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Summary

In this thesis full-fledged Finite Element Analysis is done for Free vibration analysis
and Dynamic Forced Response Analysis of ship hull due to the slam induced load in
sea way. This topic is of concern for ships and offshore structures in terms of safety,
serviceability assessment including habitability. The aim is to investigate the
validation available of dynamic response prediction methods.

Three-dimensional Finite Element model is developed according to the ship (135m
dry cargo vessel) particulars provided by the ISSC committee 1.2 Dynamic Response.
Preliminary model was developed in SESAM/GeniE and later this model is used for
Hydrodynamic Analysis in SESAM/HydroD and Finite Element Analysis in
ABAQUS/CAE. Mass data and Bottom pressure time traces were also provided by
the committee which was used for further model development and input for slamming
load respectively. Committee was also provided the estimated characteristics sea state.
Added mass matrices and Total damping matrices has been calculated in HydroD
which was introduced in ABAQUS for Wet mode models.

Low frequency natural hull girder frequencies with associated vibration modes for
Dry-mode and Wet-mode models (Lightship condition, Ballast condition, Fully
Loaded condition) were determined. The validity of the frequency analysis results
were verified through the further investigations involving study of Classification
society and I1SO rules and regulations. Implicit dynamic analysis was done for the
Acceleration and Strain time traces in the specified location of the ship due to the
impulse load. Calculated response data will be compared to the measured data on the
actual ship while at sea.

The result from free vibration analysis and forced dynamic response analysis were in
agreement with the accepted knowledge. A number of approximations made in the
phase of model development and calculations of hydrodynamic parameter were done
assuming zero forward speed which has influence on the results. In order to realize
the true potential value of this work it would be necessary to compare actual ship
response data to calculated data and sorting out the possible disagreements. This work
is a possible source to demonstrate the adequacy of hull structural analysis tool which
can potentially leading to future design improvements.
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1 Introduction

Technology is changing day by day. From concept design to the service condition of a
ship or an offshore floating structure involved with lot of procedure, estimation and
calculation. Well established rules and guidelines for all the aspects (designing,
construction, operation) during the Ship shelf life are available of. The main area of
this thesis work is about the dynamic response of ship. Dynamic Structural response
of ships and floating offshore structures is a concern in terms of safety and
serviceability assessment, including habitability. There are different procedure and
technique are available to predict the dynamic response of ship. To estimate the
response to the highest level of accuracy validation of existing prediction methods is
important and it is a continuous process.

The purpose of the work is to investigate the adequacy of various hull structural
analysis tools for predicting ship hull dynamic response due to slamming.

In 2002 TNO participated in a joint industry project (JIP), concerning a long term
measuring campaign on an ocean going general cargo ship. The owner Wangenborg
has kindly granted ISSC community access to the ship particulars, while all JIP
partners agreed to share some of measured time traces.

Fluid-structure interaction (FSI) problems have been studied in many diverse research
areas for several decades. There are many FSI problems that are relevant in the
maritime research area such as sloshing in a tanker ship, propulsion system, green
water and wave-induced loads on a ship or offshore structure. Ship hull is vulnerable
to unsteady wave, wind, and current loading. Among those external loads mentioned
earlier wave induced forces present the most considerable design problem for ship
owners, shipbuilders and classification societies. Dynamic wave- induced loads are
mostly two types: Global loads and Local Loads. Global loads are induced by the
unsteady hydrodynamic pressure because of the fluid oscillatory motions surrounding
the hull while the local or secondary loads, such as slamming and whipping are due to
wave impacts.

Study of transient dynamic response of ship structure due slamming pressure
impulsive load is the main focus of this thesis work. ISSC 2015, Committee 11.2,
benchmark provided all the information related to vessel and corresponding sea state.
Slamming response time traces is predicted at location of sensors [Strain,
acceleration, pressure] along the hull girder. At the final stage, comparison will be
made with actual measured data from a trip in the Laurentian trough off the coast of
Nova Scotia, Canada.

Dynamic Response of Ship hull due to slamming
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1.1 Approach

The work has been progressed in several stages. At the first stage, External loads
which acts on the ship hull girder due to waves and transient loads for example due
slamming have been studied. A detail study has performed about slam induced loads
on the ship hull. Experimental results from other work, theoretical background,
corresponding load models, load calculation procedure and computer tools for
dynamic analysis, vibration and frequency analysis are also studied. In the second
stage finite element theory has been emphasized. Natural frequency extraction
procedure and implicit dynamic analysis procedure has considered for computer tool
ABAQUS/CAE. In the next stage, Hull girder model is established in SESAM/GeniE
from the ship particulars given by the committee. Two different models were exported
from GeniE: one was panel model for Hydrodynamic analysis in SESAM/HydroD
and other one was for ABAQUS/CAE that was imported later on as part model. The
part model is further developed in ABAQUS for respective purposes. Hydrodynamic
properties are calculated in HydroD Considering the specified characteristic sea state
in which the ship sails, in terms of significant wave height Hs, wave zero crossing
period Tp, main heading and sailing speed. The dry and wet natural modes and
frequencies have been analyzed for the 2 and 3- node mode shapes in ABAQUS. At
the last stage, for given time histories of the load impulses that act on the fore part of
the hull, dynamic response analysis has been performed. The corresponding time
series of acceleration, strain has been established for different Loading conditions.

Dynamic Response of Ship hull due to slamming
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1.2 Literature Review

Full scale measurements and model test have been done in the previous years. Most of
the measurements and tests were focused on larger ships i.e. Container ships, bulk
carriers, frigates and LNG carriers. Researches were focused on the effect of wave-
induced vibration on fatigue performance as well as wet deck slamming for high
speed catamarans.

Gaidai Et al.[5] Proposed a formulation for prediction of the extreme stresses
measured in the deck amidships of a container vessel during operation in harsh
weather using the full scale measurement data. The method opens a new window to
predict simply and efficiently both short-term and long-term extreme response
statistics.

Lee et al. [6] reported time domain whipping and springing analyses for a 10000 TEU
class container ship using computational tools as a part of a joint industry project
(JIP). The results from the computational analyses in regular waves have been
correlated with those from model tests undertaken by MOERI. It was reported that the
wave induced vertical bending moments with whipping vibration were reasonably
well predicted by 3D no-linear hydro elasticity method.

Ochi and Motter [7] offered a complete description of the slamming problem.
Account of a large number of unknowns required for the determination of the
whipping stresses they have suggested some simple formulae for the calculation of the
wave-induced slamming loads, for practical purposes. All these formulae were based
on experiments with frigate models. They stressed the importance at the design stage
of the combined effect of wave-induced and whipping stresses, i.e. the total bending
moment induced by the waves.

The work of Kawakami et al, [8] was based on experimental work for a tanker,
proposed an expression for the time history of the slamming loads. They found that
the Ochi and Motter [7] work slightly under predicts the maximum slamming pressure
when compared with the experimental measurements.

Belik et al. [9] understood that the bottom slamming could be divided into two
separate components: impact and momentum slamming. Based on this assumption
they used the Ochi and Motter [7] method for the determination of the maximum
slamming pressure and the Kawakami et al. expression for the determination of the
time history of the slamming impact force. After that, they carried out calculations for
the vertical bending moments and shear forces in regular head seas.

Belik and Price [10] used the same formulation to made comparisons for two different
slamming theories using time simulation of ship responses in irregular seas. They

10
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found that slamming response magnitude depend on the numerical model adopted in
the calculation of the slamming loads.

The non-linear ship motions were calculated by Yamamoto et al. [11] based on the
equations given by the linear theory but with time-varying coefficients dependent on
the instantaneous sectional draft. They included the hydrodynamic impact component
given by the rate of change of the sectional added mass, considering that this force
only acts on the vessel when the section is penetrating the water. Afterwards they did
some experiments and calculations on a bulk carrier model for head seas. They found
that the accuracy of the calculation of the hydrodynamic coefficients has a Significant
influence on the results of the slamming forces, and the computation with accurate
coefficients results in better agreement with experiments.

Tao and Incecik [16] found the large-amplitude motions and bow flare slamming
pressures in regular waves. The non-linear restoring, damping and fluid momentum
forces were considered in predicting ship motions in the time domain. The momentum
slamming theory and Wagner theory were used to predict the bow flare slamming
pressures. The bow flare slamming pressures were calculated by separating the
pressure into the water immersion impact pressure and the wave striking impact
pressure. A satisfactory correlation between the results of predictions and model test
measurements was obtained.

Sames et al. [17] applied a finite-volume method to predict impact coefficients around
the bow region of a ship during slamming. Ship motions in regular waves were
predicted by a linear panel method which takes into account incident, diffracted and
radiated waves. The impact pressures were calculated by processing the results of the
computed pressure coefficients and the transfer functions of ship motions in the time
domain. No comparisons with the measurements were given.

Comparisons between the full-scale measurements and theoretical predictions were
carried out by Aksu et al. [18] for a fast patrol boat travelling in rough seas. Due to
the uncertainty of the wave measurements in a real sea state, the experimental results
of the vertical bending moments were compared with calculations for two different
sea states in a histogram form and satisfactory results were found.

It was found by Ramos and Guedes Soares [13] that the several slamming load
formulations can produce large differences in the slamming pressures, loads and also
in primary stresses. The Ochi and Motter method under predicts the pressures, loads
and also bending moments when compared with the other methods.

[19]
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2 Definition of terms and parameters

This section contains the definition of the technical words and abbreviations have
been used in the report.

2.1 Abbreviations

I];, translatory displacement in X-direction with respect to origin, surge
1] ,, translatory displacement inY-direction with respect to origin, sway
1] 3, translatory displacement in Z-direction with respect to origin, heave
1] 4, angular displacement of the rotational motion about the X-axis, roll
1] 5, angular displacement of the rotational motion about the Y-axis, pitch
1] 6, angular displacement of the rotational motion about the Z-axis, yaw
F«, Force component

Ay, added mass co-efficient

By, damping co-efficient

Cy;j, Restoring co-efficient

p, Density of water

g, acceleration due to gravity

Awp, Water plane area

B, maximum wedge breadth

¢, velocity potential

A, wavelength

Fn, Froude number

A, submerged cross sectional area

d, sectional draft

as3, 2D infinite frequency added mass in heave

b, sectional beam

f33™¢, hydrodynamic excitation load per unit length

U, ship speed

Cs, block co-efficient

f13 0, 2D vertical force on the hull due to dynamic pressure

d3, velocity potential due to forced heave with unit velocity

C(x), mean submerged cross-sectional curve of the hull surface

n =(n1, n2, n3), the normal vector to the hull surface with positive direction into the
fluid

T, wave period

Qa, shear force at point A

Ma, bending moment at point A

Mgen, mass matrix

12
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Bgen, Damping matrix

Kgen, restoring matrix

r, displacement matrix

Fgen, the forces due to wet deck slamming and linear wave excitation loads
w, elastic deflection of beam

El, bending stiffness

h(x), is the time-independent wetdeck height above calm water
I)s (X,t), vertical ship motion

S, motion at any point on the body

V, displaced volume of water

zb, z co-ordinate of the centre of buoyancy

B, dead rise angle

Pa, atmospheric pressure

Cp, pressure co-efficient

t, time variable

F3, the vertical slamming force

Dynamic Response of Ship hull due to slamming
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2.2 Terminology

Ahead: Forward of the bow
Amidships (or midships): In the middle portion of ship, along the line of the keel.

Beam Sea: A sea where waves are moving perpendicular to the direction a ship is
moving.

Bow: The front of a vessel.

Bulbous bow: A protruding bulb at the bow of a ship just below the waterline which
modifies the way water flows around the hull, reducing drag and thus increasing
speed, range, fuel efficiency, and stability.

Cargo Ship: Any sort of ship or vessel that carries cargo, goods, and materials from
one port to another, including general cargo ships (designed to carry break bulk
cargo), bulk carriers, container ships, multipurpose vessels, and tankers. Tankers,
however, although technically cargo ships, are routinely thought of as constituting a
completely separate category

Course: The direction in which a vessel is being steered, usually given in degrees.
Dead rise: The design angle between the keel (g.v.) and horizontal.

Displacement: he weight of water displaced by the immersed volume of a ship's hull,
exactly equivalent to the weight of the whole ship.

Flare: A curvature of the topsides outward towards the gunwale.
Following sea: Wave or tidal movement going in the same direction as a ship

Forecastle: A partial deck, above the upper deck and at the head of the vessel,
traditionally the sailors' living quarters. The name is derived from the castle fitted to
bear archers in time of war

Freeboard: The height of a ship's hull (excluding superstructure) above the waterline.
The vertical distance from the current waterline to the lowest point on the highest
continuous watertight deck. This usually varies from one part to another.

FSI: Fluid Structure Interaction
Head sea: A sea where waves are directly opposing the motion of the ship.

Hull Girder: The primary hull structure such as the shell plating and continuous
strength decks contributing to flexural rigidity of the hull and the static and dynamic
behavior of which can be described by a free-free non-uniform beam approximation.
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Hull Girder Vibration: That component of vibration which exists at any particular
transverse plane of the hull so that there is little or no relative motion between
elements intersected by the plane.

JIP: Joint Industry Project.

Length Between perpendiculars: The length of a vessel along the waterline from the
forward surface of the stem, or main bow perpendicular member, to the after surface
of the sternpost, or main stern perpendicular member. Believed to give a reasonable
idea of the vessel's carrying capacity, as it excludes the small, often unusable volume
contained in her overhanging ends

Local Vibration: The dynamic response of a structural element, deck, bulkhead or
piece of equipment which is significantly greater than that of the hull girder at that
location.

Severity of Vibration: The peak value of vibration (velocity, acceleration or
displacement) during periods of steady-state vibration, representative behavior

Wheelhouse: Location on a ship where the wheel is located; also called pilothouse or
bridge
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3 Theory and Background

Ship response in a seaway is a complicated phenomenon involving the interactions
between the ship dynamics and several distinct hydrodynamic forces. All ship
responses are nonlinear at least to some extent, but in some cases when nonlinearities
are quite small a linear theory may yield good outcome.

The assumption of linearity for the ship response allows us to use many powerful
analysis techniques developed in other fields. The ship’s motion can considered to be
made of three translation components and three rotational components. A Strip theory
is developed for the ship motion in regular waves at forward speed and with an
arbitrary heading.

3.1 Linear wave induced motion

To estimate the ship responses, it is important to understand the complete motions of
a ship with all six degrees of freedom and also the coupling between them. Linear
equation of motion for ship is given with arbitrary heading in a train of regular
sinusoidal waves.

Small motion is the basis of linearization. Exception occurs for resonant situations
when damping is small, i.e. roll response in beam seas, heave resonance of semi-
submersible oil-drilling ships, near-pitch resonance of SWATH ships.[48]

My

o > A .

Zo
Yo

=

ot f — Xo
P

WRVES

Figure 1: Co-ordinate system
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Linear equations in six degrees freedom using body axes in general form is given by,

2 AL 0 = Fi(0) j=1,2...6 "

Aj= Generalized inertia matrix component for the ship
d?/dt? (1),)= acceleration in mode k
F;= Total forces and moments acting on the body.

In the above equation for J= 1, 2, 3 are the force equations and j=4,5,6 are the moment
equations.

