The number ‘1’ is the process of linearly
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(a) Fn = 0.285
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(b) Fn = 0.430
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Figure 4.10: An example of relative wave elevation (RWE) and pressure signals for three cycles. Pressure
signals are smoothed with a time-based moving average filter of a five-point span over three speeds at
station 18 in short waves (λ/L = 0.5).
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(a) Fn = 0.285
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(b) Fn = 0.430
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Figure 4.11: An example of relative wave elevation (RWE) and pressure signals for three cycles. Pressure
signals are smoothed with a time-based moving average filter of a five-point span over three speeds at
station 18 in intermediate waves (λ/L = 1.1)
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(a) Fn = 0.285
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(b) Fn = 0.430

0 2 4 6 8 10 12 14 16 18 20 22 24

Time[sec]

-20

-10

0

10

20

30

40

50

60

P
re

ss
u
re

 [
k
P

a
]

-6

-3

0

3

6

R
e
la

ti
v
e
 w

a
v
e
 e

le
v
a
ti

o
n
 [

m
]

RWE

6.075m WL

5.025m WL

3.975m WL

2.925m WL

1.875m WL

(c) Fn = 0.570

Figure 4.12: An example of relative wave elevation (RWE) and pressure signals for three cycles. Pressure
signals are smoothed with a time-based moving average filter of a five-point span over three speeds at
station 18 in long waves (λ/L = 2.0)
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Figure 4.13: Schematic drawing of the pressure and relative wave elevation diagram (P-R diagram) with
the characterization of the upwash of the relative wave elevation (∆ζ) and the pressure drop (∆Cp)
during the upwash. The development and disappearance of the bow wave and the instantaneous pressure
contribution on the hull surface are indicated by the order of the dashed-line arrows.

increasing the pressure as the relative wave elevation increases. The number ‘2’ is
the process where the relative wave elevation increases but the pressure decreases.
The number ‘3’ is the subsequent process where the relative wave elevation and
pressure are reduced. At the end of this process, pressure absence is observed. This
P-R diagram shows the hysteresis of the repeated signal at the same time.

In the linear theory, a linear relationship exists between the pressure and the rel-
ative wave elevation. If the linear theory is valid, a linear relationship between these
two signals should be identified about the origin of the P-R diagram. Otherwise, if
a nonlinear relationship occurs between the two signals, the P-R diagram will have
a distorted shape due to the discrepancy between the maximum points of the pres-
sure and the relative wave elevation. Therefore, the distortion can be considered
evidence of nonlinearity.

Here, the peak of the relative wave elevation is followed by the pressure peak,
which violates the linear relation between the pressure and relative wave elevation.
To investigate this discrepancy further, the counter-gradient of each pressure gauge
is described with the upwash of relative wave elevation (∆ζ) after the pressure peak
and the pressure drop (∆Cp) during this upwash, as shown in Figure 4.13. These
two characteristic values are discussed in detail in Section 4.5.4.
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4.5. Analysis of model test results

4.5.1. Results in short waves

Figure 4.14 shows the relationship between the pressure acting on the hull and the
relative wave elevation measured at five stations at three speeds (Fn= 0.285, 0.430
and 0.570) in short waves (λ/L = 0.5) with little motion response. The figure shows
that the linear relationship between pressure and wave elevation becomes weaker
as the ship’s speed increases. The bulge of the shape of the diagram at Fn = 0.430 is
greater than that at Fn = 0.285. In Figure 4.14 (c) Fn = 0.570, it is difficult to find
a linear relation between the pressure and the relative wave elevation. The pressure
drop during pile-up is more pronounced as the ship’s speed increases.

As the ship’s speed increases, the longitudinal position where the highest pres-
sure drop occurs during the growth of the bow wave is shifted to the back of the ship.
This phenomenon occurs at station 19.5 for Fn = 0.285, at station 18.75 for Fn =
0.430, and at station 18.0 for Fn = 0.570. The nonlinear phenomenon identified in
the P-R diagram is consistent with the plunging breaking phenomenon identified in
the captured video of Figure 4.4. The shape of the P-R diagram expands as the ship’s
speed increases. Moreover, as the ship’s speed increases, the longitudinal range of
the bulging shape in the P-R diagram increases.

4.5.2. Results in intermediate waves

Figure 4.15 shows the relationship between the pressure acting on the hull and
the relative wave elevation measured at five stations at three speeds (Fn = 0.285,
0.430, and 0.570) in intermediate waves (λ/L = 1.1) with significant motion re-
sponse. The figure shows a significant increase in the relative wave elevation due to
the increase in the ship’s motion response.

The bulging of the P-R diagram is also increased. In contrast to the short-wave
condition, the bulging shape of the P-R diagram at the representative stations 16
and 17 is obvious at intermediate waves, as shown in Figure 4.15. A pressure drop
is clearly observed in the process of increasing the bow-wave height.

This difference is explained by the greater vertical motion response of the ship.
Owing to the larger response, the increased relative velocity in the flow field around
the hull induces a stronger breaking of the bow wave. On the other hand, this is also
the result of an interaction of the incoming waves with the local geometric features
of the hullform, such as a flare that changes the dynamic waterline entrance angle.

4.5.3. Results in long waves

Figure 4.16 shows the relationship between the pressure and the relative wave ele-
vation measured at five stations at three speeds (Fn = 0.285, 0.430, and 0.570) for
the movement of the ship along the free surface in long waves (λ/L = 2.0).

The shape of the P-R diagram in this wavelength condition shows a more linear
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(c) Fn = 0.570

Figure 4.14: The pressure and relative wave elevation diagram (P-R diagram) for three ship’s speeds in
short waves (λ/L = 0.5)
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(c) Fn = 0.570

Figure 4.15: The pressure and relative wave elevation diagram (P-R diagram) for three ship’s speeds in
intermediate waves (λ/L = 1.1)
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Figure 4.16: The pressure and relative wave elevation diagram (P-R diagram) for three ship’s speeds in
long waves (λ/L = 2.0)
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relationship at all speeds compared to the previous wavelength conditions (λ/L =
0.5 and 1.1). The width of the graph envelope is greatly reduced. This indicates
improved linearity between the two signals. This increased linearity of the diagram
results from the preservation of the proportional relationship between the pressure
and the relative wave elevation, thereby reducing the pressure difference between
the rising and falling relative wave elevation. This indicates that the bow wave is
preserved to a greater degree in long waves than in other wavelength conditions.

In summary, the generation and disappearance of the bow wave have been effec-
tively shown and analyzed by the P-R diagram, which is presented in Section 4.4.2,
at three wavelengths (λ/L = 0.5, 1.1, and 2.0). The P-R diagram shows the history
of pressure acting on the hull during the periodic operation of the bow wave. The
P-R diagram allows the nonlinear relationship between the pressure and the relative
wave elevation of the bow wave to be intuitively captured by the bulging shape.
The plunging breaking, which appears as a detachment of the bow wave, produces
a nonlinear relationship between the pressure on the hull surface and the relative
wave elevation of the bow wave. The intensity of the plunging breaking is large
when the ship’s speed or motion response is large.

4.5.4. Nonlinearity assessment

The shape of the P-R diagram is influenced by the maximum value of phase differ-
ence between the relative bow wave elevation and the pressure signal. As shown
in Figure 4.13, the pressure development process when the bow wave is detached
can be described as follows. The bow wave develops with the increase of height
and pressure. When the bow wave detaches, the pressure begins to decrease past
the maximum value while the height of the bow wave is still increasing. When the
relative height is maximum, the pressure is already considerably reduced.

During the bow-wave development process, the phase mismatch between the
maximum values of the relative wave elevation and the pressure is the result of de-
tachment of the bow wave by plunging breaking. The phase difference between the
pressure and relative wave elevation destroys the linear relationship represented
in the P-R diagram. When the breaking phenomenon of the bow wave becomes
stronger, the phase difference between the maximum values of the two signals in-
creases. Moreover, the shape of the P-R diagram bulges.

The nonlinear relationship between the pressure and relative wave elevation can
be characterized with the upwash of relative wave elevation (∆ζ) after the pressure
peak as well as the pressure drop (∆Cp) during this upwash, as shown in Figure
4.13.

Figures 4.17 and 4.18 show the nonlinear characteristics of the P-R diagram
at five stations installed with the series of pressure gauges. Each graph shows the
analysis results of the signals from pressure gauges installed with vertical intervals
of 0.525 m in each station. The black solid line, red dotted line, and blue dotted line
correspond to Fn = 0.285, 0.430, and 0.570, respectively. The analysis results of
the P-R diagrams of short waves, intermediate waves, and long waves are shown in
(a), (b), and (c), respectively.
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Upwash of relative wave elevation (∆ζ)
Figure 4.17 shows the difference between the maximum height at the station and
the height corresponding to the maximum pressure of each gauge. Figure 4.17 (a)
shows that the ∆ζ of short waves depends on the longitudinal position and Froude
number. Figure 4.17 (b), the ∆ζ values of intermediate waves increase significantly
from Fn = 0.285 to Fn = 0.430, but show similar values for further increase to
Fn = 0.570. Large values are maintained until station 16, which is the aft-boundary
where measurement is performed. In Figure 4.17 (c), the ∆ζ of long waves shows
meaningful values related to breaking only at station 18 with Fn = 0.570.

