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ABSTRACT approach to these challenges, a response based wave genel

During the design process of floating structures, different tion tool for critical wave sequence detection is introddic®y
boundary conditions have to be taken into account. Besltest means of this procedure, model tests can be conducted nfiere ef

basic determination of the type of vessel, the range of eppli ciently. Besides the theoretical background of the respbased
tion and the main dimensions at the initial stage, the religb wave generation tool, an exemplary practical application &
and the warranty of economical efficiency are an inevitable i multi-body system is shown with maximum relative motions a

tegral part of the design process. Model tests to evaluage th the limiting criterion.

characteristics and the performance of the floating strrectare

an important milestone within this process. Therefore ités-

essary to determine an adequate test procedure which callers INTRODUCTION

essential areas of interest. The focus lies on the limititigiia Productivity and survivability are critical parameters ¢df-

of the design such as maximum global loads, maximum relative shore construction design. Modern computer-based asalys
motions between two or more vessels or maximum accelesation technique allow calculation and simulation of these patansen

at which the floating structure has to operate or to survivieege the design stage, but nevertheless model tests are indepien
criteria are typically combined with a limiting charactstic sea ~ for validating the respective approaches. The centrallpnob
state (H, Tp) or a rogue wave. However, the important ques- that has to be solved in the design process of maritime siegt
tion remains: What is the worst case scenario for each design is the choice of environmental design conditions to be ebnsi
parameter - the highest rogue wave or a wave group of certain ered: What are the maximum wave heights? Is the wave of ma»
frequency? And which sea states have to be taken into accountimum height the worst possible case or are wave groups mor

for the experimental evaluation of the limiting criteria?s An dangerous? Of course, this issue cannot be solved globally,
different operating conditions (transit, operation, $wal) and

characteristics (body motions, local and global loads) kdd

*Address all correspondence to this author.
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to individual results. In order to verify the calculated aaeters Approach and :
sought, sophisticated model tests are required. Since leamp Handling System NG Term'”""'%
sea states as wave groups have to be generated as exact as pos i
sible but with the least amount of time and money, only experi
enced test facilities are capable of conducting such exyartal
series.

Linear frequency-domain analysis, i.e. the calculatioR&0s
(Response_mplitude (perators), is a basic but fast and ele-
gant approach to investigate the motion characteristifleating

structures prior to model tests [1], which is provided byiaas FIGURE 1. TANDEM CONFIGURATION OF THE TURRET
numerical tools available. By stochastic analysis procesie.g. MOORED TERMINAL BARGE AND A SHUTTLE CARRIER [13],
the annual downtime of offshore production facilities carchl- [14].

culated on basis of this method. Clauss and Birk [2] proposed
a procedure for optimizing buoyancy bodies of floating struc
tures based on linear theory, where the geometry is gedeaate
tomatically and subsequently analysed linearly and matlitie

find the minimum of a certain target function (annual dowmjm
Alford [3] developed an extreme response estimator for dis¢ f
evaluation of a new design using an optimization approach to
modify the phases of the respective response.

Extreme sea states and their consequences on body motidns an
loads can be investigated by transferring the linear RA@s in
time-domain. Jacobsen and Clauss [4] applied this method to
analyse the seakeeping behaviour of multi-body systems: Mo
tions and global loads of a FPSO in extreme sea states were
numerically simulated and successfully validated by moekstis

[5]. Time-domain simulations were used by Clauss et al. §6] t
investigate the motion behaviour of a Ro/Ro ferry — espécial
parametric rolling. It was found that certain wave groupbti®

a capsize of the vessel. THEORETICAL APPROACH

Besides the analysis of motion behaviour and global lodds, t As an idealized case, head wavBs{(180°) are exclusively
assessment of the maXi”_‘“m number of responses during a StrUC ¢ ngjgered in the following investigations. The focus besthe
ture’s lifetime also has to include local loads. Stansbefgéter-  yonfer configuration with completely filled cargo tanks! dine
mined a parameter to assess the risks of sIammmg atasbip'sb yanofer distance of 10 m between terminal stern and céroie, r
due to waves and wave groups. As already mentioned above, the, i 1 is applied for all investigations. The main dimensiarf
exact generation and reproduction, respectively, of s#asin a the terminal and the carrier are shown in Tab. 1

wave tank is an important component of the analysis of fl@atin - g, hyjis are discretised with a total of 5092 panels for