If equation 1 is written in Euler’s equation of motion (with only fluid forces and
gravitational forces acting on the ship) results in

(=3
Mg Te = F () = Fg,; F
-fgl ke T }( )- Ll ] —+ I j. —_ 1,2 L. 6 (2)

Fcj =Component of gravitational force

Fn; =Component of fluid frce acting on the ship.

In linear theory ship response is linear (i.e. directly proportional with to) wave
amplitude and happens at the frequency as the incident wave.

Gravitational forces simply refer to the weight of the vessel acting at the COG
normally cancels by the buoyant forces. Hydrodynamic and hydrostatic forces are
obtained by integrating the fluid pressure within the underwater part of the hull. Fluid
force equation is given by

FHjiJ'anjds i =12,...,6
s 3)

P= Fluid pressure which is calculated by Bernoulli’s equation.
S=under water hull surface area.

Pressure includes both the hydrodynamic and hydrostatic part. Net hydrostatic force
acting on ship in any direction due to a unit displacement is given by the hydrostatic
coefficients. Total velocity potential is needed to find the hydrodynamic force acting
on a ship. Hydrodynamic force which is resulted from the incident and diffracted
waves is called exciting force. Hydrodynamic force which is resulted from radiated
waves are related to added mass and damping. First part of Exciting force may easily
calculated by integrating the incident velocity potential over the body surface. For the
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second component of exciting force diffraction potential is integrated over the surface
of the hull.[48]

Excitation loads Added mass
Damping and Restoring
forces and moments

Figure 2: Super position wave excitation, added mass, damping and restoring
loads

Radiation forces are the unsteady hydrodynamic force component. Radiation force is
effectively a transfer function from unit motion. Added mass which is a apparent
mass- added to the mass of the ship likewise damping is the hydrodynamic force on
the body (in phase with the velocity). [48]

Linearized equation of motion is given by

&

E {“092 (Aﬂc + Ajk) + iweBﬁc + C';k] M

k=1

=F}I+ﬂn j= 1,2,...6 (4)

3.1.1 Added mass and damping terms

Force harmonic rigid body motions result added mass and damping loads which are
steady state hydrodynamic forces and moments. There is total 36 damping and 36
added mass coefficient. If the structure has zero forward speed and there is no current
it can be shown that coupled added mass and damping coefficient for any two motion
of ship is always same(For example A13=As; and B1s=Bs;). A finite amount of water
oscillates rigidly connected to the body is not the true concept for understanding
added mass. Added mass should better be understood from hydrodynamic pressure
induced forces point of view.

Added mass and damping coefficient are dependable on the frequency and also
motion mode (for example added mass is not same for sway and heave with same
frequency). Added mass moment fairly depend upon the choice of axes of rotation.
For a ship added mass and damping co efficient normally calculated based on strip
theory. The principle is to divide the underwater part of the ship into several strips.
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Two dimensional coefficients are calculated first for each strip and get combined
afterwards. In strip theory flow variation in cross —sectional plane is considered much
larger than the flow variation in longitudinal direction. Damping coefficient and
added mass Co efficient can be fairly dependent on the body shape. Conformal
mapping or source technique is used for two dimensional ship sections. When a body
comes close to the free-surface, a wall or another body added mass value will be
influenced. [49]

There is significant effect on added mass and damping coefficient due to forward
speed structure or current. Ship forward speed is related to the frequency of
encounter. Complete three dimensional realizations of linear wave-induced motion
and loads at forward speed are problematical. For practical purpose strip theory still
plays a good role even it does not account all the physical effects. It is better to know
the limitations to work with strip theory- this is basically a high frequency theory
stands more applicable in head and bow sea than the flowing and quarting sea for a
ship with forward speed. Strip theory is also limited to the ships with low length to
beam ratios.

3.1.2 Restoring forces and moments

For a free floating body, restoring forces follow from hydrostatic and mass
considerations.

Force and moments components may be written as
Fy=—-Cyn, (5)

Non- zero coefficients for X-Z plane of symmetry for submerged volume in heave is
given by G = peur (6)
Awp= water plane area

To assess the amplitude of motion of ship- natural or resonance periods, damping
level and wave excitation level are important parameter. Large motion is expected if
the ship is excited with oscillation periods in the vicinity of a resonance period.

Implication of linear theory for specific vessel response (heave in head sea) illustrated
below.

3.1.3 Heave in irregular waves

Heave response in irregular waves which non-dimensional response is always unity at
zero wave frequency and trends to be zero for high frequency. As frequency
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approaches zero wave length become infinite- ship just follows the wave surface,
hence the heave and wave amplitude become equal. On the other hand wave length
becomes small as the wave frequency increases; that is , become ripples to which
ships do not respond. A typical shape of heave response operator at fixed forward
speed with varying wave spectra given below. [48]
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Figure 3: Heave response in irregular long-crested head waves

3.1.4 Linear time-domain response

There are some scenarios where transient response accounted. Examples of transient
responses are waves generated by a passing ship, coupling between nonlinear sloshing
in a ship tank and ship motions wet deck slamming on a catamaran in regular incident
waves. Transient Vertical force that excites transient response in heave, pitch, and
global elastic vibration modes are resulted from wet deck slamming. For example we
can consider two-node vertical bending mode that has a natural period on the order of
1 s. Ship response at the wave encounter period which is order of 10 s. There is a
conflict of which frequency we should use in calculating added mass and damping.
For these two different periods the added mass and damping will be quite different.
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Here we limit ourselves to heave and pitch. Linear equation of motion may be written
as

(M + As3(00)) iz + Bss(00)is + Casns

t

+ f hs(t)is(t — 1)dr

0

+ Ass(00)iis + Bas(oo)is + Gasns

I

-I-Iﬁ_ﬁﬁﬁf}'f}ﬁ[f _1)dr = Fy(1)

0

Asz(00)iz + Bsz(00)iiz + Csans
I3

-l—fh;;;(r}lr’};(f —1)dr

]

+ (Iss + Ass(00)) is + Bss(00)ils + Cssis
I
+fh55(ﬂf}ﬁ(f —1)dt = Fs(1).

0

()
A jk(o0) = mean infinite-frequency added mass coefficient
B jk(o0)=mean infinite-frequency damping coefficient
2 oo
hj (t) = ——fw{A}'k (w) — Ajg (00)) sin wt dw
T
0
5 -
= — f (Bj (w) — Bjg(oc)) cos wt dew.
b
0 (8)
hk (t)= retardation functions (also referred to as impulse response functions)
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Ak and B,k behave asymptotically for large frequencies which is difficult to estimate.
Boundary Element Method (BEM) will be good tool to tackle this situation. Hul
surface is approximated by panels. Response calculation is influenced by the high-
frequency behavior of Ay and Byk. [49]

3.1.5 Wave Loads
Wave loads may be needed for structural design purposes from two different aspects:

1. Instantaneous local hydrodynamic pressures on the hull surface due to ship
motions and ship-wave interactions. These pressures may be needed over the
entire hull surface or only on some portion of it. Slamming (water impact) is
the important case.

2. Integrated instantaneous pressures (global wave loads), giving for instance:

a. Vertical and torsional bending moments and shear forces at
midships or other stations

b. Transverse vertical bending moments, vertical shear forces, and
pitch connecting moments on half of a part obtained by intersecting
along the center plane.[1]

Va A

z
l iy Vﬂ&fﬁ A

V,=compression force Vi=torsional moment
Vo=horizontal shear force Vs;=vertical bending moment
Va=vertical shear force Vg=horizontal bending mcment

Figure 4: Global forces and moments on hull girder [1]

Global wave loads are expected to be significant for ships have length larger than
50m. Minimum strength requirement for hull girder strength is normally satisfied for
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scantlings obtained from local strength requirements (of plates and stiffeners due to
lateral pressure). [1]

3.2 Second order Non-linear problems

To solve non-linear wave —structure problem in ship hydrodynamics, perturbation
analysis is the most common way. In linear analysis, body boundary condition and
free-surface condition are satisfied on the submerged surface and mean position of the
free surface respectively. In second order theory, the fluid pressure being same to the
atmospheric pressure on instantaneous position of the free surface to accounted the
nor-linearities in the velocity of fluid particle the free surface. We consider all the
terms which are linear to the wave amplitude or square to the wave amplitude. For
irregular seas, the second order loads are sensitive to the wave frequency range with
significant wave energy. To calculate mean wave (drift) forces and moment direct
integration method or maruo’s formula may use. Added mass resistance is sensitive to
the mean wave period. Added resistance curve has a very distinct peak around heave
and itch resonance for a ship at finite Froude number. Viscous effect has contribution
to the wave drift force when they small. Consideration of second order non-linear
problems is important for several marine structures like the design of mooring and
thruster systems, analysis of offshore loading systems, evaluation of towing of large
gravity platforms from the fabrication site to the operation site, added resistance of
ships in waves, performance of submarines close to the free surface and analysis of
slowly oscillating heave, pitch and roll of large volume structures with low water
plane area. [48]

3.3 Wave Impact Loads

Slamming (water impact) load has great importance in structural design .The
probability of slamming is found by defining a threshold relative impact velocity of
slamming occurrence. This threshold is not related to threshold velocity. There is no
threshold for slamming as a physical process. TO come up with good understanding
about slamming threshold it is necessary to study theoretical models or perform
experiments on water impact against wet deck and hull structures of ship and also
necessary in order to develop rational criteria for operational limits due to slamming.
The criteria should be related to slamming loads used in the structural design i.e.
structural response due to slamming. [1]
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3.3.1

Consequence of Slamming

Compressibility of water, i.e. initial acoustic phase, typically for short time
duration

Air-cushion/bubbles, i.e. air cavities can be entrapped and oscillate due to air

compressibility (the cavity is exaggerated in the sketch). Relevant for p<2-
3deg. [50]

Hydro-elasticity, i.e. coupling of the hydrodynamic and structural problems,
relevant for <5 deg. and when the loading time associated with water entry is
small or comparable to the natural wet period of the structure (NB: the
structure does not have only one natural period, typically the highest natural
period is relevant but one can not exclude that also other natural periods could
be excited and matter). Hydro-elasticity means that the hydrodynamic loads
affect the structural elastic vibrations and in return the elastic vibrations affect
the fluid flow and related pressure field. At the beginning the pressure is the
slamming pressure and then it oscillates as a consequence of the coupling. [50]

Cavitation, i.e. when local water pressure equals the vapour pressure pvap and
liquid becomes gas. This can happen for instance if hydro-elastic behaviour is
excited because we are close to the free surface so the hydrostatic pressure is
small and the pressure can oscillate greatly due to hydro-elasticity and become
lower than pvap. [50]

Ventilation, i.e. when local water pressure goes below the atmospheric
pressure pa and air is attracted between the structure and the water. It can
occur in connection with hydro- elasticity. Another example of occurrence is
in connection with asymmetric impacts with vortex shedding leading to high
local velocities and so low static pressures [50]

In terms of physical effects connected with slamming, we can say

Gravity effects are not relevant because the involved fluid accelerations are
typically much larger than gravity acceleration g, e.g. even 200g.

Froude number is very important because fixes the impact velocity, i.e. Froude
scaling must be respected when doing in model tests. [50]

Viscous effects, i.e. Reynolds number, are of secondary importance because
the time scales involved in the slamming are too short for them to matter.

24

Dynamic Response of Ship hull due to slamming
Master’s thesis, NTNU



4. Some effects are relevant in specific cases, e.g. for tanks: boiling for LNG
tanks, mixtures of liquid and gas, ambient (ullage) pressure in case of air
cavities entrapment, ambient (ullage) density [50]

5. The relevance of some effects has not been fully clarified yet, like: surface-
tension effects, though they are expected to be of minor importance; sound
speed, i.e. acoustic effects, though it is expected to be of secondary
importance. [50]

Wetdeck Slamming

Wet deck is defined as the lowest part of the cross-structure connecting two adjacent
side hulls of a multihull vessel. In head sea conditions wetdeck slamming is likely to
occur for a vessel with forward speed. An example of wedge shaped wet deck with
cross section with dead rise angle fSw. In some cases it might be zero. If the side hulls
come out of the water as a consequence of the relative vertical motions between the
vessel and the water surface, subsequent slamming on the side hulls expected to
occur.[1]

wetdeck .- | m..

wetdack slamming W

Figure 5: Wet deck slamming [1]

Local slamming loads depend upon the impact velocity Vg . When £ is larger than
about 5°, the maximum slamming pressure is proportional to V2R for constant Vg. In
righthand side of figure 5 — it shows a steep wave impacts on the hull and the relative
small angle Sr between the impacting free surface and the hull surface. The presence
of roll can decrease fr and thereby cause increased slamming loads. The slamming
loads are sensitive to fr, when the angle pris small.[1]

Green Water on deck.

Green water on deck happens as a consequence of “dive-in” in following seas,
especially at reduced speed in large waves and when the frequency of encounter
becomes small. It can also happen as a consequence of large relative vertical motions
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between the vessel and the water. The water can enter the deck as a plunging breaker,
causing slamming loads on the deck.

3.3.2 Effect of slamming

Slamming causes with both local and global effect. Whipping is referred as the global
effect of slamming. Hydro elasticity may be important for global loads and also have
some local effects in the case of very high slamming pressures of very short duration.
When the angle between the impacting free surface and hull surface is small, very
high pressures may occur. Hydro-elasticity means that the fluid flow and the
structural elastic reaction are considered simultaneously and that we have mutual
interaction, that is,[1]

-The elastic vibrations cause a fluid flow with a pressure field
-The hydrodynamic loading affects the structural elastic vibrations

In conventional Structural analysis (without hydro-elasticity or dynamic effects),
hydrodynamic loading is considered as rigid structure. The loading is applied in a
quasi-steady manner when the resulting static structural elastic and plastic
deformations and stresses are calculated. Many physical features, such as
compressibility and air cushions affect the fluid flow. Solution of complete
hydrodynamic problem is quite complex and approximation must be made. For
simplification we can neglect the compressibility of the water. It seems very high
slamming pressures are not important for steel and aluminum structures. As the high
pressure peaks are localized in time and space. The force impulse that is important for
the structural response.[1]

3.3.3 Local hydro-elastic slamming effects

Different physical effects occur during slamming generally effects of viscosity and
surface tension are negligible. Air cushion may be formed between the body and the
water if the local angle between the water surface and the body surface is small at the
impact position. Compressibility influences the flow of the air in the cushion. The
airflow interacts with the water flow. When the air cushion collapses, air bubbles are
formed. Local dynamic hydro-elastic effects may occur when the angle between the
water surface and body surface is small. Vibrations lead to subsequent cavitations and
ventilations. The effect of compressibility on maximum local stress is likely to
become small. [1]
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Free vibration phase of hydro-elastic slamming

Theoretical study has been done assuming 2D beam theory for strips of the plates.
The whole plate is assumed as wetted and the structure is represented as euler beam
model and it is considered that load levels do not cause plastic deformation. [1]Beam
equation of motion is given by

-32 \ -)4 )
Mp=—= + EI1=Z = p(x, w,1)

dr+ x4 9)

P= Hydrodynamic pressure that is a function of the beam deflection

In free vibration phase slamming pressure is zero. But the pressure comes as a
consequence of vibration i.e. added mass effect is considered. The solution is given

by

00
w(x. 1) =) a (1)Ua().
=1 (10)
The dry normal modes are a good approximation of the wet normal modes when the

added mass distribution is similar to the mass distribution.[1]

3.3.4 Slamming on rigid bodies

When the local angle at impact position between the water surface and the body
surface is not very small, slamming pressures can be used in a static structural
response analysis to find local slamming-induced stresses. [1]In hydrodynamic
calculations body can be assumed as rigid body. Irrotational and compressible water
can b assumed. Air flow is negligible. Local flow acceleration is large relative to
gravitational acceleration when slamming pressure is considered. Theoretical studies
are done assuming 2D vertical water entry of a symmetric body. An indicator of the
importance of 3D flow effects is the ratio 64/74 ~ 0.66 between maximum pressures
during water entry of a cone and a wedge with constant velocity and small dead rise
angles [51]

There are two methods for study of slamming impact.