Pressure drop during upwash (∆Cp)
At each station, the pressure drop during the increase in the relative wave elevation
is shown in Figure 4.18. In Figure 4.18 (a), the ∆Cp of short waves tends to be gen-
erally proportional to the ship’s speed after station 18. At the front of station 18, the
maximum value of ∆Cp appears at a different speed. The largest ∆Cp appears at
Fn = 0.285 for station 19.5, Fn = 0.430 for station 18.75, and Fn = 0.570 for sta-
tion 18. The station with the maximum value of ∆Cp moves backward as the speed
increases. The ∆Cp of intermediate waves in Figure 4.18 (b) is significantly greater
than that of short waves. The increase in the ∆Cp at Fn = 0.430 is particularly
evident. At each speed, the position at which the maximum value of ∆Cp appears
moves backward as the speed increases. However, at Fn = 0.285, the region with
significant values is limited to the foremost station. ∆Cp is greatly reduced at station
16 at Fn = 0.430, but remains large at station 16 at Fn = 0.570. In Figure 4.18 (c),
the ∆Cp of long waves is considerably less than the values at the other wavelengths,
making meaningful comparisons difficult.

By integrating the analysis results, as the ship’s speed increases, the positions
of the maximum value of nonlinearity properties (∆ζ and ∆Cp) appear to move
backward. Particularly, in the intermediate wave analysis, in which the character-
istic values are large, the area of the region with substantial characteristic values
increases as the ship speed increases. The area decreases sharply from station 18.75
at Fn = 0.280, it starts to decrease from station 17 at Fn = 0.430, and it begins
to decrease from station 16 at Fn = 0.570. The above analysis characterizes the
bow-wave breaking. Thus, the P-R diagram intuitively detects the plunging breaking
phenomenon through shape distortion.

4.6. Process definition of plunging breaking

Taking into account the behavior of the pressure and the relative wave elevation in-
vestigated through the P-R diagram proposed in this chapter, the process of plunging-
type breaking of waves can be divided into three stages. The first (the number ‘1’ in
Figure 4.13) is the bow-wave developing stage, in which the ship’s surface pressure
increases with the relative wave elevation. The second (the number ‘2’ in Figure
4.13) is the pile-up and breaking stage, in which the height of the bow wave in-
creases but the surface pressure of the hull decreases. The pile-up of the bow wave
occurs, but the pressure starts to decrease owing to the detachment of the bow wave.
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Figure 4.17: The height difference (∆ζ) between the highest relative wave elevation and the wave height
on the maximum pressure.
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Figure 4.18: The pressure drop (∆Cp) between the maximum pressure and the pressure at the highest
relative wave elevation during upwash
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This process is skipped when the bow wave is not breaking. The third (the number
‘3’ in Figure 4.13) is the bow-wave absent stage, in which the pressure and relative
wave elevation drop rapidly. It may be a natural phenomenon related to the gen-
eration and disappearance of the bow wave, but when the bow wave breaks in the
previous stage, the bow wave that acts as a resistance to the hull disappears. This
process is clearly detected when the breaking of the bow wave is evident.

The second step, in which the pressure drop is found, can be explained based
on Bernoulli’s equation by the pressure suction due to the increase in amplitude of
the incident wave. However, this pressure drop is also related to the detachment of
the bow wave, which is the cause of the disappearance of the stationary bow wave,
observed in the photographs on the right-hand side of Figures 4.4~4.6.

The detachment of the bow wave is indicated in the P-R diagram (Figure 4.13)
by different pressures at the same wave height. When the height of the bow wave re-
turns to the same height after detachment, the pressure acting on the ship, indicated
as the number ‘3’ in Figure 4.13, is significantly reduced compared to the maximum
pressure of the development stage, indicated as the number ‘1’ in Figure 4.13. A
pressure that is not proportional to height is another perspective for interpreting the
nonlinearity of added resistance.

4.7. Nonlinear influence on added resistance

The previous section investigated the nonlinear relationship between the pressure
and the relative wave elevation due to the plunging breaking of the bow wave. This
section compares integrated pressures to determine the effect of the breaking waves
on the added resistance.

4.7.1. Time average of pressure

The periodic pressure measured in a specific area of the forward part of the hull is
time averaged by Equation 4.2, and a contour plot is constructed. This distribution
represents the mean pressure acting on the ship advancing in waves.

Cpxmean
=

1

T

∫
Cp(t)nxdt (4.2)

where Cp(t) is the unsteady pressure subtracted by the steady pressure in the time
domain, T is the measured time and nx is the normal vector in the longitudinal
direction.

Figure 4.19~4.21 show the time-averaged distribution of pressures in short, in-
termediate, and long waves. Each figure shows the results at three speeds of Fn =
0.285, 0.430, and 0.570, as indicated in (a), (b), and (c), respectively. In the figures,
the installed pressure gauges are shown by red circles, and the profile of the ship and
the still waterline are shown together by blue solid lines. The greater the pressure
on the hull surface, the redder is the color displayed in the figure.

Positive averaged pressures are concentrated in the upper vicinity of the still wa-
terline (3.125 m) under all conditions. The averaged pressure of the intermediate
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Figure 4.19: Contours of mean unsteady pressure Cpxmean in longitudinal direction of the ship for three
ship’s speeds in intermediate waves (λ/L = 0.5)
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Figure 4.20: Contours of mean unsteady pressure Cpxmean in longitudinal direction of the ship for three
ship’s speeds in intermediate waves (λ/L = 1.1)
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Figure 4.21: Contours of mean unsteady pressure Cpxmean in longitudinal direction of the ship for three
ship’s speeds in long waves (λ/L = 2.0)
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waves of Figure 4.20 appears larger in a wider area compared to the other wave-
length conditions. This is primarily due to the large motion response. The average
pressures of the short waves are greater than that of the long waves. This is because
the incident waves act more strongly on the hull in the case of short waves, for which
the relative motion of the ship is small.

The pressure at Fn = 0.285 in each figure is greater than those at other speeds.
This corresponds to the growing nonlinear relationship between the pressure and
the relative wave elevation as the ship’s speed increases, as observed in Section
4.5.4. Therefore, it is confirmed that the ship’s speed affects the average pressure on
the ship due to the bow wave. A negative pressure is found under the still waterline.
In particular, a negative pressure is clearly found under the intermediate waves con-
dition of Figure 4.20, for which strong plunging breaking occurs. This is also related
to the disappearance of the bow wave presented in Section 4.6.

4.7.2. Vertical integration of pressure

The time-mean pressures by Equation 4.3 are integrated vertically upwards accord-
ing to the trapezoidal rule at each station.∫

Cpxmean
dz (4.3)

The time-averaged pressures obtained from Equation 4.2 are integrated vertically
upwards according to the trapezoidal rule at each station. The integrated values for
each station, given by Equation 4.3, are shown in Figure 4.22. The values corre-
sponding to Fn = 0.285, 0.430, and 0.570 are shown by circles, diamonds, and
gradients, respectively. Figures (a), (b), and (c) show the results for short, interme-
diate, and long waves, respectively.

Figure 4.22 (a) and (c), corresponding to the short and long waves, respectively,
are less likely to confirm the effect of bow-wave breaking because the variation in
the integrated pressure value is small. However, Figure 4.22 (b), corresponding to
the intermediate wave condition, shows a large variation in the integrated pressure.
Especially at stations 18 and 19, the large integral value at Fn = 0.285 drops to a
small value at Fn = 0.430. At Fn = 0.570, the values decrease further at stations
16 and 17. This tendency can be interpreted to agree with the nonlinear relation-
ship between the pressure and the relative wave elevation of Figure 4.15. The P-R
diagrams at Fn = 0.430 and Fn = 0.570 shown in Figure 4.15 (b) and (c) provide
evidence of the plunging breaking in the upper-right corner by counter gradient,
which is defined as the nonlinearity due to the wave breaking in Section 4.5.4.

4.7.3. Surface integration of pressure

Figure 4.23 shows the integral value according to the trapezoidal rule in the lon-
gitudinal direction of the ship with the values shown in Figure 4.22. The pressure
integrals acting on the hull in the intermediate, short, and long waves are repre-
sented by circles, diamonds, and gradients, respectively. These values, expressed by
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Figure 4.23: Pressure integral acting on a specific area of the forefront part of the hull for three wave-
lengths

Equation 4.4, represent the pressure acting on a particular area and are interpreted
as the force acting on the hull.

∫
S

Cpxmean
dS (4.4)

The added resistance can be obtained by numerically integrating the second-
order pressure acting on the entire surface of the hull. The integrated pressure in
Figure 4.23 is the force acting on a particular area of the hull’s bow surface. Al-
though these values are not representative of the entire surface of the hull, they can
reveal the effect on the added resistance by comparison. This is because most of the
added resistance occurs at the front part of the hull [109]. Therefore, Figure 4.23
clarifies that the nonlinearity of the added resistance depends on the wavelength of
the incident wave or the speed of the ship.

In intermediate waves, as indicated by the circles in Figure 4.23, the integrated
pressure progressively decreases as the speed of the ship increases. Under this con-
dition, the plunging breaking appears to become stronger as the speed increases,
as confirmed by the P-R diagram of Figure 4.15. The pressure drop occurs during
the relative rise of the wave height. Therefore, the declining tendency of integrated
pressure can be interpreted to be the result of the pressure drop due to the plunging
breaking. However, it is difficult to determine the effect under the short and long
wave conditions because the integrated values are small. Furthermore, it is not pos-
sible to completely exclude other influences, such as the effect of viscosity and stern
shape [4, 110, 111].
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4.8. Conclusions

The aim of this chapter was to identify the effect of the bow-wave breaking for fast
ships to improve the reliability of the added resistance estimation. Model tests of
the fast ship were conducted to investigate the influence of the hull pressure and
the relative wave elevation of the bow wave caused by the plunging breaking. This
chapter proposed templates that can be used to intuitively evaluate the nonlinear re-
lationship between the pressure and the relative wave elevation, which significantly
influences the wave added resistance.

