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ABSTRACT

The paper gives a review of the achievements in the

applications of marine hydrodynamics to problem®fishore
and maritime engineering. In particular focus wile on
numerical methods for analysis of ships and fleppnoduction
systems and how the work of Professor Newman Hagiced
the development of computational tools for usehgyindustry.

The paper also presents some recent applicationsuch

numerical tools for analysis of fixed and floatipgoduction
systems, seakeeping of ships with forward speetuding

problems related to sloshing and moonpool dynamidse

challenges for each of these applications will lsewbssed from
a physical viewpoint and how the numerical tooks applied to
solve the problems. Validation of computer tool$ight of their

intrinsic limitations will be discussed.

Finally the paper presents some of the most impbrta

engineering challenges today with respect to muodgeland
simulation of loads and response of ships and ifigat
production systems.

INTRODUCTION

Within Det Norske Veritas (DNV) implementation ande of
radiation-diffraction programs started in the eat§70s with
the development of computer program for predictidrwave
forces on large volume structures of arbitrary forefs. [1],
[2]. A typical example of early use of such programluding
calibration with model tests is given in ref. [11pt the time
computational capabilities were limited which ifleeted in the
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number of panels used in the geometry models. férgthe

floating box shaped barge (90x90x40m) in ref. [thl number
of elements ranged from 48 to 108, which impliedaaerage
diagonal length of 13 — 20m. Typical for this pekia.e. mid

70s to mid/late 80s was a continuous evaluatiohavt large
and detailed models could be made and how low pavieds
could be analysed. At the time there was also Hfiglus on
gravity based structures (GBS) in the North Searadétion-
diffraction analyses were essential for detailedigie This
applied to global wave loads as well as peculitects like the
caisson effect (local increase in wave elevatioa wuthe large
caisson) and off-body kinematics, i.e. increasedrewand
current particle velocities due to the presence @BS on a
jacket or jack-up in close proximity.

For moored floating objects, the introduction of wiean’s
approximation [13] for 2 order slowly varying forces on
vessels in irregular sea was a major step forrttlastry. Some
claim that ‘the position of this approximation hetindustry has
been so firm that sometimes it is hard to convipeeple that it
really is an approximation’ [22]. Within DNV, asrfthe rest of
the industry, numerous analyses using this appatiim have
been performed during the last thirty years. Tlpigraximation
together with efficient Green function calculatioasd the
possibility to analyze wave radiation and diffractifor large
and complex geometries both to first and seconéroade key
achievements by Newman.
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Figure 1 Floating barge (1976) and Gravity Based Structure
(quarter model; offbody kinematics) (1984)

Figure2 Floating Bridge Pontoon (quarter model) (1988)
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Figure 3 Deep Draft Floater (half model) (1986) and
Deepwater GBS (half model) (1989)

The development of very efficient algorithms fofotdation of
free surface Green functions in the mid 80s [144l aneir
implementation in a new generation radiation/ddfian
computer program through the release of the fisssion of
WAMIT [25] in 1987 was also a major step forwarchefe is
probably no other computer code that has been lgqual
important with respect to analysis of waves inténgc with
offshore floating structures. DNV played a keyerah the
initial development of WAMIT as an industrial todh fact
DNV proposed a specification of the design and user
requirements for such a computer tool. This seagthe basis
for the development of the first version. Within BN SESAM

Figure4 Tension Leg Platform (quarter

model) (1993)

Figure5 FPSO with turret (1994)

suite of computer programs, WAMIT was used as tiraarical
calculation engine in the general wave load préthcprogram
named WADAM [24]. Potential flow radiation and dédttion
pressure loads on large volume structure are cadbimith
viscous Morison type loads on slender structuresl an
hydrodynamic loads are automatically transferred Fie6M
programs for subsequent structural analysis. Thignam is
widely used by DNV and in the offshore industry bdor
offshore applications (fixed and floating strucg)ras well as
within the maritime industry for ship shaped stues.

