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Chapter 1

1. INTRODUCTION

1.1. Background

The number of high-speed planing hulls has significantly increased in recent years
owing to their speed and performance requested in military, recreational, racing,
and transportation purposes. Planing vessels are characterised by relatively small
dimensions (L< 30 m), hard chine along the hull, relatively low L/B ratio,
relatively high Froude number together with significant running trim and reduced

wetted surface in the planing condition.

Accurate analysis of the hull behaviour in motion plays an important role, mainly
due to the significance of their optimum and reliable operation under a variety of
sea conditions. The structural design of these hulls is also important as it has
direct effects on their weight, hydrodynamic performances, cost and the load they

can transport.

Seakeeping methods, based on linear and non-linear assumptions applicable on
displacement ships, are not able to account for flow separation on hard chine and
take into account dynamic lift therefore they will result in an not accurate

evaluation of motions and loads in waves.

In order to apply nonlinear based methods in a design context of fast planing hull,
it is necessary to develop a methodology able to take into account the principal

nonlinearities associated with strong variation of wetted surface, hydrodynamic
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lift and running trim and impulsive loads due to high forward speed, that is fast

enough to be used in everyday ship design.

Nonlinear planing hulls seakeeping methods techniques have been developed for
more than thirty years. Since first works in the field of planing hulls, in order to
model properly the wave - body interaction problem, a time domain approach is
chosen, as it allows to remove the assumption of harmonic responses. Both 2D
and 3D panel methods have been developed with different level of nonlinearities
included in mathematical models. Very often the validation of new methods is
reported only with Fridsma’s prismatic hull forms and therefore the real potential

of methods is not known to research community.

1.2 Aims and Objectives of the Thesis

The aim of this thesis is to develop a mathematical model and associated
computational tool able to predict correctly wave induced motions and loads for
planing hulls sailing in rough seas. The proposed methodology should be able to
take into account the principal nonlinear effects associated with hydrodynamics of

planing regime.
The main objectives of the thesis are two:

e to model principal nonlinear effects associated with motion in planing
condition in large amplitude waves;
e to ensure accurate, robust and low computational cost tool to be used in

design context.

To these aims, two mathematical nonlinear models for analysis and simulation of
nonlinear planing hull dynamics have been considered: first one following Payne
(1994, 1995), Ruscelli (2009), Ghadimi et al. (2013) and second one after Zarnick
(1978), Keuning (1994), Ackers et al. (1999, etc.), Hicks et al. (1994, 1995), van
Deyzen (2008).
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Both the mathematical models have been validated against experimental results in
small and large amplitude waves at different speeds and in a wide range of wave
frequencies. The systematic series of warped planing hull developed at
Department of Industrial Engineering, University of Naples, is used as
benchmark. Since the aim of this thesis is to apply the proposed methodology in a
practical design problem, emphasis is given to vertical motions and accelerations
prediction, with objective to understand the importance and feasibility of using a

2D+t nonlinear tool to asses wave induced motions and accelerations.

1.3 Contents of the Thesis

This thesis begins with a critical review that describes and comments on the
previous works conducted in the subjected area. The development of nonlinear
mathematical model required to review and study publications from different
fields, therefore the first part of Chapter 2 recalls planing hull’s hydrodynamics in
calm water and introduces concept of planing hull behaviour in wave. The second
part of Chapter 2 reviews seakeeping methodologies for planing hulls

distinguishing them with respect to the mathematical model implied in.

The third Chapter describes in detail the first developed mathematical model,
presents formulation of the motion equations, together with the numerical solution
developed in Matlab-Simulink environment. The obtained numerical results are
compared with experimental results for monohedral hull, presented in Begovic et
al. (2012, 2014). The seakeeping tests were performed in the Tank of University
of Naples Federico II reporting heave, pitch and accelerations at CG and at bow
for three model speeds. The numerical and experimental motions and
accelerations are analysed in time domain and in frequency domain. From the
spectral analysis was possible to determine the magnitude of the higher order
harmonics, which are negligible for motions and significant for accelerations.

Small non-linearity in the motions, results in a significant contribution of the
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higher order harmonics in accelerations. After validation of developed code, some
critical issues have been identified resulting in not always satisfying pitch and

bow acceleration prediction.

The difficulties related to the description of planing hulls seakeeping physics
through a set of mathematical equations led to the development of the second
mathematical model in which two simplifying hypothesis on small pitch angle and
horizontal velocity equal to the advancing speed have been removed. The fourth
Chapter describes in detail the second mathematical model. The validation of this
fully non-linear mathematical model in regular waves with the experimental
results, is done not only for monohedral hull but also for the most innovative
warped hull form with variable angle of the bottom, representative of current

trends.

Chapter 5 gives the comparison of two developed models, describes the
achievements, contains some concluding remarks as well as suggestions for

further work.
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Chapter 2

2. PLANING HULL HYDRODYNAMICS

2.1 Planing hulls in calm water

Planing vessel embodies simultaneously concept of high relative speed together
with flow separation on chine and dynamic trim as result of hydrodynamic lift.
Planing hulls have characteristics that distinguish them from other types of hulls.
Understanding the characteristics of the hull is important in making an accurate

prediction of the behaviour of the planing hull under various operating conditions.

It is possible to distinguish three conventional modes of motion: displacement,
semi-planing (transition), and planing. During the displacement mode the Fr
number is less than ~0.5. Once Fr exceeds 0.85, boat shifts to the planing mode.
In the semi-planing mode, one part of hull weight is supported by hydrodynamic
force and the Froude number stays less than ~0.85. Similar to the displacement
mode, the trim of the hull, wetted surface area, and drag all increase in this case.
To achieve the planing mode, the hull has to overcome a so-called resistance
barrier, which requires a relatively high power. The practical upper limit for the
semi-displacement mode occurs when Fr reaches ~0.85. As the Froude number

increases, the trim of the hull gradually decreases and tends to a constant value.

High relative speed itself (even at Fr > 0.85) does not mean the hull will be
planing. To obtain the hydrodynamic support is necessary that the hull has some

geometric characteristics:
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e sharp edge (chine) at the intersection of the bottom and sides;
e transom;
e V-shaped sections (deadrise angle);

e bottom of the cross sections straight or slight curvature.

Planing hydrodynamic regime means that pressure distribution on the hull creates
a lift that supports a significant portion of its weight and only a small part of
weight is sustained by buoyancy force. Hydrodynamic pressures also affect the
stability of these hulls. At lower speeds, the hull displaces water to move forward.
As the speed increases, a lift force is generated, which supports the hull and
moves it out of water. As the wetted surface area decreases, the hydrodynamic lift
rises further. Under this situation, the buoyancy forces decrease with the increase
of hydrodynamic forces and there is a point at which the hydrodynamic Ilift
balances the weight of the hull. In the planing mode, the hydrodynamic lift and
buoyancy forces support approximately 95% and 5% of the hull weight,
respectively. The acting forces in planing condition in calm water are shown in

Figure 2.1.

Figure 2.1. Forces acting on planing hull in calm water (from Savitsky 1964)
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As it can be seen from Figure 2.2 and Figure 2.3 the flow around the hull is

characterised by pressure area, whisker spray area and spray.

Figure 2.2. Planing hull in calm water (cortesy of prof. Bertorello C.)

The shape of planing hull wetted surface can be divided into two parts. The first
described as “‘pressure area’’ is limited by wetted chine length, wetted keel length
and stagnation line and it is the part of hull for which all hydrodynamic equations
for lift, drag and centre of pressure are applicable. The second, smaller, called
‘‘spray area’’ is forward of stagnation line, Savitsky (1964), as shown in Figure
2.3. Savitsky et al. (2006), renames the spray area as ‘‘whisker spray area’’. This
area is the part of the hull bottom still in contact with water delimited by the
stagnation line and the spray edge. The spray visible on the sides is not of

hydrodynamic interest.
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Figure 2.3. Definition of wetted surface by Savitsky et al. (2006)

To assess the hydrodynamic resistance of high speed planing hulls experimental,
empirical and numerical approaches are used. The most used method to assess the
prismatic hull resistance in total hydrodynamic lift was proposed by Savitsky
(1964). The original Savitsky method is based on regression analysis of extensive
experimental data on prismatic planing hulls, giving formulas for lift, drag and
centre of pressure coefficients and determines the equilibrium conditions at speed
evaluating: trim, draft, wetted keel and chine lengths and finally hydrodynamic
resistance. In Savitsky et al. (2006). suggested the improvement of the original
work by Savitsky (Oct. 1964) including whisker spray drag and aerodynamic
drag. Original ‘‘Savitsky’” method includes only drag due to the viscosity and
pressure but it does not consider the so called ‘‘whisker spray’” area forward of
the stagnation line. It is shown that the magnitude of this resistance component is
dependent upon the running trim and hull deadrise and it is largest for high
deadrise hulls operating at relatively low trim angles what is typical for very high-
speed hulls. Savitsky et al. (2006) indicated that whisker spray resistance
component could be up to 15% of total resistance highlighting the necessity to
include this component when estimating the total resistance of planing monohulls.

As regard warped hull it is not possible to apply simple projection of wetted area
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or length as in Savitsky (1964, 2006) procedures. In Begovig and Bertorello
(2012) these parameters are determined in their effective values taking into
account the effect of the bottom warping. The wetted surface and whisker spray
area are evaluated thanks to the transparent bottom of the models presented in
Begovig and Bertorello (2012). Clear bottoms allowed visual inspection and
recording of the wetted areas limited by stagnation line, chine and keel wetted
lengths and spray edge as shown in Figure 2.4. After a detailed analysis of the
obtained photos, the wetted surface was drawn on 3D models drawings and four
principal unknowns of planing and preplaning hydrodynamic regime: mean
wetted length, wetted surface of pressure area, mean wetted length of whisker

spray and wetted surface of whisker spray, are identified.

Figure 2.4. Physics of planing — monohedral hull tested at DII at F ,, =2.88
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Although experimental tests are the most reliable way for modelling these flows,
relatively limited number of systematic research is presented in scientific
community generally considering so called “prismatic hulls” or monohedral hulls.
Monohedral hull form is characterised by constant deadrise angle (angle between
the bottom of the hull with the base line) along the hull. Prismatic hull moreover
is mathematical form with the chine line parallel to base line. The monohedral
hullform with V bottom and constant deadrise angle has been most common and
widely used to achieve high relative speed by hydrodynamic lift since early
sixties. This is due to good performances as well as to its intrinsic simplicity,
leading to easy design and simple construction. Finally a sound method for
resistance assessment and a small number of geometric and dynamic factors
influencing the hydrodynamic performances have contributed to monohedral

hullform success and diffusion.

At early stage of planing craft development low values of deadrise angle from 7 to
14 degrees to get adequate hydrodynamic lift by high Cyp values were used. Since
early eighties more advanced construction techniques and lighter and powerful
engines become available and higher values up to 25 degrees were commonly
used to improve seakeeping behaviour in rough sea, although experiencing higher
still water resistance. Within this frame the deadrise angle has been identified and
it is still considered a very important geometrical factor influencing both
resistance and seakeeping in a counteracting way. In the last decade the fuel cost
increase and the enhanced consideration of comfort and safety in rough sea have
strongly influenced the HSC monohull design. The standard monohedral hull
form has been modified into warped hull form to get both reduced horsepower
and adequate seakeeping. The forward and central parts of the hull present very
high deadrise angles for best seakeeping while the after flat bottom provides the
necessary hydrodynamic lift. Hull bottom is warped to fit the requested deadrise
angles. This solution can be used successfully only if the flat after part remains

always below the free surface.

Vertical Motion Assessment for Planing Hulls Page| 10



In this case the widely used tools for monohedral hullform hydrodynamic
behaviour assessment cannot be considered reliable. The variation of deadrise

angles complicates the wetted surface assessment and influences running trim.

2.2 Planing hull seakeeping

Since first works on planing craft performances in rough water, experimental and
semi-empirical methods took place over complicated mathematical modelling of
planing hull seakeeping. Fridsma’s experimental work and regression formulas
developed by Fridsma (1969, 1971), reviewed in Savitsky and Brown (1976) and
Savitsky and Koelbel (1993) are still the milestones for assessment of added
resistance and accelerations values at CG and bow, at different speed regimes of
monohedral planing hulls. Recently some new systematic series of planing hulls
hydrodynamic properties in calm water are published by Taunton et al. (2010),
Metcalf (2005) and Begovic et al. (2012). Important new contributions for planing
hull behaviour in rough sea are reported in Taunton (2011) suggesting Gamma
distribution for acceleration prediction instead of Rayleigh distribution as found
from Fridsma’s work. Soletic (2010) analysed longitudinal distribution of
accelerations and compared his experimental results with those from regression
formulas indicating the discrepancies in widely used predictions. In Begovic et al.
(2014) effect of deadrise variation along the hull on heave, pitch and acceleration
at CG and bow is analysed for small systematic series of three warped hulls in

regular waves forming a possible benchmark for software testing.

As regard numerical predictions for planing hulls seakeeping, a fundamental step
in forming the mathematical model of planing hull seakeeping is transformation

of complex 3D problem into 2D wedge impacting on the water surface.

As reported by Wang (2013) the problem of a free falling wedge entering into a

free surface of water, can be described by four successive phases: impact, flow
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separation from the knuckles, creation and pinch-off of the cavity above the body,

and oscillation of the cavity after the pinch-off, schematised in Figure 2.5.

| i
creation and pinch-off | oscillation of !
of the cavity the cavity

-----------

separation

Figure 2.5. Different phases of free falling wedge into a free surface of water

During the impact before the water reaches the knuckle of the wedge and flow
separation occurs, impulse loads occur. After the rising water reaches the
knuckles of the wedge, separation occurs and the hydrodynamic force on the
wedge will drop dramatically The water is displaced outwards by the wedge. In
planing hull hydrodynamics, first two phases are of particular interest, and as the
compressibility and air-cushion effects are of short duration and they were
neglected in almost all studies, leading to a potential theory. First works on
slamming phase are from von Karman (1929) and Wagner (1932), who studied

the impact of the floats of landing seaplanes on the water surface.

