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ABSTRACT
Results of computer simulation of wave and green wa

loading on floating offshore structures are presented. The s
ulation program used is a CFD code which solves the Nav
Stokes equations that describe flow of incompressible visc
fluids. The Navier-Stokes equations are discretised using a
nite Volume method on a Cartesian grid with staggered v
ables. The free surface is displaced using a Volume Of Fl
based algorithm combined with a local height function. In th
paper results of validation and sensitivity tests of simulation
green water on the foredeck of an FPSO are presented. Here
waves are modeled as a dam of water around the deck whic
suddenly released. Furthermore, wave loading from impac
regular waves on a SPAR platform is computed and compa
with experimental results. The program is found to be robust
the computational results show good agreement with the exp
ments.

INTRODUCTION
Ever since the beginning of the oil industry at sea, the o

shore industry was challenged to explore and extract oil in w
ter of increasing depth. Therefore, an increasing use is mad
floating systems like Floating Production Storage and Offload
(FPSO) systems. After such a floating system has come into
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it usually stays at the same location for 20 years or more. Spe
design requirements are needed for such a system. Over the
few years, several incidents have shown that these floating
tems suffer from green water on the deck and impact from wa
at the bow, like slap or slam events. An example of a dam
incident is the wave impact by a relatively small but steep wa
at the Schiehallion FPSO which is located in 395 m deep wa
to the West of the Shetland Isles (Gorf, 2000) .

In January 2001 a project sponsored by the offshore indu
and the European Union has been started to develop risk as
ment procedures and guidance tools to improve safety, reliab
and availability of floating offshore structures. In this projec
the focus is on extreme events with loads that should be inclu
in the design of FPSO systems. As part of the project a c
culation method will be developed to predict green water a
wave impact loading. This method is incorporated in the CF
tool ComFLOW which is developed at the University of Groni
gen. The ComFLOW program is based on the incompress
Navier-Stokes equations that describe the motion of a visc
fluid. Originally, ComFLOW has been developed to simula
the coupled liquid-solid dynamics of spacecraft in a micro gra
ity environment, see (Gerrits, 2001). Besides that, ComFLO
has already been adopted in several areas, like the medica
search by simulating blood flow through vanes and in the m
itime industry where water flow in stabilising anti-roll tanks wa
Copyright  2002 by ASME



simulated(VanDaalen,2000). At themoment,thepossibilities
of ComFLOW arebeingenlargedby includingmoving objects.
Oncethishasbeenincorporated,ComFLOW will beableto sim-
ulatefor exampleamoving shipatsea.

In this paper, resultson thepredictionof greenwateron the
foredeckof anFPSOandwave loadingon a SPAR platformare
presented. In the greenwater simulations,a wall of water is
placedarounda fixed ship which is suddenlyreleased.Then,
thewaterstartsto flow ontothedeckwhereit hits a structureon
thedeck.First, resultsarecomparedto anexperimentperformed
at MARIN. Then,robustnessof the programis testedby doing
a numberof sensitivity checks.Thesesensitivity testsconsistof
grid refinementandsomevariationsin the sizeof the structure
on the deck. In the secondtests,simulationsof regular wave
loadingon a fixedSPAR platformarecomparedto experiments
performedat MARIN. The resultsof thesesimulationsgive a
first ideaof predictionof loadingcomingfrom waves.

MATHEMATICAL MODEL
Themotion of fluid flow is describedby the Navier-Stokes

equationscoming from conservation of massand momentum.
Applying theseconservationlawsto avolumeV (partially)filled
with incompressible,viscousfluid, gives the following equa-
tions: �

∂V

u � ndS � 0 � (1)

�
V

∂u
∂t

dV � �
∂V

uuT � ndS ��� 1
ρ

�
∂V � p � µ∇u	
� ndS � �

V

FdV� (2)

Here,∂V is theboundaryof volumeV, u � � u � v� w	 is thevelocity
in the threecoordinatedirections,n is thenormalof volumeV,
ρ denotesdensity, p is the pressure,∇ is the gradientoperator.
Furtherµ denotesdynamicviscosity and F � � Fx � Fy � Fz	 is an
externalbodyforce,for examplegravity.