The figures presented in this paper provide an \oser of
some of the radiation-diffraction geometry modedediin DNV
projects over the last 3 decades. The figures dhatv fixed
platforms and floating offshore structures as vl coastal
structures like the pontoons for floating bridgé&fe figures
also show the refinements and complexity in analysen
including surface mesh for higher order wave loatike
development of fast algorithms and the continuous
improvement of computational power has made aceurat
predicitions of complex wave structure interactpoblems for
floating bodies feasible. This includes analysis nodiltiple
floating bodies, side-by-side vessels with narrep,dloaters in
restricted and/or shallow water, very large (rektito
wavelength) floating concepts.
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the wave amplitude directly above the caisson. Mtetts may
Fixed Stationary Structures be needed for such situations.
The start-up of the offshore industry in the Nd8ta in the late
60s and early 70s resulted in a need for analysis tto
estimate wave loads on large gravity based strest(GBS).
Diffraction analysis programs became available aimd
combination with model testing it was possible tstireate
global wave loads. Some special purpose programse we
established in order to estimate global wave lcagslsvell as
dynamics in e.g. shafts. Global wave loads oncdisson was
determined from tabulated empirical/test data. Doagling on
shafts was included via the Morison equation witlvevlength
dependent inertia coefficients according to the Biog Fuchs
theory. Typical concrete GBSs are shown in Fig. 3@me of
the most important aspects for GBSs with respectvéve

loading and response are discussed briefly. ‘

Total global wave loading is governed by the sizthe caisson
(oil storage cells). An important feature of thegka caisson is Figure6 Gravity Based Structures, North Sea
the reduction in global overturning moment due ftwe t
hydrodynamic pressure acting on the caisson robfs has
great importance with respect to available soilac#y. With
skirts below the caissons the hydrodynamic analysaeally did
not take into account any wave pressure penetrdinogigh the
soil, however the hydrodynamic wave pressure atcdisson
perimeter was taken into account in geotechnicsiigte

Statfjord .

For GBSs in relatively shallow water (80 — 150 ntevalepth)

the dynamic amplification is small and the firsolghl bending
modes have eigenperiods less than 2 seconds. dti#imic
analyses were performed to determine the dynamic
amplifications (DAFs) for global wave loads as wedl shaft
moments. Typically the DAFs were in the range 25%land
highest for bending moments at top of shafts. Iker largest
GBSs in deeper waters, i.e. around 250 — 350 m the
fundamental eigenperiods are higher and higher Diiffhave

to be taken into account in design.

Typical diameters of the shafts imply that the oese is inertia
dominated. However it became common practice tobooen
drag and inertia from Morison equation using theQdmy& ) o ] ] )
Fuchs inertia coefficients (as function of shafardeter/wave Figure7 Troll A GBS. Artist Impression of sizerelative to
length). One important consideration here is thaa istandard ~ Eiffél tower. Panel mesh for 2 order load calculation
linear diffraction analyses pressure loads are onbgrated up (2007).

to the still water level. In the case of relativelym shafts it was
found necessary to include drag loads integratedtouphe
instantaneous free surface elevation.

The term “offbody kinematics” also came into useaaesult of
available diffraction programs that could assess dffect of
large volume structures on wave particle kinematitsthe
vicinity of the structure. This could e.g. be inlat®n to
determining the increase in particle velocity amdederation

The term “caisson effect” was used for these GES® to the

presence of the large caissons the wave elevatias w . -
influenced and this was typically taken into acdowhen for risers routed along the caisson and up aloegstiaft. The

determining the air gap. An additonal air gap dBm.was change in flow and direction due to the presencth®fiGBS is
included in design for all the initial GBSs buittthe North Sea. ~ Significant and a lot of wave headings and peribdd to be

For large/wide GBSs in relatively shallow watercismbination taken into account for design of e.g. a clampecerris
with extreme waves (e.g. waves with return periéd®000 Diffraction analyses were also highly valuable wlassessing

year) caution has to be shown when using linedradiion loads on e.g. jackets or jack-ups placed closeléwge volume
analyses as the small distance from caisson rosfiltowater structure. Also for the influence from structuresaurrent flow,

level may lead to wave breaking. A linear analysisrestimates ~ diffraction programs have been used by definingramoming
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wave with very long wave lengths. Linear potenti@ory fails
to predict e.g. local run-up close to a shaft, havein
combination with experiences from model testing ipossible
to make some use of diffraction analyses, alsotlits local
problem.

