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Abstract

To minimize energy expenditure for each individual, animals adopt distinctive for-
mations, such as fish schooling, ‘V’ formation by flying birds, and single-file formation
by waterfowls. The phenomenon of ducklings following their mothers in a single-file
configuration has been revealed by the mechanism of wave-riding and wave-passing.
Drawing inspiration from this phenomenon, an investigation is undertaken on ships
moving in a single-file formation. This thesis explores two scenarios: ships advanc-
ing on calm water without connections and ships advancing in waves with connections
(marine trains). An in-house code, MHydro, based on potential flow theory, is devel-
oped to analyze the wave-making and seakeeping problems. Additionally, a series of
experimental tests are conducted to investigate the complex interference between ships
moving on calm water.

Firstly, the wave drag and wave patterns of ships in a single-file formation on calm
water are examined using MHydro. It is found that when constructive wave interference
occurs in a two-ship formation, the wave resistance of the trailing ship increases and
the leading ship experiences a decrease in its wave drag, especially when the two ships
are in close proximity. Mutual benefit arises when destructive wave interference occurs
between two ships. In addition, increasing the size of the trailing vessel facilitates
the effect of wave-riding by leading ship, but this effect becomes less pronounced as
the speed increases. In a multi-ship formation configuration, changing the size of the
leading ship will have a localized effect on the wave-passing, but the fleet will eventually
tend to a dynamic equilibrium. When the position of the first trailing vessel is changed,

there is similarly a localized effect on the wave-passing. Adjusting the first trailing ship
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Chapter 0. Abstract

to the position of the constructive wave interference is not favorable to reduce its own
drag but enhances the wave-riding effect of its close follower. Finally, to achieve wave-
passing, the trailing ship does not necessarily have to occupy an optimum position. This
can still be accomplished if the trailing ship moves backward by an integer multiple of
wavelength.

Next, a series of experiments are conducted to measure the total resistance of ships
moving individually and in two-ship formations on calm water. The results indicate
that the form of the bow has a more significant impact on the total resistance of single
ships than the form of the stern. Specifically, the total resistance of a single ship with
a transom stern is nearly identical to that of a ship with a sharp stern. However, ships
with a flat bow exhibit significantly higher total resistance compared to those with a
sharp bow. In a two-ship formation, the hydrodynamic pressure resistance of both the
leading and trailing ships is significantly reduced when the gap between the two ships
is small. This reduction occurs because the air hollow created by flow separation is
filled by the bow waves of the trailing ship. When the trailing ship is positioned in the
divergent-wave zone within the wake of the leading ship, wave interference between the
two ships becomes the dominant factor influencing the variance in the total resistance
of the trailing ship. As the gap between the two ships increases further, the wave
interference weakens; however, the trailing ship still experiences a substantial reduction
in resistance due to weakened flow separation and bubble drag reduction within the
turbulent-bubble mixed flow region.

Finally, the hydrodynamic responses of marine trains—ships connected together in
a single-file formation—advancing in waves are investigated numerically. The sliding-
hinged connection is found to be the most suitable for marine trains, as it effectively
avoids high vertical shear forces compared to rigid or hinged connections. Additionally,
this connection type enables the entire ship formation to be powered by the leading
ship. For marine trains consisting of five ships, the motion responses in heave and
pitch increase significantly as the advancing speed increases. Changing the horizontal
positions of the joints has minimal effect on the motion responses of each ship. Similarly,

adjusting the gaps between the ships has a small impact on the motion responses from
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an engineering perspective, as the gaps between ships are generally not large.
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Chapter 1

Introduction

1.1 Background and motivation

As global demand for resources continues to grow, the exploitation and utilization of
marine resources have become increasingly essential, especially as land-based resources
become more limited. This shift has led to a surge in maritime activities, requiring
innovative approaches to enhance the e ciency and sustainability of ship operations.
One promising approach is the strategic formation of ships, which can signi cantly re-
duce hydrodynamic resistance, thereby decreasing fuel consumption and environmental
impact.

The phenomenon of ducklings following their mother in a single- le formation was
explained by Yuan et al. (2021) through the mechanisms of wave-riding and wave-
passing. In this arrangement, the rst duckling e ectively rides on the waves generated
by its mother, which are then transferred to the subsequent ducklings. By positioning
themselves optimally, the following ducklings can move forward with minimal e ort,
as they bene t from the wave energy initially created by the mother duck. The wave
energy, initiated by the mother duck, passes through the entire formation, from the
rst to the last duckling, nally dispersing in the form of a Kelvin wave pattern.

Drawing inspiration from this natural phenomenon, recent studies, such as those
by Yuan (2022) and Ellingsen (2022), have highlighted the potential for waterborne

tra c to similarly harness these hydrodynamic bene ts. By advancing in a single- le
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formation, ships can signi cantly reduce resistance, leading to improved fuel e ciency
and lower operational costs. This concept, rooted in biomimicry, o ers a promising
solution for optimizing maritime operations in an era where sustainability and resource
e ciency are paramount.

In a related but distinct application, the U.S. Defense Advanced Research Projects
Agency proposed the \Sea Train" concept in 2020 (DARPA, 2020). This concept
envisions multiple ships moving together in waves, either mechanically connected or
not, with the goal of reducing fuel consumption and enhancing mobility for military
operations. However, the operational scenarios dier: the single-le formation for
ducklings or ships typically occurs in calm water, while the Sea Train concept is designed
for more challenging conditions, such as sea waves.

Initially proposed to enhance military capabilities, the Sea Train concept also holds
signi cant potential for commercial shipping. In this system, ships are physically con-
nected to form a marine train, where the leading ship, or \engine", provides the nec-
essary propulsion for the entire formation. The following ships, acting as \carriages",
do not require their own power. Upon arrival at a port, individual carriages can be
unloaded or loaded independently, without delaying the rest of the formation, thereby
greatly improving transport e ciency. For large ships carrying diverse cargo for mul-
tiple ports, unloading at one port often leaves the vessel in a half-load or partial-load
state, resulting in ine cient fuel consumption as it continues to the next destination.

In contrast, a sea train system avoids this issue by o oading individual barges while
maintaining a full load, thereby reducing fuel consumption and improving e ciency.

In light of these insights, this research is motivated by the need to explore the
potential of ship formation strategies to enhance resistance reduction e ciency in calm
water. Additionally, when marine trains move in waves, the motion responses become
complex, arising not only from hydrodynamic interactions between vessels but also
from the dynamic coupling between interconnected components. Accurate prediction
of these hydrodynamic responses is crucial to ensuring the safety and e ciency of
marine operations, as interactions between ships can amplify the motion responses of

the marine train system and potentially damage the mechanical connections.
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1.2 Aim and objectives

This thesis aims to investigate the hydrodynamic interactions of ships in a single-
le formation, both without and with mechanical connections, in calm water and sea
waves. An in-house code, MHydro, is adopted to analyze wave-making and seakeeping
problems based on potential ow theory. Additionally, a speci ¢ module for intercon-
nected ships is developed using the constraint matrix method. However, as MHydro
does not account for water viscosity, complementary experimental studies are necessary.

To achieve this aim, the following objectives are established:

" The wave drag reduction of individual ships in various con gurations is quanti ed,
and several wave patterns by ships in a single- le formation are identi ed using

the in-house code MHydro.

The contributions of wave and viscous interference to the total drag reduction
of individual ships in various con gurations are quanti ed through resistance
experiments in leader-follower formations. The drag reduction mechanism of
such formations is analyzed using MHydro, the ITTC (1957) correlation line,

and experimental data.

The hydrodynamic performance of a marine train with two ships advancing in
waves is evaluated, considering both non-physical connections and di erent con-
nection styles. In addition, the e ects of advancing speed, joint positions, and
inter-ship gaps on the motion responses of a marine train con guration comprising

ve ships are investigated.

1.3 Novelty and contribution to the knowledge
The novelty of this research can be summarized as follows:

~ Ducklings swimming in a single- le formation reduce wave drag and can even
generate propulsion, conserving energy through wave-riding and wave-passing

mechanisms. Inspired by this, the thesis extends the duckling model to ships in
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similar formations, exploring wave drag reduction across various con gurations

through the in-house code MHydro.

A series of experiments are conducted to measure the resistance of individual
ships with varying hull forms, both moving independently and within formations
with di erent con gurations, to quantify the contributions of wave and viscous

interference to total drag reduction.

The hydrodynamic interactions among ships moving in waves are predicted using
the in-house code MHydro, with a constraint matrix method employed to model

various mechanical connection con gurations between the ships.

The contributions to knowledge from this research are as follows:

" The mechanisms of wave-riding and wave-passing are applied for the rst time to
ships moving in a single- le formation, with three new wave patterns related to

wave-passing identi ed.

This is the rst study to quantify the contributions of wave and viscous interfer-
ence to the total drag reduction of ships moving in a single- le formation. Three
critical zones of complex interference are identi ed when the trailing ship moves

within the wake of the leading ship.

The utilization of the ow wake behind a ship has not been explored previously.
This thesis is the rst to discover that ow separation behind the transom stern

can be transformed into a bene cial factor for drag reduction in ship formations,
where the generation of turbulent ow and air bubbles can be exploited to reduce

ship resistance.

This is the rst study to consider the e ects of advancing speed and various

mechanical connections on the motion response of marine trains.
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Figure 1.1: Outline of the research contents.

1.4 Outline of the thesis

Chapter 1 presents the background and motivation for the research, outlines the
aims and objectives, highlights the novelty and contribution to the eld, and provides
an overview of the thesis structure.

Chapter 2 provides a comprehensive literature review, focusing on four key aspects:
formations in nature, human and navel architecture; prediction and minimisation of
ship resistance; ow wake behind transom stern and air lubrication; and hydrodynamic
interactions between multiple bodies in waves.

Chapter 3 introduces the core framework of the in-house code MHydro, consisting
of two main parts: the rst part covers the general formulations of potential theory and
associated boundary conditions, while the second part focuses on the Rankine source
panel method, the di erence scheme, and radiation conditions.

Chapter 4 investigates wave drag and wave patterns generated by ships in a single-
le formation, examining the phenomena of wave-riding and wave-passing across dif-
ferent ship formations.

Chapter 5 decouples the total resistance of ships in formations using the form factor
method and quanti es the contributions of viscous and wave interference to total drag

reduction through a series of experimental tests.
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Chapter 6 investigates the hydrodynamic responses of marine trains in waves, com-
paring the motion responses of ships with di erent connections. This thesis also ex-
amines the e ects of varying speeds, joint positions, and gaps between ships on their
motion responses.

