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NOTATION

ela,elevationamplituderatiodefinedas the mean valueof a wave height
half-cycleeventdividedby its amplitude;generallytroughto peak.

fP, frequencyat peak of a unimodalwave heightspectrum.

Hm,,significantwave height= 4[m,]~.

Hmax,maximumtroughto peak or peak to troughwave heightin a particular
realization.

Hd, troughto peakwaveheight.

H/L, ratioof wave heightto length.

(L+Q),sum of linearand quadraticconstituentsin Dalzell’ssimulation.

(L+Q+C),SUUJof linear,quadraticand cubicconstituents.

S(f),wave spectrumenergydensityat frequencyj.

Tk r time duration of a troughto peak waveheightevent.

TP , modalperiodcorrespondingto fp.

X(t),timeseriesrealizationof Dalzell’sinputwave spectru!n.

Yl(t),linearconstituentof time seriesresponsein Dalzell’ssimulation.

Y2(t),quadraticconstituentof time seriesresponse.

Y3(t),cubic

Y(t),sum of

E, spectrum

where

constituentof timeseriesresponse.

Yl(t)+ Y2(t)+ Y3(t)*

[ 1bandwidthparameter, m,ml- mZ ;
m,m,

J

4

m =# S(f)df

0

q = I S(f)f’df
d.

T, standarddeviation

~X = inputexcitationemployedin Dalzell’ssimulation.
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1.0 INTRODUCTION ““”

The purposeof this studyis best describedby the prospectusfromwhichit
originated:

“Thepresentmethodsof simulatingwavesin the test tank and
on the computerare basedon the sea surfacebeingnormally
distributed.In addition,linearstructuralanalysisschemesare
well suitedto suchwave inputinformationinasmuchas the outputis
in the same Gaussianterms. Thesefactsmean thatextensive
experimentalunderstanding,computersoftware,and analytical
competenceexistin the professionin the use of Gaussian
descriptionsof the wave phenomena.On the otherhand,thereis
evidencefrom the reportSSC-320*1,and othersources,thatextreme
wavesexistand thattheiroccurrenceand characteristicsmay not be
predictedby the Gaussiansimulations.Of evengreaterimportanceis
the evidencethat theseextremewavesproducesignificantdamageto
vessels.

The designof fixedoffshorestructuresalreadyconsiders
-. extremewaveshavingsuchnonlinearcharacteristicsas elevated

crestsand nonlineardrag forces. If substantiated,thesecritical
concernscan warrantextensivechangesin designand simulation
procedures.

Recommendation
Pursuethe analysisof wave characteristicsin extremeseas
o Developingfurtherthe techniquesfor identifyingthe special

characteristicsof extremewavesfrom stormrecords,and
o Developingalternativestatisticalor deterministicwave

treatmentswhichcan be utilizedexpedientlyin testing,simulation,
and analysisschemes.”

With regardto the firstrecommendation,the half-cyclematrix (HACYM)
methodof time seriesdata analysiswas believedto be a suitabletechniquefor
the statedpurpose. However,the relationshipbetweenthe nonlinearityof the
wave heightvariableand the distributionof peak-tougheventsin a half cycle
matrixneededto be clearlyidentifiedto demonstrateits valuein analyzing
randomfieldand test tankwave data. The secondrecommendationwas believedto
be appropriatelyaddressedby assessingthe existingstate-of-theart of random
wave generationin test tanksand computersimulations.In this regard
developmentinitiativeswere deferreduntilthe capabilitiesof existingmethods
couldbe assessed. Basedupon this interpretationof the two recommendations
containedin the prospectus,the followingspecifictaskswere established:

1. Conducta Half-CycleAnalysisof a RandomNonlinearResponseVariable.

* A completelistingof referencesis givenon page 71.
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“Asdiscussedbelowthiswas accomplishedusingthe-resultsof an existing
nonlinearsimulation.

2. CompareTest Tank and Full-ScaleHave Characteristicsfor a Seawayof
LimitingSteepness.

This comparisonwouldemploya waveheightspectrumderivedfromhurricane
Camilletimeseriesdatawhichgave evidenceof substantialnonlinearity.

3. InvestigateComputerModelingof a Nonlinear,RandomSeaway.
The thirdtaskwas to be accomplishedusinga secondorderfunctionalpoly-

nomialmodelwherethe quadratictermwas derivedfroma secondorderStokesex-
pansionfor progressivegravitywaves. The combinedlinearplus quadraticconsti-
tuentswouldbe requiredto modelthe Camillewave spectrumof Task 2.

This reportpresentsthe resultsof each task in individualsectionswhich
containboth the immediateresultsand a discussionof them. Two additionalsec-
tionsare presented,one of whichpresentsa re-analysisof hurricaneCamillewave
data in a HACYMformatthat evolvedfromTask 1 and a secondwhichoverviewsthe
resultsof the threebasictasks‘soas to identifyfollow–oninitiativesto this
project.

AppendixA of the reportoutlinesthe basicmethodologyof half-cyclematrix
analysiswhileAppendixB containsa synopsisof the nonlinearsimulationwhose
timeseriesrealizationswere analyzedin Task 1. AppendicesC and D summarize
test tankwave makingproceduresand resultingwave spectraassociatedwith
Task 2. AppendixE containsthe mathematicaldevelopmentof the nonlinearwave
simulationassociatedwith Task 3.

2.0 BACKGROUND

The conductof this studyhas been stronglyinfluencedby developmentsasso-
ciatedon the one hand with the mechanicsof HACYMAnalysisand on the otherwith
characteristicsof extremewaves. As a result,certainaspectsof thesetwo sub-
jectsare reviewedbeforeproceeding.

KACYllAnalysis
The half-cyclematrix (HACYM)methodof timeseriesdata analysisis used

extensivelyin thisreportbecauseof its abilityto identifynonlinearbehavior.
The mechanicsof the methodand certainof its inherentcharacteristicsare summa–
rizedin AppendixA. Thoseparticularstatisticalsummarieswhichhave been util-
izedin thisstudyare identifiedin Figure1. The exampleHACYHdistributionof
eventsshownin Figurel(a) is a normalizedanalysisof the inputlinear,Gaussian
timeseriesemployedin the simulationof Task 1.*

*The Sumation of up–going half-cycle events (i.e.events to the right of the null

diagonal)differsfrom the correspondingsum of down-goingeventsdue to the use
of a deadband correspondingto $10% of the bin width,or kO.05uin this case.
See AppendixA.

2
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Figurel(b)depictsthe summationof upward-goingand downward-goinghalf-cycle
event sums to obtainthe distributionof maximaand minimaof the timeseries.
Inasmuchas the firstpeaksof up-goingeventsare minima,the summationof rows
to the rightof the null diagonal(i.e.,the marginaldistribution)leadsto the
percentageoccurrenceof minimafor the associatedclassintervals.

In the highlightedrow, 331 out of a totalof 2143eventshad negativepeaks
in the intervalO to - 0.5u (standarddeviation).The summationof the high-
lightedrow of firstpeaksof downward-goinghalf cycleeventsshowsthat 155 out
of a totalof 2133eventshad positivepeaksin the interval20 to 2.5u.The
densitydistributionsof maximaand minimapresentedin this studyare alsoused
as checkson the reprocessingof Dalzell’soriginalnonlinearcomputerrealiza-
tions,i.e.,the measureddensitydistributionsof maximaand minimapreviously
obtainedby Dalzellshouldbe foundto be the sameas thoseobtainedfrom the
HACYMAnalysis. (Thestatisticsof maximaand minimaare alsoused in demonstrat-
ing thatthe analysisof onlypositiveor onlynegativewave heightpeaksto
investigateconformanceto a Rayleighdistributionis inappropriateif the process
itselfis nonlinear(seeSection3.0)).

The statisticsof Figuresl(c) and (d) are uniqueto HACYMAnalysis. It is
importantto note (asexplainedin AppendixA) that the locationof a half-cycle
eventwith respectto the diagonalsof the HACYMis a measureof the mean value
and amplitudeof a half-cycleevent. The statisticidentifiedin Figurel(c) is
the meanvalueof the distributionof half-cycleeventsalongindividualdiago-
nals. As shownin eachof the highlighteddiagonals,the mean valueis plottedat
rightanglesto the referenceleveldiagonal,i.e.,the diagonalrunningfrom the
upperleftto lowerrightcornerof the HACYM. In thisinstancethe mean values
are closeto zero and hencefallon the diagonal. The curveformedby intercon-
nectingthe mean valuesis calledthe mean valuedistributionof amplitudeevents
or MVDAE.This particulardistributionis uniqueto the presentstudysinceit has
not previouslybeen formed. The plotsof HVDAEwhichfolloware drawnas dashed
lineswheneverone of the averagevaluesbeinginterconnectedis estimatedfrom
less than5 half-cycleevents,otherwisea solidline is shown.

The statisticsused to definethe estimatedprobabilitydensitydistribution
of amplitudeeventsare formedby summingthe numberof eventsalongeach
diagonal. In Figurel(d) the highlighteddata come fromdown-goinghalf-cycle
events. Becausethereare twiceas many diagonalas row or columnsums (actually
38 vs 20),the eventtotalsfor adjacentdiagonalsare addedtogetherto maintain
the same classintervalresolutionas the marginaldistributions.For the high-

- lighteddiagonals,a totalof 691 eventshad amplitudesbetweenO and 0.5uout of
a totalof 2133downward-goinghalf-cycleevents.

The probabilitydistributioncurveswhichare shownin subsequentfiguresare
plottedas percentagesof the totalnumberof eventsper unit of the class
intervalemployed. If the ordinateis percentper a (innormalizedformat)the
densityis 1/100timesthe valueshownor alternativelyif the ordinateis percent
per 0.5ffthe densityis 2/100timesthe valueshownsincein eithercase the unit
of the abscissais o. With this transformation,the areaunderthe plotted
distributioncurveshould,of course,be closeto unity.

..-
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The HACYMis alsousedhere“tioselecttimeseriessegmeritsof-data(or
computergeneratedrealizations)whichcorrespondto extreme,or outlyingampli-
tudeevents. The rationalefor isolatingand examiningsucheventsstemsfrom the
presumptionthattheseeventsare most likelyto exhibitthe influenceof non-
linearityin the associatedprocessand furtherthat continuoustimeseriesdata
are most appropriatefor purposesof characterizingnonlinearbehavioralthough
certainparametriccharacterizationscan also be useful.

A secondmethodologyemployedin thisstudyis computerimplementedHonte
Carlosimulationswherebya statisticalexperimentis conductedunderspecified
groundrules. The complexityof closed-formanalysisof the expectationof half-
cycleeventsin a HACYMhas thus far precludedits determinationfor a random
processhavingan arbitraryvariancespectrum. One exceptionto thisgeneraliza-
tionappliesto the linear,Gaussian,narrow-bandprocessas discussedin
AppendixA. In the absenceof a generalcapability,recoursehas beenmade to
MonteCarlomethodswhichobviouslydo not have the generalityof a closed-form
solution. On the otherhand becauseof its experimentalnaturethe MonteCarlo
methodprovidesthe scatterof eventsbeyondexpectationwhichin an investigation
on nonlinearrandomprocessescan be useful,e.g.,Buckley,et a12. A third
elementof methodologywhichis of basicimportanceto thisstudyis the use of
functionalpolynomialsin the characterizationof nonlinearrandomprocesses. The
case for theiruse has previouslystatedby Dalze113:

“In general,when non-linearresponsesbecomeof
importancethereis no agreeduniversalmodelfor dealingwith
the irregularsea case. However,when the non-linearitiesmay be
considered‘weak’in somesenseone of the conceptualapproaches
whichhave been proposedhas considerableattraction.This is
the functionalseriesmodel. Amongthe attractionsare that the
modelis suitablefor any reasonablywell-behavedwave input
(regular,transientor random)and sincethe modelcontainsthe
completelylinearsystemas a specialcase it appearsto be a
logicalextensionof presentpractice. In addition,prediction
methodsfor scalarresponsespectraare availableand it appears
that the statisticsof maximamay be approximated.Finally,it
is possibleto closelyrelatethe functionsrequiredby the model
to deterministichydromechanicalanalysesand experimentbecause
the effectsof hydrodynamic‘memory’whichcomplicatethe usual
analysisare automaticallyaccountedfor.”

Hith respectto the basicconceptsof thismethology,Chapter4 ~f Harmarelis
and Marmarelis4providesan excellentexpositionexceptthat.agenericwave
spectrumhas been usedhere for inputexcitationbecausethe physicalsignifi-
canceof the nonlinearoutputis more apparent. An additionalmatterthat
shouldbe noted (whichis not particularto methodology)is thatresponseof a
nonlinearsystemis a nonlinearfunctionof the excitationlevel. Characteriza–
tionof systemoutputin HACYMformatnecessarilysuggestsevaluationat more
thanone levelof excitation.

‘-5



ExtremeWaves
.. ... .....-.—--------

As notedin the Introduction,concernfor the existenceof extremewavesis
basicto the originof thisstudyand it is thus importantthat the typesof
extremewavesconsideredhere be identified.Table1 is an updatedversionof
Table2 of Buckleyl. The designation“non-Gaussian”refersto largewaveswhich
wouldnot be realizedby the lineartransformationof a scalarspectrumback to
the timedomainassumingthe processto be Gaussian. Nonlinearityof the wave
heightprocessis implicit. The designation“episodic”here refersto the fact
thatmost of thesewaveshave been identifiedby visualmeansand that they
clearlystoodapartin appearancefrom the majorityof the largewavesin the
seaway. Suchwavescouldwell be non-Gaussianand/ornonlinear,hut the current
lack of timeserieswave heightmeasurementsprecludessuch a categorization.Of
immediateimportanceis the fact thatthis stateof affairsalsoprecludestheir
considerationin thisstudy. It is only the non-Gaussianwavesof hurricane
Camillefor whichcontinuoustimeseriesmeasurementsof wave heightare available
so that the nonlinearqualityof the wavescouldbe analyzedhere in Section4.0
and alsoused to investigatephysicaland numericalmodelingin Sections5.0
and 6.0.

Figure2 is presentedto help relatethe hurricaneCamillewave data used
here to an empiricallyderivedenvelopeof extremecombinationsof measuredsigni-
ficantwaveheights(Hmo)and modalfrequencies(fp),see Buckley5.
The righthand boundaryand circleddatumof the crosshatchedareawere derivedas
explainedin the referencewhilethe dashedboundaryshownhere is entirely
schematic.The diamonddatumcorrespondsto the 1500-1530hr. time intervalwhen
the Camilleseawaywas highlynonlinear. The associatedwave energy
spectrumhas been employedin the test tankand computersimulationsof this
study.

3.0 HALF-CYCLEANALYSISOF A RANDOHNONLINEARRESPONSEVARIABLE.

Althoughpreviousanalysesof hurricaneCamillewave data2and unpublished
analysesof certainshipmotionand componentstraindatahad stronglysuggested
thata skeweddistributionof half-cycleeventsin a HACYMwas the resultof non-
linearbehaviorof the variablein question,an explicitevaluationof this
characteristichas not previouslybeen undertaken.The availabilityof the output
data filesof Dalzell’snonlinearcomputersimulationmade an ad hoc investiga-
tionof thischaracteristicrelativelysimpleand it has been under-takenin this
studyfor two inputexcitationlevels.

Dalzell’sgeneralmethodology,inputseawayexcitationand selectionof non-
linearresponsefunctionsare discussedin AppendixB.* With respectto the HACYM
analysespresentedhere it is importantto note that:

(a)The inputexcitationwas a linear,Gaussianrealizationof a modelscale
Bretschneiderwave spectrum.

~Thesymbolu as usedhere in connectionwith Dalzell’ssimulationrefersto
excitationlevel. The symbola is used elsewhereto designatestandarddeviation.

6
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Table 1. An Initial Characterization of Large Nonlinear and Episodic Waves (Rev. A).

Type Characterization Basis for Characterization

L Nonlinear: shotl
crested,
breaking waves

Il. Episodic Waves:
a. Steep Long-

crested
Waves

b. Large
Grouped
Waves

c. Episodic
Wave
Packets

●

●

●

●

●

●

●

●

�

Steep and elevated
above mean water level.
Short crested.

Elevation/amplitude ratio
= 0.5

Produced by strong,
rapidly increasing winds

Recurring as every 7th
or 9th large wave in a
storm driven seaway
containing waves at least
20 ft high

Group of three large
waves in seaway. Second
wave frequently largest in
group.

Occur in storm winds
which are no longer
increasing, or which have
begun to decrease.

“Three Sisters”: group of
three long-period waves
intruding into existing
seaway at angles of
about 30° from principal
wave direction. Generally
occur in vicinity of storm
with central winds of
60 kn or more.

“Rogue” Wave: large
breaking wave intruding
into existing seaway at
angles up to 50° from
principal wave direction.
Likely to occur in vicinity
of upper altitude “TROF”
as it overtakes an
existing or developing
low. High altitude comma
shaped cloud usually
associated with TROF.

●

●

●

●

●

●

●

�

Time-series wave data
from Hurricane Camille
and associated wind
velocity increase.

Casualty cases
associated with strong
rapidly increasing winds:
– SEA-LAND MARKET
– LPD-12
– CHESTER A. POLING
– F/V FAIR WIND

Observations by officers
from ooean weather
ships.

Waves encountered by
CV-62, SEA-IAND
McLEAN, LST-I 193
Obsewations by officers
from ocean weather
ships.

Observations by oflicers
from ocean weather ships
se well as ship masters
of considerable at-sea
experience

Rogue Wave encouters
by U.S. NAVY FRIGATE,
CHU FUJINO,
MUNCHEN, and
associated synoptic
weather patterns.

Note: These characterizations do not necessarily apply to waves in Agulhas current
(S.E. Coast of Africa).
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(b)From amongthe variousnonlinearoutputrealizations,only’those-corre-
spondingto ax = 0.25 (baseline input)and ax = 1.0 (maximuminput)wave
spectrahave been analyzed. Whilethe significantwaveheightwas increasedby a
factorof four,the modalfrequencyremainedfixedat 1 hz.

(c)As discussedin AppendixB, the nonlinearresponseat all excitation
levelsbeyondthe baselinecase are availableby linearsu expositionof the fac-
toredtimedomainconstituentoutputs,i.e., 5C (Linear)+C (Quadratic)+C3
(Cubic)= Totalresponse(L+Q+C)wherefor the baselinecase (ux= 0.25)C = 1.0.

(d)In view of thishomogeneityproperty,the constituentoutputswere first
analyzedseparatelyin normalizedHACYMformatand thenin combination,with the
linearplusquadraticcase (L+Q)beingomittedin favorof the combinedcase
(L+Q+C)at u = 0.25becausethe contributionof the cubicconstituentwas rela-
tivelysmall: The firstof 10 sampleoutputrealizationsat thisexcitationlevel
is shownin Figure3. The firstset of HACYHanalysescorrespondsto the combined
outputs(i.e.,10 samplerealizationscombined)for X(t),Yl(t),Y2(t),Y3(t) and
Y(t). Sinceall of thesewere normalizedby theirrespectivetimeseriesstandard
deviations(withzeromean)only the combinedoutputY(t) changedas a resultof
changingthe excitationlevel. Figure4 presentsthe constituentresultsfor

‘x = 1.0 (Sample1) whereinYl(t)increasedby a factorof 4.0, Y2(t) by 4.02and
Y3(t)by 4.03. It is evidentthatonly the combinedoutputY(t) will producea
differenttimeseriesand HACYMresultin normalizedformatat ax = 1.0.

(e)At ox = 1.0,HACYManalysesof Y(t) are presentedfor both (L+Q)and
(L+Q+C)casessinceimportantdifferencesnow existbetweenthesecombined
outputs.

Figure5 summarizesthe resultsof HACYManalysisof the linear,Gaussian
(model-scale)seawayinput. The rangeof the half-cyclematrixin Figure5(a)was
chosenas A5u, therebeing2142half-cycleeventswith positiveslopeand 2133
with negativeslopeswhichcrossedfromone databin levelto anotherand did not
lie entirelywithinthe deadbandof *0.05a. (SeeAppendixA). Sincethe number
of half-cycleeventsuncountedfor failureto crossclassintervallevelswith an
amplitudegreaterthan0.05uis not necessarilythe same for up-goingand down-
goingevents,thesetotalswill not necessarilybe the same. The percentage
differenceshouldof coursebe smallfor a largedata sample,in thiscase
100 X 9/2132= 0.42%. The distributioncurvesof maximaand minimaare asymmetric
in shapebut symmetricin relationto eat;otheras one wouldexpectfrom the
resultsof Cartwrightand Longuet-Higgins. Theirbandwidthparameterin this
case is approximately(E = 0.6),see FigureA-7 of AppendixA. The mean value
distributionof amplitudeeventsof Figure5(c)is linearout to the pointwhere
lessthan 20 eventsare averaged.Relativelylargeexcursionsoccurwhereless
than5 eventsare averaged(seedashedlinesin plot). The shapewhichthe
distributioncurveof amplitudeeventsFigure5(d)shouldtake is not knownbut
the relativelylargenumberof eventslyingbelow= *1u is believedrelatedto the
high frequency,low energyportionof the inputwave spectrum.

The linearconstituentof the responseis analyzedin Figure6 whereboth
Figures6(a)and 6(b)reflectthe more
trumas shownin Figure13 of Dalze113

narrow-bandcharacterof the responsespec–
and as impliedby the time-seriesof

.—
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Figure3. The bandwidthparameterinferredfrom the distributiori”curves’ofmax~ma
and minimain 6(b) is approximatelyE = 0.2 (whereO wouldresultin a Rayleigh
distribution).Againthe mean valuedistributionof amplitudeeventsis linear
out to a pointwhereonly about20 eventsare averaged. In Figure6(c) as in 5(c)
the trendof the curveis stillessentiallylinearover thatpart of the rangein
whichsamplingvariabilityis an importantfactor. Roughly,the lineartrendof
the distributioncurveis evidentout to a pointwhereabout5 eventsare being
averagedeven thoughthe individualstatisticsare subjectto appreciablevariabi-
lity. Beyondthatpointsamplingvariabilityis dominant. (Itwill be notedthat
thisobservationis made with respectto a randomprocesswhichis effectively
stationary).The shapeof the amplitudedistribution~eof Figure6(d)
resemblesthat for the inputvariableabovetlu. Belowthisvaluethe distri-
butioncurvesare quitedifferentapparentlydue to virtualeliminationof the
high frequencyportionof the wave spectrumby the filteringactionof the rela-
tivelynarrow-bandresponsefunction(whichincidentallypeaksin this simulation
at the modalfrequencyof the wave spectrum).

HACYManalysisof the quadraticconstituentof the responseis shownin
Figure7 whilea sampleof the originaltime-seriesvariableis shownin Figure3
as Y2(t). The half-cycleanalysisof Figure7(a)resultsin a highlyskewedpat-
ternof eventsand the need for a matrixrangeof = *1OU in contrastto the linear
inputand outputvariablesof Figures5 and 6. Figure7(b)revealsthat the dis-
tributioncurvesof maximaand minimaare no longersymmetricwith respectto one
anotherand that the mean valuedistributionof amplitudeeventsof 7(c) is highly
nonlinearwith only abouthalf of the curvedeterminedas the resultof averaging
more than 5 events. The distributioncurvesof amplitudeeventsof 7(d) retain
theirsymmetryaboutthe null diagonalalthoughthe shapeof the curvesis unknown
below0.50. The requirementthat the area underthe probabilitydensitydistri-
butioncurvebe unitysuggeststhatbelow0.5u the curvesturndownward,but the
localshapeis unknown.

Figure8 presentsthe resultsof HACY’Manalysisof the cubicconstituentof
the nonlinearresponse. The half-cycleanalysisof Figure8(a)revealsa gener-
ally symmetricdistributionof half-cycleeventsin contrastto Figure7(a) for
the quqdraticconstituent. (Notethat the scaleof the matrix*1OU is the same in
each case). The distributionsof maximaand minimaof Figure8(b)are nearly
symmetricreflectingthe generallysymmetricdistributionof eventsin
Figure8(a). The mean valuedistributionof amplitudeeventsof Figure8(c)is
essentiallylinearfor the samereason. Whilethe rangeof this curveis
appreciablygreaterthan thatof Figure7(c),it is apparentthathere also a
substantialproportionof the curveis definedby less than 5 events. This
suggeststhatboth constituentswill tend to producegreatervariabilityof the
more extremeeventsin the compositetimeseriesand by implicationmore extreme
valuesper se. (Seealso the timeseriessamplesof Figures3 and 4, Y2(t)and
Y3(t). One can reasonablyanticipatethat the extentto whichthis is truewill
be a strongfunctionof the inputexcitationleveland furtherthatsincethe
cubicconstituentis increasingmore
its influencecan becomesubstantial

rapidlythan the quadraticby the valueof C,
dependingupon the excitationlevel.
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The inherentabilityof the cubicconstituentto ultimatelyproducemore
extremeresponsesis reflectedin the scaleof the abscissasof Figure8(d)
and 7(d). The majorityof the amplitudeunitsin each figurefallwithintla
but to encompassthe more extremevaluesof the cubicconstituentit was
necessaryto increasethe *5u scaleof 7(d) to *1OU in 8(d).

For the responsemodelat hand,it is apparentthat the nonlinearityof
the MVDAEcurvereflectsthe nonlinearityinherentin the quadratic
constituentbut not the cubicconstituent.

The HACYlfanalysisof the combined((L+Q+C)outputat the Ox= 0.25
excitationlevelis givenin Figure9. Inasmuchas the linearconstituent
and the combinedoutputhave been normalized,directcomparisonof the
respective figuresis appropriate.The half-cycleanalysisof Figure9(a)
contrastswith 6(a) in two obviousrespects. First,the distributionof half-
cycleeventsis obviouslyskewedin 9(a)whereasthatof 6(a) is not. Second,
with eachHACYMscaledto 250, the peak half-cycleeventsof the normalized
linearcase clearlyfallwithinthe boundsof the matrixwhereasit is reached
(andat one pointexceeded)in the normalizednonlinearcase. The natureof
the nonlineardistributionof half-cycleeventsin the HACYl!is quiteapparent
in the MVDAEcurveof Figure9(c)whilethe linearlyof the MVDAEof the
linearconstituentis equallyapparentin Figure6(c). The changefrom linear
to nonlinearresponseis alsoreflectedas asymmetryin the distributionof
maximaand minima,compareFigures6(b)and 9(b). The influenceon the
distributioncurvesof amplitudeeventsFigures6(d)and 9(d) is minimalat
the ~x= 0.25 excitationlevel. This statisticin the case at hand is
apparentlyinfluencedmore by spectrumshapethanby the nonlinearityof the
process.

Dalzell$previouslyprovidedthe distributionsof maximaand minimafor
the combinedoutput (L+Q+C)at both ax= 0.25 and UB=l.O whichcan now be
comparedto the correspondingdistributionsobtainedby HACYManalysis.
Figure10(a)presentsthe comparisonfor ox= 0.25 fromwhichit can be seen
thatexceptfor a slightzero shift (about0.2u)*,the two distributionsare
in closeagreement. At UX= 1.0 a similarzeroshiftexists. In this case
the distributionof maximaare in closeagreementbut not the minima. It is
believedthat thisdifferenceis due primarilyto a lack of resolutionin the
HACYManalysissince94% of all minimafall in just two classintervals. The
conclusionis drawnform thesecomparisonsthat,with the exceptionof a small
zeroshift,good agreementexistsin theseindependentassessmentsof maxima
and minimafor the time-seriessimulations.

The HACYManalysesof combinedoutputfor the linearplus quadratic
(L+Q)and linearplus quadraticPlus cubic (L+Q+C)casesat an input
excitationlevelof ux= 1.0 are presentedin Figures11 and 12. the half-
cycleanalysisof Figuren(a) is distinctivelyskewedand containstwo
relatedhalf-cycleeventswhichexceedthe *7u scaleof the matrix. A
correspondinglystrongasymmetryexistsin the distributionsof maximaand
minimaof Figuren(b). The MVDAEdistributionof Figure11(c)is strongly
nonlinearas impliedby the half-cyclecountdistributionof Figure11(c)
whilethe distributionof amplitudeeventsof n(d) remainssymmetric.