Using the P-R diagram proposed in this study, this chapter confirmed that the
overturning detachment of the bow wave induces a pressure drop during the rise
of the relative wave elevation. The nonlinearity occurring between the pressure and
the relative wave elevation is closely related to the speed of the ship. Furthermore,
it is concluded that the plunging breaking of the bow wave induces less wave added
resistance compared to that calculated from the linear consideration owing to the
pressure drop caused by the detachment of the bow wave. In addition, the process
of the plunging breaking of the bow wave can be divided into three stages at which
different physical phenomena occur: the bow-wave development stage, pile-up and
breaking stage, and bow-wave absent stage.

However, the results of this chapter are not applicable to all types of breaking
of the bow wave, as they are derived only for plunging-type breaking in the fast
ship. In this regard, further research is necessary to establish the impact of spilling-
type breaking on the added resistance quantitatively. If the understanding of the
nonlinearity between the hull and the bow wave can be taken into account in a
numerical analysis method, the reliability of the added resistance estimation can be
improved.





5
NUMERICAL IMPLEMENTATION OF

BOW-WAVE BREAKING EFFECTS

5.1. Introduction

Chapter 4 experimentally showed that the pressure exerted on the hull can be
weaker than the value calculated from linear considerations because of plunging
breaking. The decrease in pressure occurs because the linear Bernoulli theory be-
tween the hull pressure and relative wave elevation is not valid. When the bow wave
is detached, the surface pressure of the hull is decreased even if the relative wave
elevation is high. This nonlinear effect is introduced in this chapter as a correction
model based on experimental assessment that can be applied to the linear poten-
tial theory method. The purpose of this chapter is to develop a correction method
to improve the accuracy for evaluating added resistance using the linear potential
method calculation.

Linear potential method calculations have the advantage of fewer requirements
and shorter computation times compared to experiments or CFD calculation. The
quick calculation offered by the linear theory method is useful for evaluating the ten-
dency of hull performance in the initial design of a ship. However, the disadvantage
of linear theory calculations is that the results are not accurate when a nonlinear
phenomenon (e.g., breaking of a bow wave) occurs on a ship. Accurate estimates
are limited to conditions in which the nonlinearity does not affect the performance
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of the ship. The nonlinearity covered in this chapter is confined to the nonlinear
effects occurring between the relative wave elevation and the hull-surface pressure.
This chapter deals with plunging breaking, which is a typical nonlinear phenomenon
involving the detachment of the bow wave.

The plunging type of bow-wave breaking with a stable detachment of the bow
wave is observed in a ship with a relatively high speed and a small waterline inci-
dence angle. Typical ships of this type are navy frigates, cruise ships, ferry ships, and
container ships. It has been reported that linear theory calculations for these ships
can overestimate the added resistance in the resonance region of motion response
[59, 110].

The added resistance is proportional to the square of the ship’s motion response
[9, 11]. Therefore, it is important to estimate the motion response accurately, since
an error in motion prediction may cause a significant deviation in the added resis-
tance.

However, the problem of overestimation of the added resistance is difficult to ad-
dress by limiting the motion response because the added resistance is determined by
the sum of the correlation of the motion components and the waterline component
in a complicated manner. Nevertheless, among these components, the waterline con-
tribution is decisive in determining the added resistance. The complexity of added
resistance contributions can be simplified to the dominant waterline contribution in
a fast ship with a simple hullform.

For ships with large bow waves, the reflection and radiation effects of bow waves
are important when estimating added resistance. Furthermore, the relative wave el-
evation is affected by nonlinearity due to bow-wave breaking. The significant nonlin-
earity of the relative wave elevation causes errors in the added resistance estimation.
The rational estimation of the relative wave elevation considering the nonlinearity
is directly related to the reliability of the added resistance estimation.

This chapter compares the added resistance of fast ships calculated by the linear
potential method to the experimental measurements. Then, this chapter investigates
the computational error that can be accounted for by the nonlinearity of bow-wave
breaking. Based on this investigation, a correction method to improve the accuracy
of the calculation is proposed. The method for improving the accuracy of the cal-
culation is investigated by applying the nonlinearity assessed in Chapter 4 to the
numerical calculation results. The aim of Chapter 5 is to provide a solution to the
problem of overestimating the added resistance of a fast ship while maintaining the
advantages of the linear potential method. This solution provides a method to im-
prove the accuracy of the contribution of the relative wave elevation calculated with
the linear potential method.

Section 5.2 describes the unsteady linear potential method calculation and re-
sults for FDS-5, which is used as the hullform in Chapter 4. Section 5.3 shows an
analysis of the calculated contributions to the added resistance, including the contri-
bution of the relative wave elevation. Section 5.4 proposes a correction method for
the calculation based on the experimental results and shows the results of applying
it to the computation of the fast ship. The correction method is also applied to other
fast ships of a similar hullform in Section 5.5. The conclusions of this chapter are
presented in Section 5.6.
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5.2. Linear potential method calculation

Numerical calculations for added resistance were performed using the linear poten-
tial method calculation (LPMC) developed by Bunnik [44]. The calculation estimates
the motion responses and added resistance of a ship based on the linear potential
theory in the frequency domain. The special feature of LPMC is that the nonlinear
steady flow is a basis for linearization. The application of the nonlinear steady flow
allows nonlinear effects to be considered in the amplitude of the unsteady wave
caused by the incident wave [43]. The nonlinear effect of the steady flow caused by
the ship’s speed is taken into account in the unsteady calculation.

LPMC solves the problem with the boundary element method, which consists of
the Laplace equation and linearized boundary conditions. The unknowns of panels
distributed on the submerged hull and the free surface are calculated by applying
the Rankine panel method. Oscillating unsteady flows (incidence, diffraction, and
radiation) and ship motions are linearized with respect to the nonlinear steady flow,
which is obtained by the nonlinear potential method code. LPMC considers the dis-
persion of the reflected waves by the ship and the interference with the relative wave
elevation. In particular, the LPMC used in this chapter linearizes with respect to the
actual hull immersion for the steady flow estimated using the nonlinear potential
flow code, instead of a calm surface with zero speed.

LPMC provides information on the flow around the hull, the ship’s motion re-
sponse, and the added resistance in regular waves. The motion response is calcu-
lated by applying the steady pressure gradients from the nonlinear steady flow to
the wave-induced load distribution [45]. The relative wave elevation takes into ac-
count the diffraction of the radiated and reflected waves for each of the six motion
responses of the ship, in addition to the vertical motion of the ship relative to the
undisturbed incident wave. The relative wave elevation of the ship is estimated to
be more realistic considering the effect of the nonlinear steady flow due to the speed
of the ship.

LPMC is a useful tool for calculating the sea-keeping performance of a forward-
advancing ship, but it has limitations. LPMC cannot consider common nonlinear
phenomena such as the breaking of the bow wave. The viscosity effect is ignored in
the calculation, although a custom viscous damping is used.

LPMC calculates the wave added resistance by integrating the secondary pressure
on the hull. The integration formula determines the added resistance as the sum of
the contributions. The interconnections between these contributions make it difficult
to treat added resistance problems. In LPMC, added resistance can be offered in
the following five contributions in Equation 5.1: velocity squared (I), products of
angular motion and pressure gradient (II), products of linear motion and pressure
gradient (III), products of angular motions and inertia force (IV ), and waterline
contribution of relative wave elevation (V ). In particular, the waterline contribution
(Contribution V ) is obtained by applying the vertical pressure gradient of steady
flow obtained from the nonlinear potential method calculation.
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5.2.1. Model ship and calculation settings

Nonlinear steady calculations were performed for the linearization of the unsteady
LPMC. The computation is performed for FDS-5, which is the parent model of the
series test in Chapter 3 and the model used in the experimental measurement in
Chapter 4. The hullform of FDS-5 has a fine bow, as shown in Figure 3.2 (b).

The full-scale length of the hull used in the calculation is 100 m. The hull consists
of 1100 panels for calculation. The free-surface mesh and domain size are chosen
according to the speed of the ship. The domain sizes of the free surface are listed in
Table 5.1. The free surface consists of approximately 6000 to 11000 panels, depend-
ing on the speed. The size of the domain increases as the speed increases.

Table 5.1: Domain of the free-surface mesh for FDS-5 as length between perpendiculars (Lpp)

Froude number Forward of the bow Backward of the stern Half-width
0.285 0.5 Lpp 1.0 Lpp 0.8 Lpp
0.430 0.5 Lpp 2.0 Lpp 1.1 Lpp
0.570 0.5 Lpp 3.0 Lpp 1.3 Lpp

Figure 5.1 shows the hull and free-surface panels used in LPMCs. The number of
panels per wavelength was intended to be maintained at 15. The calculations were
executed using four 2 GHz Intel Core i7 processors operating in parallel. The typical
calculation time is less than 5 min for one frequency of incident waves.

5.2.2. Calculation results for FDS-5

The calculations were performed at speeds of Fn = 0.285, 0.430, and 0.570. The
range of the wavelength ratio (λ/L) for each Fn is from 0.5 to 3.0. The calculated
motion response and added resistance are shown in Figures 5.2 ~5.7 as functions
of λ/L. The calculated motion responses at Fn = 0.285 are similar to the exper-
imentally measured data. Although the heave in the intermediate waves range is
underpredicted as the speed increases, the overall trend is similar to that obtained
through the experiment.
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(a) Fn = 0.285

(b) Fn = 0.430

(c) Fn = 0.570

Figure 5.1: Hull and free-surface panels for FDS-5
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Figure 5.2: Motion responses of heave and pitch of FDS-5 at Fn = 0.285
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Figure 5.3: The contributions of added resistance in waves of FDS-5 at Fn = 0.285
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Figure 5.4: Motion responses of heave and pitch of FDS-5 at Fn = 0.430
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Figure 5.5: The contributions of added resistance in waves of FDS-5 at Fn = 0.430
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Figure 5.6: Motion responses of heave and pitch of FDS-5 at Fn = 0.570
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Figure 5.7: The contributions of added resistance in waves of FDS-5 at Fn = 0.570
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The added resistance is shown by the QTF (Caw) in Figures 5.3, 5.5, and 5.7 as a
function of λ/L. The figures show the total added resistance, the five contributions to
added resistance, and measured values. Each contribution is shown by combinations
of symbols and lines. The solid line shows the calculated total added resistance, and
circles indicate the measured added resistance. The total added resistance is the
sum of the five contributions. The most significant contribution in this calculation is
the waterline contribution (Contribution V; in Equation 5.1) expressed as a squared
relative wave elevation.