Chapter 7 summarizes the main conclusions of this PhD research and provides

recommendations for future studies.



Chapter 2

Literature Review

In this chapter, a comprehensive review is presented on distinct formations found in
nature, human beings, and naval architecture. The state-of-the-art approaches for pre-
dicting and minimizing ship resistance are then revisited, with a critical examination of
the ow wake behind transom sterns and air lubrication techniques. Finally, the hydro-
dynamic responses of multi-body systems and marine trains with various con gurations

in waves are reviewed.

2.1 Formations in nature, humans and naval architecture

Animals in nature often migrate in distinctive formations, which can reduce energy
expenditure and enhance their locomotion performance. Schooling sh increases their
migratory endurance by adjusting their swimming posture and e ectively harnessing
the energy from environmental vortices generated by neighboring individuals (Weihs,
1973; Liao et al., 2003; Weihs, 2004; Li et al., 2020). Birds y in a "V' formation to
minimize individual e ort by utilizing the upwash of the vortex region behind their
fellow companion's wingtips (May, 1979; Hummel, 1983; Hainsworth, 1987; Cutts and
Speakman, 1994; Andersson and Wallander, 2004; Maeng et al., 2013; Portugal et al.,
2014). Ducklings swimming in a single- le formation can signi cantly reduce their
metabolic exertion by e ciently transferring momentum from the mother duckling to

the smaller ones through the generation and utilization of vorticity (Fish, 1994, 1995).
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However, a new insight was provided by Yuan et al. (2021) to shed light on this bio-
imprinting behavior, attributing it to wave-riding and wave-passing. Their numerical
results revealed that small ducklings could achieve up to 100% wave drag reduction by
adjusting their positions to optimal locations.

Inspired by the collective locomotion behaviors of animals, athletes frequently em-
ploy the \drafting" strategies in endurance competitions. This tactic not only enables
athletes to achieve a specic pace but also helps them conserve energy by moving in
a sheltered position behind pace-setters. The impact of drafting in cross-country ski-
ing was assessed by monitoring heart rate responses. The results showed that heart
rates were signi cantly reduced when skiing behind a leader (Bilodeau et al., 1995).
The bene ts of drafting were also observed in inline skating, with energy expenditure
reduced in all drafting conditions, particularly at high velocities and when cornering
(Millet et al., 2003). Blocken et al. (2013) used Computational Fluid Dynamics (CFD)
to simulate two drafting cyclists in upright, dropped, and time-trial positions with
varying separation distances. They found that the trailing cyclist can achieve substan-
tial aerodynamic drag reduction, and the leading cyclist can also reduce aerodynamic
drag when the separation distance is short. Blocken et al. (2018) investigated the aero-
dynamic drag reduction of a cycling peloton with 121 cyclists using high-resolution
CFD simulations, with the aid of wind tunnel testing. They found that for a cyclist
positioned in the mid-rear of a tightly packed peloton, with multiple rows of riders
providing shelter from the wind, aerodynamic drag is reduced to just 5% - 10% of that
experienced by an isolated rider. Polidori et al. (2020) analyzed the drafting positions
employed by Kenenisa Bekele during the 2019 Berlin Marathon. Their ndings revealed
that Bekele's drafting strategy led to a reduction in drag resistance and aerodynamic
power by 38.5% - 57.3%.

Array con gurations are commonly used in wind farms, wave power plants, and
autonomous underwater vehicle (AUV) formations to improve power output or reduce
energy expenditure. The turbulent wakes generated by upwind turbines can signi -
cantly reduce the momentum and energy extraction of downstream wind turbines. Su

et al. (2021) proposed triangular and truss con gurations for vertical axis wind tur-
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bines, which can enhance the power performance of downstream turbines. Cossu (2021)
examined three spanwise-periodic rows of wind turbines and determined that tilting the
rotors of the turbines in the upwind rows can enhance the total power extracted from
the wind by replacing wakes with high-speed streaks. Constructive wave interference
between wave energy converters (WECSs) can signi cantly enhance power production.
De Andes et al. (2014) investigated various array layouts, such as linear, triangu-
lar, rhombus, and square con gurations. The study determined that triangular arrays
are ideal for multidirectional wave regimes, whereas square arrays are best suited for
unidirectional climates. Chen et al. (2016) studied wave interference between WECs
and discovered that positioning the xed platform at the center of a triangular array
notably ampli es constructive e ects. Rattanasiri et al. (2014) investigated a eet of
towed AUVs and identi ed seven zones of dominant spacing between two AUVs based
on drag characteristics: parallel, echelon, no gain, push, drafting, low interaction, and
no interaction. The energy consumption of a eet of AUVs can be minimized by ar-
ranging them in optimal arrays with the ideal spacing. Zhang et al. (2019) analysed the
hydrodynamic interactions between two AUVs and concluded that the tandem array is
more e cient for drag reduction compared to the parallel array.

In recent years, various ship formations have been increasingly explored to enhance
fuel e ciency in maritime operations. He et al. (2022) adopted the Shear Stress Trans-
port (SST) k ! turbulence model to analyze three distinctive ship formations. They
found that tandem formation was the most energy e cient, followed by triangular and
parallel formation. Dong et al. (2022) studied the echelon formation of unmanned
surface vehicles (USVs), analyzing how di erent spacing con gurations in uence their
friction and pressure resistances. They categorized the aft wedge region into ve zones,
distinguishing them by calculating the positive and negative attributes of the energy
consumption index. A leader-follower ship eet was studied by Ma et al. (2023), via
a 4-point model and Neumann-Michell potential computation. They derived the de-
structive wave interference region for the follower under di erent speeds and found the
destructive interference was invalid at low or high Froude numbers. Liu et al. (2023) ex-

plored the wave resistance and ow eld of two KRISO Container Ships (KCS) moving
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in a line at various speeds and intervals, utilizing the Reynolds-Averaged Navier-Stokes
(RANS) method. They attributed the reduction in wave drag for the trailing ship to the
superposition of waves around the following vessel with the transverse waves created
behind the leading ship.

It is noted that ships traveling in tandem, in a line, or in a leader-follower formation
adopt similar con gurations, analogous to ducklings swimming in a single- le forma-
tion. The key di erence is that existing research on ship formations typically involves
a limited number of ships, all modeled with identical dimensions, whereas in nature,
many smaller ducklings follow their mother. However, variations in the size and num-
ber of ships within formations can a ect the hydrodynamic interference among them.
Additionally, these studies only focus on the e ects of speed and spacing between ships
on drag reduction, while neglecting the application of wave-riding and wave-passing

mechanisms.

2.2 Prediction and minimization of ship resistance

To date, numerous researchers have devoted extensive e orts to the numerical cal-
culations and experimental measurements of the ship resistance. Froude and Froude
(1888) conducted measurements and analyses of ship resistance, proposing that the
total resistance of a ship comprises frictional resistance and residual resistance. Based
on the thin-ship approximation, Michell (1898) derived the wave resistance of a ship
moving at a steady speed on calm water. Since the beginning of the 20th century,
many researchers have done a lot of analytical calculations based on thin ship theory.
Wigley (1926), Havelock (1932) and Weinblum (1959) presented sample computations
of Michell's integral and compared it with experiments. Michell's theory forecasts peaks
and troughs in the curve depicting wave-resistance coe cients when plotted against the
Froude number; however, the curve of residuary-resistance coe cients for a ship model
exhibits markedly less oscillation. The ow around a real ship was described by Guil-
loton (1964) within the framework of linearized wave, while Wehausen (1967) derived

the higher-order boundary conditions. Hsiung (1981) expressed the wave resistance of
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catamarans in quadratic form by introducing a set of \tent" functions. Noblesse et al.
(2008) proposed Michell-Kelvin linearized free-surface boundary condition to calculate
the wave resistance experienced by ships.

Although the thin ship theory can predict the wave resistance with satisfactory ac-
curacy (Tuck, 1989), it is not very popular in practical engineering due to its limitations
of geometric assumptions. The strip ship theory overcomes this limitation by longitudi-
nally segmenting the ship into strips. Originally proposed by Krilo (1896), it was not
widely recognized until Weinblum and Denis (1950) brought it to prominence in 1950.
Owing to the e orts of Jacobs et al. (1960), the application of the strip theory became
feasible in 1960. Since then, numerous variants of the strip ship theory have been ad-
vanced by researchers (Ogilvie and Tuck, 1969; Faltinsen, 1971; Beck, 1989; Bertram,
2011; Newman, 2018). Among these, the slender ship theory has gained popularity
for its ability to account for the e ects of forward speed and longitudinal interference
(Newman, 1964). It is the work of Hess and Smith (1964) that lays the foundation
for the calculation of arbitrary three-dimensional bodies. Incorporating the Boundary
Element Method (BEM), a variety of 3D panel methods have been formulated and
employed (Korsmeyer et al., 1993; Pinkster, 2004; Xiang and Faltinsen, 2011a; Zhou
et al., 2012; Yuan et al., 2015).

With the advancement of high-performance computing, CFD technology has been
increasingly utilized to analyze the components of ship resistance, taking the viscous
e ects into account (Sadat-Hosseini et al., 2013; Zha et al., 2014; Riesner and el Moc-
tar, 2018; Terziev et al., 2019). Experimental tests often provides highly accurate and
reliable data, serving as a benchmark for comparing di erent theories, models, or sim-
ulations. Many experiments for the measurements of wave resistance have been carried
out in world-leading tanks: DTMB (Olivieri et al., 2006),force Technology (Joncquez
et al., 2008), HSVA (Moctar et al., 2017), RIAM (Kashiwagi et al., 2019). In the ex-
perimental tests, the longitudinal-cut method (LCM) was extensively investigated to
measure the wave resistance by analyzing the wave pro le parallel to the model's veloc-
ity (Newman, 1963; Eggers, 1967; Moran and Landweber, 1972; Tsai and Landweber,
1975; Lalli et al., 1998, 2000).

11
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Several correlation lines (Schoenherr, 1932; CWB, 1999; Katsui, 2005) have been
formulated to predict the frictional resistance of a smooth plate. The correlation line
proposed by ITTC (1957) is commonly adopted in calculating the frictional resistance
of a vessel. For a ship with a three-dimensional shape, the form resistance is associated
with frictional resistance, viscous pressure resistance, and ow separation (Faltinsen,
2005). The form factor method was rst proposed by Hughes (1954), in which the total
resistance is the sum of form resistance, frictional resistance, and wave resistance. This
method was later improved by ITTC (1978), considering the contributions of roughness
allowance and air resistance.