* Due to differencesin definingthe mean valueof the time seriesoutput.
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The analysisof Figure12 can be compareddirectlywith thatof Figure9
sinceonly a changein excitationlevelis involved. It will be notedfirstthat ‘
the half-cycleeventdistributionof Figure12(a)employsa matrixscaleof *1OU
vs *5u for 9(a), Unlikethe gx = 0.25 case the distributionof eventsin the
outerportionof the matrixof Figure12(a)is very sparseso that approximately
the entireouterhalvesof the HVDAE curve of Figure12(c),are developedfrom
sampledistributionsinvolvinglessthan 5 events. Thus,the comparativelysmooth
distributioncurveof Figure9(c)doesnot evolve. That such a resultmightoccur
at a high inputexcitationlevelis not surprisingconsideringthatthe increased
quadratic(x16)and cubic (x64)constituentsexhibitthesesame characteristics,
see Figures7 and 8. The distributioncurvesof amplitudeeventsin Figure12(d)
are not as symmetricas in the othercasesinvestigatedfor reasonsthatare not
self-evident.Moreover, the peak of the distributionsoccurat = kO.5uor less in
contrastto Figure9(d)wheretheyoccurat Ala. (Notethat the ordinateof 9(d)
must be multipliedby a factorof 2 in orderto be comparableto that of
Figure12(d).*

Althoughthe foregoingresultsapplyspecificallyto the genericshipmotion
modelemployedby Dalze113in his originalsimulationthereare certaintrends
which-arenoteworthy.

(a)Utilityof Mean ValueDistributionof AmplitudeEvents (MVDAE)
The MVDAEcurveprovidesa relativelyclearindicationof the linearityor

nonlinearityof inputand outputvariables. Additionallyrthe developmentof
comparativeasymmetryin the densitydistributionsof maximaand minimaalsore-
flectsnonlinearitybut not as clearly. In any caseHACYI!analysisof the varia-
blesprovidesboth statistics.As regardsthe influenceof quadraticand cubic
termconstituents,in thisinstancethe quadratictermhas a pronouncedinfluence
on the nonlinearityof the MVDAEcurveand asymmetryof the distributionsof
maximaand minima. The cubicconstituenton the otherhandhas a significant
influenceon the distributionof amplitudeeventsin contrastto the MVDAE. It
remainsto be determinedwhetheran orthogonalrelationshipexistsbetweenthe
two constituentsas regardsthesedistributions.

(b)OtherEvidenceof NonlinearBehaviorfromHACYHAnalysis
Nonlinearityof a responsevariableis generallyimportantbecauseit can

leadto more extremeor qualitativelydifferentresponsesthan if it were linear.
The tendencytowardmore extremevaluesis evidentupon comparingthe half-cycle
analysesof Figures5(a),6(a),9(a),n(a) and 12(a). First,examinationof the
scaleof the normalizedmatrixand the proximityof half-cycleeventsto the outer
boundaryleadsto the followingobservations:

* A reduced size class interval (0.5V) was used here and in other
f~gures where sharply peaked distributions were encountered.
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Variable MatrixScales

Inputwave spectrum *5U
Linearresponse(morenarrow-band) *5U

Combinedoutput *5U
(L+Q),ax = 0.25
Combinedoutput *7U
(L+Q),Ux = 1.0
Combinedoutput *1OU
(L+Q+C),ax = 1.0

Proximityof Eventsto Outer
Boundaryof Matrix

Comfortablywithin boundary
Withinboundarybut
closerthaninput

Boundaryexceededby two events

Boundaryexceededby two events

Eventsapproachingboundary

It is clearthat the combinationof nonlinearityand high inputexcitation
resultedin more extremevaluesof the normalizedresponsein thisparticular
realization.Nonlinearresponsemaximawere increasedover the purelylinear
responseat ax = 0.25. (At*5u two eventsexceededthe boundaryof the matrixin
the nonlinearmodel). The complete(L+Q+C)nonlinearmodelwhen excitedat

ax = 1.0 producedextremeeventsapproaching*1OUwhereasthe linearmodelproduced
extremeeventsapproachingonly k50.

The tendencytowardmore extremeresponseswas accompaniedby an evident
tendencytowardfewereventsof an extremenaturewithinthe normalizedmatrix.
This behaviorarosefrom the tendencyof the nonlinearconstituentsin Figures3
and 4 (i.e.,Y2(t)and (Y3(t))to primarilyaugmentthe largesteventsof the
linearresponseconstituentin the time-series.The thinningout of half-cycle
countdistributionsas theyapproachmaximumresponsevaluesis alsoreflectedin
the MVDAEcurvewhen it is codedto identifymean valuesderivedfrom less than
fivehalf-cycleevents;see Figures5(c),6(c),9(c),11(c),and 12(c).

(c)Comparisonof HACYMand “ZeroUp/DownCrossing”Analysesof WaveData.
The ZeroUp-Crossing(ZUC)Methodis frequentlyused to analyzetimeseries

wave heightdata and to determinewhetheror not the wave heightprocessis
narrow-bandGaussianin character. In thismethodpeak/troughexcursions(and
viceversa)whichdo not resultin a crossingof mean waterlevelare discarded.
Moreover,wave heightsare measuredin termsof the totaldistancebetween
successivetroughsand peaksdefinedin thismanner. (Ifstatisticsare
accumulatedas heightexcursionsfrompeaksto succeedingtroughsit wouldbe
identifiedas a “zerodown-crossing”method. It is generallyheld thateither
procedureis acceptablefor the intendedpurpose). Inasmuchas HACYManalysisis
a more consistentmethodof analysis(allpeak/troughexcursionsare retained
regardlessof whetheror not theycrossmean waterlevel)it is of some interest
to comparethe resultsof eachmethodas appliedto analyzingwave heighttime-
seriesdata.

To thisend
excursionswhich
amplitudeevents

it is clearthatsincethe ZUC methodresultsin wave height
correspondto doubleamplitudevalues,a HACYUanalysisof
when multipliedby two wouldgive comparablestatisticsexcept
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Xor the zero-crossingrestriction.A first-approximationto ZUC methodresults
can be obtainedby eliminatingthoseeventswhichfall in the upperrightand
lowerleftquadrantsof the half-cyclematrix,i.e.,thoseeventsin whichthe
troughof the wave is abovemean waterlevelor the crestis belowmean water
level. Unfortunatelythereis no simplemethodfor augmentingthe amplitudeof
the half-cycleeventsfromwhichthese (generallysmall)amplitudeeventshave
been deletedso as to make the timeseriesdata continuousagain. The results
presentedbeloware thus approximate.Sincetheseunaugmentedhalf-cyclesare
not in the majorityand sincethe percentageof augmentationis generallynot
large,the approximationis believedadequatefor purposesof illustratingcertain
features.

The normalizedhalf-cycleanalysisof the inputwave spectrum(Figure5(a))
has beenmodifiedin Figure13(a)as suggestedabove. Figure13(b)comparesthe
effectof thismodificationon the distributionof maximaand minimafor reference
purposes. With the exceptionof overlappingportionsof the distributions,the
ZUC methoddoes not resultin excessivedistortionof the truedistributionof
maximaand minima. With respectto the distributionof amplitudeevents,however,
thisis not true as shownin Figure13c. The fact the ZUC methodtendsto result
in a Rayleightypedistributionas illustratedin Figure13(d)stronglysuggests
thatit is not a suitabletestof whetheror not the processis narrow-band
Gaussian. It might,of course,be arguedthatsincethe HACYMand ZUC distribu-
tionstendto mergeat high valuesof a, the lattermethodis adequatefor approx-
imatingthe distributionof maxima. The resultsof the HACYManalysisof
Figure11, however,illustratethat the distributionof amplitudeeventsof Figure
13(d)giveslittlesuggestionof any substantialnonlinearityof the process. The
significanceof this factwith respectto maximais evidentby comparingFigures
6(a) (linear,Gaussianoutput)whereall eventsfellwell withinthe *5u boundsof
the normalizedmatrixto Figuren(a) where,for the nonlinearmodeland excita-
tion levelat hand,a *7c matrixwas not largeenoughto containall of the
events. Obviouslyfailureto detectthatnonlinearbehavioris involvedcontri-
butesto the possibilityof the ZUC methodleadingto inappropriateconclusions
regardingmaximaas well.

4.0 FURTHERANALYSISOF HURRICANECAMILLEHAVE DATA

The evidentabilityof the MVDAEdistributionto detectnonlinearbehaviorin
randomtimeseriesdatahas prompteda re-examinationof a normalizedHACYManaly-
ses of wave heightdata availablefrom a previousinvestigationof hurricane
Camille,Buckley,et a12. In thisstudyhalf-hourdata samplesfrom 1000 to 1618
hourswere normalizedon a scaleof A6U. The resultsof re-examinationare
summarizedin Figure14. An associatedcorrelationof significantwave height,
averagewind velocityand the wave spectrumpeakednessparameterS(f)max/Hmo%is
providedin Figure15 for the same timeperiod. (Thelatteris proportionalto
the peak energydensitydividedby the areaunderthe spectrumand henceis a
roughmeasureof the peakednessof the spectrum).Wave heightspectraare
providedin Figure16.
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ThenonlinearityOf thewaveheighttimeseriw data as ●videncedin the
HVDU distributioncur~~sCSM~ characterized ● s follows:

(a)1000to 1200hours
.

A mod@stindicationof n~nline= hhavior existsin Figures14(a)-(d)notably
fortheperiod1000- 1030hours. In thesucceedingtwohalf-hourintervalsthe
distributioncurvesare substantiallylineardespitethefactthatsignificant
waveheightcontinuedto buildduringthisperiod. The averagewindvelocityon
theotherhanddecreases abruptlyfromthe1000- 1030to the 1030- 1100time
interval.Thereafterwindvelocityincreasedsteadilyduringtheremainderof the
twohourinterval.Spectrumpeakednessgenerallyincreasedduringthe interval
withsignificanthalf-hourvariationswhichhad no obvious relationshipto either
nonlinearityof the?NDAEcurveor averagewindvelocity.The dominantfeatureof
thetwohourintervalis an episodicwaveevent(li#Emo = 2.4)whichproduced
fouroutlying,sequentialhalf-cycleevents.

(b)1200to 1400hours
Duringthistwohourintervalthereis a modestbut clearindicationof non-

linearityin theHVDAEcurvesof figures14(e)-(h)withthe finalhalf-hour
exhibitingthemostpronouncedtrendin thisregard. Significantwaveheight
showsa generallyconsistentbuild-upduringtheperioddespitean abruptincrease
in windvelocityduringthe 1300- 1330 time interval. The wavespectrumof ,
Figure16(b)indicatesa substantialenergyconstituentcenteredat modalfrequen~
c~,duringthistime. In thenexthalf-hour,an abruptdecreasein average wind ?.
velocityandspectrumpeakednessoccuraccompaniedby an evidentlevelingoffof
significantwaveheight.

(c)1400to 1618hours
Duringthisperioda substantialincreasein averagewindvelocityoccurred

togetherwitha significantincreasein nonlinearityof theHVDAEcurvesof
figures14(i)-(m).The trendtowardpronouncednonlinearityis brokenduringthe
1530-1600intervalfollowinga briefcessationof thebuild-upin averagewind
velocityduringtheprevioushalf-hour.Thewindbuild-upresumesin thenext
half-hour,however,whichis followedby a returnto pronouncednonlinearityin
theMVDAEcurve. Spectrumpeakednessis seento decreaseabruptlyduringthe1400
to 1618 hoursintervalwiththe lowestvalueduringtheentireanalysisperiod
occurringat theendwhendatagatheringceaseddue to powerlosson theplatform
fromwhichthemeasurementsweremade.

Despitetheobviousdifficultyof drawingclearand supportablegeneraliza-
tionsfromthisre-analysisof hurricaneCamillewaveandwinddataone central
findingdoesemerge,namelythatthemostlinearHVDAEcurveswereobtainedwhen
averagewindvelocitywas lowest,(103Oto 1130hours)and thatthemostnonlinear
curveswereobtainedduringa periodof a prolongedakdrapidbuild-upin wind
velocity(1400to 1618hours). Consideringthatthe,winddrivensea and swell
waveswerealmostcertainlyhi-directionalearlyin thedataanalysisperiodand
thattheobservedseawaywas surelyinfluencedby windfieldanomalieswellupwind
of themeasurementsite,it is interestingthatsuchan evidenttrendwas found
despitetheseattendantcomplexities.*

* lt is also of interest that parametric steepness is l~mited by the

% = 0.00776g boundary of Figure 2 does not fully identify the total
T,’extent of nonlinearity of a seaway.
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In view of thesefindingsit seemsreasoriableto expect””thatanalysesof
shortfetch,unidirectional(small’scale)seawaysunderthe influenceof strong
localwindswouldbe revealingin regardto wave breakingand transientseaway
build-upcharacteristics.It will be noted,however,thatsuchanalyseswould
be seriouslyimpededwithoutcontinuousand accuratetimeseriesmeasurementsof
wave heightand relatedparameterssuch as wind velocityand direction.

5.0 TOWINGTANK MODELINGOF A NONLINEARRANDOMSEAUAY

Thisinvestigationis the resultof the secondof the threemajortasks
associatedwith thisstudy. Its primarypurposeis to comparethe nonlinearityof
wavesmeasuredduringa particularthirtyminuteintervalof hurricaneCamilleto
thatof wavesgeneratedat modelscalein a towingtankwherethe originalwave
spectrumwas modeled. The comparisonwill be made on the basisof a half-cycle
analysisof the prototypeand modelscaletimeserieswave heightdata as well as
on the basisof the timeseriescharacteristicsof the largestwave events.

Two commercialtowingtankfacilitieswere taskedto conductessentially
duplicateexperimentsso thatin the eventthe tankwaveswere foundto be poor
replicationsof the originalwavesthe resultcouldnot arbitrarilybe attributed
to the wavemakingmechanicsof a particularfacility. Each was providedwith the
wave heightspectrum(Hmo=40 ft.)obtainedfromhurricaneCamilleduringthe 1500
to 1530hrs intervalwhen the seawaywas especiallynonlinear,see Figure14(k).
The selectionof modelscalewas leftto the individualfacilitywith the stipula-
tion thatthe significantwave heightbe as high as possiblewithoutcompromising
attainmentof the givenspectrum. A minimumof 500 waveheighteventswere
requestedwith multiplerunspermittedas neededto minimizewave reflection
effects. Time serieswave heightmeasurementswere calledfor at a “primary”
locationto be selectedby the facilityas thatmost likelyto satisfythe wave
makingrequirement.In additionmeasurementswere requiredat a “secondary”loca-
tion approximately100 feet from the wave maker. This requirementwas subsequent-
ly amendedto correspondto the locationin the tankwhichthe facilityregarded
as the furthestlocationfrom the wave makerat whichdataacquisitionwouldnor-
mallybeginduringa modeltowingexperiment.Videocoveragewas requiredat the
primarylocationwith a backgroundscaleerectedso that timeserieswave height
measurementscouldlaterbe comparedto the instantaneouswave profileand also so
that the visualcharacterof a breakingwave couldbe comparedto the measured
wave profileat an instantof interest.

Letterreportssummarizingthe testresultswere alsorequiredand theseare
presentedhere in AppendicesC and D. The facilitiesselectedwere the Arctic
OffshoreCorporation(A.O.C.)in Escondido,Californiaand the DavidsonLaboratory
of the StevensInstituteof Technology(D.L.)in HobokenrNew Jersey.
Procedures

Wavemakingat A.O.C.was conductedat a scaleof approximately1:30usinga
singleflap,singlesegmentwaveboard. Two data gatheringrunswere made,the
firstof which (Run1001)
spectrum. The secondrun

was intendedto closelymodelthe hurricaneCamillewave
(2000)employeda wave makercontrolprogramdesignedto
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,- modelJONSWAPspectrabut whichcouldproducea spectrumshapesimilarto the
Camillespectrum. Capacitancetypewave probeswere located82 and 194 feet from
the waveboard. (S@e Figure2.1 of AppendixC). Each of the runswas continuous
and producedapproximately400 wave events.

At the DavidsonLaboratoryrwavemakingwas conductedat a scale-ofapprox-
imately1:50usinga doubleflapwaveboard. Sevenstatisticallyindependentdata
gatheringrunsweremade. Resistancetypeprobeswere located70 and 170 feet
from the waveboard.

Additionalinformationregardingthe testand data analysisproceduresis
containedin AppendicesC and D.
Results

In the caseof the A.O.C. tests,only Run 1001has been consideredas imme-
diatelyapplicableto the originalobjectives.With respectto modelscalethe
followingresultwas obtained(expressedas full scalevalues):

Run No. Hmo (Primary)
(ft)

1001 39.1

A comparisonof the Camille

Hmo (secondary) ScaleFactor (Primary)
(ft)
37.6 29.4

and testwave spectrais providedin Figure17
for the primary(Have2) and secondary(Wave3) probelocations.At each location
the wave energywas somewhatgreaterthan the Camillevaluesnear the mode of the
spectrumand less at frequencieswell abovethe mode especiallyfor the secondary
probelocation.

The resultsof a half-cycleanalysisof the time serieswave data fromeach
locationis presentedin Figures18(a)and (b)whilethe mean valuedistribution
of amplitudeeventsare shownin Figures18(c)and (d). In the caseof the lat-
ter,the correspondingdistributionfrom the Camillewave data is superimposed.
(Itwas necessaryhere to adjustthe Camilledistributionfor the differencein
matrixscales,i.e.,A6U vs t5u). At the primarylocation,the trendsof the
distributionsare quitesimilarout to the pointwherethe curvesare definedby
fewerthan5 events (dashedportionof the curve= In thisregimethe trendof
the hurricanewave data is more nonlinear. At the secondarylocation,the tank
data show.slightlylessnonlinearitythanat the primarylocation. Selectedtime
serieseventsare shownin Figure19 for the A.O.C.data. Theseparticularwaves
were selectedfor examinationon the basisof theirbeingthe largest(forward
face,peak to trough)wavesin the timeseries.See circledhalf-cyclewave events
in Figure19(a). Theseparticularwavesare characterizedby theirelevation/
amplituderatiowhichcorrespondsto the mean valueof the troughto peak data
excursiondividedby one half of the totalexcursion. Thus for a wave havinga
precedingtroughas far belowmeanwaterlevelas the followingcrestis above
e/a = O. As an indicationof frontfacewave steepness,the timeintervalfrom
troughto cresthas alsobeen determinedfor the threelargestwavesin Figure19.

Comparisonof Figures19(b),(c)and (d) showsthatwhilewavescorresponding
to the lowestand intermediatevaluesof e/a happento have similarvaluesof
troughto crestheight (Hd),the frontface steePnessof the latter was
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appreciablygreaterwith● risetimeof 4.8vs 6.15seconds.Thewavehavingthe
highestvalueof ●ia was Sosewhat high- -d steeper on the frontfacethaneither
of theothertwowaves. HOreOVer,thetimeseriescharacterof thiswaveis also.
noticeablydifferentfrom theothertwo.

Figure20 containsa groupof threewavesfromhurricaneCamille(1500-1530
hours)whichwereselectedon a similarbasis,see thecircledhalf-cycleevents
in Figure20(a). In thisdataset thee/avaluestendedto be higher,although
forthewavehavingthehighestvalue(e/a= 0.48),therisetimewas similarto

.thatforthescaled-uptankwavewhichhad thehighestvalueof Id. Usingthe
parameterHdlT~ as a measureof frontfacesteepness,thetankwavewas slightly
steeper (3.60vs 3.36). The timeseriescharacterof theCamillewave,however,
suggeststhattheupperhalfof thewavemaywellhavebeensteeper. (Seediscus-
sionbelow).

Theresultsof theDavidsonLaboratoryexperimentwithrespectto scaleis ● s

followsfor eachof thesevenrunswhichconstitutedthetotaltestsample. In
thiscasethetankdataarepresentedat modelscale.

RunNo. ho J@!!!AW Nmo (secondary) ScaleFactor
(inches) (inches)

36 8.9815 8.5416 53.4
37 8.9446 8.5514 53.7
39 9.0866 8.5720 52.8
40 9.0504 8.5708 53.0
45 9.1497 8.5945 52.5
46 8.9967 8.5383 53.4
52 8.7950 8.6174 54.6

?

.

The scalefactoron theaveragewas justover1:53for thiswavemaking
experimentwhilethereductionin significantwaveheightfromprimaryto
secondarywaveprobelocationwas 5 percentwhichis aboutthe sameas thatfound
fortheA.O.C.facility.*Figure21 comparestheaverageof themeasuredand the
scaleddownCamillewavespectraat primaryand secondarystafflocations.The
matchnearthemodeof thespectrumis goodat bothstafflocationswhereasthe
energyat frequenciesabovethemodeis somewhatlowerfor the tankwaves
especiallyat thesecondaryprobe. The lossof waveenergyat thehigherfrequen-
ciesforthesecondaryprobelocationis similarto thatshownin Figure 17 for
theA.O.C.wavemakingexperiment.

Resultsof a half-cycleanalysisof the completesetof timeseriesdatafrom
eachprobelocationis containedin Figures22(a)and (b). The respectivemean
valuedistributionsof amplitudeeventsareshownin Figures22(c)and (d)with
thecorrespondingdistributionforhurricaneCamille(1500-1530hrs)superimposed.
As in thecaseof theA.O.C.data,thedistributionsof Figures22(c)and (d)
matchthatforCamilleratherwelluntilthedashedportionof thedistribution
curveis reachedwherethetrendtowardnonlinearityis greaterforthehurricane
drivenseaway.

* The modal period of the test spectrum was based on a target scale
factor of 1:50 rather than an achieved value of’1:53 hence the test
modal period was greater than intended byF

= 1.03-
m —
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Selectedtimeserieswave eventsof maximumamplitudeare shownat model
scalein thisinstancewith full-scalevalueof wave heightand rise timegivenin
the upperrighthand cornerof Figures23(b),(c),and (d). Scalefactors
employedwere takenfrom the individualruns in question.

Beforeconsideringthe time seriesof theseparticularwaves,a parametric
characterizationof all the wavesshownin Figures19, 20, and 23 will be under-
taken. The parameterswhichwill be consideredare the forwardfacepeak to peak
wave heightHd, rise timeThd elevation/amplituderatioe/a, and steepness
parameterHd/Thd2. Theseare presentedin Table2 in orderof increasing
valuesof ela.

Table2, Characterization of Largest Waves in Test Tank Experiment.

-. .

A.O.C. Waves D.L. Waves Camille Waves

Hd THd HdflHd2 Hd
‘Hd

Hd~Hd2 Hd
‘Hd ‘flHd2

(ft) (s)
ela —

(W (s)
eta — (ft) (s) “a ~w~2)

(ft/s2) (ft/s2)

“ @ -:” @ 625472-001 28’
63 4.60 0.14 2.98

64 4.80 0.06 2.78 69 5.12 0,09 2.63 65 4.80 0.32 2.82

72.8 4.50 0.31 3m’o ‘1@ ‘“ o ‘5 44048 336

With the exceptionof the highestwave in the A.O.C.timeseries,all of the
waveheightsare in the mid to high 60’s. The rise timesshowmore variability,
but with the exceptionof the loweste/a wave in the A.O.C.groupand the highest
e/a wave in the D.L. group,the rise timeslie between4.40and 5.12 seconds. The
e/a ratiosfor the tankwavesare similarto one anotherbut are clearlylower
than thosefor the Camillewaves. The steepnessparametersfor wave frontshaving
similarvaluesof e/a are themselvessimilarwith the exceptionof the wavescited
aboveas havingnoticeablydifferentrise times (seecircledvalues).

The timeseriescharacteristicsof the wavesshownin Figures23(b)and (c)
do not appearto be unusual. However,thaton Figure23(d)is suggestiveof a
wave on waveconformationwherethe comparativelylong rise timeof the frontface
is due to the particularinteractionof the wavesat the time of measurement.
Whetheror not such a conformationis unusualis not known.
Discussion

The primarypurposeof the test tankwave makingexperimentswas to compare
the nonlinearcharacteristicsof tankwaveswith thoseof full-scalehurricane
waveswherethe waveheightspectrumof the hurricanedata samplewas duplicated
at modelscale. The questionto be answeredthenis: Vhat was the basisfor
comparisonand what did it reveal? Beforeattemptingto answerit severalmatters
shouldfirstbe discussed.

SampleSizeand Stationarity:The hurricaneCamille1500 to 1530hoursdata
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sampleproducedapproximately211 half-cycleeventsof each type (“i.e.,up-going
~and down-going)see Figure20(a). It is obviousfrom the analysesof Figures
14(a)through(m)that the normalizedwave characteristicwere far fromstationary
duringthe storm,particularlywhen the subjectdata samplewas taken,so that
whilethe testtankwavemakingexperimentscouldbe consideredto representa
stationaryrandomprocesses,the stormwavescouldnot. In the case of the A.O.C.
experimentapproximately400 half-cycleeventswere producedwhilein the D.L.
experimentapproximately860 were producedin total. As far as the test tankdata
samplesare concernedthereseemedlittlemeritin truncatingthemto 211 events
sinceone mightas well have the best availablecharacterizationof half-cycle
statisticsfor the associatetime series. Nevertheless,the statisticsof maxima
in particularshouldbe examinedwith reservationssincethereis a rangeof up to
4 to 1 in the samplesizesinvolved.

Uhen examiningthe parametricor timeseriescharacteristicsof the largest
wavesin a linear,Gaussianprocess,one must admitthe possibilityof significant
variationsin such characteristics.A comparableexaminationof the largest
eventsfroma nonlinearprocessmust admitto the samevariabilityexceptwhen the
nonlinearityhas reducedthe variabilityof the largesteventsin someuniqueway.
Obviouslya majordilemmaexistssinceboth randomnessand uniquenessmay be pre-
sent. In the caseof hurricanedrivenwaves,extremenonlinearityis associated
with severelybreakingwavesso that the assessmentof uniquenessis not espe-
ciallydifficult.

With theseadmonitionsin mind,the followingobservationsare offered. The
lfVDAEcurvefor the primarywave staffmeasurementsis very similarto that from
the Camilledata out to a pointwherethe largestwave heightsoccur. Beyond
thatpointthe data suggestthat the Camillewavesare more nonlinear. With re-
spectto the parametriccharacteristicsof the largestwaves,Table2 suggests
thatthereis lessvariabilityassociatedwith the Camillewaves.

Variabilityin the timeseriescharacteristicsof the largestof the tank
wavestendsto obscureany uniqueness.In the case the Camilletime seriesevents
shownin Figures20(b),(c),and (d)thereis an apparenttrendtowardsteepnessin
the upperhalf of the forwardfaceof the wavesas the e/a ratioincreases. Be-
causeof the availabilityof time serieswave heightmeasurementsfrom the test
tankbreakingwave experimentsof Duncan,Wallendorfand Johnson8,furthercharac-
terizationof the wave of Figure20(d)is possible.

In theseexperimentsbreakingwavesof both a spillingand plungingcharacter
were generatedby deterministicmeansdescribedin the reference.Figure24
presentssequentialtime serieswave heightmeasurementsfrom fouradjacentwave
probespositionedalongthe centerlineof the tankg. The wave in questionwas
characterizedas a plungingbreaker. Usinga scalefactorderivedfrom the trough
to crestheightof the time serieslabeled“PlungingBreaker”and the
correspondingheightof the Camillewave of Figure20(d),the formerhas been
scaled-upand plottedover the latterin Figure25. In thiscomparison,the time-
scaleof the tankwave was increasedby the squarerootof the scalefactor,mean
waterlevelswere made coincidentas were the wave crestsalongthe time scale.
It is apparentthat thereis considerablesimilarityin the two timeserieswave
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eventsso thatone may inferthat the Camillewave couldhave brokenwith somewhat
of a plungingcharacter.This is in contrastto the tankwavesrecordedon video
tapeat the A.O.Cand D.L.whereonly spillingbreakerswere observed. Hhilethe
limiteddatabase at hand precludesdrawingfirmconclusions,this findingis at
leastconsistentwith the trendtowardgreaternonlinearityin the largest
Camille’swavesas comparedto thosefromeitherof the two towingtank
experiments,Figures18(c) and 22(c). This shouldnot be construedas an inherent
limitationof tankwave makingsincelong crestedas opposedto shortcrested
waveswere generated.