The calculated Caw at Fn = 0.285 is in good agreement with the experimental
measurements. However, as the speed increases, the Caw in the intermediate-wave
region becomes larger than that obtained from the experimental measurement. Al-
though the motion response of the calculation is underestimated compared to that
obtained from the experiment in Figures 5.4 and 5.6, the added resistance is over-
estimated in Figure 5.5 and 5.7. Contributions II, III and IV including the motion
component are much smaller than Contribution V of the relative wave elevation.
The cause of the overestimation of the added resistance is analyzed in the next sec-
tion in terms of the nonlinear relationship between the pressure and the relative
wave elevation.

5.3. Causes of overestimation of added resistance

The calculation results for three wavelengths are analyzed: short waves (λ/L= 0.5),
intermediate waves (λ/L = 1.1), and long waves (λ/L = 2.0). These wavelengths
are consistent with the conditions used in Chapter 4, which analyzed the relationship
between the hull-surface pressure and the relative wave elevation.

5.3.1. Contributions to added resistance

Figure 5.8~5.10 show the distribution of five components of the added resistance
against longitudinal direction of the ship for three speeds and three wavelengths.
Each contribution is obtained from Equation 5.1. In the figures, each contribution is
expressed as a percentage of the total added resistance.

Each contribution to the added resistance mainly acts at the forward position of
the ship at all speeds and wavelengths. In the short-wave condition (λ/L = 0.5) of
Figure 5.8, the waterline contribution (Contribution V) is the largest at 8.0%, 6.4%,
and 5.7% for Fn = 0.285, 0.430, and 0.570, respectively.

Pressure suction by velocity (Contribution I) is approximately 2%. In the inter-
mediate wave condition (λ/L = 1.1) of Figure 5.9, the maximum of Contribution V
is at station 19, with percentages of 11.5%, 9.0%, and 7.2% for Fn = 0.285, 0.430,
and 0.570, respectively. Other contributions are approximately 1%. In the long-wave
condition (λ/L = 2.0) of Figure 5.10, the maximum values of Contribution V are
13.0%, 8.5%, and 6.4% for Fn = 0.285, 0.430, and 0.570 respectively.

In long waves, contributions other than Contribution V have values in the range
of 3%~5%. Contribution III is maximum at Fn = 0.570, but it appears only in a
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Figure 5.8: Distributions of five components of added resistance against longitudinal position of the ship
in short waves (λ/L = 0.5)
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Figure 5.9: Distributions of five components of added resistance against longitudinal position of the ship
in intermediate waves (λ/L = 1.1)
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Figure 5.10: Distributions of five components of added resistance against longitudinal position of the ship
in long waves (λ/L = 2.0)
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narrow region at the stem. Moreover, the total added resistance for long waves is
smaller than that for other wavelengths.

Contribution III reflects the influence of linear motion response and pressure
gradient distribution. Pressure gradient distribution is likly to be affected by the
nonlinear bow-wave breaking. However, the influence of this component on added
resistance is not particularly large and narrowly concentrated on the stem part, ex-
cept for the long-wave condition (λ/L = 2.0). Therefore, Contribution III does not
have a decisive effect.

Thus, it can be concluded that the influence of the waterline contribution is the
largest at all speeds and wavelengths. Contribution V shows the highest percentage
on the bow, which implies that the influence of the bow wave is greatest in the
calculated fast ship. The fast ship allows analysis to focus on the effects of relative
wave elevation, among all contributions, on the added resistance. Furthermore, the
effective influence region of Contribution V , which is concentrated on the bow part,
widens as the speed increases. The representative boundaries for intermediate draft
are formed in front of station 16 at Fn= 0.285, in front of station 15 at Fn= 0.470,
and in front of station 14 at Fn = 0.570.

The waterline contribution (Contribution V ) in Equation 5.1 includes the square
of the relative wave elevation. The next section investigates the cause of the overes-
timation of the added resistance in the waterline contribution.

5.3.2. Analysis of relative wave elevation

Figures 5.11~5.13 show the total relative wave elevation and the undisturbed rel-
ative wave elevation calculated for three speeds and three wavelengths. The total
relative wave elevation includes the contributions of diffraction of the reflected and
radiated components for each of the six motion responses minus the vertical dis-
placement due to heave, roll and pitch. The undisturbed component excludes the
radiation and diffraction components from the total relative wave elevation. Each
relative wave elevation is numerically calculated using Equations 5.2 and 5.3, and
denoted by the subscripts ‘total’ and ‘undisturbed.’

ζrel_total = ζinc + ζrad + ζdiff − (αheave − θpitch · (x− xg) + θroll · (y − yg)) (5.2)

ζrel_undisturbed(x) = ζinc(x)− (αheave − θpitch · (x− xg) + θroll · (y − yg)) (5.3)

where ζrel is the relative wave elevation, ζinc is the incident wave elevation, ζrad is
the radiated wave elevation, ζdiff is the diffracted wave elevation, αheave is the ver-
tical motion displacement by heave, θpitch is the pitch angle, θroll is the roll angle,xg
is the longitudinal center of gravity, and yg is the horizontal center of gravity.

In the case of a symmetrical ship in head waves, the contribution due to roll
motion is absent.



5

96 5. Numerical implementation of bow-wave breaking effects

Station No.

0 2 4 6 8 10 12 14 16 18 20

R
e
la

ti
v
e
 w

a
v
e
 e

le
v
a
ti

o
n
 [

m
/m

]

0

1

2

3

4

5

Total

Undisturbed

(a) Short waves (λ/L = 0.5)

Station No.

0 2 4 6 8 10 12 14 16 18 20

R
e
la

ti
v
e
 w

a
v
e
 e

le
v
a
ti

o
n
 [

m
/m

]

0

1

2

3

4

5

(b) Intermediate waves (λ/L = 1.1)
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Figure 5.11: Total and undisturbed relative wave elevation of FDS-5 at Fn = 0.285
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(b) Intermediate waves (λ/L = 1.1)
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Figure 5.12: Total and undisturbed relative wave elevation of FDS-5 at Fn = 0.430
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(b) Intermediate waves (λ/L = 1.1)
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Figure 5.13: Total and undisturbed relative wave elevation of FDS-5 at Fn = 0.570
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The motion response affects the relative wave elevation. At all values of Fn,
the relative wave elevation at the front part of the ship for intermediate waves is
significantly higher than that for short or long waves. In particular, the total relative
wave elevation for intermediate waves at Fn = 0.570 maintains a significant value
of 4 m/m over a wide region from station 15 to the stem in Figure 5.13 (b). In this
region, there is a large difference between the undisturbed and the total relative
wave elevation. On the other hand, this difference is small at all speeds for short
and long waves.

It is noted that a large difference between the total and undisturbed relative
wave elevation occurs for intermediate waves at Fn = 0.570. Under this condition,
the analysis of the P-R diagram in Figure 4.15 (c) reveals a significant shape bulge
in which the pressure decreases during the increase of the wave height. In this con-
dition, the bow-wave breaking is clearly observed in Figure 4.5 (c).

The bow-wave breaking of the fast ship is indicated by the detachment of the
bow wave, which weakens the effects of reflected and radiated waves from the ship
on the relative wave elevation. The detachment of the bow wave leads to the loss of
reflected and radiated waves without being accumulated on the incident wave. Con-
sequently, if a significant plunging breaking of the bow wave occurs, the difference
between the total and undisturbed relative wave elevation should be small because
the reflected and radiated diffraction due to the motion response is weak.

However, the calculated result of Fn = 0.570 in intermediate waves in Figure
5.13 (b) shows that the total relative wave elevation is much higher than the undis-
turbed relative wave elevation. This difference constitutes evidence that the nonlin-
ear phenomena due to breaking are not reflected in LPMCs.

Therefore, the linear potential method can overestimate the contribution of re-
flected and radiated waves from the fast ship. If this nonlinear phenomenon can
be reflected in the determination of the relative wave elevation, the problem of
overestimating the added resistance in the calculation can be solved. When calcu-
lating the waterline contribution, the excessive contribution of the reflected and
radiated diffraction due to the motion response can be eliminated by applying the
undisturbed relative wave elevation at the region where the bow-wave breaking is
assessed.

5.4. Solution of correction model

This section proposes a method to enhance the accuracy of the waterline contribu-
tion by solving the overestimation of the relative wave elevation in the linear poten-
tial method. The method is proposed to obtain the waterline contribution using the
undisturbed relative wave elevation in a partial region where the detachment of the
bow wave is evident through the video observation and the nonlinearity assessment
introduced in Chapter 4.

The overestimation of the added resistance is solved by applying the phenomenon
that the reflected and radiated component is weakened by the bow-wave breaking
in the decision of relative wave elevation. The undisturbed relative wave elevation
is applied in the decision of the relative wave elevation at the region where the de-



5

100 5. Numerical implementation of bow-wave breaking effects

tachment of bow wave and the bulge shape of the P-R diagram (Figure 4.13) are
detected. A method to apply this corrected relative wave elevation to the waterline
contribution in the added resistance calculation is proposed.