Wagner method
Von Karman Method
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VVon Karman method neglects the local up rise of the water, whereas aWagner method
accounts for that. Wagner method assumes impact of a blunt body. Beukelman (1991)
showed on basis of experimental results for three-dimensional models that forward
speed has a strong influence on the pressure level when the deadrise angle was lower
than~2e.1t is difficult numerically to handle the intersection between the body and the
free surface for small local deadrise angles considering exact nonlinear free-surface
conditions are used. The numerical solution is very much influenced by small
intersection angle between the free surface and the body and may cause large errors in
the predictions of the intersection points and destroy numerical solution. The 2D
boundary element method (BEM) by Zhao and Faltinsen (1993) tackled this by
introducing a control surface normal to the body surface at the spray root which may
apply to a broad class of body shapes as well as time-varying water entry velocity.
When it comes to 3D geometry, forward speed with incident waves, and ship-
generated steady and unsteady waves make it complicated (impact analysis) to a
situation that does not seem feasible to solve numerically.[1]

Pressure distribution

Numerical result for water entry of rigid wedges with constant entry velocity was
presented by Zhao and Faltinsen (1993) for 4o< f < 81-. Figure 6 shows the predicted
pressures for 20> < £ < 8leo. In the distribution curve, for f < 20 it become
pronouncedly peaked and concentrated close to the spray root. As the angle goes
smaller, sensivity to pressure increases. [1]
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Figure 6: Prediction of pressure distribution during water entry of a rigid wedge

Maximum pressure occurs at the apex (or keel) when 3 >45 deg. For larger angles and
low impact velocities, other pressure contributions may be as important as the
slamming part. The position and value of the maximum pressure, the time duration,
and the spatial extent of high slamming pressures are the parameters that
characterized the slamming load on rigid body with small dead rise angle. [1]

Figure 7: Slamming pressure parameters during water entry of a blunt 2D rigid
body.
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The free-surface conditions are approximated as Wagner (1932) did in the outer flow
domain, that is, not for the details at the spray roots. The wetted body surface is found
by integrating in time the vertical velocity of the fluid particles on the free surface and
determining when the particles intersect with the body surface. This is done by
predetermining the intersection points on the body and then determining the time to
reach these points in a time-stepping procedure. Because the velocity in the
generalized Wagner method is singular at the body-water surface intersection, special
care is shown by using a local singular solution. Direct pressure integration is used to
predict the water entry force. [1]

Water entry force

Theoretical slamming force due constant water entry velocity for wedge is given
below.
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Figure 8: The vertical slamming force on symmetric wedge

Different methods are used and related to an exact solution of the potential flow
incompressible water entry problem without gravity. For small dead rise angle
Wagner’s flat plate approximation stands quite well. A von Karman type of solution
clearly under predicts the force for g < =30° to 40°[1]
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Asymmetric impact

A hull structure may have asymmetric transverse sections, hence the hull may be
tilted, the water surface may be sloping, and/or the structure may have both a
horizontal and vertical velocity during an impact. If asymmetric water entry of a
wedge is considered, the occurrence of cross-flow at the apex is always expected
initially to cause a ventilated area near the apex of the wedge. One side of the wedge
could be fully ventilated, depending on heel and dead rise angle, and the velocity
direction of the body. Flow separation from the apex associated with viscosity may
occur if partial ventilation occurs only initially. de Divitiis et al. [52] studied the
unsymmetrical impact of wedges with constant velocity by means of a similarity
solution. Flow is assumed as irrotational and incompressible.[1]
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Figure 9: Vertical slamming force on a wedge with knuckles. Dead rise angle is
20 deg.

Figure 9 shows non dimensional time between the predicted peaks by the different
methods is an effect of the up rise of water.

The symmetry axis of the wedge is vertical, and the water entry velocity has a
horizontal component U and a vertical component V. Depending on the deadrise angle
S and the direction of the velocity, o = tan—1 V/U, the flow can separate from the
wedge apex and be fully ventilated on the leeward side of the wedge. Iff > 45, the
critical value a * of o for separation to occur is very small, whereas a * = 60¢ for f =
7.5° . When the flow separates from the wedge, it is similar to water entry of a flat
plate.
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3.3.5 Wagner’s slamming model

Wagner’s [53] slamming model discussed in-depth in this section. Wagner’s model
assumes a local small dead rise angle but it provides simple analytical results. This
model provides good understanding how slamming pressures depend on structural
form and time-dependent water entry velocity. This model also shows it is the space-
averaged pressure that matters for structural stresses.[1]

Flow at the intersections between the free surface and the body surface does not
discussed in detail in this model. Local flow which is normally a flow —ends up as
spray. Outer flow domain is located below (outside) the inner and jet domains shown
in figure 10.

Inner domain

.........

B PR PR A R A SRR RSN RN SRR AR A E

Figure 10: Water entry of a wedge with constant velocity V. Definition of inner
and jet flow domains.

Figure 11: Definition of parameters in analysis of impact forces (Wagner model)
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Parameters are defined for impact forces and pressures on a body by means of
wagner’s outer flow domain solution.

V= Constant water entry velocity.
V.= Instantaneous draft relative to the undisturbed free surface.

The predicted intersections in the outer flow domain model between the free surface
and the body surface are in a very close vicinity of the spray roots. Figure 11 shows
the impacting symmetric body and the free surface in the outer flow domain. It also
shows there is an up rise of the water caused by the impact. The volume of the water
above z = 0 is equal to the volume of water that the body displaces for z < 0. The
difference between the von Karman and Wagner methods is that a von Karman
method neglects the local up rise of the water which means the wetted surface length
is smaller. [1]

Figure 12 presents the boundary-value problem that must be solved at each time
instant. The body boundary condition requiring no flow through the body surface is
transferred to a straight line between x = —c (t) and c (t) using Taylor expansion. As
the body is blunt local dead rise angle which is the angle between the x-axis and the
tangent to the body surface is small. The end points x = +c correspond to the
instantaneous intersections between the outer flow free surface and the body surface
shown in figure 11.
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Figure 12: Boundary-value problem for the velocity potential in simplified
analysis.

Free-surface condition ¢ = 0 on z = 0 has been used as a consequence of fluid
accelerations in the vicinity of the body dominating over gravitational acceleration
during impact of a blunt body. [1]
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Z=x+1z

Figure 13: Definition of polar co-ordinates (rl, 1) and (r2, 2) used in evaluating
the complex function.

In an earth-fixed co-ordinate system with positive Z-axis upward, Euler equation
states that

du Vp

t——I—u-'\?‘u:——‘; — gk

ot P (11)

u is the fluid velocity, p is the pressure, and K is the unit vector along the z-axis. Both

u - Vu and gk are small relative to ou/or.
i

P = vp (12)
Substituting u = V¢ gives that (Approximation)

v (,ui + p) —0.

at , (13)

If we assume no surface tension and atmospheric pressure pa on the free surface
dip
dat
Because p = pa on the free surface, we get that 0¢/0t = 0 on the free surface. Finally it
then is to assume small deviations between ¢ on z = 0 and the free surface and transfer
this condition to z = 0, by Taylor expansion.

P—Pa=—p

The complex velocity potential can be expressed as
d=gp+iv=iVZ—iV(Z —c)'"* (14)

¢ is the velocity potential and y is the stream function.
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Complex velocity is given by

dd V4
— =u—iw=iV—iV——
dz (22 —c2)'" (15)

Introducing Z— ¢ = rleifl and Z+ ¢ = r2ei62 , where 61 and 62 vary from —z to 7

(72 — )2 = Jrirs el 201+0),
We can write 61 = —z and 2 =0 when x| <cand z=0-
(22— = —i(? —xH)'? for |x| <c,z=0".
When x > c and z = 0, both 61 and 62 are zero
(72 =AM =(x*=cHY? forx>c,z=0
Forx<-candz=0meansthat 01 =62 =1x
(22— P =—(x*=H)? forx = —c,z=0.

For, ¢ =0 for [x] >conz=0
dd X
— =u—iw=iV4+Ve——r—m———ms

112

ﬂrz (CE _ _-r:}
Velocity potential can be written as
o =—V(c®—xH", x| < c(r)

Pressure equation can be written as

C dc dV 5 71/2
P—Pa= ﬁvﬁﬁ +P?[t’" —x7)"
(cs —x°)" e (16)

The first term is denoted as the slamming pressure.
It is associated with the rate of change of the wetted surface which is
approximately2dc/dt.

The two-dimensional vertical force acting on the impacting body can be expressed as
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c dc rc dx dVv rc
_ . .o il - 2 _ 42 A
Fs=[__pdx=pVc— j'_”Wer — J_ Ve? — x2Zdx
— oV 4 p 2
SPTEYCE TP 4 17)

The term pmc2/2 appearing in the last term is the two-dimensional added mass in
heave a33

d dv da33
Fs=—(assV)=a3;3—+ V
dt dt dt (18)

Second term in the above equation is the slamming force. This is a common way to
express the slamming force in connection with the von Karman method.[1]

3.3.6 Design pressure on rigid bodies

If the dead rise angle is small, one should not put too much emphasis on the peak
pressures. It is the pressure integrated over a given area that is of interest in structural
design as long as hydro elasticity does not matter. When hydro-elasticity matters,
maximum pressures cannot be used to estimate structural response. [1]

For better illustration of average pressures appropriate for the design of a local rigid
structure, we can consider a structural part shown on the following figures.

"~ longitudinal
G stiffenar ne |

Figure 14: Water entry of a wedge shaped elastic cross section
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Figure 15: Stiffened panel consisting of plate and longitudinal stiffener.

By assuming the transverse frame to be much stiffer than the longitudinal stiffener,
the resulting stresses in the longitudinal stiffener are normally more important than
those in the transverse frame. If the x-direction means the longitudinal direction of the
ship, the instantaneous slamming pressure does not vary much with the position x
between two transverse frames. The instantaneous loads of importance for the stresses
in the longitudinal stiffener number i is then the space averaged slamming pressure is
the first approximation y; and yi.1 (Figure 14). This space averaged pressure varies
with time, and it is the largest value that is the prime importance. Wagner’s [53]
solution is used for water entry of a wedge to find the space-averaged pressure
assuming the dead rise angle to be small. The space-averaged pressure from y; t0 Vi
has a maximum when ¢ = yi+1. The maximum value is given by,

) _ T Vi1
=05y
pﬂt pr P t?lﬂﬁ )

Vie1 — Vi

X (E — sin~! (i)) .
2 i (19)
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3.3.7 Effect of air cushions on slamming

When a body with a horizontal flat bottom or a small deadrise angle hits a horizontal
free surface, a compressible air pocket is created between the body and the free
surface in an initial phase (Figure 16)

FREESURFACE | AIR CUSHION

M T
WATER .

Figure 16: Deformation of the free surface and formation of an air pocket during
entry of a rigid body

¢ = velocity potential for the water motion,
U", = normal velocity of air pocket.

The pressure in the air cushion will in reality deform both the structure and the free
surface. The scenario in Fig 1.13 for an air cushion may have too short a duration for
the detailed behavior to influence the maximum slamming induced structural stresses.
However, air pockets may be created as a consequence of the shape of the impacting
free surface. One scenario could be plunging breaking waves against the ship side.
This causes an air cushion in a 2D flow situation. However, the air has the possibility
to escape in a 3D flow situation. Another scenario is in connection with wet deck
slamming (Figure 16) [1]

3.3.8 Impact of a fluid wedge and green water

Theoretical results for slamming pressures on a rigid vertical wall due to an impacting
fluid wedge with interior angle g and velocity V. Results are based on neglecting
gravity- it does not need to be a vertical wall but can be any flat surface perpendicular
to the impacting fluid wedge. If the interior angle £ is close to 90°, we could obtain
similar results by using a Wagner-type analysis.[1]

38
Dynamic Response of Ship hull due to slamming
Master’s thesis, NTNU



<
;—C—“J

p

0 2 L FITE I RS ATAr A AR
o 5 10 /o2 15

Figure 17: Impact of fluid wedge and green water

First from Left: sketch of the equivalent problem of a fluid (half) wedge impacting a
flat wall at 90-.

Center: maximum pressure on a wall due to the water impact.

Right: pressure distribution along the vertical wall for 5¢ < f < 75¢ with increment f
= 10e.

The results are numerically obtained by neglecting gravity and using the similarity
solution by Zhang et al. [54]

3.3.9 Global wet deck slamming effects

Global structural strength of ship is influenced by the slamming effect. For mono hull
vessels, these effects are associated with bow flare slamming effects. Transient heave,
pitch and global vertical elastic vibrations are excited because of the wet deck
slamming. The dominant elastic vibrations in head sea are in terms of two node
longitudinal vertical bending. The phenomenon is called whipping and also induces
global shear forces, bending moments and stresses.[1]
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Figure 18: Measured vertical acceleration at the forward perpendicular (FP) of
the ulstein test catamaran.

Figure 18 shows a full scale measurement of vertical accelerations at the bow of the
30-m long Ulstein test catamaran in head sea conditions with significant wave height
H1/3 = 1.5 m. The forward speed was 18 knots and the vessel was allowed to operate
up to H1/3 = 3.5 m.[1]

The natural period of the global two-node bending is of the order of 1 s when
whipping matters because local hydro-elastic slamming has typically a time scale of
the order of 10—2s. It is considered that the structure locally rigid in the global
structural analysis. Slamming effect on the structural strength of a ship is considered
in case of head sea and longitudinal vertical bending about a transverse axis.[1]
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Figure 19: Position of slamming on the wet deck in regular head sea waves as a
function of wave lenght.
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The figure shows a longitudinal cross section at the centerplane of the catamaran. The
bow ramp is seen in the fore part. Fn = 0.5, {a = {slam = lowest incident wave
amplitude when slamming occurs, L= LPP = length between perpendiculars. Figure
19 show that the longer the wavelengths are, the closer to the bow the initial impact
occurs. The figure also presents the minimum wave amplitude {a for slamming to
occur for a given incident wavelength. This minimum wave amplitude is smallest for
ML=1.26 for the current cases. The smaller the minimum wave amplitude, the larger
the amplitude of the relative vertical motion divided by {a. When the water does not
initially hit at the end of the forward deck, the water surface has to be initially
tangential to the wet deck surface at the impact position.[1]

3.3.10 Water entry and exit loads

Both the water entry and water exit phases is the concern in The global slamming
analysis. This is the combination of both wagner and VVon karman method.

Assumptions:

- Incident regular head sea waves act on a catamaran at forward speed
- The wet deck has a plane horizontal transverse cross section

In Von Karman method wetted area can be found by examining the relative vertical
displacement

Mg = nglx,t)— tysin(w.t — kx) + h(x).
r=Nglx,t) — & sin( (x) 20)

h(x)= time-independent wet deck height above calm water
I)s(x,t)= vertical ship motion, which includes global elastic vibrations in addition to
rigid body heave and pitch motions. For I] is less than zero slamming occurs.