Several authors from Troesch (1992), Royce (2001), Sun (2007, 2011), Troesch
(2010) developed potential flow methods solving two-dimensional impact of a
wedge with varying degrees of complexity. General approach is to find pressure
distribution over an immersing wedge and subsequently to find pressure

distribution and loads on planing hull.

Another approach following the work of Martin and Zarnick is based on strip
theory approach where the normal hydrodynamic force per unit length acting at
each section is assumed equal to the rate of change of momentum and cross flow
drag components. The most important works based on this approach are: Martin
(1976), Zarnick (1978), Keuning (1994), Hicks (1995), Ackers (1999), van
Deyzen (2008). Martin (1976) developed a linear semi-empirical strip theory for
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constant deadrise prisms in regular waves. In this method no free surface
deformations are taken into account except for a correction for pile-up, leading to
very simple analytical formulations for the added mass coefficients and a very
efficient method. Later Zarnick (1978) extended the method to a non-linear time
domain strip theory for planing constant deadrise prisms. Keuning (1994) further
extended the basic model of Zarnick (1978) to variable deadrise hulls and added
empirical formulations for the trim and sinkage based on model tests, in this way
stretching the applicability of the method into a wider speed range. Hicks (1995)
presented non-linear model without simplification of small trim angle. This model
leads to second order members in forces equilibrium equations. Van Deyzen
(2008) extended Keuning’s model to three degrees of freedom: surge, heave and
pitch motion can be simulated and in particular the simulations can be carried out
for a planing boat sailing in regular head seas, using either a constant forward

speed or constant thrust.

Ackers (1999) extended the two-dimensional method proposed by Zarnick (1978),
to calculate the pressure on panels along the hull and particular emphasis was on

the added mass coefficient determination for different deadrise angles.

Garme (2005) used a combination of the semi-empirical non-linear strip theory of
Zarnick and Keuning, combined with precomputed sectional hydrodynamic
coefficients based on Tulin (1957) for planing craft in waves. Sebastiani et al.
(2008) presented 2D nonlinear theory based on Zarnick theory using Payne (1994,
1995) approach for added mass. Ruscelli (2009) and Ghadimi et al. (2013)
developed the final extension of Sebastiani’s methodology to the three coupled
degrees of freedom (heave, roll and pitch). The presented validation are for
Fridsma’s prismatic hulls and proper roll validation is missing due to the lack of

data.

In the last decades there is an increased interest in CFD simulations of planing
hulls but still planing hull behavior modelling for RANSE methods is
complicated, requiring advanced users, enormous computational time and

obtained results have precision in the order of simplified theories.
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Chapter 3

3. MATHEMATICAL MODEL ACCORDING
TO PAYNE

3.1 Introduction

For analysis and simulation of nonlinear planing hull dynamics a mathematical
model, following Payne (1994, 1995), Ruscelli (2009) and Ghadimi et al. (2013),
is developed. The complete theoretical model "non- linear time domain
simulation" was subsequently implemented in a numerical code. Nonlinear time
domain simulations were performed using 2D+t theory. At each time step, the
total force and moment on the hull is obtained by using the sectional forces
calculated in those 2D planes at exact wetted surface. Validation of developed
code is performed for monohedral hull with 16.7 degrees deadrise at three
velocities. Time series of experimental data concerning vertical motions and
accelerations at two longitudinal positions at wide range of wave frequencies and
at three model speeds have assured very good benchmarking for developed code
validation. Original part of work is detailed analysis of numerical and
experimental acceleration data in frequency and time domain identifying the level

of nonlinearities in motions and acceleration responses.
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3.2 Problem formulation

Planing hull is advancing with constant speed v. For the definition of the
mathematical model is necessary to define three reference systems as shown in
Figure 3.1.

1)  GE&yC is the local coordinates system, reference system moving with the
boat, with origin on the boat centre of gravity G; & axis is parallel to the
inclined base line, positive forward; C axis perpendicular to base line,
positive downwards; y axis perpendicular to plan £C, positive rightwards;

2)  OXYZ is the mobile reference system, in the case of constant speed it is an
inertial reference system. This reference system moving with the same boat
speed v, with origin O on the projection of the centre of gravity on the
undisturbed free surface of water at the initial instant; x axis along waterline
direction, positive forward; z axis perpendicular to waterline, positive
downwards; y axis perpendicular to the initial boat symmetry plan, positive
rightwards, is adopted for the description of the wave elevation;

3)  Gxyz with origin located at the boat’s centre of gravity, the x axis is aligned
along the calm water free-surface, positive in the direction of boat travel and
the z axis positive downward. In this reference system the equilibrium

equations are solved.

Undisturbed
Free
Surface

il g

Figure 3.1. Reference systems definition
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The forces acting on a planing hull in calm sea conditions are: weight force W,
shaft thrust T, drag D, hydrodynamic force Fyp and hydrostatic component Fyg as
schematized in Figure 3.2. When the wave invests the hull the modification of
hull volume changes the vertical forces balance. If compared to the planing hull in
calm sea, there are exciting force due to the wave and different hydrostatic forces

due to the modified immersed hull form and volume.

The final equilibrium for seakeeping problem is given by: weight force,
hydrostatic force, exciting force and hydrodynamic force. Shaft thrust and drag
are neglected, as their horizontal components, that are predominant, are assumed

constant over time and thus in stationary equilibrium.

4«
D=DI+D" D"

Figure 3.2. Acting forces at planing hull in waves and definition of motions

Forces acting on a planing hull in waves are considered independent and further

defined as:
e hydrostatic force;

e hydrodynamic force (lift);
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e Froude-Krylov hydrodynamic force (pressures generated by the

undisturbed incident wave);
e diffraction hydrodynamic force (fluid pressure due to the hull motion).

Froude-Krilov forces and diffraction are the exciting forces. In mathematical

model for planing hull, diffraction force is assumed zero.

The considered vertical motions of the hull are characterized by heave n; (positive
downward) and pitch ns (positive bow up). All other motions are neglected. The
initial heave is corrected with sinkage, i.e. vertical rise of centre of gravity, while

the initial pitch is equal to 1, running trim at considered speed.

3.2.1 Hydrostatic force

In the planing mode the hydrostatic force is negligible, is the hydrodynamic lift
that support the weight, when the wave passes through the hull the wetted surface
changes (Figure 3.3) and the hydrostatic component may become no longer

negligible.

The sectional static component is calculated as:

st(fot):p'g'A(ét)

where A(E, t) is the cross sectional area, pis the water density and g the

gravitational acceleration. Global hydrostatic force acting on hull is defined as:

FHS(t)Z J-fHS(g’t)dg
L(z)

Leading to final expression for hydrostatic forces:

Fyg= J.,O-g-A(f,t)df
L(z)

M= [p-g-A(&1)-& cos9d&
L(z)

where L(t) is the wetted length.
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Figure 3.3. Change of wetted surface and hydrostatic force definition

3.2.2 Froude-Krilov force

Following the Airy theory; applied in a non-linear form which accounts for the
effective draught of each section, the sectional Froude Krilov force is calculated

as the integral on the wetted perimeter of the dynamic component of pressure. The

regular waves are described in the reference system OXYZ by:

n(X,Y,t) = Acos(kX cos(u) + kY sin(u) — @t + &)

where:

A: wave amplitude (m);

k: wave number (k = 0*/g = 2/L);

u: wave direction (rad) with respect to bow (0° = following sea, 180° = head sea);
o: wave frequency (rad/s);
.: encounter frequency (w. = ® — kvcosp);

€: wave phase (rad) between 0 and 2.
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With this definition at initial time, the regular wave has its crest in correspondence

with the boat centre of gravity.

The pressures on the hull are calculated as shown in equation:

Prx = pg(Z _ZG)_ZWe_k(Z_ZG)

The total pressure is the sum of two components: hydrostatic and dynamic. In this
formulation is necessary to consider only the dynamic component.
—k(z=Z
Prx =Zye (%)
where:
Zw: wave elevation;

z: actual vertical position of intersection of wave and hull section in Gxyz

reference system;
Zg: the distance between the centre of gravity end the still water line.

The sectional force is given by:

fFK(é:at): J.pFK(l//,é/;l‘)-ndS

5(£.1)

where S is the wetted perimeter of each section.

The integration along the hull length of the sectional forces gives the total wave

forces.

Fr = ijK (f,t)dg
L(z)

M e = IfFK (é,t)-ﬁ-cosedf
L(z)
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3.2.3 Diffraction force

The hydrodynamic diffraction forces are assumed zero. The amplitude of the
diffracted waves is proportional to the hull volume, which is, in planing
conditions, small and therefore also the damping forces, related to the diffraction
of wave, are negligible compared to the other forces. This implicates that the

developed model has a range of validity limited only to planing regime.

3.2.4 Hydrodynamic force

The sectional dynamic component fyp(&,t) is calculated considering that the force
exerted by a fluid on the hull is equal to the variation of the momentum associated
to the fluid mass moved by the boat with speed equal to the relative vertical

velocity between the boat and the undisturbed fluid.

S &t) =1 (£.0)-V(£.0)

where:

V: relative velocity in plane of the cross section normal to the baseline, as defined

in Figure 3.4;
my: added mass associated with the section form.

Material derivate of hydrodynamic force can be further written as:

%(MA(S&J)V(Cf,l‘))Zn'aA((f,t)-V(g,z)_kmA(g,t),V(g,t)_U5(mA(§,812:. V(&,1))

The horizontal velocity U is approximated to the advance velocity v.

The vertical component of the hydrodynamic force is the lift, as defined in Figure

3.2. The three terms of the sectional lift force can be seen as:
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e contribution of added mass due to the changing of immersed volume;
¢ inertial contribution due to the relative velocity between water and boat;
e forward velocity contribution.

The global lift force is reported in the following equations:
Fy yp =Fyp -cos 0= ImA(fat)'V(f,t)'COSH(t)df:
L(z)

+ [, (&) V (E0)-cos Oty dE~ [U- a(’”A(‘fé)gV(‘f 1) -cos (1) déE
L(t) L(z)

_ I m
FZ—HD _szHD +F27HD _FZ—HD

Flp= [m (&)Y (£,0)-cosO(1)dg

L(z)

Fflup= [y (£,0)-V (E,0)-cos 0 (1) d&
L(r)

~ [u- om, (&, f) VD) coso(de
L(r)

i
FZ HD

Similarly, the global hydrodynamic component of the pitch moment is obtained

by the sum of three contributions.

M= [m (e 7 ) 2de ey eaede - [0 CETED o
L(t) L(r) L(z)
MHD=M111D+MZD_M1]Z>

My = [m (&,0)-V(&0)-Edé
L(z)

My, = [ (&,0)-V (£.1)-Edé
L(z)

M !)U a(mA(f,g)g-V(é,r)) ede
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3.2.5 Velocity

The relative speed of the boat is the sum of two components:

e a component due to the advanced velocity and to the keel inclination

angle with respect to the horizontal (stationary component);

e a component resulting from the relative movement between the section

and the water free surface in the concerned section (dynamic component).

Earth Fixed Plane '

\||
T
<
A 4
\||

|

Figure 3.4. View of planing hull from Earth Fixed Plane, definition of relative velocities

V(1) =7 sin 0+ (s —w; JoosO—rps-&
1, = const=v

The vertical component of the wave velocity is calculated by:

—k(z—ZG)

w, = Aosin(kX cos(u)+kYsin(u)—wt+¢)-e

Considering that for small angles sin@~6& and cos@=1 the relative velocity

becomes defined as:

V(E)=vO+1,—1-E—w,
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3.2.6 Added mass determination

Since von Karman and Wagner works on impacting wedge, added mass
determination was reviewed by many authors. In von Karman’s impact model
(1929), the water surface elevation and gravity are neglected and the added mass
of the cylinder is approximated as one half the added mass of a flat plate of length
equal to the cylinder and width equal to the that of the cylinder in the plane of the
undisturbed free surface. This assumption is incorrect for bodies with deadrise
angles below 45 degrees. Wagner (1932) further developed Von Karman’s theory
by accounting for the local uprise of the water and he included the effects of the
wave that was generated by the impacting body in the added mass calculation.
The asymptotic assumptions advanced by Wagner are included in most current
hydrodynamics impact models. Wagner arrived at “m/2 wetting (wave rise) factor”
results from retaining the first order term of the contour expansion and integrating
the velocity ratio in time. Pierson(1948) proposed linear variation of splash up
coefficient between two limit solutions given by Wagner and von Karman. Mei
(1999) presented generalized Wagner’s method using conformal mapping of ships
—like sections aimed to practical use for slamming assessment. He reviewed
solutions from von Karman, Wagner and Pierson for splashing up coefficient and
for slamming force prediction. Important conclusions are that Pierson’s
hypothesis considerably underestimates the splash-up coefficient between two
limits. Pile up coefficient is a function of deadrise and the asymptotic theory of
von Karman underestimates the slamming force, while Wagner’s overestimates it.
Although Pierson hypothesis underestimates splash up coefficient, the Payne’s
theory based on this assumption agrees well with experimental results for

slamming force.
In developed numerical code, the Payne’s approach has been used, as follows:
The 2D sectional added mass mj, is expressed by:

d 2
mA = ZCvmp A
2 tan S
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Where:
Cm: non-dimensional sectional added mass coefficient, Payne (1989, 1994,1995);

desr: ‘effective penetration’ of generic section inside water including pile-up, as

defined in Figure 3.5;
: deadrise angle (deg);

p: water density (kg/m’).

dry chine : : wetted chine

Figure 3.5. Effective penetration, two cases according to chine immersion

defﬁ‘ =d, ‘(1+kp)

_7 41 2
1+kp—2 ﬂ(l j

T

The non-dimensional added mass coefficient C,, is calculated as:

Cc,=C ,+AC,
Where:
ﬁ 2
Cmo: basic two-dimensional flow added mass coefficient, C,,, =( - 2—) ;
T

AC,,: coefficient of the incremental added mass due to chine immersion

AC,=C, K==
b
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K: experimental coefficient, it varies with the deadrise angle, for 0< B <40 its

value is =2;

K =205 1—(2,8]2

w

z.: water elevation above chine, as defined in Figure 3.5;

b: local section chine’s beam.