Beforemovingon to othermatters, severalincidentalobservationsregarding
the towingtankwavemakingexperimentsshouldbe made. The firstconcernsthe
repeatabilityof an extremewave eventin the time seriesdata from the A.O.C.
experiments.As previouslymentionedRun 1001whichmost closelyapproximatedthe
Camillewave spectrumwas supplementedby Run 2000whichinvolveda JONSHAPspec-
trumapproximation.Figure26 showsthat the resultingspectraat the primary
stafflocationwere in factquitesimilar. As shownin Figure27, therewas a
majorwave eventin eachof the time serieswhichwere very similarto one another
and whichoccurredat aboutthe same time after“timezero”in the wave making
sequence. It was subsequentlydeterminedlO,that the respectivewave makingse-
quenceswere not statisticallyindependent.This resultis of particularinterest
in thatif a timeserieswaveheighteventof particularinterest(i.e.,one of
whichis potentiallycriticalfroma modelmotionor loadsresponsepointof view)
couldbe embeddedin a statisticallyacceptablerealizationand made to appearat
a predeterminedlocationand timein the tank,an experimentcouldbe performed
havingbothdesirablestatisticaland deterministicqualities.

From the pointof view of approximatingthe Camillewave spectrum,the dual
flapwavemakerat the DavidsonLaboratoryappearedto providea somewhatbetter
match at high frequenciesthan the singleflapwave makerat ArtecOffshoreCorp-
oration. Consideringthat the lossof energyin thisregimewas progressivewith
the distancefrom the wave makerand thatthe D.L. primarywave staffwas propor-
tionatelyfurtherfrom the wave makerthan thatat A.O.C.,the capabilityof the
dual flapwavemakermay be somewhatgreaterin thisregardthan is evidentin a
comparisonof the wave spectraof Figures17(a)and 21(a). With respectto the
nonlinearityof the respectivetimeseries
encewas evidentso that the
were not self-evident.

6. NUHERICAL

meritsof the

MODELINGOF A

wave heightdatano substantialdiffer-
dual flap

NONLINEAR

The wave spectrumchosenfor nonlinearmodeling

wavemakerin

RAMDOllSEAWAY

thisregard

is the same as that employed
in the towingtankwavemakingexperiments,namely,hurricaneCamille,1500-1530
hours. As in the genericnonlinearshipmotionresponsemodelof Section3.0,
functionalpolynomialmodelingwas employedalthoughin thiscase only linearand
quadratictermswere considered.The approachtakento numericalmodelingis
summarizedin AppendixE. In contrastto the modelingof nonlinearshipmotions,
AppendixB, nonlinearityderivesfromsecondorderwave-waveinteractiontheory

45



?—.. . .

.=..,—-- ..- —.—,.....L__

. .. I

5000.0

7 HSIG 41.955 f’

4500.0

1

--- TEST NO. 1001 FILTEREDAT 0.040 Hz
HSIG-H 41.870 f’

4000.0 HSIG.L 2.675 ft

1000.0

500.0

0.0

MOo.11OE+O3fi2
Ml 0.973E+ 01 R21$
M2 0.957S +00 f’%2
M3 0,108E + 00 tt%=
M4 0.143E -01 !“21s4
MOIM1 11.31 s
SQRT (MO/M2) 10.72 s
PEAK PERIOD 13.47$
EPSILON 0.6s

PTS. USED 16384
START TIME - 0.00 s
SECONDSANALYZED-3901.69
SAMPLEDAT 4.199 Hz
SMOOTHED 51 POINTS
BANDWIDTH 0.01307 Hz

I I I I I I I I I I
0.0 0.03 0.06 0.09 0.120 0.150 0.180 0.210 0.240 0.270 0.300

FREQUENCY(Hz)

Fig, 26. Spectrum from Wave Gage 2 for 60 Minute Simulation Using JONSWAP
Spectrum.

50

40
4

10+1

-20
--i

Ii ---TEST NO. 1001

t = 1583 S

.n.

1550 1557 1564 1571 1578 1585

FULL-SCALETIME (S)

Fig. 27. Comparison of Waves of Highest

Test Runs 1001 and 2000.

Elevation/Amplitude Ratio from A.O.C.

I ‘.

46



ratherthannonlinearequationsof notion. The timeseriesrealizations
generatedconsistedof 10 statisticallyindependentsampleswhichhave been
treatedhere as one largesampleas in the case of the shipresponse
simulation.The numberof wave eventsassociatedwith thiscombinedoutputis
substantiallygreaterthanthat from the half-hourof hurricanewave data
(approximately1112vs 211)whichhelps to definethe statistical
characteristicsof the modeledseawayin a more completemannerthan the
naturalseaway. It could,of course,resultin the largestwavesin the
formerbeingsomewhathigherthanthe latter.

Figure28 showsthe combinedlinearand nonlineartimesseriesfor
Sample9 as well as a separatetracefor the quadraticconstituentso thatits
time-seriescharactercan be examined. Becausethe primaryeffectof this
constituentis to raiseand flattenwave troughsand raiseand steepenwave

““peaks,it must also steepenand elevatethe waves.particularlythe largest
ones. The influenceof the quadraticconstituenton the shapeof the wave
spectrumis relativelysmallas shownin AppendixE.

Resultsof HACYManalysisof the combinedten sampletime seriesare
shownin Figure29. The probabilitydensitydistributionsof maximaand
minimaof Figure29(b)reflectrelativelymodestnonlinearbehavior. Beyond
about2a the distributioncurvesshow some irregularityfor reasonswhichare
not immediatelyapparent. The MVDAEcurveof Figure29(c)exhibitsless
tendencytowardnonlinearitythan the superimposeddistributioncurvefrom the
hurricaneCamillewave datawhilethe probabilitydensitydistributioncurves
of 29(d)are approximatelyas symmetricas in the HACYManalysesof Section
3.O.*

Time serieswave eventsof maximumamplitudewhichare identifiedin
Figure30(a)are shownin Figures30(b),(c)rand (d). Of the threecandidate
wave eventsof intermediateelevation/amplituderatio,thathavingthe
steepnesswave frontwas selectedfor characterization.Becauseof the
increasedplottingscalecomparedto Figure28, the influenceof nonlinear
wave-waveinteractionis more evident. Thesewavesarecompared
parametricallyin Table3 to thosepreviouslyobtainedfromhurricaneCamille,
Figure20.

Table3. Characterization of Largest Waves in Numerical Model.

Nonlinear Numerical Waves Camille Waves

Hd ‘Hd ‘8Hd2 H~ ‘Hd ‘_@Hd2

(ft) (s) eta (it) eta
W+j- (s) w

63 3.5 -0.03 5.14 63 4.60 0.14 2.98

67.5 4,6 0.20 3.19 65 4.80 0.32 2.82

62 3.0 0.32 6.89 65 4.40 0.48 3.36..—

~ Differencesin the respectiveHVI)AE curvesas low valuesofr ar@ due ‘o
slightdifferencesin definingthe mean valuesof the respectivetime series.
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Asidefromthe generallylowervaluesof elevation/amplituderatiofor the ‘“”
numericallymodeledwaves (whichapparentlyreflectsthe comparativetrendsof
Figure29(c),the most strikingdifferencein the two setsof waveslies in the
greaterparametricsteepnessof the numericalwaves. For characterization
purposes,a valueof the frontfacesteepnessparameterHd/Thd2can be obtained
fromthe followingexpression:

u u

a regularwave of heightHere a wave heightto lengthratiois postulatedfor
Hd and period2Thd. The linearestimateof wave lengthin Englishunits,
L= 5.12T2is increasedby a factorof 1.10 to accountfor secondorderwave
steepnesseffectson wave phasevelocity. A nominalvalueof H/L = 1/7 will be
takenas an estimateof a physicalupperlimitof wave steepness. In the caseof
the numericalwave havingan e/a ratioof 0.32,the H/L value=6.89/22.53=l/3.27.
The comparableCamillewavehas an H/L value= 3.36/22.53= 1/6.7. For the wave
havingthe loweste/a ratiowe find the numericalwave has an H/L ratioof
5.14/22.53= 1/4.38whilefor the correspondingCamillewave H/L = 2.98/22.53 =
1/7.56. It thus appearsthatthe steepeningof the linearwavesevidentin
Figures30(b),(c),and (d),can resultin unrealisticfrontfacesteepnessappar-
entlydue to a lackof wave breakingwhen frontface steepnesswould call for it.

This findingshouldnot be construedas suggestingthatnumericalmodelingof
breakingwavesis incapableof modelinga steepseaway,but ratherthat “offthe
shelf”wave-waveinteractiontheoryhas importantlimitationsas appliedto a
hurricanedrivenseaway.

7.0 OVERVIEWOF RESULTSAND RECOMMENDEDDEVELOPMENTINITIATIVES

The purposeof this sectionis to reviewthe objectivesof the studyand the -
resultsof the preceding sectionsto determinethe extentto whichtheywere
fulfilled.Followingthis,developmentinitiativesare consideredwith respectto
(a)additionalseawaycharacterizationsrequiredfor structuraldesignof ships
and offshoreplatformsin extremeseasand (b)the determinationof criticalloads
and motionsfor thesesame structures.

The prospectusfor this studywhichis containedin Section1.0 callsatten-
tionto the fact thatmethodsand analyticalexpertiseexistfor linear,Gaussian
seawaymodelingbut that thereis evidencethatdangerouswavesoccurwhichmay
not be accountedfor by suchmodelingand that this couldwarrantextensive
changesin designand simulationprocedures.It recommendedin particularthat
the studypursuethe analysisof wave characteristicsin extremeseas:

(1)Developingfurtherthe techniquesfor identifyingthe specialcharacter-
isticsof extremewavesfromstormrecords,and
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(2)Developingalternativestatisticalor deterministicwave treatmentswhich
can be utilizedexpedientlyin testing,simulation,and analysisschemes.

Beforereviewingthe resultsof Section3.0 thru 6.0 as theyrelateto these
objectives,it is importantto note the generallimitationsof the approachwhich
was takenin satisfyingthem. Firstof all, the studyhas employed“off-the-
shelf”methodsand simulationdata. Thus,the previouslyestablishedHZ4CYHmethod
of timeseriesdata analysiswhichhad an apparentbut unprovenabilityto detect
nonlinearrandomprocesseswas investigatedfurtherwith respectto this capabi-
lity. The simulationused to assessits capabilitieswas a nonlinearmathematical
shipresponsemodelpreviouslydevelopedby Dalze113. Secondly,resultsof
previousHACYManalys~sof hurricaneCamillewave heighttime seriesdatawere
used to demonstratefor the firsttime the efficacyof the mean valuedistribution
of amplitudeevents(HVDAH)in detectingnonlinearcharacteristicsof such a sea-
way. Whiletime series data from a seaway of extreme parametric steepness was
available for analysis,comparabledata for a seawaycontainingepisodicwaves
(seeTable1) was not analyzedfor lackof time seriesdata from such a seaway.

The towingtankwave makingexperimentsalso employedhurricaneCamillewave
data for the same reason. As far as wave makingcapabilitieswere concernedthese
experimentsemployedstate-of-theart randomwavemakingproceduresat two well
qualifiedcommercialfacilities.No considerationwas givento generatinga
seawayof more or less linearity.

Numericalmodelingof the hurricaneCamilleseawayemployedsecondorder
wave-waveinteractiontheorywhichcontainedno constraintson wave steepnessso
thatbreakingwave phenomenaassociatedwith such a seawaywas not replicated.As
in the caseof the towingtankwave makingexperiments,considerationof possible
improvementswas set asideuntilshortcomingsof the availablemethodhad been
identified.

Overviewof Results
The resultsof HACYManalysisof the outputof Dalzell’snonlinearship

responsemodel (Task1) demonstratedthe abilityof the methodto identifya non-
linear“randomprocess. In particularthe HVDAE,whichwas formedhere for the
firsttime,was foundto be especiallyuseful. At the same time it was clearfrom
the resultsthatnonlinearitywas most evidentfor the quadraticconstituentof
the associatedfunctionalpolynomialmodel. The influenceof the cubicconstitu-
ent in contrastwas most evidentin the tendencyof the HACYIIeventdistribution
to stretchat its extremities.The rangeof the normalizedresponsevariable,for
example,nearlydoubledin the simulationat hand,i.e.,from aboutt5u (linear)

- to tlOu (linear+ quadratic+ cubicconstituents)for a fourfoldincreaseof input
excitationto the model.

Usingan approximationto the ZeroUp/DownCrossingmethodof wave data ana-
lysisit was shownthatthiscommonlyusedmethodcan lead to erroneousconclu-
sionsor inferencesregardingthe linearityof the waveheightprocess. HAcYn
analysison the otherhand providesa comprehensivecharacterizationof the same
data especiallywith regardto the assessmentof nonlinearity.
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Althoughit providesa clearindicationof the existenceof nonlinearityin a
randomprocess,HACYlianalysisdoesnot providean equallyclearindicationof its
uniquecharacteristics.In orderto help overcomethis limitation,timeseries
extractionsof the largestamplitudeeventsin the data samplewere used to iden-
tifythe characterof theseevents. This approachwas also employedin the analy-
sis of hurricaneCamillewave data and associatedtowingtank and numerically
modeledwaves.

EACYManalysisof hurricaneCamillewave heightdata from 1000 to 1618hours
revealedthatthe nonlinearityof the seaway,as evidencedin the HVDAEcurves,
increasedas the centerof the storm approached the measurement site. Comparison
of thisnonlinearitywith averagewind velocitysuggestedthatthe two were corre-
latedin thisstormwith an apparenttime lag of about30 minutes. Thesefindings
suggestedthatEACYManalysismethodsare suitablefor assessingthe changing
nonlinearityof wave heighttimeseriesdata. They furthersuggestthat it is
essentialthatcontinuousas opposedto sampleddata be providedand thatwind or
any otherrelatedparameterbe continuouslycorrelatedwith the wave data in order
to adequatelycharacterizethe nonlinearprocess. Inasmuchas the majorityof
measuredwavedata todayare providedas sampledwave spectra(e.g.20 minutedata
samplestakenanywherefromonceeveryhour to everythreehours)this requirement
representsa significantdeparturefromconventionalpractice. Horeover,any
departuresin the timeseriesdata fromaccuratelymeasuredvaluesof wave height
vs timecouldeasilyr’esultin erroneousindicationsof linearityor nonlinearity.

It is importantto note againthatonly characterizationsof Camillewave –
heightdatahavebeenprovidedfor lack of similardata fromseverewinterstorms
whichhavebeen foundto producethe episodicwavesof Table1.

The towingtankwavemakingexperimentsrevealedthatmuch of the nonlineari-
ty in the originaltimeserieshurricaneCamillewave data (1500-1530hours)was
recapturedwhen the measuredwave spectrumwas modeled. Each of the towingtank
facilitiesinvolvedappearedto have somedifficulty,however,in attainingall of
thedesiredenergydensityin the high frequencyportionof the spectrum. At the
secondary(downstream)probethisdiscrepancywas increasedsomewhatover that at
theprimaryprobe. Generallythe elevation/amplituderatiosof the lar9estwaves
in the hurricaneCamilletime serieswas greaterthan thatof the towingtank
waves= Becauseof the smalldata samplesnecessarilyinvolved,thisobservation
mustbe regardedas subjectto confirmationby additionalexperimentsand espe-
ciallyby analysisof additionalwave heightdata fromseverelybreakingseas.
The timeseriescharacterof a deterministicallygeneratedplungingbreakerat the
U.S.NavalAcademyHydromechanicsLaboratorywas foundto be quitesimilarto that
for the hurricaneCamillewavehavingthe highestelevationamplituderatioin the
interval1500-1530hours. This suggeststhatif plungingbreakers were not pres-
ent in towingtankrandomseawayswhen full-scaleseawaydata indicatesthat they
shouldbe, discreteseverelybreaking wavescouldalternativelybe formedby simi-
lar deterministicproceduresin orderto evaluateassociatedmodelresponsechar-
acteristics.In addition,wave data fromone experiment(Figure27) showedthata
deterministicallygeneratedrandomseawaycouldreproducea particularextreme
waveeventat a knownlocationin a towingtank. Both of thesefindingssuggest
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thatwithrespectto the modelingof steep”””breakingseaways,’’towingtank-wave
makinghas potentialcapabilitiesbeyondthosedemonstratedin the subject
experiments.

Computermodelingof the hurricaneCamilleseaway(1500-1530hours)using
existingwave-waveinteractiontheoryproduceda wave heighttimeserieswhich
exhibitedsomewhatlessnonlinearityin the MVDAEcurvethan the actualseaway.
The mannerin whichthe largelinearwavesin the timeserieswere modifiedby
wave-waveinteractionappearedto be reasonable,i.e.,wave troughswere raised
and flattened,crestswere elevatedand the frontface of the wavessteepened.A
parametriccomparisonof frontfacesteepness,however,indicatedthat two out of
threeof the largestwaveswere much steeperthan the largestwavesin the Camille
timeseries.It is believedthatsincethe wave-waveinteractiontheoryemployed
did not providefor wave breaking,wave frontsteepnesscouldreachunrealistic
valuesin thisparticularsimulation.

Thisresultdemonstratesthe need for includingbreakingwave characteristics
whenmodelinga seawayas steepas thatof hurricaneCamillenear its center. It
alsodemonstratesthatHACYHanalysisof timeserieswave heightdata is insuffi-
cientfor identifyingall of the importantnonlinearqualitiesof the waves.
Extractionand characterizationof the largesthalf-cycleevents,helpsto over-
comethisdeficiencydue in part to the fact that the influenceof non linearity
is mostpronouncedfor the largestwaves.

Basedupon the foregoingit is concludedthat: (a)HACYManalysistogether
with timeseriesdata extractionis an effectivemethodfor identifyingimportant
nonlinearqualitiesof time serieswave data; (b)wave makingin towingtanks
whichreplicatesthe originalwave spectrumtendsto producemodelscaletime
serieswavesof similarnonlinearityto the originalwavesand, (c)wave-wave
interactiontheoryapparentlyrequiresincorporationof a wave breakingmechanism
when usedto modela seawayof extremenonlinearity.

Giventhesefindingsit is believedappropriateto placeprimaryemphasisin
the nearfutureon obtainingand analyzingtimeserieswaveheightdata from ex-
tremeseas. It 1s suggestedthatneitherphysicalor numericalmodeling
tallyproceedin the absenceof suchdata. Physicalmodelingappearsto
generallyacceptablebasisfor investigatingnonlinearbehaviorof waves
responseswithoutmajordevelopmentactivity.

RecommendedDevelopmentInitiatives
An importantaspectof identifyingextremeseas to be consideredin

can logi-
offera
and model

the de-
signof dynamicallyrespondingstructuresis the need for identifyingseawayand
ship (orplatform)characteristicswhichin combinationresultin criticalloads
or motions. In thisc&text the phrase“extremeseas” takes on a meaningwhich
is more complexthanis oftenconsidered.From an engineeringpointof view is it
believedto be selfevidentthat thiscomplexitymust be acceptedif reliable
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‘“structuresare to be designedexceptin ‘those”””caseswhereempiricaldesigncri–
teriahavebeen foundthrucontinuingexperienceto achievethisresult.* Situa-
tionsrequiringa rationaldeterminationof criticalloadingsmost oftenconcern
operationsin extremeseas and/orhighlynonlinearbehaviorin less thanextreme
seas. For purposesof recommendingdevelopmentinitiativesthisdiscussionwill
relatefirstto ExtremeSeas in whichloadand motionproblemsare generally
apparentand thento CriticalSeaway/Operation/ResponseCharacteristicswhere
knowledgeof seawaycharacteristicsis insufficientfor the identificationof
criticalloadings.

ExtremeSeas:
The envelopeof extremecombinationsof significantwave heightand modal

frequencyshownin Figure2 was derivedfromNOAA buoy and offshoreplatformwave
spectrummeasurements,Buckley5. This envelopeand the characteristicshapesof
the pointspectraused to defineit providea broad,parametricdefinitionof
extremeseas. In view of the apparentcorrelationbetweenthe nonlinearityof
hurricaneCamilletime serieswaves, (Figure14),and the proportionof high fre-
quencywave energyin the associatedspectra,(Figure16) it is evidentthat the
parametricvariablesHmo and fP associatedwith thisenvelopewill not necessarily
reflectthe elevatedand breakingcharacterof a seawaywhichcan developin the
presknceof strong,gustywinds.

Giventhatparametricdescriptionsof extremeseasare now available,it is
believedappropriateto statethatemphasisshouldnow be placedon acquiringand
analyzingtimeserieswave heightdatawhichwill permitcharacterizationof dis-
tinctiveand dangerouswavesin extremeseas. Whilethe HACYMmethodas illus-
tratedhere in Sections3 and 4 is believedsuitablefor identifyingsuchwavesin
timeseriesdata,it is not widelyknownor used. Otherproblemsexistas well.
The majorityof wave data publishedat this time are presentedin wave height
spectraldensityformatwhichdoes not permitidentificationof the originaltime
seriesdata fromwhichthe spectrumwas determined.In some cases,such as data
fromNOAAbuoys,time seriesmeasurementswere not made in the firstplace. ?fore-
over,spectraare normallydeterminedfromsampledmeasurements,e.g.,20 minutes
of dataobtainedanywherefromonce an hour to once everythreehoursor more.
Examinationof Figure14 revealsthat the nonlinearcharacterof the hurricane
Camilleseawaywas sufficientlyvariablethatonly continuousdatawas suitable
for HACYManalysis. Moreover,the companionplotsof wave spectraand average
wind velocityvs time suggestthat thereis a relationshipbetweenchangingwind
strength,the nonlinearcharacterof the HVDAEcurvesand concurrentchangesin
wave spectrumshape. Whilethe data at hand are insufficientto establishthe
particularnatureof thisrelationship,it is believedevidentthatHACYManalysis
of timeserieswave data shouldbe accompaniedby analysisof concurrenttime

XThisleadsto an importantsecondary problemof identifyingcircumstancesin

whichempiricalcriteriaare not reliable. Thismatteris generallyresolvedon
the basisof
suggestthat

unusualoverallgeometryor anticipatedserviceexperiencewhich
empiricalcriteriawill do not applyto the situationat hand.
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serieswindvelocity(amongothervariables)in orderto obtaina more
completeunderstandingof the uniquecharacteristicsof stormdrivenwavesand
of the wind conditionswhichproducethem.

Froma date acquisitionand analysispointof view,a numberof charges
are requiredin currentpracticein orderto accomplishthis. The first
developmentinitiativerecommendedin Table4, 1s intendedto provide
documentationfor utilizingthe HACYMmethodtogetherwith a PC computer
programwhichwill enablepublicor privateinvestigatorsto proceedwith time
serieswavedata acquisitionand analysisin HACY?!formatwith a minimumof
developmenttimeand cost.

The secondinitiativeis directlyrelatedto the firstand callsfor a
surveyof thoseinvestigatorswho now engagein, or can gathertime series
waveheightdata so thatthe documentationand programmingassociatedwith the
firstinitiativewill be as effective.

The finalinitiativerecommendedhere underthe ExtremeSeasheading
anticipatesthe thrustof the discussionwhichfollows,i.e.,that knowledge
of seawayswhichare lessthanextremewill also be requiredfor identifying
extremeloadsand motionsof shipsand platforms,and furtherthat the seaway
informationshouldbe assimilatedintoDesignWave Climatesso as to permit
the assessmentof extremeloadswhichreflectoperationin associatedgeneral
oceanareas. Some initialstepsin accomplishingthis initiativehave been
takenas reportedin Buckleyii.

Critical SeawaylOperatlonlResponse Characteristics:
The discussionwhichfollowsappliesprimarilyto buoyantplatformsand

shipsratherthan fixedoffshoreplatforms. Moreover,becausethe inherent
complexityof evaluatingseawayinducedloadsand motionsariseslargelydue
to additionalvariablessuchas speed,heading,and loadingprimary
considerationwill be givento problemsassociatedwith shipsfor illustration
purposes.

In dealingwith seawayloadingswhichare criticalbecauseof a
particularcombinationof seaway,speed,headingand displacement
conditions,it is generallynot obviousas to whichparticularcombination
mightbe criticalfor a particularcomponentof ship structureso that the
identificationof criticalcircumstancesof loadingis a significant
problem. Heavyweatherdamagesurveysof shipsrevealthatwave impact
loadingsare a dominantcauseof damageand so it is implicitthatnonlinear
loadingsare likelyto be involved. Whilelessobvious,it is possiblethat
nonlinearshipmotionscan be involved. From this it is presumedthat (a)
scalemodeltestingin wavesas opposedto numerical(i.e.computermodeling)
shouldbe givenprimaryconsiderationat this timeand (b)HACYManalysisof
loadand motiondatamightproveto be of valuewherenonlinearbehavioris
suspected.

Thesematters,for severalreasons,can be examinedon an ad hoc
basisusingdata availablefromoperationof SL-7high speedcontainer
ships. Firstof all,becauseof a majorresearchprogramsponsoredby
the ShipStructureCommittee(seeStambaughand WoodLz)full-scaleload
and motiondata from a varietyof heavyseasoperationare availablefor
analysis. Second,severaltypesof heavyweatherdamagewere associated
with thisclassof shipwhichit will be showncan be relatedto the
full-scalemotiondatameasuredin high seas. The firstof the heavy
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Table 4. Recommended Development Initiatives.

A. Seaway Characteristics:

1. Standardized HACYM wave data analysis methods and
provide a PC code for its implementation.

2.Survey potential time-series wave data sources including
NOAA and offshore platform operators.

3.Establish design wave climates.

B, Seaway/Operation/Response Characteristics:

1. Survey available test tank wave making capabilities with
respect to extreme seas and episodic waves.

2. Surveyfree-runningmodeloperationsand
existing/potential test sites for determining critical
loading conditions.

3. Summarize full-scale SL-7 load and motion data. Identify
critical loading/motion conditions.

C. Seaway Loadings

1. Plan research program to establish water impact load
criteria.
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weatherdamageproblemsinvolvedhull girder“lateral”bendingloadsforwardwhich
occurred
bow seas
Buckleyl
dentwas

The

when the shipwas operatedat high speed (approximately30 knots)at a
headingin roughseas. An exampleof this typeof damageis reviewedin
(Section3.2, pg 16 and AppendixA, Case 28). A particulardamageinci-
summarizedas follows:

“In thisinstancethe SL-7classcontainership S.S.SEA-
LAND GALLOWAYexperienceddamagein a relativelymoderate
seawayof 8-12ft seas,13-20ft swells,with localwindsof 30
to 40 knots. Discussionof SL-7classheavyweatherdamage
experiencewith a navalarchitectfamiliarwith the ship
revealedthatit had beenproceedingat approximately30 knots
when it encounteredan unusuallylargelong-crestedwave in the
seawaywhichcouldbe seenapproachingfrom a distance,but
whichcouldnot be avoidednor the ship slowedsubstantially
beforeit was encountered.The resultingbendingmomenton the
forwardportionof the hull girderwas sufficientlylargeas to
causepaintto flakeoff locallydue to plastictensilestrains
on one sideof the hull whileon the oppositeside local
“crinkling”of the platingoccurred. In additionto this
information,an unpublishedlistof extremescratchgage
readingsby shipand date furnishedby TeledyneEngineering
Servicesrevealedthat the incidentin questionproducedthe
4th highesthull girderscratchgage strainreadingrecordedon
this classof ship out of a total of 36,011 individual
readings.”
reasonthatthe ship couldbe operatedat high speedin roughseaswas

its freedomfromdeckwetnessundertheseconditionsas evidencedin an investiga-
tionlaterconductedby 0’Dea13usinga towed1:60 scalemodel. Duringthe course
of thisinvestigationit was observedthat:

“Thedesignof the bow flareon thishull provedto be
very effectivein preventinggreenwaterfromboardingover the
stem or sides. Even at thirtyknotsin Sea State7 bow seas,
wherespray-typewetnessoccurredfrequently,shippingof water
to a measurabledepthon deckwas a rare event. Thiswas true
despitethe fact thatrelativemotioncommonlyexceededthe
freeboard,as indicatedby clippingof the relativemotion
signals. In fact,visualobservationof this conditionoften
indicatedthe simultaneousoccurrenceof a spraysheetcoming
directlyover the bow and a wave elevationnear stations2 or 3
clearlyabovethe levelof the deck but beingpushedaway from
the deck by the flaredbow sections. Two photographsof this
effectare shownin Figure15. An extendedseriesof
experimentswas run in the conditionmentionedabove (SeaState
7, 30 knots,Bow seas),correspondingto one and one-halfhours
full scale,and in this time
measurabledepthof wateron

periodonly one occurrenceof
deckoccurred.”
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The relativefreedomfromdeckwetnesslaternecessitatedreballastingthe
model“to a trimmedwaterlinewhichreducedthe freeboardforwardby about40
percent”in orderto causedeckwetnesswhichwas an objectiveof the test
program.