Solid wall
Boundaryconditionsarerequiredfor thesolidwalls,thefree

surfaceandthe in- andoutflow boundaries.On the solid walls,
eithera no-slipconditionu � 0 or a free-slipconditionu � n � 0
and ∂ut

dn � 0 is prescribed.Here,n is thenormalon thewall and
ut is thecomponentof thevelocity tangentialto thewall.
2

Free surface
At the free surface, continuity of normal and tangential

stressesis demanded,which canbedescribedby theequations� p � 2µ
∂un

∂n
��� p0 � 2γH (3)

µ � ∂un

∂t
� ∂ut

∂n 
 � 0 � (4)

Here,un is the normalcomponentof the velocity, p0 is the at-
mosphericpressure,γ is thesurfacetensionand2H denotesthe
total curvature.Furthermore,anequationis requiredfor thedis-
placementof the free surface. Supposethe positionof the free
surfaceis givenby s� x � t 	�� 0, thenthemotionof thefreesurface
is givenby

Ds
Dt

� ∂s
∂t
� � u � ∇ 	 s � 0 � (5)

In- and outflo w boundaries
At the inflow boundary, velocities are prescribedfrom a

givenvelocity profile. To generatea regularwave pattern,Airy
wave theoryis usedto determinevelocitiesandwave heighton
theinflow boundary.

At theoutflow boundary, two differentconditionsareused.
The first onereads∂u

∂n � 0 andworks fine whenthereis a uni-
form flow. Whentheflow hasawave-likepattern,aSommerfeld
basedboundarycondition is appliedwhich is explainedin the
next section.

NUMERICAL MODEL
To performnumericalsimulations,the flow domainis cov-

eredwith a Cartesiangrid. Theexactflow domainis determined
by introducinga volume apertureFb and edgeapertures,Ax,
Ay andAz, that indicatewhich part of the cell volumeandcell
facesrespectively is opento flow. In every cell of the grid that
containsfluid, the discretisedNavier-Stokes equationswill be
solved. Therefore,information is requiredaboutthe natureof
thecell: is it a fluid cell, a cell at thefreesurface,anemptycell
or a boundarycell. To indicatethis the cells are labeledusing
a color functionFs which is calledtheVolumeOf Fluid (VOF)
function. The volumeaperturesfor the geometryandthe VOF
functionarerelatedas0 � Fs � Fb � 1. Cellswith Fb � 0 are
labeledasboundary(B) cells. Interior cellscontainingno fluid,
i.e. Fb � 0 andFs � 0 arecalledempty(E) cells.Cellsthatcon-
tain fluid andareadjacentto emptycells arelabeledassurface
(S) cells. Theothercellsarelabeledasfluid (F) cells. In Figure
1 anexampleof thelabelingis given.
Copyright  2002by ASME
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Figure 1. Labeling: dark grey denotes solid body, light grey is liquid

Discretisation of the Navier -Stokes equations
The Navier-Stokes equationsare discretisedusing a finite

volumemethodwhich startsfrom Equations1 and2. The dis-
cretisationis performedon a staggeredgrid, i.e. the pressureis
definedin cell centerswhereasthe velocitiesaredefinedat cell
faces.

As an exampleof discretisationin cut cells, the discretisa-
tion of thecontinuityequationwill beexplainedin detail. Con-
sidera computationalcell, asshown in Figure2, with partof it
solid body and the other part liquid. Discreteconservation of

�����! "�!# $&%' �!#$&() �! 
$&%* �!#

$&(+ �! 
, '

- ), * - +
.

Figure 2. Conservation cell for discretisation of continuity equation

massimpliesthatthesumof themassfluxesthroughthebound-
ary of theconservationcell V equalszero.This resultsin

ueA
x
eδy � vnA

y
nδx � uwAx

wδy � vsA
y
sδx � 0 � l � 0 (6)

wherethe notationis explainedin Figure2. Becausethe mass
flux trougha solid boundaryis alwayszero,Equation6 canbe
appliedto all computationalcells.

