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FORWARD

Thisreportsumm.rizeskeyconclusionsandrecommendationsreached
atShipVibrationS~osium178,asymposiumdedicatedtothememoryand
accomplishmentsofthelateProfessorFrankM.Lewisandsponsoredjointly
bytheinteragencyShipStructureConmitteeandtheHullStructureCommittee
ofTheSocietyofNavalArchitectsandMarineEngineers.

Duringtheintensetwo-dayperiod,October16-17,1978,aminterna-
tional~oupof292participantsrepresent~shipbuilders,shipdesigners,
shipowners,researchers,classificationsndgovernmentalorganizations
gatheredanddiscussedallaspectsofshipbo~vibration,noiseand
hull/machinerycompatibility.Theeighteentechnicalpaperspresentedat
ShipVibrationSymposium’78arecontainedintheprintedproceedingsand
theformaldiscussionendauthors?closuresareavailableasasetoftwo
volumesfromTheSocietyofNavalArchitectsandMarineEngineers.The
Purposeoft~sthirdprintedvolumeistosummarizekeyconclusionsand
recommendationsreachedatthesymposium.

Sincethetopicsof“vibrationandnoise”arecomplexandnotfully
mastered,thereaderwillnoteacertainamountofcontroversyandcon-
flictingviewsandrecommendationsoutlinedInthereport.Thissituation,
however,reflectsinasaccuratemanneraspossible,theactualwrittenand
verbaldiscussionthattookplaceatthetwo-daysymposiun.Infact,in
ordertoensureascompleteandaccurateareportaspossible,thedraft
versionOTthereportwasdistributedandreviewedbythefourprincipal
SJ’JAMEpanelsinvolvedwithvibrationandnoisenamely:PanelHS-~(Vibra-
tions),PanelH–8(UnsteadyPropellerHydrodynamics),PanelM-20(Machinery
Vibrations),andPanelM–27(MachineryNoise).‘lThusthisreportalsoreflects
thecommentsoftheseTourTechnical&Researchpanels.

Finally,itshouldbebroughttothereadersattentionthatthethree
printeddocuments,namely:(1)theproceedings,(2)thediscussionand
authors’closurevolume,andlastly,(3)thissummryreport,collectively
assessthestate–of–the-artofthebroadsubjectof“vibrationandnoise”.
Theprimarypurposeandmainobjectiveofthisreport,however,isunique
inthatitfocusesinonthequestion“wherearewenowandwhereshould
webeheaded”?Thus,thisreportisakeyplanningdocumntthatwill
serveasabasicreferenceforthenextfivetotenyears.

N.O.HAMvER
Chairman
ShipVibrationSymposium’78
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PARTI SUMMARY

Anyonebelievingthatmoderntechnologyhassolvedshipboardvibrationand
noiseproblemswouldhavesecondthoughtsuponreadingthelonglistofcomplaints
fromshipownersandmaritimelaborasrevealedinpapers“B”and“C”deliveredin
thisSymposium.Farfrompertainingto,ancientvessels,thisferventcriticism
wasleveledagainstrecentlydeliveredships.Onemustconcludethateither
designknowledgeislackingorthatitisnotsufficientlyunderstoodtobe
readilyappliedtotheaverageshipconstructionsituation.Itwasthepurpose
ofthisSymposiumtosummarizeresultsofongoingresearchwiththeviewto
recordinganincrementaladvanceinthestateoftheart.Italsopointedthe
wayformuchneededfurtherresearchanddevelopm~fit.

Ascanbededucedfromconflictingconclusionsandrecottlmenclationsdiscussed
inthetextofthemainbodyofthisreportandaslistedattheendsofParts
111andIV,the“experts”disagreeoradmitlackofknowledgeconcerninganumber
ofimportantaspects.Clearlyamajorlong+-angeeffortisstillrequiredto
fullyunderstandunderlyingphenomenaandprovidedesigntoolsforrationaldesign
soastomakepossiblewithassurancetheeliminationofobjectionablevibration
andnoiseinfutureships.
VIBRATION

Asiswellknown,shippropellersrotateinawakewhichindludesportions
ofanentrainedwaterboundarylayer.Itsvariableforwardspeedisgenerated
fromfrictionalongthelengthofthetravelinghullunderwaterbody.The
effectofsuctionbehindthesternduetopropelleractiontogetherwithpossible
separationaswaterfillsthevolumed~splacedbythepassingship,alltogether
compoundthewakeinapatterndefyingtheoreticalpredictionofitsvariable
velocities.Consequently,duringits360degreerotaticm,eachpropellerblade
encounterschanginganglesofattackwhichrepeatwitheachrotation.Thus,the
combinedeffectsofallbladesofamultibladedpropellerproducealternating
thrust,torque,andbearingforcesandmomentsaswellaspressurefieldsacting
againsttheshipsternatpropeller-bladefrequencyandmultiplesofthis
frequency.

Whereasoverloadedpropellerscavitateinuniformflow,theinceptionof
cavitationwilloccuratmuchlowerpowerabsorptionintheship’sunevenwake.
Thisphenomenongreatlyaugmentspropellerforcesactingontheship.Since
theforcesandmomentsrepeatatbladefrequency,respon$esoccurwithinthe
shipintheformofvibrationandnoise.BecauseOftheelasticpropertiesof
aship,thevibratoryresponseamplifiestomuchhigherlevelswhenthereis
resonancewitheitherthenaturalfrequencyoftheentirehull,oriflocally,
ofthenaturalfrequencyofitscomponentparts.

Otherforcescausingvibrationpertaintounbalancedormisalignedmachinery
andwaveencounter.However,propeller-inducedvibrationpredominatesasthe
originatorofmostofthevibrationdifficultiessufferedinshipservice.
Althoughscientistshaveworkeddiligently,especiallyduringthelasttwo
decades,tobetterunderstandunderlyingphenomena,andindeedhavemadesub-
stantialprogress;nevertheless,themorerigorou$demandsofhigherpowered



complexshipsof
tagonthevalue

Researchers
forcesactingon
uncertaintiesas

recentvintagehaveenlargedtheproblemandputahigherprice
ofitssolution.
achievedconsiderablesuccessincalculatingresponsestoknown
thehullandpropeller.However,theseresultsarecloudedby
toamountandlocationofaddedmassfromsurroundingwaterand.

inaresonantcondition,thedampingeffectbothhydrodynamicalands~ructural,‘
anddampingfromdeadweightitemsofcargo,fueloil,freshwatertankage,etc.
Uncertaintyalsoexistswithrespecttocalculationsofpropeller-inducedforces
especiallyinacavitatingregime.Theproblemiscompoundedbythefactthat
thepropellerdistortsthewakeinamannermostdifficulttodetermine.

Thequestforaquietshipisfurtherhamperedinmanycasesbyacompressed
timescheduleforshipdeliverywhichcompelsdesigndecisionsbeforedesiredin-
formationonwakesurveyandstructuralarrangementbecomeavailable.Evenwhen
modeltestshavebeenconducted,thestateoftheartissuchthatimportantdis-
crepancieswithrespecttoforcemeasurementsandcavitationbubblesizeexist
asbetweenmodelandfullscale,andbetweencalculationsandmodelandfullscale.

Inspiteoftheseimpediments,theSymposiumdevelopedgeneralagreementthat
theapplicationofpresenttechnologywillimproveprospectsforsuccessinachiev-
ingaquietship.However,attendingshipbuilderswereemphaticallyunwillingto
guaranteeattainmentofspecifiedvibrationlimitationsbecauseofuncertainties
intheavailabledesignprocedures.

Entirelyapartfrompropeller-inducedvibration,periodicwaveencounters
willsometimessynchronizewiththenaturallongitudinalhulltwonodalbending
frequencyoflongslendershipssuchasGreatLakesorecarriersorhigh-speed
destroyers.Theresonatingresponseknownas“springing”inducessignificant
stressinthelongitudinalhullgirderwhichcombineswiththatemanatingfrom
unevenbouyancyinwavesanddynamiceffects.Becauseoftheimportanceofthis
phenomenon,theoreticalanalysistogetherwithfull-scalemeasurementshavebeen
employedtodeveloprationaltreatmentfordesign.Paper“L”reportsonthe
considerableprogresstodate.
NOISE

Turningtonoise,itstypesmaybegroupedasinducedfrom(7)propeller,
(2)machinery,(3)fluidflow,and(4)electricalcomponents.Noise-level
predictionsinvariousshiplocationsappearmoretractableifsound-power
levelsareknown.Hereagain,noiseassociatedwithpropeller-inducedvibra-
tionpresentsaproblembecauseofthedifficultyofpredictingthesource
sound-powerlevel.Paper“N”demonstratedpracticaldesignmethodsfor
predictingnoiseintensitygeneratedfromsound-ratedmachineryinthe
surroundingspaceandatremotelocationsintheship.Withreferenceto
mainpropulsionmachineryandauxiliaryunits,aconsensusdevelopedthat
excessivenoiselevelsinworkingspacesandaccommodationsoriginatingfrom
suchmachineryareoftentheresultofneglectinthedesignstage,asremedial
measurescanbetakenatminimumexpenseifdealtwithduringdesigndevelopment.

Althoughseveralnoisecriteriahaveappearedfromvariousregulatorybodies
includingtheOccupationalSafetyandHealthAdministration(OSHA),thelackof
uniformityandagenerallyrecognizedstandardofacceptablenoiselevelsinthe
variousinhabitedspacesmakesitdifficulttodecideonlimitstoincludein
shipbuildingspecifications.
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CONCLUSIONS
PaperspresentedinthisSymposiumdealtwithalloftheproblemareasset

forthabove.Importantcontributionsadvancingthestateoftheartaredis-
cussedinthebodyofthisreport.Someofthesearehighlightedasfollows.

Paper“H”demonstratedbeneficialeffectsofpartialsterntunnelsand
finsonwakehomogeneitywithattendingreductionsInpropeller-induced
vibrations.Italsodemonstratedamodeltechniqueformeasuringeffective
wakebysimulatingflowsuckingactionofthepropellerwithdiffusers.

Paper“I”reorganizedandgreatlysimplifiedapreviouslydeveloped
formulaforcalculatingpropeller-inducedvibratoryhullsurfaceforcesfor
shipswithsternswhicharebroadandflataft.

Paper“J”clarifiedtheinterrelationshipofhullandmachineryandthe
problemsofcompatibilitywithrespecttodeflectionsandvibrations,taking
intoaccountcorrectandincorrectpropellershaftanddieselenginecrank-
shaftalignmentprocedures.

Paper“K”identifiedcomputerprogramsusefulinpredictionofpropeller-
inducedforcesandmomentsactingonthehullsurfaceandpropellertogether
withprogramsavailabletocalculatehullandshaftingresponses.

Paper“L”illustratedlarge-scalevibrationanalysisperformedbythe
AmericanBureauofShipping(ABS)withtheaidoffinite-elementcomputer
models.Italsodiscussedproposedfeasiblesolutionstothespringing
problem.

Paper“M”demonstratedhowdangerousnaturalfrequenciesofhullstructure
canberecognizedsoastopermitareliablechoiceofthenumberofblades.

Paper“N”developedamodelforpredictingnoiselevelsinvariousinhabited
spacesaboardship.

Paper“O”recordedtypicalvaluesofengine-roomnoiseattenuationusing
existingtechniquesappliedtomainreductiongearcasings.

Paper“P”presentedapracticalprocedureforpreventivemaintenanceof
machinerybymonitoringvibrationsignatures.

Discussersaddedmorecasehistoriestothoseofpaper“R”ofsuccesswith
highlyskewedpropellersinsuppressingobjectionablepropeller-inducedvibration
withoutanypropulsiveefficiencyloss.Thisdeviceisbecomingwidelyrecognized
foritsbeneficialeffects.Therewaseventheinferencethatitcouldbecome
standardfororiginalpropellerinstallations.Thecrashasternconditionwas
identifiedasimposingtheheaviestbladestressforfixed-pitchhighlyskewed
propellers.
RECOMMENDATIONS

OutofthisSymposiumcameclearrecommendationsforfurtherresearchand
development.Thekeyareasgenerallyagreedtoincludedneedsfor:

1. Predictionprocedureandverificationofdamping.

3



2.

3.

4.

5.

6.

7.

8.

9.

Refinementandverificationofproceduresforcalculatingadded
mass.
Refinementandverificationofproceduresfordeterminingeffective
wakeharmoniccontentinwayoftheworkingpropellerratherthan
thenominalwakewithpropellerremoved.
Developmentofabettermethodforpredictingpropellerpressure
fieldactingonthehullinacavitatingregime.
Extensivefull-scaletestingondifferentshiptypeswithmeasure-
mentsasnecessarytodevelopdatabankstoverifycalculationand
modeltestproceduresandprovideempiricalcoefficientstobridge
gapsuntiluncertaintiesinthepredictionmethodsaredispelled.
Muchmoreextensivefeedbackforbothvibrationandnoiseconditions
aboardoperatingshipstobettercoordinateresearchprograms.
Uniformrationalstandardsofacceptablenoiseexposureininhab”
spaces.
Machinery-manufacturermeasurementsanddisseminationtoshipbui”
ofsound-powerlevelsandstructureborneaccelerationlevelsof
theirproducts.

ted

ders

Generalsimplicationofdesignprocedurestobesetforthina hand-
bookwhichwouldenablea typicalshipyardstafftomakereliable
checksonvibrationandnoisepriortofabrication.Itshouldalso
beusefultonavalarchitectsandmarineengineersinpreliminary
andcontractdesignphases.
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PARTII INTRODUCTIONANDTABULATIONOFCOMPLAINTS

TheinteragencyShipStructureComnitteeandtheSocietyofNaval
ArchitectsandMarineEngineersjointlysponsoredthisSymposiumtobring
togetherrepresentativesofthemaritimecommunityfromtheUnitedStates
andfromabroadtodiscussallaspectsofshipvibration,noise,andma-
chinery/hullincompatibility.Thisreportcoversthecontentsof18papers
deliveredattheSymposiumtogetherwithdiscussionsandauthors’closures.
COMPLAINTS

A goodstartingpointbeginswiththechorus
theentireSymposiumrelatingtodisagreeableand
excessivevibrationandnoiseencounteredonmanv

ofcomplaintsraisedduring
costlyconsequencesof
recentlybuiltshir)s.These

complaintstogetherwithrelatedcostsserveto~mphasize”theseriou~nessof
theproblemwhichpersistsinspiteofimprovedtechnologydevelopmentfrom
severaldecadesofintensiveresearch.