To minimize the total wave drag, multi-hull vessels are designed to harness the can-
cellation e ects between waves generated by the hulls. Wilson et al. (1992) conducted
both analytical predictions and towing basin validation experiments for the wave can-
cellation multihull of a trimaran at the David Taylor Model Basin. Suzuki and lkehata
(1995) determined the optimal positions of trimaran outriggers by mathematically rep-
resenting the hull form with cosine waterlines and parabolic frame lines. Based on
the thin ship theory, Tuck and Lazauskas (1998) studied a family of multihull ships
by varying the number of hulls, their placement, and beams, while maintaining the
total displacement of the vessel as well as the individual length and shape of each hull
constant. The optimum con gurations for two, three, and four-hulled vessels were de-
termined, considering both con gurations with and without longitudinal stagger, across
a broad spectrum of speeds. Similarly, Peng (2001) investigated the e ect of wave in-
terference on the wave resistance of a family of multihull ships within the framework
of thin ship theory. The study focused on the steady motion of ships on an unbounded
free surface of deep water and the wave resistance and wave patterns are computed
and analyzed by varying relative positions of the hulls. Yu et al. (2017) explored the
prospective optimal di-hull con gurations, which involve two ships moving in parallel
at speci c longitudinal and lateral distances from each other, using towing-tank tests
and longitudinal wave-cut analysis. The resistance reduction predicted by the thin
ship theory was evaluated by comparing it with experimental results, and the useful-

ness and limits of the theory are examined. The wave interference e ects between the
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outriggers and center-hull on the resistance of a trimaran are researched by Yildiz et al.
(2020), based on the turbulence model of unsteady Reynolds-averaged Navier-Stokes
(URANS).

It is essential to consider the intervals between hulls and their speed of movement,
as these aspects signi cantly in uence wave interference e ects (Soding, 1997; Yeung
and Wan, 2008). Numerical and experimental studies have revealed that, typically,
wave interference between the hulls of a catamaran results in a marked increase in
total resistance, especially within the range of Froude numbers from 0.45 to 0.65, in
comparison to a monohull (Zaghi et al., 2011; Broglia et al., 2014; He et al., 2015).
However, by arranging two hulls in an asymmetric di-hull system and setting the stag-
ger at half the ship's length to induce destructive interference, the overall resistance
can be signi cantly reduced, especially when travelling at speeds close to a Froude
number of 0.4 (Faltinsen, 2005; Soding, 1997; Yeung et al., 2004). In trimaran design,
the longitudinal and transverse distance between the main hull and the outriggers are
paramount for minimising resistance. Mynard and his colleagues investigated the wave
resistance and patterns of Model 9 in the AMECRC series (Mynard et al., 2008). Util-
ising the CFD suite SHIPFLOW, slender body theory, and a series of experiments, they
identi ed the optimal longitudinal positions for the outriggers at various operational
speeds. By integrating the analytical expression of the characteristics of linear wave
resistance with the steepest descent method, Wang et al. (2021) introduced an e cient
method for optimizing the layout of trimaran outriggers. The results demonstrate a
high level of accuracy in nding the optimal solution and a signi cant improvement in
computing e ciency when compared to conventional enumeration methods. Nazemian
and Ghadimi (2021) studied the trimaran hull optimization by using a multi-objective
optimization platform. The Arbitrary Shape Deformation technique and Simcenter
SHERPA algorithm were applied for geometry optimization.

The optimal spacing between hulls at speci ¢ speeds is typically determined based
on wave drag reduction or total drag reduction. However, few studies have accounted for
the role of viscous drag reduction in determining the optimal positioning between hulls.

This consideration is equally relevant for ships traveling in a single- le formation. To
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design optimal ship formations, it is essential to quantify the individual contributions
of wave interference and viscous interference to total drag reduction. Furthermore, as
speed and spacing vary, the viscous and wave interactions between ships also change.

Therefore, it is crucial to reveal these mechanisms to e ectively reduce total drag.

2.3 Flow wake behind transom stern and air lubrication

Streamlined ships are designed to reduce resistance, while transom stern designs
are widely used for commercial vessels, especially container ships, due to their ease of
construction. However, the wake behind the transom stern is complex, which poses
challenges for the prediction of ship resistance. Earlier studies primarily focused on
the macroscopic characteristics of the wake. Flow separation at the transom stern can
generate partial or complete ventilation, resulting in a hollow cavity on the free surface.

A wet or dry transom stern lead to hydrostatic resistance due to the absence of hydro-
static pressure on the transom face. To estimate this hydrostatic resistance, Doctors
and his colleges (Doctors and Beck, 2005; Maki et al., 2006; Doctors, 2006; Doctors and
of New South Wales, 2007; Maki et al., 2007) proposed two sets of regression formulas
based on experimental tests to predict the drop in the water level and the length of the
hollow cavity behind the transom. A typical technique for handling transom ow in
numerical simulations was to impose the Kutta condition at the trailing edge, ensuring

a smooth detachment of the wave ow from the stern (Tulin and Hsu, 1986; Nakos and
Sclavounos, 1994; Mola et al., 2017).

With improvements in computational methods and experimental techniques, signif-
icant e ort has been devoted to studying the microscopic characteristics of the wake
behind the transom stern. The closure of the hollow or the reattachment of the ow is
usually accompanied by wave breaking, air entrainment and spray generation, leading
to signi cant energy dissipation and increased resistance. The overturning and break-
ing of the free surface cause air entrainment, which further generates bubble plumes or
bubble clouds. Hendrickson et al. (2019) analyzed the ow structures in the air-water

mixed region and the characteristics of air entrainment behind rectangular dry transom
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sterns using the Lagrangian cavity identi cation technique and high-resolution implicit
large eddy simulation (iILES) . They also characterized the incompressible highly vari-
able density turbulence (IHVDT) in the mixed-phase region by developing an explicit
algebraic closure model for the turbulent mass ux (TMF) (Hendrickson and Yue,
2019). Terrill and Taylor (2015) measured the void fraction eld by deploying a con-
ductivity probe vertical array at the blunt transom of a full-scale surface ship. Using
optical laser beam scattering characteristics, Abbaszadeh et al. (2020) presented the
average bubble size and bubble number density distribution in the wake of a transom
stern model.

The bubbles generated in the wake of leading ship through air entrainment provide
a potential application for air lubrication to reduce frictional resistance of the trailing
ship. Based on the working principles, the air lubrication technique can be classied
into three types of drag reduction: bubble drag reduction (BDR), air layer drag reduc-
tion (ALDR), and air cavity drag reduction (ACDR) (Ceccio, 2010). The BDR method
can be achieved by injecting microbubbles into the turbulent boundary layer (TBL),
which in uences the turbulent transport of momentum (Zhang et al., 2020). Laser
Doppler velocimeter measurements by Kato et al. (1999) in a turbulent boundary layer
with microbubbles demonstrated a decrease in near-wall velocity and velocity gradient,
resulting in reduced shearing stress. Hassan et al. (2005) and Ortiz-Villafuerte and
Hassan (2006) employed particle tracking velocimetry to measure the velocity elds of
horizontal channel ow, nding that microbubble injection into a turbulent boundary
layer can achieve up to 40% drag reduction by dynamically interacting with the turbu-
lence structure and altering the vorticity and viscous sublayer thickness. A hydrofoil
bubble generator, developed by Kumagai et al. (2015) and Murai et al. (2020), achieved
a net power saving of 5{15% when introduced to the ship hull in a series of full-scale
tests.

When su cient bubbles are injected beneath the at bottom of a ship, they may
coalesce to form an air layer. A complete replacement of the liquid phase with the
air phase within the boundary layer substantially reduces total drag. Friction drag

reduction exceeding 80% can be achieved when bubbles form a thin, stable, continuous
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gas Im beneath the surface of along at plate at the lowest in ow speed and highest air
injection rate (Sanders et al., 2006; Elbing et al., 2008). However, ALDR is sensitive to
in ow conditions; at high ow speeds, the air layer becomes unstable and fragile. The
ACDR method can mitigate this disadvantage by modifying the hull design, particularly
through the use of stepped hulls on planing crafts. Lay et al. (2010) examined the
ventilated cavity ow formed downstream of a backward-facing step and found that
stable cavities were produced, reducing skin drag by more than 95%.

Flow separation behind a transom stern generates a turbulent wake, increasing drag
for the individual ship. Air lubrication techniques, which often involve hull modi ca-
tions or additional pumps to generate air bubbles, can reduce drag but may compromise
structural integrity or raise energy consumption. In a single- le formation, trailing ships
can potentially exploit the disturbed wake of the leading ship, including air cavities or
bubbles, to reduce drag. This approach o ers a promising alternative to traditional air

lubrication methods, providing a more energy-e cient solution.

2.4 Hydrodynamic responses of multi-body systems in

waves

Multi-body systems are essential in designing and analyzing o shore structures, en-
suring the functionality and safety of marine operations. To analyze the multi-body
systems, two primary approaches are commonly employed. The rst approach involves
initially solving the hydrodynamic interactions among multiple bodies while assuming
no constraints exist between them. Once wave loads and hydrodynamic coe cients are
determined, the constraints introduced by various mechanical connections are incorpo-
rated into the equations of motion (Langley, 1984;0O'Cathain et al., 2008; Sun et al.,
2011). Koo and Kim (2005) analyzed the coupling e ects of two oating platforms con-
nected by elastic lines in the time domain. Using a 120 12 hydrodynamic coe cient
matrix, they developed an exact method that accounted for vessel and line dynamics,
revealing signi cant di erences in sway and roll modes compared to conventional ap-

proximation methods. Sun et al. (2012) explored di raction-induced interaction e ects
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between a large-volume substructure and an installation barge during oat-over op-
erations through a two-stage approach. Feng and Bai (2017) introduced a constraint
matrix method to simulate interactions between two oating barges. Their ndings un-
derscored the signi cant contribution of second-order responses to the nonlinearity of
middle-hinge connections by decomposing higher harmonic components. Huang et al.
(2018) investigated the response of a passive telescopic gangway between a monohull
otel and an FPSO in a nonparallel side-by-side con guration. They modeled the gang-
way's rotation and extension using rigid-body dynamics. The second approach directly
addresses discontinuous de ections of multi-body systems with mechanical joints by
employing the mode expansion technique, o ering greater e ciency (Newman, 1994;
Lee and Newman, 2000; Taghipour and Moan, 2008). The motion responses of oat-
ing interconnected structures can be characterized by \wet" modes in waves, including
six rigid-body motions (surge, sway, heave, roll, pitch, yaw), and \dry" modes in air,
shaped by mechanical connections. Hong et al. (2005) analyzed the motion and drift
forces of side-by-side moored LNG FPSO and LNGC using a higher-order boundary el-
ement method (HOBEM) combined with a generalized mode approach. Their ndings,
validated by experimental data, demonstrated the feasibility of this numerical method
in predicting complex multi-body interactions.