_str_uctures. Fernandes et al. [8] investigated groupingadngr— frequency-domain analyses with WAMIT (&Ve Analysis at
|st|cs.c.)f waves of the same sea state spectrum and defined thqﬂassachusetgastitute of Technology [15]). WAMIT is widely
classification into ‘Best Sea’, "Mean Sea’ and "Worst Seah A accepted as a reliable tool for hydrodynamic analyses in off

experimental op_timi_zation procedure for tailor-made waee shore technology and proved to be suitable for multi-boayopr
quence generation in a wave tank was proposed by Clauss andlems [4]

Schmittner [9], which enables the exact reproduction ofevaw
wave groups of desired characteristics. Alternativelg,rtethod
by Chaplin [10] can be applied to transfer a certain sea state
into the wave tank — which was successfully implemented by
Schmittner [11] and Schmittner et al. [12] for determirdstiave

generation tool is exemplarily applied for an innovativésbére
LNG — transfer system consisting of a turret moored terminal
barge and a shuttle carrier in tandem configuration Fig.This
multi-body system is developed within the framework of thief
research projed¥laritime Pipe Loading System 2qMPLS20)
[13], [14]. The limiting parameters are the relative mosauf
the coupling points of the transfer pipes for LNG on carried a
barge. To ensure a safe unloading process — i. e. avoidihg fai
ure of the transfer pipe or even collision — it is indisperealat
the maximum tolerable relative motions (relating to thedieg
capabilities of the pipes) are not exceeded. Thereforealelgt
knowledge on the motion characteristics of the carrier dred t
terminal in tandem configuration is required.

At sea states fron8 = 180°, the motion behaviour of the hy-
drodynamically coupled bodies is characterized by the RAO:
(Response Mplitude (perator) for surge, heave and pitch:

Sia(w) . L
sequences. o Hj(w):i‘a( )e'eJ(‘*’) with j = 1 forsurge (1)
This paper presents a new optimization procedure for the de- (a(w) . _ 3 for heave
termination of critical situations (i.e. wave sequencesp-re- J - _
sponse based wave generation tool — combining the advantage j = 5 forpitch

of the previously mentioned methods. The response baseel wav
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TABLE 1. MAIN DIMENSIONS OF THE LNG CARRIER AND
THE TERMINAL

relative

) - z-motion
Parameter Terminal Carrier X

Length over all| 360 m (+ 40 m mooring wings) 282 m

Breadth 65m 42 m

Draught 12m 12m

Height 33m 26m
Displacement 275087 mi 103921 i

FIGURE 2. ILLUSTRATION OF THE POSITION OF THE CON-
NECTION POINTS FOR THE LNG TRANSFER PIPE.

where w is the angular wave frequency, is the wave ampli-

tude,sja is the amplitude of the respective body motion anes ] ) )

the corresponding phase angle. The magnitude of this comple At first, a range of JONSWAP spectra with varying zero-
number is obtained bjH; (). upcrossing-periods (0.1 s Top < 15 s) is multiplied with the
For the design of the offshore transfer concept, the mos¢ai squared magnitude of the relative motion RAOs to obtainé¢he r
property is the relative motion between the LNG carrier drel t ~ SPonse spectra of the relative motions

terminal barge in dependency of the environmental conutio

Qonsidering _head ;eaﬁ €£180) e>.<clusive_ly, one point per_body Sirel (@, To) = @, To) |H|,re|(w)|2 ) ()

is chosen to investigate the relative motion charactesstrirst,

two new complex RAOsH, x andH,) for each point have to be

calculated by the following procedure Calculating the significant double amplitudes
Hx,k(w) Hl,k(w) 0 d><7k e
0 |=| 0 |+|Hskw|x|du| @ (23 re1)s(To) =4 / Siirel(@, To) dw (5)
szk(w) H3’k(w) 0 d;k 0

RAO of the relative z-motion calculated with WAMIT

where the original translatory RAOs of each body=(1 ter- 2 ‘ | | | |
minal, k = 2 carrier) are denoted byl x andHs, the rotatory
RAOs byHs and the distance between the body fixed coordi-
nate systems and the points of interestdpy, dyx andd, k. In
order to obtain the relative motions between the two poihis,
difference of the RAOs fax-motions and-motions is calculated

SWALL

H rel(w) = [Hj 1(w) — Hi 2(w)| with | = 1 for x direction (3)
| = 2 for z direction