I(t
©—0 a(t) ()\\\ b(t) ®—0
—c(t) 4 ety X
T ? 98 — Vp(z, t)
Vie=0

X

Figure 20:2D boundary value problem for velocity potential due to wet deck
slamming

a(t), b(t) and I(t) are ship fixed x-coordinates. X-Z is the local 2D coordinate system
on the wetted part of the deck.
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Figure 20 shows the boundary value problem that we have to solve at each time
instant to find the velocity potential _ due to slamming

r} r}
Vi = ﬂ - U (r — ﬂ) — gl cos(wat — kx)
dat dx

Here Ig = I3 — XI]5 and ol)g/0x = —I]s in the case of no global elastic vibrations. The
second term is the velocity component of U normal to the wet deck. The angle t
expresses the local geometry, for example, due to the bow ramp and also includes the
trim due to hydro-elastic and steady forward speed dependent hydrodynamic forces
on the vessel in calm water. There is also a contribution from the time averaged non-
linear hydrodynamic loads due to unsteady wave body interaction. The former effect
is normally neglected.[1]

As the wetted length is small relative to the incident wavelength, so we can do the
approximation,

Ve=WV + WX
This follows by keeping the constant and linearly varying terms of a Taylor expansion
of Vg about X = 0 as the flow associated with V,X in is anti-symmetric about X = 0, V;
does not contribute to the vertical force.
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transverse spring and transducer = transverse girder

Figure 21: Outline of the experimental hull arrangements (top view) ( Ge 2002)

Froude-kriloff and hydrostatic forces on the wet deck will also contribute, which are
generally smaller than the slamming and added mass forces. Assuming that the
incident free-surface ¢ = Ca sin (wet — kx) is higher than nB + h(x), buoyancy” force is
given by

bit)

F.'?.brmy =pgB f ['::H sin(w,t —kx)—np — h{x}] dx.
a(t) 21)
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3.3.11 Three-body model

Ge et al. [55] studied numerically and experimentally wet deck slamming induced
global loads on a catamaran in head sea deep-water egular waves. The model is
shown in figure 21. Theoretically the pre-mentioned vessel can be modeled as three
rigid bodies with longitudinal connections of elastic beams as shown in the figure 22
below.

-~

21 A2 A

Al[B AN _CliD A
N il il e

- Xn

"N
-

sl il i S, g
M3y M5 M3y T 35 75
Figure 22: Degrees of freedom of segmented model

The general equation system for the motion of the hull segments can be expressed as

M,enf + Boent + Kot = Fop (1, E,5.1)

r= displacement matrix of this six degrees- of-freedom system, containing the heave
and pitch for each segment

Mgen= Mass matrix, mass refers to both the segment mass and the added mass

Bgen= damping matrix

Kgen= restoring (stiffness) matrix, including the hydrostatic restoring terms from the
ship segments as well as the coupling terms from the spring beams

Fgen= forces due to wet deck slamming and linear wave excitation loads on the side
hulls

The static beam equation with zero loading is

El. d*w/dx* =0,
,‘ Qu Qa4 Qp Qp ;
Y —h Q BN
', Bodyll A B Body?2 -

MA’ MA T MBMB'
oz

Figure 23:Elastic connection between two adjacent rigid body segments
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The connecting beam AB between body 1 and body2 is used to illustrate the
procedure (Figure 23). x=0 and L correspond to, respectively, point A and point B.
Integrating above equation

1 41 5 1
w(x) = =7 (Eﬂ'."[" + Eb.r" +cx + d)

The boundary conditions of the beam require that the wvertical and rotational
displacements at the ends of A and B match those at the adjacent ends of body 1 and
body 2, so

wl, = 0} — Oy A}
w|g = 13 + O:Bn;
dw

1
- = — ]‘I'|‘ ”
dx :

A

HETE

dx

= —1;

i

Figure 24: lllustration of rotational sign for and adjacent bodies

The longitudinal distribution of vertical shear force Q(x) and bending moment M(x) at
the right hand side of the beam element

O(x) = —EIL2 — ¢

ax-

M(x)=—EIZ% = —ax—b

ax

at x=0 and L, the loads acting on the three rigid bodies due to the connecting beams
can then be expressed as

F! 04

F\l Mi— Q.0 A

Fa.f _ Oc — Og L N P
Fs My — Mg — QOB — QcO,C

Fx: —-0Qp

F3 —Mp— OpOsD

(22)
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There are six degrees of freedom and thus six pairs of eigenmodes and frequencies.
The two lowest modes with lowest natural frequencies are the coupled heave and
pitch modes. The important stiffness of these modes are the result of the hydrostatic
restoring coefficients.[1]

The third and fourth modes are the two node and three node bending modes in the
longitudinal vertical plane and are illustrated in figure 25,

Three-noded vertical deflections Two-noded vertical deflections

Figure 25: Calculated shapes of eigen modes for 3-body model.

The illustration is based on a finite element model, which is really not necessary for
finding the required modes for a segmented model such as this. However a finite
element model is needed to find the modes for a real ship. The fifth and sixth modes
have very high natural frequencies relative to the other modes and are in reality highly
structurally damped.

Steady-state experimental and numerical vertical shear force (VSF) and vertical
bending moment (VBM) at cut 1 in regular head sea waves for the most severe
slamming case obtained for the model presented in figure 26. . The dominant
contributions are the result of the two node bending mode, but there are also
noticeable rigid-body effects. The Froude number is Fn =0.29, the wave period is
T=1.8 s and the incident wave amplitude is 0.041 m.[1]
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Figure 26: Comparison between experimental and numerical value.

3.3.12 Global Hydro-elastic effects on mono-hulls

Beam equations are considered to describe the global hydroelastic effects on
monohulls. Timoshenko model accounts for the shear deformation and rotational
inertia, but is more complicated than the Euler beam model and does not predict much
difference when it comes to bending moments. The effect of shear deformation should

be included, especially when higher modes are important.

=

Figure 27: Ship vibrating with two-node deformation.
w= deformation
The x-axis is in the direction of the inflow velocity U. U = ship speed.

Using Euler beam model

"
o w

] = fa(x,1)

ax=

2w 3
el [.‘-_'I{r}
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Assuming that the deformation is small or rather that ow/0x << 1. m(x) is the body
mass per unit length, and EI(x) is the bending stiffness and f3 is time-dependent
vertical hydrodynamic force per unit length. The end conditions are zero shear force
and bending momentat the forward and aft ends of the ship.

‘w 8w

=0 and — =
ax? e X at the end of the ship.

==

-I|

First we neglect excitation and express the contributions to f3 due to linear hull
vibrations. We are interested in oscillations with clearly higher frequencies than
typical frequencies of encounter due to incident waves, it is appropriate to use the
free-surface condition ¢ = 0 on the mean free surface z = 0. ¢ satisfies the 2D Laplace
equation in the transverse cross-sectional plane of the ship. The vibrations cause a
local angle ow/ox of the ship relative to the x axis. This angle implies that the steady
flow with velocity U along the x-axis has a velocity component —Uow/0x in the cross-
sectional plane of the vibrating ship. we must account for the vibrating velocity ow/ot
in formulating that there is no flow through the hull surface.[1] Linear body boundary
condition is given by,

! duw duw
- ( — 4 U=
. dt ax

) on C(x)
(24)

C(x)= mean submerged cross-sectional curve of the hull surface

n =(n1,n2,n3), the normal vector to the hull surface with positive direction into the
fluid

A normalized velocity potential ¢3 is given by

"B dw
p— o | — + U—
= ( o T )

ax

Linear hydrodynamic pressure on the hull is given by

Hence The 2D vertical force f; " on the hull due to the dynamic pressure

o "8 o Bw dw
f-;‘” =—(__——f_-'__— H_:_:(T‘l‘L'T)
o ol dx ar ax

asz = 2D infinite-frequency added mass in heave.

Introducing the change of buoyancy due to the beam deflection,
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3w 2w dasgs dw 2d dw a2 2w .
— + 2a3.U 2S5 U (aaa— W — fexc
(m-+azs) —— + 2agU— + U—=—-+ U (azs:—) + pgb + oo Elaxz} 3
(25)

exc

Here b means sectional beam and f; =™ is the hydrodynamic excitation load per unit
length. Lewis form technique is a simple way to estimate asz;. The expression for
infinite frequency is

asx; = p0.5m((a + aa,)* + 3(aas)*)

Where
aa, = 0.5(0.5b — d)
aaz; = —0.25(0.5b + d)
—I—D.ZS.,H.-'*{'[].SEJ +d)> —8(2A/m — 0.5bd)
a = 0.5(0.5b+d) — aa;
Bz
pBD :
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Figure 28: 2D added mass in heave for Lewis form sections
The diagram given above is considering the frequency of oscillation.[1]
A = cross-sectional area, B = beam, D = draft, ¢ = velocity potential.
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4 Wave induced responses

The fundamental elements of a vibrating system include the basic mass-elastic
properties as well as damping and exciting forces. In order to control or limit the
vibratory response it is necessary to modify the mass-elastic properties by increasing
the damping, reducing the exciting forces or changing the exciting frequencies.
Increasing the damping may be useful in the solution of local structural vibration
problems and in certain machinery and equipment problems but is not a practical
solution for reducing hull girder vibration. The wave induced response of ships and
floating offshore structures might occur in two different forms denoted as springing
and whipping. Whipping is characterized by transient vibration response caused by
slamming impulses, and springing represents a resonant periodic vibration response to
high frequency harmonic wave excitation components. The analysis methods only for
whipping vibration response are briefly discussed.

4.1 Hull Structural response

Structural model must reflect the hull’s dynamic properties in the frequency range of
interest, i.e. the natural frequencies, the associated mode shapes and, last but not least,
the damping characteristics. Depending on the application a variety of methods is
used for this purpose:

a) Dynamic amplification factors in combination with quasi-static calculations,

b) Analytical formulae valid for impulsively or harmonically excited vibrations of 1-
or 2-DOF systems,

c¢) Timoshenko beam FE models reflecting one or several hull girder vertical bending
modes,

d) As like as c) but extended to simulate also torsional and horizontal bending
vibration modes,

e) 3D FE models of the complete hull for more complex hull structures, f) as €) but
with local FE mesh refinements for specific assessment purposes, e.g. stress
concentration effects or local deck panel vibration. The prediction methods for wave
induced vibration can be classified in coupled (hydro-elastic) and decoupled
approaches. Decoupled methods neglect the influences of hull elasticity and hull
vibration displacements on the magnitude of the impulsive or harmonic hydrodynamic
pressure excitation forces.
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Coupling between hydrodynamic analysis and structural response calculation is
normally realised by integrating the structural model into the hydrodynamic excitation
force analysis. Hull models according c), d), and e) are used for this purpose. In most
applications the hull FE models are replaced by modal representations for the sake of
computation efficiency. Normally, only a few of the first natural modes of the hull
girder are required to describe the dynamic response of the hull with sufficient
accuracy.

4.2  Whipping vibration analysis

Hull whipping response magnitude due to slamming impulses mainly depends on the
strength and location of the slamming impulse. The ratio of the impulse duration to
the natural period of the relevant hull girder vibration mode and the shape of the time
history of the impulsive force determine the grade of dynamic magnification of the
quasi-static response. In structural dynamics the dynamic amplification factor (DAF)
is often used to estimate the dynamic response from the quasi-static response to avoid
elaborate time domain transient response computations. Theoretically, the DAF can
reach a maximum value of 2.0, but for slamming excited hull girder vibration values
between approximately 1.1 and 1.4 are more typical. In order to point out the
difference to the fully decoupled approaches, as, e.g., the DAF concept, some
researchers use the term ‘l-way coupling” for such a procedure as long as
hydrodynamic and structural response analysis are performed independently, and ‘2-
way coupling’, if also these computations are performed simultaneously, i.e. a hydro-
elastic analysis is performed.[56]

Also the calculation of ship motions, wave loads and slamming pressures can be
performed with simple and efficient or more elaborate and accurate methods. In
combination with the different ways to perform the structural response prediction and
to couple hydrodynamic and structural analysis, there exist a number of options for
the definition of a meaningful overall analysis procedure. [56]

In practice, there will be always a need for a compromise between the accuracy of the
respective approach and its computational efficiency. It goes without saying that the
choice of the most suitable overall procedure will depend on the objective of the
analysis, e.g., it must be differentiated between extreme load scenarios, the
computation of stress range spectra or the prediction of design values based on long-
term statistics.[56]

Whipping effect is currently very difficult to reliably calculate or model.
Classification societies are therefore unable to predict its magnitude or effect on a
ship’s structure, with any confidence, and as a consequence they are not generally
calculated during the structural design process. [56]
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4.3 Hull Frequency determination

The most important requirement to minimize hull vibration is to limit the exciting
forces, is to avoid resonance of the hull girder with the frequency of exciting forces.
Here we focus on methods available to calculate hull natural frequencies and
demonstrates a simplified, empirical method that can be used in the preliminary hull
vibration analysis.

4.3.1 Empirical Analysis

In early 1894, Schlick [25] developed an empirical formula based on modification of
an ordinary beam, which approximated fundamental bending frequency. By
introducing empirical factors obtained by systematic shipboard vibration studies, it
was possible to estimate the fundamental vertical frequency of a ship. A study by
Disenbacker and Perkins [26] , demonstrates a further refinement of this simplified
approach, which would provide the natural frequencies of a ship's hull, within 5% of
that obtained by the more conventional 20-station beam model, which requires a
complete distribution of ship parameters.

4.3.2 20-Station Beam Model

The 20-station beam model, frequently used for preliminary design purposes, was
developed at the David Taylor Research Center [27]. For each station along the length
of a hull, it is necessary to develop the weight, virtual mass, bending rigidity and
shear rigidity. This of course, requires firm design data that is not necessarily
available in the early stages of design, and considerable engineering time to assemble
and calculate. An early digital computer program for solving the system of finite-
difference equations that approximate the problem representing the steady-state
motion of a vibrating beam-spring system, such as a ship hull in bending, was also
developed at DTRC.

4.3.3 Finite Element Model

Primarily ship model is made of finite-elements of beam and plate, with large number
of joints (or nodes) as inter-joining points. With each node having six degrees of
freedoms (DOF), the mathematical model consists of mass and stiffness matrices of
high order. Computations with matrices of such an order of magnitude are very costly
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and not warranted to determine hull frequencies. Reduction of matrix size was
therefore undertaken. For determination of the basic hull frequencies however, only
the lowest frequencies are required. The use of the finite-element model analysis
requires the geometry of the structure to be analyzed. In the early design phase, the
detail required for a vibratory response analysis is generally not available. If it is
necessary to make assumptions on the structural details and the boundary conditions,
the accuracy expected of the finite-element analysis is lost and the expense is not
warranted.

4.4  Dynamic Analysis

There are number of different computer programs are available in the market for
dynamic analysis (Free vibration and forced response) of ships and offshore
structures, for instance ABAQUS package, ANSYS, SESAM-DNV package, GL
shipload etc. ABAQUS is one of the most widely used software by wide range of
industries, including aircraft manufacturers, automobile companies, oil companies,
shipbuilding industries and microelectronics industries, as well as national
laboratories and research centers. For this thesis work, ABAQUS is also used for free
vibration analysis and dynamic forced response analysis.