The hydrodynamic interactions between these oating structures and the mechan-
ical in uences of their connectors result in signi cantly di erent response characteris-
tics. Gao et al. (2011) investigated the e ect of the placement and rotational sti ness
of exible line connections on the hydroelastic response of very large oating structures
(VLFS). Their ndings indicated that hinge-line connectors, when optimally positioned,
are more e ective than rigid connectors in minimizing both hydroelastic responses and
stress resultants. Ren et al. (2019) explored the impact of various outermost connector
designs on the hydrodynamic performance of modular multi-purpose oating structures
(MMFS). Their results showed that the hydrodynamic responses of the MMFS system
are in uenced by connector type, wave phase, and wavelength. Additionally, the hinge-
type connector design is found to play a key role in reducing bending moments and

shear forces on connectors under extreme marine conditions. Bispo et al. (2022) devel-
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oped a numerical model to study wave interactions with a moored articulated VLFS,
nding that the rotational sti ness of the hinges signi cantly in uenced both the ver-
tical displacement of the structure and the mooring line tensions. Zhang et al. (2023)
analyzed the motion behavior of large arrays formed by multiple oaters connected by
hinges, observing that while hinge constraints signi cantly suppressed heave motion,
they also induced strong pitch motion across a broader range of wavelengths. Li et al.
(2023) conducted a hydroelastic and expansibility analysis of a Modular Floating Struc-
ture (MFS) with multi-directional hinge connections. Their ndings highlighted that
greater sti ness results in a more pronounced structural response, with the system's
reactions intensifying as sti ness increases. Additionally, they observed that smaller
module sizes cause larger vertical displacements and reduced moments, while the hy-
droelastic behavior remains largely una ected by module size in long-wave conditions.
Marine trains are complex multi-body systems, involving not only hydrodynamic
interactions among ships but also dynamic coupling between interconnected compo-
nents. Within the marine train concept, two primary approaches are typically utilized.
The rst involves directly linking multiple consecutive vessels using physical connec-
tors, ensuring stable and coordinated transit operations. The second approach utilizes
compressive forces, facilitated by a specially designed hull form, to keep the vessels
aligned and connected without the need for physical connectors. A notable example
is the Seasnake concept (Anderson, 2013), where a tractor unit pulls multiple barge
modules connected by a ball-and-socket coupling. The Articulated Tug Barge (ATB)
system (Brown and Runyon, 2022), however, uses a tugboat to push load-carrying
barges, with articulated connectors securing the tug within a notch in the barge. The
U.S. Navy's Improved Navy Lighterage System (INLS) (Guha et al., 2013) employs
small warping tugs to propel barges connected by a bull-nose and socket arrangement,
with a exor tension member that allows each unit to pitch relative to the others.
However, large forces that can develop between units pose challenges for mechanical
connections. In response, the U.S. Navy's Transoceanic Connectorless Seatrain Con-
cept (Kara ath et al., 2009) features sharp bows that t into V-shaped notches in the

sterns of adjacent units, relying on compressive forces to maintain connection. Each
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unit is equipped with water jets at the transom, positioned on either side of the notch,

to assist with alignment and control during transit. This system, however, presents
challenges in designing bumpers and fenders to manage the forces and prevent damage
during transit.

Resistance reduction, turning performance, shear forces at joints, and motion re-
sponse are key considerations in the design of marine trains. Mizine and Kara ath
(2015) designed a high-speed trimaran sea train with a ball-and-opening socket ar-
rangement between units. Their model tests demonstrated that a four-unit sea train
reduced resistance per unit by 24% to 30% within the 10 to 30-knot speed range. Addi-
tionally, they found that the maximum turning diameter of the assembled sea train was
approximately three times the total length of the system. Zhang et al. (2021) tested
an articulated pusher-barge system and observed that both the ATB system and the
pusher experienced signi cant increases in sinkage at higher speeds and shallow drafts.
To further investigate the vertical forces on the coupling of a pusher tug-barge sys-
tem in waves, Mumford (1993) developed a numerically fast three-dimensional solution
method based on the uni ed slender body theory. This method considered the inter-
actions between the two hulls in coupled modes of motion at zero speed. Miller et al.
(2001) conducted integrated tug-barge (ITB) model tests and found that the maximum
longitudinal, transverse, and vertical connection forces occurred at wave encounter an-
gles of 0, 45, and 225, respectively. Qin et al. (2023) employed STAR-CCM+ to
investigate a conceptual sea train featuring a small water-plane-area trimaran in head-
ing waves. They analyzed two con gurations: one with physical connections allowing
relative pitch motion between vessels and another with non-physical connections. Their
results indicated that the drag reduction between the two con gurations was minimal,
while the physically connected system signi cantly reduced the pitch motion of each
vessel.

Although signi cant work has been done to understand the motion responses of
interconnected oating structures, these studies only focused on stationary multi-body
systems, without accounting for moving speed. However, moving speed is a critical

factor in the design of marine trains, as it in uences the encounter wavelength and,
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consequently, the hydrodynamic interactions between individual vessels. Additionally,
existing studies have mainly investigated hinged connections for marine trains moving
in waves. These connections, however, may experience high shear forces that could
damage the mechanical joints. Therefore, it is essential to consider various connection
types and their impact on both motion responses and shear forces to determine the

optimal mechanical connection when designing such systems.

2.5 Summary and research gaps

This chapter reviews previous studies on distinctive formations, wave and viscous
interference among ships, and hydrodynamic interactions among multiple oating bod-
ies in waves. Inspired by the phenomenon that ducklings swim in a single- le formation,
several studies explored ships moving in such formations. However, these studies do not
take the potential for utilising wave-riding and wave-passing mechanisms into account.
Furthermore, the optimal spacing between hulls in multi-hull ships and ships in forma-
tions has typically been determined based on either total drag reduction or wave drag
reduction. Nevertheless, viscous interference also plays a crucial role in determining op-
timal positions, particularly for transom stern con gurations operating at high speeds.

In such scenarios, ow separation can result in intense turbulent ow, accompanied by
air entrainment and the generation of air bubbles, which is generally unfavorable for
minimizing ship resistance. Nevertheless, this phenomenon o ers a potential solution
for resistance reduction through air lubrication for ships operating within this ow.
Finally, while previous studies explored the motion response of oating multi-body
systems, they focused on stationary states in waves. The e ects of moving speed and
mechanical connection styles, which are crucial for understanding the motion response
of marine trains, remain underexplored. Therefore, the following chapters of this thesis

aim to address these gaps.
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Chapter 3

Numerical Implementation of

3-D Potential Flow

3.1 Introduction

The methodology chapter outlines the computational framework used to predict the
wave-making resistance of ships in calm water, as well as their wave-induced motions
and loads in waves. By employing three-dimensional potential ow theory, this thesis
focuses on analysing hydrodynamic interactions among multiple ships in a row, while
simplifying the problem by neglecting viscous e ects. The Rankine source panel method
forms the core of the numerical approach, enabling e cient solutions to boundary value
problems. Advanced numerical techniques, such as the upwind di erence scheme, are
implemented to enhance stability, while the improved Sommerfeld radiation condition
ensures realistic representation of wave behaviour at the domain boundaries. This
chapter begins with a description of the governing equations and boundary conditions
that de ne the hydrodynamic problem. It then elaborates on the numerical methods,
detailing the Rankine source panel method and its implementation. Stability improve-
ments and boundary treatments are also discussed, highlighting their role in ensuring
computational accuracy and reliability. These techniques form the core of the in-house

code MHydro.
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3.2 General formulations of potential ow theory

3.2.1 Reference systems

When ships move in calm water or waves, two sets of right-handed coordinate
systems are adopted. The rst is a global reference system, denoted asxyz which
is xed to the earth. The second is a local reference system, denoted &3,-XnYnZn
(n=0;1,2;:::;N), which is xed to each ship, as shown in Figure 3.1. \n" represents
the number of each individual, while \N" represents the last trailing ship. The plane
Z=0 represents an undisturbed free surface with a positiveZ-axis upwards and a
positive Y -axis to the starboard. The leading ship and trailing ships are assumed to
move with the same speedJ and the same direction along the negativeX -axis. The
direction of the incident wave is de ned by the angle between the direction of wave
propagation and the direction of the ship's movement. =90, 135 and 180 degrees
correspond to beam, oblique and head seas, respectively. The six degrees of freedom in
vessel motion include the translational motions of surge (parallel to theX -axis), sway
(parallel to the Y -axis), and heave (parallel to the Z-axis), as well as the rotational
motions of roll (around the X -axis), pitch (around the Y -axis), and yaw (around the

Z -axis).

Figure 3.1: Coordinate systems.
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3.2.2 Wave-making problems

Assuming the uid is incompressible, inviscid, and the ow is irrotational, there

exists a velocity potential * that satis es the three-dimensional Laplace equation,

@ @ @@
@3 @y @2

=0: (3.1)

In the local reference system, the kinetic free-surface condition can be expressed by
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where g is the gravitational acceleration. The dynamic boundary condition on the free

=0: (3.2)

surface is expressed hy
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It is worth noting that the leading ship and trailing ships are assumed to move with

(3.3)

the same speedJ and the same direction, so the vessel encountering or overtaking will
not take place. The shallow water e ect is not considered in the present numerical
calculations and the velocity potential is time-independent in the body- xed frame.