Severalfactorsaccountfortheapparentinabilityofdesignersand
shipbuilderstopositivelyguaranteequietshipsintheaveragesituation.
Today’sshipsarelarger,morepowerful,andmorelikelytohave,all
accommodationsandnavigatingstationaftoverthemainmachineryand
closertothepropeller,thetwoprincipalsourcesofvibrationsandnoise.
Moreover,withmechanizedhandlingofunitizedcargoes,containershipsand
rollon/rolloffshipsaswellasbulkcarriersspendmostoftheirtimeat
seatherebyexposingtheship’screwtotheseaenvironmentoveragreater
percentageoftheirworkinglives.

ApartfromdirectProblemsofsubdueinares~onsesincidenttotheqrowth
inmachinerypowerper5e,largershipscon%ont’stiffer
interactingwithmachinerymountedonstructureinherent”
longerathwartshipspansofthesupportingfloors.

Evidencethatthesefactorscontinuetoproduceser-
maybeappreciatedfromthefollowinglistofcomplaints
“B”and“E”whichrepresentshipownerandmaritimelabor

propellershaf~ing
ymorelimberwith

ousconsequences
culledfrompapers
viewpointsand,as

alsoappearedthroughoutotherpapersandthediscussions.Theseare
essentiallyexcerptswithsomeparaphrasingandarepresentedintwotables
asfollows:

TABLE1-SHIPDAMAGEDUETOVIBRATION

1.

2.

3.

4.

Ownerrequiredtoshockmountorrelocateradars,navigationgear,
communicationunitsandhelm.
Crackedweldsandfracturedstrengthmembersinunderdeckarea
inwheelhouse.
Somenavigationequipmentandaidsrendereduselessat
variousspeeds.

Frequentrepairsofwheelhouseequipmentnecessary.



5. Vesselpersonneldivertedtoattendtoaccommodationnoise
maintenanceandrepairbrokenwaterpipes.

6.

7.

8.

9,

10.
11.
12.

13.
14.
15.
16.
17.

18.

19.

20.

21.

P.V.C.pipesfailedthroughoutvesselduetovibration.
Correctionswereexpensive.
Factoryshockmountsofnavigationandcommunicationequipment
failedafterlessthannormallifeexpectancy.Replacements
delayed-notshelfitems.
Radarmastvibrationsufficienttobreaklooseanddropantenna.
Mostoftheaftpeakframingofa relativelynew40,000tons
tankerfoundina heapatthebottomofthetank.
Epidemicofeconomizerelementfractures.
Lignumvitaesternbearingspoundedout.
Spring-mountedcondenservibratedinbladefrequencywithabout
twoinchesamplitude.
Majorfailureshaveoccurredinswitchboards.
Alarmpanelsfalselyactivated.
Pumpfoundationsloosened.
Crackedpumpcastings.
Steeringgear
a. Brokenpipeconnections.

b. Brokenhydrauliclinehangars.
c. Motorcouplinglockingdeviceallowedtodisengagewith

uncontrolled90°coursechange.
d. Brokenorloosenedelectricalconnectionsofpowerand

controlunits.

Fallingobjectsinengineroom,i.e.frommachinescrewsto
handwheels.
Hammerandvibrationincargosystemsoseverethatallflanges
neededtighteningaftereachdischarge.
Steering-gearhydraulicpipingrequiredrepairseveraltimes
duringonevoyage.
Fracturedhangarsandbracketsofsteamanddrainlinesduring
courseofonevoyage.
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22.

23.
24.
25.
26.
27.
28.

29.
30.
31.
32.

1.

2.
3.

4.
5.
6.
7.
8.
9.
10.
11.
12.

Deckcargohandlinggearvibrationsosevereastocompelship
speedreduction.
Blowngaskets.
Damagedgears.
Frequentcalibrationsettings.
Steamglandleakage.
Dieselenginecrankshaftbearingscrazed.
Mainreductiongear:crackedteeth,pitting,spa”
undercuttingofteeth.
Engine-roomfireduetoexcessiveshaftvibration
Crackedhullplating.
Crackedpropellerducts.

lingand

Firedamageinsurancejeopardizedbasedonallegednegligent
failuretocorrectvibrationinfuellines(FromNoonan’s
closurepaper“A”)?
TABLE2-PERSONNELDISCOMFORTDUETOVIBRATIONANDNOISE

Loosepanelling,cableracks,pipesupportscreatedhighnoise
levelswhilevibrating.
Messroomaftvibratedcoffeeoutofcups.
Cantileveredbridgewingsflopping,excitedwheelhouseand
preventedwritingoncharttable.
Excessivevibrationinforwardpartofvessel.
Midshipdeckhousevibrationinterferedwithdeckofficers’sleep.
Deckhousevibrationcausedengineerstoresign.
Ship’sloungeunusable.
Saloonuncomfortable.
Vibrationconcentratedindeckofficers’quarters.
Droppingandhoistinganchorwokeupoff-dutypersonnel.
Forceddraftfanscausedhousetovibrate.
Majorengine-roomnoisecomplaints-mainenginereduction
gears,generator,aircompressorsandfueloiltransfer
pumps.Verbalcommunicationimpossibleinmachineryspace
ofmotorships.
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13.

14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

Hearingloss.
Noisymainfeedpumps.
Steamreducingstationcreatedunbearablenoise.
Cargopumpnoiseandvibrationtransmittedintoquarters.
Dry-cargowinchnoiseandvibration.
Lackofsoundinsulation.Normalconversationsheard
throughbulkhead.
Reducedpersonneleffectiveness.
LessthanOSHAprotectionnowavailable.TheCoastGuardhas
notfollowedtheleadofOSHAinpromulgatingregulations.
Effectofnoise,vibration,andship’smotionarecumulative.
Vibrationofawritingdeskmadehandwritingdifficult.
Dinnerthingsjingle.
Cabinmadea restlessimpression.
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PARTIIIVIBRATION

GENERAL
Paper“A”containedacomprehensiveoverviewofthestateoftheartin

principlesofshipboardvibrationandincludedcomparativeguidelinesfrom
severalsourcesforhabitabilitycriterion.Itthenillustratedthesuccess-
fulapplicationofcurrenttechnologytorecentdesignsofadestroyeranda
LNGcarrier.Volcy,inhisdiscussionofpaper“A”,describedprocedures
usedsuccessfullyonLNGcarrierELPASOstructuraldesignofthrustblock
foundation,doublebottomsandsuperstructureandalsothepropellershaft
vibrationcalculationswhichwereequallysuccessfulinavoidinglongitudinal
andlateralvibrationproblemsinservice.Holden’svaluablediscussionof
paper“K”presenteda EuropeancontributionofDetnorskeVeritasresearch
workcarriedoutduringthelastdecadefeaturina:

1. Preliminarystagedesignprocedurebasedondatafrom72ships.
Figures6-8.Regressionanalysisshowedgoodcorrelation
between:
a. Pressureimpulsesand

1. clearances
2. propeller

3. wakefield
4. staticpressure

b. Superstructurevibrationleveland
1. hullforces
2. aftdraft

2. Finaldesignprocedures,illustratedbyF“
methodsandcomputerprograms.Asstated

gure10,coveredtheoretics
inpaper“A”,continuing

researchanddevelopment-centeronthreebasicavenuesofattack;-
namely,(1)sourcestrengthpredictionandreduction,(2]response
predictionanddetuning,and(3)improvedalignmentofstructure
andshafting.

Paper“C”providedsuccinctdefinitionsofshipboardvibrationsdueto
differentsourcesasfollows:

“Springing-Steady-state2-nodedverticalvibratoryresponseofthe
mainhullgirderinducedbyshortwaves.

Slamming-Transientresponseofthemainhullgirderforcedby
impactwithoncomingwaves.
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Propeller-
Induced

Machinery-

Vibrationofthemainhullgirder,localstructure,
shaftingand/ormachineryduetoalternatingforces
generatedbythepropeller.
Vibratoryresponseofapieceofmachineryand/or
thehullgirderorlocalstructureduetoalternating
forcesproducedinamachinerycomponent.”

Clearly,thepredominantsourcerelatestothepropeller.Ofnecessity,
Itrotatesinanunevenwakeand,therefore,interactswithhullandmachinery
withimpulsesatbladefrequencyandtoa lesserextentathigherharmonics
ofbladefrequency.Becauseofitsgenerallyoverridingimportance,the
Symposiumdevoteda largeportionofitsattentiontothissubject.However,
inlesserproportion,theSymposiumalsodealtwiththeship’sinteraction
withwaves,misalignmentofshafting,andvibrationmonitoringtechniques
forpreventivemaintenance.

Noonerebuttedtheobservationthatbecauseoftimepressure,complexity,
andhighcostofanalysisduringshipdesignstage,manyshipownersandship-
buildersforgoanalysishopingthatitwillproveunnecessary.Itwasrefreshing
tohearMr.Haskellsaythathiscompanyfullyappreciatestherisksinvolved
andwaspreparedtounderwritewhatevercostswerenecessarytoexploitall
availabletechnologyindesignsofnewships.Paper“F”underscoredthewis-
domofthisapproachbyhighlightingtheseriouseconomicconsequencestoship
operatorsofexcessivevibration.Dashnawidentifiedthesignificantcost
areasandpresentedaneconomicanalysisofdataprovidedinthereport
entitled“CostofShipVibrationProblems”bytheCenterforMaritimeStudies
ofWebbInstituteofNavalArchitectureandfromothersources.Inhisdis-
cussionofpaper“B”,Noonannotedthatonemustpaythepricefornecessary
studies,designcalculations,andshipbuilderresponsibility.Itiswishful
thinkingonanowner’sparttoexpecta shipbuildertoundertakethorough
vibrationanalysisinresponsetoa loosespecificationsuchasrequirement
for“goodvibrationcharacteristics.”
PROPELLER-INDUCEDVIBRATION
SourceStrengthReduction

TheSymposiumconcerneditselfmainlywiththreeprincipalfactohs
affectingforcesandmomentsactingonthehullandpropellerduetouneven
wake;namely,(1)modifyingorreducingnonuniformityinthewake,(2)the
effectofpropeller-bladecavitationonvibrationforces,and(3)reducing
vibratoryforcesbypropeller-bladeskew.Papersdealingwiththesefactors
contributedtoproceduresaimedatoptimizingtheirinfluences.
WakeO~timization

Paper“A”illustratedsternprofilesofthreemodelstestedforanLNG
carrierwithdifferentsternconfigurations.Calculatedresultsbasedon
measuredwakesdemonstratedsuperiorityoftheopentransomtypeovercon-
ventionalandmodifiedHognertypesaspresentedinTableIshowingreduced
unsteadinessoftorqueandthrustaswellasbearingforces.
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Paper“D”described,butdidnotillustrate,threedifferentsternsfor
single-screwLNGshipswhichweremodeltestedwithvaryingamountsofdead-
woodcutaway.Onewasfittedwitha bulbousstern.Byinstallingfinsover
thepropellertotheselectedstern,testsshowedthatwakewashomogenized
withanaddedbenefitofimprovedpropulsiveefficiencyandshipspeed.

Paper“H”illustratedhalf-bodyplansandsternprofilesofsevendesigns
forLNGshipstogetherwithmodel-scalemeasurementsofwakeandverticalpres-
sureforces.Thesedatashowedthattheapplicationofpartialsterntunnels
“leadstosignificantreductionsinpressurefluctuations.Thisisduetothe
wakefieldbecomingmorehomogeneous.Thesameresultwasobtainedwitha
containershipmodelillustratedinFigures3and4 showingattainmentofmore
homogeneousnominalwakepatternandreductionofdynamicalcavitation
behavior.

Paper“H”illustratedexperimentsperformedonaGreatLakescarrier
modelshowingthebeneficialeffectsofpartialsterntunneloneffective
wakefield,i.e.withpropellerinplaceandrunningassimulatedbya
diffuser.Photographsofthemodelfittedwithtuftsdemonstratednotable
improvementinstreamlineflowinto.thepropeller.Plotsofwakemeasure-
mentsgivingcircumferentialdistributionofaxialvelocitycomponentscon-
firmedsignificantreductionofwakevariation.
Propeller-BladeCavitationMinimizationandBladeSkew

Designershaverecentlylearnedthatbladecavitationbubblebuildup
andcollapseconcurrentwithbladerotationthroughhigh-wakeregionscause
uptotenfoldmagnificationofvariablepressurefieldforceactingonthe
sterninthevicinityandevensomedistanceawayfromthepropeller.Paper
“K”states:“Sincethegrowthanddecayofavolumeradiatepressuremuch
moreeffectivelythanmovingavolumefromoneplacetoanotherorintroducing
a flowfroma sourcetoasink,thepressuresfroma smallcavitationchange
canbelarge.”

Paper“I”demonstratedbymeansofmodelteststhevalueofpartial
tunnelonaGreatLakescarrier.Beforechangingtopartialtunneltype,
severepressurefieldforcefluctuationsaugmentedbypropeller-blade
cavitationcontrastedsharplywiththeimprovementobtainedafterinstalla-
tion.Furtherimprovementwasobtainedbysubstitutinga highlyskewed
propellerforonewithzeroskew.

Paper“Q”showedmultipleframesofhigh-speedphotographytaking
seriespicturesinavariablepressurewatertunneloffourpropellers
havingskewsrangingfrom0°to72°andturninginasimulatedwake.
Thesepicturesconfirmedeffectsofskewonminimizationofcavitation
aspredictedfrommodel-scaleunsteadyforcemeasurementsmadeonadisc
overheadofthepropellerinthetunnel.Inhisview,thecontributions
fromthenon-cavitatingpropellerandthecontributionfromcavitation
shouldbejudgedseparatelyandthenaddedtogether.

Astomechanismofthebeneficialeffectsofskewonreductionof
cavitation-inducedforces,Bjorhedenattributedittomorefavorable
tangentialdistributionofcavitationratherthansmallermaximumextent
ofcavitation.ThisexplanationisconsistentwithHylarides’commentin
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paper“H”:“Itisespeciallybecauseoftheattenuationintheexplosive
characterofthecavitiesthata strikingreductioninthevibrationlevel
isobtained.”