The discretisationof the momentumEquations(2) is per-
formedin thesamemanner, but it wouldgotoofar to explain the
detailsin this paper.

For the temporaldiscretisationof the Navier-Stokesequa-
tionstheexplicit forwardEulermethodis exploited.This results
in thefollowing equations:

Mun/ 1
h � 0 � (7)
3

Ω
un/ 1

h � un
h

δt
� C � un

h 	 un
h �0� 1

ρ � MT pn/ 1
h � µDun

h 	1� Fn
h � (8)

Here,the time level is denotedby the superscriptandM, Ω, C
andD arecoefficient matricescomingfrom thespatialdiscreti-
sation.Thecontinuityequationis discretisedonanew timelevel
to ensurethat the velocity field is divergencefree at that time
level.

To determinethepressureandvelocitiesat thefreesurface,
theboundaryconditionsgivenby Equations3 and4 arediscre-
tised.In Equation3 theterm2µ∂un

∂n is neglectedbecausethisterm
is small comparedto theothertermsin theequation.Fromthis
equation,thepressureat thefreesurfaceequalspf s � p0 � 2γH.
Using this, the pressurein surfacecells is calculatedasan in-
terpolationof the pressureat the free surfaceand the pressure
in an adjacentfluid cell. A velocity at the interfaceof an S-
cell andanE-cell is calculatedby demandingmassconservation
in S-cells. Sometimes,velocitiesat the interfaceof two E-cells
arerequiredbecausethey areusedin thediscretisedmomentum
equations.Thesevelocitiesarecalculatedusingasimplifiedver-
sionof Equation4. For a moredetailedoverview of thediscreti-
sationof the Navier-Stokesequationswe would like to refer to
(Gerrits,2001).

Outflo w boundar y condition

At theopenoutflow boundaries,eitheraNeumannor aSom-
merfeldbasedboundaryconditionareused. In this section,the
Sommerfeldconditionwill beexplained.On openboundaries,a
conditionis neededwhich givesa continuationof theflow with
a minimumof reflectionsinto thedomain. Thesereflectionsdo
easilyoccurwhenthevelocitiesof thefluid insidethedomaindo
not fit nicely to thevelocitiesobtainedat the outflow boundary.
A Sommerfeldbasedconditionis usedwhich is a simplemath-
ematicalcontinuationhaving the form of out-goingwaves. For
anoutflow boundaryin thepositivex-direction,theSommerfeld
conditionstartsfrom thewave equation

∂u
∂t
� c

∂u
∂x
� 0 (9)

whereu can be any quantity. To usethis equationas an out-
flow condition,we mustapply it to the flow variablesat every
locationontheoutflow boundary. After theideaof Orlanski(Or-
lanski,1976)thisconditionis usedtwice: first, thephasespeedc
is determinedwhich is thenusedto calculatethenew boundary
values. To make this possible,the assumptionis madethat the
samephasespeedappliesat the boundaryandat onecell away
Copyright  2002by ASME



from theboundary. Thewaveequationis discretisedasfollows:

1
2 � un/ 1

i � un
i

δt
� un/ 1

i 2 1 � un
i 2 1

δt
	3� c

1
2 � un/ 1

i � un/ 1
i 2 1

δx
� un

i � un
i 2 1

δx
	
� 0

(10)
wherei is theboundarygrid point, n � 1 is the lastknown time
level, δt is the time stepandδx is the grid size. The temporal
discretisationis takenat placei � 1

2 andthespatialdiscretisation
at time level n � 1

2. Rearrangingthis expressiongives

un/ 1
i � � un

i � un/ 1
i 2 1 � un

i 2 1 � cδt 4 δx � � un/ 1
i 2 1 � un

i � un
i 2 1 	5	

1 � cδt 4 δx
(11)

To determinethephasespeedc, Equation10 is adoptedonegrid
nodeto the left (by replacingi by i � 1), whereall valuesare
known. After that,thephasespeedis usedto determinethenew
boundaryvalueun/ 1

i from Equation11. It is assumedthatat the
outflow boundaryonly outgoingwavesoccur. This restrictsthe
phasespeedto c � 0. Becauseof stability requirementsof the
numericalscheme,thephasespeedis alsorestrictedby c 6 δx

δt .