Since the ship moving speed is constant, the hydrodynamic interaction can be handled
by a steady state problem. By combining kinetic and dynamic free-surface conditions, it
satis es the time-independent linearized steady Neumann-Kelvin free surface condition

(Newman, 2018):
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where ' ¢ represents steady velocity potential. The boundary condition of the ship

g onz=0: (3.4)

surface should meet that there is no ow through the body surface,

@'s
@n

wheren = (n1; ny; n3) is the unit vector inward on the wetted body surface. In addition,

= Un; on the ship surface (3.5)
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a radiation condition is applied to the control surface to ensure that the wave disappears

at in nity:

P
's! 0 ! 0,as x2+y2l1 (3.6)

where is the wave elevation. The boundary condition on the sea oor can be expressed

by

@'s
@n

As this thesis focuses on the fundamental analysis of complex wave interference

=0; on the seaoor 8.7)

phenomena, the linearized Bernoulli's equation is employed to simplify the approach.
Once the unknown potential ' ¢ is solved, the steady pressure over the wetted hull

surface can be calculated by

@',
ox (3.8)

where is the water density. Integrating the pressure on the wetted hull surface, the

ps= U

force (or moment) can be obtained by

VA
Fi = psnjds j=1;2;:::;6 (3.9)
wherej =1;2;:::;6 represent surge, sway, heave, roll, pitch and yaw, respectively.
The wave-making resistance is equal to the component of the force in the surge
direction Yuan et al. (2019). From the boundary conditions of the dynamic free surface,

the wave elevation can be derived in the form,

(3.10)

3.2.3 Seakeeping problems

For a eet of ships with forward speed in waves, the wave-induced motions and loads

are computed using linear di raction and radiation theory. The velocity potential in
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the ow eld can be decomposed into

T(Xy;z;t) = Ux+ ' s(xy;2)+ ( xy;z;t) (3.11)

On the right-hand side, the sum of the rst and second terms represents the steady

ow potential, while the third term denotes the wave velocity potential.

(xy;z;t)= o+ 7+ =< [olsy;2)+ ' 7(xy;z2)+ ' j(xy;z)e et (3.12)

where o, 7, and ; (with j =1;2;:::;6) represent the spatial velocity potentials
of the incident wave, diracted wave, and radiated wave, respectively. ! ¢ is the en-
counter wave frequency. The time-independent velocity potentials ar€ o, ' j and ' 7,
respectively. The corresponding boundary conditions are discussed in the following

sections.

Incident wave

According to Faltinsen (1993), the incident velocity potential is expressed by

v ig o coshk(z + h) i[k(xcos +ysin )]
0% I, " coshkh © (3.13)

where ! ¢ is the incident wave frequency and g is the incident wave amplitude. The

encounter wave frequency can be obtained by

le="!o Ukcos (3.14)

If the water depth h is given, the wave numberk can be determined using the dispersion

relation

1 2
6 = k tanh(kh) (3.15)

The real and imaginary parts of incident wave potential are expressed by
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Re[' o(x;y;2)] = ?—OO W sin(k(xcos + ysin )) (3.16)
Im[" o(Xy;2)] = ?—; W cosk(x cos + ysin )) (3.17)

where Re represents the real part, andim represents the imaginary part. The normal
induced velocity of the incident wave can be derived from the partial derivatives of

both the real and imaginary components of the incident wave potential (Li, 2001).

@R %x)iy:Z)] = ol 0COS W cosk(xcos + ysin )] (3.18)

@RE o(x;y:2)] _ coshik(z + h))

@y Hosn - gjnhgay  cosktxeos wysinOl - (349)
@REob0yZ) - W sinfk(xcos +ysin )] (3.20)
@inf éxx:y:z)] _ ol gcos ‘W sinfk(xcos +ysin )] (3.21)
@Inf g;yiz)] - o osin ‘W sinfk(xcos +ysin )] (3.22)
@!nf éxz:y;z)] - W cosk(xcos +ysin )] (323)

Di raction wave

When ships are stationary in waves, the incident waves will be in uenced by the
ships, generating di racted waves. The di raction waves are evaluated by xing ships
(n =0;12;:::;N) in incident waves. Based on the study of Inoue and Kamruzza-
man (2008), the di raction wave potential can be determined by solving the following

boundary value problems:

r2- =0 (324)
g@@'; 12 7+ 2il eU%;+ UZ%;=0; (z=0) (325)
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@7 _ @9 — (e
- . (n=0;1;2::N) (3.26)
@'7 _
L =0 (3.27)

Additionally, a radiation condition must be applied to the boundary value problem,

which will be discussed in Section 3.3.3.

Radiation wave

Radiation waves are generated by the forced oscillation of each ship, and the radia-
tion wave force experienced by one ship can be in uenced not only by its own oscillations
but also by the oscillations of other ships. Within the framework of linearized theory,

the radiation wave potential can be expressed as

X6
L 6yiz) = < [ Pocyiz) (3.28)
n=0 j=1

Here, j (j =1;2;:::;6) is the corresponding motion amplitude in six degrees of free-
dom, respectively: 1, surge; 2, sway; 3, heave; 4, roll; s, pitch; g, yaw.

The radiated wave potential per unit velocity for the j-th motion mode of ship n can
be obtained by satisfying the body surface conditions for shim when it is in motion,

while all other ships remain stationary (Fang and Kim, 1986).

r 2 Jn =0 (329)
m n 'n
g@@JZ 12D+ 2il eU%X+ Uz@é)%J =0; (z=0) (3.30)
m
% = ilen+ UM (3.31)
Sn
@
aj =0; on other ships (3.32)
S0
ey
@ zl h

The generalised normal vectors can be given by
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8
2 n; ifj=1;2,3

(3.34)
X n; ifj=4;56
where x = (x;y;z) is the position vector on the body surface. Them-term m; con-
siders the e ect of the steady ow on the radiation boundary condition, which can be

expressed as:

2 (n r)r'yg; ifj =1;2;3
mj = (3.35)
(nr)xr 'g); ifj=4;56
This thesis adopts the Neumann-Kelvin linearization (Newman, 2018) to simplify the

m-term,

(mg; mz;m3) =(0;0;0)
(3.36)
(my4; ms;mg) = (0;n3; n2)

The added mass and damping coe cients of shipn in the j-th mode, induced by

the oscillatory motion of ship n%in the j %th mode, can be expressed as follows:

0 2z . UG@RET]
— ' J . .
J!’J]no - c ) Im [ Jno] CT nJ dS, (337)
|
Y4 0;°
0 . no U @”Tf jnO] i

Coupled motion equations

Once the di raction and radiation velocity potential are solved, the pressure on the
body surface can be obtained based on Bernoulli's equation:
p= [iMe" +r (s UX)r "1, (3.39)

The wave excitation force in six degrees of freedom on ship can be determined by
integrating the pressure distributions of both the incident and di racted waves over the

wetted body surface.
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zz
e (P + PN ds; j=1;2:::;6 (3.40)

Sn
According to Newton's second law, the motion components in the frequency domain

can be obtained by

M nh 0i 0
12 MNe M 4L KN N (2, m° n _ pgn
e MU+ 57 +11le o + KT 14 e jjo*ilejjo | Fj
n%0:n% n

(3.41)
whereM and K represent the generalised mass matrix and restoring matrix. The mass

matrix and restoring force matrix are calculated by

2
m 0 0 mzg 0
0 m 0 mzg 0 mXxg
0 m 0 mXg 0
(3.42)
O mZG 0 |44 0 |46
mXg 0 |55 0
2 3
00 0 0 0 0
00 0 0 0 0
00 A 0 M 0
K= . S (3.43)
0 0 0 g(lw1+ Vzg) 0 g(lw2+ Vzg)
00 agM w 0 0 0
00 0 g(lw2+ Vzg) 0 0

where m denotes the body mass andXg; Yc; Zg) represents the center of gravity. The
roll, pitch, and yaw moments of inertia are given by | 44; | 55; and | gg respectively, with
the roll-yaw moment of inertia satisfying the symmetry relation |45 = 164. Additionally,
Ay, corresponds to the water plane area, whiléV , is the rst moment of the water plane
about the y-axis. The second moments of the water plane about the x-axis and y-axis

are denoted asl 1 and |2, respectively. Furthermore, V represents the underwater
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volume and zg the vertical center of buoyancy.
Once the response amplitudes in six degrees of freedom of each ship are determined,
the wave elevation on the free surface can be calculated using the dynamic free surface

boundary condition expressed as:

o 9 (3.44)

+r('s Ux)y r< M0+ g0+ U0 5 j=1520006

where 7 represent the amplitudes of the diraction wave, respectively. The wave

amplitude can be calculated by :

Pj=" Re()Z+im( )2 (3.45)

3.3 Numerical implementation

The panel method (Erickson, 1990) is a widely used numerical technique for cal-
culating potential ow, divided into the constant panel method and the higher-order
panel method. The constant panel method is advantageous due to its simplicity and
ease of implementation. However, accurately modeling complex geometries requires a
large number of panels, making it computationally intensive. The higher-order panel
method addresses this limitation by achieving the same accuracy with fewer panels but
complicates the eveluation of in uence coe cients.

Since its introduction by Hess and Smith (1964), the constant panel method has
been widely used to predict hydrodynamic loads on ships and o shore structures. In
this thesis, the constant panel method is used to discretize the boundary integral. Exact
formulas are derived to calculate the velocity components at spatial points induced by

a planar quadrilateral source element with unit source density.
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3.3.1 Rankine source panel method

When discretizing the boundary integral, two common methods are the Rankine
source method and the free surface Green function method. The Rankine source method
requires distributing singularity sources on the body surface, free surface, and control
surface, which leads to high computational demands. In contrast, the free surface
Green function method only requires singularity sources on the body surface, making
it more computationally e cient. However, for ship-ship traveling with forward speed,
the Rankine source method proves to be more accurate than the free surface Green
function method (von Graefe et al., 2015).

Figure 3.2 illustrates the distribution of the collocation point and the quadrilat-
eral panel. Two sets of coordinate systems are used: the reference coordinate system
O XY Z , which handles the input data and in uence coe cients, and the element
coordinate systemQ° , Which is used for calculating the exact induced velocity
components. The source density of pane® is denoted as (Q). The distance between

the center of the source panel and the eld point is calculated by

Figure 3.2: Quadrilateral element coordinate system.