The secondof the heavyweatherdamageproblemswas somewhatanomalousin
view of the tendencytowarddrynessin roughseas sincethisone involveddeck
wetnessand damageforwardwhilehove-toin veryhigh seas. An instanceof this
typeof damageis summarizedin the DeckLog abstractof Figure31, with the inci-
dent in questionoccurringduringthe 12-16hourswatch,Buckleyl(pg25). An
incidentwhichoccurredundersomewhatsimilarcircumstancesbut whichdid not
resultin reportabledamageis describedby Buckleyl(pg32) as follows:

“On 19 December1973,the SEA-LANDMcLEANproceededdown
the EnglishChannelin gustywindsof 30 to 35 mph. As it
movedwestboundinto the NorthAtlanticthe wind veeredfrom
southto west and finallynorthwest. The wind velocitydropped
early-onas did the barometerso thatat 0840hrs (GMT)the
wind was blowing10 mph fromthe west with 5-foot waves at a
barometricpressureof 28.68inchesof mercury. Two hours
laterat 1050hrs the barometerhad droppedslightlyto 28.66
inchesof mercury,but the wind had risento 50 mph with an
observedwave heightof 25 ft. In successivetwo-hourinter-
vals the wind rose to 70, 80, 90, and 100 mph (87knots). At
1510hrs with the wind at 80 mph, the shipwas hove-toand
remainedthatway for approximately6 hoursat whichtime a
violentslamoccurred(thepeak stressingcase),whichprompted
the captainto turnthe shiparoundand run beforethe storm.”

This stressingcaseproduceda peak to peakmidshipbendingstressof approx-
imately54 ksi whichis clearlyof an extremenature. Insightintothe apparent
paradoxof freedomfromdeckwetnessat high speedin high seas and a pronounced

- deckwetnessproblemwhen hove-toin extremeseas is availablefromHACYManalyses
of full-scaleSL-7data performedoriginallyby Band,Lavisand Associates
(BLA)14.In this investigationpitch,roll and midshipbendingstressdatawere
analyzedfor portionsof two voyages. One interval(Voyage59W,IntervalNo. 20)
correspondedto bow seasoperationat 29.7knotsin roughseas. The other (Voyage
291f,I~terval41) containedthe extremebendingstresseventdescribedabove.
Figures32, 33 and 34 containMVDAEcurvesdeterminedfrom the resultsof HACYM
analysesby BLA of pitchangle,midshipbendingstressand roll anglerespectively
with data from the two intervalsplacedsideby side in each figurefor easeof
comparison.It is apparentin Figure32 thatpitchresponsewas nonlinearin each
intervalbut of oppositesignwith the largerpitchangleresponseoccurringin
the intervalof hove-tooperation. The nonlinearbow-upmotionof Figure32(a)
combinedwith the protectiveactionof the bow flaredescribedaboveresultedin
substantialfreedomfromdeckwetness. The nonlinearbow-downpitchmotionof
Figure32(b)on the otherhand was conduciveto deck wetnessas suggestedin the
Deck Log entriesfor 1200-1600and 1600-2000hoursof Figure31 (fora different
SL-7shipand voyage). The firstfindsthe vessel“---pitchingdeeplyin a very
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1/16174
00-240033Texel L/V abeam 130°, 8.2.0’ cast. Vessel pitching mod. to easily in a rough

to mod. SWly sea and mod. avg. swell. Weather moderating after 0230. Shipping
seas over fore dk and hatches. Routine inspections.
Bar. 30.08 Wind SW x W 5 (19-29 kn)

04-08 0800 Moderate to rough SSW’ly sea. Vessel taking light seas over bow and main
deck. Heavily o’cast. Routine inspections,
Bar. 29,84 Wind SSW 5-6 (19-31 kn)

08-120759 Greenwich buoy to poti 5.7 mi. 0842 Owers W to st’bd 9.6 mi. 0927
St. Katherinss Pt. to st’bd 11.7 mi. off CICto 268°g&t 1021 Anvil Pt. to st’bd 11.8
mi. 1058 Bill of Portland to st’bd 6.9 mi. off 1100 engine room given 90 min.
notice to slowdown. Partly cloudy with rain, passing squalls. Vessel pitching mod.
in a rough SW’ly sea, taking heavy spray across decks. Routine inspections.
Bar. 29.46 hVmd SW 7-6 (3246 kn)

12-16 1222 r/s 80 rpm. Approaching Berry Head, maneuvering to let Pilot off vessel,
1255 Pilot Roggen away in launch p/s. 1308 increase to 80 rpm. 1323 increase to
90 rprn. 1327 gyro 200°, 1342 reduce to 80 rpm. to ease vessel in heavy seas
and increasing wind. 1405 r/s 75 rpm. 1425 rls 60 rpm. 1449 ds 55 rpm. 1451* rls
45 rpm. O’cast vessel rolling mod. and pitching deeply in a very high rough WSW
sea and very high and steep swells. Shipping seas over decks and hatches.
Routine inspections.
Bar. 29,42 Wind WSW 11 (64-73 kn)

16-20 1648 c/c 240° gyro. 1838 r/s to 30 rpm. 1851 r/s to 25 rpm. 1900 i/s to 30 rpm.
on port engine. Heavy wind gusts, short, deep and heavy swells. Vessel pitching
deeply at times, taking seas over bows, hatches, and main deck. Routine
inspections.
Bar. 29.75 Wind W x N 11 (84-73 kn)

20-24 Vessel hove to in storm conditions, mountainous seas. Master conning. Partly
cloudy good vis. Vessel proceeding on 30 rpm. port eng, 25 rpm. stbd engine to
maintain steerage way. Pitching and rolling heavily at times in a very rough
NNW’ly sea. Taking heavy spray across weather decks.
Bar. 30.21 Wind 8-9 (39-54 kn)

●Entries this date Jan. 16, 1974
1450 Vessel encountered mountainous swell, shipped heavy sea over foc’sle head
from a direction of approx. 15° on the port bow. Tension winch control stations
torn off foc’sle head, other damage to be ascertained when access to foc’sle head
is possible. In ships office, port bent out, office flooded. Rooms #31, #32 on 01
level, windows broken, rooms flooded. Room #33 window bent at hinges, some
salt water damage. Room #13 at 02 level two windows bent at hinges some salt
water damage. Rms. #31, #32, Section of overhead, paneling approx. 5’ x 5’
broken off in each room. 1500-1630 Lower mooring station fwd pumped dry with
ships educter, water entered through holes in foc’sle head where bases on tension
winch controls had been anchored. 1630 Open windows Rms. #31, #32 and ships
office temporarily plugged with mattresses etc. to prevent further entw” of sea
water.

Fig. 31. Abstract of Deck Log from S.S. SEA-LAND MARKET in Southwest Wind

Field of Winter Storm.
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Fig. 32. Half-Cycle Analysis of SL-7 Pitch Angle Data for Two Severe Operating Conditions.
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Fig. 33. Half-Cycle Analysis of SL-7 Midship Bending Stress Data for Two Severe Operating Conditions.
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high roughUSW sea----and the secondfindsthe “Vesselpitchingdeeplyat times,
takingseasover bows,hatches,and maindeck.” The foredeckand deckhousedamage
of the 1200-1600hoursentryis suggestiveof the seriousnatureof the deck im-
mersionproblemundertheseconditionsas”well as the probablecauseof the slam
loadingof IntervalNo. 41 whichwas involvedin t,heextrememidshipbending
stressincidentof this interval.

Resultsof tanktestsof an SL-7modelin the earlystagesof designof this
shipsuggestedthat the favorablepitchand foredeckdrynesscharacteristicsof
Figure32(a)were due to hull form forwardand that shipmastersmightlateroper-
ate the shipat high speedin high seas. Thisprovedto be the casewith severe
hull girderlateralbendingstressesforwardresultingduringbow seasoperation
as previouslynoted. The bow-downmotionof Figure32(b)was alsodetectedduring
thesemodeltestsand was attributedto the Vee hull formaft associatedwith the
twinscrewpropulsionsystemand afterhull displacementrequirements.

The MVDAEcurvesof Figure33 show significantnonlinearityfor maximummid-
shipbendingstressevents. In the caseof Figure33(a)the originof the slam
loadinputresultingin the peak bendingstresseventis not knownfor certainbut
is believedto be due to an asymmetricbow flareslam. The nonlinear(sagging)
trendof the MVDAEcurveovermuch of the stressrange (k20ksi) is believeddue
to the inherent.nonlinearityof bow flaredynamicloadingswith wave height. The
MVDAEcurveof Figure33(b)is nearlylinearovermuch of the stressrange (k40
ksi)untila majorhoggingstresseventoccurred. In thiscase the deckwetness
(i.e.,immersion)loadingis significantonly for a majorwave encounterwith the
extremestresseventreflectinga dominanthoggingstresspeak.

The rollmotionMVDAEcurvesof Figure34 exhibitlessconsistencyin their
trendsthaneitherpitchangleor midshipbendingstressespeciallyin the case of
Interval20 whichis associatedwithhigh speedoperationat a bow seasheading.
Thissuggeststhatseveralindependentcausesof rollmotionare involved,e.g.,
bow flare,midshiphull form,and rudderloads. When hove-to,rollmotionsare
larger(t15degreesfullscalevs *8 degrees)but less complex. In each case the
distributionof the largestrollmotioneventsis “thin”whichsuggeststhatbased
upon the resultsof Task I., if functionalpolynomialmodelingwere considered,a
substantialcubicconstituentwouldbe present.

The nonlinearpitchbehaviorof the SL-7evidentin Figure32 is believedto
be relatedto the apparentparadoxof relativefreedomfromdeckwetnessin one
extremeoperatingconditionand quitethe oppositein an other. It furtherillus-
tratesthe potentialdifficultyof identifyingand quantifyingoperatingcondi-
tionswhichcan resultin extremeloadings. Tank testswith an SL–7modelhove–to
usingan extreme,modelscalewave.spectrumtakenfrom the measureddata of
Changeryet a115as generalizedby Buckley5shouldapplyprovideddynamicdeck
immersionloadscan be properlyscaled-upto the full-sizedship (seebelow).
Ffighspeed,roughseas operation,however,presentsmore of a problemin identify-
ing criticalloadsbecauseof the need for obtainingan adequatedata sampleand
the possibleneed for generatingeithershortcrestedseasor a seawaycontaining
an outlyingwave conformationof uncertaintimeseriescharacter.
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In general,a searchfor all operatingconditionswhichmightresultin crit-
icalloadingson the structureof a shipsuch as the SL-7couldbe very expensive
and timeconsumingif conductedin a towingtank. For thisand otherreasonssuch
a searchis seldomconductedin the designof evenhighlyunconventionalships
despitethe fact thatheavyweatherdamageis more oftenthannot relatedto a
combinationof high seas,particularoperatingcircumstances,and uniquefeatures
of the shipin questionas opposedto simplya stormdrivenseawayof an extreme
naturesuchas thoseinvolvedin constructingthe extremeboundaryof Figure2.

One possibilityfor conductinga comprehensivesearchis free-runningmodel
testsin a fetchlimitedwind drivenseaway,Crago16. The prospectsof a seaway
of particularinterestoccurringat a desiredscaleon a particularday when the
modeland testcreware availableto run are remoteso thatfree-runningmodel
testsfor purposesof gatheringdesigndata are regardedhere as impractical.
With respectto the identificationof potentiallycriticalcircumstancesof load-
ing whichmightlaterbe investigatedin a test tankunder“designconditions,”
free-runningmodeltestsshouldbe considered,however. In orderto providean
illustrationof certainimportantfeaturesof free-runningmodeltestsrecourse
will be made to the resultsof capsizingtestsconductedin San FranciscoBay

17. Capsizingphenomenahaveusinga 1/55scalemodelof the SL-7,Oakleyet al

certainimportantfeaturesin commonwith damagingseawayinducedloadings:they
occurin severeseas,involvesignificantnonlineareffects,are subjectto parti-
cularshipoperatingcircumstancesand are oftenstronglyinfluencedby the unique
featuresof the ship. Of primaryimportancein this instanceis the fact that
Oakley,et a117 proceededto identifythreedistinctivecircumstancesor modes
whichwere foundto lead to capsizing,see Figure35.

Beforeexaminingtheirfindingsit is of interestto firstcharacterizetwo
measuredwave spectrawhichwere of particularinterestin the investigation.The
spectrumof Sequence[4]in theirFigure5 was integratedand foundto correspond
to a significantwave heightof 1.165ft or 64.1 ft full-scale(fp= 0.057hz)
whilethatof theirFigure15, Sequence[3],was foundto correspondto 1.50 ft or
S2.5ft full-scale(f 0.045hz).

!
Sinceboth of thesefull-scalevaluesof sig-

nificantwaveheight ie well outsideof the extremeboundaryof Figure2, the
capsizingsof the SL-7modelwere not an immediateindicationof full-scale
stabilitydeficiencies.From the pointof view of identifyingcapsizemodeson
the otherhand,thesetest conditionsare of considerableinterest.

Figure35 identifiesthe threecapsizemodeswhichwere observed. From the
pointof viewof combinedseaway/operation/responsevariablesthe modeswere
characterizedas follows:

“’Mode1: Low CycleResonance-----”The model,while
operatingin followingor quarteringseas,encountersa group
of especiallysteepand regularwaves.”

“Mode2: Pure Loss of Stability-----”Thisusuallyoccurs
in a followingsea at high speed. The modelis observedto
encounterone or more very steepand high wavesand,with
littleor no preliminaryrollingmotion,simplylosesall
stabilitywhen a crestmovesinto the a midshipspositionand

—
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“By observing the capsizes and the
motion picture records of them, it became clear that
the attenuation of stability by the waves played a
very important role in nearly all capsizes. Further, it
was possible to distinguish three distinct modes of
capsizing which may be described as follows.

Mode 1: Low Cycle Resonance. This refers to an
oscillatory rolling motion which builds up rapidly, i.e.,
in two to five cycles, to a very large amplitude,
culminating in a capsize.

The Phenomenon acmears to occur in
approximately the follbfi-ng sequence. The model,
while operating in following or quartering seas,
encounters a group of especially steep and regular
waves. When the crest of a wave is about
=hips, the stability of the model is greatly
reduced and it takes a large roll. This wave moves
on past the model and a trough comes into the
amidships position while the model is heeled over,
resulting in sharply increased stability. This causes
the model to “snap” back upright, acquiring a high
roll angular velocity by the time it reaches the
upright position. Another wave crest, meanwhile, is
moving into the amidships position, resulting in
diminished stability once again as the ship stans
rolling past upright and to the other side. The ship
then rolls far over to the side against a diminished
restoring moment. If now another trough moves into
the amidships position with the correct timing, the
roll will be stopped and the model snaps upright
again. This process continues until either the model
capsizes or it moves out of the wave group and the
motion dies down. This mode of capsize is seen to
be related to the Mathieu motion instability. It results
directly from the periodic stability variations
experienced by the ship moving through waves and
in its most pronounced form takes place at one-half
the Fncounter frequency, thus at the first Mathieu
unstable frequency.

Mode 2: Pure loss of Stability. This usually occurs
in a following sea at high speed. The model is
observed to encounter one or more very steep and
high waves and, with little or no prelimina~ rolling

Note:

\

Underlines added for emphasis.

Fig. 35. Extract from

motion, simply loses all stability when a crest moves
into the amidships position and “flops” over. The
essential prerequisite for this to occur is a model
speed nearly equal to the wave phase velocity so
that the model remains almost stationary relative to
the crest for a sutYicient length of time to capsize.
The necessay wave would be of about the same
length as the model and the height would be
sufficient to immerse the deck in the crest with the
model upright. This, of course, implies a high model
speed since a Froude number of 0.4 is required for
the model speed to be exactly equal to wave speed
in waves of length equal to model length. From
motion picture records of several capsizes of this
nature, it appeared that a model speed lying
between the group velocity (one-half the phase
velocity) and the phase velocity could result in this
mode of capsize.

Mode 3: Broaching. This is the most dynamic
mode, in appearance, and has received the most
attention in the previous literature. In this mode of
capsize, the model is struck from astern by three or
four steep breaking seas in succession. As each
wave strikes it, the model ia forced to yaw off course
to such an extent that the steering system is unable
to correct the heading in the time interval between
waves. The breaking seas striking the model and the
dynamic heeling moment resulting from the turn
combine to cause capsizing, again with the crest of
a wave amidships. The essential features of
broaching are the breaking waves striking the model
in series, and the large heading deviation and
associated angular velocity.

On several occasions, broaching was observed to
occur without capsizing but with such total loss of
directional control that the model swung through
ninety degrees from a following sea course to beam
seas. This was obsewed to occur most frequently in
the light displacement condition where the rudder
was less deeply immersed and therefore less
effective. _ _ _ ,,

—— --— ———— .

“Motions and Capsizing in Astern Seas” (ref. 16)
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‘flops’over.”
“Mode3: Broaching-----”In thismode of capsize,the

modelis struckfromasternby threeor foursteepbreaking
seasin succession.”

Theseresultsare of interestwith respectto the subjectmatterof this
report:

(1)Firstof all it is a simplematterto determinewhetheror not a given
testseawayis realisticin a full-scalecontextusingFigure2. Thishelpsto
avoidunrealisticinterpretationsof the results.

(2)The abovedeterministiccharacterizationsof destabilizingwave patterns
are compatiblewith HACYManalysisof time serieswave heightmeasurementsin the
modeltestseaway,e.g.,see Figures19 and 23. The samemay be said of similar
analysesof time serieswaveheightdata from full-scalestorms,see Figure20.

(3)The conductof free-runningmodelcapsizetestsin seawayswhichare
beyondrealisticlevelsof severityare neverthelessusefulsincetheycan assure
thatcapsizings(andrelated“mode”characterizations)can be attainedwithoutthe
hazardsof full-scaleoperation. In view of the fact thatnonlinearmotionsare
apt to be involvedas in the caseof criticalloadings(seeFigure32),HACYM
analysisof responsedata for severeand lesserseawayconditionsis of valueeven
thoughthoseseawayconditionscorrespondingto designcriteriaare not attained,
or alternativelyare exceeded.

(4)The acquisitionand analysisof time serieswaveheightdata froma vari-
ety of stormconditionswhichproducelarge,steep,groupedor ungroupedwavesis
as importantto rationalanalysesof ship capsizingtendencies(astern,stern
quarteringheadings)as it is to rationalloadassessments(head,bow quartering
headings)in the same seas. The initiativesof Table4 (ItemA) can thereforebe
equallyimportantto the resolutionof seakeepingproblemsas to structural

9 problems.

(5)An abilityto recreatecriticalwave/operatingconditions(asto typeand
magnitude)undercontrolledtest conditionsin’sseakeepingfacilityso as to

attaindesigndata is of considerableimportance.
(6)An abilityto identifyand characterizeseaway/operation/responsecondi-

tionswhichare likelyto resultin criticalloadsor motionsis a fundamental
prerequisite.Free-runningmodeltestsmay providethe most realisticapproachto
achievingthiscapabilityat the presenttime.

The developmentinitiativesof Table4 are intendedto investigatethe feasi-
bilityof pursuingthesemattersin regardto seawayinducedloadings. Initiative
B.1. seeksto determineif commerciallyavailabletest facilitiescan replicate
wave spectracorrespondingto theextremeboundaryof Figure2 and if so at what
scale. In the caseof thatportionof the boundarycorrespondingto hurricane
Camillewe effectivelyhave answersto this questionfromtwo facilitiesas summa-
rizedhere in Section5.0. Ultimately,the questionof modelingcriticalwave
conditionsin a test tankmust involvewave conformations,modelspeeds,and head-
ingsanalogousto thoseof Modes1 thru 3 of Figure35 but relatedto critical
structuralloadingsratherthancapsizebehavior. For the timebeingthismatter
must be set asidefor lackof knowledgeof criticalcircumstancesof loadings.
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The apparentabilityto reproducea specificwave conformationin an otherwise
randomrealizationof a stormdrivenseaway,Figure27, in encouraging.

InitiativeB.2. is intendedto assessexperienceto-datewith the
design,constructionand operationof freerunningmodelsso as to obtaina
clearsummaryof what can or cannotbe donewithinthe existingstate-of-the-
art. In addition,existingand potentialtestsitesshouldbe surveyedin
orderto determinewhichsitesare most suitablefor free-runningmodeltests.
SectionIII of Oakley et all* identifiessomeof the factorsinvolvedin
selectinga viabletest site. In this instanceone additionalcriterion
shouldbe imposed,namely,thatthe scaleof the seawaysexpectedto occurin
the testarea shouldbe generallycompatiblewith thosewhichcan be generated
in testtanksso that testingof a free runningmodelundercontrolledwave
conditionsis alsopossible.

InitiativeB.3 callsfor analysisof existingfull-scaleSL-7 loadsand
motionsdata so as to identifythosecriticalloador motionconditionswhich
free-runningmodeltestsshouldbe expectedto identifyand whichtowingtank
testsmightthenbe expectedto quantify. The availabilityof full-scaledata
froma varietyof severeseawayconditionsaffordsa uniqueopportunityto
conductsuch an assessment.

The finalinitiativeof Table4 (Cl) does not followdirectlyfromthe
wave researchreportedhere,but stemsratherfrom a realizationthat the
majorityof criticalstructuralloadingsoccurringin stormdrivenseaways
irrvolvewave/waterimpactloadings,e.g.,Buckley[,Section3.0,and further
thatthe presentstate-of-the-artis deficientfor dealingwith such loading
problemsbecauseimpactson and by roughlycontouredwatersurfaceshave a
profoundinfluenceon the temporaland spatialcharacteristicsof the dynamic
loadingswhichresult. The presentstate-of-the-artof loadprediction
generallyfailsto recognizetheseeffectsin a realisticmannerand to
provideappropriatescalinglaws for modeltestdata. Thus an initial
researchplanningeffortis recommendedin Table4.

8.0 CONCLUSIONS

Task I. Half-cyclematrix (HACYM)analysisof inputand outputrealizations
fromDalzell’snonlinearsimulationmodelshowedthat thisanalysismethod
providesa clearindicationof the nonlinearityof a timeseriesrandom
variable. The mean valuedistributionof amplitudeevents (HVDAE)is the most
suitablestatisticobtainedfrom the matrixfor thispurpose. Analysisof
timeserieswave heightdata usingconventionalzero-up(down)crossing
proceduresfailsto providean accurateassessmentof the linear,Gaussian
qualityof the data.* HACYManalysiscombinedwith the recoveryof time
seriesdata for majoreventsovercomesthe failingsof thismethod.

Correlationof HVDAEcurvesderivedfrom a previousHACYManalysisof
hurricaneCamillewave datawith 30 minuteaveragewind velocitiesshowedthat
nonlinearityof the wave heighttime series correlatedwith rapidincreasesin
windvelocity. Correlationswith wave spectradeterminedfrom the samedata
suggestedthatthe nonlinearitywas also relatedto the amountof energy
presentat the higherfrequenciesof the spectrum.**

* See discussionof Section3.0,Pg. 24.
** Otherwave makingexperimentshave shownthat shortcrestednessand
nonlinearityare related. (Seereference25, pg. 73.)
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Task 2. The nonlinearityof wavesgeneratedin two differenttowingtanks
approachedthatof the originalhurricaneCamilleseawaywhen the wave spectrum
was approximatedby mechanicallygeneratedwaves. Differencesin nonlinearity
appearedto be relatedto difficultiesinvolvedin attainingthe samehigh freque-‘
ncy energylevelsas the full-scaleseaway. High frequencyenergywas alsonoted
to decreasewith distancedown the tankfrom the primarywave probe. Time series
data for a plungingbreakergeneratedat a thirdfacilitywas foundto closely
matchthe steepestand most elevatedwave in the originalhurricanetime series
data.

Task 3. WhilenumericallymodeledhurricaneCamilletimeserieswavesshowed
somewhatlessnonlinearitythanthe originaltime seriesdata,the flatteningof
the wave troughsand elevationof crestsdue to nonlinearwave-waveinteraction
was realistic.At the same time,however,the forwardfacewave steepnesswas
greaterthanthatof the largesthurricanewavesapparentlydue to failureof the
numericalwavesto becomeunstableand break.

9.0 RECOMMENDATIONS

Recommendeddevelopmentinitiativesare summarizedin Table4 and discussed
in Section7.0. Theseinitiativesare intendedfirstof all to providetime
serieswaveheightdata from stormdrivenand otherseawayswith emphasison data
whichcontainthe uniqueand dangerouswavesof Table1. This firstinitiativeis
unusualin that it is directedtowardthe communitywhichacquireswave dataas
opposedto an ad hoc initiativewhichcouldbe accomplishedentirelyby a
particularresearcheror group. It is hopedthat the findingsof Section4.0 will
help to stimulateinterestin acquiringthe neededtimeserieswave heightand
wind data. The remaininginitiativesare directedtowardthe assessmentof non-
linearresponses(i.e.,loadsand motions)of marinecraftand structures.These
wouldappearto be a digressionin a studyconcernedprimarilywith extremewave
characteristics.They are not. Rathertheyrecognizethatour primaryinterest
afterall is in loadingsto be used in structuraldesignand that such loadings
can arisefromoperationin otherthanextremeseas. Moreover,what needsto be
knownaboutwavesto permita rationalassessmentof designloadsis dictatedby a
combinationof factors:the seawayitself,variablesassociatedwith the configu-
rationof the craftor structure,the way it is operatedin the seaway,and
finallyvariablesassociatedwith responseto the seaway.

Of thesefactors,the firstof courseis the subjectof thisreport;the
secondis largelyprescribedand thereforeinvolvesno basicresearchinitiatives;
the fourth,like the first,is complicatedby nonlinearbehavioronlymore so. The
briefexamplesinvolvingthislastsubjectwhichare presentedin Section7.0 are
intendedto suggestthat the methodsemployedhere in dealingwith nonlinearbeha-
vior of the seawayhave potentialapplicationto this importantarea as well.
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APPENDIXA

THE HACYMMETHODOF RANDOMDATA ANALYSIS2

Figuresland2illustratethebasicprocedureforhalf-cyclecountingtimeseriesdata
andforenteringindividualcountsintoanassociateddatamatrix.orHACYM*. The
signalisfirstlevelbandedintouniformintervalsoneithersideofthereferencedata
level.Eachdataintervalhasbeengivenadesignator(+1through-J)foridentification.
Wheneveradatapeak(maximumorminimum)occurs, it is identified with a particular
data interval designator. In Fig. 1, the half-cycle Qhas a first peak of –E and second
peak +E. (Note: in Fig. 1 the half-cycle identifiers@ through @ have been entered to
illustrate the procedure. Normally the data bin would contain a number which
corresponds to the number of times the data sample in question had half-cycle excursions
corresponding to that particular data bin. ) This procedure is repeated for other half-cycle
excursions such as @ – @ until all of the data have been processed.