Correction model for FDS-5 at Fn = 0.570
The correction model is provided for Fn = 0.570, and intermediate waves (λ/L =
1.1), for which the added resistance is significant and plunging breaking is observed.
Under this condition, the plunging breaking of the bow wave is assessed by the
pressure and relative wave elevation diagram up to station 16 in Figure 4.15 (c).
The data were measured in front of station 16. Moreover, a strong detachment of
the bow-wave is observed up to station 15 in the video observation shown in Figure
4.5 (c). Taking these results into consideration, the influence region of the plunging
breaking is determined to range from the ship’s stem to station 15.

Based on this decision, the relative wave elevation is corrected. The calculated to-
tal relative wave elevation is corrected to the undisturbed one at the front of station
15. The corrected relative wave elevation is used to recalculate the waterline contri-
bution of the added resistance. The discrete range of the relative wave elevation is
connected smoothly by a simple method. This method is numerically implemented
as a smooth transition function (s) using the hyperbolic tangent of Equation 5.4.

s(x) = 0.5 + 0.5 tanh ((x− a)/b) (5.4)

where x is the longitudinal position, a is the intersection position, and b is the relax-
ation parameter.

The intersection point specifies the boundary at which the breaking occurs, and
the relaxation parameter smoothly connects the transition of the boundary. In this
chapter, the relaxation (b) is designated as ‘1.’ The relaxation value is not determined
theoretically or numerically. The relaxation value can be empirically determined to
have a value between 0.5 and 1.5 for smooth coupling of the relative wave elevation.
However, a difference in this value does not cause a large difference in the added
resistance.

Figure 5.14 shows the smooth transition formed in the longitudinal direction of
the ship. In this calculation for Fn = 0.570, a = 15 and b = 1 are used in Equation
5.4. The smooth transfer function divides the contribution of relative wave elevation
at station 15, determined as the boundary of the plunging breaking. The smooth
transfer function determines the corrected relative wave elevation numerically by
using Equation 5.5.

ζrel_corrected = s× ζrel_total + (1− s)× ζrel_undisturbed (5.5)

where ζrel is the relative wave elevation, the subscript ‘corrected’ means the cor-
rected result with Equation 5.5, and the subscripts ‘total’ and ‘undisturbed’ means
the component of the relative wave elevation defined at the beginning of the Section
5.3.2.

Consequently, the corrected relative wave elevation is smoothly connected with
the undisturbed and total relative wave elevation. The corrected relative wave ele-
vation with a smooth transition is shown in Figure 5.15 with a red line.
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Figure 5.14: The smooth transition function with the hyperbolic tangent at Fn = 0.570 (a = 15 and b =
1 is used in Equation 5.4)
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Figure 5.15: Comparison of total, undisturbed, and corrected relative wave elevation of FDS-5 of inter-
mediate waves (λ/L = 1.1) at Fn = 0.570
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Figure 5.16: Corrected added resistance of FDS-5 at Fn = 0.570
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Figure 5.17: The smooth transition function with hyperbolic tangent at Fn = 0.430 (a = 17 and b = 1
is used in Equation 5.4)
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Figure 5.18: Comparison of total, undisturbed, and corrected relative wave elevation of FDS-5 of inter-
mediate waves (λ/L = 1.1) at Fn = 0.430
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Figure 5.19: Corrected added resistance of FDS-5 at Fn = 0.430
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Figure 5.16 shows the recalculated waterline contribution and the added resis-
tance based on the corrected relative wave elevation. The corrected Contribution V
and the corrected added resistance are shown by a red dashed line and solid line,
respectively. The corrected added resistance agrees well with measured results in
the intermediate-wave region. Thus, the overestimation of the added resistance in
the resonant region of motion response has been effectively resolved.

Correction model for FDS-5 at Fn = 0.430
The previous correction method also applies to the results at Fn = 0.430. However,
the intersection position of the smooth transition function is adjusted based on the
experimental observation. It is inferred from the photograph in Figure 4.5 (b) and
P-R diagram in Figure 4.15 (b) that the bow wave is broken at the front of station
17. The intersection position is determined as station 17 at Fn = 0.430. In this
calculation, a = 17 and b = 1 are used in Equation 5.4.

Figure 5.17 shows the smooth transition function with station 17 as the inter-
section position. Figure 5.18 shows the corrected relative wave elevation obtained
from Equation 5.5 with a smooth transition by a red solid line. The corrected Con-
tribution V and the added resistance based on the corrected relative wave elevation
are shown in Figure 5.19. The corrected Contribution V and the corrected added
resistance are shown by a red dashed line and solid line, respectively. The corrected
added resistance in the intermediate-wave region is also in good agreement with the
experimental results.

The correction method of the added resistance is applied to the calculation of
other ships with a hullform similar to that of FDS-5 in Section 5.5.
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5.5. Validation of the correction model

5.5.1. Calculation and correction for FDS-11

In order to ensure that the correction method presented in the previous section also
applies to other ships with a similar hullform, the same method is applied to FDS-11
with a different CB = 0.35. The bodyplan and parameters used for the calculation
are shown in Figure 3.2 (a) and listed in Table 3.1, respectively. FDS-11 has not
been experimentally measured for hull pressures and relative wave elevations but
the added resistance was measured in [106]. The added resistance calculated using
LPMC has a problem in that it is overestimated compared with the experimental
value in the intermediate-wave region at Fn = 0.570.

The calculation was performed for a full scale with Lpp of 100 m. Hull consists
of 1000 panels. The domain of the free surface is made by 0.5 Lpp forward of the
bow, 2.5 Lpp backward of the stern, and a half-width of 1.32 Lpp in the transverse
direction for the calculation at Fn = 0.570. There are 8020 panels on the free
surface. The panels of the hull and free surface used in the calculations are shown
in Figure 5.20.

Figure 5.21 shows the calculated motion response along with the experimen-
tal results. The calculated added resistance of FDS-11 overestimated the measured
value, especially in the intermediate-wave region. The intersection position of the
smooth transition function in the correction is designated as station 15 at Fn =
0.570 for FDS-5. In this calculation, a = 15 and b = 1 are used in Equation 5.4. The
corrected relative wave elevation with the smooth transition is shown by a red solid
line in Figure 5.22. Figure 5.23 shows the corrected contribution 5 and the corrected
added resistance by a red dashed line and solid line, respectively. The calculation re-
sults obtained for FDS-11 using the same correction method as for FDS-5 are very
similar to the experimental data. Thus, the problem of overestimating added resis-
tance is resolved.

Figure 5.20: Hull and free-surface panels of FDS-11 for Fn = 0.570
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Figure 5.21: Motion responses of heave and pitch of FDS-11 at Fn = 0.570
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Figure 5.22: Comparison of total, undisturbed, and corrected relative wave elevation of FDS-11 of inter-
mediate waves (λ/L = 1.1) at Fn = 0.570 (a = 15 and b = 1 is used in Equation 5.4)
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Figure 5.23: Corrected added resistance of FDS-11 at Fn = 0.570
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5.5.2. Calculation and correction for FDS-20

The correction method is applied to FDS-20, which has the same bodyplan and CB

as FDS-11. However, FDS-20 has a smaller waterline entrance angle owing to the
larger L/B. The hullform and parameters are shown in Figure 3.2 (a) and listed in
Table 3.1, respectively.

The calculation is performed for a full scale with Lpp of 100 m. The hull consists
of 1100 panels. The domain of the free surface is made by 0.5 Lpp forward of the
bow, 2.5 Lpp backward of the stern, and a half-width of 1.32 Lpp in the transverse
direction for the calculation at Fn = 0.570. There are 8120 panels on the free
surface. The panels of the hull and free surface used in the calculations are shown
in Figure 5.24.

The calculated motion responses are shown in Figure 5.25 along with the mea-
sured data. As in the previous calculations, the added resistance is overestimated
compared to the measured data in the intermediate-wave region. Station 15 at Fn
= 0.570, which is the same as that for FDS-5 and FDS-11, is applied as the intersec-
tion position of smooth transition functions in the correction. In this calculation, a
= 15 and b = 1 are used in Equation 5.4.

The corrected relative wave elevation with the smooth transition is shown by a
red line in Figure 5.26. The difference between the total and undisturbed relative
wave elevation in FDS-20 is not significant, indicating that the waterline entrance
angle of FDS-20 is so small that the effect of reflection and radiation of the hull
is small. Figure 5.27 shows the calculated waterline contribution for the corrected
relative wave elevation and the corrected added resistance with a red dashed line
and solid line, respectively. The results for FDS-20’s added resistance is corrected
by the same method as that applied for FDS-5 and FDS-11. The corrected added
resistance for FDS-20 is also similar to the measured data in the intermediate-wave
region.

Figure 5.24: Hull and free-surface panels of FDS-20 for Fn = 0.570
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Figure 5.25: Motion responses of heave and pitch of FDS-20 at Fn = 0.570
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Figure 5.26: Comparison of total, undisturbed, and corrected relative wave elevation of FDS-20 of inter-
mediate waves (λ/L = 1.0) at Fn = 0.570 (a = 15 and b = 1 is used in Equation 5.4)
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Figure 5.27: Corrected added resistance of FDS-20 at Fn = 0.570
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5.6. Conclusions

This chapter proposed a correction method to solve the overestimation of the wave
added resistance of a fast ship in the linear potential method calculation. The solu-
tion accounts for the nonlinearity of plunging braking, which is the detachment of
the bow wave.

The correction method adjusts the relative wave elevation calculated by the lin-
ear potential method to the undisturbed relative wave elevation ahead of the po-
sition where the plunging breaking occurs. This method is based on the fact that
detaching the bow wave weakens the influence of the reflected and radiated waves
on the relative wave elevation. The region where the bow wave breaks was deter-
mined based on an experimental analysis.