For the subsequent calculations, the connection pointhef t .
transfer pipes on the terminal and on the carrier are chosen a .

illustrated in Fig. 2. Fig. 3 shows the calculated RAO of thlay ©er ]
tive motion inz-direction. On basis of the relative motion RAOs | S ‘

for these points, the operational range of the system —ee. t o lrads]

minal and carrier in tandem configuration at a distance of 10 M £ sURE 3. MAGNITUDE AND PHASE OF RAO OF RELATIVE

(Iqading conditipn) — is Qetgrmined. The quation cho;em fo 2 MOTIONS OF THE CONNECTION POINTS FOR THE LNG
this exemplary investigation is Haltenbanken in the Nonaeg TRANSEER PIPE.

Sea.
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and dividing them by the significant wave height, gives thge si
nificant RAOs for the relative motions. For predefined maximu
tolerable relative motions (limited by the maximum bendiag
dius of the loading pipe), tolerable significant wave hesggute
calculated in dependency of the zero-upcrossing-periods

Hs

(Hstot)1ret (To) = (291 ret)stol m

(6)

where the tolerable significant relative motion double amgés

are given with(2s, el )stol = 2.15 m and(2s,rei)stol = 5.38 m

— assuming a statistical value of 1.86 for the ratio of tolera
ble maximum relative motions (horizontglrel = +2 m, verti-

cal s,rel = +5 m) to tolerable significant relative motions. The
data obtained can now be combined with a scatter diagram for
the chosen location in order to determine the expected &nnua
downtime. For the following investigations, the verticalative
motions are considered exclusively, resulting in an andaain-

time of 139 % or 5 days as shown in Fig. 4 where the operational
range for the relative z-motion is indicated by the greeraare
With this data, it is possible to identify critical sea stafeom

a statistical point of view. The next step is to identify the u
derlying wave sequence which leads to high responsesirgsult
in vertical relative motions which exceed the given linmiat.

For this purpose the next subsections present three metbods
the detection of extreme responses and critical wave seggen
including the new approach as follows:

e Random Phase Distribution
e Phase Distribution Optimization
e Response Based Wave Generation Tool
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FIGURE 4. OPERATIONAL RANGE (GREEN) BASED ON MAX-
IMUM TOLERABLE RELATIVE Z-MOTION FOR THE CONNEC-
TION POINTS OF THE TRANSFER PIPE.

The main assumption of these approaches is that a wave tra
that creates a large (nonlinear) response in reality idairto a
calculated wave train that creates a large linear resp@46].

The first step for all three methods is to select the design se
state. Since this paper focuses on critical wave sequenc
regarding the maximum relative z-motion of the connection
points of the transfer pipe, the limiting operational sfgaint
wave height for the MPLS20 systerhl{ = 5.5 m) is selected
and the respective limiting zero-upcrossing peripgd= 9 s is
identified from the boundary of the tolerable region in Fig. 4
(yellow rectangle).

Random Phase Distribution

A simple and fast approach to check the maximum occuring
relative z-motions of the connection points of the trangfiipe
is to calculate the response spectr8me (w) of the relative z-
motion for JONSWAP specti@ w) with varying random phases
according to Eq.4, and to transfer these spectra into timeagio
via Inverse Fast Fourier Transformation (IFFT),

Szrel (1) = IFFT (Sarel (). (7)

For this purpose a JONSWAP spectrum with = 5.5 m,
Tp=1156sandy = 3.3 is chosen, the response in time domain
is calculated for 10000 random phase distributions and eac
response in time domain is analysed regarding the maximur
occurring relative z-motion. As a boundary condition the
maximum wave height is limited according ktnax/Hs < 1.86
inside the critical wave sequence to be consistent with the
previous linear motion analysis. Fig. 5 shows the results o
the varying random phase distributions. The top diagramn
illustrates the maximum relative z-motion per evaluation
step. The red dot denotes the maximum relative z-motior
(maxszrel (t)) = —5.41m- cf. bottom diagram) of all evaluation
steps. This selected wave scenario is presented in theecent
diagram which shows the corresponding surface elevatite. T
bottom diagram illustrates the associated relative z-onotlrhe
black highlighted sequence and rectangle in the bottonraliag
and in particular the wave sequence in the centre diagrar
display the interval of the surface elevation which is gatest
and investigated in the seakeeping basin (see Fig. 10 tgpatiia
and Fig. 13). Furthermore this short wave sequence is used as
put for the new method, the response based wave generaion to

Phase Distribution Optimization

So far the worst phase distribution has been determined b
random technique. A more straight-forward approach is e o
mization of the phase distribution. In this procedure, psgd by
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FIGURE 5. RESULTS OF THE VARYING RANDOM PHASE DIS-
TRIBUTION APPROACH.