The signal employed here illustrates certain basic features of the dispersion pattern of
half-cycle counts within the HACYM. First, matching half-cycles will fall into data bins
symmetrically disposed on either side of the null diagonal. i.e. about the diagonal formed
by the darkened squares. Thus. if the HACYM were folded along the null diagonal. the
data bins containing matching half-cycles would fall one upon the other. Second. a
half-cycle count located on the reference level diagonal. such as~. is symmetrical about
the reference data level. Third. the up-going half-cycles O, @ and @ all appear on the
right-hand side of the null diagonal, while the down-going half-cycles @, @ and @ all
appear to the left of the null diagonal.

Figure 2 illustrates the significance of the location of a half-cycle count within the
HACYM. In this figure, the half-cycle excursion previously designated ~ has been
characterized in terms of its mean value and amplitude which, in this case, are 1 1/2 and 3
data intervals, respectively. It will be seen in the HACYM of Fig. 2 that the iocation of a
half-cycle count with respect to the null diagonal is a direct measure of the amplitude of
the half-cycle excursion. while the location with respect to the reference level diagonal is
a direct measure of its mean value. Half-cycle counts having positive means fal] to the
right of the reference level diagonal and vice versa.

If, following the processing of a large amount of random data, a three-dimensional
figure were to be constructed such that the ordinate at each data bin corresponded to the
number of half-cycle counts in the data bin and if the figure were normalized to contain
unit volume. the individual ordinates would then correspond to the joint probability of a
particular mean value occurring @ combination with a particular amplitude

Using an analytical appro”ach developed by Yang (1974), Andrews* recently analysed
an idealized narrow-band Gaussian process in HACYM format. One of the band-limited
white noise spectra employed in the analysis is shown in Fig. 3 and the resulting
distribution of half-cycle counts for a particular number of half-cycle events in Fig. 4.
(Note: in this case the half-cycle count distribution corresponds to the expectation of

*An unpublished analysis of the statistics of pea!dtrough events by J .N. Andrews. DTNSRDC.
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half-cycle events rather than that for a sample realization.) The principal characteristics
of the dispersion pattern are: (a) symmetry about the diagonals of the HACYM and (b) a
Rayleigh distribution of peak counts,

for the associated histograms of Peak Counts and Amplitude Occurrences. The
characteristic of symmetry suggests that in a Gaussian process. half-cycle data events
having the same absolute values of mean and amplitude can be expected to have an equal
probability of occurrence.

Fig;res 5 and 6 illustrates the interrelatioriship of the statistics of peak and peakhrough
events for Gaussian narrow-band and broad-band time series data. For illustration
purposes the time-series variable is considered to be generated by the projection on the
real axis of a vector rotating in the complex plane. In the narrow-band case of Fig. 5, the
length of the vector is a random variable while the rotational frequency is a constant. If
the random variable is Gaussian, then the probability density distribution p(x) of the
real, random variable x(t) will be Gaussian, i.e. the probability of finding x(r) between
any two given values of x, (i.e. x,, and x,~+l), is given by the Gaussian distribution
function shown schematically in Fig. 5. The probability distribution p(x’ = O) for peak
events will, on the other hand, have a Rayleigh distribution as is well known. Since peak
events have both positive and negative values, separate asymmetric distribution

. . . functions apply as shown in Fig. 5. This is also true of the joint probability distribution of
the mean and amplitude values of successive pealdtrough events as shown in the
half-cycle matrix. In this case the three dimensional distribution function has only small
variations in mean values as compared to amplitude values. An important property of
the HACYM is that the marginal distribution of peakhrough events provides the
distribution of peak events, both positive and negative as discussed in Buckley (1980).

The more general case of a broad-band random variable (Fig. 6) is represented here
as being generated by a vector in the complex plane which is subject to variations in both
length and angular velocity. In this representation the angular velocity is not an
independent random variable since it must be constrained to result in the variance
spectrum associated with x(f). For purposes of this schematic representation, however.
this constraint is not of immediate consequence. Again, if x(f) is Gaussian the probability
density distribution p(x) will be Gaussian. The probability distribution function peaks
events. however. will not follow a Rayleigh distribution. This can be seen qualitatively by
examining the schematic distribution of peak/trough events in the HACYM of Fig. 6 and
recalling that the marginal distribution of events by rows provides distribution of peak
events. The overlap in the respective distributions of peak events results from positive
peaks occurring below the mean value of x(r). i.e. below mean water level in the case of
ocean waves. and vice versa. For a Gaussian process of arbitrary bandwidth. the
probability distribution function for peak events was derived some years ago by
Cartwright and Longuet-Higgins (1956). Having defined a bandwidth parameter Ewhich ,
is derived from the mean value *of x(t) and the second and fourth moments of the
variance spectrum about its mean. they derived the probability distribution of peak
events for a range of the parameter from the idealized narrow band case (E = O) to the
limiting broad-band case (E = 1.0). Their result is shown in Fig. 7 for the one-sided
distribution of peak events. It can be seen that for the broad-band Gaussian case (E = 1)
the three dimensional distribution of peak/trough events in the HACYM will result in a
unimodal Gaussian distribution. It is suggested here that the half-cycle matrix provides
an improved basis for examining the distribution of the maxima of a stochastic variable
having a variance spectrum of finite bandwidth. This assertion stems from the fact tha~
both the random variable and the HACYM distribution are bivariate..
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APPENDIX B

SYNOPSIS OF REFERENCE (3)

by

John F.Dalzell

Introduction

TheobjectiveoftheworkreportedinDa.lze113*wastoexploretheapplicabilityofthethird
degreefunctionalpolynomialmodeltonordinearseakeepingproblems,andtoattemptthedevelop-
mentofanapproachbywhichthirddegreenordinearitiesinobservedresponsesofshipstowaves
mightbeinterpreted.As anecessarypartofthatinvestigation,longtimehistoriesweresimulated
oftheresponsetorandomGaussianwavesofa nonlinearsystemdefinedbya relativelyarbitrary
nonhneardifferentialequation.Subsequently,aridforsimilarreasons,statisticallyidenticaltime
historiesweresimulatedintheworkreportedinDalze116Theonlydifferencebetweenthesimula-
tionsofDalze113andDalze116wasthepseudo-ramdomnoisegeneratorofthecomputerusedinthe
twoinvestigations.

Thoughtherewasaninterestinmaximainbothinvestigations,thetimehistorieswerenot
analyzedbythehalf-cyclecountapproach.When theneedaroseinthepresentprojecttodoso,
itwasconvenienttousethetimehistoriesproducedinDalze116becausetheyhadbeenstoredon
tape.TheobjectiveofthisAppendixistobrieflysummarizethemathematicalbackgroundtothe
simulationsreferencedinSection3ofthereport.(AcompletesummarywillbefoundinDalze113.)

The GeneralMathematicalModel oftheThirdDegree

ThemathematicalmodelunderlyingthesimulationistheVolterrafunctionalseriesexpansion.
Thisisatime-domainformulationrelatingtheresponseofanonlinearsystemtoanexcitation,and
isanalogoustoa TaylorSerieswithmemory.The complexityoftheVolterraseriesincreases
geometricallywiththedegreeofthenonlinearity,sothatinattemptsatpracticilusetheserieshas
tobetruncatedtoforma “functionalpolynomial”.Intheinvestigationscitedtheinterestwasin
nonlinearitiesuptothethirddegree,andtheresultingfunctionalpolynomialmay bewritten,

+ IJ 92(~l,h) X(t – TI)x(t - Tz)drldr2

+ JJJ 93(~1,~2,~3) x(~ - Tl) X(t– T2)x(i – 73) dq drz dT3 . (B.1)

In Equation B,l, and subsequently, the omission of limits on integrals signifies limits of -m to m.
Y(i) is the response as a function of time, i. X(t) is theexcitation,alsoafunctionoftimewhichis
assumedtobezero-mean.TheTjaret~medifferences.Thefirstterm,a singleconvolution,isthe
linearterm,anditskernel,gl(TI),isalinearimpulseresponse.Thesecondtermisthequadratic,
(degreetwo)nonlinearity.Itskernel,gz(rl,72)isaquadraticimpulseresponse.Similarly,thethird
termisthecubic(degreethree)nonlinearitywithcubicimpulseresponsefunctiongs(T1,72,T3).

Inthecontextofweaklynonlinearsystemsitisnaturaltocallthelinearterm‘fistorder”,
thesecond(quadratic)term‘secondorder”andthethird(cubic)term‘thirdorder”.

Themodelismathematicallyuniqueifallthekernelsaresymmetricintheirarguments,and
thisisassumed.Therearesomeverygeneraladditionalrestrictionsonthekernels,essentiallythat

* Referencesappearonpage
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the integrals oftheabsolutevalueofeachkernelmustexist.Additionally,iftheexcitation,X(t),
isstochasticitmustbestrictlystationary.Thistooisassumedsinceitisthesameassumption
whichhasbeentacitlybeenacceptedforsometimeintheseakeepingfield.

SimulationoftheresponsetimeseriesiscarriedoutbyconvertingEquationB.1intosumma-
tionform— essentiallybydoingtheintegralsnumericallyforeachtimestep.The ‘rawmaterials”
forthisoperationwillbediscussedsubsequently.Briefly,theremustbeavailablenumericalrendi-
tionsoftheexcitation,X(t),intimeseriesform,aswellasa comparablenumericalrenditionof
thevariousimpulseresponses,gm(~l,...rm).A generalpropertyofthemathematicalmodelwas
usedtomakeitlesstimeconsumingtostudythebehaviorofeachorallofthethreecomponents
asafunctionofthemagnitudeofexcitation.Thisisa homogeneityproperty,whichisthatifthe
excitation,X(f)isreplacedbyCX(t),whereC isaconstant,thenthetermofdegreenismultiplied
byC’n.Thus,a timeseriescorrespondingtoeachofthethreetermsofthemodelwassimulated
andstoredseparatelyfora nominallevelofexcitation.IfY1(t)denotesthetimeseriesfromthe
lineartermofEquationB.1,Y2(t)denotesthatfromthequadraticterm,andY3(t)denotesthat
fromthecubicterm,thetotilresponse,Y(t),toanexcitationC timesthenominalisdefinedby:

Y(t)= cY~(t)+ C2Y2(t) + C3Y~(t) ,

where simple time step by time step addition is implied.

SimulationofExcitationTime Series

Forpurposesoftheinvestigationwhatwasrequiredwassamplesintimeseriesformofa
zero-mean,randomGaussian‘Excitation”processwhosevariancespectrumapproximatedawater
wavepointspectrum.The numericalapproachtothesibilationoftheexcitationtimeseries
correspondingtoX(i)was quiteconventionaland totallybasedinlinearsystemtheory.The
firststageinthesimulationwastoproducesamplesintimeseriesformofbandlimitedwhite
Gaussiannoisestartingfromthecomputerpseudo-randomnumbergenerator.Thealgorithmused
approximateestheGaussianpropertytoaboutfivestandarddeviations.Any lineartransformation
ofa GaussianprocessisanotherGaussianprocess,sothatthenextandlaststepintheexcitation
simulationwastoapplyalinearpassivedigitalfiltertothenoiserecordstoproducetheGaussian
wave-like process desired.
nominal variance spectral

The digital filter was configured so that the resulting time series has the
form:

Sxx(u) = 5a:u: exp[-l,25(wo/w)4]/u5, (B.2)

where Sxx = the variance spectrum,

0; = the variance,

U = frequency, circular,

Q = the ‘modal” frequency.

The values of the variance and the modal frequency are parameters to the simulation. The
spectral form of Equation B.2 is the same as the ITTC two parameter, Pierson-Moskowitz, and
Bretschneider wave point spectra. The values of the excitation variance and modal frequency were
chosen arbitrarily to produce excitation time series with a time behavior similar to that of small scale
long-crested laboratory waves. This was accomplished by setting the modal frequency, W. = 27rto
make typical wave component periods of the order of one second. A time step, At = 0.0625 seconds
yielded adequate time resolution fortheprocessesstudied.Thenominalvarianceofthesimulations
wassetatU* = 0.0625,sothatthenominalrmsexcitationwas ~X = 0.25, and accordingly the
‘significant height” of the nominal excitation level was unity.
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For the purposes of the present and the previous work, a data base was required which corre-
sponded to a very long time domain sample of the excitation and response. Practical computational
matters dietated that the overall data base be composed of a number of ‘handy sized” samples.
In the simulations eachsample wss made long enough to contain about 150 ‘waves” so that each
corresponded to what is often achieved in zero forward speed towing tank experiments. Ten such
statistically independent samples of excitation were generated to produce the time series data base
of Dalze116. Thus the data base used in the present work corresponds to about an order of magni-
tude more sample duration than is usually obtained in laboratory experiments, or for that matter,
full scale ship trials.

SimulationoftheImpulseResponses

Theimpulseresponsefunctions,gn(q...rw),requiredbythemathematicalmodel,Equation
B.1,containthedynamicsofthenonlinearsystemwhichisbeingexcitedbyX(t).Asmattersturn
outwe donotknowhowtocomputetheimpulseresponsesdirectlyfromthecharacteristicsofthe
system,andsomustproceedindirectly.~ itispresumedthateachimpulseresponsefunctionis
sufficientlysmoothandintegrable,thereisnomathematicaltroubleaboutexistenceofann-fold
Fouriertransform.Inparticularitisassumedaspartofthebasicmathematicalmodelthattoeach

‘hdegreefrequency nxymse function,nth degree impulse response function there corresponds an n

G.(W . . . Wn), where the wj are circular frequencies. The multi-dimensiomil Fourier transform pairs
relating impulse and frequency response functions may be defined as follows:. .

1 !J I
[1

n

9n(rl, . .. TJ=- ~2m)n ... Gn(wl,...w~) exp ~~tijrj O!U1. ..tiwn

JJ J
[1

n

Gn(q,...wn)= ... gnarl,...~n)exp –i z WjTj dT1...drn. (B.3)
j=l

Thus, if the frequency response functions can be derived from the system characteristics, the
first of Equations B.3 may in principle be used to compute the impulse response functions. This
is the strategy which was used in the simulations. The origin of the frequency response functions
used will be outlined in the next section. Once the required frequency response functions were
available in numerical form, an FFT based numerical version of the first of Equations B.3 was used
to compute the impulse response functions used in the time domain simulation.

It should perhaps be remarked before passing on that there are some practical restrictions on
the procedure which are essentially imposed by the infinite time difference limits on the integrals
in Equation B.1, and the infinite frequency limits on those of Equations B.3. To accomplish
straight-forward numerical integrations of Equation B.1, gfi(Tl . . . rn) must approach zero outside
of a finite space in the domain of the time differences (T1. . . Tn). Similarly, a straight-forward
multi-dimensional finite Fourier transform corresponding to the fist of Equations B.3 requires
that G.(u1 . . .Un) must approach zero ‘outside of a frnite space in the domain of the frequencies
(w, . . .Un). These are sometimes nearly mutually exclusive requirements. Thus, there is some
judgement and compromise involved in actually arriving at a practical impulse response simulation
from a given set of frequency response functions. IrI the present type of simulation the excitation is
band limited. There thus can be no nonlinear interactions of significance which involve frequencies
well out side the excitation band. Under these circumstances the frequency response functions may
be essentially truncated at frequencies well outside the excitation band, and this strate~ was
employed in the simulations under discussion. Fortunately, it is possible to check the adequacy of
the representation of the computed impulse response functions with deterministic excitation, and
this was carried out for the simulations under discussion with reasonably positive results, Dalze113.
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Definitionofa SetofFrequencyResponseFunctions

In the work of Dalze113it was necessary to simulate some sort of nonlinear system to third
order. However, it made little difference to that exploratory investigation which one of an enormous
number of possibilities was actually used — other than that the qualitative nature of the system
not be pathologically different than that of a ship motions system. The strategy adopted was to
postulate a not too complicated nonlinear differential equation -with constamt coefficients, expand
the equation in a functional series, derive the corresponding frequency response functions up to
third order according to the methods of Bedrosian20 , and then play with the coefficients of the
equation so as to produce a plausable weakly nonlinear third order system.

The general differential equation postulated was as follows:

(B.4)

where X(i)and Y(t) are the excitation and response respectively, and the A j, Bj, and Cj coefficients
are constants, The expansion method requires that the linear coefficients (Al, &, c1 ) notallvanish.
The first three frequency response functions resulting from the expansion may be written* follows:

Gl(u)= l/~l(~Lo),.

G2(u1,w2)= –D2(-qq) Gl(ul)Gl(LJ2)Gl(q +~2) ,

where the auxiliary function is defined as:

Dn(ct)= A.a2 + &aJ + C. , (B.6)

and thus a selection of specific values for the nine constants in Equation B.4 allows numerical values

to be obtained for the frequency response functions defied in Equations B.5 for any arbitrary
combination of frequencies.

some remarks are in order before proceeding further. It maybe noted in Equations B.5 that
the expressions for the quadratic and cubic frequency response functions involve all the response

and auxiliary functions of lesser degree. Unfortunately this continues on for frequency response
functions of higher degree, so that, despite the fact that the exponent, j, of Equation B.4 was
limited to three in an attempt to produce a third order system, frequency response functions of
all higher orders may be derived for Equation B.4. In effect, the functions, Equations B.5 and
B.6, do not define a complete solution to the equation — the most that can be claimed if only
these functions are used to define the system is that any simulations resulting should be correct
simulations of the equation to third order. In the context of the work of Dalze113truncation of
the series of frequency response functions after the third was not at all bothersome — all that was
wanted was a trial third order system with the correct mathematical properties. The distinction
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between simulating Equation B.4 and simulating Equation B.4 to third order should be kept in
mind in the event that an attempt is made to attach more significance to the equation than was
originally intended.

The strategy adopted in the selection of coefficients was partially dictated bytheabovecon-
siderations. In order to try to avoid the situation where the neglected nonlinearities of order higher
than the third might in reality be significant, the specification of a weakly nonlinear system was
attempted. The first step was to select the linear coefficients so as to produce a stable linear
sub-system. The numbers chosen were:

A1=—
(2:)’ ‘

131=:, and Cl=l.

These numbers define a linear single degrw of freedom system in which the response amplitude
is unity at zero frequency, 2.0 at resonance, and decays to zero relatively rapidly. The resonant
frequency is27rradians persecondsoastolocatetheresonanceatthepeakoftheexcitation
spectrum.Qualitativelythissystemresemblesalightlydampedshipheaveresponsetowaveeleva-
tion,orarelativelyheavilydampedrollresponsetowaveslopeexcitation.Itmay benotedfrom
EquationsB.5andB.6thatthelinearcoefficientsdeiineG1(w).ItisclearalsothatifGI(u)is
zeroforanyfrequencyintheargumentsofthequadraticandcubicfrequencyresponsefunctions,
thesefunctionswillalsobezero.To aidthenumericalFouriertransformworkdescribedearliera
highfrequencywindowwasappliedtothenumericalvalueofGI(u)toinsureaknownfinitespace
ofnon-zerovaluesforallthefunctions.TheeffectwastousethetheoreticalvalueofG1(u]for
(U< 77),zeroGI(w)for(U> 8r),andapplyanattenuatorinbetween.

Inselectingthequadraticcoefficients,(A2,B2,Cz),ofEquationB.4theintention(largelyfor
lackofbetterinformation)wastoproduceaquadraticfrequencyresponsefunctionresemblingthat
knownforaddedshipresistanceinwaves.TrialsanderrorsestablishedthatA2 andCz neededto
bezero,andl?2neededtobemuchsmallerthan111toproducethequalitativebehaviordesired.

Withlinearandquadraticcoefficientsselected,thecubiccoefficients,(A3,B3,(73),remained.
Inthiscasetherewasnopreviousqualitativeguidance.Arbitrarily,itwasdecidedtoselecttheseso
astoproduceamoderatechangeintheamplituderesponseperunitexcitationatlinearresonance
asexcitationamplitudeincreases.ItwasfoundthatA3 hadtobezerotoaccomplishthis,and
B3 andGa hadtobemuch smallerthanthecorrespondinglinearcoefficients.A moreextensive
discussionofthetheoreticalresponseofthefinalsystemtomonochromaticexcitationistobefound
inDalze113.

When thefinalcoefficientsselectedaresubstitutedintoEquationB.4andsomesimplifications
made,theactualequationwhichwassimulatedtothirdorderbecomes:

AIY(t) + 131{Y(t) - 0.0844[Y(t)]2 + 0.0032[Y(t)]3} + Cl{Y(t)+ 0.0075[Y(~)]3}= X(t).

(B.7)

As is suggested by the form of the equation, the result was a system with both quadratic and cubic
damping, and a hardening spring constant characteristic.
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1. INTRODUCTION AND OBJECTIVES

HutticMIeCamille which struck the LJs Gulf coast in August 1969

produced some of the most severe sea-states that have been recorded by

wave staffs. Examination of the wave recordshas been madeby several
specialists and the characteristicsof the statistical propertieshave been
dmumented. ,

of considerableinterest is the expectationof the degree of agreement in
the equivalentwave behaviorwhich could be simulatedin a model test
basinusing “standardtechnology’*.It is possible to take an existing time

history taken duringa stormat a specific locationand reprwiuceit exactly
at a specific point in the test basin.In this case, the request by DTRC
undera Task OrderNO016787M2461, was to reproducea representative
sea having a closely matched spectrum to that recorded in the Gulfof
Mexicoon August 171969 at 1500-1530 CSTusing AOC*sstandard
software. The tests were madeon October27, 1987 in a test basin
measuring298 feet long by 48 feet wide in a water depthof 13.5 feet
lwated in Escondido,California,at a scale of 1:30.

2. TEST SET-UP

The test basinwas the deep water basin Imted at ArctecOffshore
Corporation’soiTmesin Escondido,California.The basin is illustratedin
Figure 2.1 which shows the locationof the wave sensors.The basinwas
operatedat a depth of 13.5 feet which correspondsto water depth of 405
feet at ascaie of 1:30.

The wave sensorswere capacitance type wave probeswhich were
calibratedover a range of 60 feet (prototype)correspondingto a digital
rangeof 2048. Figures2.2,2.3, and 2.4 illustratethe calibrationsachieved.
The calibrationsare seen to be quite linearalthoughit is noted that there
is a slight cumature apparentin the calibrations.For purposesof these
tests the calibrationswere treatedas being linearwith the constants

ARCTECOFFSHORECOR~M~M
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shown in the Figures.Furtherdetailedanalysis which may be
contemplatedfor this data may warrantconsiderationof a non-linear
calibrationfit.

I 3. WAVE SIMULATION PR~EDURE

The particularwave modelassumed in these tests was assumed to be of
the form:

I ~(t)=XanCOS(21Ttf~+En)

1. where,
.. .

~ is the instantaneoussea surfaceelevation above the mean,
an is the amplitudeof the nth wave component,
fn is the frequency of the nth component.

This would actually be simulatedby generating a voltage time series V(t),
which takes into account the transferfunctiontwween the waveboard
motionsand the waves and the control system response.

In the test basin the particulartime series was generated by selecting
2048 values of an according to the desired spectral shape S(f) as

l/2-an2 =j~ S(f) df

and selecting 2048 randomphases,En,which were generated froma
uniformdistributionbetw~n Oand 2m.The two arraysof 2048 data
points in the frequency domainyield a time series of 4096 points in the
frequency domainby use of the classical Inverse Fast FourierTransform
(IFFT).The frequency S*PSAfwere selected to generate a time step of.
20 hertz in the model basin.Hence with this scheme, if appliedexactly as
stated, would yield a repeating time series having a periodof 204.8
seconds at model scale correspondingto 1I22 seconds at a scale of 1:30.In
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order to avoid this undesirablecharacteristic,at each cycle of 204.8
seconds a new series of 2048 randomphases were genemted anda
different4096 time series results.The two series were merged using a
fadedoverlap routineand the prmess repeated for morecycles to
generate a time Mes of 120 minutes (prototype scale) which should have

all of the desired statistical properties and contain no repeat sequences

Otherequivalent numericalsimulationscan be used to genemm the basic
time series. In this scheme it is noted thatonly the phasesare randomized.
Other investigatorshave chosen to also randomizethe amplitude%an, but
as discussed h Rice (1951) this shouldproduceequivalent statistics as has
been well demonstratedby Elgaret al (1984). In the case of free surface
water waves the dispersion relationship causes different Comprients to
propagateat different speeds thereby adding additionalnatuml
‘*randomnessand incoherence’”in the wave basin.

Aworthwhile improvementin the modelingof large, non-linear,sea states
shouldprobablyconsider the fact that for large waves there would
undoubtableoccur certain fixed phaw relationshipssuch that the pha~s
may not be independentbetween frequencies.This is the subject of
ongoing researchand was not attempted to be implementedin this brief
demonstrationtest program.

Once the time ~ries had &n generated according to the above

prmdure it was used as the control signal to the semo-controlled
hydmuticactuatorwhich drives the waveboard.The resulting waves
were recordedand their spectrumcomputed.The standarddata reduction
was to recordthe first 4096 data pointsat 20 hertz (model time scale), use
an FFT routineto computkthe spectrumand then apply a running
rectangularsmmthing window in the frequency domain.The choice of
frequency domainsmoothingwidth is arbitrary.Atoo narrowwindow
will give unstable(in the statistical sense) estimates whereas a too brgad
window will sacrifice resolution.

The choice of smoothingfilter was made to be consistent with the field
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datasupplied.It would have been best to work to the identical resolution

as the spectwm recorded during Camillebut the detailsof the field data
analysis were not readilyavailable.The spectral plot providedindicatesa
record time of 1804.75 seconds.Buckley (1987) presents examplesof
archived datawhich indicatea sample rate of 0.67 seconds which would
indicate that the recordsconsist of about 2700 points.If a sample size of
2048 points is assumed which have been prcxessed to yield 40 spectral
values between zero and 0.3 hertz then the equivalent degrees of freedom
in the spectral estimates would be 2048/40 z 51 thereby supportingthe
use ofa51 point runningmeanas a reasonablechoice of smmthing filter
for a simulated30 minuterecord.

Duringthe calibrationthe first step was to readoff the desired spectral
ordinatesfromthe spectrumsuppliedand transformthese according to
the frequency domaincharacteristicsof the waveboard and its asmiated
controlsystem response to determinethe “input”spectrum.The time
series was generated by IFFT for4096 time steps using randomphases.
The resultingwaves were recordedin the test basinand their spectra
comparedwith the desired.If a good matchwas not achieved the input
voltage spectrumwas corrected and the prmess repeated untila “gmd”
matchwas achieved. Atthis pointa longer time series was madeand the -
voltage time history recordedon a magneticwissette tape for test use.

The target spectrum is illustratedin Figure 3.1. AN has built in to the
wavemaking software proceduredescribed in this section the capability to

automatkally imrateon several standardspectral forms.For these tests an
optioncalled ●*Custom’”was used to model the spectrumas closely as
practicalbut in additiona “standard JONSWAPformwas alw tried for
comparisonpu~s. The JONSWAPfunctionalformwas moreamenable
to an automaticcomputercontrollediterationscheme whereas the
“’custom’*option requiresa morehands-oniterationwhere the operator
defines the inputvalues foreach iterative cycle. Figure 3.1 shows the
given spectrumand two ~lected “Standard spectral formscorresponding
to the best fit ISSCand JONSWAPforms.Following the iterative
calibrationpnxedures discussed in the preceding paragraphstest tapes
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were made for the JONSWAPandCustom(i.e. actual) spectral shapes.
(The ISSC approximationW* consideredtobetoofar removed8nd was

rmt tested.)