A solution was developed for a fast ship in intermediate waves, for which the
influence of the bow wave is greatest. The corrected relative wave elevation was
used to recalculate the waterline contribution to the added resistance. The corrected
added resistance solves the problem of overestimation of the added resistance in the
intermediate-wave region of the fast ship by the linear potential method calculation.
The longitudinal position where the plunging breaking occurs depends on the speed
of the ship.

However, the calculation results underestimated the added resistance of short
waves. For short waves, additional nonlinear effects such as the viscosity and stern
shape, as reported by Liu et al. [111], should also be considered.

The linear potential method can be a useful tool to quickly determine the ten-
dency of added resistance due to parameter changes at the hullform development
stage. However, numerical calculations based on the linear theory can overestimate
the added resistance by overestimating the waterline contribution. In particular, the
calculation of ships with plunging breaking requires careful attention to determine
whether the waterline contribution is overestimated. The accuracy of the calcula-
tion can be improved by considering the nonlinear phenomena in the calculation
according to the characteristics of the bow wave.



6
CONCLUSIONS

This chapter presents the major research findings in Section 6.1 and recommenda-
tions for future research in Section 6.2. The research findings and recommendations
presented in this chapter answer the following main question.

How can the reliability of added resistance estimation be improved?

6.1. Contribution of the thesis

This thesis presented a method to improve the reliability of added resistance esti-
mation by identifying the nonlinearity caused by the plunging breaking of the bow
wave on a fast ship. The method was motivated by the limitations of numerical anal-
ysis of the linear potential theory, which has the advantage of rapid computation but
cannot adequately evaluate nonlinearity due to the breaking of the bow wave.

A method considering bow-wave breaking in the evaluation of added resistance
was proposed by investigating the relationship between the pressure and relative
wave elevation. The influence of bow-wave breaking on the added resistance was
investigated by integration of the secondary pressure. This thesis proposed a correc-
tion method that takes into account the nonlinear effect of the bow wave into the
linear potential method calculation of the added resistance.

The stability type of breaking is divided into plunging and spilling. Plunging is a
type of breaking that appears as an overturning detachment on the crest of the bow
wave. Spilling is a type of turbulent form that disturbs the adjacent flow field.
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This thesis makes three important contributions to the analysis of the effects of
bow-wave breaking on wave added resistance. First, a hypothesis was suggested that
the added resistance depends on the stability type of bow-wave breaking, and the
feasibility of the hypothesis was confirmed by analyzing the results of model tests.
The hypothesis was presented by estimating the effect of increasing or decreasing
the added resistance depending on the stability type of the bow wave. In particular,
because the type of breaking depends on the speed of the ship, the speed was set
as an independent variable to test the hypothesis. A transfer function of the added
resistance including the speed of the ship was presented and set as a dependent
variable. Then, the hypothesis was verified by analyzing the change in added re-
sistance with a series of nine fast ships with different waterline entrance angles at
several high speeds. In this feasibility test, it was verified that the added resistance
evaluation based on the ship’s speed is appropriate.

There is a transient region where sudden resistance changes occur. It was deter-
mined that there exists a boundary where the influence of the bow-wave breaking
changes. The shift of the dominant influence of the bow wave induces a sudden
change in the resistance. This was confirmed in the response of the added resistance
through the proposed QTF including the squared ship speed. The transient region
corresponds to the peak of the residual resistance coefficient in calm water as well.
As the speed changes, the trend of the residual resistance coefficient and the added
resistance changes at a specific speed region.

The second contribution is unique techniques for intuitively assessing the non-
linear relationship between the hull pressure and the relative wave elevation, which
significantly influences the added resistance. The nonlinearity of the plunging break-
ing was experimentally investigated for a fast ship with a simple bow shape. The
relative elevation of the bow wave and the pressure on the hull were measured. The
model test results of the fast ship were analyzed using proposed templates. Theo-
retically, when the bow wave breaks, nonlinearity occurs and Bernoulli’s equation is
invalid.

The sequence history of pressure, which was proposed in Chapter 4, represents
the dynamics of the bow wave into a simple graph. The history of the pressure sig-
nal can be intuitively analyzed by placing them according to the measured vertical
position. In addition, the P-R diagram, which was also proposed in Chapter 4, cor-
relates the time-series data of the pressure and the relative wave elevation into a
closed graph without the time term. The nonlinearity between the pressure and the
relative wave elevation is determined by a bulge shape of the closed graph.

Through the analysis using these techniques, the overturning detachment of the
bow wave was confirmed to induce a pressure drop during the relative increase of
the bow-wave height. The process of plunging breaking of the bow wave can be
divided into three stages: the bow-wave development stage, pile-up and breaking
stage, and bow-wave absent stage. The latter two stages are associated with the
nonlinearity of the bow wave. The nonlinearity between the pressure and the rela-
tive wave elevation is closely related to the speed of the ship. It was also concluded
that the plunging breaking of the bow wave results in lower wave added resistance
compared to that predicted by the linear theory owing to the drop in pressure while
the relative wave elevation is increasing, which is caused by the detachment of the
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bow wave.
The third contribution is a method to improve the accuracy of the added resis-

tance estimation by applying the results of the experimental analysis of nonlinear
phenomena to the linear potential theory method. A correction model for the wa-
terline contribution of the added resistance was proposed to overcome the short-
comings of the linear potential theory method and to improve the accuracy of the
numerical calculation. The correction method adjusts the relative wave elevation of
the region where the plunging breaking occurs to the undisturbed wave height cal-
culated by the linear potential theory method. The corrected relative wave elevation
is used to recalculate the waterline contribution of the added resistance. The regions
where the bow wave breaks were determined based on the experimental analysis.
The longitudinal position where the plunging breaking occurs depends on the speed
of the ship. This method is based on the interpretation that the detachment of the
bow wave decreases the influence of the relative wave elevation on the hull pressure.

The effectiveness of this solution was confirmed in intermediate waves for ships
advancing at high-speed (Fn = 0.570), which are affected by the plunging breaking
of the bow wave. The corrected added resistance solves the problem of the linear
potential method calculation, which overestimates the added resistance. It was con-
firmed that the accuracy of the added resistance calculation by the linear potential
theory method can be improved by considering the speed-dependent nonlinearity of
the bow wave.

However, the results of this thesis are not applicable to all types of bow waves,
because only fast ships at relatively high speeds were investigated. Therefore, further
research is needed on the effect of spilling breaking, which occurs for blunt-bow
ships at relatively slow speeds. In addition, it can be applied to numerical analysis
if it is complemented with studies to quantify the nonlinearity of bow wave which
changes with hullform change. If the understanding of the nonlinearity between
hull and bow waves can be taken into account in the numerical analysis method, the
reliability of the added resistance estimation can be improved.

The linear potential theory method can be a useful tool to quickly determine the
trend of added resistance due to parameter changes in the initial hullform devel-
opment stage. However, numerical calculations based on the linear potential theory
can overestimate the added resistance, especially in intermediate waves, for which
the motion response of the ship is significant. It is necessary to pay close attention
to whether the waterline contribution is overestimated. It is possible to increase
the accuracy by integrating into the calculation a limitation function based on the
nonlinear phenomenon according to the characteristics of the bow wave.

Recent regulations for ship operation require that the added resistance be accu-
rately evaluated. Therefore, it is necessary to improve and integrate hydrodynamic
simulation tools. However, the various numerical solutions and multiple operating
conditions of the ship make it difficult to determine a synthesized solution. The ac-
curate estimation of the wave added resistance is a key step towards implementing
regulations related to ships’ energy efficiency. Previously, the added resistance could
be estimated by focusing on the motion response of ships, which makes the greatest
contribution. However, changes in hullform (such as increasing ship length) and di-
verse operating conditions for implementing regulations cannot be explained by the
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ship’s motion response alone. The influence of hull-reflected waves, especially the
bow-wave breaking, is a typical problem that was rarely considered in the context
of added resistance in the past.

Model tests provide reliable benchmark data for the added resistance. Reliable
benchmark data help in understanding physical phenomena and verifying the ac-
curacy of numerical calculations. However, the main problem of the model test is
that there are limitations to changing the modeling conditions during the testing.
Furthermore, the measurement of the added resistance requires caution because
the amplitude of the measured value is large, while the average value is small. CFD
calculations (e.g., RANS solution) also help in understanding complex breaking phe-
nomena, but they are limited to specific problems. It takes much effort to prepare
the calculations, and CFD still has a long calculation time.

The linear potential theory method is attractive because of the cost-effective so-
lution. The effect of viscosity is neglected because it does not contribute much to the
motion response of the ship or the effect of reflected waves under conditions where
linearity is maintained. Thus, when the breaking of the reflected wave by the hull is
a dominant effect, the added resistance cannot be accurately calculated by the linear
potential theory method. The nonlinear relationship between the hull and the bow
wave must be taken into account in a manner different to the linear potential theory
method. Therefore, through the development of a method to account for the nonlin-
earity between the hull pressure and bow wave in the added resistance evaluation,
the linear potential theory method can still be used.

The understanding of nonlinear phenomena is important for problems that are
difficult to explain with the linear potential theory of added resistance. The most
significant problem is the distinctive recognition of nonlinear phenomena and the
application of appropriate solutions. Similar solutions can be applied to vessels with
similar nonlinear phenomena.

The incorporation of experimentally verified nonlinear characteristics into nu-
merical calculations, as demonstrated in the present study, is a practical solution.
This approach can be a realistic solution based on the physical properties. Tech-
niques describing nonlinear phenomena that cannot be described by the linear the-
ory are still needed. In particular, to understand the nonlinearity of the added resis-
tance due to the breaking of the bow wave, the analysis must carefully consider the
change in added resistance depending on the speed of the ship.

6.2. Recommendations for future work

In order to enhance the accuracy of evaluation of the added resistance further, it is
necessary to develop a solution based on the understanding of nonlinear phenom-
ena. Directions for future research are suggested as follows.