For fixed platforms/GBSs in deeper water, say 2556m, the
fundamental eigenperiods will increase to arourd5tseconds
and dynamic effects become more important. Thesidalsfirst
order diffraction analyses for response in six-degr of
freedom were extended to include flexible mode \emigl[16].

In deep water the positive counter-wave effect dre t
overturning moment is almost gone and global gabitity is a
key issue. Due to tie-ins of new fields and reagltincrease of
topside weights, dynamic effects may become evememo
important and it may be necessary to consider higinder
wave loading. Extreme waves of peribdnay excite resonant
springing and ringing response of the GBS if theurad period

is close toT/2 or T/3. Since wave lengths of extreme waves are
long compared to the diameter of the GBS shaft,omrg |
wavelength theory was developed for regular wavgs b
Faltinsen, Newman and Vinje (FNV) [3] and extendied
irregular waves by Newman [17]. This theory hasrgly been
applied to assess higher order wave loading offtbkkA GBS
(Figure 7). Distributed first and second order wahféraction
pressures on each panel are integrated up tevatidlr level and
added to a long wavelength approximation for thedtbrder
FNV force acting at the free surface. Resultingetiseries for
base shear force and overturning moment compark witsl
results from model test.

Floating Sationary Structures

There are multiple types of floating offshore stunes which
have been subject to radiation-diffraction analy3as of them
are selected here for a more detailed discussien;Tension
Leg Platform (TLP) and the Spar Platform concept.

Figure 9 shows a panel model for a large displaceriieP

frequency motions decrease. This has a direct itmpac
resulting offset and implies that a range of peatiquls have to
be checked to determine the maximum TLP offset.

Figure 8 Three-legged TLP. Panel mesh on wetted surface
(4968 elements) and free surface (2916 elements) for
calculation of wave drift damping.

The slow drift motion of moored floating producti@ystems
are limited by hydrodynamic damping forces. In #ddito the
viscous damping from relative motion between tlvatitr and
waves/wind there may be a substantial contributiodamping
from wave drift damping which can be modelled byendial

designed for moderate water depth (350 m) and harshfiow, \Wave drift damping can be defined as thet fiosder

environment. Radiation-diffraction analyses are ciaiu for
design of many of the components/systems of suatiopins;
i.e. hull structure, tendons, risers, foundation wasll as
deck/topside. For a floating body the radiatiorcés, i.e. added
mass and damping force, are an important part efgibbal
loads and must be treated adequately.

Important higher order hydrodynamic load effects $ach a
TLP include slowdrift motion, high frequency spring and
ringing response. These are second and higher doder
effects and need to be taken into account by afudare
hydrodynamic analysis. Second order difference ueegy
wave loads are an important part of the excitatibslow drift
motion and must be taken into account to determitme
maximum horizontal offsets in storm conditions vthis crucial
for tendon and riser design. An important aspectTaP
slowdrift is the fact that the second order sunge sway forces
increase with decreasing wave periods whereas thee w

correction in terms of the slow drift velocity dfe mean wave
drift force. Being proportional to velocity this rwection term

acts as a damping force in the equations of motiBased on
WAMIT a computer code for prediction of the full 3x
monochromatic wave drift damping matrix for horizalinslow

motions was developed by University of Oslo (R8&F).[ Panel

mesh used for calculation of wave drift damping arnhree

legged TLP is shown in Figure 8.

Vertical sum-frequency response, or tendon spriggis a
peculiar TLP effect which has to be analysed wiHiation-
diffraction programs. Such analyses are time coisgm
requiring a large number of panels on the wettethea as well
as on the free surface for a large number of coethin
frequencies (bichromatic). Today such analysescansidered
state of the art, but are still challenging for talyst since
careful selection of both panel mesh and wave feqies is
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required. In addition there is often great uncetyaiwith
respect to damping level in tendons which is esalefibr
calculating springing response.