Boswell’sdiscussionofpaper“R”depictedthreeactualpropellers
installedondifferentships.Heclarifiedoptionsavailabletohighlyskewed
propellerdesignersinthechoiceofdegreesofskewandtheradialconcentra-
tionofskew.Asagainstpositiveaspectsofhighlyskewedpropellers,paper
“R”delvedintohigherfirstcostsofdeslgnlng,manufacturingandinstalling
them.Hammerdiscussedeconomictrade-offsinfourpossiblesituationscenarios
withgenerallyfavorableoutcomestohighlyskewedpropellers.Inthesestudies
hetookintoaccountthehighercoststogetherwithprobabilitiesthatobjection-
ablevibrationwouldnotnecessarilybepresentwithzero-skewedpropellers.He
alsoaccountedfordelayandcostofacquiringa highlyskewedpropellerifthe
needwereindicatedontrials.Hefurtherconsideredthecostsofotherremedial
measuresiftakeninstead.

Volcy’sdiscussionofpaper“R”provokedanapparentdisagreementwiththe
authorsastotheefficacyofhighlyskewedpropellers.Volcycontendedthat
detuningwasapreferableproceduretoinstallationofhighlyskewedpropellers
forsuppressingvibrationinresonantstructurebecauseresonancemaymagnify
responsebyafactorof10.The65percentreductionattainablewithhighly
skewedpropellerswouldstillleaveanintolerablemagnificationfactorof3.5.
However,theauthors’.closurecitedeffectsofactualinstallationsofhighly
skewedpropellerswhichdidinfactreduceresponsesby65percentandthereby
producedacceptablevibrationlevels.Perhapsbothpartiescouldagreethat
magnificationofresponsesofpropellershaftingandgearingsystemsbya
factorof3.5totorqueandthrustvariationsmaybeintolerable,andhence
selectionofthenumberofbladesshouldbemadetodetuneawayfromshafting
andgearingsystemsnaturalfrequenciesatthesteady-statefull-powernormal
operatingcondition,whereasdetuningmaynotbenecessaryinmoststructural
situationsafterinstallationofhighlyskewedpropellers.Infact,insome
situationsinvolvingmajorstructure,detuningmaynotbepracticalor
actiieveable.Anotherfactorrelativetothetwodifferingviewsmaybein
Hylarides’observationinpaper“H”that:“Intherangeofbladefrequency
atservicespeed,thestructureisnotsubjecttostrongmagnification...”
Whereastheoppositeistruewithregardtopropellershaftingandgearing
systems.
PredictionsofPropeller-InducedForcesandMoments

Everyoneagreedthatthehydrodynamicsofpropeller-inducedforcesand
momentsactingonthehullandpropellerremaininthedomainofexceeding
complexandstillnotfullyunderstoodphenomena.AsHylaridesdescribed
itinpaper“H”:“Itisamu’lti-componentmulti-relatedproblem.”.The
stateoftheartissuchthatimportantdiscrepanciesexistbetweencalculated,
experimental,andfull-scalevaluesespeciallyinpropeller-bladecavitating
regimes.Asanexampleofsuchdiscrepancies,Noonaninhisdiscussionofpaper
“D”,indicatedtestsinthelaboratoryshowedinceptionofcavitationatabout
100RPM,whereasaboardshipittookplaceat60RPM.Nevertheless,Bjorheden,
inhisdiscussiononthissamepaperendorsedmodeltesting,imperfectthough
itmaybe,asitisalwaysbettertodosometestingthandoingnothingatall.
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Itiswellknownthatpropeller-inducedforcesarecategorizedintwo
groups;(1)thebearingforces-forcestransmitteddirectlytotheship
throughthepropellerandshaft,and(2)hullpressureforces-forcestrans-
mittedtothesurfaceofthesternbytheunsteadypressurefieldofthe
propeller.Theirphysicalattributesandmannerofpropagationintheform
ofhullandmachinerysystemvibrationaredescribedinpaper“A”pagesA-n
throughA-13andneednotberepeatedhere.Sufficeittosaythatamajor
concerndealtwithinthisSymposiumpertainedtoimprovingmethodsforpre-
dictingthemagnitudeandphaseoftheseforcesandmomentsduringtheship
designstageratherthansufferingafterthefactwhentheshipisalready
built.
HullPressureForces

Paper“C”Table2referencedthreecomputationalmethodsforpredicting
propeller-inducedsurfaceforces.

Paper“K”recitedhistoricaldevelopmentofcomputationalproceduresand
thennoteddifficultiesintheirapplication.Theauthorsassign90percent
probabilitythatthepressurescanbepredictedbetween65percentand150
percentofthecorrectvalueforthenon-cavitatingcondition.Whencavitation
ispresentbutnotexcessivefromtheviewpointofdurabilityandefficiency,
theaccuracyofhullforcepredictionswouldprobablybesuchthat80percent
wouldliebetween50percentand200percentofthecorrectvalue.Currently
availablecomputerprogramsaredescribedandinonecasepricedastouser
feeat$5,000.

Paper“L”identifiedanddescribedinputtoABS/SURFORCEasa programwhich
cancalculatepropeller-inducedvibratoryforces.Itrequiredknowledgeofhull
geometry,shipspeed,hullwake,propellergeometry,RPM,andcavitationchar-
acteristics.TableIfurnishescalculationresultsfora tankerfromwhicha
comparisonofthemagnitudeandphaseangleofthebearingforceswiththe
surfaceforcescanbemade.Cavitationisaccountedforbyinsertionofan
additionaltheoreticalthicknesseffect.Paper“K”characterizesthisprocedure
as“unsound”becausethepressuresduetocavitationaregeneratedbyanother
mechanismotherthanthatresponsibleforthepressuregeneratedinthenon-
cavitatingcase.

Accordingtopaper“H”,thelowerharmonicsofthewakefieldaremainly
responsibleforthehullpressureexcitations,whereasforpropeller-shaft
excitationsonlysomeofthehighercomponentsareimportant.Forthisreason
Hylaridesconcludedthatbothexcitationsystemsareindependentofeachother.
Prof.Vorus,inhisdiscussion.tookissuewiththisconceptandindicatedthat
exceptforthenarroweststerncounters,thesameharmonicsofthewakefield
arepredominantinthetwo-forcesystems.Althoughthezerothharmonicdominates
theinducedpressurefield,duetophasing,itintegratestonearzeroinallbut
casesofverynarrowsterncounter.Thesurfaceforceisproducedbythehigher
harmonicpressuresofbladenumberwhicharedirectlyassociatedwiththe
correspondingwakeharmonics.Therefore,hefounditincorrecttostate,in
general,thatpropeller-inducedhullsurfaceforcesdependmoststronglyon
wakeharmonicslowrelativetobladenumber.Hylarides’closureconceded
Vorus’viewtobecorrectfornon-cavitatingormoderatelycavitatingpro-
pellers.However,assoonasthedynamicalbehaviorofthecavitationbecomes
important,thehullpressurefluctuationchangeswithoutanyeffectonthe
propeller-shaftexcitations,provingforthisandotherreasons,thatboth
excitationsystemsareindependentofeachother.
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Inhisdiscussionofpaper“I”Mr.StiansennotedthatProf.Vorus’
formula(2)forcalculatingtheunsteadypropeller-inducedforcesactingon
thesurfaceofa shiphasbeensuccessfullyappliedtoaGreatLakesore
carrier.Itwasfoundtobeareliabletoolforcalculatingpropeller-induced
surfaceforces.However,theauthorsofpaper“I”recognizedthatimprovements
couldbemadetomakeitmoregeneralandmoreadequatelydealwiththeexis-
tenceofpropeller-bladecavitation.Accordingly,inananalysisandmathemat-
icaltreatmenttheypresentedthereorganizedformulaasfollows:

‘t ~N
_NH [~ilnN.v.;iv ivutFin_7 ‘~inNuQnN_v$iveV=o 1‘l=rh

[+; ~v_nN”Giv-PinNuQv_nN$iveivatv=nN 1

[ 1}
+ ~ ~v+nN”:iv-DinN~Qv+nN~ive’ivtitklV=o

(2)
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+

K
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N
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‘t
n
v
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P
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m

vectorrepresentingbladeloadingandthicknessat
harmonicasdenoted-bysubscript

amplitudeofthenthbladerateharmonicofhull:surface
forceindirectioni
numberof
radiusto

propeller
propeller

propellerblades
propellerbladepointinpropellercoordinatesystem
hubradius
tipradius

bladerateharmonicorder
subscriptdenotingharmonicorder

thv harmonicof
propellerblade
waterdensity

hull-inducedvelocityfieldinpropellerdisc
localcylindricalcoordinate

subscriptdefiningdirectionofexcitationforce
angularvelocityofpropeller
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% =mthharmonicofthefirsttimederivativeoftheblade
cross-sectionalareawherem = subscriptdenotingharmonic
order.Thebladeisconsidereda “pseudo-blade”composed
ofthematerialbladeplusanyattachedcavitation

@i = hull-inducedpotentialfieldinpropellerdisc
@iv=Vthharmonicof$

d = localdraftofhullinverticalplaneofpropeller
InspiredbyBreslin’spriorfindingthatthenetverticalforce(bearing

forceplussurfaceforce)correspondingtoapropelleroperatingbeneathan
infiniteflatplateiszero,theauthorssimplified(2)forthecaseofships
withbroadflatsternsaft.Foranapproximateevaluationofthecavitating
condition,(2)becomes:

Where:
~c
3n =

Z. =

1 =

%N =

c
‘3n

= pinN2&nN(v’- - 2.) (18a)

amplitudesofcavitatingverticalhullsurfaceforces
verticaldistancebetweenwaterandpropellerhorizontal
centerplane
semi-beamofhullinpropellerplane
complexamplitudeofthenthbladerateharmonicofthe
cavityvolumevariation

Forthenon-cavitatingcondition(2)becomes:

*“=-TnV30X‘3n - iFv&v3:0+iFvLn;316

Where:
(27)

NC
F3n th= amplitudeofnon-cavitatingverticalhullsurfaceforces
Tn=n bladerateharmonicofalternatingthrust

* V*
‘30X’31= hull-inducedvelocityharmonicsat.7propellerradius

Theauthorsthenillustratedcomparativenon-cavitatingverticalsurface-
forcepredictionscalculatedby(2)and(27)andotherapproximations(flat
plateformula)forfourshiptypes.Threehaverelativelybroadflatsterns
andacontainershiphasa counterrelativelynarrowtopropellerdiameter.
Verticalsurfaceforcesarealsoillustratedinthecavitatingconditionas
calculatedby(2)and(18a)andotherapproximationsforaGreatLakesore
carrierwithandwithoutapartialtunnel.Thebeneficialeffectsofthe
latterareevident,Theauthorsconcluded:“Theapproximateformulasdeveloped
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forcalculating
valid,atleast
typicalofopen
forshipswhose

Vorus’and

propeller-inducedverticalhullsurfaceforcesarereasonably
ina relativesense,forsternswhicharebroadandflataft,
strutortransomsternships.Theformulasarenotvalid
counterisnarrowrelativetopropellerdiameter.”
Breslin’sdiscussionsofpaper“Q”ex~ressedsurmise.iointlvI

withtheauthorsthattheforcesatsecondandthird-orderblade’frequ&cy--
aresosmallrelativetothoseofthefirstorder.Asanattemptedexplanation,
Breslindevelopedatheoryanda suggestedprocedureforitsevaluation.He
woulddeterminebyintegratingthetheoreticalpressuresoverKerwin’sdisc
ifsubstantialselfannulingofthepressuresduetoharmonicvariationswith
spaceangley occurstoproducereducedforcesatsecondandthirdorderof
bladerate.Theauthors’closuredescribedfurtherexperimentswithapre-
liminarysetofpressuremeasurementsovertheregionoftheforcemeasurement
disc.Whilethephaieofthepressurevariedoverthedisc,thechangeswere
verysimilarforboththefundamentalandtwice-bladefrequencycomponents,
thusconfirmingVorus’andBreslin’stheoreticalconclusions.Theresults
alsoshowedthatthepeakpressureistostarboardofcenterlinesimilarto
resultsobtainedbySasajimaandHoshinoasreportedintheirdiscussion.In
responsetoRutgerson’sdiscussion.whichsuggestedthatsignalav@ragin9may
havemaskedhigherharmoniceffects,theauthor’sclosuredescribedtheir
subsequentpressuremeasurementsinwhichthesignalswereprocessedbya
spectrumanalyzersetat1Hzbandwidth.Therelativeamplitudeofthe
harmonicscontinuedsimilartothoseobtainedwiththesignalaveragerwhich
impliedahighdegreeofrepeatabilityofeachcavitycollapse.Noonan’s
closureofpaper“A”statedthatmeasuredsecondandthird-orderharmonichull-
pressureforcesamountedtoonly5%offirstorderfortheLNGshipwhenfitted
withfins.Withoutfinsthesecondandthirdorderwere34percentand6
percentrespectively.

Brown’sdiscussionofpaper“Q”suggesteda reversetechniqueformeasure-
mentofthetransferfunctionofforcetocavityvolumevelocity.Theideais
toocillatethediscandmeasuretheresultingpressureinthepropellerplane.
Betteryetwouldbeemploymentofthewatertunnelitselfaspartofthe
transducermeasuringcavityvolumevelocitybyexcitingthetunnelwitha
shaker.Theauthors’closurepromisedfurtherexperimentationtovalidate
thelattermethod.
BearingForceandMomentPredictions

Paper“A”describedanddiagramedthesixcomponentsofbearingforce~
andmomentaffectingthepropulsionsystemdirectlyduetonon-uniformityof
thewakeinthepropellerdisc,i.e.longitudinal,torsional,lateraland
verticalforcesandmoments:“Thealternatingbladefrequencythrustof
thebearingforcesprovidestheprincipalexcitationtothepropulsionsystem
inthelongitudinalmode,whilethebladefrequencytorqueconstitutesthe
principalexcitationtothepropulsionsysteminthetorsionalmode.The
bladefrequencyverticalbearingforce,whenvectoriallycombinedwiththe
bladefrequencyverticalpressureforceprovidesthetotalverticalforce
whichexcitesthehullintheverticaldirection.Similarly,thehorizontal
bearingforces,whencombinedwiththebladefrequencyhorizontalpressure
forces,providethemajorcontributionsforexcitingthehullinthehorizontal
direction.”
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Inhisdiscussion,Hylaridesobjectedfromamechanicalviewpointaainst
?vertorialcombinationofverticalpropeller-shaftforceandthevectoriahull

pressureforce:“Sincethesetwoexcitationsapplyatdifferentlocationsof
theinvestigatedsturctureandsincethebearingforcedoesnotapplyatthe
sternbearingbutatthepropeller,suchacombinationisinadmissible.With
presentknowledgeandpossibilitiesofdetailedcalculationsIthinkwecan
betterattempttoconsiderbothexcitationsontheirownmerits:

- withrespecttohullgirdervibrationsandsoaffecting
theshaftvibrations

- withrespecttotheshaftvibrationssothatviathe
bearingsthehullisexcited.”