The practical application of this thesis is the improvement of the prediction
method of added resistance. The phenomenon of bow-wave breaking is instanta-
neous and complex. It is recommended to consider at least the bow-wave breaking
when the ship has extreme motion responses or high speeds. A small waterline en-
trance angle of the ship may cause plunging breaking due to the detachment of the
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bow wave. Changes in the ship’s speed or an increase in the dynamic waterline en-
trance angle by the motion response can induce plunging breaking phenomena in
combination with spilling breaking. A correlation function based on observations of
phenomena or a reliable analysis can be applied for the numerical calculation of
such complex phenomena.

Complex solutions that consider complex phenomena simultaneously have lim-
ited application. Physics-based correlation practically reduces the error of numerical
calculation. The most influential element should be isolated, and a suitable solution
should be developed for each phenomenon. Turbulence spilling breaking of bow
waves is a common phenomenon, and future research is needed to correlate it with
the added resistance. A better understanding and explanation of these effects can
improve the accuracy of added resistance calculations.

The current research can be elaborated through a comparison of further exper-
iments and numerical studies. The results presented in this thesis are applied to
the linear potential theory method by simplifying the nonlinearities of the breaking
phenomena observed through the experiments. From the perspective of nonlinear
phenomena, a better insight into the intersection between experimental limits and
numerical calculations is needed. Research to quantify this intersection is also nec-
essary.

Research needs a specific definition of the nonlinearity. The term nonlinearity
covers a broad range of factors, making it difficult to establish an integrated inter-
pretation for the added resistance. This thesis investigated the nonlinearity of the
relationship between the hull pressure and the relative wave elevation, which di-
rectly affects the added resistance. Changes in linear relationships due to the ship’s
speed were also investigated.

Velocity conditions and dynamic squats are essential to be considered for the
evaluation of the added resistance of a ship. The nonlinear effects of the bow wave
depend on the speed in the added resistance evaluation of a given ship. Further
research for tracking the shifts of a nonlinear phenomenon by speed change in actual
operation is also required.

Further research to understand the nonlinear phenomena physically through the
observation of a specific subject should be continued. Although the phenomena vary
for different conditions of ships, phenomena that have similar physical characteris-
tics must be explored continuously. The solution of the added resistance evaluation
should be based on an understanding of the specific phenomena. Understanding the
physical phenomena allows for a better estimation of the added resistance.

For blunt-bow ships, additional nonlinear effects such as viscosity must be con-
sidered simultaneously because the hull reflections that cause the rise of the bow
wave in front of the hull and the resulting turbulence of spilling breaking also af-
fects the wake field of the bow wave around the hull. This problem is still difficult to
explain using numerical solutions. Careful research is needed because scale effects
can influence this phenomenon.
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A
THE SEQUENCE HISTORY OF

PRESSURE

In the analysis of Chapter 4, the sequence histories of the pressure of station 18
are compared in Figures 4.7, 4.8 and 4.9. Appendix A shows additional sequence
histories for the five stations (16, 17, 18, 18,75 and 19.5) of the experimental data
used in the analysis in Chapter 4.

The list of the additional figures is shown in Table 1.

Table A.1: List of figures in Appendix A

No. Type Fn λ/L ζa [m]
Figure A.1 The sequence history of pressure 0.285 0.5 1.0
Figure A.2 The sequence history of pressure 0.430 0.5 1.0
Figure A.3 The sequence history of pressure 0.570 0.5 1.0
Figure A.4 The sequence history of pressure 0.285 1.1 1.0
Figure A.5 The sequence history of pressure 0.430 1.1 1.0
Figure A.6 The sequence history of pressure 0.570 1.1 1.0
Figure A.7 The sequence history of pressure 0.285 2.0 1.0
Figure A.8 The sequence history of pressure 0.430 2.0 1.0
Figure A.9 The sequence history of pressure 0.570 2.0 1.0
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Figure A.1: The sequence history of pressure of the bow wave in short waves (λ/L = 0.5) at Fn = 0.285
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Figure A.2: The sequence history of pressure of the bow wave in short waves (λ/L = 0.5) at Fn = 0.430
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Figure A.3: The sequence history of pressure of the bow wave in short waves (λ/L = 0.5) at Fn = 0.570
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Figure A.4: The sequence history of pressure of the bow wave in intermediate waves (λ/L = 1.1) at Fn
= 0.285
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Figure A.5: The sequence history of pressure of the bow wave in intermediate waves (λ/L = 1.1) at Fn
= 0.430
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Figure A.6: The sequence history of pressure of the bow wave in intermediate waves (λ/L = 1.1) at Fn
= 0.570



A

124 A. The sequence history of pressure

Figure A.7: The sequence history of pressure of the bow wave in long waves (λ/L = 2.0) at Fn = 0.285
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Figure A.8: The sequence history of pressure of the bow wave in long waves (λ/L = 2.0) at Fn = 0.430
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Figure A.9: The sequence history of pressure of the bow wave in long waves (λ/L = 2.0) at Fn = 0.570



B
ASSESSMENT OF AMPLITUDE

EFFECT IN SHORT WAVES

The added resistance is known to be proportional to the squared of the relative wave
elevation (ζ2) in a linear condition where the bow waves are not broken. However,
when the bow wave breaks, the quadratic relationship can no longer be maintained.

Appendix B evaluates the nonlinearity between pressure and wave height at the
fast ship when the wave amplitude of short waves increases from 0.5 m to 1.0 m.
The experiment is carried out under same settings as in Chapter 4. The amplitude

Table B.1: List of figures in Appendix B

No. Type Fn λ/L ζa [m]
Figure B.1 The sequence history of pressure 0.430 0.5 0.5
Figure B.2 The sequence history of pressure 0.430 0.5 1.0
Figure B.3 The sequence history of pressure 0.570 0.5 0.5
Figure B.4 The sequence history of pressure 0.570 0.5 1.0
Figure B.5 Pressure signals at St.18 0.430 0.5 0.5 and 1.0
Figure B.6 Pressure signals at St.18 0.570 0.5 0.5 and 1.0
Figure B.7 P-R diagram 0.430 0.5 0.5 and 1.0
Figure B.8 P-R diagram 0.570 0.5 0.5 and 1.0
Figure B.9 ∆ζ in P-R diagram 0.430 0.5 0.5 and 1.0
Figure B.10 ∆Cp in P-R diagram 0.570 0.5 0.5 and 1.0
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of incident wave of 0.5 m is added. The relative wave elevation is measured at five
stations, and the pressures with 0.525 m vertical steps are measured at the same
time. The measured pressure and relative wave elevation are analyzed using the
tools proposed in Chapter 4. The list of analysis graphs is shown in Table B.1.

Figures B.1, B.2, B.3 and B.4 show the sequence histories of the unsteady pres-
sure and bow wave under different conditions of ship’s speed and the incident wave’s
amplitude, respectively. The sequence history of pressure recognizes the effect of the
bow wave in the hull pressure. The phenomena shown in these graphs are conditions
under which the ship’s motion response is ignored under short waves. Therefore, in
this condition, only the pressure due to the incident wave applied to the hull is dis-
played. As the amplitude of the incident waves increases, the pressure acting at the
top of the ship’s draft (3.125 m) at each speed is distributed higher.

Figures B.5 and B.6 show a comparison of typical time series pressure signals.
Each graph shows the change in the pressure signal as a function of the wave am-
plitude at station 18. In both graphs, the regular shape of the signal is destroyed as
the wave amplitude increases.

Figures B.7 and B.8 show the relationship between measured pressure and rela-
tive wave elevation. As the incident wave’s amplitude increases, the area of the di-
agram increases. The nonlinear relationship between the two signals is represented
by the bulge of the graph. Nonlinearity is perceived intuitively through the bulge of
the graph.

Figures B.9 and B.10 show the characteristic values of the bulge shape of the
P-R diagram. The definitions of ∆ζ and ∆Cp are shown in Figure 4.13. As the P-R
diagram expands, both values become larger. In Figures B.9 and B.10, the amplitude
of the incident wave of 0.5 m is a solid black line, and the 1.0 m is a red dotted line.
As the wave amplitude increases, the graphs of all stations in Figure B.9 and Figure
B.10 move to the larger values. The nonlinear characteristic values are generally
proportional to the increase in wave amplitude.

This analysis shows that as the wave height increases, the nonlinear relationship
between pressure and relative wave elevation increases.
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Figure B.1: The sequence history of pressure of the bow wave in short waves (λ/L = 0.5) in wave
amplitude = 0.5 m at Fn = 0.430
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Figure B.2: The sequence history of pressure of the bow wave in short waves (λ/L = 0.5) in wave
amplitude = 1.0 m at Fn = 0.430
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Figure B.3: The sequence history of pressure of the bow wave in short waves (λ/L = 0.5) in wave
amplitude = 0.5 m at Fn = 0.570
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Figure B.4: The sequence history of pressure of the bow wave in short waves (λ/L = 0.5) in wave
amplitude = 1.0 m at Fn = 0.570
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(b) Wave amplitude = 1.0 m

Figure B.5: An example of relative wave elevation (RWE) and pressure signals for three cycles. Pressure
signals are smoothed with a time-based moving average filter of a five-point span over three speeds at
station 18 in short waves (λ/L = 0.5) at Fn = 0.430
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Figure B.6: An example of relative wave elevation (RWE) and pressure signals for three cycles. Pressure
signals are smoothed with a time-based moving average filter of a five-point span over three speeds at
station 18 in short waves (λ/L = 0.5) at Fn = 0.570



B

135

Cp [10
-3

]

-5 0 5

R
el

at
iv

e 
w

av
e 

el
ev

at
io

n
 [

m
]

-4

-2

0

2

4

St. 16.00

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 17.00

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 18.00

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 18.75

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 19.50

(a) Wave amplitude = 0.5 m

Cp [10
-3

]