I 4.TEST RESULTS I
I 4. I Spectra

Figures 4.1 through4.3 present the results for the simulatedspectra fora
durationof 30 minutes (prototypetime of 1950 seconds) using the ,,
““custom”spectrumfit andFigures 4.4 through4.6 present similar
results using the ‘“cannedJONSWAPapproximationwith 7 = 1.5.The

I geneml match between the simulatedand the obsewed is not notably
better between these two approaches Two general features are noted:

a) The simulatedsea-state spectra lie above the desired at

frequencies below 0.6 hertz b) The simulatedsea-state spectraare always
lower than the desired for the high frequency tail of the spectra.This is as
might be expected since the high frequency waves tend to be dampedby
the lower wave frequency componentsas the wave energy is propagated.
This behavioris particularlymarkedfor the wave gage 3 which was
located furtherfromthe wave genemtor. In the real ~ such spectra
would be generated in conditionsof strong lmal winds which continually
feed energy into the higher frequencies%This phenomenonwas not
simulatedin these scaled tests.

I
The original intent was to simulate the sea-state defined by Figure 3.1
which was obtainedfroma 30 mhmte record.The test tapes were made
fora longer (scaled) periodand tests were made fora simulatedduration
of 60 minutes.Examplesof the results are given in Figures 4.7 through
4.10 for the two spectra approximation It is seen that for the longer
durationtes~ the wave heights increase far the same controlattenuator
settings and the tendency for the higher frequencies to dampout with
travel distance is clearly seen by comparisonof the spectra between ~ages
2 and 3.
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4.2 Time Histories and Statistical Distributions of Wave Heishts

A total time durationof almost4000 wconds was measuredfor the
sea-states correspondingto the two spectral distributions.Figures 4.11
and 4.12 show the complete tme series for gage Imation2. In both
simulationsthere is a notable large wave near the 1600 second time
period.These events have been plottedon an expandedtime scale on
Figures 4.13 and 4.14. It is seen that an wave height of about77 feet
wcurs in a sea-state having a significantwave height value of about40
feet.

Figures 4.15 and 4.16 present statistical summariesforall wave heights
recordedduringthe tests. These plotsare derived froma standard““mean
down trussing”analysis (i.e. troughto crest heights) and show that such
large waves are a little higher thanwould be predicted by the the
traditionalRayleigh distributionfunctionbut not excessively so.

5. COMMENTS AND CONCLUS1ONS

Anattempt was made to create a simulationof time domainwaves having
a spectrumwhich closely matched that recordedduringHurricane
Camilleof August 171969. ArctecOffshoN Corporation’sstandard
spectral simulationptwess was used to performthis simulationat a scale
of 1:30 in a basin measuring298 feet long by 48 feet wide in a water
depth of 13.5 feet..

Waves were measuredat three Imationsin the test bash in the center of
the basinand 12 feet fromthe side, at a distance of 82 feet fromthe wave
generator,and 8 feet fromthe side at distance of 195 feet fromthe wave
maker.The wave time historieswere simulatedforone hour(prototype
scale) althoughthe originalmeasurementswere fora 30 mjnutePerjod
only.

The wave recordswere analysed for their spectral content and wave
height probabilitydistributionwas also derived fromthe recordedwaves
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in the basin.Wave spectra were examinedfromthe first 30 minutes
(approximately)and fromthe entire recordlength. The wave spectra for
the entire durationgenemlly showed higherenergy levels thanthose from
the first 30 minutes.This was thoughtto be the resultof buildup CM

energy due to imperfectabsorptionof wave energy by the beach.The
beach is known to have reflectioncwfficients in the rangeof about5%
which would correspondquite well with the obsewed wave height
increase of about 5%between the first 30 minutesand the full hour.

The wave height probabilitydistributionsin general coincide quite well
with the Rayleigh distributionbut the largest waves in the recordwem a
iittle higher than such a distributionwould indicate.This observationfrom
the tests does not agree with many cases of wave height distributions

measured during storms in the -n which tend to show that the
deviationfromthe Rayleigh distributionis towards the low side. If this
obsewation is supportedby furtherdata fromfield and test basins then it
would indicate that results fromstructuraltests in wave basinsmay be on
the consemative side.

It was noted from the test data that the wave heights would decay with
traveidistance,largely due to loss of energy at the higher frequencies.
This would be expected for such a stormy sea-state as was measured
duringCamille.The presence of white caps indicates energy dissipation
which would be replaced in the real sea by wind-wave energy transfer.
This phenomenonis not simulatedin the test basin.For severe seas the
wave makerhas to be overdrive in the higher frequency range, thereby
ailowing for the decay proces!$to match the desired spectrumat one place
inthe test basin.
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INTRODUCTION

The wave spectrum has been one of the principal measures for

describing the characteristics of the seaway. A study of hurricane Camille

time series wave data using a new method of analyzing time series, known as

the half-cycle matrix (HACYM), revealed that large, steep, elevated waves

are found near the height of the storm [I]. A more recent study of measured

wave data concluded that ‘The wave spectrum alone is not sufficient to

characterize the roughness of an irregular sea. Some time histories have

been found that contain steep asymmetric waves while others do not contain

such waves, but they have in some cases identical wave spectra” [2).

Therefore it is of interest to compare the characteristics of tank

generated waves with the recorded storm waves. The purpose of this work is

to generate and record a series of steep irregular waves using a model scale

hurricane Camille spectrum and to produce measured wave spectra, time

histories, and videotapes of wave profiles through Davidson Laboratory

standard procedures.

TEST PROGRAM

Scale Factor

A plot of hurricane Camille wave spectrum was provided by Mr. William

Buckley of the NSRDC. Since the plot did not include a table of spectral

ordinates nor significant wave height, the ordinates were read and

integrated to yield a 40.04 feet significant wave height with a modal

frequency of 0.46 Rad/sec in full scale.

In order to determine an appropriate model scale factor, the

significant wave heights vs. modal periods at three scale ratios were

plotted against the Davidson Laboratory Tank-3 irregular wave capacity line

[3] in Figure 1. It turned out that the required wave spectrum is slightly

out of the capacity limit of the wave maker. An absolute limit on the scale

wave height was 11 inches freeboard; so based on experimental practice, the

modal frequency was to scale, but the significant wave height was reduced to

bring the point under the wave capacity line. This lead to a scale ratio of

1/50.
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At 1/50 scale, the Camille spectrum requires 9.61 inches of

significant wave height, while the maximum capacity significant wave height

is 9.0 inches. The desired wave spectrum in model scale was thus prepared by

multiplying a scale factor of ~50 on its frequency, and by multiplying a

factor of (1/50)2”5 ‘n “n ‘-” .- AL. ----L-_7 -.—>,--L —— m-L,-a.... —-—.-

and resulting model

A description

in (Appendix A) [3],

~Y.ufy.Ql)- VIILne specLrdl orulnd~es. ~vLn IULL scale

wave spectral ordinates are given in Table 1.

Irregular Wave Generation Procedure

of the Davidson Laboratory wave maker in Tank 3 is given

and the standard irregular wave generation procedure is

given in

1.

3.

(AppendixBj[4]. In brief, it is a three step procedure:

Define the desired wave spectral shape.

Generate a particular realization of a Gaussian random process
having the desired wave spectral shape and having a one inch
significant wave height.

Scale up the generated time series from one inch significant
height to desired significant height, and drive the wave machine
accordingly.

Using the desired model

particular wave data files were

128 seconds of statistically independent irregular waves.

wave spectral shape file, a total of 21

prepared. Each wave data file can produce

Test Set Up

Two 4-foot long resistance type wave wires were used to measure the

wave elevation at two tank locations, namely “primary” and “secondary”

locations. The primary tank location was 70 ft away, and the secondary

location was 170 feet away from the wave maker. At the primary tank

location, an 8 feet wide by 22 inches high grid plate was placed on the side

wall of the tank to visualize the wave profile. The horizontal grid lines

were drawn at two inch intervals from the mean water level, and the vertical

grid lines were drawn at every 6 inches centered at the wave wire location.

A video camera was used at the primary tank location to record the

instantaneous wave profile. The top portion of the screen was split to show

the run number and the time elapsed since starting the data collection.
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3

During the tests two wave wire signals were digitized at a rate of 250

scans per second, and the time histories were recorded on the Davidson

Laboratory data acquisition computer hard disk. A total of seven complete

runs were made. An oscillograph record of the wave elevation was also made.

RESULTS

The recorded time histories were analyzed by the Davidson Laboratory

standard spectrum analysis program using the Blackman-Tukey algorithm. The

resulting wave spectra at both tank locations for each run are tabulated in

Tables 2 - 15 with appropriate parameters, such as sampling interval, and

degrees of freedom, etc. Tables 16 and 17 show the average wave spectrum at

each tank location using all data from seven runs.

Comparison of the obtained and desired wave spectra is made, in

Figures 2 - 17, by plotting the obtained wave spectrum in histograph form

and over-plotting the desired wave spectral ordinates using symbols.

Since further analysis of the data was to be performed at the NSRDC,

time histories of the wave elevation at every 0.1 second were prepared in

ASCII files. The file contains two columns of numbers, in FORTRAN

FORMAT(2F8.3), representing the wave elevation in inches at primary and

secondary tank location respectively. The file also contains run number,

wave wire locations, sample interval, and desired significant wave height

as

as

to

a five-line header. Table 18 shows the first 40 lines of an ASCII file

a sample. The ASCII time history files were electronically transferred

the NSRDC via the telephone line on November 4, 1987.

DISCUSSION

In the course of the present work, two difficulties were experienced.

The first one was that the required wave spectrum”was out of the wave maker

capacity. As explained above, the decision was to keep the period to scale

and generate smaller waves.

The wave maker is equipped with a safety feature which shuts off the

hydraulic system if the acceleration of the flap is greater than a threshold

value. Due to the choice of modal period and wave height, the maximum

acceleration threshold was exceeded for 14 of the 21 wave realizations,
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stopping the run prematurely. The seven complete runs make up the time

history data.

REFERENCES

1. Buckley, W.H., R.D. Pierce, J. B. Peters and M.J. Davis, “Use of the
Half-cycle Analysis Method to Compare Measured Wave Height and
Simulated Gaussian Data Having the Same Variance Spectrum”,
Ocean Engineering, Vol. 110, No. 4, pp 423-445, 1984.

2. Myrhaug, D. and Soren P. Kjeldsen, “Steepness and Asymmetry of Extreme
Waves and the Highest Waves in Deep Water”, Ocean Engineering,
Vol. 13, No. 6 pp 549-560, 1986.

3. IlproceedingsOf the ZothAmerican Towing Tank COnferenCe~” August 2?

3, 4, 1983, pp 1297-1304.

4. Dalzell, J.F., ~~pDp-11/23operating Notes,” unpublished Davidson

Laboratory Operating Manual.

122



& Full Scale
.- . ..- --. +.— --- ---.—

Freq
ra,3/S

0.25
#=~9

0.34
0.39
0.44
0.49
0.54
0.59
0.64
0.69
0.74
0.79
0.33

$ 0.88
0.93
0.98
1.03
1.08
1.13
1.18
1*P3
1WE8

1.33
1.37
1.42
1.47
1.52
1;57
1.62
1“67

4

C)rdinates
ft#*~–se,~

0.00
3.16

18.97
146.24
397.62
3b3.63
223.71
181.81
152.57
110.67

93=28
79.05
51.38
41.90
“41.90
30”04
20.55
17.39
11. !36

?.49
7.91
7.?1
8.70
4.74
4.74
5“53
3.16
2.37
0.7?
0.00

Model SCal Q
.-———-—-+ --———————-—-——

Freq

r-adis

1.74
Z.08

2.43
Z.78

3.12
3.47
3.82

4.17

4.51
4.8A

5.21

5.56
5.90
6=25

6.60
6.94
7.29

7.64
7.?9
B.33
13.68
9.03
9.37
9.72
10.07
10.42
10.7A
11.11
11.46
11.80

Ordinates
irl**2–sec

0.00
0.02
0.14
1.04
2.84
2.60
1.60
1.30
1.09
0“79
0.67
0.56
0.37
0.30
0.30
0“21

0.15
o“.12
O*OH
0.07
0.06
0.06
0.06
0.03
0.03
0.04
o=o~
o-o~

0.01
0.00

Model Scale
--——- ----- .-- ---- -.---

Freq

p,~

0.28
0.33
0.39
0.44
0.50
0.55
0.61
0.66
0.72
0.77
0.83
0.88
0.94
0.99
1.05
1.11
1.16
1“22
I-27

1.33
1.38
1.44
1.49
1.35
1.60
1.66
1.71
1.77
1.82
1.88

Note 1. Full scale ~ignificant waue height 40.04 feet.

Ordinates
irt**2/hz

0.00
0.14
0.85
6.56

17.85
16.32
10.04

8.16
4.85
4.97

4.19
3.55
2.31
1.Q8
1.88
1.35
0.92
0.78
0.53

0.43
0.35
0.35
0.39
0.21
0.21
0.25
0.14
0.11

0.04
0.00

Desi,red model scale siqnificarlt””waue height 9.0 inches.

~L “ Spectral ordinates are assumed as zero at frequ~ncies
i>ut side of thi5 range.
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Table 2. Wave Spectrum at the Primary Tank. Lo~atiorl, Run 3.5

HURRICANE CAMILLE WAVES GENERATION

scalar” Spel:tr-um Arlaly5is Page 1 Of 1 Channel 1
ld.um 70FT

Run= 36,

640 Poirlts 50 Lags Delta-T= 0.200000 Sec
SCale corl%tarit= O.1OOOOOE+OI Delta-Freq.= 0.050 Hertz

Sample Variarlce= 0.5041ASE+01 x90X Corlf Irttv.= 0.460?43E+Ol
Spectt”ufrl Area = 0.5041A8E+01 * = 0.554162E+OI

25 neg. Freed,~ms F,:,r 90Z Ctirlf. Bnurlcls Multiply
Speintt-al Estimates by 0.66 arid 1.71

Sig Wave Height = 8.9815 Inches

Lag

——-

o
i
7

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
10
19
20
~1
22

23
24
25

Fre- Spectt-al
quency Estimates
Hz irl**2-sec
--.—-— --+- ----..

0.00 0.70h3E-01
0.05 0.5990E-01
0.10 0.679.5E-01
0.15 0.3554E-01
Q,~Q 0.4641E-01
0“2!5 ~_4~Q~E-~1

0.30 0.1453E+O0
0.35 0.A997E+O0
0.40 O.361OE+O1
0.45 O.1O9OE+O2
0.50 0.1746E+02
0“. 55 0.1675E+02
0.60 0.1357E+02
0.65 0.I081E+02
0.70 0.8042E+01
0.75 0.4235E+OI
0.80 0.2807E+01
0.85 0.2878E+OI
0.90 0.24215E+01
0.95 0.1663E+OI
1.00 0.9889E+O0
1.05 0.6720E+O0
1.10 0.5483E+O0
1.15 0.4548E+O0
1.20 0.3422E+O0
1.25 0.2550E+O0

Lag

---

~b

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
~~

43
44
45
46
47
48
49
50

Fre-
quency

HZ
————_

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1“?5
2.00
2.05
2.10
2.15
2=20

2.25
2.30
2.35
2.40
2.45
2.50

Spectral
E~timates
irl**2-sec

------ ----

0.1755E+O0
0.1726E+O0
0.1209E+O0
0.9532E-01
0.6936E-01

0.7282E-01
0.6593E-01
0.6162E-01
0.5732E-01
0.6231E-01
0.5094E-01
0.3977E-01
0.23A1E-01
0.3088E-01
0.2488E-01
0.2905E-01
0m2009E-01
0.2084E-01
0.1790E-01
O.I71OE-O1
0.1140E-01
0.1871E-01
0.1279E-01
o-l~45E-01

0.5431E–02

(Low)
(High)



Table 3. Wave Spectrum at the Secorldar-y Tank. LolzatifiT17 Rurl 36

HURRICANE CAMILLE WAVES GENERATION

S,Ialar SpeCtrum Afialysi5 Page 1 of 1 Channel 2
W.w. 170FT

Run= 36?

640 Pclints 50 Lags Delta–T= 0.200000 Sec
Scale constant= O.1OOOOOE+O1 Delta-Fr@q.= O.OSO”Her-tz

Sample Uariarlce= 0.45Ei993E+Ol *90% Comf Intv.= 0.41685’9E+01
SpeCtrum Area = 0.455993E+01 x = O.5O121OE+O1

25 Deg. Freedom: for 90X Conf. Bowr,cfs Multiply

Lag

---

0
1
~

3
4
5
6
7
8
?
10
11
1~

13
14
15
16
17
10
19
20
21
~~

23
24
25

Fre- Spectt-al
quency Estimates
Hi irl**2-5ec
-————— -———- .----

0.00 –0.1772E-01
0.05 0.4021E-01
0.10 -0.3569E-02
0.15 0.5079E-01
0.20 0.5674E-02
om~5 0.5137E-01
0.30 0.1571E–01
0.35 0.4900E+O0
0.40 0.3141E+01
0.45’ 0.I050E+02
0.50 0.1701E+02
0.55 0.1722E+02
0.60 0.1303E+02
0.65 0.a360E+Ol
0.70 0.6111E+01
0.75 0.4095E+01
0.80 0.3277E+01
0.B5 0.2589E+01
0.90 0.1443E+01
0.95 0.9442E+O0
1.00 0.7889E+O0
1“05 0.3901E+O0
1.10 0.3364E+O0
1.15 0.1741E+O0
1.20 0.1426E+O0
1.25 0.1334E+O0

Spectral Estimates by 0.66 and 1.71
8.5416 XrlCheS

Laq

---

26
27

28
2’7
30
31
3Q

33
34
35
36
37
3s
39
40
41
42
43
44
45
46
47
48
49
50

FI-e-
quency
Hz
-----

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2“10
2.15
2.20
2.25
2.30
2.35
2.40
2.45
2.50

Spectral
Estimates
irl**2-5ec

---- ------

0.1551E+O0
0.1319E+O0
O.1O18E+OO
0.5892E-01
0.A498E-01
0.4418E-01
0.4741E-01
0.3692E-01
0.4686E-01
0.209SE-01
0.2572E-01
0.1652E-01
0.2464E-01
0.1215E-01
o-~160E_~l

0.6259E-02
0.141AE–01
0.4586E-02
0.9558E-02
0.1448E-02
0.9504E-02
0.2920E-03
0.7862E–02
-0.1537E-03
0.8824E-02

(Low)

(High)
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Table 4. bJaue Spectrum at the Pr-iaiaryTank Location? Rum 37

HURRICANE CAi’’lILLE WAVES GENERATICIN

Scalar spectrum Amalysis Page 1 Of 1 Chiamnel 1
W.w. 70FT

Rur,= 37,

640 P0irlt5 50 Lags Delta-T= 0.200000 SEE
SCaIe CInT,Star,t=O.1OOOOOE+O1 Delta-Freq.= 0.050 Hertz

Sample Variarlce= 0.500041E+01 *90X Cnnf Intu.= 0.457170E+01
Spectrum Area = 0.500041E+01 x = 0.S49A2AE+01

25 Deg. Ft-eedorn: far 90% Cortf. Bounds Multiply
Spectral Estimate% by 0.66 ar,cl 1.71

.sig.Waue Height .= 8.9446 Inches

La!z

---

0
1
7~

3
4
5
6
7
B
9
10
11
12

13
14
15
16
17
le
19
20
21
~~
23
24
25

Fre–
quency

HZ

0.00
0.05
0.10
0.15
~*~Q

0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.05
0.90
0.95
1.00
1.05
1.10
1.15
1.20
1.25

Spectral.
Estimates
in**2-se,~

------ ----

0.4283E-01
0.2575E–01
0.4576E-01
0.1970E-01
0.4825E–01.
0.3243E–D1
O.1O45E+OO
0.A522E+O0
0.3355E+OI
0.950BE+OI
0.1657E+02
0.1695E+02
0.1174E+02
0.I017E+02
0.9465E+01
0.6050E+OI
0.3S55E+OI
0.2726E+OI
0.2403E+01
0.1634E+01
0“7E!46E+O0
0.5794E+O0
0.E.624E+O0
0.6734E+O0
0.3313E+O0
0.2254E+O0

Lag

---

26
27
~~
29
30
31
32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Fre-
quency

HZ
-----

1.30
1.35
1.40
1.45
1.s0
1.55
1.60
1.4)5
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2.20
2.25
2.30
2.35
2.40
2.4S
2.50

Spectral

Estimates
in**z-sec

..+—_—————

0.2080E+O0
0.2290E+O0
0.1680E+O0
0.9956E-01
0.7594E-01
0.6224E-01
0.4001E–Oi
0.4350E–01
0.5268E-01
0.6060E-01
0.4675E-01
0.5379E-01
0.3998E-01
0m~919E-01

0.1774E-01
0.200&E_~l

0.1765E-01
0.1677E-01
0.9179E-02
0.1675E–01
O.1O97E-O1
0.9995E-02
0.40B5E-02
O.1O28E-O1
0.9983E-02

(Low)
(High)
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HURRICANE CAMILLE WAVES GENERATION

S,:alar spel:tk”urtl Analysis Page 1 of 1 Channel 2
W.u. 170FT

Ruri= 37,

A40 Points 50 La!gs Delta-T= 0.200000 Sec
Scale con=tarlt= O.1OOOOOE+O1 Delta-Freq.= 0.050 Hertz

Sample Variarlce= 0.457039E+01 *90Z Cclnf Intv.= 0.417855E+01 (Lou)

Spectrum Area = 0.457039E+01 * = 0.502359E+01 (High)

25 Deg. Freednm: for 90X Cmrlf. B,>unds Multiply
Spectral Estimate= by 0.66 and 1.71

Sig lJaue Height = 8.5514 Irlche=

Lag

—.-

0
1
~

3
4
5
6
7
8
9
10
11
12
13
14
15
1!5
17
18
19
~o

21
~~

23
24
25

Fre-
quency

HZ
.----—

0.00
0.05
0.10
0.13
o.~o

0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
l=p~
1.25

spectral
Estimates
ir~**2-sec

. —————. .- .

0.1184E-01
0.4208E-01

0m1845E-01
0.3207E-01
0.1139E-01

0.4392E-Oi
0.5620E-01
0.5964E+O0
0.3436E+OI
0.I033E+02
0.1671E+02
0.1A54E+02
0.1147E+02
0m9279E+Ol
0.768AE+01
0.4484E+01
0.2870E+01
0.2300E+01
0.1320E+01
0.8052E+O0
0..515OE+OO
0.4392E+O0
0.z952E+00

0.2231E+O0
0.299SE+O0
0.2834E+O0

Lag

---

26
27
28
29

30
31
32

33
34
35
3A
37
38
39
40
41
42

43
44
45
46
47
48
49
!50

Fre- Spectral
querlcy Estimates

Hz irl**2-sec
-- - - - - --- - - - —.—

1.30
1.35
1.40
1.45
1.50
1.55
1.40
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05

2“10
2.15
2.20
2.25
2.30
2.35
2.40
2.4s
2.50

0.2405E+O0
0.1A69E+O0
0.1254Ei-00
O.1O19E+OO
0.A704E-01
0.5020E-01
0.5534E-01
0.3AS9E-01
o.2942E-ol

0.2925E-01
0.3554E-01
0.3370E-01
0.32H9E-01
0.2051E–01
0.2431E–01
#.~o~lE-ol

0.2272E–01
0.2119E-01
0.1887E-01
0.1287E-01

o.1660E-ol
o.l~08E-ol

0.1288E-01
O.1OO3E-O1
0.1253E-01
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Table 6. Wave Spectrum at the Primary TarIk Lncati~nr Run 39

HURRICANE CAMILLE WAVES GENERATION

scalar spectrum Ar,alysis Page 1 Of 1 Channel 1
W.w. 70FT

RI-II-I= 39,

640 Points 50 Lags Delta-T= ~=~~ooo~ s~c

Scale canstant= O.1OOOOOE+O1 Delta-Freq.= 0.050 Hertz

Sample Variarlce= 0.516035E+OI *90Z Carlf Intw.= 0.471793E+OI
spei:tru~l ~re~ = 0.516035E+01 * = 0.!567206E+01

25 Deg. Freedom:

Si!g Wave Heiqht =

Laq

—.-

0
1
7~

3
4
5
6
7
8
9
10
It
12
13
14
15
16
17
18
19
20
21
~~
23

24
25

Fre- spectt-al
quency

HZ
——————

0.00
0.05
0.10
0.15
0.20
0.25 -
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1“10
1.15
1.20

1.25

-————. —-— _

0“800EIE-01
O.1O26E-OI
0.5891E-01
0.A170E-02
0.6444E-01
0.S521E-02
Q.9944E-01
0.7012E+O0
0.352AE+01
0.9194E+01
0.1731E+02
0.1962E+02
0.1406E+02
0.8?77E+Ol
Q.6194E+01
0.4218E+OI
0.5381E+01
0.4795E+01
0.2089E+01
0.1515E+OI
0.1347E+01
0.9619E+O0
0.476SE+O0
0.3578E+O0
0.3964E+O0
0.3695E+O0

for 90% Corlf. Eourlds Multiply
Spectral E5tirhate~ by 0.64 arid 1.71
9.0866 Irlches

LaqI

---

26
27

28
29
30
31
32

33
34
35
36
37
38
39
40
41
42
43
44
45
4A
47
48
49
50

Fre- Spectral
quency Estimates

HZ
-----

1“30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.?5
2.00
2.05
2.10
2.15
2“20
2.25
2.30
2.35
2.40
2.45
2.5!0
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lrt**z-sec
—-- .- —————

0.2170E+O0
0.2249E+O0
0.1454E+O0
0.1180E+O0
0.9277E_ol

0.7927E-01
0.6604E-01
0.7791E-01
0.4654E-01
0.4385E-01
0.3555E-01
0.5111E-01
0.2584E-01
~.~891E-ol

0.15’41E-01
0.3359E-01
0.2052E-01
0.2798E-01
0.1853E-01
().2760E-01

O.1O25E-O1
0.1787E-01
0.6868E-02
0.1441E-01
0.77S4E-02

(Low)
(High)



Table 7. Wave Spectrum at the Secl~ndary Tank Lmcation, RurI 39

HURRICfJNE CAMILLE bJAVES GENERATION

Lag

---

0
1
q

3
4
5
6
7
8
9
10
11
1~

13
14
-15
16
17
18
19
20
21
22

23
24
25

Scalar Spectrum Analysis

RurI= 399

&40 Poirtts 50 Lag%
SCal~ Constant= O.1OOOOOE+O1

Sample Variance= 0.459250E+01
Spectrum Area = 0.459249E+01

Page 1 of 1 Channel 2
W.IJJ.170FT

Delta-T= O-2000()() sec
Delt~--Fre,q.= 0.050 Hertz

*90X COnf Intu.= 0.419876E+OI (Lmw)
* = 0.S04790E+01 (High)

25 Deg. Freednm: for” 90% cl~fif.Buund% Multiply
Spectral Estimates by 0.66 and 1“71

Sig Waue Height = 8.5720 Ir!cheg

Fr-e- Spectral
quency E-stimates

HZ irl**2–sec
- . ---- - —. . - . -- —-

0.00 0.2647E–01
0.05 0.1202E-01
0.10 0.3350E-01
0.15 0.1216E-01
0.20 0.2515E-01
~,~5 -0.542AE-02
0.30 0.5595E-01
0<35 0.4630E+O0
0.40 0.29H3E+01
0.45 O.991OE+O1
0.50 0.1732E+02
0.53 0.1749E+02

,0”60 0.13A9E+02
0.A5 0.934AE+OI
0.70 0.A156E+01
0“75 0.3402E+01
0.80 0.24S4E+01
0.85 oP~152E+ol

0.90 0.14A4E+01
0.95 0.1142E+01
1.00 0.8498E+O0
1.05 0.5898E+O0
1.10 0.4016E+O0
1.15 0.2711E+O0
l.~() 0.2131E+O0
1.25 0.I?28E+O0

Lag

---

26
27
Q&

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Frra-
quency

Hz
---.-

1.30
1“35
1.40
1.45
1.50
1.55
1“60
1.&5
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2.20