Solution method
To explain thesolutionmethod,thetermsin Equation8 are

rearrangedto

un/ 1
h � ũn

h � δtΩ 2 1 1
ρ

MT pn/ 1
h � (12)

where

ũn
h � un

h � δtΩ 2 1 � C � un
h 	 un

h � µ
ρ

Dun
h � Fn

h 	 (13)

First, a temporalvelocity field ũn
h is determinedusingEquation

13. Next, Equation12 is substitutedin Equation7 which results
in a Poissonequationfor the pressure.From this equationthe
pressureis solvedusingthe SOR(Successive Over Relaxation)
methodwhere the optimal relaxationparameteris determined
during the iterations(Botta, 1985). Oncethe pressurefield is
known, thetemporalvelocity field ũn

h is adjustedusingthepres-
suregradientto a new velocityfield.

Free surface displacement
Oncethevelocityfield is known, thefreesurfacecanbedis-

placedusing an donor-acceptormethodwhich is basedon the
Volumeof Fluid method(Hirt, 1981). In the adoptedmethod,
the free surfaceis reconstructedusinga piecewise constantre-
constructionwherethe fluid surfaceis alignedwith oneof the
4

coordinateaxes. The fluxesbetweencells arecomputedby ve-
locity timestheareaof thecell, afterwhich they areusedto cal-
culatethe new fluid aperturesFs. Whenthis methodis adopted
without further adjustments,flotsamand jetsamthat are small
bits of fluid which get separatedfrom the fluid, appearin the
neighborhoodof thefreesurface.Thismustbeavoidedto havea
goodworkingmethod.Therefore,additionalto theoriginalVOF
method,in free-surfacecells a local height function is adopted
which displacesthe heightof the columnor row corresponding
with thesurfacecell (Gerrits,2001).Oncethenew fluid config-
urationis known, thefreesurfacelabelingcanbeadjusted.

The CFL condition
For stability, the time step is adjustedduring the com-

putation using the CFL-condition. Therefore, the Courant-
Friedrichs-Levy (CFL) numberis introduced:

CFL �87 u 7 δt
δx

�97 v 7 δt
δy

�:7w 7 δt
δz

� (14)

For stabilityof theForwardEulerdiscretisationmethodtheCFL-
numbermustsatisfytheconditionCFL � 1. During thesimula-
tion the time stepis automaticallyadjustedusinguserdefined
restrictionson theCFL-number.

GREEN WATER LOADING ON AN FPSO
In this sectionresultsof simulationsof greenwateron the

foredeckof anFPSOwill bepresented.Greenwateron thedeck
of a shipoccursbecauseof a complex interactionof the incom-
ing wavesandthe motion of the ship. To get a first ideaof the
possibilitiesof the numericalmethodemployedby ComFLOW
the problemhasbeenrigorouslysimplified. Firstly, the ship is
fixed. Secondly, the incomingwavesaremodeledasa wall of
waterstandingaroundthedeckof thevessel.Thenthewateris
releasedas in a dambreakproblemandstartsto flow onto the
deck.To checktheperformanceof thenumericalmethodin cap-
turing the physicsof the problem,sometestshave beendone.
First, thecodehasbeenvalidatedusingmodeltestsperformedat
MARIN. Next, thesensitivity of themethodto thegrid sizeand
to smallvariationsin thegeometryhasbeentested.