-5 0 5

R
el

at
iv

e 
w

av
e 

el
ev

at
io

n
 [

m
]

-4

-2

0

2

4

St. 16.00

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 17.00

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 18.00

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 18.75

Cp [10
-3

]

-5 0 5
-4

-2

0

2

4

St. 19.50

(b) Wave amplitude = 1.0 m

Figure B.7: The pressure and relative wave elevation diagram in short waves (λ/L = 0.5) at Fn = 0.430
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(b) Wave amplitude = 1.0 m

Figure B.8: The pressure and relative wave elevation diagram in short waves (λ/L = 0.5) at Fn = 0.570
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Figure B.9: The height difference (∆ζ) between the highest relative wave elevation and the wave height
on the maximum pressure in short waves (λ/L = 0.5)
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Figure B.10: The pressure drop (∆Cp) between the maximum pressure and the pressure at the highest
relative wave elevation during upwash in short waves (λ/L = 0.5)



C
ASSESSMENT OF AMPLITUDE

EFFECT IN INTERMEDIATE WAVES

Appendix B evaluates that the nonlinearity between pressure and relative wave ele-
vation of the fast ship increases when the amplitude of short waves increases from
0.5 m to 1.0 m. Appendix C evaluates the nonlinearity of the intermediate waves
as the amplitude of the wave increases from 0.5 m to 1.0 m. The amplitude of the
incident wave of 0.5 m is added to the experiment in Chapter 4. The relative wave
elevation is measured at five stations, and the pressures with 0.525 m vertical steps
are measured at the same time. The measured pressure and relative wave elevation
are analyzed using the tools proposed in Chapter 4. The list of analysis graphs is
shown in Table C.1.

Figures C.1, C.2, C.3 and C.4 show the sequence histories of the unsteady pres-
sure and bow wave under different conditions of ship’s speed and the incident wave’s
amplitude, respectively. The sequence history of pressure indicates the impact of the
bow wave in the hull pressure. Due to the large motion response in intermediate
waves, the pressure acting on the hull and its variation are significant.

Figures C.5 and C.6 compare the pressure signals of a time series. Each graph
shows the change in the pressure signal as a result of the wave amplitude at station
18. The slope of the pressure rise and fall increases as the wave amplitude increases.

Figures C.7 and C.8 show the relationship between measured pressure and rel-
ative wave elevation. At both speeds, the shape of the diagram has a significant

139
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Table C.1: List of figures in Appendix C

No. Type Fn λ/L ζa [m]
Figure C.1 The sequence history of pressure 0.430 1.1 0.5
Figure C.2 The sequence history of pressure 0.430 1.1 1.0
Figure C.3 The sequence history of pressure 0.570 1.1 0.5
Figure C.4 The sequence history of pressure 0.570 1.1 1.0
Figure C.5 Pressure signals at St.18 0.430 1.1 0.5 and 1.0
Figure C.6 Pressure signals at St.18 0.570 1.1 0.5 and 1.0
Figure C.7 P-R diagram 0.430 1.1 0.5 and 1.0
Figure C.8 P-R diagram 0.570 1.1 0.5 and 1.0
Figure C.9 ∆ζ in P-R diagram 0.430 1.1 0.5 and 1.0
Figure C.10 ∆Cp in P-R diagram 0.570 1.1 0.5 and 1.0

correlation with the increase in wave amplitude. The nonlinearity is perceived intu-
itively as the bulge shape of the diagram increases.

Figure C.9 and Figure C.10 show the characteristic values (∆ζ and ∆Cp) defined
in Figure C.4 for the bulge shape of the P-R diagram. In Figures C.9 and C.10, the
amplitude of the incident wave of 0.5 m is a black solid line, and the 1.0 m is a
red dotted line. The stronger the counter-gradient in the upper right corner of the
P-R diagram, the larger the value of both values. As in Appendix B, as the wave
amplitude increases, the characteristic values at all stations in Figures C.9 and C.10
become larger.

Especially in Fn = 0.430, the change of the characteristic values with the in-
crease of amplitude from 0.5 m to 1.0 m is detected. At station 16 and station 17,
∆ζ and ∆Cp of 0.5 m in Figure C.9 (a) and Figure C.10 (a) are negligible, but
∆ζ and ∆Cp of the amplitude of 1.0 m are increased to similar levels in the other
stations.

Therefore, the increase in the amplitude of the incident waves expands the non-
linearity between pressure and relative wave elevation.
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Figure C.1: The sequence history of pressure of the bow wave in intermediate waves (λ/L = 1.1) in wave
amplitude = 0.5 m at Fn = 0.430
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Figure C.2: The sequence history of pressure of the bow wave in intermediate waves (λ/L = 1.1) in wave
amplitude = 1.0 m at Fn = 0.430
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Figure C.3: The sequence history of pressure of the bow wave in intermediate waves (λ/L = 1.1) in wave
amplitude = 0.5 m at Fn = 0.570
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Figure C.4: The sequence history of pressure of the bow wave in intermediate waves (λ/L = 1.1) in wave
amplitude = 1.0 m at Fn = 0.570
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(b) Wave amplitude = 1.0 m

Figure C.5: An example of relative wave elevation (RWE) and pressure signals for three cycles. Pressure
signals are smoothed with a time-based moving average filter of a five-point span over three speeds at
station 18 in intermediate waves (λ/L = 1.1) at Fn = 0.430
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(b) Wave amplitude = 1.0 m

Figure C.6: An example of relative wave elevation (RWE) and pressure signals for three cycles. Pressure
signals are smoothed with a time-based moving average filter of a five-point span over three speeds at
station 18 in intermediate waves (λ/L = 1.1) at Fn = 0.570
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Figure C.7: The pressure and relative wave elevation diagram in intermediate waves (λ/L = 1.1) at Fn
= 0.430
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Figure C.8: The pressure and relative wave elevation diagram in intermediate waves (λ/L = 1.1) at Fn
= 0.570
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Figure C.9: The height difference (∆ζ) between the highest relative wave elevation and the wave height
on the maximum pressure in intermediate waves (λ/L = 1.1)
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Figure C.10: The pressure drop (∆Cp) between the maximum pressure and the pressure at the highest
relative wave elevation during upwash in intermediate waves (λ/L = 1.1)
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NOMENCLATURE

Abbreviations

2D Two Dimensional

2D+T Two-dimensional plus time

BEM Boundary Element Method

CFD Computational Fluid Dynamics

DNS Direct Numerical Simulation

DTMB David Taylor Model Basin

e.g. For example

EEDI Energy Efficiency Design Index

EEOI Energy Efficiency Operation Index

EUT Enhanced Unified Theory

FDS Fast Displacement Ship

G-B method Gerritsma and Beukelman method

GT Gross Tonage

IMO International Maritime Organization

ITTC International Towing Tank Conference

KCS Korea Container Ship

KVLCC Korea Very Largy Croude oil Carrier

LPMC Linear Potential Method Calculation

MARIN Maritime Research Institute Netherlands

MEPC Marine Environment Protection Committee

MRV Regulation on Monitoring, Reporting and Verification

PIV Particle Image Velocimetry

159



160 Nomenclature

QTF Quadratic Transfer Function

RANS Reynolds-Average Navier-Stokes

RAO Response Amplitude Operator

Ro-ro Roll-on and roll-off

RWE Relative Wave Elevation

SHOPERA energy efficient safe SHip OPERAtion

SMB Seakeeping and Maneuvering Basin

SPH Smoothed Particle Hydrodynamics

St. Station

URANSE Unsteady Reynolds Average Navier-Stokes

Latin Letters

~n Normal vector [−]

~x Coordinate vector [m]

~̈xg Gravitational body accelerations [m/s2]

B Ship breadth at still water [m]

CB Block coefficient of the ship [−]

Cf Frictional resistance coefficient [−]

Cr Residual resistance coefficient [−]

Ct Total resistance coefficient [−]

Cpx Pressure coefficient in longitudinal direction [−]

CO2 Carbon dioxide

D Ship depth [m]

dS Infinitesimal wetted hull surface [m2]

F Force [N]

Fn Froude number [−]

g Gravitational constant [m/s2]

L Ship length [m]

Lpp Ship length between perpendicular [m]
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M Mass [kg]

nx Normal vector in longitudinal direction [−]

p Pressure [Pa]

patm Constant atmospheric pressure [Pa]

Rn Reynolds number [−]

S Hull surface area [m2]

s Smooth transition function

U Velocity of the ship [m/s2]

x Longitudinal direction in Cartesian coordinates [m]

xg Longitudinal center of gravity [m]

y Horizontal direction in Cartesian coordinates [m]

yg Horizontal center of gravity [m]

z Vertical direction in Cartesian coordinates [m]

Greek Letters

α Total displacement vector [m]

αE Waterline entrance angle [deg]

αheave Vertical motion displacement by heave [deg]

∆ Difference

η Directional motion vector [m]

λ Wavelength [m]

∇ Differential operator given in Cartesian coordinates [−]

Ω Rotational motion vector [deg]

φ Steady velocity potential [m2/s]

Ψ Velocity potential [m2/s]

ρ Fluid density [kg/m3]

θpitch Angle of pitch motion [deg]

θroll Angle of roll motion [deg]

ϕ Unsteady velocity potential [m2/s]



162 Nomenclature

ζ Wave height [m]

ζa Amplitude of the incident wave [m]

ζu Unsteady wave height [m]

ζdiff Diffracted wave height [m]

ζinc Incident wave height [m]

ζrad Radiated wave height [m]

Subscripts

0 Initial condition

atm Atmospheric

g Gravitational

l Line

mean Average

p Pressure

s Steady

t Time

u Unsteady

wl Waterline

Superscripts

(0) Zeroth order

(1) First order
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