441 Overview

There are several methods for performing dynamic analysis of problems in which
inertia effects are considered. Modal methods are usually chosen for linear analyses
because in direct-integration dynamics the global equations of motion of the system
must be integrated through time, which makes direct-integration methods significantly
more expensive than modal methods. Subspace-based methods are provided in
Abaqus/Standard and offer cost-effective approaches to the analysis of systems that
are mildly nonlinear.

In Abaqus/Standard dynamic studies of linear problems are generally performed by
using the eigen modes of the system as a basis for calculating the response. In such
cases the necessary modes and frequencies are calculated first in a frequency
extraction step. Eigen mode extraction can become computationally intensive if many
modes are required for a large model. [45]
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4.4.2 Implicit Versus Explicit

The direct-integration dynamic procedure provided in Abaqus/Standard offers a
number of implicit operators for integration of the equations of motion, while
Abaqus/Explicit uses the central-difference operator. In an implicit dynamic analysis
the integration operator matrix must be inverted and a set of nonlinear equilibrium
equations that must be solved at each time increment. Displacements and velocities
are calculated in terms of quantities that are known at the beginning of an increment
in an explicit dynamic analysis; therefore, the global mass and stiffness matrices need
not be formed and inverted, which means that each increment is relatively
inexpensive compared to the increments in an implicit integration process. The size of
the time increment in an explicit dynamic analysis is limited, however, because the
central-difference operator is only conditionally stable; whereas the implicit operator
options available in Abaqus/Standard are unconditionally stable and, thus, there is no
such limit on the size of the time increment that can be used for most analyses.
Abaqus/Explicit offers fewer element types than Abaqus/Standard. For example, only
first-order, displacement method elements (4-node quadrilaterals, 8-node bricks, etc.)
and modified second-order elements are used, and each degree of freedom in the
model must have mass or rotary inertia associated with it. [45]

Dynamic, implicit step is used for the response analysis in the work. This steps is used
in the analysis because it provides suitable understanding for

- must be used when nonlinear dynamic response is being studied;

- can be fully nonlinear (general dynamic analysis) or can be based on the
modes of the linear system (subspace projection method); and

- can be used to study a variety of applications, including

- Dynamic responses requiring transient fidelity and involving
minimal energy dissipation;

- Dynamic responses involving nonlinearity, contact, and moderate
energy dissipation; and

- Quasi-static responses in which considerable energy dissipation
provides stability and improved convergence behavior for
determining an essentially static solution
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4.4.3 Time integration methods

Abaqus/Standard uses the Hilber-Hughes-Taylor time integration by default unless it
is specified that the application type is quasi-static. The Hilber-Hughes-Taylor
operator is an extension of the Newmark 7 -method. Numerical parameters associated
with the Hilber-Hughes-Taylor operator are tuned differently for moderate dissipation
and transient fidelity applications. The backward Euler operator is used by default if
the application classification is quasi-static.[41]

These time integration operators are implicit, which means that the operator matrix
must be inverted and a set of simultaneous nonlinear dynamic equilibrium equations
must be solved at each time increment. This solution is done iteratively using
Newton's method. The principal advantage of these operators is that they are
unconditionally stable for linear systems; there is no mathematical limit on the size of
the time increment that can be used to integrate a linear system. Marching through a
simulation with a finite time increment size generally introduces some degree of
numerical damping. This damping differs from the material damping. [40]

Default parameters for the Hilber-Hughes-Taylor integrator.

Application
Parameter Transient Fidelity Moderate Dissipation
0 —0.05 —0.41421
3 0.275625 0.5
) 0.55 0.91421

Table 1: Hilber- Hughes- Taylor integrator parameters[41]

In this process time increment size is specified. This approach is not generally
recommended but may be useful in special cases. The analysis terminates if
convergence tolerances are not satisfied within the maximum number of iterations
allowed.
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4.4.4 Damping in dynamic analysis

Every non-conservative system exhibits some energy loss that is attributed to material
nonlinearity, internal material friction, or to external (mostly joint) frictional behavior.
Conventional engineering materials used in ship building industry like steel and high
strength aluminum alloys provide small amounts of internal material damping, not
enough to prevent large amplification at or near resonant frequencies.

4.4.4.1 Source of damping

There are four categories of damping sources: material and element damping, global
damping, modal damping, and damping associated with time integration.

Material damping

Material Rayleigh damping is defined by two Rayleigh damping factors: ¢ iz for mass
proportional damping and 7 for stiffness proportional damping. In general, damping
is a material property specified as part of the material definition. For the cases of
rotary inertia, point mass elements, and substructures, where there is no reference to a
material definition, the damping can be defined in conjunction with the property
references. Any mass proportional damping also applies to nonstructural features

Dashpots, springs with their complex stiffness matrix, and connectors that serves as
dampers, all with viscous and structural damping factors. Viscous damping can be
included in mass, beam, pipe, and shell elements with general section properties.

Global Damping

In cases where material or element damping is not appropriate or sufficient, abstract
damping factors are used to an entire model. Abaqus allowsto specify global damping
factors for both viscous (Rayleigh damping) and structural damping (imaginary
stiffness matrix). [45]

Modal Damping

Modal damping applies only to mode-based linear dynamic analyses which are not
used in the current work.
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Damping in a linear dynamic analysis

Damping applied to a linear dynamic system in two ways
- velocity proportional viscous damping

- Displacement proportional structural damping, which is for use in
frequency domain dynamics. The exception is SIM-based transient modal
dynamic analysis, where the structural damping is converted to the
equivalent diagonal viscous damping.[45]

4.45 Frequency Extraction procedure

- Eigen value are extracted to calculate the natural frequencies and the
corresponding mode shapes of a system;

- include initial stress and load stiffness effects due to preloads and initial
conditions if geometric nonlinearity is accounted for in the base state, so
that small vibrations of a preloaded structure can be modeled:;

- compute residual modes if requested;

- linear perturbation procedure; [45]

4.4.6 Eigen Extraction methods

There are three eigen value extraction methods:

Lanczos

Automatic multi-level substructuring (AMS), an add-on analysis capability for
Abagus/Standard

Subspace iteration

Lanczos method is used in the eigen value extraction method in the current work.

4.4.6.1 Lanczos Eigen Solver

In Lanczos method it is needed to provide the maximum frequency of interest or the
number of eigen values required. Abaqus/Standard determines a suitable block size. If
you specify both the maximum frequency of interest and the number of eigen values
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required and the actual number of eigenvalues is underestimated, In that case
Abaqus/Standard issue a corresponding warning message; the remaining eigen modes
can be found by restarting the frequency extraction. [45]

5 Input Data

This section contains the input from the benchmark committee to develop the ship
model in GeniE. Afterwards exports from GeniE used as input for HydroD and
ABAQUS analysis.

5.1 Ship data

The ship has been analysised in this thesis work is owned by Wagenborg which is a
multi-purpose cargo/container ship. The bench mark committee has provided all the
information about the ship and corresponding sea condition and mass distribution.

The input from the committee consist of

Body Plan

Load Condition

Structural drawings of the man structure of both fore body and aft body
Structural drawings of the prismatic section of the hull

Sea, state, heading and speed.

akrwdPE

All the drawings and sketches used in the model is attached in the Appendix-A [9.1]
section.

Committee has also provided with the Mass distribution for three different loading
conditions.

Light ship condition
Ballast Condition
Fully loaded condition

The information available in mass distribution for all loading condition is

Component
Weight[tons]
Longitudinal center of gravity [m]
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Start position [m]

End position [m]
Weight/m

Component width [m]
Component height [m]
Ixx [Kng]

lvy [Kg m2]

The start position and the end position for the components are measured from the
position of the aft perpendicular [AP].

Detail mass distributions with all the properties mentioned above are given in the
Appendix-A.

5.2 FE Model

For the complex shape in the bow [bulbous bow] and stern area ship is preliminary
modeled in SESAM/GeniE. No wheelhouse, superstructure and forecastle has not
been included in the model. The model contains Outer shell, inner shell Framming
structure only. Small brackets and machinery part are not also included in the model.

Figure 29: Ship preliminary model in GeniE.

This model only contains the geometry of the ship which was imported to ABAQUS
afterwards. No properties and sections did not assign to the GeniE preliminary model.
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5.3 Panel Model

A panel model developed in SESAM/GeniE which was used in another SESAM

module called SESAM/HydroD. In HydroD all the relevant Environmental load
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TOTAL DAMPING MATRIX

L4444E-02
. 6700E-04
.6522E-02
L0254E-05
. 6BBZ2E-02
L 2647E-04

[« R RSN
[l el el AT RE

4.1 EXPLANATION OF THE

MA55 IMNERTIA MATRIX
ADDED MASS MATRIX
DAMPING MATRIX
RESTORING MATRICES

EXCITING FORCES
MOTIONS
SECTIONAL LOADS
DRIFT FORCES

PRESSURES
VELOCITIES
ACCELERATIONS

2ND-ORDER FORCES
2ZND-ORDER PRESSURE

WAVE DRIFT DAMPING
MATRIX

8.2794E-04
9. 8963e-01
3.2268E-03
8.7158E-03
4,5378E-04 -
5.1372E-01

HEaEHwe

RESULTS

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED

NOM-DIMENSIONALIZING FACTORS:

THE OUTPUT IS5 NON-DIMENSIONALIZED USING -

RO = DENSITY OF THE FLUID

G = ACCELERATION OF GRAVITY
L =

VoL =

WA =

RO = 0.1025e+04

G = 0.9B807e+01

voL = 0.1170E+05

L = 0.1300e+03

54 ABAQUS model

WAVE AMPLITUDE OF THE INCOMING WAVES

CHARACTERISTIC LENGTH, A5 GIVEN IN THE INPUT
DISPLACED VOLUME OF BODY 1 (COMBINED MORISON AND PANEL MODEL)

3 4 5 5]
L1225e-03 1. B090E-05 2.3323e-02 1.6282E-04
L 0455E-03  7.8501E-03 -3.214Be-04 5.2001e-01
LB417E-01  4.6541E-05 -4.5493E-02 3.6135E-04
L1659E-05 1.6162E-04 9,B327E-07 5.6229E-03
LB234E-02 -3.7007E-06 3.5059E-02 -5.4518E-05
L 7984E-04  5.1121E-03 2.6216E-06 3.4818E-01

I=1-3 I=1-3 I=4-6 I=4-§
1=1-3 J=4-6 1=1-3 1=4-6
BY: RO*VOL RO*VOL*L RO*WOL*L*L
BY: RO*VOL , RO*VOL*L RO*WOL¥*L*L
BY: RO*VOL®*SQRT(G/L)  RO®*VOL®*SQRT(G*L) RO*VOL*L*SQRT{G*L)
BY: RO*VOL*G/L , RO*VOL*G RO*WOL*G*L
I=1-3 I=4-6
BY: RO*VOL*G*WA /L RO*VOL *G*WA
BY: WA WA/L (4-6 IN RADIANS)
BY: RO*VOL*G*WA /L RO*WOL *G*WA
BY: RO™G*L *WA*WA RO¥*G¥L *L *WA*WA
I=1-3
BY: RO*G*WA
BY: WA*SQRT(G/L)
BY: WA*G/L
BY: RO*G*L RO*G¥L*|
BY: RO*G/L
1=1,2 I=6
BY: RO®GHL¥WAWA RO¥GHL ¥ *WARWA

The Preliminary model that was made in GeniE, was imported in ABAQUS as part
later on. There was three different model has been made, Lightship condition, Ballast
condition and Fully Loaded condition. For the models apart from the mass
distribution everything is exactly same. Assigned section to the model given below.
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L it Section Attt S|

Region
Region: (Picked) [é

Section
Section: | Shell E| ﬂ.?-*

Mote: List contains only sections
applicable to the selected regions,

Type: Shell, Homogeneous
Material: Steel

Thickness

Assignment: @ From section () From geometry

Shell Offset
Definition: | Middle surface - &

The material used in the model is the Steel with the properties given below:

Steel:

- Elasticity modulus: 2.1X10**N/m2
— Poisson ratio: 0.3
— Density: 7850Kg/m3

For these three different models total mass, rotational mass, position of longitudinal
center of gravity and vertical center of gravity was obtained from the mass
distribution provided by the benchmark committee. Table of mass distributions are
provided in the appendix.

Another three modes has been made corresponding to Lightship model, Ballast
condition and fully loaded model including Added mass for wet mode analysis.
Hydrodynamic damping and water plane were also added to the wet mode models As
dashpot/spring in ten different locations [ 4 on each side, 1 in stern and 1 in bow area]
of the model. The Global seed used in the entire model is
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2= Global Seeds [ 2 |

Sizing Centrols
Approximate global size: | 0.66

Curvature control

Maximum dewviation factor (0.0 < h/L = 1.03: |01
(Approximate number of elements per circle: 8)

Pinimum size control

@ By fraction of global size (0.0 < min = 1.0} |0.1

) By absclute value (0.0 < min < global size) | 0.066

ok | | Apply | | Defaults | [ Cancel |

Properties of the Elements used in the model given below

2 Blmen Ty ——————

I Elerment Library Family
Acoustic =
Coupled Termperature-Displacement E
Geometric Order Gasket
@ Linear () Quadratic Heat Transfer i
Quad | Tn
Reduced integration
Element Controls
Membrane strains: @ Finite ) Small il
Membrane hourglass stiffness: @) Use defa Specif
Bending hourglass stiffness: @ Use defau Specif
Drilling hourglass scaling factor: @) Use default ) Specify -
Viscosity: @ Use default ) Specify
Second-order accuracy: ) Yes @ No R
Hourglass control: @ Use default ) Enhanced () Relax stiffness () Stiffness
Element deletion: @ Use default () Yes () Mo i
' I | r
S4R: A 4-node doubly curved thin or thick shell, reduced integration, hourglass control, finite
membrane strains.
Mote: To select an element shape for meshing,
select "Mesh-= Centrels” from the main menu bar.
Figure 31: Element properties
63

Dynamic Response of Ship hull due to slamming
Master’s thesis, NTNU



Total number of nodes: 26707
Total number of elements: 31766
29721 linear quadrilateral elements of type S4R

2045 linear triangular elements of type S3

Conventional Shell Element S4R is used because it provide with

Uniformly reduced integration to avoid shear and membrane locking.

The element has several hourglass modes that may propagate over the mesh
Converges to shear flexible theory for thick shells and classical theory for thin
shells.

S4R is a robust, general-purpose element that is suitable for a wide range of
applications

Where it is not applicable to use S4R elements , S3 elements are used.

Figure 32: Mesh model in ABAQUS

64

Dynamic Response of Ship hull due to slamming
Master’s thesis, NTNU



This was the step that was used for Frequency analysis.

o= Edit Step

Mame: Wetmode_loaded

Type: Frequency

Basic | Cther

Description:
Migeom: Off 7

Eigensolver: @ Lanczos () Subspace () AMS

@ Value: 15
[C] Frequency shift (cycles/time)™2:
[C] Minirmum frequency of interest (cycles/time):

[ Maximurn frequency of interest (cycles/time):

Block sizes @ Default ) Value:

[C] Use SIM-based linear dynamics procedures

[] Include residual modes

Mumber of eigenvalues requested: ) Allin frequency range

Include acoustic-structural coupling where applicable

Maximum number of block Lanczos steps: @ Default () Value:

Cancel

Figure 33: Frequency Analysis Steo in ABAQUS

Rayleigh damping and structural damping is alo added to the dynamic analysis model.
Dynamic implicit analysis is used as analysis process with used direct time
integration. Total time period for analysis was used 15 second as the highest natural
period was close to 2 second. Fixed increment is used in the analysis which was 0.01

second.
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6 Analysis and Results

6.1 Natural frequency and vibration modes

Linear perturbation analysis step is used for Natural frequency extraction for the
system.. Linear perturbation analyses can be performed from time to time during a
fully nonlinear analysis by including the linear perturbation steps between the general
response steps. The linear perturbation response has no effect as the general analysis
is continued. Lanczos eigen solver has been chosen for frequency extraction. First 15
eigen values are requested for the analysis.