Alford [3], a local approach — the Subplex optimization nuth
introduced by Rowan [17] — is used which is a generalization o
the Nelder-Mead Simplex method for unconstrained minimiza
tion.

The input sea state for the optimization is the sea statérsuta
in the previous variation of random phase distributiong (B

- centre diagram). The target parameter of the optimizason
the maximization of the motion response between the coimmect
points within a specific time interval (Fig. 5 - black rectéew).
The goal of the optimization is to reach an extremely high-el
tive z-motion amplitude. Based on the former result gfl5m
(see red dots in Fig. 5) this value is seslQy, ., = 7 M,

©)

2
o Smavy o) — MaXSzrel (1)]
Sma)&rel

In addition to the above target parameter, the maximum Eermi
sible wave heightHmnax/Hs < 1.86 within the time interval is
defined as inequality constraint, to exclude that the higtes
sponses result from the simplest solution (all componenewa
are in phase- {max=73 (a)-
The optimization procedure starts with the transformatibtine
sea state in frequency domain via Fast Fourier Transfoomati

objective function
T T

i i
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iteration steps

surface elevation
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I W i
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FIGURE 6. RESULTS OF THE PHASE DISTRIBUTION OPTI-

MIZATION.

phase angles until a value of the measure of merit of less tha
10-% or 2500 iteration steps are reached.

Fig. 6 shows the results of the optimization procedure. The
top diagram shows the measure of merit. It is clearly identi-
fiable that the optimization improves the functidnuntil ap-
proximately 2250 iteration steps are reached. Afterwahgs t
optimization fluctuates about the optimum (red dot). Fos thi
optimized (worst case) condition the centre diagram shbes t
wave surface elevation, and the bottom diagram the relative
motion between the connection points. The maximum relative
z-motion at the beginningn{axs;rei(t)) = —5.41 m) is about

~ 15% lower than the optimized maximum relative z-motion
(max(szrel(t)) = —6.20m). The black highlighted sequence and
rectangle in the centre diagram of Fig. 6 displays the itien¥
the surface elevation which is generated and investigatéidei
seakeeping basin (see Fig. 10 centre diagram and Fig. 14).

Response Based Wave Generation Tool

The previously presented methods are predestinated for mo
erate wave heights since nonlinearities of the sea statdsasu
crest-trough asymmetry are not taken into account. Theaflea
the new optimization concept is based on the previous ongs, b
the surface elevation is generated automatically usinglzdied

(FFT), where the phase angles are modified by the Subplex op- nonlinear numerical wave tank to obtain a more realistiasear

timization method. By multiplication with the RAO (Eg. 4)eh

elevation with respect to the crest-trough asymmetry aneewa

new response spectra are obtained. Using the Inverse Fourie steepness.

Transformation to calculate the surface elevation andabpec-
tive response in time domain, a zero-upcrossing analysilkeof
z-motion gives the maximum z-motion value for the calcolati

of the measure of merit. The optimization process modifies th

5

For the simulation of the nonlinear wave propagation a fatken
theory solver has been developed at Technical UniversitiirBe
(WAVETUB) [18, 19]. For the discretization of the fluid domai
the Finite Element approach is applied. The two dimensiona

Copyright © 2010 by ASME



nonlinear free surface flow problem is solved in time domtie:
fluid is considered inviscid, incompressible, and the flowris-
tational. The atmospheric pressure above the free sudammi

third decomposition level of the wavelet transform is cosgmb

of the approximation coefficients ¢3 and the detail coeffitse
d1, d2 and d3 from the previous decomposition levels. Due t
stant and surface tension is neglected. Hence, the flow f&&ld ¢ the use of the wavelet transform the number of free variatdes
be described by a velocity potential which satisfies the &egpl be significantly reduced if only approximation and detadedf-
equation. At each time step a new boundary-fitted mesh is cre- ficients of the third decomposition level ¢3 and d3 are modiifie

ated and the velocity potential is calculated in the entiuélfl
domain using the Finite Element method. From this solutihen t
velocities at the free surface are determined by seconekolitt
ferences. For long term simulations a "numerical beachitis i

These coefficients contain most of the wave energy, i.e. féreey
ture the greatest magnitude.