Figure 3.6. Flow separation for pile up consideration

It should be noted that Zarnick (1978), Ackers (1999) and Singleton (2004) for
case of immersed chine assumed added mass constant, i.e. there is no longer
splash up or increasing wetted beam. This is physically more correct, as it is

shown in the Figure 3.6.

Nevertheless very good results based on Payne’s theory as reported by Mei, and
reasonably accurate results reported by Sebastiani, Ruscelli and Ghadimi for

vertical motions encouraged to follow Payne’s approach completely.
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3.3 Motions equations

The boat, under the action of the waves, will move according to the motion

classical Newton laws.

In the case of two degrees of freedom:

{m773 =ZFZ(t)

]55'775 =ZMY(I)
m-iy=—F,,cos@—F,c —F. +W
L5 i =My + M g + M
where:

e m: boat mass;

¢ [s5: mass moment of with respect to y axis;

0: pitch angle;

Fyp: hydrodynamic force;

Fus: hydrostatic force;

Frx: Froude-Krilov force;

W: weight of boat;

Myp: hydrodynamic moment;

Mys: hydrostatic moment;

Frk: Froude-Krilov moment.

3.3.1 Force equilibrium in coordinate system Gxyz

It's necessary to develop the terms of the equation of force equilibrium.
m-1,=—F,,cos@—F,; —F, +W

first:
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Fy = ~Fys = Fog + W
m-1y=—F,;, cos@+F,
Considering:

V(E)= v, +ipy =1 &= w,

V(E L) = vy +if, — 75 E— W,

In Gxyz reference system vertical component of dynamic hydrodynamic force F .

up 1s given by:

Fy oy =Fyp-cos0= [m,(£,0)-V (£,1)-cosO(t)d& + [rin,(£,1)-V (£,1)-cos O(1)d&

L(¢)
—(u. a(mA(f,l)'V(f,t)) -cos O (1) dé&
L(t) aé

y//4

It can be written F,_,,, =F, ,, +F} ,, —F, ., , with following definitions:

Ffp= [m,(&,0)-V (£,1)- cos 0(t) d&

L(z)

Ff = [, (&,0)-V (£,0)- cos O(t) d&

L(z)

FZ[IfHD = L_!;)U o, (f,at)gV(é’t)) -cos@(t)d&

Developing one by one component of hydrodynamic force we have:

F) ,n= ImA -cos@-Vd&= vaA 15-cos@ d& + ImA 7j,- cos@ d&
L(t) L(t) L(r)

— J‘g-mA-nS. cos@ d& — ImA-wZ-cosﬁ d&
L(1) L(1)

It can written:

Al = ImA -cos @ d&
L(r)

Als= = [&-m,-cos0 d&
£00)
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Bl.=v ImA -cos@ d&
L(r)

Fl.= — _[mA W, -cos@ d&
L(t)

FI 13'773+A315'i75+B315'775 +Fw£3

Z-HD — ‘13

Fl = In’aA-Vcostf
L(t)
=i, -v-cos@-n;dE+ [, 1jy-cosd& — [rin, -1 &-cos Od&
L(r) L(r) L(r)
— ImA-wZ-costé‘
L(¢)

Bl = ij -cos Od&
(1)

Bli=— [, & cos0dé
)

L(z

Cly= [, -v-cos@-d&
L(z)

Fl=— ij “w,-cos@d&
L(t)

FZH—HD :Bsﬂs' s +B3115' s +C3”5' s +val3

FZII_IHD = L_!.t)v a(mA (f,at)é V(éj’t)) 'COSH(t) d§

It can be noted that

bow

s Mgy .m
L(z) aé !

stern

Before continuing with the development of the mathematical model is needed to
specify the meaning of "stern" (later denoted by s) and "bow" (later denoted by b).
Considering the wetted length L(t) (Figure 3.7), for ease of viewing in calm water,

"bow" and "stern" will be the limits of integration, in other words the bow limit
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and the stern limit of the wetted length. The "bow section" is the last wetted
section, its wetted height is zero this implies a zero value also for the added mass
associated with the section. The integral is reduced to the value of the integrated

function only on the "stern section".

Section s (stern) Section b (bow)

il g

v

Figure 3.7. Integration limits

Therefore F/”,, becomes:

FZIgHD = v-cos@- [(mA V) pow —(m 'V)STERN]
Substituting the expressions for V it follows:

y//4 2 . .
F, yp = v -cos e(mAb —my )775 +Vv-cos e(mAb —my )773 —V-COS g(mAbfb -m, <&, )775
—V-CcoSs H(mAbeb - mAstS)

C3”51 =’ -cos@(mAb —mAc)
BY = v.cosOm, —m,)

/8
B;s = —v-cos e(mAbé:b _mAsfs)

v//4
Fyy = —v-cos g(mAbWZb _mAsWZs)

Finally we have:
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FZHjHD: Bsﬂ31 '7'73"'33{[51 “1s +C31157775+Fnl/lg

Finally hydrodynamic force in Gxyz reference system is given as:
1 n m

o= up +E up —F 5

And consequently the coefficients are given as:

Ay = A= [m, -cos0 d&
L(z)

Ay = A=~ [&-m,-cos 0 d&
L(¢)

B,, =Bl - B = In'aA cos@d&E— v-cosO(m , —m,,)
L(r)

7 1 r
B35 = B35 + B35 _B35

=v [m,-cos0 dé— [, -&-cosOdé+v-cosO(m &, —m ,&,)
L(t) L(t)

C,,=CL-Cl = ij v-cos@-d&—v*-cosO(m, —m,)
L(2)

I I 1
F'3—W :FW3+FW3 _FW3

=— ImA ‘W, -cos@ d& — jn'aA ‘W, -cos0d§+v-cos€(mAbeb _mAsts)
(1) (1)

FZ—HD:A33'ﬁ3+A35'ﬁ5 +B33'773 +B35'775 +C35’775 +F3—W

Finally forces equilibrium can be rewritten in form:

m-iy=—F, ;, +F;
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3.3.2 Moment equilibrium in coordinate system Gxyz
Moments equilibrium with respect to the y axis is given by:

L1 =M,, +M,  + M,

Fy =M ;s + M 1

Lss-1js =My + I

Myp is given by:

My = [m6a) Py ags (e r ) -ca - [u- DEDTED g
L(t) L(r) L(¢)
M, =M11—ID +M1[1]D _M[ZID

Developing each term

M= [m,-&vpdé+ [m, &ijdé— [m, & ijg d&— [m, &, dé
L(?) L(?) L(t) L(t)

It can be written:

A=~ [m,-&dé
L(t)

Afy= [m, &g

L(t)

Bli= [m,-&-vdg

L(t)

Fps== [m, &, d&

L(1)

MII—ID: Asls'ﬁs +A5[3'7.7.3 +les'775 +er[/5

MZD: ImAV'f'Usd§+ ImA 15 -&dE— J.mA '52 nsdé — J-mA'(:g'Wz d&
L(z) L(z) L(z) L(r)

It can be written:
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Bl= [, &d&
L(r)

Bli=— [m,-&*d¢&
)

L(t

Cli= [mv-&d&
()

Fls=— [, -& w,d&
L(z)

MIIJID :lelz»'ﬁ3+B5115'775 +C5115'775+Fnl/ls

M}l]Ig: J'Ua(mA(é:’tZZV(é:’l))gdg

L(z) 0
It can be noted that:

bow

J'gMdg =&V -m,|”" ~ [m, -vag
L(z) aé: L(z)

My =2 (my, & —my - E)ns— [V om, n,dé
L(t)

Ve (my &y =my &)ty = [vem, idé
L(t)
2 2 . .
vy &7 mmy E0) s+ [vem, &g
L(1)
_V'(mAb'gb'WZb_mAs'é:s'WZS)"'J.V'mA'Wzdé:
L(1)

BY ==v-(m & —m, &)+ [vom, - &dé
L(1)

BY =v-(my&, —m, &)= [v-m,-d&
L(1)

Cll =V -(m &, —m, &) — [V’ -m,dé

L)
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1
Fy s==v-(mgy -wy-& —m, -w, &)+ J.V'mA w,d&
L(1)

I o - o - 1 I
My, = Bss N5+ Bsy -1y +Css 15+ Fyys

Finally it can be written:

Ass =A515= - J.mA 'fzdé:
L)

As3 = A513: J.mA -&dé

L(¢)

By =BL—BY = [, -£dé—v-(m,& -m,E)+ [vom, d&
L(r) L(1)

_ pl I m
Bss - Bss + Bss _Bss -

[m-govde— [, &dé+v-(m, & —m, &7) = [vem, - &d& =
L(t)

L(t) L(t)

— [, E2dg+v-(m &7 -m &7
L(t)

Co=Cl—Cl = [im,v-EdE=v (m & —m, E)+ [V om,dé
L(z) L(t)

ol I m _
FS—W_FW5+FW5_FW5_

— [m, &, dé= i, -&w, dé
L(r)

L(t)

tve(my, wy & —my -wy - &)- IV'mA w,d&
L(t)

Finally to compose the motion equation the hydrodynamic coefficients must be

multiplied by -1 and the final expressions are:

Ass =—Ass= J.mA '52 dé

L(¢)

As; =—As3=— ImA -&dé

L(1)

By =—Byy=— [, -EdE+v-(m &, —m &)= [vom, -dé
)

L(¢ L(t)

Vertical Motion Assessment for Planing Hulls Page| 33



Bss =—Bss= _‘-mA 'ézzdg_v’(mAb‘:gbz _mAsé:sz)
L(t)

Cs;=—Cy5y =— IrhAv-fdé’+v2 “(m &, —m &) — IVZ -m,d&
ho) 10

— My, =Ass - Tjs + Asy 715 + Bss 15 + By 13 +Css 15 — Foyy
Finally momentum equilibrium can be rewritten in form:
Lss-175=M pyp + F

155 775 :_Ass 775 _A53'ﬁ3 _Bss '775_353 '773_C55 15 +F5—W +F5

3.4 The 2D nonlinear numerical code

The code is developed for hard-chine hulls with variable deadrise and beam along
boat length. The mathematical model is implemented using the “Strip Theory”,
considering the hull as made of 2D ‘strips’, and evaluating the total 3D forces as
the resultants of sectional forces which act separately on each section without

interactions.

The geometry is imported from a 3D CAD modellers, the ship half-section points
are organized into a three-dimensional array (Figure 3.8). The developed code
consists of two parts. The first part allows the calculation of forces and motions
coefficients depending on the effective wetted surface in incident wave. After
defining the incident wave, as shown in Figure 3.9, the most important task of the
code is the calculation of the ship-wave intersections as shown in Figure 3.10.
After the definition of these intersections the code evaluates forces, moments and

coefficients involved in the equations of equilibrium.
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Figure 3.8. Imported geometry

Geometry - 3D view

005 .o

height(m)

01

02l
035

width(m) length(m)

Figure 3.9. Incident wave and wetted sections properties
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Figure 3.10. Intersection wave-section

The system of equations is solved instant by instant using the numerical
integration algorithm of 4th order Runge-Kutta adding the initial conditions
relative to the undisturbed steady equilibrium position at the specified speed. The
ship velocity, running trim and sinkage are input parameters and heave and pitch

motions are computed as a variation in time around this position.

Developed Simulink code scheme is shown in Figure 3.11.
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Figure 3.11. Simulink model
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For incident wave given by wave amplitude and frequency the example of
calculated heave and pitch during the chosen simulation time is shown in Figure

3.12.

50

wave
heave
— 10*pitch

40 -

30H

-20+-

-30+

A s

-50
a

Figure 3.12. Input wave (mmy), calculated heave(mm) and pitch (deg)

3.5 Comparison of numerical and experimental

data for monohedral hull

To validate the developed code experimental data set performed in the Tank of
University of Naples Federico II, is used. The measurements of resistance,
dynamic sinkage and trim were performed in calm water and these results are
presented in Begovic and Bertorello (2012). From the calm water tests speeds of

interest were identified: 3.4, 4.6 and 5.75 m/s, it was seen that:

e at speed 4.6 model has perfect flow separation;
e maximum realistic speed for testing in waves is 5.75;

o the speed of 3.4 is the speed where the planing begins.

Seakeeping results for monohedral hull, with deadrise angle 16.7 degrees, shown

in Figure 3.13, presented in Begovic et al. (2014), contain heave, pitch and
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accelerations at CG and at bow for three model speeds corresponding to Frv =

1.92, 2.60 and 3.25. Model main dimensions and inertial properties are given in

Table 1.
SEZ A-A I“'A Lb‘l SEZ B-B
| MONO | K),_
V7
- THL L

Figure 3.13. Monohedral hull geometry

Table 1 — Monohedral model's principal characteristics

Loa | Las | B | Tap | A B |LCG |VCG | ky | kss
(m) | (m) | (m) | (m) | (N) | (deg) | (m) | (m) | (m) | (m)
1.9 | 1.5 |0.4240.09 |319.7 | 16.7 | 0.697 | 0.143 |0.12810.5833

The LCG position is set from tests in calm water with aim to assure the trim of

about four degrees at speed, leading to 1.66 degree astern as static trim.

Four degrees running trim represents a realistic scenario for a planing hull in

service. Seakeeping tests were performed at constant speed with models restrained

to sway, roll and yaw. Model speed, heave, pitch, added resistance were measured

at the point of 53.5 cm from the stern, while accelerations are measured at 0.72m

and at 1.62m from stern. Measured heave is recalculated to the longitudinal centre

of gravity LCG position reported in Table 1. Wave frequencies and encounter

waves amplitudes are given in Table 2. All data are sampled at 500 Hz.
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Table 2 — Seakeeping tests matrix

f ® k A ALoa A H/A
(Hz) (rad/s) | (rad/m) (m) (mm)
1.00 6.283 | 4.026 1.561 0.821 16 0.020
0.90 5.655 | 3.261 1.927 1.014 20 0.021
0.80 5.027 | 2.576 | 2.439 1.284 20 0.016
0.70 4.398 1.973 | 3.185 1.676 20 0.013
0.65 4.084 1.701 3.694 1.944 32 0.017
0.60 3.770 1.449 | 4335 | 2.282 32 0.015
0.55 3.456 1.218 | 5.160 | 2.716 35 0.014
0.50 3.142 1.006 | 6.243 | 3.286 35 0.011
0.45 2.827 | 0.815 | 7.708 | 4.057 45 0.012
0.40 2.513 | 0.644 | 9.755 5.134 45 0.009

Once the code has been validated, calculations are performed for wave amplitudes
measured in seakeeping tests, reported in Table 2 and for input condition

summarized in Table 3.