Figure9 Large TLP. Panel mesh for 2" order analysis (4500
elements per quadrant)

Figure 10  Semisubmersible (quarter model) (2004).
Including free surface mesh for 2™ order calculations.

Over the last decade a number of Spar structures haen
installed, mostly in Gulf of Mexico and one outsitfalaysia.
The first 3 Spar units installed were so-calledsSia Spars.
The newer units have mostly been Truss Spars asionener
type named Cell Spar. Common for all these aredlaively
large draft and thereby favourable vertical motiots
accommodate riser and mooring hang off.

Treating the Classic Spar as closed at keel levgliés a
simple model for radiation-diffraction analyses.gitie 11
shows an open moonpool model for radiation-diffcact
analyses that was carried out by DNV in 1997. Te@ulted in
a considerably larger model and some simplificatibad to be
introduced by increasing the hull skin thickness2tan with

panels on each side using a sink-source formulation

Convergences and the influence of strakes on tHedadhass,
yaw excitation and global performance was alsoetedhy

modelling the strakes in WAMIT. The complete model
consisted of more than 10000 panels.

The Truss Spar (Figure 12) is more challenging wéigpect to
global analyses. This is a hybrid structure withaad tank, truss
structure, heave plates and a soft tank. High eeeod in
heave is ensured by the horizontal plates in thestarea and
the plates also provide additional damping in healkere are
different approaches for simulating global perfonce of this
type of structure. DNV usually makes use of a combi
radiation-diffraction and Morison analysis [24].rRbe heave
plates either modelling both upper and lower pérthe plates
using sink-source method, or as an infinitely tpiate using
dipole distribution can be used. By careful setattithese two
approaches will give similar global loads. An issaee aware
of related to the hard tank, is whether to simuldtie fully
open, or partly/completely closed. Either way, bbyklrostatic
heave stiffness and heave excitation are influenogdthis
choice and will have to be considered.

Figure 11 Classic Spar with moonpool and strakes (1997)

Panel and
Morison
Models

Figure 12 Truss Spar (2001). Composite panel and Morison
model.
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Figure 13 Truss Spar model with mooring lines and risers
for coupled analysis.

Coupled analyses may be required for analysing 8Spis. In
particular this applies for concepts which havecgddensioner
supported risers. For these, coupled FE analydis gdreful
simulation of the stick/slip behaviour at tensiomang off as
well as at keel will be required (Figure 13).

SEA-KEEPING OF SHIPS WITH FORWARD SPEED
Direct numerical analysis of wave loads and motiohships
with forward speed is now an everyday task for sifastion
societies. Several computer programs can be usedeto
accurate estimates of e.g. midship bending moméats
monohulls at not too high Froude numbers. The wofk
Newman ([14], [15]) related to accurate calculatidrthe free-
surface Green function has been extremely imporitarthe
development of current numerical tools. At DNV, thwost
widely used forward speed wave load analysis progia
Wasim.

Overview of Wasim

Wasim originates from a co-operation between DNY 8HT

starting in 1990 to further develop the computatec&wan for
analysis of wave induced response of ships witlvdiod speed.
Work had been started at MIT in the late 80s toetigy stable
schemes for forward speed problems [12]. In thet sththe
development a lot of effort was put into analyzidifferent
numerical schemes for best possible performance tanget
control over the numerical error sources [23]. Frd®o6
Wasim was developed further by DNV. This developmeas
done in parallel with the use of the program forqpical
applications in new-building ship activities. Thtie further
development has consistently focused on practfmaliaations.

Wasim is based on potential flow theory using akR@nPanel
method, with panels on the hull and free surfaceuferical
beach is included on the outskirts of the free aaaf The
equations are solved in time domain and the saiusofully

three-dimensional. An important characteristicsMafsim is the
use of B-splines in the representation of the viigeotential
and its normal derivative. The general B-splinescept was
introduced to the Boundary Element Method (BEM)Hzsin et

al. ([7]).