Validation against experiments
To beableto comparethe impactloadingof the greenwa-

ter on a deckstructurewith model testsperformedat MARIN,
the initial conditionhasto be tunedto the conditionsin the ex-
periment. This is doneby a comparisonof the contoursof the
waterfrontin themodeltestswith thecontoursin thesimulation.
The modeltestwhich hasbeenusedfor the validationis a reg-
ular wave test on a vesselwith a bow flare of 30 degreesand
Copyright  2002by ASME



deckwidth of 47 m. The waveswerecharacterisedby a wave
amplitudeof 8.65m andwavelength/shiplength � λ

l � 0 � 75. On
thedeckof thevessel,a verticalstructureis placedwhichcanbe
lookedat asa deckhouse.See(Buchner, 1995)for moredetails
onthemodeltests.Usingthedambreakmodelingof thewaves,a
rathergoodapproximationof theconditionsin this testappeared
to beaverticalwall of wateraroundthedeckof thevesselwhich
was13 meterhigh at themostforwardpoint of thebow andde-
creasedlinearly to 5 meterbelow thedecklevel behindthispoint
asshown in Figure3.

Figure 3. Initial fluid configuration

;;;;;;;;;;;;;;;;;<<<<<<<
<<<<<<<<<<

Figure 4. Contours of the water front; left: model test, right: ComFLOW

In Figure4 thecontoursof thewaterfrontat thedeckof the
simulationandthemodeltestwith a timestepof 0.31sarecom-
pared. From the contour lines in both the experimentand the
simulation,weseethatthewateronthedeckformsahighveloc-
ity water tonguewhich smasheson the rectangulardeckstruc-
ture. In thesimulationthiswatertonguelooksabit sharper. This
is only due to a very thin layer of water, so this hasnot much
influenceon theimpact.Theglobalbehavior of thewateron the
deckis similar in simulationandmodeltest,soweconcludethat
thedambreakinitial conditionis a reasonableapproximationfor
theconditionsin thetest.

During theexperiment,somemeasurementshave beenper-
formed, which can be usedfor the validation of ComFLOW.
First, at threeplaceson the centerlineof the deck(H1, H2 and
H3), thewaterheighthasbeenmeasuredandatoneplace(Pdeck)
the pressurehasbeenmeasured.Furthermore,the wave forces
5

on the rectangulardeckstructurehave beenmeasuredandfour
pressurepanelshave beenplacedon the front of the structure
(seeFigure5 for anoverview). Themeasuredwaterheightand
pressureatthedeckhasbeencomparedwith thewaterheightand
pressurecalculatedby ComFLOW in Figure6.
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Figure 5. Measurements on the deck and the deck structure
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Figure 6. Water height and pressure on the centerline of the deck

From this figure we seethat the water at H1, H2 and H3
risesvery rapidly, which is well predictedby ComFLOW. The
waterheightat positionsH2 andH3 hasa secondpeakwhich
occursdueto thewaterthathassmashedonto thestructureand
flowsbackagain.ThesesecondpeaksarealsopredictedbyCom-
FLOW albeitnot at thesametime andwith thesameamplitude.
Thetime traceof thepressureat thedeckshowsasimilarbehav-
ior asthe waterheighton the deck. After a shortrise time, the
pressureslowly decreases.Sincethe ship is fixed in the simu-
lation, the pressureon the deckcalculatedby ComFLOW only
existsof thehydrostaticpressure.That is why theamplitudeof
thepressurein themodeltestandthesimulationdo not have the
samemagnitude.
Copyright  2002by ASME



Finally, the wave loadson the deckstructurecalculatedby
ComFLOW canbecomparedwith measurements.We will only
show the resultsof the horizontal force and the pressuretime
seriesof panel1 andpanel2 (seeFigure5). The time seriesof
panel4 are comparablewith the seriesof 1, and the seriesof
panel3 is not very interesting,becausethewaterdoesnot reach
this panel.In Figure7 theresultsarepresented.As canbeseen,
almostno waterreachespanel2, both in the model testand in
the simulation. Panel1 is hit by a large amountof water. The
resemblancebetweenthemodeltestandthesimulationis large.
Both reachthemaximumpressureat thesametime afterwhich
a secondpeakoccurs.Thesamebehavior hasbeenfoundin the
totalhorizontalforce.
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Figure 7. Pressure time series and total horizontal force on the structure