Table 3 — Calm water values — input for seakeeping calculations

v (m/s)

3.40

4.60

5.75

Sinkage (mm)

3.65

9.75

17.42
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Running trim (deg) 3.97 4.17 4.02

Calculations are performed with a time step 0.002 s, the same as the sampling
frequency in performed experiments. Simulation time of 50 seconds in model
scale was considered, although from model tests maximum time history is about
15 s. Examples of calculated vs. measured responses are given from Figure 3.14
to Figure 3.49, for three speeds of 3.4 m/s, 4.6 m/s and 5.75 m/s corresponding
respectively to Frv = 1.92, 2.60 and 3.25 end for three wave's frequencies of 0.9,
0.65 and 0.45 Hz.

A Y A A Iy A A A — Experimental heave
4 H /l f\ 1 ( / { ” H H ” \ ( { ﬂfNumericalheave
YA T 1 I e v A
] T Y T A A
AC I U T e A T T T
AV T T A T T AT T AT LTI D (T T
| AT R I R A IV T
S I [ [ AL |
T ] i [ TEEE T 1A 1T TA
EL ] [1] I | L [
g [ AT I [ \ [ [
S LY/ 1/ L. i A | I
[y [N Y Yy \VARIRR WA l 1!
[V ALY VIC VW T 1]
T W] TEVETNE T T M
I O A L AV
Uy Ty M g e T
TN . A N A VA

time (s)

Figure 3.14. Numerical vs. experimental heave, v=3.4 m/s and f=0.9 Hz
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Figure 3.15. Numerical vs. experimental pitch, v
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Figure 3.17. Numerical vs. experimental acceleration at bow, v
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Figure 3.18. Numerical vs. experimental heave, v=3.4 m/s and f=0.65 Hz
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Figure 3.19. Numerical vs. experimental pitch, v=3.4 m/s and f=0.65 Hz
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Figure 3.20. Numerical vs. experimental acceleration at CG, v=3.4 m/s and f=0.65 Hz
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Figure 3.22. Numerical vs. experimental heave, v

Figure 3.23. Numerical vs. experimental pitch, v
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Figure 3.31. Numerical vs. experimental pitch, v
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Figure 3.32. Numerical vs. experimental acceleration at CG, v
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Figure 3.33. Numerical vs. experimental acceleration at bow, v=4.6 m/s and f=0.65 Hz
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Figure 3.34. Numerical vs. experimental heave, v=4.6 m/s and f=0.45 Hz
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Figure 3.35. Numerical vs. experimental pitch, v=4.6 m/s and [=0.45 Hz
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Figure 3.36. Numerical vs. experimental acceleration at CG, v=4.6 m/s and f=0.45 Hz

— Experimental bow acceleratiol
o A f\ }*Nﬁpmericaliaovt: acceleratior: T
sl | | \ | |
/ | I\ I Y M \ I
ool | i\ ! I\ \ l
~ I\ \ n VTN UEIA [
Al i\ Vo | \ VI AR A0
£ [ \ , \ | | \ N / {
3 \ W \ N 1\ WL
8 LI \ I\ WA \l
£ WA | VT \ V]
. R i iV INEANY AR \ i\
VIR Y/ EEEILY NN L ARER LY AR | \
. \ \/ \ \
\ Y I f
0.4~ U —

o
~
©
=
3

5
time (s)

Figure 3.37. Numerical vs. experimental acceleration at bow, v=4.6 m/s and f=0.45 Hz
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Figure 3.38. Numerical vs. experimental heave, v=5.75 m/s and [=0.9 Hz
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Figure 3.39. Numerical vs. experimental pitch, v=5.75 m/s and /=0.9 Hz
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Figure 3.40. Numerical vs. experimental acceleration at CG, v=5.75 m/s and /=0.9 Hz
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Figure 3.41. Numerical vs. experimental acceleration at bow, v=5.75 m/s and f=0.9 Hz
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Figure 3.45. Numerical vs. experimental acceleration at bow, v=5.75 m/s and f=0.65 Hz
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Figure 3.46. Numerical vs. experimental heave, v=>5.75 m/s and f=0.45 Hz
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Figure 3.47. Numerical vs. experimental pitch, v=>5.75 m/s and f=0.45 Hz

Vertical Motion Assessment for Planing Hulls Page| 52



AN /\ a [: Experirper:tal aclceITlratior: gtsfj‘_
) { \ / \ /\ / \ / \\\ umerlca/ acceleration ai .
[\ A I\ A\ [N /A I
/AW A VN Nl
< \ \ Vo I
£ \ \ \ I
\ \ NEIE
\ L \ \ \\
\ \ | \ \ \ |
\ U \ \ \ |
\ 1N L] W [N | |
: \Jl \J \ L \ ] il
V y ) ) Y

25
time (s)

Figure 3.48. Numerical vs. experimental acceleration at CG, v=>5.75 m/s and f=0.45 Hz
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Figure 3.49. Numerical vs. experimental acceleration at bow, v=>5.75 m/s and f=0.45 Hz

It has to be noted that pitch curve presents different shape of crests and troughs,
indicating nonlinear form. Furthermore, it is evident, even at first sight, that
accelerations, both at CG and at bow, are composed from a few harmonic
components. Before any further data analysis, FFT has been performed, and it was
shown that very small second order harmonic in heave and small second order
harmonic in pitch will results in very pronounced higher order harmonics in

accelerations, as can be observed in Figure 3.50, Figure 3.51 and Figure 3.52.
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The Figure 3.53 and Figure 3.54 summarize the results obtained for three speeds

at three wave's frequencies for heave and pitch for both models.
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Figure 3.53. Numerical vs. experimental heave, 1" model
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Figure 3.54. Numerical vs. experimental pitch, I*' model
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From the comparisons with experimental data it was possible to observe that
heave motion is generally well predicted for the two higher speeds. Heave
prediction is in the worst case within 20%, except for short wave at speed of 4.6
m/s. At the lowest speed, heave is always overestimated, difference is about 20%
at intermediate frequencies (A/L ~ 2), higher for shorter wave (A/L < 2) and longer
wave (ML ~ 4). The same trend, at the lowest speed, is observed for pitch, at
longer waves is significantly overestimated, the differences between experimental
and numerical values are within 35%. At model speed of 4.6 m/s, pitch is very
fairly predicted but underestimated for all the wave with A/L greater than 1.3. At
the highest speed pitch is underestimated for almost all wave frequencies. The

biggest difference between numerical and experimental is approximately 50%.

Once the motions are calculated in centre of gravity, for any other position
vertical displacement can be obtained by the composition of the elementary
motions. Furthermore having time series of experimental data, numerically
obtained vertical motion is derived twice to obtain accelerations at LCG and at
bow. As it was commented for Figure 3.50, Figure 3.51 and Figure 3.52, and
previously analysed extensively in Begovic et al. (2014), accelerations, especially
at bow have more harmonics in response and this is only due to a motions
composition. To validate accelerations calculations, comparison of experimental
and numerical values are reported for time series in Figure 3.16, Figure 3.17,
Figure 3.20, Figure 3.21, Figure 3.24, Figure 3.25, Figure 3.28, Figure 3.29,
Figure 3.32, Figure 3.33, Figure 3.36, Figure 3.37, Figure 3.40, Figure 3.41,
Figure 3.44, Figure 3.45, Figure 3.48 and Figure 3.49. What can be noted that
accelerations at LCG are reasonably well predicted for all speeds, only at the
highest speed the differences in resonance region are of about 50%. As regard
bow accelerations can be seen that as speed increases, the bow acceleration
prediction underestimation increases. This is mainly due to the pitch
underestimation at the highest speed, playing important role in motion
composition. Comparison of all data at all tested wave frequencies and speeds is

presented in Begovic et al. (2014), submitted to Applied Ocean Research.
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Generally two trends can be observed: one regarding advancing speed and one
regarding wave lengths. At lowest speed, predicted values are higher than
experimental, medium speed are very well predicted and at the highest speed

predicted values are lower than experimental. It is the same trend as for pitch.

As regard wave length, it can be seen from the values predicted for longer waves
that the model can be considered representative only for A/L up to approximately
3. This suggests to consider the different behaviour that a planing boat has when
encountering waves of length very close or much longer than its length. In fact,
when the waves are very long, the planing hull tends to ride over the wave profile
and not to pass through as it happens with short waves. From a practical point of
view the most interesting are the lower A/L ratios. In fact to deal with planing
boats means that small craft and high relative speed regime will practically limit
operability to small sea states and maximum significant wave heights of about 2
meters and wave period of about 6 seconds, leading to wave length of

approximately 60 meters and it is of about 3-4 times typical planing boat length.
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Chapter 4

4. MATHEMATICAL MODEL ACCORDING
TO HICKS ET AL.

4.1 Introduction

The numerical code developed on the basis of mathematical model described in
Chapter 3, is robust and fast; it is accurate especially in the prediction of heave
and acceleration at CG. Assumptions of small trim angle and horizontal velocity
identical to forward speed lead to great simplification of mathematical model but
pitch prediction is not always satisfying, especially at very high speed and longer
waves. In addition, developed code gives very good results for monohedral hull,
but not for innovative warped hull where in particular pitch motion has been
significantly underestimated. Reasons why obtained numerical results for warped
hull are so different from experimental have been attributed to mathematical
model assumptions. To improve the numerical results for warped hull forms

mathematical model has been reviewed from the beginning.

4.2 Fully nonlinear mathematical model for

planing hulls

Starting from analysis of forces acting on a planing hull as defined by Zarnick,

Keuning, Hicks, Van Deyzen, etc, the second mathematical model has been
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formulated. Following the work of Hicks, where fully non-linear formulation has
been established, two assumptions: small pitch angle and horizontal velocity equal
to advancing speed, have been removed. Furthermore since Zarnick and Martin
works, vertical force is composed by hydrodynamic force and cross flow drag
force. As van Deyzen (2008) noted, the cross flow drag is of minor order of
magnitude with respect to the other forces and after first mathematical model
results, it was considered that cross flow drag can be neglected in force

equilibrium.

The hydrodynamic force formulation is evaluated according to 3.2.4 without
approximation in the expression of V and considering U as a function of the

coordinate & and time, considering all its component (Figure 4.1).

Do () E) = ) V) () )0 ) 2ED V60D

where U is the relative velocity in plane of the cross section parallel to the

baseline.

v*cos(0) <
v*S'lI\(G) v

o(t)

Wit cos(©) :

w ~sin(0)

Figure 4.1. Velocity components

The velocity components as shown in Figure 4.1 in the body coordinate system

along the hull can be represented as functions for the craft's forward speed, pitch,
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heave and wave orbital velocities. The horizontal component of the wave orbital
velocity is small when compared to the steady forward speed v, and is therefore

neglected. The velocity expressions are:
U(&,1)=1;, cos 0~ (77, —w, )sin@
V(&)= sin0+ (7 —w, Jeos O =17, -&

V(éat):ﬁl sin 6 — 77 §+(773 —Wy )COSQ
+ (77, -cos @ —n, -smb+w, -sinO)7;

There is no surge, so the n; is a stationary component due to the advanced

velocity and to the keel inclination angle with respect to the horizontal.
With: 77, = const=v and 7, = 0, velocity components are:
U(&,t)=vcos @ — (1, —w, )sin@

V(E,t)=vsin@+ (7, —w, Jcos@—1), - &

dw, . ow,
Applying 7 =Wz = g we have:

ow,

V(E,t)=—ij,- & +7i,cos 0 —w, cos 6 + U 5 cos @

+(v-cos@ —r1p, -sinf + w, -sin O)7j;

The more rigorous mathematical treatment involves the presence in the final
equations of equilibrium of some terms of the second order (B33 2nd, A3zs 2nds
Bs3 2nd, As3 2na) and also involves significant changes in the expression of factors

included in the final equations, an example is shown in Table 4 (Bs3).

Exciting forces are obtained by assuming that the wave excitation is caused both
by the geometrical properties of the wave, altering the wetted length and draft of
the craft, and by the vertical component of the wave orbital velocity at the surface
w,, altering the normal velocity V. The diffraction forces are assumed zero as the

amplitude of the diffracted waves is proportional to the hull volume, which is, in
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case of planing, small and therefore also the damping forces, related to the

diffraction of wave, are negligible compared to the other forces.

The buoyancy force on a segment is assumed to act vertically and to be equal to
the equivalent static buoyancy of the section multiplied with a correction factor
Apf.

fHS:ahf'p'g'A

The full amount of static buoyancy is never realized, because at the high speeds
under consideration the flow separates from the chines and the stern, reducing the
pressures at these locations to the atmospheric pressure. Therefore the total
pressure distribution deviates considerably from the hydrostatic pressure
distribution when applying Archimedes Law and the coefficient a; has a value

between 0 and 1. When the moment of this force is determined another correction

factor, namely ap,, is used.

Originally, Zarnick used constant values for Cy,, a,r and ap,. He assumed that the
added mass coefficient C,, was equal to 1 and that the buoyancy correction ayr
was equal to 1/2 and that a;,, the correction for the longitudinal distribution of the
hydrostatic force, was equal to 1/2 a,- He used a pile-up factor independent of
deadrise, equal to m/2. Keuning showed that Zarnick’s method is only applicable
to very high speeds, because of the constant values he used for the
hydromechanics coefficients. Keuning, together with Kant (1989), approximated
the trim angle and sinkage of the craft under consideration using polynomial
expressions derived from the results of systematic model tests, the Delft
Systematic Deadrise Series (DSDS) (1982, 1993). The solution of the equations of
motion, describing the steady state planing in calm water, is known, because of
these polynomial expressions. Substituting these values for sinkage and trim in the
equations of motion results in a system of two equations and three unknowns.
Keuning and Kant assumed that there is no additional factor for the correction of
the longitudinal distribution of the hydrostatic lift and therefore ay,, is equal to 1.