(= 2ely 2z P (3.46)

The expression of the Rankine source is given by

1 1
X;7)= =+ = A7
G 7= T+ (3.47)
where the source pointX = (x;y;z) and the eld point “=( ; ; ). Here, the method
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of images is adopted to consider the sea bottom boundary condition. The second term
on the right hand represents the distance between the image source point and the eld

point, where

0= P o ey JEr(zeznT )2 (3.48)

The velocity potential at Point P induced by the panel Q is expressed as

Y4
"or = (Q QGQ;P dd (3.49)

Given that (Q) is a constant, the velocity components at pointP are:

Y4

@'qp _ @Gp
o - @ “grtad (3.50)
7
@'qp _ @Gp
@ (Q) @ dd (3.51)
7
@'qp _ @Gp
e - @ “grdd (3.52)

Hess and Smith (1964) derived the accurate solutions of the above integrals:

@'Q-P Xt i+1 i Fi+ rieg + liji+1
—_— = In ! 3.53
@ Q) i=1 lisi +1 Fi+ rivr lii+1 ( )
@'qgp _ Q) PR jn f s lisi +1 (3.54)
@ oy i i+ rier i+t '
@'qp Xt mii+1€ h Mii+16+1  his1
—= = (Q) arctan ————  arctan — (3.55)
@ i1 zr; Zriv
X i )Y ) G DX ) Fi+ rise + lij+vr . _ @'op
"op = (Q) In —+z '
i1 liii +1 ri+ rive i+ @
(3.56)
where
p
= (x )2+(y i)?+22 (3.57)
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lii+r = P (ivr )2+ ( a2 0)? (3.58)
Mij+1 = A | (3-59)
i+1 i
e=2"+(x )? (3.60)
hi=(y D(x i) (3.61)

It should be noted that in Eq. 3.55, a singular value occurs as the point P approaches

a position in the same plane as the paneQ). In such a case,

8
: 22 if P is within the quadrilateral;
@op _ (3.62)
@ > .
- 0; otherwise.
For the free surface boundary conditions, the second partial derivatives of the ve-

locity potential are required. The accurate solutions of these derivatives are as follows:

@ or X (g i+ i)
= 2 3 | 3.63
@? 2 (©Q =1 Fifier (F+ risg)? 1% 1 269

@' qp X igp )i Tiva)
— =2 A 3.64
@2 2 Q) i1 Mifisn (i +ria)® 12, .
@ op X e ) L Cisn )X DI+ Tis)

T = 2 h | 3.65
@2 @ i=1 riries (i + risn)® 124, 36

The above implementation is performed in the elemental coordinate system and requires
a transformation matrix to transform all physical quantities to the reference coordinate
system.

Figure 3.3 illustrates the discretization of the entire boundaries into numerous
guadrilateral panels. The body surface, free surface, and control surface are divided

into Np, N, and N panels respectively, with a total of N © panels.

S= S + s + Sj (3.66)
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The velocity potential at any point %; on the boundary of the computational domain
is given by
% 0 ZZ % 0

' (Xi) = ,- G(Xi:7)dS = iGij; i=1;2::5;N%  (3.67)
j =1 Sp+ St + Sc ] =1

Figure 3.3: Boundary discretization.

The in uence coe cients G;j; can be determined using analytical formulas derived
from Eqg. 3.56. Similarly, the other components in the boundary integral formulations

for both velocity and acceleration can be expressed as follows:

o ZZ o
@ j=1 Sp+ S¢ + S¢ @n (=1 ,
181 i6i
o ZZ o
o X @ . X
@ I) | =1 J Sp+ St + Sc @x ( ! ) : 1 | gH ( )
o 6i
@' XIO ZZ @ )@O
@é | | j=1 : Sp+ S + Sc @IZ( ! ) : =1 b ( )
181 i6i
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0 7 0
@' @GX;~ X XX
7(Xi): - j @ )dS = jGi;j;

=== 7 i=1:2:::;N% (3.71)
@ j=1 Sp+ Sf + Sc @% =1

The in uence coe cients G{}j , Gi’§j , and Gﬁj can be determined from Egs. 3.53 to
3.55, andG{' is obatained by Egs. 3.63 to 3.65. By applying Egs. 3.67 to 3.71 to the

boundary conditions of the body, free, and control surfaces, an equation system for the

source density can be established as follows:

[Pij 1T jo=[Qil; i=1;2::0N; j=1;2::5N (3.72)

wherePj; represents the coe cient matrix and Q; is the matrix comprising the bound-
ary conditions for each panel. Once ; is determined, the potential, velocity, and ac-
celeration at any point within the computational domain can be calculated using Eqgs.

3.67 to 3.71.

3.3.2 Dierence scheme

In numerical calculations, the wave elevation can become unstable if it relies solely
on the exact solutions derived from Egs. 3.53 to 3.71 without implementing preventive
measures. Because of the high concentration of fast-moving uid particles in certain
areas, particularly near the wave crests, saw-tooth patterns were superimposed on the
physical waves. To address this instability, a common solution is to introduce a low-
pass numerical Iter (Huang, 1997). Another e ective technique is to apply di erence
schemes to the free surface boundary conditions.

Two widely adopted approaches are the upwind di erence scheme and the central
di erence scheme. The upwind di erence scheme relies on points from the upstream
side, whereas the central di erence scheme incorporates points from both sides of the
desired derivative. Bunnik (1999) conducted an analysis on numerical damping and
dispersion to assess the reliability of these schemes. Yuan (2014) examined the stability
of these schemes by analyzing wave patterns on the free surface. Both studies concluded
that the upwind di erence scheme tends to provide better results compared to the

central di erence scheme. Bunnik (1999) explained this through physical phenomena,
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noting that new information about wave patterns predominantly originates from the
upstream side, especially at high speeds, while the downstream side primarily contains
outdated information.

In this thesis, the upwind di erence scheme is employed to address numerical in-
stability. The tangential space derivatives of the potential on the free surface are

represented by:

7>$xi): (Xi+1) < (Xi) (373)

Q@

@ 1 1, , 11,

(o]

@i XN 2 7 xe Txeat 3 @) Sxentzoxn G4

3.3.3 Radiation condition

When using the Rankine source method to solve boundary value problems, the
computational domain cannot be in nite and must be truncated at a speci ¢ boundary.
To prevent waves from re ecting and propagating back toward the ship, a special
condition must be imposed at this truncation point to absorb the waves. One commonly
used method is to implement a damping zone on the free surface, where the damping
strength increases linearly from zero at the start of the zone to the maximum at the
truncation point, thereby avoiding sudden, discontinuous changes that could cause
re ections (Bunnik, 1999). However, for longer wavelengths, the damping zone must
be enlarged, which increases the number of panels and the computational time.

Another e ective technique is to apply Sommerfeld's radiation condition to a verti-
cal boundary that connects the free surface and the sea bottom, known as the control
surface (Sommerfeld, 1949). Das and Cheung (2012) improved the Sommerfeld radia-
tion condition by accounting for the Doppler shift of the scattered waves at the control
surface, ensuring that all scattered waves normal to the control surface are outgoing.
Yuan et al. (2014) further extended Das and Cheung's study to address ship-to-ship
interactions with low forward speed. Here, we employed the radiation conditions de-
veloped by (Das and Cheung, 2012) on the control surface.

Figure 3.4 illustrates the Doppler shift a ecting the scattered wave eld generated
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by a vessel moving at a constant speed) in the positive x direction. As the vessel
moves from point B to point O, the scattered waves propagate from pointB to point
D. The waves reaching pointD on the control surface are rotated by an angle from

the radial axis. Denoting the velocity of the scattered waves a< , we have:

== === (3.75)

Let the coordinates at point D be denoted as (1; 2;0). The above equation then

becomes:

~—= 2+ 3sin (3.76)
The speed of the scattered waves at poinD is given by

1 0

c= 15 (3.77)

where! %represents the angular frequency of the scattered waves from a global reference

coordinate system, given by

19= | .+ UK%os tan 1 -2 (3.78)
1

where k° denotes the local wave number at the coordinates (; »;0) and ! . represents
the encounter frequency in the body- xed coordinate system. The local dispersion

relation for the scattered waves is given by

1 0= P gk®tanh(k%h) (3.79)

When the vessel's speed surpasses the group velocity of the scattered waves, a
calm region forms ahead of the vessel, and the potential becomes constant on the
corresponding control surface. Due to the Doppler shift, the scattered waves rotate
relative to the radial axis by an angle , leading to the following expression for the

radiation condition.
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Figure 3.4: Schematic of Doppler shift and control surface radiation conditions.

Q)

8
3

>

ik cos =0 on Sg,;
@n ' (3.80)

'=0 on S,

where Sc; and Sc, represent the sections ofS¢c with and without the scattering waves,
respectively. At zero forward speed, where =0 and k°= k, the e ects of the Doppler

shift disappear, and Eq. 3.80 simpli es to the Sommerfeld radiation condition.

@I
@n

ik =0 on Sc; (3.81)

3.4 Summary

Based on the 3-D potential ow theory, the wave-making and seakeeping problems
of multi-body interactions are solved using the boundary element method. Speci cally,
the general formulations of the 3-D potential ow are rst introduced, followed by the
Rankine source panel method to discretize the boundary integral. Then, the exact
solutions of the induced velocity components at points in the ow eld are derived.

Finally, the upwind di erence scheme and radiation conditions are implemented on the
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free surface and control surface, respectively.
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Chapter 4

Wave Interference by Ships
Moving in a Single-File

Formation

4.1 Introduction

The US Defense Advanced Research Projects Agency has proposed the Sea Train
(DARPA, 2020) concept in 2020, closely akin to ducklings in a single le formation.
As illustrated in Figure 4.1, it envisages a formation of four or more unmanned surface
vehicles aligned in a row to minimize collective wave-making resistance, e ectively
creating \the equivalent of a long parallel mid-body". Compared to a vessel with an
extended parallel mid-body, the formation of multiple shorter ships in single le can
0 er numerous advantages, such as enhanced mobility, maneuverability, and exibility.
The research of Yuan et al. (2021) and Yuan (2022) indicated that the wave patterns
behind ships/ducklings can be replicated by their followers as long as they maintain
an optimal position and maintain uniform separation, termed wave-passing. However,

this phenomenon raises several intriguing questions:

" Does the wave-passing phenomenon persist if any trailing ships are not in an

optimum position?
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~ Can trailing ships extract more wave energy by increasing the size of the leading

ship?

" Can the leading ship extract more wave energy by increasing the size of the

trailing ship?

Will the drag reduction e ect of the other ships get better or worse if the position

of one trailing ship in the formation changes?

In this chapter, the steady wave interference by ships moving in a single- le forma-
tion in calm water is investigated by adopting a boundary element method with linear
free surface boundary conditions, i.e. MHydro. The e ects of spacing between two
ships and the size of the trailing ship on the wave drag reduction are analyzed when
one ship follows another. In a formation comprising more than one trailing ship, the
phenomenon of wave-passing is further explored, by considering the size of the leading
ship, the position of the initial trailing ship, and the optimal positions for each trailing

ship.