Usually viscous damping is tuned based on empineahods.

The output from Wasim is time histories of the dighody

motion, sectional loads, free surface elevation anelssure
distribution on the hull. Facilities for animatiaf rigid body

motion, wave elevation and pressure distributioe atso

available. Wasim has no theoretical limitation inavwe

frequency, wave heading or vessel speed, as lotigpagssel is
not planing. There may be a practical limitatiorspeed due to
the fact that both spatial and temporal discrdtimamust be
refined with increasing speed. This is only a peablat very
high Froude numbers.

The basic version of Wasim is linear, but therals a non-
linear extension. The idea behind the non-linederesion has
been to include the most important non-linear éffegithout
any dramatic impact on the CPU cost. For this neate
radiation/diffraction problem is always solved odmetmean
wetted hull, but the following effects are handiedan exact
manner:

e The Froude-Krylov and hydrostatic pressure is irgtagl
over the exact wetted surface. This means thaveksel is
in its instantaneous position and the integratsoparformed
up to the actual waterline. There is an option de sither
total wave elevation or the incoming wave.

» The equation of motions is solved in an Euleriamfe.

* The quadratic terms in the Bernoulli equation aeuded
in the computation of the pressure distribution.

The non-linear option also allows for the inclusiof a
quadratic roll damping term in addition to the Bnelamping.
For a linear analysis Wasim offers an option tadfar the
results from time domain to frequency domain, giviransfer
functions for all the output data listed above.

Special features of Wasim include integration ofl flexible
analysis, slamming and green water as well as agdamotion
control functionality by means of active or passstabilizer
fins or rudders. Slamming may be included by rugrénpre-
processor calculating slamming loads on a set o0b-tw
dimensional strips of the hull using a generalizbelgner’s
method. The slamming coefficients and potentialvfEolution
are extracted from the slamming database and thssyre is
calculated and mapped on the panel method. A praper
averaging procedure is applied in order to accofort
slamming. Simulation of green water on deck is baeae
predictions of dam break type shallow water flonmbined
with a Random Choice Method for solution of the énjgwlic
shallow water equations (Glimm’s method).
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Figure 14 Wasim panel model of atwin skeg LNG carrier.

Typical application of Wasim

A typical application of Wasim would be to asselisnate limit
state (ULS) hull girder loads. The ship hull isalitized by
guadrilateral panels, both the wet and dry pagufg 14 shows
a typical panel model of a twin skeg LNG carrieindar
simulations and the Coefficient-of-contribution med are used
to identify the critical sea-state in the relevaratter diagram. A
nonlinear factor on the hogging- and sagging momisnt
established based on nonlinear Wasim calculatieittser from
simulations in irregular waves in the critical ssate, or from a
conditioned irregular wave (Most Likely Extreme Resse,
MLER) approach. If relative motions indicate thktnsming or
green water loads may be important, these effeats lwe
accounted for. The calculation procedures to determxtreme
responses of ocean-going structures using nonlirizae-
domain simulations were presented by Pastoor §@il.

ENGINEERING CHALLENGES IN WAVE LOAD
ANALYSIS

The following discussion focuses on potential flewslvers
based on boundary element methods.
computational fluid dynamics tools, i.e. field sels combined
with a surface-tracking method like Volume of Fluidre now
becoming useful when strongly nonlinear transiergnés are
being studied. However, boundary element methodd wi
probably be the primary tool in wave load analykgsmany
years to come.

BEM has been recognized as an accurate and efficiethod
for predicting local flow characteristics as long the actual
fluid boundary is handled properly. The efficienafyBEM is
mainly due to the relative small number of elemestuired,
compared to field solvers, combined with accelerate
O(nlnn) or O(n) influence calculations like pre-conditioned

FFT and Fast-Multipole-Methods.