Subsequently the values of C,, and a;; are determined. Van Deyzen reported that

Vertical Motion Assessment for Planing Hulls Page| 61



determining the hydromechanics coefficients in this way, the hydrodynamic lift is
brought into the computational model with a higher level of accuracy than in the

original Zarnick model.

In both mathematical models, developed in this thesis, for the calculation of the
added mass coefficient Payne's theory is applied. According to 3.2.6 the added
mass coefficient is a function of the deadrise angle but also of the instantaneous
immersion. In fact, as in the first mathematical model, two cases were
distinguished: dry chine and wet chine. When the chine is dry, there is a
superelevation of free surface and this is valid in both mathematical models.
When the chine is wet in the first model the wetted height d.s is considered as
defined in 3.2.6. In the second model, when the chine is wet, the immersion d, is
equal to desr and they are equal to the chine height to consider the separation of the
flow at the chine. Superlevation of free surface is considered only in AC, —

coefficient of incremental added mass.

To calculate the coefficients a,r and ap, a system of two equations in two
unknowns considering the vertical force and moment equilibrium in calm water

are solved.

Considering the expression of the hydrodynamic force, the last term takes into
account the variation of the section added mass along the hull. This contribution
can be visualized by considering the 2-D flow plane as a substantive surface
moving past the body with velocity U = -d&/dt tangent to the baseline. As the
surface moves past the body, the section geometry in the moving surface may
change with a resultant change in added mass. This term exists even in steady-

state conditions and is the lift-producing factor in low-aspect ratio theory.

A planing vessel, sailing in calm water with a constant speed, is sailing in
stationary condition. Sinkage and trim are constant in time. If only steady state
planing is considered the following simplifications may be introduced in the

equations:

m=1,=15=0
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U =vcos@
V =vsin@
Fup pys W =0
My s =0

where:

o(m,-V
FHD—HS = IU%COSng— J.abfpgAdéf

L(r) L(¢)

Myp_ps = I
L(¢

() L(r)

U- a(mA ) zae+ [a,, p-g-A-&-cos0ds

Finally the main characteristics of two mathematical models are summarized in

Table 4, where the differences are highlighted in coloured cells.

Table 4 — First and second mathematical model

First Model

Second Model

Hydrodynamic force associated with
change of fluid momentum

Hydrodynamic force associated with
change of fluid momentum

Shaft thrust and Drag are neglected

Shaft thrust and Drag are neglected

Fus= | p-g-A(£,0)d¢

L(z)

Mys= [ p-g-A(&,1)-&-cos0d¢
L(2)

Fys= J.abf'p'g'A(éat)df

L(z)

M= [a,, p-g-A(&,1)-&-cos0dé
L(r)
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Exciting forces:

» Diffraction force is neglected

* no Froude-Krylov in horizontal
direction

* only Froude-Krylov force in

vertical direction

Vertical Motion Assessment for Planing Hulls

Exciting forces:

» Diffraction force is neglected
* no Froude-Krylov in horizontal
direction

* only Froude-Krylov force in vertical

direction
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4.3 Motions equations

Planing hull is advancing with constant speed v. Reference systems are the same
as defined in Figure 3.1 and vertical force equilibrium is identical to those in

Figure 3.2.

If the motions of the craft are restricted to pitch, heave and surge the equation of

motions, according to the classical Newton laws, can be written as:

m-1j IZZFX(t)
m-1js :ZFZ(t)
L5175 ZZMY(t)

m-1, =Ty — Fy,sn@— D, cos6

m-ijy =T, —F,,cos60+D, smnO+W —Fyq

Iss'ﬁstHD “Xe +FHS "Xy _D_/"xD +T-xp

where:
) m: boat mass;
) Iss: mass moment of with respect to y axis;

. 0: pitch angle;

) Fup: hydrodynamic force;
. Fus: hydrostatic force;
° Ds: friction drag force;

. W: weight of boat;

. Ty: thrust component in x direction, Tx=Tcos(0+a.);

. T,: thrust component in z direction, T,=-Tsin(6+a);

. o: propeller shaft angle;

o Xc: distance from centre of gravity (CG) to centre of pressure for

normal force;

° Xp: 1s distance from CG to centre of action for friction drag force;
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. xys: distance from centre of gravity (CG) to centre of resultant
hydrostatic force;

° Xp: moment arm of thrust about CG.

Assuming that the perturbation velocities in the forward direction are small in
comparison to the speed of the craft, the equations of motion may be further
simplified by neglecting the perturbations and setting the forward velocity equal

to a constant.
17, =const;1}, =0

If it is also assumed that shaft thrust and drag are neglected, as assumed constant
over time and thus in stationary equilibrium, the equations of motion may be

written as:

m-1;=—F,,cos@—F,  +W
Lss 15 =Fyp - Xe + Flg - Xy

Calculation of forces equilibrium is based on linearity assumption of
superposition of linear effects, i.e. each force is independent and calculated
separately. The mathematical model is implemented using the “Strip Theory
concept”, considering the hull as made of 2D °‘strips’, and evaluating the total 3D
forces as the resultants of sectional forces which act separately on each section

without interactions.

4.3.1 Force equilibrium in coordinate system Gxyz

In Gxyz reference system vertical component of dynamic hydrodynamic force Fy.

up 1s given by:
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Fy yp=Fpp -cosO= ImA(§,t)-V(§,t)-c0549(t)d§
L(z)

+ jmA(g,z)-V(g,t)-cose(t)dg

U(f,l‘)' a(mA(‘fat)'V(fat)) -cos (1) d&
L(¢) aé

It can be written F,_,,, =F, ., +F} ., —F, ., , with following definitions:

Ff = [m(&.0)-V (&.1)-cos () d
L(z)

Fflup= [y (£,0)-V (£.0)-cos 0 (1) d&

L(z)

Flup = IU 8(mA é t) V(§ )) -cos@(t)dé&
L(t) a(:

Developing one by one component of hydrodynamic force we have:

F) .p= ImA -cos 0-Vd& =
L(z)
- ImA-ﬁ5-§~cos0 dé+ ImA -7jy-cos’ @ d&
L(r) L(e)

— [m, v, -cos’ 0 dé+ [m, U aatj-cos29d§+vij-ﬁ5-coszed§

L(r) L(¢) L(r)

- ImA-ﬁ3 “75-c0s@-sin@ d& + J.mA-f]S-wZ -cos@-sinf d&
L() L(1)

Developing further we have:

ImA -U-awz cos’ @ dé= |v-m, -%-cos39d§
L(7) 9¢ L() g

— |\ m, -7, aawz-cosze-siné?dgg

L(z) é:

+ mA-wZ-aWZ-coszﬁ-sinﬁdé
¢

L(t)
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F = J.mA-ij3-coszt9d§— J.mA'ﬁs'é'COSH dé
L(z) L(r)
— [m, 77, cos0-sin@ d& - ij-ﬁ3-aWZ
L(r) L(t) 0¢&
+vij-ﬁ5-c0529d§ +- ImA-ﬁs-wZ-cosﬁ-sinQ dé
L(r) L(r)

- ImA-wZ-coszﬁdé‘Jr J-v~mA-
L(r) L(r)

-cos’ @-sin@d&

ow,

-cos’ Qd&

0 )
+_[mA-wZ- Y2 . cos® 0 -sin Gdé&
L(t) 5

It can written:

Al = .[mA -cos’ @ d&
L(r)

Aly=— [m,-& cos6 d&
L(z)

Bl,= — J.mA-aaWZ -cos’ @-sinOdé =
i O

—cos’ @-sin@-(m ,w, —m, w,)+ In‘aA -w, -cos” @-sin@d&

L(r)

Bli=v [m, cos>0d& + [m,-w, cos@-sin@ d&
)

L(z) L(:

Al g == [m,-cos0-sin6 d&
L(z)

ow,

-cos® Od¢&

Fjl,=— ImA W, -cos’ @ dE+ J.v-mA :
L(r) L(r)
+ ImA-wZ-%-coszﬁ-sinﬁdfz
(1)
- ij-wZ-cosztG’dgE
L(r)
+v-cos®-(m yw, —m, w, ) — J.v-n'aA ‘w, -cos’ 0d&
L(r)
. | .
+%cosz6’-sm6’-(mA,,w§,,—mAsw§S)—— J-mA-Wé-COS29-Sln9d§
L(t)
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FZI HD_A3[3 i73+A35 s + 33{3 773+B35 s +A3{&2nd.7.73'7.75+FI/I]/3

Fl,n= J.n'zA-V-cosﬁ dé
L(t)
m,-v-cos@-sinfdé + ImA-ﬁ3~cos20d§ — ij-wZ-coszéd§
(1) (1) L(1)
— [, 15+ &-cos0dé
L(t)

B = .[n'aA -cos’ Gd&
L(r)

Bly=— [, & cos0dé

L(z)

ImA v-cos@-sinfd&— ImA w, -cos” Od&

L(r) L(r)

- - o
Fy yp=Bs3 15+ Bysnps + F

i [t S TED e

L(¢)
Substituting the expression for U we have:

F" = = J‘v.a(mgéV_).COSZ Ol — j 7, -a(ma;él/)-cose-sinedf

L(r) L(5)
+ [ w, 8(mA ) -cos @-sinOdE

L(1)

It can be noted that
aWZ

Jw, a(maAgﬁV)dgzwz'V'mA R o
L(¢)

L(t)
The meaning of "stern" (later denoted by s) and "bow" (later denoted by b) is the

same specified in 3.3.1 (Figure 3.7).

Therefore F _pgp becomes:
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F.

H—]HD = v-cos’ @- [(mA V) gow —(m, 'V)STERN]

—cosH-sinH-[(mA V) pow —(m,, 'V)STERN]'ﬁz

COS@-Sinﬁ-[(mA Vw,) gow —(m, 'V'Wz)STERN]

- J. mA~V~a(aLg)-cos9‘sin6’dcf

L(1)
Substituting the expressions for V it follows:

m '(Vsm0+(773 — Wy )0050—775 &)

F" = v-cos’@-
7o —m,, -(vsin@+ (13, —w, )eos @ — ;- &)

—cos@-sinf- . . )
—m, ’(V51n0+(773 — Wy )0059—775 &)

+cos@-sin@-[m , -(vsin@+ (17, —w, Jcos @ —15- &), Wy,

—m - (vsin@+ 7y —w, Jeos @ —1j;- &) g - w,, ]

- _[ m, - (vsin@+ (7, —w, )cosH—ﬁs-f)-aWZ -cos@-sinfd&

£ J¢

Fl',,= v-cos’@-(m, -vsin@—m, -vsin)
+v-cos’@-1,c080-(m,, —m,)
—v-cos’@-cos@-(m,, W, —m, -w,)
—v-cos® 15 - (m &, —m &)
—cos@-sin@-(m, -vsin@ —m, -vsinb)-n,
—cos® @-sin@-(m,, —m,)-1;
+cos@-sin@-cos@-(m , -w, —m, -w,)- 1,
+cos@-sin@-(m, & —m, )15 -1
+ cos@-sin@-(m,, -w, -vsin@ —m . -w,vsin@)
+cos@-sin@-1,-cos@(m,, -w,, —m, -w,)
— cos @-sin Q- cos O(m , wo, —m , W)
= €088-sin0-775 - (M 4,6, - Wy, =M 4 & - Wy,)

— m -vsin@-M-cosé’-siané
A 65

L(t)

- I m, -1, -cos49-M-cosé’-siné’a’gZ
0g

L(t)

+ I m,-w, cos6’~%~cos6’~sin6’d§
L(t)

+ | mA-ﬁs-g-%-cose-sinedg
o 5
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B = v-cos’@-cos@-(m,, —m,)
—cos@-sm@-(m, -vsin@—m, -vsin)
+cos@-sin@-cos@-(m ,w, —m,w,)
+cos@-sin@-cos@(m,, -w,, —m, -w,)

- I m, -cos@-a(aLg)-cosﬁ-siné'df

L(1)

I m, -cos@-%-cos@-smﬁd‘f: (m,, -wy, —m, -w,)-cos” @-sin@

. 2 .
— ImA~wZ-cos 0-smOdé
L(t)

BlY = v-cos’@-(m, —m,)
—cos@-sin@-(m, -vsin@ —m, -vsinf)
+cos@-sin@-cos@-(m,, -w, —m, -w,)
+cos@-sin@-cosO(m , -w,, —m, -w,)

—cos’ @-sin@-(m,, -w, —m, -w, )+ jrhA -w, cos” @-sin@d&
L(1)

Finally:

B3”3[ = v-cos’ - (m,, —my)
—cos@-sinf-(m, -(vsin@—-w, cos@)—m , -(vsin€d —w, cosf))
+ In'aA -w, cos’ @-sin@d&
L(t)
B3[151 = _V‘Cosz 9.(mAb§b _mAsgs)

cos @-8in6-(1m G, - Wy, =M 4 &~ Wy )

+ m, & 202 o5 0.5in0ds
L(1) o¢
Considering:
J. m,-&- 6((:/5 ) -cos@-smBdé =cos@-smO-(m, & -w, —m, E -w,)
L(t)

_ J'mA.WZ.f-cose-sinQdf — ImA-wZ-COSH-Sinedf
L(0) L(0)
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B = —v-cos’ 0-(m,, &, —m, &)
—cos@-sin@-(m G, - Wz, —m & - Wy)
+ cos@-sin@-(m &, -wy —m, & -w, ) — In’aA “w,-&-cos@-smbdé
L(t)
- J.mA “w, -cos@-smbdé
L(1)
= —v-cos’ 0-(m & —m, &) — [, w, £ cos0-sinOd&

L(t)

- J.mA “w, -cos@-sinfd&

L(t)

/4 .
Ay 5,q = €080-sm@-(m &, —m, &)

7 2 3
B ,,,= —cos” @-sm@-(m, —m,)