Recapitulatingtheresultsof thevalidationcase,wecancon-
cludethat the global behavior of the water is well predictedby
ComFLOW. Somedifferencescanbeseen,especiallyin theam-
plitudeof thepressuretimeseriesandhorizontalforce.Thereare
severalpossibleexplanationsfor this difference.First, it should
be notedthat the impact loadsaresensitive to variationsin the
amountof waterandvelocity of the water. Whenusingwaves
in steadof a dambreakof a waterwall thesequantitieswill have
differentvalues.Further, thesimulationsaresimplifiedby using
a fixedshipinsteadof a moving one,which certainlyhashadan
influenceon theresultingloads.Finally, thepressuretime series
of the simulationare taken in cell-centersof the cells adjacent
to thegeometryinsteadof at thegeometry. This maygive some
differentvaluesandshouldprobablybe improved in the future
by extrapolationof thepressure.
6

Grid refinement stud y
The accuracy of the simulationresultsdependson the size

of thegrid. A finergrid naturallygivesmoreaccurateresults.To
show thedependency of thegreenwatersimulationto thesizeof
thegrid, a grid refinementstudyhasbeenperformed.For these
tests,similar geometryand liquid configurationare usedas in
the testdescribedabove. Calculationshave beenperformedon
threedifferentmeshes:

Mesh Cellsx Cellsy Cellsz Total nr. of cells

Coarse 66 72 32 191� 520
Medium 100 110 50 640� 224
Fine 136 148 68 1 � 532� 160

Theresultsof thetotal horizontalforceon thedeckstructureare
presentedin Figure8. It canbe concludedthat the resultsare
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Wall breakwater - sensitivity checks
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Figure 8. Total horizontal force calculated with three different grids

equivalentfor thethreedifferentgrids. Thecoarsestgrid is fine
enoughfor thiskind of simulations.If afineenoughgrid is used,
the simulationis insensitive to changesin the grid size. In the
signalof theforce,spikesarepresentthataredueto thehandling
of surfacecells.Mostof thecausesof spikesarealreadyremoved
in thenewestversionof ComFLOW ascanbeseenin theresults
presentedin thenext section.

Sensitivity to geometrical chang es
To seehow ComFLOW reactson small changesin the ge-

ometry, simulationshave beenperformedof greenwateron the
deck equippedwith a cylinder the diameterof which will be
altered. A robust computerprogramshouldreactsmoothlyon
smallchanges.Thediameterof thecylinder on thedeckwill be
set on 6, 12, 18 and 24 meter. In Figure 9 a movie is shown
of greenwateron thedeckequippedwith a 6 m diametercylin-
der. In this movie, thehigh velocity watertongueis clearlyvisi-
ble. After that, thewaterimpactsthecylinder andstartsto flow
aroundit. In Figure10theimpactloadsonthecylinderswith the
Copyright  2002by ASME



four differentdiametersareshown. Theresultsareasexpected:
theloadon thecylinder increaseswith thediameterof thecylin-
der. It can be concludedthat ComFLOW reactssmoothlyon
smallchangesin thegeometry.

Figure 9. Snapshots of a green water simulation, time step 0.8 s
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Figure 10. Total horizontal force on cylinders with altered diameter

WAVE LOADING ON A SPAR BUOY
To validatetheprogramontheissueof wave loading,simu-

lationshave beenperformedof regularwave loadingon a SPAR
7

Buoy. At MARIN, experimentswith a SPAR have beendone
wheretheSPAR wasfixedwhile regularwaveshit thestructure.
In full scale,theSPAR hasatotal lengthof 220m andadiameter
of 35 m, the draft is 200 m in a waterdepthof 290.35m. The
SPAR hasbeendividedinto threehorizontalsegmentson which
forceshave beenmeasured(seeFigure11). The characteristics

^`_ba c dfe c gMc e hbi"jlk�mon�n c dfp c q j c rMas htjlk�j"u v p c q j c rMas wMw jlk e xb^yc dfp c q j c rMa
Figure 11. Configuration of the SPAR buoy

of the wavesusedin the simulationwhich hasbeenperformed
aregiven in the tablebelow. The directionof the wavesis 270
degrees.