The maximization of the relative z-motion response betvwthen
connection points within the simulated time interval is thegyet

plemented at the end of the wave tank by adding artificial damp parameter and the goal of the optimization is to reach a maxim
ing terms to the kinematic and dynamic free surface boundary relative z-motion amplitude (see Eq. 8), which is I&fty, ., =
condition in order to suppress reflections. To develop th@-so 7 msince the phase distribution optimization approach doés nc
tion in the time domain the fourth-order Runge-Kutta forenisl reach this target value but equalsaxs,(t)) = —6.20 min-

applied. The procedure is repeated until the desired tiegist stead.
reached, or the wave train becomes instable due to the ecmar In addition to the above target parameter, the inequality- co
of wave breaking. A complete description of this numericaler straints

tank is published by Steinhagen [19].

The procedure starts with the surface elevation obtainethéy
random phase approach as an initial condition. To reduc@aem
tational time only a short interval around the maximum reseo

is used - the black highlighted curve in the centre diagram of
Fig. 5.

This start-up sequence is transformed backwards to théqrosi

of the piston type wave generator by means of linear wave the-
ory. By multiplication with the hydrodynamic transfer fuion

in frequency domain and subsequent Inverse Fast FouriasTra
formation a first control signal for the numerical wave task i
obtained. The hydrodynamic transfer function is modellgidg ‘, : ‘,

the Biesel function [20], relating the wave board strokehe t w ™
wave amplitude at the position of the wave maker. The firsewav
sequence is then calculated in the numerical wave tank a@nd re
istered at the target position. Fig. 7 shows the resultsefitht
iteration step. The top diagram compares the calculatddcur
elevation (blue curve) with the initial sea state (red clurvehe
bottom diagram displays the respective relative z-motibthe
connection points of the transfer pipes. Here, the respdesge
ates due to the slightly different surface elevations. Kbetess,
the first control signal and calculated surface elevatiahiise to
the worst case random phase surface elevation and thetbéore
input for the following optimization.

The wave board stroke (the input of the numerical wave task) i
optimized by the Subplex optimization method [17]. To epabl
local changes of the wave board stroke, in contrast to tHeagjlo
changes by modifying the phases, the discrete waveletftrans
mation is introduced into the optimization process. Therdie o
wavelet transform samples the signal into several decoitipos 01
levels and each resulting coefficient describes the wavesjpea

cific time range and frequency bandwidth. Fig. 8 presents the FIGURE 8. CONTROL SIGNAL FOR THE NUMERICAL WAVE

initial control signal of the optimization process and tlssaci- BOARD (TOP) AND THE ASSOCIATED 3-SCALE WAVELET
ated 3-scale discrete wavelet transform. A so-called sywith TRANSFORM (BOTTOM).

16 coefficients, as introduced by [21], is selected as wavéle

surface elevation

= random phase distribution
WAVETUB 1% calculation

¢[m]

Il Il Il
750 1800 1850 1900 1950 2000
tis]
relative z-motion

Sz el (M

FIGURE 7. COMPARISON OF THE FIRST NUMERICAL CAL-
CULATION WITH WAVETUB (RED CURVE) AND THE RAN-
DOM PHASE DISTRIBUTION APPROACH (BLACK CURVE) OP-
TIMUM. THE TOP DIAGRAM SHOWS THE SURFACE ELEVA-
TION AND THE BOTTOM DIAGRAM THE ASSOCIATED VERTI-
CAL RELATIVE Z-MOTION.

Control signal

x [m]

3-scale wavelet transform
d T T T o

‘wavelet
o
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e Hmax/Hs < 1.86

e maximum wave board velocity

e maximum wave board acceleration

e termination condition due to instabilities of the numekica
calculation (wave breaking)

have to be defined, to ensure a smooth optimization run.lysirst
the wave board stroke is modified at each iteration step, ttieen
numerical calculation is carried out and the registerethsarel-
evation is transformed in the frequency domain and muéeli
with the relative z-motion RAO to obtain the relative z-nooti
Afterwards the measure of merit (f) is calculated and evafia
by the Subplex algorithm, the wave board stroke is modifiad, a
the next iteration step starts until a value of the measumaenit

of less than 106 or 2500 iteration steps are reached.