Noonan’sclosurepaper“A”agreedwithHylaridesthatthenumberofblades
shouldnotbeselectedwithrespecttothestrongwakecomponentswhenevaluating
acom~leteddesianortrvinatosalvaaea newdesicin.However.foranapproach
tonewconstruction,the-st~rnconfig~rationwould-beoptimizedto
hullpressureforcespriortodevelopmentofdesigndetails.

Table1ofpaper“C”listedsourcereferencesandcomputation
propeller-inducedbearingforces.Paper“K”recitedthehistorica”
oftheseprocedures,Italsodescribedcomputerprogramsandgave
priceofone($6,000).Ingeneral,themethodsallrequireasinp[

minimizethe

methodsfor
development
theuser
t,informa-

tiononthewake,propeller-geometry,andshaftspeed.Paper“M”describing
dynamicloadingonthepropellerstated:“...itscalculationimpliesthatof
thepressuredistributiononthepropellerbladeduringonefullrevolution
foragivenpropellergeometryandagivenwakefield.

Thetraditionalapproachusingtheso-calledliftinglinetheoryhasbeen
modifiedintoso-calledliftingsurfacemethodsfeaturingasoundermathematical
basis,butstillmakingextensiveuseofcorrectionformulaeandtablesbasedon
systematicmodeltests.

Althoughsomeoftheassumptionsintroducedarequiterestrictive,such
methodsgivereasonablyaccuratevaluesofthedynamicloadingonthepropeller.
Integrationofthoseyieldstheresultingforcesandmomentsactingonthe
shaftingsystem,whichareintroducedintothemodelatthenodescoinciding
withthebearings.”Thus,theoreticallydeterminedpropellerforcesand
momentsmaybeusedeffectivelyindesign.Thisisdueinparttothefinding
thatpropeller-bladecavitationislessseriousinitseffectonbearingforces
thanonsurfaceforces.

Paper“H”developedavariablepressuretunnelmodeltechniqueforpre-
dictingeffectivewakebymeansofdiffusersusedtosimulateflowsucking
actionofthepropeller.InFigure14,itcomparedstatictransverseshaft
forceandmomentandthefirstharmonicamplitudesofthethreecomponents
ofthefluctuatingshaftforceandmomentforatankerandanLNGcarrier
fromresultsofcalculationsbasedonnominalwakewithresultsofcalcula-~
tionsbasedoneffectivewakeandresultsofmeasurements.Althoughsome
discrepanciesstillremain,theimprovementincorrelationofforcesand
momentsfromeffectivewakeandasmeasuredisevident.

Ingeneraltherewasnodisputingthatforceandmomentpredictionsfrom
experimentalmodeltestsmeasurementsaremorereliablethancalculations.
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Occasionally,aswithrecentLNGcarrierconstruction,timeandmoneywere
availableforextensivemodelexperimentationduringthedesignstage.
Althoughopportunitiesforsuchtestingariseinfrequently,theyarevaluable
forcomparisonwithcalculationsandprovidemeansforintroductionofempirical
factorstoimproveaccuracyofcalculatedpredictions.
UnsteadyForcesActfingontheRudder

Inadiscussiononpaper“A”,Mr.Hadlerpointedoutthatthere“
mechanismexcitingshipvibrationwhichtheSymposiumdidnotcover.
dynamicpropeller-inducedunsteadyforcesactingontheruddercanbe
dependingtosomeextentonrudderlocation.Althouahthisto~icrem~

sa third
Thehydro-
serious
ined

beyondthepurviewofthisSymposium,itwasnoteda;a subjectdeserving
attention.Noonan’sclosureagreedandpointedtoanumberofotherproblems
relatedtohydrodynamicexcitationincludingruddervibrationrelatedto“toe
in”angleoftwinrudders,strutvibration,increasedpropellerforcescaused
bybossingsontwinscrewvessels,propellersinging,etc.
HullStructureResponse

Aspaper“M”stated:“Calculationsforpredictingpropeller-inducedship
vibrationsatthedesignstageinvolvethedeterminationoffouressential
factors:rigidity,mass,damping,andexcitation.”Havingestimatedthe
propeller-inducedunsteadyforcesandmomentsactingonthehullandpropeller,
theresponseofthehullgirdercanbeestimatedfromma~hematicalmodelsby
theinclusionofestimatesofaddedmassanddamping.First,ther@sonant
frequenciescorrespondingtovibrationmodesarecalculatedfromthestiffness
andmasscharacteristicsofthesystem.Theresponseisthencomputedtaking
intoaccountaddedmassanddamping.Paper“A”portrayedthestateoftheart
withdescript~onsoftheTimoshenkofree-beammethodwhichisusefulparticularly
inpreliminarydesign,butsubjecttolimitationsasWardmentionedinhisdis-
cussionofthispaper.Paper“A”thendescribedthefinite-elementmethod
whichcanonlybeusedinthemoreadvancedstagesofdesignafterprincipal
scantlingshavebeententativelyselected.

Paper“C”referencedanddescribedcomputerizedstructuralanalysispro-
gramscurrentlyusable.Theship-orientedprogramsmodeltheshipasabeam
andallowdampingandbouyancytobemodeled.Theyalsoallowanynumberof
subsystemstobeattachedtothehullandcananalyzeverticalandcoupled
horizontal-torsionalvibration.Thebetterknownprogramsallowdetailed
simulationofthethree-dimensionalmodelingoffiniteelementsofthe
membrane,plate,andbeamtypes.

However,theseprocedures,whiledependable,areexpensiveandtime
consumingindevelopinginputdata.Paper“D”pointedoutthat“Modeling
oftheshipbya lumpedmass-distributedstiffnesstypeapproachrequires
moreexperiencederivedskillbutappearslesstimeconsuming.”According
topaper“D”,“Itwouldbeappropriatetoundertakea simplelumpedmass-
elasticaxisanalysisatanearlystage,sincehullinertiaandsheararea
caneasilybemeasured.Byasimple,yetmethodical,variationofpara-
meters,theshipyardmaythenatleasthavesomeguidanceonchoicesof
structuralcontinuity,houseproportions,deckstiffness,andrelative
effectofverticalandhorizontalexcitingforces.”
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Paper“K”reviewedresponsecalculationprocedurestogetherwithrelated
computerprograms.ItpointedoutthattheprocedurerecommendedbytheShip
StructureCommitteeprojectSR240istoassumethatifthecomponentsub-
structuresoftheshiphavesuitableresponsecharacteristics,thentheship
composedofthesesubstructureswillhavesuitablecharacteristics.

Followingalongthisline,theforcedresponsedeterminationofthe
machineryspacenecessarilyusesthefinite-elementmethod,preferablyina
systemcompatiblewiththatusedforthecompleteshipsothatthemachinery
spacecanbeincorporatedinthefullF.E.M.modelasa substructure.How-
ever,ifthecompleteshipismodeledbya lumpedmass-distributedstiffness
approach,anyconvenientfinite-elementmodelcanbeusedforthemachinery
space.

Frompaper“K”:“Itisdesirabletomakea studyofthesuperstructure
asa subsystem,sinceresonancesinthisregionareafrequentcauseof
vibrationtroubles.... Whenthesubsystemshavebeendesignedsothatitis
expectedthattheywillbefreeofvibrationresonances,itistimetomake
avibrationanalysisofthecompleteship.Thisanalysisofthecomplete
shipfulfillstwoimportantfunctions:

1. Itchecksandconfirmsthevalidityoftheboundaries
assumedforsubstructures.

2. Bymodelingtheshipasawhole,itispossible,with
theproperdamping,topredictthevibrationlevelsin
allpartsoftheshipasafunctionoffrequency.

Comparingthesepredictionswithestablishedacceptablelevelsallows
anassessmentofacceptabilityoftheshipatapointinconstructionwhere
correctionsandchangestoovercomeseriousdifficultiescanbedetermined
andincorporatedinthedesign.”

Volcy’sdiscussionofpaper“K”furnishedadescriptionofa Bureau
Veritascomputerprogramavailableforhullsteelworkandmachineryvibra-
tionanalysis.

Paper“L”describedthefinite-elementmethodapplicationtothehull
usingfine-meshgridsfortheafterbodyandsuperstructureofan1100feet
oilcarrier,anecologicaltanker,andaGreatLakesbulkcarrierasperformed
byABS.Calculatedamplitudesatnumerouslocationsthroughouttheshipsare
tabulatedfopthefirsttenmodesinfullloadandballastconditions.The
beneficialeffectsofpartialtunnelsinreducingamplitudesareevidentin
TablesVIIandVIII,Onamatterofcalculationtechnique,Stiansendisagreed
withdiscussersSkaarandSmogeliwhoattachedlittleinteresttoa single-
pointexcitationforceandwouldpreferpresentationoftheexcitingforceas
forceperunitlengthalongtheship.Asagainstthis,Stiansennotedthat
ifanyareaoftheshipashortdistanceawayfromthehullbottomabovethe
propeller,theresponseforaconcentratedordistributedsurfaceforceis
practicallyidenticalifpropermodelingisused.

Stiansendealtwiththeeffectofbouyancyofthewaterontheshipin
vibrationpredictioncalculationsbystimulatingverticalspringswhere
stiffnessareequivalenttobouyancyeffectsatcorrespondingship
stations.Reed’sandBurnside’sdiscussioncitedMcGoldrickasauthority
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forneglectingbouyancywithoutinfluencingtheresultsforvert
excessively.However,Stiansen’sclosurereferredtoMcGoldrick
unaidedbycomputeravailabilitywhichtodaymakessuchcalculat<
easyandcontributessignificantaccuracytothefinalresults.
AddedMass

calbending
sworkas
onsrelatively

Paper“L”describedtheABSprocedureforcalculatingaddedmassandits
distributionbasedonlinearizedidealfluidtheory.Figure5,showinga
typicaladdedmassdistributionalongthelengthofamediumsizetanker,
resemblestheunderbodysectionalareacurvetoa remarkabledegree.
Tabulatedvalueforaddedmassofan1100feetoilcarrierisshowntobe
ofthesameorderofmagnitudeasthemassoftheship.

Reed’sdiscussionofpaper“L”citedhisattempttousetheauthors’
methodforestimatingaddedmasstobe“veryunhappy.”Asalsomentioned
inhiscommentonpaper“M”,heislookingintothetreatmentofwater
inertiaintermsofthepressurefieldsetupbyavibratingpistonina
rigidwall.Theauthorsofpaper“M”notedthatProf.Websterat
UniversityofCaliforniaatBerkeleydevelopeda similarapproachusinga
sinksourcetechniquewhichaccountsforsectiondeformation.

Paper“M”illustratedanddescribedindetailtheestimationofvibra-
tionfrequencyanclamplitudesoftheengineroomandaftpeakofa 122,000
cubicmeterLNGcarrierbyfinite-elementmodeling.Thestructuralmodeling
isconventional.However,theauthorsintroducedanovelprocedurefor
calculatingaddedmassforwhichtheclaimedsuperioraccuracy,especially
inthehighervibrationmodescorrespondingtobladefrequencyandtwice-
bladefrequency.Inthismethod,theyemployeda three-dimensionalfinite-
elementdiscretizationbyusingfluidelementswithcurvedboundariesso
astoallowaperfectfitwiththeimmersedpartofthehull.Assetforth
inthepaper,“Thecompletemodeloftheliquiddomainincludessixsub-
domainsandisentirelydescribedusing372twenty-nodeisoparametricfluid
elements,2229nodeswithone-degree-of-freedompernode,and283nodesin
contactwiththehull.Sinceonlyone-degree-of-freedom(thedynamic
pressure)hastobeconsidered,,thecomputertime...isnegligible....”Inhis
discussion,Skaarsuggestedthataddedmassdeterminedbythismethodmaynot
bemorecorrectthanestimatedbysimplestriptheory,sinceonlytheglobal
deformationsareofinterestinthemodel.

Skaarfurthernotedandtheauthorsagreedthattoobtainthebest
possiblecouplingbetweenwaterandstructure,all283nodesandthecorre-
spondinghighnumberofdegreesoffreedomshouldbe.includedinthe
eigenvalvuecalculation.Reed’sandBurnside’sclosureofpaper“K”
faultstheuseoffinite-elementanalysistorepresentaddedmassonthe
basisofimproperassignmentofwaterinertiaonanarbitrarybasisusing
Lewis’values(applicabletolongcylinders)tothemultinodedvibration
ofa shipbottomstructure.However,inhisdiscussionofpaper“M”,
Reedfoundthattheuseofafinite-elementgridinthewater,accurately
representedthewaterinertiaintheauthors’mathematicalmodelofthe
ship.Theauthors’closurecitedtheircomparisonsofvaluesofnatural
frequenciesobtainedusingtheconventionalLewisapproachandthefluid
finite-elementapproachwhichshowedexcellentagreementforthefirstfew
modesofthehullgirderwithdiscrepanciesincreasingwithnumberofmodes.
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D!!!u!E
Dampingpresentsmuchmoreofanenigmathanaddesmass.Accordingto

paper“M’’...thepresentknowledgewehaveofdampingphenomenaarisingin
complexstructurescannotbesatisfactorilymodeled,asthereappearstobea
nearlycompletelackofknowledgeconcerningthistopic.”TheSymposium
generallyconcurredalthoughChang,inhisdiscussion,forecastenlightenment
fromShipStructureCommitteeplannedexperimentswhichwillisolateand
measurecomponentsofdampingforces.Theauthorsofpaper“M”aqreedwith
Changthata seriesofwell
dampinginshipvibration.