Figure 4.1: Duckling and ships in a single- le formation. (a) Four ducklings following
their mother. (b) Four trailing ships following the leading ship. (c) A ship with a very
long parallel mid-body.

4.2 Assumptions and simpli cation of the problem

This thesis mainly focuses on the wave-making resistance, without delving into the
analysis of other components of ship resistance. To quantify the wave drag of ships

moving in single- le formation, the following assumptions are made:
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(1) The frictional resistance depends on the water's viscosity, the surface roughness
of the body, and the wetted area. It is assumed that the hull surface is smooth
and the hull form is designed to be streamlined. The turbulence in the wake
of the leading ship is weak, resulting in no change to the boundary layer of the
trailing ships compared to moving individually. Thus, the di erence in frictional
resistance between sailing alone and sailing in a formation is negligible for vessels

moving at the same speed.

(2) The presence of rudders, tail posts, bilge keels, and propeller shaft mounts in-
duces ow separation, leading to the formation of vortices and eddies. However,
with proper design, appendage drag and roll damping can be minimized or even

reduced to negligible levels.

(3) Itis assumed that the ships operate in calm water conditions, with a well-designed

substructure to minimize air resistance, making it negligible.

(4) The issue of wave-making can be examined through two perspectives: force and
motion. The focus here is on how a ship's resistance changes while in formation

movement, excluding aspects related to trimming or sinkage.

(5) Itis assumed that the water depth is deep, and therefore the shallow water e ect

is not taken into account in the numerical calculations.

Based on the above assumptions, it can be inferred that the resistance of a ship mainly
originates from two aspects: friction and wave-making. Since the concern here is with
the wave-making problem, friction due to viscosity is not considered.

It is worth noting that the leading ship and trailing ships are assumed to move with
the same speed and the same direction, so encountering or overtaking between vessels
will not occur. In addition, the velocity potential is time-independent in the body-
xed frame. Since the ship moving speed is constant, the hydrodynamic interaction
can be handled by a steady state problem. The boundary element method based on a

three-dimensional potential ow theory can be used to calculate the wave drag of ships.
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The wave drag experienced by a ship moving individually is denoted aRs and the
wave drag of the n-th ship moving in a single- le formation is denoted asR,. The drag
reduction coe cient is de ned by

Rn
Cor= 1 Ro 100% (4.1)

S

Cpr > O indicates the wave resistance is reduced in a formation due to the hydro-
dynamic interaction; whilst Cpr < 0 represents an increase in wave resistance. No
interaction is found at Cpr = 0, and the wave resistance is the same as that of in-
dependent moving. Here,n denotes the number of ships in the formation, andn =0
denotes the leading ship. A value ofCpr = 100% indicates that the wave-making re-
sistance is entirely converted into propulsion force, e ectively aiding the ship's motion.
Conversely, Cor = 100% represents a scenario where the wave-making resistance

experienced by the ships is doubled compared to ships moving individually.

4.3 Comparison with benchmark experiment

To validate the present code, the case of Wigley-Ill hull (Journee, 1992) moving on

calm water is simulated. The mathematical model is de ned as

" A K
B 2 ox 2
! X 1+02 TX (4.2)

=N

y:

where L is the ship length , B is the full breadth, and T is the draft, with L/B = 10:1
and B/T = 8:5.

The wave-making resistance coe cient is de ned as

Cw = 1 , (43)

where S is the wetted area of the body surface,Rs is the wave making resistance.
In Figure 4.2, the results obtained from MHydro are compared with numerical data

provided by Xiang and Faltinsen (2011b), as well as experimental results from the
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ITTC 1984 (ITTC, 1984), conducted by the Ship Research Institute (SRI) in Tokyo
and the University of Tokyo (Tokyo). When the speed is low, some di erences between
the present results and experimental data are observed. These di erences stem from
two main factors: First, the Neumann-Kelvin free surface condition used in the in-
house code MHydro assumes a constant wetted hull surface, which diers from the
experimental setup. Second, the numerical model does not account for higher-order
wave resistance components. The performance of the present code could be improved
by adopting the Neumann-Michell (NM) theory, as described by Noblesse et al. (2013),
and incorporating higher-order terms in the Bernoulli equation. These adjustments
would enhance the accuracy of the predictions. While dealing with uncertainty at low
speeds remains challenging, the present code o ers relatively good results at higher
speeds and provides a general trend for the variation of wave-making resistance with

changing speed.

Figure 4.2: Wave making resistance of the Wigley Il hull.

4.4 Convergence test

A blunt Wigley hull with  L=B =5:1and L=T =10 : 1 is adopted in the numerical
calculation. The main dimensions of the blunt Wigley Il hull are presented in Table
4.1. This ship model will also be employed in the case studies discussed in Chapter 6.

The convergence study analyzes the wave drag reduction of the trailing ship when
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Table 4.1: Main dimensions of blunt Wigley Il hull

Parameter Value
Length, L (m) 4
Breadth, B (m) 0.8
Draught, T (m) 0.4
Displacement,V (m?) 0.588

Centre of rotation above base KR (m) 0.4
Centre of gravity above base, KG (m) 0.26
Radius of inertia for pitch, kyy (m) 1

two identical ships move atF, = 0:3 in a single- le formation with varying gaps. F; is

the Froude number, which can be expressed by

Fr = (4.4)

(Q-‘TC
'_. -

The gap between the stern of the leading ship and the bow of the trailing ship is
denoted by Gog, as illustrated in Figure 4.4. The convergence of the mesh size on the
free surface is veri ed by varying the element size in thex and y directions. Three
mesh size schemes are selected, i.éxdx B=dy = 30 5 (coarse mesh), 40 10
(intermediate mesh), 50 15 ( ne mesh), wheredx and dy denote the length and width
of each mesh. In Figure 4.3(a), the di erences between ne and medium meshes in
the amplitude of the Cpr peak values are: 1= 11 = 7:3% and .= 1 = 10:6%.
In addition, the di erences between ne and medium meshes in the wavelength of the
Cpr peak values are: 1= 11=3:4% and »= »1 = 3:4%. These discrepancies are
attributed to the numerical dispersion and damping inherent in the Rankine source
method (Kim et al., 2005). For a fair comparison of computational costs, a single
case with zero gap between the ships is selected. The computation times for di erent
mesh standards are shown in Table 4.2. As observed in Table 4.2, the computation
time increases signi cantly as the mesh size becomes ner. The time required for a 50
O 15 mesh is notably longer compared to the smaller dimensions, indicating that the
computational cost grows nonlinearly with mesh re nement. For optimal computation
accuracy and e ciency, a grid con guration of 40 10 is employed. Similarly, the mesh

con guration of L=dx D=dz = 40 10, wheredz represents the mesh size in the
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z-direction, is applied to the body surface, with results compared in Figure 4.3(b).

Figure 4.3: Convergence study of mesh size for two ships moving in a single le at
Fr =0:3. (a) Free surface; (b) Body surface.

Table 4.2: Computation time for di erent mesh standards of the free surface

Mesh standard Computation time (min:sec)

3005 2:53
400 10 6:31
500 15 24:30

Figure 4.4 illustrates the panel distribution of the free surface and wetted body sur-
face of two navigating ships in a single- le formation. To save computational resources,
only half of the computational domain is modeled. Additionally, to simulate the full
Kelvin wave pattern and to avoid the wave re ection, the computational domain is
extended to 1L upstream from the center of the leading ship, 8 downstream from the

center of the trailing ship, and 8B sideways from the center of both ships.

4.5 Wave-riding phenomenon

4.5.1 Wave-riding by trailing ships

A single- le ship formation including one leading ship and one trailing ship advanc-
ing at F, = 0:3 is investigated. The reduction in wave resistance for each ship can be
obtained by placing the leading ship at the origin and by changing the position of the
trailing ship from 1L to 4L.
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Figure 4.4: Computational domain and panel distribution of two ships navigating in a
single le formation. There are 15440 panels distributed over the entire computational
domain: 13840 panels on the free surface, 800 panels on the wet surface of each ship.

Figure 4.5(a) illustrates the variations in wave drag reduction for both the leading
ship and the trailing ship across di erent spacings, along with the wave patterns along
the centerline in the wake of the leading ship.Cpr 0 represents the wave drag reduction
of the leading ship, while Cpr 1 represents the wave drag of the trailing ship. X=L ¢
denotes the position of the trailing ship in the local coordinate system of the leading
ship. Within the distance range of 1L to 4L, the wave drag reduction of the trailing
ship demonstrates a periodic oscillation around zero, with the oscillation amplitude
decreasing as the distance between the vessels increases. This rate of attenuation is
consistent with the diminishing wave patterns generated by the leading ship, which
spread and decay as they travel downstream. Notably, when the vessels are in closer
proximity, the leading ship bene ts from a substantial reduction in wave drag. However,
as the gap widens, the leading ship has a diminishing advantage in wave reduction
resistance. This is because, at larger gaps, the bow waves generated by the trailing
ship have minimal interference with the waves produced by the leading ship.

There are three distinct positions, labelled as A, B, and C, where various wave inter-
ference phenomena occur between the two ships. When the trailing ship (positioned at
point A) closely follows the leading ship, the wave drag of the leading vessel is reduced
by 67%. On the other hand, the trailing ship experiences a wave drag reduction of
-152%, which implies that the trailing ship consumes 1.5 times more energy compared
to when it navigates independently. As illustrated in Figure 4.5(b), a high-pressure dis-

tribution is observed at the stern of the leading ship and the bow of the trailing ship.
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Figure 4.5: Wave drag reduction and wave patterns for both the leading ship and the
trailing ship across di erent spacings. (a) Wave drag reduction of the leading ship (n =
0, blue dot curve) and the trailing ship (n = 1, blue dash curve) with di erent distances
at F, = 0:3. Positions A, B, and C represent the typical positions of wave interference.
The wave pro le on the center line behind the leading ship is denoted by the red curve.
Wave patterns of the trailing ship at (b) Position A, (c) Position B, and (d) Position
C, respectively.

This arises due to the superposition of the rear wave generated by the leading ship
and the frontal wave produced by the trailing ship. Such a condition proves bene cial
for the leading ship in terms of energy conservation, but it is disadvantageous for the
trailing ship, impeding its ability to reduce wave resistance.