Fr = v.cos’0@-(m, -vsin@—m, -vsin@)
—v-cos’ @-cos@-(m,, -w, —m, -w,)
+ cos@-sm@-(m, -w, -vsind —m, -w,vsinf)
: 2 2
— cos@-sin@-cos @(m ,w;,, —m Ww;)
. o(w .
- J.mA-vsm@-(—Z)-cos@-smé?a’gz
L(t) o0&
o(w .
+ J. mA'WZCOSQ-M'COSH-Slngdf
L(t) 0
v-cos’ @-(m,, -(vsin@—w,, cos @) —m  -(vsin @ —w, cos ))

+ cos@-sin@-(m,, -w, -vsind—m, -w,vsinf)

/4
F w3

cos” @-sin@(m ,wi, —m, ws)

vsin® @-cos@-(m,, -w, —m, -w,)+ ij -w, -vsin® @-cos 0 d&
L(t)

1 . 1 ¢. .
+ —cos’ @-sin@(m W, —m W, )—— J.mA W -cos’ @-sin@dé&
(1)

Finally we have:
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F) =v-cos’@-(m, -(vsind—w,, cos@)—m , -(vsin@ —w, cosd))

1 - 2
- Ecos2 0-sin@(m , W, —m W)

. | .
+ J.ﬂ"lA'WZ'Vsze'COSHdSK - = J.mA-wé-cos2«9-Slnt9d§
L(t) L(1)

/14 _ /14 . y//4 . y//4 . . /14 -2 y//4
F,oup= Byz 1+ Bys 15 + Ass 5,01 15 + By 0 15 + s

Finally hydrodynamic force in Gxyz reference system is given as:
7 n m

Fyw =7 o Y F7 p —F 7 o

And consequently the coefficients are given as:

Ay = Al = J.mA -cos’ @ d&
L(z)

Ay = A=~ [m,-&-cos0 d&
L(z)

AS&an = A31572nd - A31H§2nd
=— [m,-cos0-sin® d& —cos 0-sin6-(m &, —m &)
£0)

By, = 3313 +Balg _Balg =
—c0s’ 0-sin 0 (m ,,w, —m ,w,,) + [rit, - w, -cos’ 0-sin 0 dé
L(r)
+ In’zA -cos’ Gd&
L(1)
—v-cos’ @-(m, —m,)
+cos@-sin@-(m, -(vsin@—w, cos@)—m, -(vsin@ —w,, cos b))

— [rin, - w, cos® 0-sin0.d&

L(1)
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Bys = B315 +B3115 _B3”5[ =
v [m,-cos” @ d& + [m,-w,-cos0-sin@ d&
L(z) L(r)

- ij-g-cosedg
L(z)

+v-cos® @-(m & —m, E) + jn'aA -w, -&-cos@-sinfdé
L(t)

+ [m,-w, -cos@-sin0ds

L(t)
_ m . 2 .
By 500 =By 5,0 = 08" 0-sin@-(m,, —m, )

Fys :FV;3+FV£I3_FV;[§ =

- J.mA W, -cos’ @ d&

L(r)
+V-cos (M, Wy, —m Wy ) — jv-mA ‘w, -cos’ 0d&

L(¢)

1 . 1. .

+§cos2 0 -sin@-(m  w, —m, w,)—— ij W -cos” @ -sinOd&
L(r)
+ ij -v-cos@-sin@d& - J.n'aA ‘w, -cos” Od&
L(r) L(r)

—v-cos’> @-(m, -(vsin@—w,, cos@)—m , -(vsin@—w, cosB))

1 .
+ ECOSZ 0-sin@(m ,w,, —m W)

. . I ¢. .
— ImA w, -vsin® @-cos @d&E + — ij W, -cos” @-sin@d&
o) o)

I Y V4 m
FW3_FW3+FW3_FW3_
. 2 3
— ImA-wZ-cos 0 dé+v-cos”@-(myw, —m, w,)
L(z)

+ij -v-cos@-sin@dé— IrhA w, -cos’ Od&
L(t) L(r)

—v-cos’@-(m,, -(vsin@—w,, cos@)—m , -(vsin@ —w, cos b))
+ cos’ @-sin@ (m ,w, —m W)

— J‘n'qA-wZ.wcos&dé

L(2)
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FZ—HD :A33 ) ﬁs + A35 ) 775 + A35—2nd '7?3 '7?5
+ B33 : 7?3 + B35 : 775 + B33—2nd ’ 7732
+ 15y

Hydrostatic component:

Fs= J-abf -p-g-A(f,t)df
L(z)

Finally forces equilibrium can be rewritten in form:

m-1j; =—F, yp—Fys +W

m773 :_(A33 773 +A35 775 + B33—2nd 7732 +A35—2nd '773 '775 +B33 '773 +Bss '775 +Fs—W)
—Fy+W

Fup

Figure 4.2. Moments acting on planing hull in waves

Moments equilibrium with respect to the y axis is given by:
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Lss-1s=M py + M g = Fpy - X + Fyg - Xy

Fus= J‘abf -p-g-A(é‘,t)di
L(z)

M= [a,,-p-g-A(&1)-& cosOdé
L(z)

Hydrodynamic force Fyp is given by:

Fuo= [m (&) V(E0de+ [ (&.0)}7 (En)dz— [u(g.r) 2 (f’glé”f’t”
L(¢) o) 0

And My is given by:
M= [m (£.0)-V (£,0)-£dé+ [, (&,0)-V (&,0)-£dé
L() L(7)

= [uen) a(mA(é,é)-V(f,r)) Ede
L(t) §

I 1 V//4
M, ,=M,,,+M,,—M,,

Developing each term

M= [m, - V-éd&
L(t)
ow,

= ImA-§~[—f7'5-§+i7'3cost9—wzcosH+U 5

L(1)

cos @
+(v-cos@—1,-sin@+w, -sin@)n,1d&

M= [m, & (i) dé+ [m, & iycos@ dE— [m, &, cos 0 dé
L(®) L(1) L(1)
+ ImA-é-UaWZ cosOdE+ [m, & v, cos6 dé
L(1) 0g L(1)
_ ij-f-ﬁ3-sino9-775d§+ ij'f'WZSmﬁ'ﬁ5d§

L(t) L(t)

Substituting expression for U, M ;,D is given by:
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My, = ij'(fz'(—fis)dé+ ij~§-ﬁ3cos0 dé — ij.g.chose dé

L(1) L(1) L(1)
ow,

+ ij-g-agvg-v-coswdg— [m, &

L(t) L(t)

+ ImA -é‘-awz -cos@-w, -sinf@dé
L) ¢

+ ij-g-v-f;S-cosedg— ij-g-ﬁ3~sine-775d§
L(t) L(t)

+ [my & w, sin0 ndé
L(?)

It can be written:

A515:_ ImA '52 dé

L(t)

A= [m, & cos0 dé

L(1)

Bli=~ [m, -g-aa&-cose-sinedg
L(t) é:
=—s8in@-cos - (m ,, &, Wy, —m , EWy)
+ J'mA ‘w, -&-sinf-cos@dE + J.mA -w, -sin@-cosGd&

L(t) L(1)

Bli= [m,-&-v-cos@dé+ [m, & w,sinfdé

L(t) L(2)

513—2nd == ImA &sinfdS

L(1)
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- ow
Fys=- ImA.g.ch059d§+ .[mA £ a;

L(t) L(t)

v-cos’ 6 d&

+ _[mA -§-—6WZ w, -sin@-cos Od& =
L(1) o¢
= [m, &, -cosO d&
L(1)
+veos® 0+ (m 4, &, Wy, —m & wy) — ImA “w, -&-v-cos’ 0d&
L(t)
- J.mA ‘W, -v-cos’ Od&

L(t)

+%sin9-cos9-(mAb§bw§b —m  E W) 1 ij w} -£-sin@-cosOdé
L(n)

L [m,-w sin0-cos0d&

L(t)

MIIJD: A515 775 +A5[3'ﬁ3 +le5'775 +le3 '773 +A5[}2nd '773 '775 +Fn[/5

M= [, (&0)-V (£,0)-Edé&
L(z)

= [rin, - (vsin@+ (7, —w, Joos O —7j;-&)- £dé
L(t)
)/ . . . .
My, = |1, v-sing-Edé+ [, -7y cos0-Ed&
L(r) L(t)
— [, -w, -cos0-EdE— [, - &-Edé
L(¢) L(t)

It can be written:

Bli= [, cos0-&d&
L(z)

Bli=— [, -&’d¢
)

L(t

Fs= [, (vsin@—w, cos0)-&dé
)

MgD:BSI;.ﬁ?)_FBSHS.ﬁS_'_FV;IS
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a(mA £,1)-V (E.1)

MIII d
A { Py Edé&
Milp= [v-cos0- A2 cae [, sing- T2 £
L(¢) L(r) ¢
) 8(m V)
— 4 2. 5d
! L

My =veos0-[(m, -V -&), —(m,-V-&),]- [v-cos@-m, -V d&
L(¢)

—nysin@-[(m,-V-&), —(m,-V-&) ]+ fﬁg -sing-m, -V dg
L(z)

+sin@-[(m, -V -&-w,), = (m,V-Ewy) - |
L(¢)

ow,

oc

Sin@-m, V- EdE

= [w, -sin0-m, -V d¢
L(¢)

Substituting V into the expression for

Mgf):vcosﬁ-[(mA -(vsin6’+(773 -w, )cos@—ﬁs-f)-f)b
—(m, - (vsin @ + (1, — w, Jeos 0 —1j5- &) - £),]
— [veos@-m, - (vsin @+ (7, —w, Jeos 0 1, - &) dé
L(r)
—13ysin@-[(m,, - (vsin @ + (1, — w, Jcos O —j5- &) - &),
—(m, - (vsin@ + (1, — w, Jcos 0 —1j5- &) - £),]
+ [y sin@-m, - (vsin 0+ (17, —w, )cos 0 -7, - £)dé
L(t)
+sin@-[(w, -m, - (vsin @+ (17, = w, )eos @ —7j5-£)- &),
—(wy -m, - (vsin @+ (1, —w, Jeos O =15 - £)- £),]

— [ 2%25ing-m, - (vsin@+ (3, —w, JeosO—1, - &) - & dE
L(r)
— [w,sin@-m, - (vsin@+ (i, —w, )cos 0 —1j- &) dé

L(t)
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M =vcos@-(m,vsinOE, —m  vsinOF ) — _[vz cos@sin@-m ,d&
L)

+vcos@-(m ,n,cos6E, —m 17, cos 05 )— jvcosz 0-m,n,d&
L(1)
—vceos@-(m ,w, cosO5, —m, w, cosO5 )+ Ivcosz 0-m,w,d&
L(1)
—vc08 0+ (m 71 E) —m ,115E0 )+ [veos 0-m i - Edé
L(1)
— 71, $In0- (m ,,vsin 0F, —m ,vsin 0Z)+ [vsin® 0-m ip,d&
L(1)
— 71, SN0 - (m 4,715 cO8 OF, —m 77, cos 0F,) + [ 173 sin - cos 0 -m ,d&
L(1)
+1,sin@-(m ,w, cosbs, —m, w, cosO )— jﬁ3 sin@-cos@-w,m ,d&
L(1)
1y $in 0 (m 7158} —m 71 ED) = [1hysin@-m 1y Edé
L(t
+sin@-(m, -wy, -v-sin@-&, —m -WZS(-)v-sinH-(fs)

~ [vsin®6-m, aaWZ gdg— [vsin® 0-m w,dé
L(1) 5 L(1)

+sin@- (my, - Wy, 175 -€086 -8, —m - Wy 175 €086 &)

- Iﬁ3 sinfcos@-m Owy &dé— Iﬁ3 sin@-cos@m w,d&
L(1) aé: L(1)
—sin@- (m,, -wy, -cos@-&, —m, -wy -cos@-&,)
0

+ [w, sinfcos0-m, (;V; £di+ [wlsing-cosOm,dE

L(®) L(®)

—Sil’l@‘(mAb Wy '775 é:bz My Wy '775 §s2)
ow,

+ fﬁs sin@-m Y EXdE+ fﬁs sin@-&m w,d&

L(1) L(1)
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BY =—vcos0-(m,, & —m, &)+ [vecosO-m, - &dé
L(1)

. 2 2
—sin@-(m,, -wy &, —m,-w, -E7)

+ jsme-mA-aWZ

I Py LETAE + jsine-g-mA w,dE =

L(t)
—veos@-(m,, & —m, - E)+ Iv-cosH-mA -EdE
L(0)

. 2 2
—sin@-(my, -wy & —my -w, &)

IO (my, Wy &) =y Wy - ED) = [sin0-w, - & dE
L(?)