2.25
2.30
2.35
2.40
2.45
2.50

Spectral
Estimates
in**2-Sec

------ -+--

0.2069E+O0
0.1980E+O0
0.1149E+O0
0.8166E-01
0.7521E-01
0.6438E–01
0.6155E-01
0.4454E-01
0.3621E-01
0.3316E-01
0.3307E-01
0.44151E-01
0.2995E–01
0.2083E-01
0.1591E-01
0.1237E-01
0.1264E-01
0.1553E-01
0.1592E–01
0.14S7E-01
0.1378E-01
0.1147E-01
0.8748E-02
0.7773E-02
0.5096E–02

129



Table 8. Wave S~ec~rum at the Primary Tarik L~cation, ~un 40

i

HURRICANE CAMILLE WAVES GENERATION

scalar spectrum Analysis Page 1 of 1 Channel 1
W.w. 70FT

Run= 40,

640 Points 50 Lags Delta-T= ow~f)~ooo” sec

Scale constant= O.1OOOOOE+O1 Delta-Freq.= 0.0S0 Hertz

Sample Variarlce= 0.511935E+01 *90X Cctnf Irttu.= 0.468044E+01 (Low)
Spectrum Area = 0.511935E+01 * = 0.562699E+01 (High)

25 Deg. Ft-eedorn: for- 90% Clznf. Bounds Multiply
Spectral E~timate~ by 0.6b ancl 1.71

Sig Wave Height = 9.0504 Inches

Lag

..-

0
1
9>

;
4
5
6
7
0
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Fre- Spel:tt-al
quency Estimates

Hz in**2-sec
——————_ —————————

0.00 0m23!31E-01
0.05 0.4552E-03
0.10 0.3120E-01
0.15 0.5264E-02-
~.~o 0.~~18E–01
O-25 -0.1977E-01
0.30 0.7737E-01
0.35 0.5599E+O0
0.40 0.3122E+01
0.45 O.1OO8E+O2
0:50 0.1834E+02
0.55 0.1845E+02
0.40 0.1293E+02
0.65 0.I031E+02
0.70 0.8601E+01
0.75 0.5372E+OI
0.80 0.315!3E+01
0.85 0.270AE+01
0.90 0.2069E+01
0.95 0.1519E+OI
1.00 0.1217E+01
1.05 0.S882E+O0
1.10 0.6283E+O0
1.15 0.4202E+O0
1.20 0.3038E+O0
1.25 0.3111E+O0

Lag

-——

2A
27
28
29
30
31
32

33
34
35
36
37
38
39
40
41
42
43
44
45
4&
47
48
49
50

Fre- Spectral
quency Estimate%

Hz 1~**2-SeC
----- ------ ----

1.30 0.2328E+O0
1.35 0.1302E+O0
~.40 0.9?42E-01
1.45 0.1194E+O0
1.50 O.llAIE+OO
1.55 0.8183E-01
1.40 0.A165E-01
1.65 0.503AE-01
1.70 0.3280E-01
1.73 0.3783E-01
1.80 0.4074E-01
1.85 0.5738E-01
1.90 0.3446E-01
1.95 0.2021E-01
2.00 0.1664E-01
2.05 0.25A9E-01
2.10 0.1782E-01
2.15 0.13SOE-01
2.20 0.1115E-01
2.25 0.1248E-01
2.30 O.1O13E-O1
2.35 0.1297E-01
2.40 O.1OOSE-O1
2.45 0.1594E-01
2.50 0.1330E-01
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Table 9. Waue Spectrum at the Secondary Tank Locatiun, Run 40

4

HURRICANE CAH”ILLE WAVES GENERATION

st:alar Spectrum Analysis Page 1 of 1 Channel 2
U.w. 170FT

Run= 40f

640 Points S0 Lags Delta-T= 0.200000 Sec
Scale cfinstant= O.1OOOOOE+O1 l)elta-Freq.= 0.050 Hertz

Sample Variarlce= 0.459111E+01 *90% Cfinf Intv.= 0.419749E+01
Spectvum Area = 0.459111E+01 * = 0.504637E+01

25 Deg. Freednm: fmr 90% Cnnf. llt>wrtclsllultiply
Spectral Estimates by 0.66 and 1.71

Sig Waue Height = 8.570S Inches

Lag

---

0
1
~

3
4
5
A
7
B
9
10
11
12

13
14
15
16
17
18
19
QO

21
22
23
24
25

Fre- Spel:tral.
quency Estimates
l-l~ in**2–~e~
-—+——— -——————— .-

0.00 0.3335E-01
0“05 0.3481E-02
0.10 0.31A2E-01
0.15 -0.1757E-02
0.20 0.2635E-01
0.25 –0.8343E-02
0.30 0.6A01E-01
0.35 0.5440E+O0
0.40 0.3260E+01
0.45 0.9630E+01
0.50 0.172HE+02
0.55 0.1748E+02
0.60 0.1205E+02
0.65 0.9&22E+Ol
0.70 0.&706E+Ol
0.75 0.46S2E+QI
0.80 0.3267E+01
0.85 0.1928E+01
0.90 0.9538E+O0
0.95 0“8119E+O0
1.00 0.5989E+O0
1.05 0.3691E+O0
1.10 0.3719E+O0
1.15 0.315’lE+OO
l.~o OW2347E+00

1.25 0.1900E+O0

Lag

——-

26
27

28
29
30
31
32

33
34
35
36
37
38
39
40
41
42

43
44
45
4&
47
4&
49
50

Fre- Spectral
quency Estimates

HZ
-----

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1“90
1.95
2.00
2.05
2.10
2.15
2.20
2.23
2.30
2.35
2“40
2.45
2.50
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ir[**2-sec
--.--—- ——-

0.1473E+O0
Om1643E+O0
0.1449E+O0
0.1181E+O0
0.1179E+O0
0.1144E+O0
0.8414E-01
().5166E-01
0.5049E-01
0.56S1E-01
0.54A3E-01
0.4555E-01
0.3138E-01
0.2A24E-01
0.2729E-01
0.2063E-01
0.1861E-01
o.2J233E_ol

0.1877E-01
0.1574E-01
0.1217E-01
0.142?E-01
0.1668E-01
0.1460E-01
0.1339E-01



Taklle 10. Waue Spectrum at the Primary Tank L!~catimn, Rurl 45

a

HURRICANE CAMILLE WAVES GENERATION

scalar !3pe,ztr-um Analysis $ Page 1 of 1 Chamrlel 1
U.IJI. 70FT

Run= 45,

640 F’cirits 50 Lags Delta-T= 0.200000 Sec
Scale ccnstant= O.1OOOOOE+O1 Delta-Freq.= 0.050 Her-tz

SafhpIe Vat-iance= 0.523229E+01 *90Z Cnr,f Intv.= 0.478370E+01 (Luu)
Spectrum Area = 0.523229E+01 * = 0.575113E+01 (High)

25 Deg. Freednm: for 90% Cfirrf.ErcIurIds Multiply
Spectral Estimate% by 0.66 arid 1.71

Sig Wave Height = 9.1497 Inches

Larg

---

0
1
-1*

3
4
5
6
7
El
9
io
11
12

13
14
15
lb
17
18
19
Z()

21
22

23
24
25

Fre-

quency
HZ

———..-

0.00
0“05
0.10
0.15
0.20
o*~=J

0.30
0.35
0.40
0.45
0.50
0.55
0.60
0“65
0.70
0.75
0.80
0.85
0.90
0.9.5
1.00
1“05
1.10
1“15
l-~(j

1.25

Spectr-al

0.2526E-02
0.7012E-01
0.9685E–02
0.57A4E-01
–0.1458E-01
0.5033E-01
0.2782E–01
0.6117E+O0
Q.3187E+01
O.1O69E+O2
0.1822E+02
0.IB47E+02
0.132SE+02
O.1O12E+O2
0.9112E+01
0.6424E+01
o.3~50E+ol
o.229~E+ol
0W~327E+~l

0.1495E+01
O.1O96E+O1
0.8078E+O0
0.5013HE+O0
0.3703E+O0
0.3619E+O0
0.265AE+O0 .

Lag

---

~~
27

28

29

30
31
3P

33
34
35
36
37
38
39
40
41
42

43
44
45
46
47
48
49
50

Fr-e–

querlcy
Hi!

-----

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2-ZO

2.25
2.30
2.35
2.40
2.45
2.50

0.209SE+O0

0.1621E+O0
0.1A45E+O0
O.1O36E+OO
0.8604E-01
0.5622E-01
0.8783E-01
0.6979E-01
0.8521E-01
0.6276E-01

0.6944E-01
0.557SE-01
0.5924E-01
0.3687E-01
o.3~45E_ol

0.2127E-01
0.2972E-01
0.17S6E-01
o.~859E–ol

0.1346E-01
0.2390E-01
0.1453E-01
0.2423E–01
0.2175E-01
0.4088E–01
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Table 11. Uave Spectr-ulrl at the Sec,Jnclary TarIk. Lc!cation, RurI 45

HURRICANE CAMILLE blAUES GENERATION

Scalar spectrum Arlalysis Page 1 of 1 Channel 2
U.u. 170FT

Run= 45,

A40 POirits 50 Lags Delta-T= 0.200000 Sec
Scale carlstant= O.1000OOE~Ol Delta–Freq.= 0.030 Hertz

Sample Variarlce= 0.461A61E+01 *90X Conf I~ltu.= 0.422081E+01 (Low)
spectrum Area = 0.461A61E+OI * = 0.507440E+01 (High)

25 Deg. Freedom: for 90% Cfinf. BourIclsllultiply
Spectral Estimates by O.&b ar,cl 1.71

Sig Waue Height = 8.5945 Irlches

Lag

.——

0
1
~

3
4
5
6
7
8
9
10
11
1~
13
14
15
16
17
18
19
20
21
22

23
24

25

Fre- Spe,c*k-al
querll:y E~timates

HZ irl**2-5ec
-— .——- ——-..--—— -

0.00 -0.3931E-01
0.05 o=g~73E–ol

0.10 -0.1344E-01
0.15 0.7989E-01
0.20 -0.4987E–01
0.25 0.6390E-01
0.30 0.S436E–02
0.35 0.6303E+O0
0.40 0.3024E+01
0.45 0.I099E+02
0.50 0.1830E+02
0.55 0.1718E+02
0.60 0.1169E+02
0.65 0.8552E+OI
0.70 0.7124E+01
0.75 0.4062E+OI
0.80 0.2791E+01
0.S5 0.2048E+OI
0.90 0.1458E+01
0.95 0.9137E+O0
1.00 0.8721E+O0
1.05 0.5230E+O0
1.10 0.3823E+O0
1.15 0.2123E+O0
1.20 0.1848E+O0
1.25 0.16AOE+O0

Laq

———

26
27
28
29

30
31
32
33
34
35
36
37
38
39
40
41
42

43
44
45
46
47
48
49
50

Ft-e- Spectral
querlcy E~timate~
Hz ifi**2-5ec
—.--- —------ ---

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2.20
2.25
2.30
2.35 -
2.40
2.45
2.50

0.1994E+O0
0.1195E+O0
0.1361E+O0
0.62S8E-01
0.7337E-01
0.6124E-01
0.7202E-01
0.3358E-01
0.5770E-01
0.2469E-01
0.4323E-01
0.1989E-01
0.2845E-01
0.llllE-02
0.2993E-01
0.1241E-01
0.2346E–01
0.4167E-03
0.2029E-01
0.1AS7E–02
0.1877E-01
.O.8549E–04
0.1746E-01
0.1176E-02
o.2049E-ol
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Taklle 12. Wave Spectrum at the Primary Tank Lucatiun, RIJrI46

#

HURRICANE CAMILLE WAVES GENERATICIN

Scalar Spectrum Analysis Page 1 of 1 Channel 1
W.w. 70FT

RurI= 467

640 Poimts 50 Lags Delta-T= ~-~~()~~o s~c
Scale c~n~tant= O.1OOOOOE+O1 Delta-Freq.= 0.050 Hertz

Sample Vat-iance= 0.505881E+01 *90i! Cmnf Intu.= 0.462509E+01 (Low)
spectrum Area = 0.505881E+01 * = 0.556045E+01 (High)

25 Deg. freedom: fur 90% C~nf. BourIcls Multiply

z
pectral Estimate% by 0.66 and 1.71

Sig Uaue Height = .99A7 Iriches

Lag

---

0
1
?

3
4
5
6
7
8
?
10
11
12
13
14
15
16
17
1s
19
~~

21
~~

23
24
25

Fre– Spectral
Iquerlcy E~timate~
Hz in**2-sec
-——-—— -——— ----——

0.00
0.05
0.10
0.15
0“20
o.~~

0.30
0.35
0.40
0.45
0.50
0.53
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
1“25

0.4171E-01
0.7426E–01
0.4790E-01
0.2765E-01
0.18231:-02
0.1424E-01
0.A147E–01
0.5405E+O0
0.3017E+01
0.IO05E+02
0.1738E+02
0.1696E+02
0.1239E+02
0.9902E+OI
0.6A31E+01
0.4931E+OI
0.4978E+01
0.3462E+01
0.2392E+01
o.156BE+ol

0.1438E+01
0.1161E+OI
0.678&E+O0
0.5149E+O0
0.4440E+O0
0.3611E+O0

Lag

---

26
27

28
29

30
31
3P

33
34
35
36
37
38
39
40
41
42

43
44
45
46
47
48
49
50

Fre-
quency

HZ
-----

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2.20

2.25
2.30
2.35
2.40
2.45
2.50

Spectral
Estimates
in**2-5e~

------ ----

0.2’713E+O0
0“1868E+O0
0.1897E+O0
0.1761EI-00
0.1775E+O0
0.1505E+O0
0.1219E+O0
0.7781E-01
0.855AE-01
0.9421E-01
0.7859E-01
0.5360E-01
0.4086E-01
0.2752E-01
om4~81E-ol
0.3905E–01
0.4269E-01
0.3057E-01
0.2972E–01
0.2758E-01
0.4239E-01
0.3735E-01
0.3829E-Oi
0.3123E-01
0.3017E-01
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.-L. -

Lag

—.+

o
1
9A
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25

HURRICANE CAMILLE WAUES GENERATION

scalar Spectrum Analysis Page 1 OF 1 Chanriel 2
W.bl. 170FT

Rum= 4A,

t540 Point= S0 Lag% Delta-T= 0.200000 Sec
Scale constarit= O.1OOOOOE+O1 Jlelta-freq.= 0.050 Hertz

Sample Variance= 0.455438E+01 *90Z COnf Intv.= 0.416574E+OI (Low)
Spectrum Area = 0.45563SE+01 * = 0.500S20E+01 (High)

25 Deg. Freedom: fur 90% Conf. E!~uncls Multiply
Spertral Estimates by 0.66 and 1.71

Siq Wave Height = 8.5383 Inches

Fre- Spel=t.t-al
querlcy Estimates

HZ irl**2–sec
.—.—— .— -—--—-----

0.00 0.4884E-02
0.05 0.5228E-01.
0.10 o.l~39E-ol

0.15 0.3925E-01
o-p~ -0.9445E–02
0,25 0.311AE-01
0.30 0.1128E+O0
0.35 0.7A24E+O0
0.40 0.3132E+01
0.45 0.I036E+02
0.50 0.1745E+02
0.55 0.1589E+02
0.60 0.I038E+02
0.65 0.7543E+01
0.70 0.6502E+01
0.75 0.5774E+01
0.80 0.50Q3E+01
0.85 0.2534E+01
0.90 0.1276Ei-01
0.95 0.8525E+O0
1.00 0.7140E+O0
1.05 0.5290E+O0
1.10 0.3303E+O0
1.15 o.~o15E+oo

1.20 0.2122E+O0
1.25 o.2129E+oQ

Lag

-.—

26
27

28
29
30
31
32
33
34
35
36
37
30
3?
40
41
42
43
44
45
46
47
48
49
50

Fre-
quency

Hz
—--- -

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2“15
2.20
T T~A.-
2.30
2.35
2.40
2.4S
2.50

Spectral
Estimates
in**2-sec

----------

O.251OE+OO
0.1656E+O0
O.1OO5E+OO
0.4445E-01
0.7792E-01
0.6826E-01
0.6162E-01
0.3620E-01
0.5694E-01
0.4176E-01
0.3581E-01
0.1427E-01
0.2786E-01
0.2764E-01
0.3990E–01
0.1634E-01
O.~llOE–ol

0.1191E-01
0.2346E-01
0.153SE-01
0.2455E-01
0.1198E-01
0.1S29E-01
O.1O37E-O1
0.1938E-01
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Table 14. Haue Spectrum at the Primary Tank. Location, Run 52

HURRICANE CAMILLE WAVES GENERATION

Scalar Spectt-ulrl Analysis Page 1 Of 1 Channel 1
ld.w. 70FT

Rurl= 52,

640 Pfiirlts 50 Lags Delta-T= O.POOOOO Sec
SCale cfinstant= O.1OOOOOE+O1 Delta-Freq.= 0.0S0 Hertz

Sample Variance= 0.483448E+01 *90X Cnnf In*u.= 0.442000E+01 (LDwJ
Spectrum Area = 0.483448E+01 * = 0.531387E+01 (High)

25 Deg. Freedom: for- 90% Cnnf. Bounds Hultiply
Spectral Estimates by 0.66 and 1“71

Sig Waue Height = #.7950 Inch~s

Fre-
quency
Hz

——-—--

0.00
0.05
0.10
0“15
~=po

0.25 -
0.30
0.35
0.40
0.45
6.50
0.55
0.60
0.6!5
0.70
0.75
0.80
0.85
0“90
0.95
1.00
l.oEi
1.10
1.15
l.p~

1.25

Spectt-al
Estimates
irl**2-sec

----------

0.6058E-01
0.4700E-01
0.7630E-01
0.1311E-03
0.3843E-01
‘0.1166E-01
0.9439E-01
0.5772E+O0
0.3116E+01
0.991BE+OI
0.17?31E+02
0.1803E+02
0.1314E+02
0.7918E+01
0.S502E+01
0.4963E+OI
0.3099E+01
o~~~~~E+ol

0.2234E+OI
0.1537E+01
0.l~37E+ol

0.8761E+O0
O.61O4E+OO
om6~’J7E+oo

0.3402E+O0
0.3480E+O0

Lag

--—

26
27

28
29
30
31
32
33
34
35
36
37
3s
3?
40
41
42

43
44
45
46
47
48
49
50

Fre-
quency

HZ
-----

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.?0
1.95
2.00
2“05
2.10
2.1s
2.20
2“25

2.30
2.35
2.40
2.45
2.50

Spectral
Estimates
in**2–sec

—-- ———————

o.~Il~E+oo

0.1781E+O0
0.1557E+O0
0.1553E+O0
0.I061E+O0
0.9095E-01
0.7018E-01
0.9548E-01
0.8196E-01
0.7218E-01
0.3426E-01
o,4~47E–ol
0.4575E-01
0.4418E-01
0.2642E-01
0.4248E-01
0.3062E-01
o.2833E_ol

0.1712E-01
o.2433E-ol

0.IO19E-01
0.2327E–01
0.2661E-01
0.3031E-01
0.1640E-01
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Table 15. Waue Speckrual at the Secandary Tank L~catifin, Run 52

HURRICANE CAMILLE WAVES GENERATION

scalar spectrum Analysis Page 1 of 1 channel 2
U.w. 170FT

Run= 52P

A40 F’Oints 50 Lags Delta-T= 0.200000 Sec
Szale curlstant= O.1OOOOOE+O1 Delta-Freq.= t).050”Hertz

SampIe Wariarll:e= 0.4A412BE+01 *?O% Cfirif Int~.= 0.42433AE+01 (Lllw}

Spel=trum Area = 0.4441~8E+01 * = O.51O152E+O1 (High)

ZS ~e~. Fr-e@~om: f,~r 90% c~rrf. Bounds Hult.iply
Spectral Estimates by O-6A aid 1.71

Siq Wawe Height = 8.6S74 Inches

Laq

—-—

0
1
2
3
4
5
6
7
!3
9
10
11
12
13
14
15
16
17
18
19
20
21
~~

23
24

25

Ft-e- Spectral
querll:y E~timate5

HZ irl**2–sec
-+ —.- - . - - - -- . ———

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
1.25

0.5231E-01
0.I~27E-01

0.6570E-01
0.1477E-01
0.500BE-01

-0.1634E-01
O.1O19E+OO
0.5494E+O0
0.~942E+Ol

0.98B5E+01
0.IS38E+02

0.IH20E+02
0.135AE+02
0.8779E+01
0.5011E+01
0.3544E+01
0.2932E+01
0.2577E+OI
0.1779E+01
0.9775E+O0

0.794AE+O0
0“6288E+O0
0.3190E+O0
0.2859E+O0
0.2903E+O0
0.1938E+O0

Lag

———

26
27

28
29

30
31
32
33
34
35
36
37
38
39
40
41
42

43
44
45
46
47
40
49
50

Fre-
quency

HZ
————-

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2“0s
2.10
2.15
2.20
2.25
2.30
2.35
2.40
2.45
2.50

Spectral
Estimates
in**2-sec

..——-——— --

O.IIIIE+OO
O.1O23E+OO
0.8392E-01
O.1O44E+OO
0.1159E+O0
0.7688E-01
o“3248E_ol

0.3116E-01
om24~7E–ol

0.3785E–01
0.2979E-01
om28~3E_ol

0.1838E-01
0.1763E-01
0.1241E-01
0.2328E–01
0“1160E-01
0.1659E–01
0.1338E-01
0.16A2E-01
0.5956E-02
O.1O73E-O1
0.5566E–02
0.1145E-01
0.5395E-02
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Tattle Ibm Aueraged Wave Spectrum at the Primary Tank. Location

i

HURRICANE CAMILLE WAVES GENERATION

Scalar Spectruch Analysis page 1 of 1 Channel 1
W.w. 70FT

Run= 36, 37, 397 40, 45, 469 52,

4480 Puints 50 Lags Delta-T= 0.200000 Sec
Scale constant= O.1OOOOOE+O1 Delta–Freq.= 0.0S0 Hertz

Sample Variarlce= 0.506391E+01 x90X Corlf Iritu.= 0.489260E+01 (Low)
Spectrum Area = 0.504391E+01 * = 0.524488E+01 (High)

179 Deg. Freedi~m: fmr- 902 Ctinf. EifiundsMultiply
Spectral Estimates by 0.85 arid 1.20

Sj.gwave Height = 9.0013 Ir,ches-..

Lag

———

0
i
-r
L

3
4
5
6
7
R
9
10
11
12
13
14
15
16
17
10
19
20
21
22

23
24
~~

Fre-
quency

Hz

0.00
0.05
0.10
0.15
0“20
o.~~

0.30
0.35
0.40
0.45
0“50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20

1.25

Spectral
Estimates
l~*N2-SeC

- - -- - - - -- -

0.4598E-01
0.4111E-01
0.4823E-01
0.2173E-01
0.3057E-01
0.1415E-01
0.871SE-01
~=6203E+OO
~.327&E+ol

O.1OO5E+O2
0.1758E+02
0.17H9E+02
0.1302E+02
0.9743E+01
0.7649E+OI.
0.5171E+OI
0.3790E+01
0.3077E+01
o.2~77E+~l

0.1562E+01
0.1158E+01
0.8495E+O0
0.5876E+O0
0.4S77E+O0
0.3914E+O0
0.3051E+O0

Lag

---

26

27

28
29
30
31
32

33
34
35
36
37
38
39
40
41
42

43
44
43
46
47
48
49
50

Fr-e-
quency

Hz
-----

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2“10
2.15
2.20
2.25
2.30
2.35
2.40
2.45
2.50

Spectral
Estimlate~
irl**2-sec

---------—

o-22~8E+oo
0.1H34E+O0
0.1491E+O0
0.1239E+O0

O.1O34E+OO
0.8484E-01
0.7337E-01
0.6807E-01
0.6315E-01
0.6197E-01

0m5090E-01
0.5056E-01
0.3853E-01
0.3111E-01
0.2577E-01
0.3017E-01
0.2559E-01
o.2231E-oI

0.18S8E-01
0.1990E-01
0.1703E-01
0.1924E-01
0.1757E-01
0.1948E-01
0.1771E-01
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HURRICANE CAMILLE WAVES GENEtiATICIN

scalar Spectrum Analysis Page 1 of 1 Channel 2
U.u. 170FT

nun= 3A, 37, 39, 40, 45, 46, 52,

4480 Points 50 Lags Delta-T= 0.200000 Sec
Scale constant= O.1OOOOOE+O1 Delta-Freq.= 0.050 Hertz

Sample Variance= 0.458974E+OI *90Z Canf Intv.= 0.443448E+01 (LCJH)
Spectr-um Area = 0.458974E+01 * = 0.475377E+01 (High)

179 Deg. Freedom: fur 90% Conf. Eiourlds Multiply
Spectral Estimates by 0.85 and 1.20

Sig Wave Height = 8.5695 Inches

Lag

a ——_
o
1
9*

3
4

a 5
6
7
8
?
10

a 11
12
13
14
15
16

4 17
18
1?
20
21
’22

a 23
24
25

Fr-e-
quency

HZ
——————

0.00
0.05
0“10
0.15
O.po

0.25
0.20
0.35
0.40
0.45
0.50
0.55
,0.40
0.65
0.70
0.75
0.80
0.s5
0.90
0.95
1.00
1.05
1.10
1.1s
l“z~
1.25

Spectra].
Estimates
iri**2-sec

—+——---- -+

O.1O26E-O1
0.3501E-01
0.206AE-01
0.3245E-01
0.S476E-02
~.2~89E_ol

0.5957E-01
0.5765E+O0 ~ *
0.3131E+01
O.1O23E+O2
0.1749E+02
0.1714E+02
0.1227E+02
0.S783E+01
0.6471E+01
0.425’2E+OI
0.3232E+01
0.2304E+01
0.1385E+01
0.9210E+O0
0.7476E+O0
0.4956E+O0
O.351OE+OO
O.241OE+OO
om~~~6E+o~

0.1961E+O0

Lag

———

26
27
28

29
30
31
32
33
34
35
36
37
38
39
40
41
42

43
44
45
46
47
48
49

Ft-e-
quer,ey

Hz
———_—

1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1“90
1.95
2.00
2.05
2.10
2.15
2.20
2.25
2.30
2.35
2.40
2.4S

Spectral
Estimates
in**2-sec

—--- ---- ——

0.1873E+O0
0.1498E+O0
0.1154E+O0
0.8180E–01

0.8490E-01
0.6850E-01
0.5922E-01
0.3S71E–01
0.4313E-01
0.3493E–01
0.3683E-01
0,2905E–01
0.2765E-01
0.1802E-01
0.2451E-01
0.1593E-01
0.1775E-01
0.1322E-01
Ci.1718E-01
0.1123E-01
0.1448E-01
0.8680E–02
Om1250E-Ol

0.7891E-02
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Tattle 18. & Sample ASCII Time History File, Run 36