TestNo. frequency period amplitude wave length
101 0.26rad/s 24.17s 5.383m 866m

The SPAR buoy hasbeenplacedon the distanceof one wave
length behindthe inflow boundary. Behind the cylinder some
extra metersareaddedto thedomainbeforethewaterflows out
throughthe outflow boundary. On the inflow boundary, the left
wall of the domain,the velocity profile and waterheight have
beenprescribedusingAiry wave theory.

The simulationshave beenperformedon a grid with about
100 cells in the wave length, 20 cells in the transversedirec-
tion and60 cells in the total heightof the domain. The grid is
stretchedin the z-direction towardsthe free surface. In Figure
12 thecalculatedwaterheightat 290meterin front of thebuoy
hasbeencomparedto the measuredwaterheight. Thewater in
front of the buoy increasesduring the simulation,which is also
thecasewith thetotalamountof waterin thenumericaldomain.
Thishappensbecausethewaterdoesnotperfectlyflow outof the
domainat the outflow boundaryon the right. This sameobser-
vationcanalsobemadewhenlooking at thepressureat thefore
sideof thebuoy 18meterbelow thewaterlevel asis shown in the
right partof Figure12. Themeanlevel of thepressureincreases
in timebecausethewaterlevel hasincreased.

A comparisonof the calculatedandmeasuredforcesin the
direction of the waves on the SPAR buoy is presentedin Fig-
ure13. Thecalculatedandmeasuredtotal forceon thestructure
matchvery well. The predictedmaximumof the force on the
Copyright  2002by ASME
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Figure 12. Test 101: wave elevation (left) and pressure on buoy (right)

uppersegmentis larger than the measuredone. More water is
flowing aroundtheuppersegmentbecauseof the increasedwa-
ter level. In theforcessomepeakscanbeobserved. Partly, they
aredueto pressurein emptycells thatchangedto a fluid cell in
onetime step(for examplethe peakat about24 secondsat the
mid segment). At the lower segmentsomeotherpeakscanbe
observed(alsoat time is 24 seconds)thathave influencein more
thanonetime step. Thesepeaksaredueto the treatmentof the
outflow boundary. More investigationis requiredto solve this
problem.
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Figure 13. Test 101: forces on the total structure and the segments

CONCLUSIONS
The simulation program ComFLOW which solves the

Navier-Stokes equationshasbeenvalidatedusing experiments
andit hasbeencheckedon sensitivity to changesin grid andge-
ometry. Lookingat theresultsof greenwaterflow onthedeckof
8

avessel,it canbeconcludedthatComFLOW canwell predictthe
physicsof greenwater. Thenumericalmethodsadoptedin Com-
FLOW have shown robustnessto meshrefinement:whena fine
enoughgrid is used,the resultsbecomegrid independent.Also
robustnesswith respectto greenwaterimpacton differentcylin-
dersis shown. Thenext stepin thesimulationof greenwateris
to replacethedambreakstartingsituationwith realwaves.

The secondtopic of this paperhasbeenthe validation of
ComFLOW usingexperimentsof regularwaveloadingonafixed
SPAR buoy. The comparisonbetweenthe calculatedandmea-
suredforcesis very satisfactory. Someproblemswereencoun-
teredat the outflow boundarywherea local Sommerfeldcon-
dition hasbeenused.Not enoughwaterflew out of thedomain
whichcausedaraiseof thefluid level. Also,peakswereobserved
in thepressuresignaldueto thenumericaltreatmentof theout-
flow boundary. Whentheproblemsat theoutflow boundaryare
solved, someattentionneedsto be given to the inflow bound-
arywherereflectionscanoccurcausedby wavesreflectedby the
SPAR buoy. Then,we will be ableto simulatemoreperiodsof
wavesimpactingon offshorestructures.
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