When the trailing vessel occupies Position B, a win-win scenario arises. The wave
drag on the trailing ship is drastically reduced by 91%, indicating that its total wave
drag is a mere 9% of that experienced by a solitary ship moving at a similar speed.
Simultaneously, the wave drag on the leading ship experiences a reduction of 6%. This

mutual benet is essential for establishing optimal ship formations when attempting
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to minimize overall wave resistance. Figure 4.5(c) shows the wave pattern when the
trailing ship is at position B. The bow of the trailing vessel is positioned at the wave
trough, resulting in the cancellation of the bow wave. Conversely, the stern of the
trailing vessel is situated at the wave crest, leading to constructive wave interference.
The combination of wave cancellation at the bow and wave construction at the stern
induces a propulsion force in the vessel, which can counteract much of its own wave
resistance.

When the trailing vessel reaches position C, the wave drag experienced by this ship
increases by 76%. This phenomenon is depicted in Figure 4.5(d). The phase of the wave
generated by the trailing vessel synchronizes with that of the leading ship, resulting
in the ampli cation of the wave amplitude through wave superposition. Consequently,
the bow of the trailing ship is positioned atop the crest, whilst its stern resides in the
trough. This leads to increased resistance for the ship, which is detrimental to reduce
wave drag.

It should be noted that position B is variable, contingent upon the di ering veloc-
ities. According to Havelock (1908), the wavelength on the centerline behind the

leading ship is related to the velocity U , which can be expressed by

—2U2.
3

(4.5)

Hence, the wavelength has been selected as the primary criterion, given that the
complex interplay between the length of a vessel and its corresponding wavelength is
important in determining the wave interference observed between two ships.

To minimize the wave drag of the trailing ship, the optimal spacings between the two
ships Gp1=L at di erent speeds are determined by comparing the wave drag reduction
of the trailing ship at di erent positions. Figure 4.6 illustrates the variations in wave
drag experienced by each individual ship as the moving speed increases. The leading
ship experiences diminished bene ts, with its Cpr values approaching zero as the
speed increases. The increasing optimal distance between ships with speed, due to

the downstream propagation of Kelvin waves, poses a challenge in harnessing wave

49



Chapter 4. Wave Interference by Ships Moving in a Single-File Formation

interference e ects. In the Cpr values of the trailing ship, three distinct peaks are
observed atF, = 0:235 0:29; and 0:42, which corresponds to =L ¢ of 0.35, 0.53, and
1.11, respectively. At these specic speeds, the trailing vessel rides approximately 3,
2, and 1 waves, respectively. This allows for su cient space ahead of the vessel to
avoid the wave crests generated by the leading ship, while simultaneously positioning

its stern to align with a wave crest.

Figure 4.6: Variations in wave drag of the ship formation and optimal distances between
two ships for minimizing the wave drag of the trailing ship at di erent movement speeds.

As depicted in Figure 4.6, when the Froude number exceeds 0.225, the optimal
distance between the two ships exhibits an upward, oscillatory pattern with the speed
increasing. Additionally, the period of oscillation for the optimal distance markedly
lengthens with the increase in movement speed. Figure 4.7 illustrates the progression
of optimal distances as the Froude number incrementally rises from 0.285 to 0.385. At
Fr = 0:285, the trailing ship optimizes its wave-riding benet by strategically posi-
tioning its bow in the trough and its stern on the crest of the wave, despite being in
proximity to the stern waves generated by the leading ship. As the speed increases and
consequently the wavelength extends, the trailing vessel strategically adjusts its posi-
tion backwards to ensure its stern aligns with the crest of the wave. This adjustment
creates an advantageous pressure di erential between the bow and stern, facilitating

propulsion. This backward behaviour persists up to a Froude number of 0.325, with the
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trailing ship attempting to position its stern at the wave crest. At F, = 0:345, the low-
pressure zone near the bow wave of the trailing ship starts to approach the low-pressure
zone of the leading ship's stern wave. During this phase, positioning the trailing ship's
stern closer to the wave crest becomes increasingly di cult. Subsequently, the trailing
vessel initiates a forward movement to optimize the alignment of its bow wave's low-
pressure zone with that of the leading ship's stern wave. With the further increase in
wavelength, the stern of the trailing ship achieves alignment with a wave crest, signi -
cantly enhancing the wave-riding e ect. This indicates that the adjustment period for
the optimal distance of trailing ships experiences a smooth transition from riding on

two waves to riding on one wave.

4.5.2 Wave-riding by a leading ship

Various con gurations of ships, comprising a leading vessel and a trailing vessel of
di ering dimensions, are explored. The dimensions of the leading ship remain constant,
whilst the size of the trailing ship is proportionally scaled, involving simultaneous al-
terations in length, breadth, and draught. Here, the scale of the trailing ship relative to
the leading ship is indicated byL 1=Lg. As elucidated in chapter 4.5.1, when the trailing
ship occupies position A, the leading ship may derive maximal advantage, albeit at the
expense of the trailing ship. Conversely, at position B, both the leading and trailing
ships may attain mutual bene ts. Speci cally, the leading ship receives the greatest
wave drag reduction when the trailing ship is at position A, while the trailing ship
experiences its peakCpr at position B. Consequently, positions A and B are selected
for the investigation of the dimensions of the trailing ship on the wave resistance of the

leading ship, under varying travel speeds.

Table 4.3: Typical positions of the trailing ship

Position Gap between ships Wave interference Bene't Loss
A Zero Constructive Leading ship Trailing ship
B Variable Destructive Both leading and trailing ships None

Figures 4.9(a) and (b) depict the variation in wave resistance of the leading ship as

the size of the trailing ship increases from 0.5 to 2.5, positioned respectively at locations
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Figure 4.7: Wave patterns of a ship formation, when the trailing ship is at its optimal
positions for varying Froude numbers (a) 0.285, (b) 0.305, (c) 0.325, (d) 0.345, (e)
0.365, (f) 0.385, respectively.

A and B. The wavelengths generated by the leading or trailing ship at various velocities
are quanti ed without dimension, in relation to the length of the leading ship, with a
range incrementing from 0.25 to 2. The non-dimensional speed~¢) corresponding to
the wavelengths are labelled on the top axis. Owing to the constraints in numerical
calculation mesh size, the optimal position B is not ascertained with absolute precision.
The selection of the mesh size depends on both numerical accuracy and computational

cost. The optimal position of the trailing ship on the free surface cannot be determined
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with absolute precision due to the mesh size limitations. The mesh size a ects the
distribution of computational nodes, and this discretization introduces an error in de-
termining the exact position of the trailing ship. Figure 4.8 illustrates the positions of
the trailing ship, with PO representing the precise optimal position for minimizing wave
drag reduction, and P1, P2, and P3 representing the ship's positions when centered on
three di erent mesh nodes. As shown, the trailing ship cannot be positioned exactly
at PO, as it can only move forward or backward by one mesh node. This introduces
an error, but the optimal position lies within the range de ned by P1, P2, and P3.
Therefore, the wave drag reduction at the optimal position PO can be approximated
by averaging the wave drag reduction values at these three positions. Consequently, an
error bar is applied when analysing the position B. However, the gap is zero when the
trailing ship is at position A. Thus, there is no need to use an error bar when analysing

the position A. The error bar is de ned by

Figure 4.8: Mesh scheme of the in-house code MHydro.

S
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M, (Cor, Cobr)Z
m 1 '

Error = (4.6)

Since the optimal position of the trailing ship may not align with a single mesh
node, three consecutive mesh positions are considered to ensure the optimal position is

covered within this range. The Cpr values for each ship are calculated by considering
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three consecutive mesh positions.Thusm = 3 is used in the error bar calculation and

Cpr represents the mean value of these thre€pr values.

Figure 4.9: E ect of the size of the trailing ship on the drag of the leading ship when
the trailing ship is at di erent positions. (a) Position A; (b) Position B.

At both positions, as the size ratio L 1=L¢ increases, the wave drag reduction tends
to increase, especially noticeable for lower travelling speeds. However, there is a large
di erence in the scale of wave drag reduction between the two positions. Position A
exhibits a much higher percentage change in wave drag reduction across all size ratios
and speeds compared to Position B. At=L o = 0:25, the wave drag reduction values
range from 80% to 480% at Position A, whereas the values range from 8% to 60% at
Position B. Upon examination of Figure 4.10(a), it becomes apparent that the wave
energy present at Position A is considerably greater than that at Position B, particularly
within the high-pressure region at the stern of the leading vessel.

At position A, the Cpgr value of the trailing ship is around 480% with =L o =0:25
and L1=Lo = 2:5. When the Cpr value is over 100%, the wave-making resistance is
entirely converted into propulsion force. This indicates the trailing ship does not require
any energy expenditure to move forward. Conversely, when the size ratio is 0.5, the
propulsion force transmitted from the trailing ship is capable to o set approximately
80% of the wave drag experienced by the leading ship. As shown in Figure 4.10(b), the
high-pressure zone at the stern of the leading ship is more expansive and the energy
density signi cantly greater for a size ratio of 2.5 than for a size ratio of 0.5.

Moreover, as the moving speed increases, there is a substantial decline in the wave
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Figure 4.10: Wave patterns of leading ships riding waves generated by trailing ships.
(a) Wave patterns of position A (lower) and B (upper) at =L g =1 (F, = 0:4). (b)
Wave patterns of L1=Lg = 2:5 (upper) and 0.5 (lower) at =L ¢ = 0:25 (F, = 0:2).
(c) Wave patterns of =L g = 0:5 (F, = 0:28)(upper) and 1.5 (F, = 0:49)(lower) with
Li=Lo =1:5. (d) Wave patterns of =L ¢ =1 (F, = 0:4)(upper) and 0.75 (F, = 0:345)
(lower) with L1=Lg = 2.

drag reduction across each size ratio. Concurrently, the di erences inCpr between
di erent size ratios diminish, and the curves tend to converge. Figure 4.10(c) o ers a
comparative visualization of the wave patterns of =L ¢ = 0:5and 1.5 withL;=Lg = 1:5.
The convergence of theCpg is highly relevant to how we de ne Cpr in Equation 4.1.
At lower speed (=L ¢ is small), the denominator in Equation 4.1 is small. A uctuation

of the numerator, which is highly relevant to the hydrodynamic interaction, could result

in a very large Cpr. As the speed increases, the wave resistance of the trailing and
leading ship both increases dramatically. The interaction also becomes more intense.

At di erent moving speeds, the wave drag reduction values stabilize and converge to
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