The first six mode shapes are rigid body modes. These six rigid body mode shapes,
which are Surge, Sway, Heave, Roll, Pitch and Yaw, are not to display elastic
distortion. For these cases, Frequency is generally very low, well below the first
elastic natural mode. Any mixing of rigid body modes and/or missing rigid body
mode(s) would be a good indication of an erroneous FE modeling, especially when
incorrect multi-point constraints are applied to the FE model.

Three different loading conditions were considered in the frequency analysis. Loading
conditions were Lightship condition, Ballast condition and Fully Loaded Condition.
Both the Dry mode frequencies and Wet mode frequencies were calculated.

Only the wet mode frequencies and vibration modes are given below. Dry mode
frequencies and vibration modes are given in the appendix.
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6.1.1 Wet mode frequencies and mode shapes

Lightship Condition

& sevrore I

Step Name Description
Frame
Index Description
0 Increment  0: Base State
1 1: Value = -1.43405E-10 Freq = 0.0000 (cycles/time)
2 Mode 2: Value = -2.24743E-11 Freq = 00000  (cycles/time)
3 Mode 3t Value = 3.53068E-12 Freq = 2.99054E-07 (cycles/time)
4 Mode 4: Value = 3.38160E-11 Freq = 9.25510E-07 (cycles/time)
5 Mode 5:Value = 9.97369E-11 Freq = 1.58945E-06 (cycles/time)
& Mode 6: Value = 1.97555E-04 Freq = 2.23699E-03 (cycles/time)
7 Mode T:Value= 71620 Freq= 042593 (cycles/time)
& Mode & Value= 23520 Freq= 077186 (cycles/time)
9 Mode O:Value= 24658  Freq= 079031 (cycles/time)
10 Mode 10: Value = 68666 Freq= 13188 (cyclesitime)
1 Mode  11:Value= 80300 Freq= 14282 (cycles/time)
12 Mode 12:Value= 94.014 Freq= 15432 (cycles/time)
13 Mode  13:Value= 10215 Freq= 16085 (cycles/time)
14 Mode 14: Value = 10878 Freq= 16600 (cyclesitime)
15 Mode  15:Value= 12224 Freq= 17596 (cycles/time)
ok | | Apply | |FiedOutput.. | | Cancel

Table 2: Wet mode natural frequencies [Lightship]
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Figure 35:2-node Vertical Bending Mode at 0.77186 Hz
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Figure 36: Global Torsion and Horizontal Bending Mode at 0.79031 Hz
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Figure 37: 3- node horizontal bending at 1.3188 Hz

Ballast Condition

|
& seorere L I

-

Step Name

|
Wetmode_ballast

Description

Frame
Index Description
0 Increment  0: Base State
1 1: Value = -7.28830E-11 Freq = 0.000 {cycles/time)
2 Made 2: Value = -1.56970E-11 Freq = 00000  (cycles/time)
3 Mode 3t Value = 1.64417E-11 Freq = 6.45347E-07 (cycles/time]
4 Made 4: Value = 4.86640E-11 Freq = 1.11026E-06 (cycles/time)
5 Maode 5:Walue = 1.62129E-10 Freq = 2.02652E-06 (cycles/time)
6 Mode 6: Value = 1.78268E-04 Freq = 2.12499E-03 (cycles/time)
7 Mode T:Value= 68023 Freq= 041509 (cycles/time)
8 Mode 8:Value= 21547  Freq= 073877 (cyclesftime)
] Mode 9 Value= 23721 Freq= 077515 (cycles/time)
10 Mode  10:Value= 67.289 Freq= 13055 (cycles/time]
11 Maode 11: Yalue = 79411 Freq= 14183 (cycles/time)
12 Mode  12:Value= 84588 Freq= 14638 (cycles/time]
13 Made 13:Value= 95178 Freg= 15527 (cycles/time)
14 Made 14:Yalue = 10207  Freq= 16079 (cycles/time)
15 Mode  15:Value= 10685 Freq= 16459 (cycles/time)
ok | | Apply | |FiedOutput.. | | Cancel |

Table 3: Wet mode natural frequencies [Ballast condition]
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Figure 38: Global Torsion Mode at 0.41509 Hz.
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Figure 39:2-node Vertical Bending Mode at 0.73877 Hz
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Figure 40: Global Torsion and Horizontal Bending Mode at 0.77515 Hz
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Figure 41:3- node horizontal bending at 1.3055 Hz

Loaded Condition
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T D

Step Name Description |

Wetmode_loaded

Indesx Description

Increment  0: Basze State
1: Value = -1.40119E-10 Freq = (cycles/time)

0

1

2 Mode 2:Yalue = -5.62390E-11 Freq = 00000  {cycles/time)

3 Made 3:Value = 5.75650E-13 Freq = 1.20753E-07 (cycles/time)
4 Made 4:Value = 1.71617E-11 Freq = 6.59326E-07 (cycles/time)
5 Mode 5:Walue = 3.37999E-11 Freq = 9.25290E-07 (cycles/time)
b Made 6: Value = 1.68562E-04 Freq = 2.06633E-03 (cycles/time)
7 Mode T:Walue= 58181 Freq= 038389 (cycles/time)

a8 Maode 8:Value= 19887 Freqg= 070975 (cycles/time)

9 Mode 9:Value= 20190 Freq= 071513 (cycles/time)

10 Mode  10:Value= 53492 Freq= 12276 (cyclesftime]
11 Mode 11: Value = 78695 Freq= 14119 (cycles/time)
12 Mode  12:Value= 80293 Freq= 14261 (cyclesftime]
13 Mode 13: Value= 10206 Freq= 16079 (cycles/time)
14 Mode  14:Value= 10839 Freq= 16569 (cycles/time)
15 Meode  15:Value= 11311 Freq= 16927 (cycles/time]
oK | |  Apply | |Fieldoutput.. | | Cancel |

Table 4: Wet mode natural frequencies [Loaded]
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Figure 42: Global Torsion Mode at 0.38389 Hz
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Figure 43:2-node Vertical Bending Mode at 0.70975 Hz
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Figure 44: Horizontal bending /torsion mode at 0.71513 Hz
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Figure 45:3- node horizontal bending at 1.2276 Hz
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Figure 46:3- node vertical bending at 1.4119 Hz
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Comparison between dry mode and wet mode frequencies are given below for pre
mentioned three loading conditions.

Light ship

Mode Shape Dry mode[Hz] Wet mode[Hz]
Global torsion 0.86080 0.42593
2-node VB 1.6229 0.77186
Torsion/Hor. Bending 1.6419 0.79031
3-node Hor. Bending 2.4846 1.3188

Ballast condition

Mode Shape Dry mode[Hz] Wet mode[Hz]
Global torsion 0.77608 0.41509
2-node VB 1.3189 0.73877
Torsion/Hor. Bending 1.5123 0.77515
3-node Hor. Bending 2.3763 1.3055

3-node VB 2.1229

Dynamic Response of Ship hull due to slamming
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Loaded Condition

Mode Shape Dry mode[Hz] Wet mode[Hz]
Global torsion 0.61398 0.38389
2-node VB 1.2281 0.70975
Torsion/Hor. Bending 1.1815 0.71513
3-node Hor. Bending 2.0107 1.2276

3-node VB 2.3511 1.4119

Table 5: Comparison between dry mode and wet mode natural frequencies

6.2 Response time traces

Time traces of the calculated accelerations and strains at the locations as specified in
the figure 48 is one of the requested output from the benchmark committee. Specified

locations are given below.

N GREWDPE

Frame. 35 [Deck]

Frame, 100.5 [Deck, Bottom]
Frame, 154.4 [Deck]

Frame, 161 [Bottom]

Frame, 161.5 [Deck]

Frame, 164.5 [Deck]

Frame 170 [Deck]

Frame 170.5 [Deck]

Figure 48 shows a side view of the vessel under consideration. The location and the
type of the sensors are indicated.

Dynamic Response of Ship hull due to slamming
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Figure 47: 135 m dry cargo vessel, sensor locations indicated.

There are three types of sensors available. [Strain (s), Acceleration (A) and Pressure

(P)1.

Bottom pressure time traces used that were used as the impulse load have been
included in the appendix. Load is applied at the bow area [at five nodal points] as
concentrated upward vertical force with amplitude- tabular. That means impulse from
slamming press modeled as triangular impulse. [See Appendix]

6.2.1 Acceleration time traces

Dynamic response analysis was done for each three Wet mode model [Lightship,
Ballast, and Loaded]. In this section results only for wet mode- loaded condition are
given.

Acceleration
o

Time

————  A:Magnicads PI: ABAQ US_INPUT_C-L N: 2557

Figure 48: Acceleration time traces Frame 35 [Deck, SB]
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Figure 49: Acceleration time traces frame 100.5 [Deck, SB]
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Figure 50: Acceleration time traces, Frame 100.5 [Bottom, CL]
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Figure 51: Acceleration time traces, frame 154.5 [Deck, SB]
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Figure 52: Acceleration time traces, Frame 161[Bottom, CL]
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Figure 53: Acceleration time traces, Frame 161.5[Deck, SB]
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Figure 54: Acceleration time traces, Frame 164.5 [Deck, SB]
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Figure 55: Acceleration time traces, Frame 170 [Deck, SB]
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Figure 56: Acceleration time traces, frame 170.5 [Deck, SB]

In the amidships area and area aft to mid ship area acceleration during the entire
period looks quite stable. In the areas close to the bow acceleration damps out as the
time passes.

6.2.2 Strain time traces

Dynamic response analysis was done for each three Wet mode model [Lightship,
Ballast, and Loaded]. In this section results only for wet mode- loaded condition are
given.
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Figure 57: Strain time traces, Frame 35[Deck, SB]
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Figure 58: Strain time traces, Frame 100.5 [Deck, SB]
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Figure 59: Strain time traces, Frame 100.5 [Bottom, CL]
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Figure 60: Strain time traces, Frame 154.5 [Deck, SB]
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Figure 61: Strain time traces, Frame 161 [Bottom, CL]
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Figure 62: Strain time traces, frame 161.5 [Deck, SB]
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Figure 63: Strain time traces, Frame 164.5 [Deck, SB]
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Figure 64: Strain time traces, Frame 170 [Deck, SB]

=4.E-51

E:M K Frinc lnal Jowg: 7541 S

LRI ABAR LS _INRUT_C-L W: 12

|||1 TS P

Strain

gyt

Time

Figure 65: Strain time traces, Frame 170.5 [Deck, SB]
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Time traces for strain in different location of ship show different characteristics due to
slamming load. In the Area aft of amidships and amidships strain traces are almost
same and maximum response at the middle of the period. However it looks as the
location move to bow direction response damps out quickly.
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7 Discussion and Conclusions

One of the main approximations of this study is related to the development of the
model. Only the transverse frames, longitudinal frames, outer shell and inner shell
were modeled. For light ship model, all the non-structural mass was distributed on the
entire ship part [uniformly distributed on each node]. Position of longitudinal center
of gravity was perfectly obtained but as there was no structural member above the
inner bottom, vertical center of gravity position quite roughly estimated. Results
might be influenced by the method of application of the slamming load. Dynamic,
implicit analysis was used with fixed increment of 0.01 second. A lot of studies done
before, low the increment size give better result. Another approximation was made for
the wet mode model. Calculated added mass applied to the model as distributed on
each node. Buoyancy stiffness added to the model as dashpot in ten location of the
entire model which may create some disturbance from the actual result.

For both acceleration and strain time traces aft of the mid ship show that the
magnitude is higher in the middle of the time period. In the bow area, there is a
sudden increase in the peak value and damps out quite quickly as the time passes.
Response is quite influenced by the Fluid structure Interaction (FSI). In this study FSI
is accounted in terms of added mass and water plane stiffness but in real life scenario
FSI problems are related to lot of other factors. Acceleration and strain results for
each specified location of the have been presented in the result chapter. For the
physical interpretation of the results, calculated results are compared with ISO 6954
standard “Guide lines for overall evaluation of vibration in merchant ships”.

For the same loading condition natural frequencies reduces around 40 percent for the
wet mode ( In case of 2- node vertical mode in loaded condition, dry mode frequency
is 1.2281 Hz and corresponding wet mode frequency 0.70975 Hz). From the work of
Gul and Levent [57] it has been seen that for similar loading condition wetted
frequency reduced almost 35 percent from the dry frequency. In their [57] work,
surrounding water was modeled with acoustic finite element. For loaded condition
wet mode model, there is overlap in appearance of mode shapes between wet and dry
mode. (For instance lateral bending mode appears before vertical bending mode for
wet mode).

A typical velocity trace in bow area is given below. It shows that, in the bow area
during the time of impulse response amplitude is very high, after wards velocity in
somewhere in forecastle deck is significantly low.
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Figure 66: Velocity trace in the bow area , Frame 170, SB
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Figure 67: Displacement trace in amidship., SB

From the above time traces, the peak value for displacement repeats at a period of
2.25 second. Generally maximum force is applied at one time step and the maximum
vertical bending moment occurs at another time step. Analysis shows that model
shows some responses at a random time step even though the impulse is applied
earlier.
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Figure 68: Stress [mises] plot in bow and stern area, SB

In the bow area [Yellow], stress level falls very quickly just after the slamming
occurrence. In the stern area all through the time period, the variation of stress level
with respect to time is low. So it can be said that for local structure fatigue damage in
the deckhouse and superstructure slamming load has to be tackled carefully.

First possible way to improve the result is to put more effort on the development of
model. All the structure including machinery and installations need to be modeled to
get the proper mass distribution. To account the hydrodynamic effects properly,
surrounding seawater around the ship is also need to be modeled as acoustic medium.
Hull vibratory responses to waves are important in other modes than the 2-node or 3-
node vertical bending mode for instance lateral bending, torsion or combination of
bending and torsion in case of oblique sea or quartering sea. Exact prediction of hull
whipping response is complex process because of the stochastic nature of the sea way,
the non-linear character of the response transfer functions and the impossibility to
exactly predict the ship’s operational parameters.

Damping still remains a literally uncertain parameter in ship girder vibration study.
Until today a generally applicable approach for damping estimation has not been
found. Recent works set that measured damping constants can vary significantly
depending on the type of ship and the vibration frequency and mode shape.

Slamming is a rarely occurring phenomenon. For developing a reliable statistical
analysis, it is necessary to accumulate a large number of occurrences in long time
investigation both numerically and experimentally.