Fig. 9 shows the results of the new optimization approacke Th
top diagram displays the measure of merit. Surprisingly,ab-
jective function decreases very fast and reaches the thicesh
of f =7.5-10 7 after only approximately 350 iteration steps,
which is equivalent to a maximum vertical relative motion of
Smax e = +7 M. This result indicates that the maximum rela-
tive motion with the given boundary conditions is greatearth
Smax, s = +7 M, SO that further investigations with greater target
values are necessary. Note that the free areas inside thautia
are associated with inequality constraints<9). The centre di-
agram shows the optimized surface elevation and the bottom d
agram the associated relative z-motion. The differencedst
the maximum relative z-motion of the random phase optimiza-
tion (MaxS,rei(t)) = —5.41m) and the optimized maximum rel-
ative z-motion (naxS,rel(t)) = +7 m) is =~ 27%. Thereby the
optimization process modifies the surface elevation in sach
manner that the maximum relative z-motion changes its alge-

objective function
W T T T F T

¥ 4 b * "’w,,; % *
ey 4
e Mo [ SR A B

P

i i
100 150 200 250
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surface elevation
T T

¢[m]

i i i i
1800 1850 1900 1950 2000

tls
relative z-motion
T T

523,01 [M]

1 [ 1
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FIGURE 9. RESULTS OF THE RESPONSE BASED WAVE GEN-
ERATION TOOL.

braic sign regarding the results of the random phase disimif
and phase distribution optimization. If in the worst case¢hr-
rier bow is in the highest position and the terminal sternhia t
lowest, the algebraic sign is negative.

EXPERIMENTAL PROGRAM AND RESULTS

The model tests are conducted in the seakeeping basin of tt
Ocean Engineering Division of Technical University Berdina
model scale of 1:100. The basin is 110 m long, with a measurin
range of 90 m. The width is 8 m and the water depth is 1 m.
On the one side an electrically driven piston type wave gener
tor is installed. The wave generator is fully computer colted
and a software is implemented which enables the generation «
regular waves, transient wave packages, determinisggutar
sea states with defined characteristics as well as tailorgcat
wave sequences.

Wave Generation

For the reproduction of a specific wave sequence in the se:
keeping basin different approaches have been developed. D
pending on the focus of the reproduction, i.e. on the gradeof
curacy for the reproduction of a single wave or wave groupgeei
an experimental optimization procedure [9, 16], which desb
the exact reproduction of desired characteristics, or sgha
amplitude iteration procedure [11, 12] for fast generatiath
sufficient accuracy can be applied. In our case the focushes
a fast reproduction of the wave groups to accelerate the imod
test procedure, hence the phase-amplitude iteration guoeés
applied.
At first, the scaled calculated wave sequence is transfolraekl
to the position of the piston type wave generator by means-of |
ear wave theory. By multiplication with the electrical andiho-
dynamic transfer function in frequency domain and subsejue
inverse Fourier transformation a first control signal fa thave
generator is obtained. The wave sequence is then generated
a physical wave tank and recorded at the target positionceSin
nonlinear effects like wave-wave interaction and wave kirep
may occur during the experiment the measured wave traierdiff
from the target parameters. To improve the accuracy of the re
produced wave sequence at the target location, i.e. to fitdve
train to the target parameters, the control signal is iikeBtim-
proved by the phase-amplitude iteration procedure [11, 12]
Fig. 10 compares the calculated surface elevations (blaek)l
with the measured surface elevations (red lines) in theesgak
ing basin. The top diagram shows the result for the randon
phase distribution approach, the centre diagram the résult
the phase distribution optimization and the bottom diagfam
the response based wave generation tool. The green elfipse
Fig. 10 denotes the target wave sequence which should be repr
duced accurately. The global agreement of the calculatdd ar

Copyright © 2010 by ASME
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FIGURE 10. COMPARISON OF THE CALCULATED AND MEA-
SURED SURFACE ELEVATIONS OF THE THREE DIFFERENT AP-
PROACHES. THE TOP DIAGRAM FOR THE RANDOM PHASE
DISTRIBUTION APPROACH, THE CENTRE DIAGRAM FOR THE
PHASE DISTRIBUTION OPTIMIZATION AND THE BOTTOM DI-
AGRAM FOR THE RESPONSE BASED WAVE GENERATION
TOOL.