~ [sin0-w, -m,-26d&+ [sing-&m,-w,dé =

L(1) L(1)
—veos0-(m, & —m, &)+ [vecosO-m, - &dé

L(1)

~ [sin@-w, i, & dé~ [sin0-w, -m,-Edé

L(1) L(1)

BY =vcos@-(m , cos O, —m , cos OF,) — Jvcos2 0-m,d&
L(t)
—sin@-(m,vsinbs, —m, vsinb& )+ J.vsin2 0-m,dé
L(1)
+sin@-(m ,w, cosb5, —m , w, cosO )— Isin@-cos@-meAdf
L(1)

ow,

Eédé

+sin@- (m ,w, cosO5, —m, w, cosO )— Isin@cos@-mA
L(1)
- Ismﬁ-cosﬁmAde§ =
L(t)
v(cos® O —sin’ 0)- (m ,,&, —m &) +v(sin* O—cos® 0) [m ,d&
L()
+sin@-(m ,w, cosbs, —m , w, cosO )— .[siné’- cos@-w,m ,d&
L(1)
+sin@- (m ,w, cosO5, —m , w, cosbf )
—sin@-(m ,w, cos05, —m , w, cosOf)
+ _[sinH-cosH-mA “w, - &dé + Ism9~cos0mAde§
L(t) L(1)

- J.siné?- cos@m w,dé
L(1)
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B =v(cos®> @ —sin® )-(m , & —m E ) +v(sin® @—cos® 0) J‘mAaigZ
L(1)
+sin@-(m ,w, cosOs, —m , w, cosOf )— Jsin@-cos&-meAd§
L)
+ [sin@-cos 01, - w, - &dé

L(1)

Al g = sin0-(m & —m  ED)— [sin0-m Edé

L(1)

BY —sin@-(m,, cos05, —m, cosO5 )+ J.cos Osin@-m, d&

53-2nd —
L(t)

F).=vcos@-(m ,vsinOf, —m , vsinOF,) — J.v2 cos@sin@-m ,d&
L)

—vceos@-(m ,w, cosO5, —m, w, cosf5 )+ Ivcosz 0-m,w,d&
L(t)

cds

+5I00 - (m 4wy, vsin 0F, —m ,w,vsin0Z,) — [vsin® 0-m, 8(;”5
L(t)
— [vsin® 0-m,w,d&
L(t)
ow,
¢

gdg

—sin@- (m ,w, cosOE, —m  w; cos O )+ J.wz sin@cos@-m
L(t)
2 .
+ .[WZ sin@-cos@m ,d&
L(1)
=vcos@-(m,vsinbs, —m,vsinbs ) — Ivz cos@sin@-m ,d&
L(t)
—veos@-(m ,w, cosOs, —m, w, cosf )+ _[vcosz 0-m,w,d&
L(1)
+sin@-(m ,w,vsinbs, —m,w,vsinbs )
—sin@-(m ,w,vsnbs, —m, w,vsinl )+ Ivsinz O-m,-w,-Ed&
L(1)
+ [vsin® @-m, -w,dé - [vsin® 6-m,-w,d&
L(t) L(t)

—sin@- (m ,w, cosOE, —m  w, cosOF,)

1 . 1 ) .
+2singcos0- (m &, —m, wiE) = [sinOcosOo, -w,” £d
L(1)

1 _[sin&cos@-mA w, dE + J.wé sin@-cos@m d&

L(1) L(1)
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F)l =vcos@-(m,vsinOf, —m  vsinOF ) — .[vz cos@sin@-m ,d&
()
—vcos@-(m ,w,, cosOF, —m  w, cosOE )+ jvcosz 0-m,w,dé
o)

+ Ivsinz O-m,-w, - EAE —sin@- (m,w,, cosOF, —m w3 cosOF,)
L(1)
1. 1. :
+Esm000s9- (mywo &, —m Wi & )—— jsm@cos@-mA w, - EdE
L(1)
I ¢.
-— Ism@cosH-mA w,dE

L(1)

+ [w}sin6-cosOm ,d¢

L(t)

MgI—HD: BSHSI '775+lel31 17 +A5H3[fznd'7.73'7'75+35m 7.732+er%

3-2nd °

Finally it can be written:

Ass :Aslsz - ImA '62 dg
()

Ay = AL= [m, £ cos0 dé

L(1)

Asy 00q = A;Hnd - ASHIHnd == .[mA -Esin@dé
L(1)
—sing-(m,& —m, &)+ [sin0-m Edé

L(1)

B, = le3 + le13 - 351131 =
—sin@-cos 0-(m,,5,w,, —m S wy)
+ J.rr'zA -w,-&-sinf@-cos@d& + J.mA -w, -sin@-cos Bd&
L(t) L(1)
+ |m, cos@-&Ed&
L(¢)
—v(cos® @ —sin® 0)-(m , & —m &) —v(sin® @—cos” O) J'mAdf
L(t)
—sin@-(m,w, cosbs, —m, w, cosb )+ jsin 0-cos@-w,m,dé
L(1)

- J.sinﬁ-cosé’-mA “w, - &d&
L(t)
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B =le5+le2 _leg =
[m,-&v-cos0dé+ [m, & -w,sin0ds

L(t) L(1)

— [, - &g
L(t)

+veosf-(m,, - EX—m, - EY) - jvcose-mA L EdE
L(t)
+ [sin@-w, i, & dé+ [sin6-w,-m, - EdE

L(t) L(t)

By, ,,,=—-BY, =sin@-(m, cosOF, —m, cosOF)— jcos Osin@-m, d&
L)

Fyys :FV;5+FV;[5_FV;]§:
— [m, &, cos0 dé
L(t)
+v008” 0 (m 4, &, Wy, —m y Ew,,) = [, W, & -veos® 0dé
L(1)
-~ ij -w, veos® Od&
L(1)
1 . I ¢. .
+—sin@-cos@-(m ,Ewy, —m  E W) —— JmA w> -E-sinf-cos OdéE
2 L(1)
1 J‘ 2 .
—— |m,-w,-sin@-cos@d&
L(1)
+ ij(vsine—wZ cos0)-EdE
L(t)
—vcos 0+ (m ,vsin 05, —m  vsin6Z,) + [v cosOsin0-m d&
L(1)
+vcos@-(m ,w,, cosOE, —m  w, cosOF )~ jvcoszﬁ'mAdef;‘
L(1)
— [vsin® 0.1, -w, - £d&
(1)

+sin@- (m,w;, cosOF, —m , w, cosOF)

—%sin@cos@- (m ywi,&, —mAswésfs)+l Isin@cos@-mA wy - EdE
L(t)

L jsiné’cos@-mA w, déE— jwé sin@-cosOm ,d&
L(n) L(t)
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Fys==[m, &, cos0 d&
L(t)
+2-v-c08” 0-(m 1, &, Wy, —m 1 EWy) = J‘mA W, -gdS
L)
-2 ImA w, -veos® 0d&

L(1)

+ ij (v-sin@—w, -cosB)-EdE
L(t)

—vcos@-(m ,vsinbs, —m, vsinbE )+ .[vz -cos@-sinf-m d&
L(1)
+sin@- (m ,w, cosOE, —m , w, cosOF)

— [ W} -sin@-cos0-m ,dé

L(t)

Finally to compose the motion equation the hydrodynamic coefficients must be

multiplied by -1 and the final expressions are:

Ass =—As5= J.mA '52 dé

L()

Ay =—Ayy=— [m,-£-cos6 dé

L(t)

Asz 000 = A5z 200 = J-mA -&sinfdé
L(t)

+5in0-(m & —m, &)~ [sin0-m,Edé

L(1)
By =—Bg;=
+sin@-cos@-(m ,Ew,, —m, Ew,)

— jl’hA ‘W, -£-sinf-cos@dé — .[mA W, -sin@-cos Gd&

L(t) L(1)
— [, cos6-£dé
L(z)
+v(cos” @ —sin’ §)-(m , & —m &) +v(sin® —cos’ ) ImAd§
L(1)
+sin@-(m ,w, cosO5, —m,w, cosO5 )— Isin@- cos@-w,m d&
L(t)

+ [sin@-cos 01, - w, - &d&

L(t)
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By =—By == [m,-&-v-cos@ dé~ [m,-&-w,sin0dé
L(t) L(t)
+ [, -£2d¢
)
—veos@-(m,, - EX—m, - EX)+ jvcose-mA-gdg
L(1)
- Jsin@-wz-mA-§2d§— jsine-wz-mA-gdg

L(t) L(1)

Bss 50a = —Bss 5,0 =—sn0-(m,, c0s 05, —m , cos 65, ) + ICOS Osin@-m, ds
L(t)

_MHD :Ass : 775 + A53 : 773 +BS3f2nd : 7732 + Asyznd : 773 '775
+ Bss '775 + Bs3 '7?3 _F;—WS—W

Finally momentum equilibrium can be rewritten in form:

155 775 :MHD +MHS

155 775 :_Ass 775 _Ass 773» - BSS—an 7732 _A53—2nd '7?3 '775
_BSS'ﬁS_B53'ﬁ3+F5—W +FHS

4.4 Fully non-linear 2D time domain code

The structure of the code is the same explained in 3.4, making the appropriate
changes to the functions, for the calculation of forces and motion coefficients
depending on the effective wetted surface, and to the Simulink model, according
with the new developed mathematical model. Developed Simulink code scheme is

shown in Figure 4.3.
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Figure 4.3. Simulink model
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The flow chart in Figure 4.4 summarizes the developed code. The Matlab main
script, launched for the simulation, calls different functions, previously created. It
requires the file that defines the geometry and some input parameters. The first
step is to solve the balance in calm sea condition. After the introduction of the
wave intersections are calculated, and then: the immersed surface, the added mass
and all the forces and factors that enter in the simulation. The same main script
calls the Simulink model for the simulation in time. The results, automatically
saved, are analysed in time and frequency domain. After calculations, the script
asks for the experimental tests file and analyses them in the same manner as
numerical. In this way is possible to get comparisons of time series and FFT

analysis for numerical against experimental results.

The time step used in simulations is 0.002s the same as the sampling frequency of
the experimental tests. This time step can lead to some numerical problems. For
the calculation of the accelerations, as in the first model, we proceed to the
composition of the motions and the double derivation of the obtained
displacement. In some cases, especially for long wave, this samples is too thick
causing numerical errors in the calculation of the derivatives and the amplitudes
of the higher order harmonics result too high. In these cases it is necessary to
reduce the sampling for derivatives, leaving unchanged the simulation step size.
For additional control the accelerations are evaluated, also, during the simulation
in Simulink. The developed code gives also the partial results as added mass,
damping coefficients and forces components acting during the range of simulation

chosen.
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Figure 4.4. Flow chart
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4.5 Comparison of numerical and experimental

data for monohedral and warped hull

The idea of developing the second fully non-linear code was born after the
validation of the first one against warped hull form, as it was expected, the fully
nonlinear model could improve the prediction of motions for warped hulls.
Therefore the validation of developed model is performed for both models:
monohedral hull, shown in Figure 3.13, and for warped hull (WARP 2), shown in
Figure 4.5. Principal characteristics of model WARP 2 are given in Table 5, while

for monohedral hull are already presented in Table 1.

SEZ A-A

Figure 4.5. Warped hull geometry

Table 5 — WARP 2 model’s principal characteristics

WARP 2

Loa | LaB B Tar A B Lcg | Ve K44 Kss

(m) | (m) | (m) | (m) | (N) (deg) | (m) | (m) | (m) | (m)

1.9 1.5 10.424|0.110 | 319.7 | 11.6 —30.1 | 0.609 | 0.155 | 0.1286|0.5491
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As explained in 3.5 the static trim for monohedral and warped hull is of 1.66
degree astern to assure a realistic running trim of about four degree in both cases.
Again all the details about seakeeping tests of WARP 2 can be found in Begovic
etal. (2014).

Numerical calculations are performed for wave amplitudes measured in

seakeeping tests, reported in Table 2 and for input condition summarized in Table
6.

Table 6 — Calm water values — input for seakeeping calculations

v (m/s) MONO | WARP2

Running trim (deg) 3.972 4.179

3.4
Sinkage (mm) -3.648 4.965
Running trim (deg) 4.174 4.145

4.6
Sinkage (mm) 9.705 22.50
Running trim (deg) 4.024 3.221

5.75
Sinkage (mm) 17.425 29.601

Examples of calculated vs. measured responses are given from Figure 4.6 to
Figure 4.41 for monohedral hull and from Figure 4.42 to for warped hull, for three
speeds of 3.4 m/s, 4.6 m/s and 5.75 m/s, corresponding respectively to Frv = 1.92,
2.60 and 3.25, end for three wave's frequencies of 0.9, 0.65 and 0.45 Hz.
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Figure 4.6. Numerical vs. experimental heave, v=3.4 m/s and f=0.9 Hz - MONO
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Figure 4.7. Numerical vs. experimental pitch, v=3.4 m/s and f=0.9 Hz - MONO
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Figure 4.8. Numerical vs. experimental acceleration at CG, v=3.4 m/s and f=0.9 Hz -
MONO
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Figure 4.9. Numerical vs. experimental acceleration at bow, v=3.4 m/s and f=0.9 Hz-
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Figure 4.10. Numerical vs. experimental heave, v=3.4 m/s and f=0.65 Hz - MONO
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Figure 4.11. Numerical vs. experimental pitch, v=3.4 m/s and [=0.65 Hz - MONO
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Figure 4.12. Numerical vs. experimental acceleration at CG, v=3.4 m/s and f=0.65 Hz -
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Figure 4.13. Numerical vs. experimental acceleration at bow, v=3.4 m/s and f=0.65 Hz -
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Figure 4.14. Numerical vs. experimental heave, v=3.4 m/s and f=0.45 Hz - MONO
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Figure 4.15. Numerical vs. experimental pitch, v=3.4 m/s and [=0.45 Hz - MONO
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Figure 4.16. Numerical vs. experimental acceleration at CG, v=3.4 m/s and f=0.45 Hz -
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Figure 4.17. Numerical vs. experimental acceleration at bow, v=3.4 m/s and f=0.45 Hz -
MONO
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Figure 4.18. Numerical vs. experimental heave, v=4.6 m/s and f=0.9 Hz - MONO
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Figure 4.19. Numerical vs. experimental pitch, v=4.6 m/s and {=0.9 Hz - MONO
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Figure 4.20. Numerical vs. experimental acceleration at CG, v=4.6 m/s and f=0.9 Hz -
MONO

Vertical Motion Assessment for Planing Hulls Page| 96



}

Page| 97

bow acceleration

0.65 Hz - MONO

‘ —— Experimental bow acceleration
| ——Numerical

\

4.6 m/s and f

)

me (s

VIERY Y/

\

i

)\

AL

WYLy

|

T

1
N
T Q
SN =
S )
I S J— —
=< e Sa o
S = T ig B ———
S == 2 g e
N S : W& Z [t —
o i > W ] —
........ ~F == e e S~ e h
i YL
Wy oaa—— ot — (a3 L e
s S @ e
S e /m e S
R i =
~ O =
N — ~ = —
M > Il I
S = — = e
e s R S =
N = N —
¢ $9 =3 3§ ———
E w N — S E -~ <
S P e e S S .
% o> m =
S s S =
N — Tm— T
5 = =
W V) L
v = g | . —
ES R — 3
3 === R .
kS o> ..pJ =
m e m i
S == = -
= _— N e
. 2 i—— i
H (ww) ~+ (Bap) you
~ N
=
2 S
= [
o &
=