Paper“L”noted:“...
bythefollowingprocesses:

1. Structuraldamping
2. Cargodamping

3. Waterfriction

plannedexperimentscansolvetheproblemof

itisgenerallyassumedthatenergyisdissipated

4. Pressure-wavesgeneration

5. Surface-wavesgeneration
6. Shipforwardspeed.”
Atpropeller-bladefrequenciesandhigher,theeffectsofsurfacewaves

andshipforwardspeedaresmallandcanbeneglected.Forpracticalpurposes,
theeffecto,ftheotherprocessescanbelumpedtogetherunderthenameof
“internaldamping”whichpresentlymustbetreatedempirically.Empirical
dampingfactorsaregiveninpapers“A”,“L”,and“M”.Paper“M”described
full-scalevibrationexcitationandmeasurementsontwoshipdeckhousesusing
BureauVeritasModelE2000generator,apowerfulexciter.Comparisonof
measuredaccelerationandcalculatedamplitudeofresponseshowedsignificant
differencesattributedtolackofknowledgeduetodamping.Obviously,com-
putationsofdisplacementsandaccelerationsatspecifiedpointsofaship
cannotberigorousregardlessofprecisionoftheexcitingforces.However,
comparisonoftheresults.ofcalculationsandmeasurementscanleadtodata
banksofdampingcoefficientswhichinthelongrunshouldproveusefulfor
improvingaccuracyoftheempiricism.
MachinerySystemLongitudinalVibration

Paper“A”notedthattheresonantmagnificationfactorforlongitudinal
vibratoryresponseofthemainpropulsionsystemtounsteadypropellerthrust
canvarybetween9and12.Thus,resonancewithalternatingthrustatblade
frequencyandmultiplesthereofneedtobeavoidedinthethrustload-carrying
structure.Asnotedinpaper“K”,thisispartiallyaccomplishedbyproviding
sufficientstiffnessinthethrustbearingfoundationtoassurethatashaft
longitudinalvibrationdoesnotfall.intheoperatingrange.Staticstiffness
calculationsduringpreliminarydesigncanbemadebyrepresentingthefounda-
tionandbottomasacombinationoffrustrumsofwedgesandbeamsasdescribed
inReference(24)paper“K”.Italsocanbedonebyfinite-elementmethodor
byrepresentingthemachinery-spacedoublebottomasananisotropicplate.
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Withrespecttoshaftlongitudinalvibrationanalysis,thesolutioncan
becalculatedonthebasisofdistributedshaftmass.However,Stiansenin
hisdiscussionreferredtoexperiencewithafewnodesplacedalongtheshaft
representingtheweightoftheshaftaslumpedmasses.Heindicatedasimilar
degreeofaccuracycouldbeobtainedwiththismethodparticularlyifonlythe
fundamentalmodeisofprimaryinterest.Reed’sandBurnside’sclosureto
paper“K”agreed,butnotedthatwiththecomputerprogramhandlingthe
mathematics,thesavingindatainputtimeandthereductioninprobability
oferrorgivesanadvantagetothedistributedmasssystem.

Sincethethrustbearingfoundationistiedtobottomstructure,longi-
tudinalvibrationoftheshaftingwillexciteengine-roomvibration.Magni-
ficationoccursif,asitoftenhappens,thenaturalfrequencyofthebottom
structureisnotfarremovedfrompropeller-bladefrequency.Paper“K”
describedcomputerprogramsdesignedtoanalyzeunsteadylongitudinalshaft
forcesatbladefrequencyandresponseofthemachineryspace.Mr.$tiasen
assertedthatunsteadyforcesattwice-bladefrequencyandhigherare
significantandsuggestedthatfinite.elementmodelscandealwiththese
higherfrequencies.
MachinerySystemLateralVibration

Paper“K”discussedprocedurestoavoidhullstructureresonancewith
propeller-inducedforceandmomentexcitationsthroughtheshaftbearings
aboutaxesnormaltotherotationalaxis.Initially,theshaftisassumed
simplysupportedrigidlyatthebearings.Asthedesignisdeveloped,the
effectsofhullflexibilityareconsidered.Thepaperdescribedcomputer
programsavailableforthispurposeusingthefinite-elementmethod.it
alsolisteddesignchangeswhichcanbemade,ifneeded,toavoidresonance
withtheshaftnaturalfrequenciesandwiththesupportingstructurenatural
frequency.Becauseofpracticalconsiderations,theanalysismethodspre-
sentedinpaper“K”arefeasibleonlyfortherangeofthefundamental
bladefrequency.StiansenandLanebothquestionedthis,butasexplained
inReed’sandBurnside’sclosureinconsiderabledepth,thelimitationis
notinherentinthefinite-elementanalysisbutintheeconomicsoftheuse
offinite-elementanalysis.

Accordingtotheauthorsofpaper“K”,thesymmetryorlackofitin
thebearingfoundationswouldaffectthedirectionalityoftwofundamental
modesofshaftvibration(i.e.verticalandhorizontalforthesymmetrical
case).$tiansen,inhiscomments,questionedthis,suggestingthatsymmetry
orlackofitmaybeimmaterial.Ascanbeinferredfromhiscomment,the
basicshipstructuralsupport,i.e.transversesanddoublebottomare
verticalandhorizontal.Thustheirstiffnesseswouldberepresentedinthe
analyticalmodelbytwoorthogonallyplacedspringssayoneverticalandone
horizontal.Theauthors’agreedtotheextentthattheshaftsupportis
symmetricalaboutaverticalaxis.Otherwise,itmustberepresentedby
amatrixwithoffdiagonaltermsintheverticalandhorizontaldirections.
Aswillbediscussedinalatersectionunderhull-machineryincompatibility,
thevibratoryresponseoftheshaftwithinthebearingcanexceedthebearing
clearanceswithadverseconsequencesifthealignmentisnotgood.
MachinerySystemTorsionalVibration

Propeller-inducedunsteadytorquesatbladefrequencytransmittedthrough
theshaftmustbeinvestigatedtoavoidresonancewiththepropulsionsystem
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naturalfrequencyandalsotoquantifythepeaktorqueforgeartoothdesign.
Whiletheseaspectsareoftheutmostimportance,currenttechnologyappears
tocopeadequately,suchthatpapersgiveninthisSymposiumbarelytouched
onthesubject.
Hull-MachineryCompatibility

Incompatibilityproblemsbetweenhullandmachineryinvolvedinterrelated
factorsofmisalignment,deflections,thermalexpansion,andvibration.Again,
thepropellertransmitsbladefrequencyunsteadyforcesandmomentsviashaft
andbearings.Thisistheprincipalsourceofvibrationaffectingthemain
propulsionsystem.Itisuniquetoships,whereasothersources,whichat
timescanbemoreimportant,suchasdynamicunbalanceorbentshafting,
commonlyariseinlandinstallationsandhavealreadybeenunderstoodand
treatedexhaustively.

Paper“J”profuselyillustratedtwotypesofdamagesduetoincompatibility;
namely;damagestobearingsandgearteeth.Asmentionedearlier,underthe
topicofMachinerySystemsLateralVibration,thevibratoryresponseofshafting
withinbearingscanexceedbearingclearanceswithadverseconsequences,espe-
ciallyifmisalignmentexiststobeginwith.

Paper“J”discussedtheinfluenceofthehullgirderdeflectionandlocal
hullstructuredeformationinwayoftheengineroomandillustratedfinite-
elementmeshesofengine-roomdoublebottomsusedintheanalysis.Theauthor
alsoindicatedtheinfluenceofhullstructuredeformationondistributionof
shaftbearinqreactions.Hethendemonstratedtheeffectofthrustbearing
foundationstiffnessontiltingandmisalignmentofmainreductionbullgear.
Also,theshaftstiffnessandlocationoflineshaftbearingsareshownto
influencebullgearalignment.Finally,hediscussedprocedurestoachieve
theallcritical“rational”orcorrectshaftalignment.Thereafter,he
devotedthelatterpartofhispapertosimilardiscussionsofthe“rational”
alignmentofcrankshaftsinlargedieselprimemovers.
WAVE-INDUCEDHULLVIBRATION-SPRINGING

Asdefinedinpaper“C”,springingissteady-state2-nodalvertical
vibratoryresponseofthemainhullgirderinducedbyshortwaves.Thelong
narrowshallowdepthGreatLakesorecarriersareparticularlyproneto
springingbecausetheirlownaturalhullfrequenciessynchronizeattimes
withsteady-stateperiodsofencounterwithshortwaves.Theresponsesin
termsofbendingmomentanddeflectionaresignificantand,therefore,must
beconsideredindesign.

Paper“L”reportedoncurrentresearchinvolvingbothanalyticaland
full+scaleexperimentation.ItdescribedthecomputerprogramSPRINGSEA,a
specialtypeofrandomanalysis,usedbyABS(Paper“L”Reference14).It
wasdevelopedbasedontheintegratedanalysisofthehulldynamicresponse
towaveexcitationutilizinganenergyspectrumandRMSvalues.“Thepro-
gramcalculatesthelow-frequencywave-inducedandhigh-frequencyspringing
responses,theband-widthparameterwhichcheckstheapplicabilityofthe
Rayleighdistribution(Paper“L”Reference15)andthestatisticsofthe
combinedbendingmomentandbendingstresses.”
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Withreferencetoanextensivetestprogramcarriedoutonanumberof
Great-Lakesorecarriers,paper“L”wentontoplotcomparisonsbetween
resultsobtainedanalyticallyandthosecomputedfromrecordeddatausing
ships’short-termresponsesandthensemi-long-termresponses.Fortheshort
term,thecomparisonshowedatrendofhigherspringingstressthanlowfre-
quencywave-inducedstressinthelowandintermediateseastates.Forthe
semi-long-termresponse,goodagreementwasachievedbetweenextrememeasured
stressvalueswiththeoreticalcurvesfortwodifferentships.Somedis-
crepancywasshownforathirdship(CORT)believedduetoerrorsinobserved
waveheights.Ingeneral,theresultsofthecomparisonsweresatisfactory.
StiansenagreedwithCojeen’sdiscussionwhereinCojeenpointedoutthatthe
correlationpresentedinthepaperrepresentsonlyonephaseofthecorrelation
workcoveringmaximumstresslevelswhichareobviouslybiasedtowardshigh~
stresslevelsanddonotrepresenttheactualprobabilisticdistribution.
Otherphasesarecurrentlybeingpursued.

Theimportanceofspringingcanbeappreciatedfromtestresultsanalysis
whichindicatethatintheseveresea-stateconditionrepresentingaprobable
designtarget(30feetsignificantwaveheight)theincreaseincombinedstress
duetospringingisabout6percentfortheCORT,

Inhisdiscussion,Cojeenprovidedadditionalinformationonthepotential”
springingprobleminvesselsotherthanGreatLakesbulkcarriers.Hisplots,
showingnaturalhullfrequenciesofsevenoceangoingtankersvs.deadweight,
illustratedhowtheincreasedsizevesselswithlowernaturalhulltwo-nodal
vibrationfrequenciesfindthemselvesinresonancewithwave-encounterfrequency
movereadilythanoldersmallertankers.Healsoconfirmedspringingactivity
onhigh-speedcommercialvesselshavingnaturalfrequencieswhichfacilitate
theirexcitationbyenergyinthehigh-frequencyrangeofthespectrum.

Cojeensuggestedthatitwilltakeconsiderablymorefull-scaletesting
tovalidatethecorrelationofFigures21through25ofpaper“L”asbetween
theanalyticalmodelpredictionsandfull-scalemeasurements.Hethenpro-
videdadescriptionoftheinstrumentationandthecurrentfull-scaleresearch
programbetngconductedontheGreatLakesbulkcarrierSTEWARTJ.CORT.The
effortincludesthesimultaneousmeasurementoftheencounteredwavesand
midshipstress,torstonandnumer~usresponses,Sincewavemeasurementhas
always,beenasourceoferrorwithpriorsimilarendeavors,greatinterest
attachestoperformanceofthetwoinstrumentsaboardtheCORTtomeasurewaves
whichwillbecheckedoutagainstwave-riderbouystobeprovidedbyNOAA.

Stavovy’sdiscussiondescribedtheDWTNSRDCstructuralseaworthiness
digitalcomputerprogramROSAS.Theresultsofitsusehavecorrelatedwell
withactualshipresponses.Theprogramsimulateshullgirderstructural
responseincludingshiprigidandelasticbodymotion,bendingmomentand
shear.Vibratinghullgirdermodescanalsobedetermined.
VIBRATIONSIGNATUREANALYSISASA PREVENTIVEMAINTENANCETOOLABOARDSHIP

Underthistopic,theSymposiumdealtwithanareasomewhatunrelatedto
anythingdiscusseduptothispoint.Paper“P”describedI
theapplicationofportablevibrationamplitudemeterand1
forpreventivemaintenanceofm
ship.

thepotentialfor
vibrationanalyzer

scellaneousrotatingmachneryunitsaboard
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Thefirststepprovidesbase-linedataagainstwhichfuturemeasurements
canbecompared.Thisisaccomplishedbytakingacompletesetofvibration
meterreadingsandasetofvibrationsignatureswiththeanalyzer.Thereafter,
ascheduleofperiodicroutinevibrationmeterchecks,hopefully,willalert
theengineertoanymachinerymechanicalproblemsbeforetheybecomeserious.
Ineventthevibrationmeterreadingindicatesamechanicalprobleminamachine,
anewsignatureisobtainedwiththeanalyzerwhichwillindicatethespecific
frequencieswhichhavechanged,therebypinpointingthetroublesource.

Theauthorprovidedillustrationsofcomparativesignaturestakenwith
theshipatrestwhichindicatedtheneedforpreventivemaintenance.However,
whentheshipisunderway,propeller-inducedhullvibration,andinsomecases,
adjacentmachinery-inducedvibrationwillcomplicatethesignature.Theauthor
thenillustratedproceduresidentifyingtheenvironmentalvibrationcomponents
ofthesignaturewhichshouldbediscardedintheanalysis.

Whilenotnew,theauthorclaimedthatvibrationdetectionisjustnow
beingrecognizedasavaluableandpracticalaidtodecreasedshipboardmain-
tenanceandimprovedshipavailability.Healsosuggestedthatopeningup
machineryforinspectioncanbecurtailedwithoutlossofreliabilityofthe
strengthofunchangedvibrationreadings.