Development of standard methodologies for ship vibration study is needed to be
tackled considering the diversity of ship types, propulsion plants and comfort
requirements.
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8 Recommendation for future work

In recent years lot of effort has been given predicting the nature and magnitude of
loads related to slamming. From global hull strength point of view, translation of
these loads to structural response has to be considered with significant attention. This
thesis work was a part of ISSC 2015 Committee Il and concern of the committee is
the dynamic structural response of ship and offshore structure from environmental
loads, machinery and propeller excitation. Influence of propeller and other rotating
machinery on board are important sources of hull vibration. Coupling between
different sources of hull girder vibration may provide the whole picture.
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Appendices

9.1 Appendix A

Input data from ISSC Committee 11.2 Dynamic Response

The mass distributions of light weight and deadweight are given in this document

Displacem 98 [tons |
LCG 61.49[m |
Neutral 4.00]m |
0 eilg
Lichtweia 29 ltons | Check LSW
LCG 51.88|m | 63525 LCGFA 61.722
Compone |Weight LCG [m] Start [m] End [m] VC |Weight/m __|com|com |1y v Tkam?1 ke [kam?1
Enaine 51.0 13.00 10.20 15.45(3.00 9.71/3.00| 4.00 157 120070
Enaineroo 200.0 13.70 6.00 18.60[2.50 15.87|10.0|5.50 262(Q 461089
Hull 1 34.5 3.00 -4.80 6.00[9.00 3.19/15.0/5.00 1579 118883
Hull 2 29.5 7.80 6.00 9.50/5.00 8.43|15.8/12.7 1045 85664
Hull 3 125.4 16.29 9.50 23.04|4.50 9.26(15.812.7 4347, 260722
Hull 4 113.4 29.01 23.04 34.88]4.00 9.58|15.8|12.7 3904 123315
Hull 5 363.9 53.38 34.88 71.88/4.00 9.83|15.8/12.7 12527 73080
Hull 6 145.5 79.28 71.88 86.68/4.00 9.83|15.812.7 5011 51775
Hull 7 210.0 98.51 86.68 1114.00 8.35/15.8/12.7 7231 303408
Hull 8 40.3 11 117 1114.00 7.78115.8(12.7 1387 114332
Hull 9 20.3 11 117 1114.50 9.14|15.812.7 703] 65557
Hull 10 30.9 12 119 1215.00 8.60/15.0(12.7 1027, 110092
Hull 11 4.4 12 122 1216.00 7.27114.0(12.7 147| 16637
Hull 12 30.6 12 123 1316.00 3.46/12.0(10.0 745 129665
Wheelhou 146.9 8.10 3.00 11.60(16.0 17.08|13.5/10.5 24734 421873
Forecastle 200.0 11 112 13(13.0 9.85/12.0(5.00 1901¢€ 670748
Rest 11 60.38 -4.80 1212.00 8.90/15.8/5.00 31421 1669543
Total 29 58.80
Deadwelq
Deadweia 698|tons
LCG 65.49]m
Compone |Weight LCG [m] Start [m] __|End [m] VC |Weight/|comgcomdiy v Tkam?1 [y [kan? 1
Ballast 1 168.4 121 116 126/0.55| 16.84/8.00| 1.10 2919 613401
Ballast 2 135.4 115 110 120]0.55| 13.54/8.00| 1.10 2347 393320
Ballast 3 84.5 103 98.97 108|0.58 8.45|4.00| 1.10 1109 153301
Ballast 4 84.8 104 99.00 109/0.58 8.48|4.00| 1.10 1113 154061
Ballast 5 161.9 105 100 110/6.34| 16.19|1.30| 1.80 953 321974
Ballast 6 161.9 105 100 110/6.34| 16.19|1.30| 1.80 953 321974
Ballast 7 168.8 88.9 83.9 93.9 16.88
Ballast 8 100.4 83.1 78.1 88.1 10.04
Ballast 9 100.4 83.1 78.1 88.1 10.04
Ballast 10 156.3 84.54 79.54 89.54 15.63
Ballast 11 156.3 84.54 79.54 89.54 15.63
Ballast 12 714 75.21 70.21 80.21 7.14
Ballast 13 109.6 58.16 53.16 63.16 10.96
Ballast 14 109.6 58.16 53.16 63.16 10.96
Ballast 15 240.2 57.45 52.45 62.45 24.02
Total 200 88.60
Fuel 1 99.0 27.79 22.79 32.7912.29 9.90|1.30| 4.00 435 113272
Fuel 2 55.0 16.20 11.20 21.2012.29 5.50/1.30| 4.00 241 113281
Fuel 3 17.1 17.50 12.50 22.50/5.96 1.71]1.60] 3.00 82164 33236
Fuel 4 16.6 17.38 12.38 22.38|5.57 1.66|1.60| 3.00 56909 32440
Fuel 7 2.6 10.20 5.20 15.20|7.95 0.26|2.00| 1.00 41650 68622
Fuel 8 15.0 7.54 2.54 12.54(7.77 1.50{2.00] 1.50 221 43789
To 205.3 21.28
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Remain. 1 29.4| 2.98| -2.02 7.98[ 6.27] 2.94| 1.30] 4.00 194836 100897691
Remain. 2 33.3| 2.84| -2.16 7.84| 6.28/ 3.33] 1.30] 4.00 222196 114828274
Remain. 3 23] 12.17] 7.17 17.17| 8.64| 0.23] 1.50( 2.00 50716 5614261
Remain. 4 1.0] 13.72| 8.72 18.72| 7.03| 0.10| 1.50( 2.00 9702 2290494
Remain. 5 0.9] 15.13| 10.13 20.13| 8.29] 0.09] 2.50| 3.00 17707 1942293
Remain. 6 0.5 9.15| 4.15 14.15| 7.63| 0.05| 4.00f 3.50 7766 1374571
Remain. 7 0.6] 9.16] 4.16 14.16| 0.95/ 0.06] 5.00({ 1.10 6892 1649307
Remain. 8 3.4| 5.41| 041 10.41| 7.00] 0.34| 1.50| 1.50 31875 10721857
Remain. 9 13.3] 7.09| 2.09 12.09| 8.61| 1.33] 2.00f 1.50 289580 39474759
Remain. 6.5 13 8 18 0.65
Remain. 1.1] 14.51f 9.51 19.51 0.11
Remain. 0.9] 8.46| 3.46 13.46 0.09
Remain. 1.3] 8.45| 3.45 13.45 0.13
Total 94.5| 5.07
Carao 1l 50.0| 40.00| 18.60 113.33 4.00| 0.53| 13.00] 6.00 854167 61177999
Cargo 2 40.0] 98.51| 98.18 98.84| 6.39| 60.61] 13.00f 8.50 1032651 55384001
Carqo 3 40.0] 25.58| 25.25 25.91| 6.39| 60.61| 13.00f 8.50 1032651 52145909
Cargo 4 1504.C 85.61| 73.36 98.18| 5.10| 60.60| 13.00f 15.00 51201173 973379424
Carao5 2707.(0 48.52| 25.91 71.14| 6.50| 59.85| 13.00| 18.00 128131333 954985314
Cargo 6 331.0] 21.92( 18.60 25.25[ 5.60] 49.77] 13.00{ 18.00 14445943 524156184
Total 4672.0 58.72

Table 6: Mass data
Drawing used as the basis of model development given below.
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Figure 69: General Arrangement
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Sailing Condition
Ship speed = 14.0 knots

Significant wave height = 3.50 meters
Peak period = 8.5 seconds

Headings = between bow quartering and head
waves

Typical measured time traces
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Figure 71: Typical pressure trace fr.161 and 161.5 (measure 5)
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Figure 72: Typical strain trace Frame 35 (measure 5)

9.2 Appendix B

Added mass matrices and Total damping matrices for relevant are given below

4.1 EXPLANATION OF THE RESULTS

NON-DIMENSIONAL DEFINITIONS:

MASS INERTIA MATRIX NON-DIMENSIONALIZED

ADDED MASS MATRIX
DAMPING MATRIX
RESTORING MATRICES

EXCITING FORCES
MOTIONS
SECTIONAL LOADS
DRIFT FORCES

PRESSURES
VELOCITIES
ACCELERATIONS

2ND-ORDER FORCES
2ND-ORDER PRESSURE

WAVE DRIFT DAMPING
MATRIX

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED
NON-DIMENSIONALIZED

NON-DIMENSIONALIZED

NON-DIMENSIONALIZING FACTORS:

BY:
BY:
BY:
BY:

BY:
BY:
BY:
BY:

BY:
BY:
BY:

BY:
BY:

THE OUTPUT IS5 NON-DIMENSIONALIZED USING -

RO
G

L
VoL
WA

0.1025e+04
0.9807e+01
0.1170e+03
0.1300e+03

RO =
G =
VoL =
L =

DENSITY OF THE FLUID
ACCELERATION OF GRAVITY
CHARACTERISTIC LENGTH, A5 GIVEN IN THE INPUT

DISPLACED VOLUME OF BODY 1 (COMBINED MORISON AND PANEL MODEL)
WAVE AMPLITUDE OF THE INCOMING WAVES

Dynamic Response of Ship hull due to slamming
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1=1-3

J=1-3

RO*VOL,

RO*VOL ,
RO*VOL*SQRT(G/L)
RO*VOL¥*G/L,

I=1-3

RO*VOL *G¥*WA,/L
WA

RO*VOL *G*WA,/L
RO*G¥L *WA*WA
1=1-3
RO*G¥*WA
WA*SQRT(G/L)
WARG,/L

RO*GL
RO*G/L

I=1,2

RO*G¥L*WA*WA

RO*VOL*L
RO*VOL¥L
RO*VOL*SQRT(G*L)
RO*VOL¥*G

I=4-6
RO*VOL*G*WA
WA/L

RO*VOL*G*WA
RO¥*G*L¥L*WA*WA

RO*G*L*L

I=6

RO¥*GHL¥L*WA™WA

I=4-6

1=4-6

RO*VOL¥*L¥L
RO*VOL¥*L¥L
RO*VOL¥*L¥SQRT(G*L)
RO*VOL¥*G¥L

(4-6 IN RADIANS)
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+---—————— e ———— + .
WAVE LENGTH = 1.0697E+01 ::
WAVE PERIOD - 2.6180E400 ::

o +

o +
ADDED MASS MATRIX

1 2 3 4
1 1.2788E-02 4.8186E-04 0.4406E-03 1.2852E-05
2 6.5382E-04 2.0084E-01 2.6559E-03 2
3 8.0324E-03 2.1534E-03 1.0803E+00 6
4 1.3832E-05 2.5501E-03 6.7448E-05 3
5 8.1830E-03 -2.8654E-04 -5.27236-01 -1.2556E-05
6 9.5802E-05 1.0754E-01 2.24932E-04 1
TOTAL DAMPING MATRIX

1 2 3 4

1 5.4444E-02 8.2794E-04 §.1225E-03 1.B090E-05

2 3.6700E-04 O.8963E-01 3.0455E-03 7.8501E-03 -

3 1.6522E-02 3.2268E-03 1.6417E-01 4.6541E-05 -

4 1.0254E-05 B8.7158E-02 1.1659E-05 1.6162E-04

5 1.6882E-02 —4.5378E-04 -4.8234E-02 -3.7007E-06

6 1.2647E-04 5.1372E-01 1.7984E-04 5.1121E-03

e +

T e T +:
WAVE LENGTH = 3.1827E+00 ::
WAVE PERIOD = 1.4280E+00 ::

o +:

e +

ADDED MASS MATRIX

1 2 3 4

1 1.6987E-02 5.1353E-04 1.0613E-02 1.3044E-05 &

2 7.8138E-04 4.10556-01 2.9010E-03 6.5099E-03 -3.

3 1.08904E-02 2.2913E-03 1.0992E+00 7.5018£-05 -5.

4 1.5675E-05 5.32056-03 7.0416E-05 3.5208£-04 -1.

5 1.0297E-02 -3.8059E-04 -5.3508E-01 —1.6656E-05 3

6 1.2134E-04 2.1300E-01 2.6277E-04 3.5992E-03 -2
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5

7.4410E-03

.8506E-03 -3.2155E-04
. 7455E-05 -5.2688E-01
.0454E-04 -1.1170E-05

3.0752e-01

.6967E-03 -3.3362E-05

5

.3323e-02
. 2148e-04
. 3493e-02
.B327E-07
. 5039e-02
.6216E-06

Fod L L0 e L Bl

5

. 7902e-03
3354E-04 2.
3505E-01 2.
3.
1242E-01 -6.
. 9604E-05

1068E-05

6

1.

]

. 5607E-05
.0676E-01
.8313e-04
. 3518E-03
.6418E-05
.0983E-02

I =

6

.6282E-04
.2061E-01
.6135e-04
.6220e-03
.4518E-05
.4818e-01

L L L L L

6

. 7B41E-05

1302E-01
0750E-04
0193e-03
4282E-05
3683E-01
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TOTAL DAMPING MATRIX

5
4.3414-03

-2.0025e-03 -2.6714e-07
2.6812-05 -9.1532e-03
4.4551E-06 -1.2B0O4E-06

6. 8243e-03

-1.0522e-03 -7.1108e-06

5

8578E-03
3360E-04
3486E-01
1053E-05
1234E-01 -
0227E-05

5

.4018E-03
.1025E-05
. 2662E-03
.0833E-06
L1276E-03

1 2 3 4
1 4,7244E-03 2.5932E-04 7.1601E-04 -6.0402E-06
2 4,6035e-04 -3.0634e-02 -1.4595e-04
3 4.9534e-03 -1.0306e-02 3.0562E-02
4 -1.23200E-05 -6.2196E-04 9.4285E-06
5 -2.0712E-03 1.9263E-04 -9.0340E-03 -2.5B0BE-06
G -5.6998BE-06 -2.3510E-02 4.8166E-05
oo +
o +
WAVE LENGTH = 3.042B8E+00
WAVE PERIOD = 1.3963E+00
o +
oo +
ADDED MASS MATRIX
1 2 3 4
1 1.7097E-02 5.0630E-04 1.0555E-02 1.2779e-05 8.
2 7.7620E-04 4,0132E-01 2.9083E-03 6.2359E-03 -3.
3 1.0911E-02 2.3056E-03 1.0988E+00 7.4447E-05 -5.
4 1.6004E-05 5.2900E-03 6.9865E-05 3.5111E-04 -1.
5 1.0359E-02 -3,B284E-04 -5,.348BE-01 -1.6930E-05 3.
<] 1.2254E-04 2.08532E-01 2.6348E-04 3.4660E-03 -3.
TOTAL DAMPING MATRIX
1 2 3 4
1 4.198B8BE-02 5.0262E-04 2.3569E-04 -5.76953E-06
2 3.7148BE-04 2.3670E-01 6.468B3E-05 3.4347E-03 -
3 5.5160E-02 4.0567E-04 32.0212E-02 9.6664E-06 -
4 -5.0072E-06 1.2617E-03 7.9999e-06 2.6031E-05
5 -2.46B0E-03 1.0270E-04 -8.0534E-03 -1.3064E-06
G 3.329BE-05 1.1265E-01 8.1939e-05 1.6306E-03 -

Dynamic Response of Ship hull due to slamming

Master’s thesis, NTNU

e

. 2955E-06

ol o WEN RN N ]

5]

4.1729E-05
-2.3396e-02
-6.93247e-05
-1.93283e-04
6.4488E-05
-1.5531e-02

6

.6982E-05
.0B58E-01
. 0648E-04
.00B4E-02
. 3367E-05
. 3452E-01

6

. 3465E-03
L1153E-01
. 3155E-05
.6555E-04
L1745E-03
L1426E-02

ohF= chca o
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+----——————— e ——— +
“: WAVE LENGTH —  2.3690E+00
‘'t WAVE PERTIOD - 1.2320E+00
e +
o +
ADDED MASS MATRIX

1 2 3 4
1 1.7903E-02 4.81156-04 1.0499£-02 1.3142E-05
2 7.6005E-04 4.2646E-01 2.8482E-03 6.7719E-03
3 1.0731E-02 2.3025E-03 1.0938E+00 7.7753E-05
4 1.6477E-05 5.6151E-03 7.1271E-05 3.5925E-04
5 1.0876E-02 -4.2884E-04 -5.32456-01 -1.7977E-05
6 1.1898E-04 2.2154E-01 2.6366E-04 3.7502E-03
TOTAL DAMPING MATRIX

1 2 3 4
1 2.2201E-03 1.1282E-04 -2.7283E-03 -1.8291E-06
2 2.9538E-05 -7.4340E-02 5.7351E-04 -2.7761E-03
3 -2.0551E-04 6.9533E-04 2.1112E-02 -1.6308E-05
4 -1.82B0E-06 -5.0863E-04 -1.2362E-05 -1.0160E-05
5 5.0893E-04 -5.6450E-05 -9.2244E-03 3.8318E-06
6  -6.3007E-05 -3.8892E-02 -1.1519E-04 -1.4345E-03

Dynamic Response of Ship hull due to slamming
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E.
-3.
-5
-1.