Figure 4.23. Numerical vs. experimental pitch, v

Vertical Motion Assessment for Planing Hulls



h ‘fExperimental acceleration at 0.5L
s I I | I I M| — Numericat on at 0.5
| Hl l Lo “ I
oaly | l | l 1 l | (N
A I A A 1 l 1 |
A \ ’ \ il NI AN L]
< i 1l l i \ | i \ 1 i \
Eol | 1\ 1\ | I\ \ l I\ | \ i \
3 \ | 1\ \ l \ I\ I\ \ EU A \
g L] | NN AT E O \
5 RN ENE Lodi] L L] RN |
Sol ] i 1 BRI NN A NI L]
gL L A
RIS Y N NS I[N o N
J M N MM Y 4
| | V] | (NI | | (
| | Lo Ll [ | |
NER W \ b [ LIVEIE I J
u v i v il v v

3
time (s)

Figure 4.24. Numerical vs. experimental acceleration at CG, v=4.6 m/s and f=0.65 Hz -
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Figure 4.25. Numerical vs. experimental acceleration at bow, v=4.6 m/s and f=0.65 Hz -
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Figure 4.26. Numerical vs. experimental heave, v=4.6 m/s and f=0.45 Hz - MONO
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Figure 4.27. Numerical vs. experimental pitch, v=4.6 m/s and f=0.45 Hz - MONO
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Figure 4.28. Numerical vs. experimental acceleration at CG, v=4.6 m/s and f=0.45 Hz -
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Figure 4.29. Numerical vs. experimental acceleration at bow, v=4.6 m/s and f=0.45 Hz -
MONO
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Figure 4.30. Numerical vs. experimental heave, v=5.75 m/s and f=0.9 Hz - MONO
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Figure 4.31. Numerical vs. experimental pitch, v=>5.75 m/s and f=0.9 Hz - MONO
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Figure 4.32. Numerical vs. experimental acceleration at CG, v=5.75 m/s and f=0.9 Hz -
MONO
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Figure 4.35. Numerical vs. experimental pitch, v
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Figure 4.36. Numerical vs. experimental acceleration at CG, v=5.75 m/s and f=0.65 Hz -
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Figure 4.37. Numerical vs. experimental acceleration at bow, v=5.75 m/s and f=0.65 Hz
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Figure 4.38. Numerical vs. experimental heave, v=5.75 m/s and {=0.45 Hz - MONO
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Figure 4.39. Numerical vs. experimental pitch, v=>5.75 m/s and f=0.45 Hz - MONO
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Figure 4.40. Numerical vs. experimental acceleration at CG, v=5.75 m/s and f=0.45 Hz -
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Figure 4.41. Numerical vs. experimental acceleration at bow, v=5.75 m/s and f=0.45 Hz
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Figure 4.42. Numerical vs. experimental heave, v=3.4 m/s and f=0.9 Hz - W2

06

‘ — Experir.nenta.l pitch
B . . \\ / | E Numerical pitch ,
[\ \ | a1 Ao
i /ER R 8 AN AN
Y/ 1l [RNRIINY A IRIEE
S Lo L]
L0 LA [
L | \ A
L U Lo \
LY Y W g\
SIVIR) y Y

0 05 1 15 2 25 3 35 4 45
time (s)

Figure 4.43. Numerical vs. experimental pitch, v=3.4 m/s and {=0.9 Hz - W2
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Figure 4.44. Numerical vs. experimental acceleration at CG, v=3.4 m/s and f=0.9 Hz -
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Figure 4.45. Numerical vs. experimental acceleration at bow, v=3.4 m/s and f=0.9 Hz -
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Figure 4.46. Numerical vs. experimental heave, v=3.4 m/s and f=0.65 Hz - W2
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Figure 4.47. Numerical vs. experimental pitch, v=3.4 m/s and f=0.65 Hz - W2
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Figure 4.48. Numerical vs. experimental acceleration at CG, v=3.4 m/s and f=0.65 Hz -
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Figure 4.49. Numerical vs. experimental acceleration at bow, v=3.4 m/s and f=0.65 Hz -
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Figure 4.50. Numerical vs. experimental heave, v=3.4 m/s and f=0.45 Hz - W2
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Figure 4.54. Numerical vs. experimental heave, v=4.6 m/s and f=0.9 Hz - W2

N AN AR P S PR P NS BRI
S NIV
It | il
. B I
L
s | |
T | IR
. ! AR AN il
’ v I N V

Figure 4.55. Numerical vs. experimental pitch, v=4.6 m/s and {=0.9 Hz - W2
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Figure 4.56. Numerical vs. experimental acceleration at CG, v=4.6 m/s and f=0.9 Hz -
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Figure 4.60. Numerical vs. experimental acceleration at CG, v=4.6 m/s and f=0.65 Hz -
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Figure 4.62. Numerical vs. experimental heave, v=4.6 m/s and f=0.45 Hz - W2
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Figure 4.63. Numerical vs. experimental pitch, v=4.6 m/s and f=0.45 Hz - W2
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Figure 4.65. Numerical vs. experimental acceleration at bow, v=4.6 m/s and f=0.45 Hz -
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Figure 4.68. Numerical vs. experimental acceleration at CG, v
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Figure 4.69. Numerical vs. experimental acceleration at bow, v=5.75 m/s and f=0.9 Hz -
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Figure 4.70. Numerical vs. experimental heave, v=5.75 m/s and f=0.65 Hz - W2
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Figure 4.71. Numerical vs. experimental pitch, v=5.75 m/s and f=0.65 Hz - W2
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Figure 4.73. Numerical vs. experimental acceleration at bow, v=5.75 m/s and f=0.65 Hz
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Figure 4.74. Numerical vs. experimental heave, v=5.75 m/s and f=0.45 Hz - W2
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Figure 4.77. Numerical vs. experimental acceleration at bow, v
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The Figure 4.78, Figure 4.79, Figure 4.80 and Figure 4.81 summarize the results

obtained for three speeds at three wave's frequencies for heave and pitch for both

models. It can be noted very good prediction at all speeds and all considered

frequencies for both models. From the comparison between Figure 3.53 and

Figure 4.78 it is possible to note an improvement in the heave prediction for speed

of 3.4 m/s at all the wave frequencies and for all speeds at short wave. While,

comparing Figure 3.54 and Figure 4.79 it is evident the improvement in the pitch

prediction especially for the higher speed.
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4.6 Frequency domain analysis

For both models frequency domain analysis of measured and calculated data are
performed. Frequency domain analysis is performed taking into consideration first
and second harmonic. After careful consideration of spectral analysis for motions,
it was seen, in according with experimental results, that the contribution of second
harmonic is not more than 5% at highest speed and in resonance frequencies.
Therefore the results given for heave and pitch at different velocities, in diagrams

Figure 4.78 - Figure 4.81 are based on time domain analysis only.

From the experimental test was noted, and confirmed by numerical assessment,
the importance of the higher order harmonics as the speed increases. An example
of the numerical results for monohedral hull at different speeds and the wave

frequency of 0.45Hz is shown in Figure 4.82, Figure 4.83 and Figure 4.84.
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Figure 4.82. Accelerations FFT for monohedral hull at v=3.4m/s, f = 0.45Hz
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Although the concept of warped hull is born with idea of decreasing impact
accelerations at bow, from the experimental and numerical data it was observed
that significant differences in hull forms, represented through deadrise angle
variation, are not reflected proportionally in the motions results. Only difference
has been found in acceleration responses, especially at high speed. The 1st
harmonic of acceleration is similar for monohedral and warped models but the
higher order harmonics for monohedral hull have higher values with respect to
warped hulls. The results of the experimental tests, reported in Begovic et al.
(2014), highlight that bottom warping reduces the influence of higher order
harmonics; this effect is more evident in data measured at bow and at higher

speeds.

To compare the numerical results with the experimental results, the numerical
calculations were made under the same conditions of the experimental tests. This
means that accelerations are calculated in the same longitudinal positions as in the
experimental tests, which is different from longitudinal centre of gravity.
However, it is worthy to note that the results are affected by the different LCG
position of the models due to the constant static trim. WARP 2 have LCG position
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almost 5% Loa distant from the measuring point while for MONO this position is
almost coincident with LCG. For this reason for WARP 2 accelerations are more
affected by pitch. This involves that the difference in the 1* harmonic acceleration
for monohedral and warped hull in favour of warped hull forms would be higher if

the measurements would have been done at each CG position.

Two example of calculated FFT for monohedral and warped hull are shown in
Figure 4.85 and Figure 4.86 at 5.75 m/s speed and for a frequency wave of 0.9Hz.
The same results, considering only the first and the second harmonic, presented as
monohedral vs warped hull bow accelerations harmonics, are given in Figure

4.87.

FFT Amplitude
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| —— Numerical acceleration at 0.5L
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Figure 4.85. FFT for monohedral hull
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Figure 4.87. Numerical vs. experimental acceleration at bow for monohedral and warped
hull at v=5.75 m/s and f=0.9 Hz
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Chapter 5

S. CONCLUSIONS

5.1 Final remarks

Differences among numerical and experimental results for warped hull form
obtained by first mathematical model have been attributed to mathematical model
assumptions. First of all the pitch prediction was intended to improve and no
hypothesis on small angle of pitch and horizontal velocity equal to advancing
speed have been considered in second mathematical model. Further differences
between the models are summarised in Table 4 and are regarding exciting force
definition, hydrostatic force determination and effective immersion of section
when the chine is wet. To compare effective improvements in motions prediction
some comparisons between the experimental and the numerical values calculated
by the first model and the second model are given. In Figure 5.1 and Figure 5.2
for monohedral hull’s heave and pitch at the speed 5.75m/s are shown. For this
speed with the first mathematical model the pitch was strongly underestimated
and it is possible to note an improvement with the second mathematical model

from the Figure 5.2.

Figure 5.7 show a comparison between the experimental values of first and
second harmonic of the accelerations and the numerical calculated values with the
first model and the second model at speed 5.75m/s. From the Figure 5.7 is
possible to note an improvement in bow acceleration prediction by the second

mathematical model. It is worth to note that bow accelerations should be analysed
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by both time domain crest-trough analysis and spectral analysis of at least two

harmonics.

As already said the first model gives satisfactory results for monohedral hull, in
general, with the second model there is an improvement in the pitch and
accelerations prediction but this improvement is not always appreciated. The
significant improvement has been obtained for warped hull form. Examples of
experimental and numerical results by 1% and 2" model are given in the Figure
5.9 and Figure 5.10. This pitch prediction improvement, gives further
improvement of bow accelerations. In the Figures Figure 5.11 and Figure 5.12 is
reported a comparison between the time series obtained with the first and second
model compared with the experimental ones, highlighting a good agreement
between the numerical results, obtained with the second model, and the

experimental results.

As with the first model, to validate accelerations calculations, in addition to the
comparison of experimental and numerical time series, showed in Figure 4.44,
Figure 4.45, Figure 4.48, Figure 4.49, Figure 4.52, Figure 4.53, Figure 4.56,
Figure 4.57, Figure 4.60, Figure 4.61, Figure 4.64, Figure 4.65, Figure 4.68,
Figure 4.69, Figure 4.72, Figure 4.73, Figure 4.76 and Figure 4.77, the
comparison of the harmonics is done. The Figure 5.13 shows the 2™ model
numerical results and the experimental ones for the highest speed and a wave's

frequency of 0.9 Hz.
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Figure 5.1. Numerical vs. experimental heave, v=5.75 m/s
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Figure 5.2. Numerical vs. experimental pitch, v=5.75 m/s
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Figure 5.9. Numerical vs. experimental heave for warped hull, v= 4.6 m/s
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Figure 5.11. Numerical vs. experimental acceleration at LCG for warped hull, v= 4.6 m/s
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Figure 5.13. Numerical vs. experimental acceleration at bow for warped hull, v =5.75
m/s and f= 0.9Hz

5.2 Conclusions and future work developments

The aim of this Thesis was to develop numerical method, accurate, robust and fast
to be used in design of fast small craft without excessive computational time
necessity. Experimental program on warped planing hulls seakeeping, has been
performed in Towing tank of Department of Industrial Engineering of University
of Naples Federico II with aim to validate developed methodology. The
availability of specific and dedicated experimental tests allowed to compare time
series of experimental and numerical data results, not only typical values reported
in literature, and furthermore to analyse them in the same manner. This synergy of
numerical and experimental approaches resulted in accurate validation of
developed methodology. Furthermore mathematical model is by its definition
simplification of physical model, minor the number of assumption is, more

realistic the model is. Again synergy of experimental and numerical approach
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allowed to focus on phenomenon physics and to improve mathematical model

accordingly.

The simplified mathematical model has been validated for measured accelerations
and warped hull forms, showing some critical issues. The changes introduced in
1** mathematical model produces improvements in the assessment of heave, pitch
and accelerations by the 2" one. The 2D time domain fully non linear developed

code is fast, robust and accurate.

Validation of the fully non linear code has been made with modern warped

planing hull forms.

The more rigorous mathematical model allowed better assessment of vertical
motions and consequently as the code output is the input for the successive time
instant the immersed volume and wetted surface determination are more accurate.
This more accurate wetted area for each section led to significant improvement for

warped hull seakeeping assessment.

assesment modification
of verical of hull
motions volume

Nonlinearities in accelerations responses have been obtained by developed code
with high accuracy in whole speed and wave frequencies range. Harmonics
analysis is important step to determine the real response, very often, not
appreciable only with crest-trough analysis in time domain. Differences
experienced among physical (experimental) model of planing hull seakeaping and

mathematical model and careful description of the importance of physical
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quantities in mathematical formulation indicate possible improvements of

mathematical model.

To increase the accuracy of the code the next step could be to have a more
accurate investigation of the evaluation of the added mass. First of all, since
Wagner’s work, pile up coefficient (1+kp) is function only of deadrise angle and
surely effect of forward speed should be taken into account. In addition, it might
be interesting to do a more thorough investigation on the calculation of the
coefficient of the incremental added mass due to chine immersion. As defined in
3.2.6 this coefficient is a function of an experimental coefficient, K, which is =2
for deadrise angle from 0 to 40 degrees, this implies a constant value with the
angles that we find most commonly in modern hull shapes, and most importantly,

the value does not change between the monohedral and warped hull.

Numerical code gives results for added mass, damping and forces components as
a function of time; and this analysis will be performed to get better insight how
they vary reciprocally in the case of planing hulls. Future developments are
concerning pressure distribution along the hull and responses calculations in

irregular sea.
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