When analyzing ship motions in severe sea-statesmttted
body surface may change considerable with timeltieguin a

need for automatic and temporal boundary modelidigh

robustness and efficiency of such algorithms isrerqmuisite
for this type of calculations. The spatial disaation must be
adapted to significant instant flow gradients. $haurface
gradients must be modeled in case of importantiphyike the

steep “ringing”-wave behind a vertical cylinder arslamming
impact. Sharp but unimportant gradients, like fafora of
foams of small breaking waves, should not be maderder
to save computational efforts. Hence efficient ambust
algorithms needs to be developed that can disshgonportant
and unimportant gradients.

Robust methods for tracking the intersection lim¢ween the
free-surface and body surface is particular chglfemin case
of flared bodies. Flow separation from two-dimensiobodies
has been studied by several authors but generdiocetfor
double-curved three-dimensional surfaces need to be
developed. Assuming a robust automatic geometryefterdis
at hand, the main obstacle for BEM is to simulaégdmd the
point of breaking waves and handling of importamgcous
effects related to e.g. roll damping. The lattefe@f has
traditionally been accounted for by heuristic andpeical
coefficients. Discrete vortex distributions comhneavith a
classical boundary element method has been suathgssf
applied for 2D roll problems [26] and promising mads for
3D wake modelling are being investigated. Newma®] [1
discusses the use of a viscous post-processor tentg
solutions, see Graham et al. [6].

It is expected that many important responses canvestigated
by applying an adequate Fourier decomposition efambient
wave flow assuming Airy wave theory. However noeén
incident wave models may be important for extreesponses
in a situation where the ship encounters a frealewa

Typically the fatigue loading and extreme respaofsa ship are
determined based on standardized long-term disioitsl of
sea-states, e.g. the IACS North-Atlantic scattergdim. The
sea-states are represented by mathematical wawatraspie

More general Pierson-Moskowitz or JONSWAP. These simplificatiomgy

cause inaccuracies. New wave data based on satellit
measurements are not consistent with establislagidtgts from
ship reports. A ship will use routing to avoid thmst severe
weather conditions. Climate changes may cause rheasy
weather. Thus, there is a need to develop bettee whatistics
and to further develop the wave load analysis datlicun
procedures to reflect ship operation.

Coupling between ship motions and sloshing is eaievfor
Liquid Natural Gas (LNG) carriers operating with ripelly

filled tanks. WAMIT has been extended to include #ifect of
coupling with linear sloshing, see Newman [16] afith [9].

Rognebakke and Faltinsen [21] discuss this coupdifigct. A
straightforward method to account for coupling effeis to use
an impulse response function method to solve theali ship
motions while the nonlinear sloshing flow is modklby a
multimodal method [4]. Efficient calculation of imise
response functions for calculation of ship motiamghe time
domain is discussed [10]. A special treatment igsented,
which minimizes the truncation error.

FPSOs, drilling units and some offshore supply elsstave
moonpools that may need to be considered in a Vieae
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analysis. A reasonably accurate estimate of dyngressures
inside the moonpool may be important for a fatiggeessment.
A straightforward modeling of the moonpool with swrged
walls and free surface may cause problems wherg usirar
BEM. The solution blows up for incoming waves with
frequencies close to the resonance frequenciesstimding
waves in the moonpool. Newman [18] has shown hog th
standing wave motion in the moonpool around resomaan be
treated by introducing massless lids with specifiadnping in
order to limit the resonant amplitude. The lid damgp
represents the actual dissipation of the standiage® due to
viscous effects and separation. Tuning of the daqffect
needs to be done by comparison with experiments.

CONCLUSION

The objective of this paper has been to review majo
achievements in the development and applicatiormafine
hydrodynamics to engineering challenges in offshared
maritime engineering. It is shown that the field w&rine
hydrodynamics has undergone tremendous developsiece
the early 1970s strongly influenced by the works Rybf.
Newman. The theoretical developments have beem take
use by industry and have eventually influenced icaiit
engineering practices and enabled the design, remtistn and
operation of a large number of offshore and maetstructures.
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