RUN 36 CAMILLE WAVES IN DAVIDSON LAEORATDRY TANK-3 NOV-87
SAMPLING INTERVAL : 0.1 SECOND, READ FORMAT fF8.3,FB.3j
1ST COLUMN : WAVE ELEVATN,INCHES, AT PRItlORY LOCATN, 70 FT FROfl WAVE MAKER
~~~ coLU~~ : WAVE ELEVATN,INCHES, AT SECONDARY LOCATN, 1“70 FT FROM WAVE HAKEK’
DESIREI) SIGNIFICANT WAVE HEIGHT 9.0 INCHES

1.389 0.96YJ
2.428 0.912
2.712 0.481.
2.483 ().003
2.187 -0.58(5
1.806 -1.105
1.480 -1”300
1.232 -1.217
0.876 -0.893
0.066 -0.209
-0.88? 0.735
–1.584 1.483
-1.95R 1.390
_~.~18 1.884
–2.194 1=~7~

-1.952 0.157
-1.686 -0.663
-1.124 _l.~17

-0.23($ -1.600
0.725 -1.471
1.619 -o-9~p

2.193 -0,386
2.187 0.062
1.377 0.564
oti8~~ 0.858
0.646 0.B64
0.586 0.811
0.58A ~,6~8

0.5s0 o*~9~

0.422 0.039
0.14? -o.~~~

–0.15s -0.374
-0.448 -0.439
-0.738 -0.374
-1.016 -0.439
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FIGURE 2 WAVE SPECTRUM AT PRIMARY LOCATION, RUN 36
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FIGURE 3 WAVE SPECTRUM AT SECONDARYLOCATION, RUN 36
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FIGURE 4 WAVE SPECTRUM AT PRIMARY LOCATION, RUN 32
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FIGURE 5 WAVE SPECTRUM AT SECONDARYLOCATION, RUN 37
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FIGURE 6 WAVE SPECTRUM AT PRIMARY LOCATION, RUN 39
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FIGURE 7 WAVE SPECTRUMAT SECONDARYLOCATION, RUN39
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FIGURE 8 WAVE SPECTRUM AT PRIMARY LOCATION, RUN 40
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Run 40, Seoondary Location

FIGURE 9 WAVE SPECTRUM AT SECONDARYLOCATION, RUN 40
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FIGURE 10 WAVE SPECTRUM AT PRIMARY LOCATION, RUN 45
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FIGURE 11 WAVE SPECTRUM AT SECONDARY LOCATION, IUJN45
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FIGURE 12 WAVE SPECTRUM AT PRIMARY LOCATION, RUN 46
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FIGURE 13 WAVE SPECTRUM AT SECONDARYLOCATION, RUN 46
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FIGURE 14 WAVE SPECTRUM AT PRIMARY LOCATION, RUN 52
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FIGuRE 15 WAVE SPECTRUM AT SECONDARYLOCATION, RUN 52
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FIGURE 16 AVERAGED WAVE SPECTRUM, PRIMARY LOCATION
RUNS 36, 37, 39, 40, 45, 46, 52
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(APPENDIX A]

20THAMERICANTOWINGTANK CONFERENCE

DAVIDSON “LABORATORY

STEVENS INSTITLJTE OF TECHNOLOGY

AUGUST2, 3, 4, 1983

PART I ~

DAVIDSON LABORATORY TANK 3 WAVE MACHINE

TYPE: Double Flap/Wetback

COMMISSIONED: 1 Septenber 1982

SYSTEMS RESPONSIBILITY:

MTS Systms Corporation, Minneapolis, MN:

● Waveboards, Linkages and Foundation

● Actuators, servo Valves, Service Manifold,
Power Supply

● Master Control, Feedback Controllers

Davidson Laboratory

● Backbeach and Incidental Mechanical Equipment
● Cmnputer Interface

● Computer and 5oftware

“TANK DIMENS1ONS:

Length: 295 feet exclusive of dock
Width: 12 feet

Normal Operating Depth: 5.36 feet

WAVEBOAR13 GEOMETRY:

● Waveboards located 10.5 feet frmn tank end
● Hinge locations:

Lower 0.22 feet from tank bottm
Upper 3.95 feet from tank bottm

● At normal operating depth:
Lower Waveboard height 3.73 feet
Upper Waveboard height 1.40 feet

● Haximun Waveboard angles (mechanical):

Lower k15°
Upper *13.75° (relative to lower)

● Angle 1 imits set by software, t13.4°, both waveboards .

● Angular velocity limits set by software:

Lower *45 deglsec
Upper *6o deg/sec
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MECHANICAL LINKAGE:

● Stick figure linkage schematic appended as Figure 1. There .

are three fixed hinge points in the sy~tm, the lower wave-

board hinge, the lower waveboarcl actuator trunnion, and a
third hinge at the top of the vertical link. Extension of
the lower flap actuator is magnified three times by the
vertical ,link, which moves the triangular yoke, and
ultimately the Iwer flap through horns at each side. The
upper flap actuator is carried by the yoke and is attached

directly to the upper flap.

“ The nonlinear relationships between actuator extensions and
waveboard angles are compensated for in the cctnputer generated
actuator extension ccrnmand signals.

SEALS :

“ There are no rubbing seals between the waveboards, or between
waveboards and the tank. Various baffle plates are arranged
so as to minimize the flow-through area. Width of the
resulting cracks is typically 1/8 to 1/4 inches.

SUBMERGED BEARINGS:

“ Four sulxnerged journal bearings, two in each hinge line, self
lubricating.

BACKBEACH:

● Section, Figure 11

“ Six layers of wooden grids at about 12° angle are attached
to a pile of standard concrete blocks arranged so as to permit
flow-through. The various parts are strapped together with
stainless steel rods and hooks. Horizontal flow area through
concrete blocks is about 35% of frontal area. Slanted grid
over the foundation inspection pit required to control splashing.

“ Tank sides built up locally about 16 inches

● Design was developed by cut and try with 1/8 scale model.

HYDRAULIC EQUIPMENT:

● Power supply; Variable volume

40 gpn @3000 psi
Main punp motor, 55W

● Servo Valves:

Lower, 2 valves, 15 gpm
Upper, 2 valves, 5gFn

● Actuators:
. Lower, 16 inch stroke, 150001b force rating

Upper, 21 inch stroke, 5500 lb force rating
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SERVO CONTROLLERS:

“ Displacaent, velOc;tY. acceleration and delta pressure

feedback.

“ Limit detectors for all quantities capable of shutting

down power supply.

“ Offset and span adjustment.

MASTER CONTROL;

● Hydraulics on/off, high/low pfessure,run/stop, panic

button, interlocks.

● Controls duplicated at dock end of tank.
.

INTERFACE:

. .

●

●

Isolation amplifiers between computer and rest of system.

Slow start/stop circuits which ramp signal gain up and
down to provide smooth start up and stop, and to prevent
ccunputer signals frwn reaching servo controllers except
when in run mode.

Low pass filters (5 Hz, 6-pole Butterworth) at input to
servo controllers.

Pulse generator to canmunicate with cunputer when run/stop
mode changed.

Inclinaneters mounted on waveboards, dual digital displays.
(To aid in checking net static gains through the system.)

COMPUTER:

● PDP 11/23 system includes:

1S1 n/23 CPU, mmory managaent
96 Kb HOS menory
2 1/0 ports
Boot Strap Pran
Programmable clock
4 Channels D/A
Dual Drive, Double Density

F1OPPY System (Imb)

Hardcopy Terminal
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SOFTWARE,:

● RT-11 single user operating systen and FORTRAN.

s Locally developed calibration and diagnostic utilities.

Q Run time Regular Wave generator.

● Irregular Wave Prqram generator.

‘ Modified white noise/fast convolution method

● 17 hours worth of statistically independent
2 minute samples available

“ Open loop
● Five spectral forms, l~C, Neumann, JON5WAP,

Voznesenski-Netsvetayev, and “Swell”. “sea

plus Swell” simulations possible by canbination

of above forms.

“ Run Time Irregular Wave generator
● Scales previously stored digital wave programs and

runs the machine.

● Software corrections for:
● Nonlinearity of LVDT actuator displacement transducers
● Linkage nonlinearity
● Closed loop servo frequency response
“ Filter frequency response

“ Theoretical wave machine calibration

● Net deviations between theoretical and experimental

calibrations

- Four apportionment schmes:
“ Upper flap only
“ Lower flap only

0 Limited linear regression (lJSNA method with upper
flap only for high frequencies, and in opposed
phase operation, upper flap angle limited to
value equal to that of lower flap).

● Main slope (no opposed phase operation, yields a
marginally higher wave with slightly less good
long wave shape than linear regression).

0 Linear regression apportionment is the standard
for normal water depth.

REGULAR WAVE CAPACITY:

“ Limiting regular wave capacity indicated in Figure Ill.

IRREGULAR WAVE CAPACITY:

● Limiting irr~ular wave (ITTC two parameter) capacity shmn
in Figure IV
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(Appi3NDIx B)

A PSUEDO-RANDOH WAVE GENERATOR SYSTEM

As presently developed, the randan wave generator system is a

three step process:

1. Define the desired spectral shape.
.

2. Generate a particular realization of a Guassian random wave

process having the desired spectral shape and having a one

inch significant height. Apply the wave machine calibration

to this process to produce sequences of required angles for

upper and lower flap. Finally, store this result in a (binary)

program file which will be used at run time.

-. . 3. Read the program file from disk and scale the angles from 1 inch

significant height to those for the desired significant height.

Cunpute actuator positions for each flap and scale the results

to bits into the D/A converters. This result is stored in

virtual memory, and as now programmed is a periodic sequence

128 seconds in length. The starting point of the periodic

sequence output may be specified and once this is done the

stored sequences are loaded into low memory and output upon

receipt of external trigger pulse by subroutine RUNOUT just ““

as in the regular wave program.

The reasons for making an essentially two step process into three

steps are: a) memory requirements for Step 2 are approaching that available,

and b) a significant increase in flexibility is achieved. The increase

in flexibility is because the output of Step 1 is an ASCII file which

defines the specturm shape numerically. This file may be created by hand

so that any half-way reasonable spectrum shape may be specified (for example

analytical spectra not built into the program to be described, or observed

spectra) .

‘$

Three programs, SPTGEN, RANGEN, and RANWAV constitute the system.

Source and SAV versions are on Disk 19.
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SPTGEN

This program automates the first step of the process and eliminates

the hand generation of files containing numerically defined spectra so

ong as what is wanted is a spectrum having one of the following five ana-

lytical forms:

1. A Exp [-B/UJk]/U5 (ITTC, ISSC, Pierson-Hoskowitz,

Bretschneider, etc.)

2. JONSWAP
4

3. NEUMANN

~. A Exp [-~/w4]/uE (Voznesenski-Netsvetayev; the form

used in the USSR.)

5. A band pass filter form , which, with reasonable selection of

bandwidth, should simulate swell.

The program will in addition superimpose any two of the above forms to create

“sea and swell” spectra. The details of each spectral form are built into a

subroutine library, SPCTLB in such a way that the addition of new analytical

forms should not be a difficult job.

RANGEN

This program automates Step 2 of the process using the FFT fast

convolution technique. Required input besides the spectrum form file is

the tank water depth, the desired flap apportionment scheme, and the

random sample number. Since each sample produces 2 minutes of simulation,

there is the theoretical possibility of about 18 hours of statistically

independent time history realizations for each spectral forti. Generation

of the program requires about 3 minutes of computation.

RANWAV

This program

and the contents of

height. flaking the

is the run-time step. Once the program file is”specified

the file are documented, the program asks for a significant

non-linear corrections to required angles to get to

actuator positions and D/A bits requires about 1 2/3 minutes of computation.

Once this is done, loading and running sequences for any starting point, or

repeating runs takes no appreciable time.
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APPENDIX E

NUMERICAL MODEL OF A NONLINEAR RANDOM SEAWAY

by

John F. Dalzell

Introduction

ThebasicobjectiveofTask3ofthepresentworkwastoseeifthetrendsinhalf-cyclecounts
ofthemaximaofobservedseverewavetimehistoriescouldbequantitativelyand/orqualitatively
representedby a functionalmodeloftheseconddegre,thatis,by a secondordermathematical
model.ThepurposeofthisAppendixistosummarizethemathematicalbackgroundandprocedures
whichwereutilizedinordertoarriveatthesecondordermodeldescribedinSection6ofthereport.

Prior Work

The basic formulation of a wave field as a modified functional polynomial of the second degree
is due to Hamelmann21*, and an early, ifnotfirst,utilizationofthisformulationinthesimulationof
nonlinearwavetimeseriesw= byHineno22.Theapproachusedinthepresentinstanceisinessence
that of Hineno22, though some elements are derived from the somewhat more general derivation of
Dalze1123.

The general wave field model includes spatial as well as time dependence for the short-crested
case. If ~ denotes a position vector and t denotes time, the true wave field to second order, [T(%7 t),
is written as the sum of two terms:

where & (~, t) is a first order (linear) field which may be short-crested, and (2 (~, t) is a second
order contribution. The form of Hasselmann’s21 functional formulation of the nonlinear wave field
to second order arises from the properties of the second order Stokes expansion of progressive
gravity waves. Broa&ly, what happens in the second order Stokes expansion is that all the second
order nordinearities in the wave field arise from self interactions and interactions between pairs of
first order wave components. Thus, if the first order components are specified, the second order
components may be derived. The relationship between the first and second order components of
the field is a rather complicated space-time convolution, and is given in Dalze1123.

SimplifyingAssumptions

The ultimate comparisons of interest were to be with wave time histories observed at one
freed point as a function of time. Thus, nothing was to be gained by simulating the spatial “field”,
especially as setting ~ = O greatly simplifies matters. Within the general formulation, if a short
crested simulation is desired, a fist estimate at least of the directional spread of the variance
spectrum of the observations is required in order to define cl (%, t) as an essential prerequisite
to the determination of (2(2, t). For the wave data of interest we do not know the directiord
spread. There consequently seemed no point in attempting a short-crested simulation in the present
exploratory project. Finally, there is a considerable simplification of the results of hydrodynamic
theory if mathematically deep water is assumed.

To summarize the principal simplifying assumptions, the simulation was assumed to be for
the wave elevations at a fied point of a long-crested, deep water random wave system. It might

* References appear on page 71
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be noted that the target full scale wave data finally adopted is not too likely to have been exactly
long-crested or free from the influence of finite water depth. The simplifications were accepted for
a first approximation because they have the beneficial effect of making the final functional model
almost the same as that discussed in Appendix B.

Second Order Wave-wave Interaction Theory

The second order wave-wave interaction theory of interest here maybe derived from the theory
by Longuet-Higgins24, summarized in Dalze1123. To first order, the potential solutions for small
amplitude gravity waves superimpose. The waves propagate independently and without interaction
— this is one of the primary assumptions in contemporary seakeeping practice. To second order
the waves interact, and the interaction produces a small, bounded modification to the wave motion.
To define these nonlinear modifications it is sufficient to consider the interactions between pairs of
waves. Thus, the theory postulates two first order harmonic gravity waves propagating in arbitrary
directions. By means of a systematic perturbation analysis, a solution for the total velocity potential
(correct to second order for deep water) is obtained, and this result in turn determines the wave
elevations (correct to second order) corresponding to an assumed pair of first order wave trains.

The results pertinent to the present work were speciahzed from those presented in Dalze1123.
In particular, two first order deep water harmonic waves of different wave frequencies, al and U2,are
assumed to propagate in the same direction in an earth ilxed coordinate system. If the elevations
are evaluated at

represented by:

where al and a2

The result

the origin of the coordinate system, the superimposed first order waves may be

are

for

&(t) = aI cos(q – qt) + az cos(q - qi), (El)

arbitrary amplitudes, and the ~j are arbitrary phases.

the total wave elevation to second order given in Dalze1123may easily be
specialized to the corresponding total wave elevation at the origin, &(t), for the deep-water, long-
crested case, with the following result:

where only the gravitational constant, g, is a new parameter.

(E.2)

An importantthingtonoteaboutEquationE.2isthatthefirsttwotermsontherighthand
sideareidenticaltotherighthandsideoftheassumedfirstorderwaves,EquationEl. Thelast
fourtermsontherighthandsidearethesecondorder“corrections”,andinvolvesecondharmonics
oftheinputwavefrequenciesaswellsssumanddifferencefrequencies.Iftheresultisviewedinthe
contextofinput-outputtheory,theinput,EquationE.1,appearsintheoutputunchanged;thatis,
theonlydetermineroftheamplitudesofthecomponentsoffrequenciesalandU2istheassumed
firstorderwave“input”.
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Functional Polynomial Expansion

The formof EquationE.2, whichresults from the physics of the problem, is that of the response
of a degree two functional polynomial to dual frequency excitation. This similarity suggests the
expansion of the “true” wave elevations as a Volterra functional series in the first order wave
elevation, which may be written:

[/ !
(T(~)=go + ~ . . . 9j(Tl, 1...Tj)~l(t-Tl)...~l(Tj)dTITdTj.dTj, (E.3)

jel

where the various kernels are not yet defined. The series is truncated at both ends on physical
grounds, Fhst, there can be no “true” wave in the absence of first order waves, so that go is set
equal to zero. Next, the present problem involves only second order corrections to the first order
waves, and with the encouragement of the last section, all terms resulting from j >2 in Equation
E.3 are dropped. The result is a functional polynomial containing only linear and quadratic terms:

<T(t) =
1

!h(Tl) !fl(~- TI)~TI +
!1

g2(71!T2)6(i - ~l)cl(t – 72)~Tl &2 . [E.4)

To use the model in a simulation, the linear and quadratic impulse responses, gl (~), and gz(rl, 72),
must be obtained. The strategy employed is similar to that discussed in Appendix B; that is, to
first obtain the corresponding linear and quadratic frequency responses, GI(u) and G2(u1,LU2),and
then employ the inverse Fourier transform, Equation B .3, to derive the impulse responses.

The frequency responses are conveniently identified from the theoretical result for the output,
&r(t), when the input,cl(i),iscomposedoftwoharmonicwaves.k particular,set

tl(i)= alCOS(EI- ult)+ a2 cos(q - uzt), (E.5)

where the only difference between Equations E.5 and E. 1 is the wj notation for wave frequency.
Then the resulting output, ~~(t) becomes Dalze113:

<T(f) = al W{GY(U1) ew[% – iult]} + a23?e{G~(w2)exp[i~2 – iw2t]}

1. + ~a~ G2(u1, –q) + ;u~ G2(u2, –u2)

+ ~a~ !lle{G~(wl, wl) exp[i2~l – i2wlt]} + ~a~ 3?e{G~(wz, w2) exp[i2c2 – i2wzt]}

+ ;Ia2 iRe{Gj(q,w2) exp[i(~l + q) – i(wl ~ U2)t]}

+ al a2 Re{G~(ul, -w) exp[i(cl- Ez)– i(ul- q)t]}

where the general frequency response functions are complex, the
gates, and the frequency domain extends to negative frequencies.

Frequency Response Functions for the Simulation

(E.6)

asterisks denote complex conju-

For the present problem the required frequency response functions are obtained by comparing
the general Equation E.6 with the similar equation which defies the physics, Equation E.2 . The
“u” not ation w= used for wave frequencies in Equations E.1 and E.2 because essentially positive
wave frequencies enter the physical problem. The %“ notation for frequencies in Equation E.5
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and E.6isusedbecausethefrequencydomainrequiredby theFouriertransformpairs,Equation
B.3,issymmetricaboutzerofrequency.However, for purposes of interpreting Equations E.5 and
E.6 the uj’s and ~j’s may be considered equal. The absence of “sin(.. .)” terms in Equation E.2
requires that the frequency response functions for the present problem be purely real. With this
obserntion it is clear from a comparison of the first two terms in Equations E.2 and E.6 that
G1(u) must be unity. It is also clear that G2(UI, U2) will be proportional to sums and differences
of the squares of wave frequency. As far as the overall simulation strategy is concerned, this last
produces a potentially serious problem, which is, that as either or both wave frequencies tend to
m, the value of the quadratic frequency response function will also. Under such circumstances the
required Fourier transform can not be calculated numerically.

The problem just noted is gotten around by redefining the system in such a way that the
required Fourier transforms can be carried out. It is usefi-dto summarize the polynornkd model of
Equation E.4 in a simple input-output diagram, Figure El, in which the ‘true” or corrected wave
elevation, (t(f), results from a linear and quadratic transformation of the ‘input” or first order
wave elevation, (I(t).

+zF--1 I

Figure E.1 Input-Output Diagram

In order to proceed, a linear “window” is inserted between the input, cl(t), and the linear plus
quadratic physical system. The relationships are summarized in a cascade diagram, Figure E.2,
in which the “window” transformation ~1(~), produces an intermediate function, ~lw(t), which is
then input to the physical system now denoted by linear and quadratic impulse response functions,

hl (T1) and hz(r~, TZ).

Figure E.2 Cascade Diagram

Now if the cascadej system of Figure E.2 is excited by a dual harmonic wave system, the
resulting expression for <T(t) is the same as Equation E.6 with the linear and quadratic frequency
response functions replaced by:

G1(w) = HI(w) FI (q)

G2(u1,u2) = l?2(q,u2)F’’(q) F“(w2) . (33.7)

where F1(q ) ,171(UI) , and H2(q,U2)arethe frequencyresponsefunctionscorrespondingtothe
impulseresponsesindicatedinFigureE.2.Sincethe“windowfltransformationisan analytical
artifice,F1(w)willbeassumedreal.

Theinputtothephysicilproblem,EquationEl,wasnot‘windowed”inanyway,sothatby
assumingF1(w)tobeunityinEquationE.6asmodifiedbyEquationE.7,thelinearandquadratic
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frequency responses relating first order wave input ad the corrected wave may be identified:

GI (ul ) = FI(uI )

(~? + ‘@ F,(q) ~l(~z)G2(Lq,U2)= If the signs of WI and U2 are the same,
2g

ILO;-41 ~1(”~) G(Q)=— If the signs of wl and L92are different,
2g

= o If either U1 or W2is zero. (E.8)

The explicit functions of ~j in Equation E.8 arise from the physical wave-wave interaction
problem. As noted, the window function is an analytical artifice which has so-far been assumed
only to be real. A choice of window frequency response function useful for the present simulation
is shown in Figure E.3. The function, F1(u), is assumed to be real and symmetric about u = O as
is required by the Fourier transform conventions. For frequencies between ‘WI and ~1 it is taken
to be unity. For Iul > UII it is exactly zero, and in-between the breakpoints a linear variation is
assumed. With F1(w) defined in this way, the frequency response functions defined by Equation E.8
are different from zero in a finite domain of frequency, and thus the required Fourier inversion may
be ~arried out without trouble. What this window does is flow the physical wave-wave interactions
to w&li as theoretically required only for interactions involving frequencies whose absolute values
are less than @l. If the first order wave input is band limited, and the maximum frequency in the
band is well below WI, the window will have no influence upon the the validity of a simulation of
(~(t) because the window will distort the first order wave elevations only at frequencies where there
is no energy present in the first place. Similarly, under this circumstance the wave-wave interactions
will be valid according to the physical theory for all interactions involving non-zero energy — we
are not interested in interactions between nonexistent wave components.

Thus if the breakpoints in the window are chosen appropriately, the linear impulse response,
gl (~), in Equation E.4 approaches a delta function, and the quadratic impulse response function,

gz(~1, T2), may be calc~ated EM the (nurnericaJ) I?ourier transform of the second of Equations E.8.
The effect is that the time domain model for the simulation of ~~(t) becomes:

(E.9)

which is the same as Hasselrnann’s theoretical mode121,

Determination of ‘First Order” Wave Spectra

An arbitrary observed wave variance spectrum is what was to be simulated in the present
work. The preceding sections indicate that the first ingredient in the required simulation is a time.
domain simulation of the ‘%rst order” wave elevations,&(t). To accomplish this in the conventional
way it is necessary to have an estimate of the variance spectrum of the “first order” component of

the observation.

Specializing some results in Dalze113,the functional polynomial model for the wave elevations,
Equation E.9, implies that the “true” wave variance spectrum corrected for second order wave-wave
interactions, ST(w), is related to the spectrum of the first order component, S1(w), as follows:

O
m

ST(U) = Sl(u) + Gz[(u – v)/2, (u + v)/2]12 Sl(lu - vl/2)S1(lu + wl/2)dv , E.1O)
o
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where the quadratic frequency response function is defined in the second of Equations E.8. If the
significant nordinearities in a given wave observation are second order, and the simplifying assump-
tions noted earlier in this Appendix are in order, Equation E.1O defines the variance spectrum
which would be observed.

There is a clear problem if the spectrum of the first order component , S1(w), is solved
for in a “nice” way. For the present exploratory investigation solving the problem “nicely” did
not seem worth the effort, and a “dirty” trial and error solution was attempted. Equation E.1O
was programmed to combine the selected quadratic frequency response function with an assumed
numerical definition of S1(u). With this tool a semi-manual iteration was carried out in which
assumed S1(w)’s were successively modified until ST(U) as computed by Equation E.1O agreed
reasonably well with the observed spectrum to be simulated.

For the present work the wave spectrum observed for “Hurricane Camille, 1500-1530 hours”,
as given in Section 5.0 was adopted as the target for the simulation. As matters turned out the
procedure just outlined was not too time consuming because the quadratic contribution to the
total mostly influences the high frequency tail of the observed spectrum. Figure E.4 compares
the observed target spectrum with the approximated linear (first order) spectrum, S1(u), and
the linear plus quadratic (“true” ) spectrum, S~(U), on the conventional linear scales. Figure E.5
shows the same results on a semi-log basis. For practical purposes, this exercise was almost not
necessary except to show that the quadratic component contributes a relatively insignificant amount
to the high frequency tail of the spectrum. In the semi-log plot, Figure E.5, above u x 1.5, the
correspondence between observation and ST(U) is poor. However, the significance of the full scale
observation in the high frequency range is influenced by quite a number of extraneous things — it
is suspected that the truth could be almost any small number in the high frequency range.

Numerical Simulation Details

The first of the details of the numerical simulation was to define the window frequency re-
sponse, F1(w). Inspection of the observed Camille spectrum, Figure E.4, indicates no appreciable
or believable energy content above a frequency of about 1.5 radians/second. Accordingly, the win-
dow breakpoints were set at WI = 3. radians/second and WII = 6. radians/second. (These values
were also used in the development of the first order spectrum discussed in the last section.) Once
this selection is made, the quadratic frequency response function of Equation E.8 is defined, and
the Fourier transform defied by Equation B.3 may be carried out numerically so as to generate
a numerically defined impulse response, g2(rl, r2). As in the work summarized in Appendix B,
the time domain simulation equation (Equation E.9 in this case) is turned into a summation, so
that the impulse response “function” must be evaluated at uniform intervals of ~1 and T2. For the
present simulation an interval, AT, of 0.25 seconds adequately defined the impulse response.

The starting point of the simulation of the first order wave time series was the numerically
defined first order (“linear” ) wave spectrum, S1(U), shown in Figures E.4 and E.5. The simulation
method employed is often called “fast convolution”. In this recipe a time series containing band
limited white Gaussian noise is first generated. The complex FFT spectrum of the noise is then
computed. A non-realizable frequency domain faltercorresponding to the desired variance spectrum
is formed by simply square-rooting the spectrum, and this is applied to the FFT noise spectrum
to produce a complex FFT spectrum of the process. The final step is an FFT inverse transform,
which produces a time series realization of the desired process.

The time series simulations of cl (i) were generated in ‘handy size” realizations of about 1000
seconds duration at a At of 0.25 seconds to conform to the evaluation interval of the quadratic
impulse response function. Ten such statistically independent realizations were generated in order
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to achieve a data base containing about as many half-cycles as were involved in the simulations
described in Appendix B.

Once the convolutionswerecarriedoutandthetimeseriesresultsinspecteditbecameclear
thata At of0.25secondswasnotreallyrequiredtoresolvethedata,andforconvenienceinthe
subsequentprocessingthetimeseriesweredecimatedbyretainingeveryotherpoint.As inthe
simulationsofAppendixB,thefistandsecondordercomponentsofthesimulatedCT(t)were
storedseparately.

One of the important things to do in qualifying the final realizations was to compute the
mean variance spectrum and compare with the original full scale obserntion. This was done and
the results are shown in Figure E.6. In the Figure ST(W) is the ‘Spectrum of Simulation” of the
legend. The analysis was done by frequency smoothing an FFT spectrum of each realization, and
then averaging over the ten-realization ensemble. The frequency spacing of the result is nearly the
same as that of the full-scale observation. The results shown for the simulation involve spectraJ
density estimates with 160 degrees of freedom each — which translates to 90% confidence bounds
on the spectral estimates of plus 21’% and minus 16’ZO.Thus the agreement between the original
and the simulated spectra is acceptable. The ten-sample “wave” elevation variance was computed
as 104.1 Ft2, with a 90% confidence interval of +6%.
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WAVE SPECTRUM FROM HURRICANE CAMILLE; 1500–1530 HOURS
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FIGURE C.4 “OBSERVED”, “LINEAR” AND “LINEAR PLUS QTJADRATIC” SPECTRA
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WAVE SPECTRUM FROM HURRICANE CAMILLE; 1500–15”30 HOURS
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FIGURE C.5 “OBSERVED”, “LINEAR’r AND “LINEAR pLUs fJIJADRATIC” SPECTRA
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