FIGURE 11. PICTURE OF THE MODEL TEST SETUP.

to the fact that the influence of the soft mooring arrangeroant
the restoring behaviour is not taken into account in the mume
ical simulation. In general, a slight deviation of calcethiand
measured RAOSs, or nonlinear effects have no influence on th
optimization process since a maximum value is sought. In ou

generated wave sequences is best for the response based wavease, the measured relative z-motion is slightly highen tred-

generation tool (bottom diagram) followed by the randomsgha
distribution (top diagram).

Test Setup

For experimental investigations, a glass-fibre reinforged-
tic (GRP) model of the LNG carrier and the terminal barge are
built at a scale of 1:100 (see Fig. 11). The carrier model is
soft-moored and both vessels are equipped with four wiseles
individually pulsed infrared sensors each. The body mation
in six degrees of freedom are precisely tracked by five casnera
mounted on a carriage above the basin with a tracking range of
x 10 m. Water depth is 1 m, the distance between the two vessels
is0.1m.

Model Test Results

The results of the three different approaches are validated
with model test results. Thereby the tandem configuratichef
LNG transfer is investigated by applying the transient waaek-
age technique to validate the calculated relative z-mdié®
and in the sea states generated in the previous section.
Fig. 12 compares the calculated relative z-motion RAO (blue
curve) with the relative z-motion RAO measured during the
model tests (red curve). The overall agreement is sat@fgdh
particular for the phases. The amplitudes of the measulatiiee
z-motion RAO are consistently higher, which can be attedut

8

ues calculated by the different numerical approaches.

Fig. 13 presents the experimental results for the randomsepha
distribution approach, Fig. 14 for the phase distributiptirniza-
tion and Fig. 15 for the response based wave generationAdol.

ive z-motion calculated with WAMIT and model test results
i i i ! ! —— wamIT
—— model test

Comparison of the RAO of the relati
T T T

25

WAL

LD o N s

05
o [rad/s]

FIGURE 12. COMPARISON OF THE CALCULATED RELATIVE
Z-MOTION RAO (BLUE LINE) AND THE RELATIVE Z-MOTION
RAO MEASURED DURING THE MODEL TESTS (RED LINE).
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surface elevation at the terminal mainframe

“—— random phase distribution
—— model test
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FIGURE 13. COMPARISON OF THE MEASURED AND CALCU-
LATED RESULTS FOR THE RANDOM PHASE DISTRIBUTION
APPROACH.

three figures are arranged as follows: the top diagram shHoavs t
surface elevation at the mainframe of the terminal whichés t
target location for the calculation and reproduction, teatre
diagram shows the surface elevation at the mainframe ofdhe c
rier and the bottom diagram shows the relative z-motion ef th
coupling point of the transfer pipes. The red curves derate t
measurement and the black curves the calculated results.

For all three test runs the overall agreement between the cal
culated and measured relative z-motions is good, but (eadyjr

surface elevation at the terminal mainframe

“—— phase optimization
del test

— o

¢ml

00
tls]
surface elevation at the carrier mainframe

¢m)

i i il
750 1800 1850 1950 20

t[s]
relative z-motion

t[s]

FIGURE 14. COMPARISON OF THE MEASURED AND CALCU-
LATED RESULTS FOR THE PHASE DISTRIBUTION OPTIMIZA-
TION.

surface elevation at the terminal mainframe
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1 i L e
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surface elevation at the carrier mainframe
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¢l

i 1 i i E|
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tls]
relative z-motion
T

s3‘rel [m]

i i i
1850 1900 1950 2000

i
1800
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FIGURE 15. COMPARISON OF THE MEASURED AND CALCU-
LATED RESULTS FOR THE NEW RESPONSE BASED WAVE GEN-
ERATION TOOL.

discussed above) the measured magnitudes of the motions ¢
slightly higher than the calculated values. The detectegi-ma

mum relative z-motion of the three approaches are confirnged b
the model tests. Fig. 16 compares the absolute magnitudkes of
calculated and measured response for the three approddies.
trend between the different approaches is verified, i.ethiocal-
culated as well as the measured response, the largest odgnit
appears for the new optimization approach.