Discusserswerelessenthusiastic.Theypointedoutthatclassification
societieswereslowtowaiveperiodicopeningsforinspectionbasedongood
vibrationmeasurements.Manufacturersandcontractorsappearedalsotobe
reluctanttoacceptnormalguidelinesfurnishedbythesupplierofthe
analyzer-equipment.

Theneedforadatabankcorrelatingconditionsfounduponopeningfor
inspectionwithpriorvibrationreadingsappearednecessaryonanextensive
scaletoimprovetheconfidencelevelofvibrationsignatureanalysis.Some
ofthisisunderway.Doubtswerealsoexpressedastothecapabilityofa
hand-heldmetertodetecthigh-frequencyvibrationsassociatedwithanti-
frictionbearingsortocopeunaidedbytheanalyzerwithenvironmental
vibratoryeffects.

Nevertheless,onbalance,therewasgeneralagreementthattheprocedure
haspromisingaspects.Riksheim,inhisdiscussion,speakingforDetnorske
Veritas,indicatedthatspecialsurveyarrangementsforparticularmachinery
componentsarepresentlyinforcefor10turbinepoweredships.Inits
researchprogram,DetnorskeVeritasisattemptingtodetermine,bycalculations,
acceptablevibrationlevelsforeachcomponentinstalled,takingintoaccount
fatigue,deflection(clearancebetweenrotatingandstaticparts)andbearing
loads.

DetnorskeVeritasexperienceindicatesthedifferencesbetweenvibration
levelsforidenticalcomponentsmaybelargewithoutitbeingpossibleto
attributethistodifferentcharacteristicsofthecomponents.

Tremayne’sdiscussionofpaper“P”describedongoingsystematicdata
gatheringintheformofvibrationmeasurementsforspecificpiecesofmachinery.
Hopefully,consistentlyclosecorrelationwillbeobtainedbetweenconditions
indicatedbyvibrationmonitoringandanalysisandconditionsactuallyfound
duringopen-upinspections.Theultimategoalistofurnishconvincingevidence
whichwillenableclassificationsocietiestoacceptvibrationmeasurementsin
lieuofopen-upinspections.
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CONCLUSIONS
General Source*
1.

2*

3.

4.

5.

6.

7.

8.

9.

Thedesigneffortto
evolutionaryprocess
butcarriesintothe

reduceshipboard
thatneverstops
detaildesign.

vibrationhastobean
atthecontractdesign

Vibrationaffects:fatiweinthestructure.annoyance
tocrew,andworkingconditionofequipment.- -
Thecostofdamagefromvibrationissignificantlyunder
reported.Damagefromvibrationmayhavebeenamajor
contributortosomecasualties.
Thegrowthofshipsizewithhigh-poweredpropulsiveplants
haveresultedinrelativelyincreasedflexibilityofsteel
structureincombinationwithincreasedlineshafting
stiffnesswhichleadtoincompatibilitybetweenhulland
machineryaccompaniedbyvibrationaffectingmachineryand
hull.

Inthepast,notenoughattentionwaspaidtointeraction
betweenmachineryandhull.
Of41shipsmeasuredbyDetnorskeVeritasonseatrials,
24hadvibrationtroubles.
Attaintmentofquitehigh-poweredshipswithpresenttech-
nologyrequiresextensiveanalysis,disciplineddesignand
ameasureofgoodluck.
Shipyardsarenotsafeinadoptingspecificationswithship
acceptancelimitsandguaranteepenaltiesbasedonvibration
performance.However,paper“A”illustratedapplicationof
currenttechnologytoadestroyerdesignandbothpapers“A”
and“D”describedsimilarvibrationcontroldesignsfor
differentLNGcarriertypes.Allshipseasilymetstringent
vibrationcriteriaontrials.Theauthorsconceded,neverthe-
less,thatthegoodresultsmayhavebeenfortuitoustosome
degree.
Predictionoftheactualvibrationbehaviorofshipunder

c
Swensson
cc
A

Smogeli
F

J

J

A
Smogeli
D

D
Noonan
DC

M
serviceconditionsisnotpossibleatpresent.

*Note: Letterdenotespaperfromwhichconclusionwasdiscussed.
Ifanameappears,itisthatofadiscusser.Letter
followedbyCindicatesauthor’sclosure.
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Source
10.

11.

12.

13.
14.

15.

16.

17.

18.

Thecorrectevaluationofthestiffnessofashipis
feasible.Thecausesoferrorsinvibrationanalysisare
duetoapproximationsinvolvedinthecalculationofthe
hydrodynamicforces,theexcitationforcesandthedamping
ofthestructureandcargo.
A completesurveyoffull-scaleobservationsofpropeller
cavitationplusmanycomparisonsofdifferentshipsfull-
scalewithmodelresultsconfirmthetendancyofmodel
resultstoshowa lesserextentofcavitationbothwith
respecttoRPMandangularpositionsthanoccursfullscale.
Modeltestmeasurementsofpropellerforcesandmoments
aremorereliablethancalculatedvalues.However,in
preliminarydesign,theoreticallydeterminedpropeller
andhullforcesandmomentsareusefulandusuallybetter
thanempiricaldata.
Cavitationeffectsarebestassessedinavacuumtank.
Hullpressureforcescanbemeasuredinacavitation
tunnelaswellasinavacuumtank.

Todeterminewhetherornottheobtainedexcitation
levelswillleadtoanacceptablevibrationlevel,a
comparisonwithsimilarexistingshipshastobe
carriedoutoraresponsecalculationhastobeperformed.
Mathematicalmodelingcanservetoestimatehullgirder
andmainmachineryresponsesbytheapplicationofpro-
pellerforcesandmomentsandtheinclusionofadded
massanddampingestimates.
Oneofthemostproductivecoursesonecantakein
vesseldesignisoneinwhichcloseattentionispaid
tostructuralcontinuity.SeealsoWu’sdiscussionof
paper“C”inwhichhegraphicallyillustratedtwo
similarsterns.Onegoodandonebadfromavibration
standpoint.Longitudinalsidegirdersprovided
necessarystiffnessforthegoodperformer,whereas
thebadperformerdidnothavethislongitudinal
stiffnessandcontinuity.
Thereseemstobesomereluctanceonthepartofship-
buildersandshipownerstofullyemploytheanalytical
techniquesavailable.Theobjectionofhighcostshould
beinsignificantifemploymentofcompleteanalysiswere
limitedtolargehigh-poweredships,sinceprovisionof
adeauatetmo~ellerclearancesandaoodflowintothe
propeller’discshouldsufficetoikure
objectionablevibrationforlow-powered
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19.Uncertaintyofestimatingproceduresandlackof
verificationarethetwomaindeterrentstothe
application’ofhullvibrationanalysisprocedures.

20.Therearemanycomputerprogramsavailablefor
predictingtheloadingandresponseofashipdue
topropeller-inducedexcitations.

21.Onlyafewspecialistscanclaimsufficientfamiliarity
withtheassortedcomputerprogramsavailablesoasto
bequalifiedtodirectthemostcost-effectivevibration
analysisforaparticulardesign.

Excitation- PropellerForces-General
22.

23.

24.

25.

26.

27.

28.

29.

Theprimaryefforttowardscontrollingshipboardvibration
shouldbedirectedatcontrollingexcitingforces.
Theprincipalforcesrelatetopropeller-bladefrequency
orharmonicsofpropeller-bladefrequency.
Inpreliminarydesign,shaftforcescanbeignoredand
insteadonecanestimatethetotalforceenteringthe
hullbasedoninputsfrommodelstudies.
Ingeneral,tokeeppropellerandhullexcitationslow,
itisdesirabletousemanybladesonthepropeller.
Holden’sdiscussiondisagreedbecausepropellercavitation
normallygivesthemaincontributiontosurfaceforces.
Reed’sandBurnside’sclosurefirstrebuttedthiscomment
asinapplicableoutsidethecavitatingrange.However,
theyconcededthatMr.Holden’sexperienceinpredicting
hullpressuresfromacavitatingpropellershowedbetter
accuracythantheirown.
Thebeneficialinfluenceofhighbladeskewonthepro-
peller-inducedvibratoryforceswasdemonstratedfor
bothnoncavitatingconditions.
Astoskewedpropellerlowerexcitationlevel,amore
favorabletangentialdistributionofcavitationresulting
inlowertimedependentfluctuationsofthecavityvolume
containedwithinthecriticalregionofthepropeller
discplaysanimportantrole.
Operatingandmodeltestresultsindicatedthatthereis
nonoticeablespeedpenaltyonshipsfittedwithhighly
skewedpropellers.Modeltestsmaymisstargetpropeller
RPMupto5percent.
Highlyskewedpropellersreduceoverallshipvibration
levelsapproximately50percent.Greatestimprovement
appearstocoincidewithresonantconditionswherehighly
skewedpropellersmayreducevibrationlevels65percent
ormore.
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30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

A highlyskewed
cargoshipwill
propeller.

propellerforahigh-powered
costupto$50,000morethan

Incaseofresonance,thepredominantfactor

singlescrew
aconventional

beingthe
dynamicmagnificationoftheresponse,animportantdecrease
ofvibratorylevelcannotbeexpectedsolelyduetoadoption
ofa highlyskewedpropeller.Detuningisnecessaryeither
bychangingnumberofbladesornaturalfrequencyofthe
vibratingstructure.HammerandMcGinndisagree.Seelast
paragraphundertopic“PropellerBladeCavitationMinimiza-
tionandBladeSkew.”
Propellerdesigntechnologyhasnotyetdevelopedanalytical
ormodeltechniquesfordeterminingoptimumskewanglesand/
ordistributions.~
Testswiththreebladeswith120°warpgivingresultsof-
pressurefluctuationmeasurementscomparedwithnonskewed
propelleratashaftinclinationof12°showednoreduction
ofamplitudes.
Overall,thesuccessfuldevelopmentofhigh’
pellersformerchantshipsrepresentsthes“
importantadvanceinpropeller-inducedship
reductiontechnologywithinthepastdecade
withinthelastcentury.

y skewedpro-
nglemost
vibration
orperhaps

Thehighlyskewedpropellerisnotacureforallconditions.
Therefore,continuedvibrationcontrolresearchiswarranted.
Sternconfigurationsshouldbeoptimizedbytestingseveral
foragivendesign.Thiscanbeachievedbyflow-visualiza-
tionandself-propulsiontests.
Designdetailsofagivensternconfiguration,suchasfinor
partialtunnels,propellerclearancesandrudderlocations,can
significantlyinfluencetheforcesgenerated.
Toreducethehullpressurefluctuations,goodresultscan
beobtainedbyreplacingthepropellerifitlackscertain
refinementsincluding:pitchreductionatthetip,greater
bladearea,increasedskew.
Duetodominantroleoftheeffectivewakefield,whichstill
cannotbemeasuredaccurately,theoreticalinvestigations,
usingnominalwake-fieldinputare~thereforejsusceptibleto
inaccuracies.
Analyticalproceduresforthecalculationofcavitationon
propellersrequiretheeffectivewakefieldasinput.
Theoreticalstudiesatbestserveasqualitativeapproach
tothisproblem.

Source
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R
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Source
41.Itiseasiertochangepropellerbladenumberthanit

istochangethedynamiccharacteristicsofpropeller
shaftsystemormainsubstructuressuchasdeckhouse.
Therefore,thenumberofbladesshouldnotbeselected
w’ithrespecttostrongwake-fieldcomponents.

42.Verticalhullpressureforceandpropellerbearingforce
shouldnotbecombinedvectoriallysincethesetwo
excitationsapplyatdifferentlocationsoftheinvesti-
gatedstructure.

A
Hylarides

A
Hylarides

43.Forcesandmomentsreferredtoaxesnormaltotherotational
axisofthepropellershaftcanprobab7ybeestimatedtoa
90percentprobabilitythatthepredictedvaluewilllie
between75percentand140percentofthecorrectvalue.

PropellerSurfaceForceExcitation

44.Inrecentyears,nearlyallexcessivevibrationproblemswere H
solvedbyreducingthehullpressureforcesandmoments.

45.AccordingtoHolden,EuropeantechnologyisaheadofU.S. K
technologyindevelopingtheoreticalmethodsforcalculating Holden
hullsurfaceforcesincludingeffectsofcavityvolume
fluctuations.

46.Thepresentknowledgeofpropeller-inducedhullpressures M
isfarfromsatisfactory.

47.Foragivenmodelwakefield,thenoncavitatingpropeller- K
generatedhull-pressureamplitudescanbeestimatedfor
variouspropellerdesignsandclearances.

48.Modelpressuremeasurementsrequirelessexpensivetesting KC
timethannull-forcemethods.

49.Thepresentprogramscanpredicttheexcitationandresponse K
exceptintheanalyticalpredictionofcavitationpressures
onthehullsurfacewhichcanbesignificant.

50.Propeller=bladecavitationcanmagnifyhullpressureforces A
byfactorsgreaterthantentoone.

51.Thepresenceofcavitationonthebladesisnotthedominant A
roleingenerationofpressureforces,ratheritisthegrowth
andcollapseofthecavitythathavethetremendouseffect.

52.Theinfluenceofcavitationonthepropeller-inducedpressure Q
fluctuationsshouldbejudgedseparatelyfrompressurepulses ““Bjorheden
obtainedinthenoncavitatingcondition,andthenthetwo QC
shouldbeaddedtoeachother.

30



53.

54.

55.

56.

57.

58.

59.

60.