3
-3.

1
=Wy Tt R T B RN

5

9198e-03
2695e-04
3238e-01
1090e-05
1115e-01
2452e-05

3

. 8225E-03
. 7O7BE-05
. 2589E-03
. 3795e-07
.6709e-03
.0193E-06

= =] i P P SR

]

6

LA4118E-05
. 2159e-01
L1278E-04
.1904e-03
. 3098E-05
L4266E-01

. 5052E-05
-3.

8208E-02

L0173E-04
-2.

4829e-04

.1946E-05
-2.

1311E-02
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e e +
+-—-————————— + .
‘T WAVE LENGTH = 2.1131E400 ::
‘T WAVE PERIOD ~  1.1636E+400 ::
£ o e i
e +
ADDED MASS MATRIX

1 2 3 4 5
1 1.8222E-02 4.6591E-04 1.0548E-02 1.3079£-05 8.8707E-03
2 7.7541E-04 4.3945E-01 2.8986E-03 7.0448E-03 -3.2958E-04
3 1.0680E-02 2.2564E-03 1.0904E+00 8.0571E-05 -5.3073E-01
4 1.6418E-05 5.7891E-02 6.9835E-05 3.6320E-04 -1.0817E-05
5 1.1096E-02 -4.3974E-04 -5.3081E-01 -1.8920E-05 3.1031E-01
6 1.2268E-04 2.2835E-01 2.6434E-04 3.8894E-03 -3.1417E-05
TOTAL DAMPING MATRIX

1 2 3 4 5
1 1.8935e-03 1.4767E-04 -3.1424E-03 -1.9670E-09 3. 8294E-03
2 2.0314e-04 2.1538e-02 7.38B49e-04 -2.8606E-04 -1.2705e-04
3 6.5198E-04 6.2152E-04 1.5B818E-02 -4.8507E-06 -7.7030E-03
4 -4, 5027e-06 1.7606E-04 -1.5785e-05 2.3159e-06 2.4633-06
5 1.6913E-04 5.5391E-05 -8.0216E-03 5.1250E-07 6.4086E-03
5] 1.7746e-05 1.1097e-02 4.8532e-05 -2.1832e-04 -1.516Be-05
e~ +
B +:
©: WAVE LENGTH -~ 1.7116E+00 ::
©: WAVE PERTIOD —  1.0472E4+00 ::
e +
e~ +
ADDED MASS5 MATRIX

1 2 3 4 5
1 1.8710E-02 4.5164E-04 1.0454E-02 1.2822E-05 8.7276E-03 5
2 7.0044E-04 4.7193E-01 2.8290E-03 7.7794E-03 -3.1769E-04 2
3 1.0666E-02 2.2003E-03 1.0817E+00 B&.2705E-05 —5.2667E-01 2
a 1.6397E-05 6.1684E-03 7.0370E-05 3.7273E-04 —1.0726E-05 3
5 1.1331E-02 -4.8023E-04 -5.2672E-01 -2.0430E-05 3.0816E-01 -0
6 1.2023E-04 2.4480E-01 2.6680E-04 4.2603E-03 -3.4573E-05 1
TOTAL DAMPING MATRIX

1 2 3 4 5
1 4.5852E-04 2.3641E-04 -1.9691E-03 -4.2583e-06 2.5760E-03
2 7.1487E-05 6.7698E-02 3.8982E-04 1.2040E-03 -4.6334E-06
3 -2.2181E-04 4.6906E-04 7.5305E-03 -5.6074E-06 -4.68G60E-03
4 -1.7158E-06 4.4641E-04 -9.2783E-06 1.0137E-05 4.7208E-07
5  -1.4802E-04 -3.2541E-05 -4.3284E-02 3.0528E-07 3.97556-03
6 1.3571E-05 3.2496E-02 1.2613E-05 5.1901E-04 1.7962E-05
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6

6.0862E-05
2.2838E-01
2.1852E-04
3.2804E-032

-8.0720E-05

1.4683E-01

]

. 9605E-05
.0586E-02
. 3220E-05
.1062E-05
. 2495E-05
. 949E8E-03

LSRRt N e WH]

6

. 5707E-05
LA44B4E-01
.1857E-04
.4816E-03
.0520E-05
. 5660E-01

]

. 2165E-05
. 2265E-02
. 753B5E-05
.1795E-04
. 3854E-06
. 7302E-02

= oun bd b
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9.3 Appendix C

Dry mode Natural frequencies and Vibration modes

Lightship Condition

# Step/Frame

L]

Step Name

] Increment
1

2 Meode
3 Meode
4 Meode
5 Meode
] Mode
7 Meode
8 Meode
9 Meode
10 Meode
11 Meode
12 Meode
13 Mode
14 Meode
15 Meode

Description

Step-Dry_light

Index Description

0: Base State

1: Value = -7.48933E-10 Freq = 0.0000  {cycles/time)
21 Value = -2,60867E-11 Freq = 0.0000  (cycles/time)
3 Value = 1.23495E-10 Freq = 1.76866E-06 (cycles/time)
4: Value = 2.80773E-10 Freq = 2.66688E-06 (cycles/time)
5 Value = 1.26499E-09 Freq = 5.66062E-06 (cycles/time)
6: Walue = 1.77028E-09 Freq = 6.69639E-06 (cycles/time)
TiVWalue= 29252  Freq = 086080 (cycles/time)

8 Value= 10398 Freq= 16229 (cycles/time)

9: Value= 10642 Freq= 16419 (cycles/time)

10: Value= 24372 Freq= 24846 (cycles/time)

11: Value= 28371 Freq= 26808 (cycles/time)
12:Value= 33184 Freq= 28993 (cycles/time)
13:Value= 35340 Freq= 29919 (cycles/time)

14: Value= 38081 Freq= 31058 (cycles/time)

15 Value= 41577 Freq= 32452 (cycles/time)

0K |

[ Apply ] [ Field Qutput... ] [ Cancel

Dynamic Response of Ship hull due to slamming

Master’s thesis, NTNU

105



U, Hagnkude

D anen&
QDB: Diymode,odo  Apsqus/Scandadd 5, 11-1  Tou May 15 23:30:03 V. Euroos Daylign: Time 2014

Seen: Soen-1, Doy Freq.
Mods 7 Vialge a 25010 Freqa 07953 |cychasitime)
u, "wguu v y

Pelmacy Vai
e ' jon Scale 333-0L

Global Torsion Mode at 0.86080 Hz.

U, Magnkude
- L

B
ODB: Daymode.odo  Apsqus/Scandand 5. 11-1 Tau May 15 23:33:03 V. Eucops Daylign: Time 2310

Scen: Soeo-1, Dry Freq. P o
U 2 LIz Feqa L300 [eychs/eine)

2-node Vertical Bending Mode at 1.6229 Hz
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U, Maqnkude

S
QDB: Drymode.odo  A0squs/Scandand . 11-1 Tnu May 15 23:32:03 W, Euros Daylm Time 2014

IR SPEAANT 1 e L3 el
> a"u.;q 11 e - lcycuycme)l

Global Torsion and Horizontal Bending Mode at 1.6419 Hz

ODE: Dey_llgm.odo A05qus/SCandand 6. L1-L  Fol May 23 13:43: LIV, Euoos Daylm: Time 2010

Seen: Seen-Doy_ligm
10: ‘-.:3:’ T2 Feqa 24305 !cy:lﬁ(cl'ﬁe)

3- node horizontal bending at 2.4846 Hz
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Ballast Condition

fa— — -
Ssorre TN, e

Step Name

Description

Step-dry_ballast

Index Description

] Increment  0: Base State
1 1: Value = -1 42084E-09 Freq = (cycles/time)
2 Mode 2:Value = -812537E-11 Freq = 00000  {cycles/time)
3 Mode 3:Value = 2.83060E-12 Freq = 2.67769E-07 (cycles/time)
4 Mode 4:Value = 7.72786E-11 Freq = 1.39910E-06 (cycles/time)
5 Maode S:Value = 211338E-10 Freq = 2.31371E-06 (cycles/time)
6 Mode 6: Value = 1.07602E-09 Freq = 5.22071E-06 (cycles/time)
7 Mode TValue= 23778  Freq= 077608 (cycles/time)
a Made 8:Value= 68668 Freqg= 13189 (cycles/time]
] Mode O:Value= 90294 Freq= 15123 (cycles/time)
10 Maode 10: Value = 17792 Freq= 21229 (cycles/time)
11 Mode  11:Value= 22293 Freq= 23763 (cycles/time)
12 Mode 12:Value= 28368 Freq= 26806 (cyclesftime)
13 Mode 13 Value= 28869 Freq= 27042 (cycles/time)
14 Maode 14:Value= 31732 Freq= 28351 (cyclesftime)
15 Mode  15:Value= 32369 Freq= 28634 (cycles/time)
OK | | Apply | |FieldOutput.. | | Cancel |
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U, Hagnkude

SR
QDe: Diymode.odo  Apsqus/Scandadd 5, 11-1  Tnu May 15 23:30:03 V. Euroos Daylign: Time 2014

Sten: Soeo-1, Doy Freq.
H 7:Valos o 25011 Frega 079530 |cychscime)
o s
Y

Bemacy vac: U,
Deformed Var: 2 ke 38aral

Global Torsion Mode at 0.77608 Hz.

B
ODB: Daymode,odo  Oosqus/Scandand s, L1-1 Ty May 15 23:30:03 V. Euops Daylign: Time 2010

Svan: Soen-1, Dry Feag. P o

H SiValysa 7L U0Z Frega 13920 [oyches/clme)
Pdmacyvac U, Magnkede S

- Deformed Va Deformacion Scake Facoo: 33300

2-node Vertical Bending Mode at 1.3189 Hz
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U, Hagnkude

S B
QDE: Drymode.odo  A0squs/5candand 6. 11-1  Tnu May 15 23:30:02 V. Eucope Daylye Time 2010

Soen: Seen-1, Dy Freq. )
Mode 2 e m!ﬁ.m. Fieqa 15000 |cyclesfcime)
] Rode o !

(8lus a
Biimacy Va: U, Haqn)
. Deformed Dator L

Global Torsional and Horizontal Bending Mode at 1.5123 Hz

U, Magnkude

ODE: Dry_palksc.odo  Aosqus/Scandaid 6. 11-1  Fel May 22 19:25:07 W. Europe Dayligne Time 2010

> Pmany
Defoimed

3-node vertical bending at 2.1229 Hz
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U, Magnkude

ODB: Dy_Igm.odo  Apsqus/Scandand 6. 11-1  Frl May 23 19:43: L1 V. Europe Dayligm: Time 2018

r_ligm
.72 Frega 2.
10: mgg 72 Feq ,EM_ I“Jf_HﬂWe)

3- node horizontal bending at 2.3763 Hz

Loaded Condition

s seprene o L e

S5tep Name Description

Frame

Index Description

[} Increment 0: Base State

1 1: -6.16523E-10 Freq = 0.0000 (cycles time)

2 Mode 2: Value = -7.56861E-11 Freq = 0.0000  (cycles/time)

3 Mode 3: Value = -2.24554E-11 Freq = 0.0000  (cycles/time)

4 Mode 4: Value = 5.78561E-11 Freq = 1.21058E-06 (cycles/time)
5 Mode 5: Value = 3.09565E-10 Freq = 2.80025E-06 (cycles/time)
& Mode B: Value = 4.52089E-10 Freq = 3.38394E-06 (cycles/time)
7 Mode 7:Value = 14882 Freq= 061398 (cycles/time)

3 Mode 8: Value = 55114 Freq= 11815 (cycles/time)

] Mode 9: Value = 59.546 Freq= 1.2281 (cycles/time)

10 Mode 10: Walue = 15961 Freq= 2.0107 (cycles/time)

11 Mode 11: Walue = 218.23 Freq= 2.3511 (cycles/time)

12 Mode 12: Walue = 247.34 Freq= 25031 (cycles/time)

13 Mode 13: Walue = 26086 Freq= 25706 (cycles/time)

14 Mode 14: Walue = 28142 Freq= 26699 (cycles/time)

15 Mode 15: Value = 28385 Freq= 26814 (cycles/time)

[ OK ] [ Apply ] [ Field Qutput... ] [ Cancel ]
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U, Hagnkude

-l
-1,
-1

Doy Fraquen::
ope: Dwma;e,odn Apsqus/Scandadd 5, Li-1  Tnu May 15 23:30:03 W. Euops Dayligne Time 2014

T e e s a1y Fiaqa 0,795 s
ey var: U, Hogneod o1 0 Ieyclesichmey.

Global Torsion Mode at 0.61398 Hz.

U, Magnkude

ODE: Dry_Loaded.odo  AosqusfScandadd 5. 11-1 Toe May 2700:05:33 W, Eucops Dayligm Time 201a

i n;""m'ss 1o F LIE1S e ksfoime)
faloe o 2 3
Peimacy Var: U, Hagnkods i s

Horizontal bending /torsion mode at 1.1815 Hz
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U, Magnkude

-z
- 1.a018-02

S
ODB: Drymode.odo  Qosqus/Scandand 5.11-1  Tnu May 15 23:30:03 V. Euwope Daylign: Time 2010

Soep: Sceg-l, Dry Freq.
ode us & 71

2-node Vertical Bending Mode at 1.2281 Hz

u, Magnkode

ODB: Dry_Losded.cdo  A0aqus/Scandand 6.11-1  Tue May 2700:05:33 W, Eusos Dayligm: Time 2014

Seen: Seeo-l, Dey Freq. 2
7 Vialgs < 15361 Fieqa 20107 |oycksfcine)
Deformarion. Facoor: v 1.33%e-01

3-node Horizontal bending at 2.0107 Hz
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U, Hagnkode

ODB: Dry_osded.odo  Aosqus/Scandad 6. 11-1 Tos May 2700:05:32W. Euroos Dayligm Time 2018

Doy Fren,
los 212,23 Fieqs 2,351
o . "

3- node vertical bending at 2.3511 Hz
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