Having discussed the measurement results, now the meatsnis
leading to these large responses are investigated. Theesaint
agrams of Figs. 13 - 15 show the measured surface elevation
the mainframe of the carrier. Here the input parameterseoéfh
proaches must be recalled, where one important boundary co
dition is that the maximum wave height must not exceed a ratic
of Hmax/Hs = 1.86. This maximum wave height limit is de-
fined for the target location of the relative z-motion RAO afhi
is the mainframe of the terminal. So the defined statistiefl v
ues are satisfied for one location of the two vessels in tander
configuration. However, approx. 335 m behind this location &

random phase distribution phase distribution optimization response based wave generation tool
rAY 770m

7.00m

6.40 m
Nip o

541m

I ellml
185 gl (M1
185 gl M]

1860 1870 1880 1890 1900 1860 1870 1880 1890 1900 1860 1870 1880 1890 1900
t[s] t[s] t[s]

FIGURE 16. COMPARISON OF THE MEASURED AND CAL-
CULATED ABSOLUTE MAGNITUDE FOR THE THREE AP-
PROACHES.
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high single wave exceedirtgimayx/Hs = 1.86 is developing in the

general, it is demonstrated that the trend between therelifte

course of the wave propagation. The measured wave height of approaches, regarding the maximum calculated verticativel

the detected single wave at the mainframe of the carrier-is si
multaneously increasing for the three different approache.

motion is verified by the model tests. Furthermore, the gooc
agreement between the model test results and the caladage

from the random phase approach to the response based modeVeals that the assumption that a wave train creating a laae (

test tool results where the highest wave appears. For thkes giv
sea stateHs = 5.5 m, To = 9 ), the following mechanism can
be identified: At the terminal mainframe, a group of high wave
close to the wave height limitation and approx= 0.57 rad/s

is generated. After propagating 335 m, a single high wave ex-
ceedingHmax/Hs = 1.86 evolves at the carrier mainframe with
w = 0.57 rad/s, which is related to the secondary peak in the
vertical relative motion RAO in Fig. 12. This peak is caused
by intersection of the single body pitch RAOs for carrier and
terminal and lies within a region of significant wave energy

linear) response in reality is similar to a calculated warant
that creates a large linear response is adequate.

Both optimization approaches are appropriate alterratveeek
critical wave sequences straightforward. Regarding thepeda-
tional time, the phase distribution optimization is supeto the
response based wave generation tool since the calculattbn w
the potential solver WAVETUB is more time consuming (approx
3 days for 1500 iteration steps on a state-of-the-art PG3ré&-h
fore, the phase distribution optimization is more suitdbtefast
optimization and evaluation of different target parametsith

for the selected sea state — in contrast to the primary peak atregard to critical wave sequences. But the implementatfon o

w=0.37rad/s.

The functional principle of the new response based wave gen-

eration tool is introduced and verified with a chosen example
of practical relevance, i. e. vertical relative motionsvietn a
LNG terminal and a shuttle carrier at loading condition {@ice

10 m, wave incident angl@ = 180°). Other incident angles,
e. g.8 = 150 would result in different RAO characteristics with
multiple values due to increasing influence of roll motionsl a
hence different wave trains that would lead to high respganse
The new tool is also capable to handle multiple target values
e.9.Hmax/Hs = 1.86 at the terminal and the carrier mainframe
or different types of target values as wave period or asymeset
(wave steepness) limitations.

CONCLUSIONS

This paper presents a new optimization approach for the iden
tification and evaluation of critical situations prior to de tests.
In general, arbitrary RAOs (absolute motion, relative mioti
forces and moments, accelerations etc.) can be inveslitpgte
this method.
Exemplarily, a multibody system consisting of a LNG careed
a terminal barge in tandem configuration (transfer distd:@ce,
full scale) is analysed. For the investigation of criticiéliations
the relative z-motion of the connection points of the LNGiga
fer pipe is chosen.

WAVETUB has a lot of advantages:

e Realistic, nonlinear surface elevation (crest/troughmasg-
try and wave steepness) and propagation
e Exact modelling of the wave tank and wave boardransfer
of the numerical wave board motion to the seakeeping basi
e Optimized WAVETUB output can be used directly as input
for subsequent CFD calculations [22]

The next steps in the development of the response based wa
generation tool is the direct implementation of the nunadric
wave board motion in experimental analysis which wouldHert
improve the test preparation since the iterative wave sempie
calibration then becomes dispensable. Furthermore thebdap
ity of this tool will be tested with different floating strugtes and
optimization targets.
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