Sinceinducedpressuresareproportionaltotherateof
changeofcavityvolume,bothmaximumextentandcircumfer-
entialdistributionmustbeconsidered.
Inthenoncavitatingcondition,hullsurfacepressures
adjacenttothepropellertipcanprobablybeestimatedto
a90percentprobabilitythatthepredictedvaluewilllie
between65percentand150percentofthecorrectvalue.
Inthecavitatingcondition,theaccuracyofhullforce
predictionswouldprobablybesuchthat80percentwould
liebetween50percentand200percentofthecorrectvalue.
DuetothesimplicityoftheKewinexperiment)asfurther
analyzedmathematicallybyVorusinhisdiscussionofpaper
“Q’jthiswouldcertainlybeacheaperandmoreexpedient
method(andquitepossiblymoreaccurateone)thanexperiments
onshipmodelsforevaluatingcavitation-inducedhullsurface
force.
Animportantcontributionofthecalculationmethodsdeveloped
inpaper“I”istheinsightobtainedwithregardtothein-
fluenceofpropellerlocationrelativetothesternandthe
shapeofthehulloverthepropeller.
Experimentsandtheoreticalinvestigationshavebothshown
thathullsurfaceforcesareindependentofthenumberof
bladesbecausepropellercavitationnormallygivesthemain
contributiontosurfaceforces.
Forductedpropellersatbladefrequency,thenoncavitating
partofthepressureisusuallydominatingduetosmall
clearance,whileathigherharmonicsthecontributionfrom
thegrowthanddecayofcavitybubbleswillalwayspredominate.
ConstantRPMo~erationovera laraesr)eedranaewithcontrol-
lablepitchpropellersrequiresa-propeller-b~adedesi’gnwith
largereserveagainstfacecavitationtoavoidbladeerosion.
Thisinturninherentlymakesitdifficulttoavoidsheet
cavitationonthesuctionsideatfullpowerandtherefore
aggravatessurfaceforcescausingvibration.

PropellerBearingForceExcitation
61.Amplitudeandphaseofthepropellerharmoniclongitudinal

forcesandharmonictorqueabouttherotationalaxiscan
probablybeestimatedtoa 90percentprobabilitythatthe
predictedvalueswillliebetween85percentand120percent
ofthecorrectvalues.

Source
QC

K

K

Q
Vorus
QC

I
Gray

A
Vorus

K
Carlsen

H
Hagemar
HC

31



Source
WaveExcitation
62.Significanthullgirderbendingmayoccurduetothe

excitationofthebeamlikelowmodevibrationsofthe
shipbytheenergypresentinthecorrespondingfrequency
rangeoftheseaspectrum.

63.LargevesselsoperatingintheGreatLakesrepresenta
classofshipsinwhichwave-inducedvibrationsaremore
importantthaninoceangoingships.

64.Theeffectofspringingonthecombinedstressdepends
onsignificantwaveheightandmoreimportantlyonthe
stageofseadevelopmentascharacterizedbythepeak
frequencyofthewavespectrum.Theincreaseonthe
CORTindeckstressrangedfromabout10percentina
fullydevelopedseawitha significantwaveheightof
15feetto60percentinadevelopingseacharacterized
bythesamewaveheight.

65.Inasevereseaconditionwithasignificantwaveheight
of30feetwhichmorecloselyapproximatesthedesign
condition,theincreaseincombinedstressesdueto
springingisabout6 percent.Thisisenoughtoaffect
thedesignsectionmodulus.

Response
66.Accuracyofresponsepredictionscanonlybedeterminedby

comparingcalculationswithmeasurements.Thecomparison
isbestmadeonactualshipsexcitedbyashaker.Thebest
comparisonshavebeenmadeonspacevehicles(seereference
5ofReed’sandBurnsidesclosure).

67.Astoresponsecalculations,ifthecomponentsubstructures
oftheshiphavesuitableresponsecharacteristics,thenthe
shipcomposedofthesubstructureswillhavesuitable
characteristics.

68.Structuraland/ormechanicalresonancesshouldbeavoided
intheoperatingspeedrange.HullcriticalsandshaftRpM,
propulsionsystemresonancesandnumberofpropellerblades
mustbeconsidered.

69.Detuningisaneffectivetreatmentofresonantvibration
problems.

70.Difficultiesinherenttoanyfull-scalemeasurementserve
topartlyexplainpoorcorrelationsbetweencalculations
andmeasurements.

L

KC

71.Crewcomforthasbeenimprovedonallshipsfittedwith
highlyskewedpropellerstodate.
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Source

HullResponse
72,

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Existingempiricalformulasfortheestimationof
naturalhullfrequenciesareoutdatedformanyofthe
newshiptypesandsizes.
Althoughcomplexstructuralmodelsyieldagoodapproxi-
mationoftherigidityandthestructuralmassofthe
ship,thereis,ontheotherhand,alackoffundamental
knowledgeofaddedmass,damping,andexcitationforces.
Thisdeficiencyisbeingfilledbysimplifiedmethods
whichareoftenquestionable.
The20-stationbeammodelisusefulinpreliminary
design,whereasthefinite-elementmethodisbest
usedfordesignevaluationofmajorsubstructuresand
propulsionsystems.Alsoafinite-elementmodelof
thesternareaincombinationwithabeammodelof
theforwardportionoftheshipisusefulfordetailed
studies.
Regardingaddedmass,fluidfinite~elementdiscretization
makespossfbleamoreaccurateapproachtothedynamic
fluid-structureinteraction.Itisnowpossibleto
determinewithsuitableaccuracythesetofnaturalmodes
ofa shipandarticularlyoftheafterbodyinafrequency

Yrange(5-15Hz whichwasnotaccessiblebycalculation
usingconventionaladdedmass.
Forlocalstructure,dampingissmallandresonancemust
beavoided.
Atpropellerbladefrequencyandhigher,thehydrodynamic
dampingisverysmallcomparedtointernaldampingand
canbeneglected.
Intherangeofbladefrequencyatservicespeed,the
structureisnotsubjecttostrongmagnificationdueto
resonance;therefore,thehullgirderresponseis~toa
highdegree,independentoffrequency.
Bouyancyspringingcanbesafelyneglectedatpropeller-
bladefrequencies.
Aroundfrequencyofthehullgirderlowermodesjthe
hydrodynamicdampingisusuallypredominant.
Comparisonoftheresultsofcalculationswithmeasurements
ofexciter-generatedvibrationyields,foragivenexcitation,
usefulvalueofdampingcoefficient.
Thepresentknowledgeofdampingarisingincomplex
structurescannotbesatisfactorilymodeled,asthere
appearstobecompletelackofknowledgeconcerning
thistopic.
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83.Predictionofpotentiallydangerousafterbody
vibrationmodescanbeaccomplishedbycomparing
therelativeinfluenceofthenaturalmodesonthe
frequencyresponseafterintroducingarbitrarybut
realisticdampingandunitaryexcitationinthe
dynamicequationofmotion(Paper“M”(l)).

84.Thefundamentalmodeofthesuperstructuremaybe
calculatedwithsufficientaccuracywithareasonably
sizedF.E.M.model.However,toobtainthehull-
inducedresonantpeaksandtocalculatethevibration
level,acompleteafterbodymodelisnecessary.

85.Athwartshipandtorsionalvibrationscanbesevere
andshouldbeaccountedforinanyvibrationanalysis.

86.Althoughshipsmayhavesimilarcharacteristicsofhull
girderlowermodesandmaximumresponseofafterbody
structureatpropeller-bladerate,manyoftheresults,
however,cannotbepredictedwithoutarealisticfinite-
elementrepresentationoftheship’safterbody.Special
areasunderinvestigationmustberepresentedbya
relativelyfine-meshmodel.

87.Themagnitudeandphaseangleofpropellerbearingforces
haveanimportanteffectontheresponseofthevessel’s
afterbodywhencombinedwiththesurfaceforces.

88.Thecombinedcalculationofresponsesoftwosternswith
equalbearingforcescanbethreetimes.smallerforthe
sternwithouttunneleventhoughthecalculatedforceis
abouteighttimeslargerduetotheeffectofforcephase
angle.

89.Inordertocorrectlyassessthevaluesofalldeformations
ofsteelworkneededforrationalshaftalignment,itis
necessarytobuildupacorrectfinite-element”methodmodel
oftheaftpartoftheengineroom.

90.Generallyitwillbefoundthatthenaturalfrequencyof
thebottomstructureinthemachineryspacewillnotbe
farremovedfromthepropeller-bladefrequency.

91.Rigidvinylmodelingcanbeusedtodeterminethebest
structuralarrangementofmachineryspacetominimize
largedeformations.

92.Responseofthestructuretoa singleverticalforcemay
allowpotentiallydangerousfrequenciestoberecognized
soastopermitareliablechoiceofthenumberof
propellerblades.
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source
93.Cracksinstructurearefoundclosetothemain

excitationsources,e.g.aftpeakoverpropeller.

94.Vibrationlevelcausingcrewannoyanceisapproxi-
matelyl/10thofthelevelcausingcracksinthe
structure.

95.Whenmeasuringvibrationaboardship,adeckonits
ownisnotasufficientlytypicalvibratingobject.
Measurementsshouldbemadeinadditionofbulkheads,
tabletops,andequivalentimportantobjectswithin
a livingspace.

MachineryResponse
96.Thenumberofpropellerbladesissetprimarilybythe

frequencyoftheshaftingandpropellerinlongitudinal
vibration.

97.Thesimplestbutnotverygoodprocedureforpredicting
thenaturalfrequencyoftheshaftingandpropelleris
topredictonthebasisofaone-degree-of-freedomsystem
consistingofthepropellerandwaterinertiaplusa
portionoftheshaftweightvibratingagainstthestiff-
nessofthethrustbearingandfoundation.

98.Animprovedprocedureistomodelthepropellerandshaft
asaseriesofconcentratedmassesandelasticelements
anduseaHolzerprocessforfrequencydistribution.

99.Ifacomputerisused,amoreaccurateresultcanbe
obtainediftheshaftisrepresentedbyacontinuous
massandelasticitydistribution.ABSexperience
indicatesthatbyplacingonlyafewnodesalongthe
shaftrepresentingtheweightoftheshaftaslumped
massesitwouldsufficetoleadtoasimilardegreeof
accuracy.

100.Theproblemofhull/machinerycompatibilityrequires
cooperationbetweennavalarchitectsandmarineengineers.
Trouble*freeoperationcanbeobtainedinapropulsion
systemifprofessionalsfrombothdiscilinesagreeon

fandworkeffectivelytowardmaximumdefectionswithin
allowableateachpointofsupportintheoverallmachinery
systemincludingturbines,gears,andshaftbearings.

101.Goodstructuralcontinuity,strengthandstiffness
particularlywithregardtofoundationsofmajor
machinery,iscriticalinordertoavoidvibration
problems.

A
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A
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A
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K
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Source
102.Theresonantresponseofthetailshaft,its

hammeringagainsttheforwardsterntubebearing]
canbemitigatedbycorrectalignmentofline
shaftingwhichwilldetunetheresonatorand
cancelthedynamicamplificationoftheresponse
oftheshafting.

103.Highlyskewedfixed”bladepropeller-bladestrength
designcriteriaaregovernedbyasternrotationwhen
absorbingabout50percentofenginepower.

VibrationSignatureAnalysisforPreventativeMaintenance
104.Preventativemaintenancebasedonanalysisofmachinery

unitvibrationsignaturewillpromoteimprovedsh:p
reliabilityleadingtocostreductions.

105.Theownerwhospecifiesmaximumvibrationtolerancesof
hismachineryatpurchaseandwhofollowsthefinal
installationwithadditionalrequirementsforminimum
vibrationreadingsasacriterionforacceptabilityhas
givenhimselfanedgeinassuringmachineryreliability.

J

R
Bjorheden

P

P

106.Vibrationsignatureanalysisprovidespositiveindication
ofspecificfaultssuchasunbalance,misalignment,or
defectivebearings.Italsogivesaquantitativenumber
whichcanbeusedtoevaluatetheseverityofthedefect.

107.Byusingvibrationsignatureanalysisalongwithtraditional
inputsoftemperature,pressure,soundandtouch,the
engineerisinamuchbetterpositiontominimizeoperational
problems.

108.A shipboardprogramcanbeimplementedwithtwoportable
instruments:a hand-heldvibrationmeterandavibration
analyzer/XYrecorderwhichprovidesgraphicsignaturesfor
eachmachinetopinpointdefectsdetectedbythevibration
meter.

109.Whenenvironmentalvibrationoccursaboardship,ittends P
tomaskamachine’sself-generatedvibrationsandthus
obscurethetruemechanicalconditionofthemachine.

110.Techniquesdescribedinpaper“P”areavailableto P
separateenvironmentalvibrationsignaturesfrommachine
signature.

111. ABSisnotyetinapositiontoacceptvibrationsignature
analysisasameansofsurveyinlieuofopeningupand Bla!ding
examiningduetouncertaintiesastoconsistentreproducibility
ofthetechniqueandlackofguidancecriteria.
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112.DetnorskeVeritasisexperimentingwith10turbine-
poweredships.Theyconcludethatitisnecessary
forthemarineengineersaboardshiptobecomemore
involved.

113.Vibrationsignaturesarerepeatablewithinabout10
percent,ifmeasuredunderthesameconditionseachtime.

114.Rollingupto10°haslittleeffectonthevibration
signature.

115.Firstandsecondharmonicsofbladepassagearebelow
thefrequencyregionofinterestand,thereforeacause
littleproblemwiththehand-heldmeter.

116.Thetechniqueisapplicabletoreciprocatingmachines
butrequiresmoreanalysisandcareinsettingconditions.

RECOMMENDATIONS
1.

2.

3.

4.

5.

Preparea loose-leaftextbookcoveringcriteria,analysis
proceduresandexperimentalmethodswhicharenowspread
overmanysources.Newinformationshouldbeaddedfrom
time”to-timeandoutdatedinformationshouldberemoved.
Surveythebehaviorofshipsandtheirpropulsiveplants
withsufficientmeasurementstocheckcorrelationwith
prioranalysisandprovidedatabankandempirical
coefficientstobridgegapsuntiluncertaintiesinthe
predictionmethodsaredispelled.Thisisparticularly
relevanttodampingandpressuresonthehullsurface.

Undertakethoroughship-instrumentationprograms
involvingmeasurementsofwake,hullpressures,
shaftingbearingforcesandmoments,structural
responseandobservationofcavitation,allasaids
toremovinguncertaintiesinanalysismethods.
Shipyardsthemselvesshoulddomuchmoreintheway
ofvibrationmeasurementsbecauseexperienceisthe
onethingwhichwillpreventthemfrombeingtoowrong.
Theseshouldbecoordinatedindustry-wideeffortsas
isdoneinEurope.
Becauseoftheimportantsuccessesachievedtodatewith
highlyskewedpropellers,furtherdevelopmentappearsof
greaturgencyto(1)enabletheaveragedesignerto
developgooddesignsand(2)toavoidcompromisingthe
effectiveworkdonetodateastheresultoffuture
failuresduetopoordesign.Systematicseriestesting
isneededtodevelopdesigncurvescoveringrangesof
advancecoefficient,amountofskew,numberofblades
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Source
andpowerlevels.Thesameholdsforpropeller-blade
strengthwithspecialattentiontoreverserotation
whenbacking.

B
Hamner

6.

7.

Encourageshipownerstoinstallatleastonehighly
skewedpropelleronashipineachfleet.
Formoreunconventionalpropellersystems,forinstance,
highlyskewedpropeller,wide-bladedpropeller,and
propeller/ductsystemsandoperationatlowadvance
rates(J+O)~thereisneedforcompleteunsteadylifting
surfacemethods,includingtipvortexseparationand
cavityflow.

K
Holden

8.

9.

Itisnecessarytohavethedetailedforceandphase
angledistributionalongthehullaswellasthehydro-
dynamicshaftforcesasinputtoforced-vibrationanalysis.

K
Holden

Ata laterstageofdesignprocedure~thereisaneedfor
moreadvancedmethodtotakeintoaccountdetailsabout
thepropellerdesigne.g.bladeprofiles,shapeofleading
edge,skew,rake,thedetailedlocalwake-fielddistribution,
andtobeabletoanalyzemoreunconventionalhull/propeller
configurations.

K
Holden

10. Extendpaper“Q”experimentstoa lessidealizedwake
havingpeakvalueof0.6to0.7nearthetwelveo’clock
position.

Q
Sasajima
&Hoshino
fiHadler

11. Conductfurthermeasurementsoftheeffectivewakefor
severalkindsofshipformsbyusingdiffuserstovalidate
themethod.

H
Sasajimol
Hoshino

12.

13.

Analyticalpredictionofcavitationrequirescontinued
research.

K

DiscrepanciesbetweenRPMsatcavitationinceptionas
predictedinthelaboratoryandasoccursaboardshipneeds
investigation.

D
Noonan

Thereisneedtoinvestigatepropeller-bladepressureside
cavitationandpropeller/hullefficiency.

K
Holden

14.

15. QMoreextensivedataareneededwhichthedesignermayuseto
decidewhetherornotcavitation-inducedvibrationislikely
tobeamajorproblem.

16. Theauthorsofpaper“I”shouldincludeadefinitionofthe
functionofequation18aforaflatplateoffinitewidth
andinfinitelengthtomakeitapplicableforasystematic
variationofhullformascorrectionstothisflatplate
assumption.

I
Gray
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Source

17. A largereffortthanHylarides’presentationon
effectivenessofwake-adaptingsterntunnelsisneeded.
Suchdatamightbeprovidedbyparametricstudieswhere
severalparenthullformsaretestedwitha seriesof
appendages(tunnels,vortexgenerators,steps,fins,etc.)
A parametercharacterizingthedegreeofwakenonuniformity
alongwithpowerincrementswouldbeevaluatedforeach
variation.

18. Furtherinvestigationsarenecessarytomakeclearthe
mechanismoftheeffectofthepartialtunnelfins.

19. A veryimportantimprovementincorrelationbetweenmodel
andfull-scalestatisticaldatawillbeobtainedifthe
full-scaledatawouldbederivedvianormalizedmeasuring
proceduresasproposedby1S0.

20. Althoughpaper“I”developeda simplicationofageneral
formulationforcalculationofpropeller-inducedhull
surfaceforces,thepracticingengineerwouldprobably
finditdifficulttouse.Furthersimplicationisneeded.
Vorusagreedbutalsopointedoutthatfull-flowdata
presentedinthepaperforfourshipsisrecommended
forfirstestimatesofverticalhullsurfaceforcesfor
similarships.Parametricpresentationusefultodesigners
willbepossibleaftermorecomputationsusingtheformula
areconducted.Seealsoconclusion16.

H
Vorus

H
Takehuma
Sasajirna
Noonan
HC
HC

I
Stiansen

21. Theformulasdevelopedinpaper“I”areusefulfordesigning IC
apropellerforminimumvibrationforagivensetofhull
lines,sincethehullnominalwakeisinvariant,sothatthe
needfornewmodeltestswitheachvariationcanbeavoided
providedpropellercavitationisnotanimportantfactor.

22. Measurementsofthepressuredistributionofthesecondblade
frequencycomponentonaflatplateateachphaseofpropeller
rotationproducedsmallvalues.Itisdoubtful,therefore,
thattipvortexcavitationisalwaysresponsibleforthe
secondforce.Sinceitdependsoncavitationpatterns,
furtherstudyisnecessary.

23. Thecontradictionbetweenhigherharmonicbladecavitation Q
surfaceforcesaspredictedbypaper“Q”experimentsandas Hadler
obtainedfrompressuremeasurementsovermodelsternsis
confusingandmayhaveledtoimproperpropellerdesignwith
harmfulvibrationasaconsequenceinanactualinstance.It
isnecessarytoundertakeresearchintotheimportanceof
higherbladefrequencyharmonicsuponshipvibrationproblems.
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Source
24. Evaluatetheimportanceoftheeffectofforwardspeed

onthemassmatrix,dampingmatrix,andstiffnessmatrix
intheequationofmotion(1)ofpaper“M”.Sincethey
areimportantinseakeepingtheory,theymustalsobe
importantinvibrationanalysis.

25. VibrationanalystsshouldlooktomodelssuchasNAVSEC’S
CASDACconcomitantwithdevelopmentofstructuraldesign
forthevolumeofstructuralconfigurationdatarequired.

26. Furtherresearchisneededindampinganditsdistribution
overthevari~usnodalmodesoftheshipstructure.
AccordingtoReed’sandBurnside’sdiscussion,generally
dampingintheformofapercentageelasticenergyloss
pervibrationasacomplexmodulusofelasticitymatches
thevibrationofdampingwithfrequency.Moregoodpre-
dictionsareneededforcomparisonwithgooddetailed
measurements.Stiansen’sclosurewasskepticalofReed’s
andBurnside’ssuggestionandfaultsitforgoingwell
beyondpresentcapabilitiesofthelargestcomputerpro-
gramswithoutaddingtothecorrectphysicalmodelingof
thephenomenon.

27. Furtherresearchisneededforamoreaccuratederivation
oftheaddedmassasafunctionoffrequency.Because
waterinertiasaresucha largepartofthevibrating
masses,itisimportantthataccuratevaluesforwater
inertiabeused.

28. Moreresearchisneededofbothfundamentalandapplied
naturesoastoconfirmthevalidityof,thelinearviscous
model,i.e.F.E.M.discretizationofwatersurroundingthe
hull. Incaseitisproventobeagoodassumption,it
willbenecessarytocharacterizevaluesofdamping
coefficientinvariousmodesforshipsofacomparablenature.

Zg, A setofstandardsshouldbeagreedtoamongmachinery
Imanufacturersdefiningthemaximumallowablerelative
deflectionateachpointofsupportintheoverallmachinery
systemincludingturbines,gears,andshaftbearings.
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30.Neededresearchnowunderwayinspringing: L
Cojeen

Fatiguestudies
Basicresearchinspringingexcitationmechanism
Theoreticalandexperimentalresearchonmethodofcombination
Developmentofstressmonitoringinstrumentation
Investigationoftherationaleforhullflexibility
Planformeasurementofhulldamping

31. Thefuturedevelopmentforshipboarduseofvibration
asapreventativemaintenancetoolmustbeconcentrated
intwoareas:

P
Harrison
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Source

32.

33.

34.

35.

a.

b.

Developmentofguidelineforshipboarduse
realizingtheoutsideinfluencesuniqueto
avesselwhichwillbeacceptedthroughout
theindustry.SeealsoMaxham’sandHardaway’s
discussionofpaper“P”inwhichtheyrecom-
mendedandgavesamplesofafaultidentifica-
tiontableanda severityclassificationchart.
Formalpilotprogramspresentedtoandcarried
outforclassification-societieswhichwillallow
theirrulestobealteredutilizingvibratory
recordsandcurrentmachinerysignaturesto
approvetheclassofthismachinerywithout
openingforinspection.

Deterministicallybasedacceptablelevelsofvibration
shouldbeobtainedforeachcomponentinstalled.
Theeffectofpropeller-inducedunsteadypressureforces
ontherudderneedsfurtherstudy.
Custodiansofhull-responseprogramsshouldconduct
andpublisha “sensitivityanalysis”fora typical
ship(s).Themeanresponseamplitudeandphasevs.
frequencyperunitofforceappliedforeachofthe
sundrypropellerforcesareneeded.Suchananalysis
willallowanunderstandingoftherelationshipbetween
theforcevector(gravity,surface,thicknessand
cavitation)andresponse,whichisnotevidentfrom
publishedanalysis.
Becauseofthereluctanceofshipownersandship
operatorstodiscussvibration-relatedcostsinan
openforum,aninformalmeansofaccumulating
vibration-relatedcostsshouldbeundertakenas
partoftheprocessofidentifyingworthwhile
researchprograms.

P
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A
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K
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FC

41



PARTIVNOISE

DISCUSSION
Paper“A”describedthestateoftheartinnoisecontrolaboardships.The

authorreviewedseveralsourcesofnoisecriteriaincludingthosepromulgatedby
OSHA.Henotedthelackofuniformityandconsistencybetweenvariouscriteria,
andhethendevelopedrecommendationsforvariousshipboardspaces(Figure10
ProposedAirborneNoiseLimits).Figure10plottedcurvesforeachtypeofspace
oncoordinatesofoctavebandcenterfrequencyHzvs.octavebandlevel-decibles.

Inhisdiscussionofthepaper,Buitensupportedtheuseofsuchnoiserating
curveswhichconformtopracticesinHollandalthoughwithsomevariationinlimits
ashepointedout.

BuitenandJanssen,intheirdiscussionofpaper“C’\presentedthestate
oftheartofnoiselevelpredictionsinaccommodationspacesinmotorships
asdevelopedinHolland.Accordingtothediscussers,relativelysimpleand
reliableprocedureshavebeenusedsuccessfullyduringthedesignstagefor
morethan100seagoingmotorshipssince1967.Thediscusserslistedvaluable
referencematerials.

Paper“O”citedtheescalatingfinancialconsequencesofnoisetothe
U.S.NavyastheresultofOSHAinvolvement.Theauthornotedtherateofpay-
menttoshipyardworkersforlossofhearingincreasedfrom10millionto40
milliondollarsperyearwithinthethreeyearperiod1973-76.Hethen
developeda readilyunderstandableexplanationoftheOSHAnoisecriteriafor
permissiblenoiseexposure.

TheSymposiumdevelopeda consensuswhichrecognizedthatwithina
practicalrange,compliancewithvariousnoiseexposurecriteria,including
OSHA’S,willnotpreventallhearinglossclaims.Theproblemcenterson
acceptanceofnoiselevellimitsandexposureperiodswhichwillreduce
probabilityofhearinglosstoa tolerableextentforthegeneralpopulation.

Astoanalysisduringdesign,paper“A”describedthesource-path-
receiverapproachtonoiselevelpredictioninthreesteps.Theseare:(1)
determinationofthesoundpowerlevel,(2)estimationoftheamountof
attenuationinthepathsbetweensourceandreceiver,and(3)estimationof
thesoundpowerlevelinthereceivingspace.Theauthorthendescribed
currenttechnologyapplicabletothesethreesteps.Paper“N”delvedinto
thissubjectingreaterdetailaswillbediscussedbelow.

Propeller-inducedvibrationandnoisegohandinhand.Therefore,what
isgoodforminimizingvibrationisalsobeneficialfornoiseabatement.
Accordingtopaper“C”,“Proceduresforpredictingnoiselevelsingeneral
doexistbutmoredevelopmentanddataarerequiredbeforetheybecome
analysistools.Consequently,the‘analysis’ofnoiseisembodiedingood
designpractice.”Theauthorsthensummarizedgooddesignpracticeandguide
lineswhichmayincludethefollowing:

0 Sternlineswhichallowgoodflowtothepropellerand
propellerclearance.

0 Arrangement- segregationofmachineryspacesfromliving
spaces.
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o Structuralsystemthatinsuresadequateprimaryandlocal
stiffnessandgoodcontinuity.

0 Allowanceofconservativeweightmarginforthefoundations,
particularlythoseforthemainengine,gearsandthrust
bearing.

0 Ventilationsystemwithsaferegistervelocity,bafflerand
largeplenumchambers.

o Machineryresilientmounts.
0 Shieldingandinsulation.
0 Pipingsystemswithsafeflowvelocities.
Inpaper“N’’,theauthortookaconstructiveapproachtonoiseprediction

andattenuationinships.Noisecontrolrequiresidentificationandknowledge
ofallsignificantnoisesources.Theprincipalonesare:“mainandauxiliary
engines,propeller,gear,casingandexhaustsystemsincludingfunnel,various
pumps,compressors,hydraulicsystemsandfanequipmentincludingintakesand
outlets.”Nilsson’sclosurestatedthatthepropeller,asanacousticalsource,
isbeinginvestigatedinajointeffortbetweentheScandinaviancountries.
A firstreportconcerningtheresponseofthehullistobepublishedatthe
beginningof1979.

Noiseiseitherairborne,fluidborne,orstructureborne.Methodsfor
treatingairbornesoundarewellknownandcanbereviewedinreferences(1)
through(4)ofpaper“N”.Inroomscontainingnoisesources,thesoundpres-
surelevelisalmostentirelydeterminedbyairbornesound.

Papersonthesubjectoffluidbornenoiseareavailablefromthe
NatfonalFluidPowerAssociation(NFPA)andtheSocietyofAutomotiveEngineers
(sAE).

Anymechanicalforcewillinducestructurebornesoundthepowerof
whichistransmittedfromasourcethroughitsconnectiontothefoundation
andispropagatedinwaves.

InNilsson’swords:“Tomakea predictionofresultingnoiselevelin
anaccommodationspace,thefollowingquantitiesmustbeknown:

0 Sourcestrength.
0 Transmissionpropertiesofsteelstructures.
0 Radiationpropertiesofstructuresatthereceivingend.

Inordertodefinethestrengthofasource,itis,ingeneral,sufficientto
determinethevelocitylevelperpendiculartotheplatingatthefoundations
ofmainandauxiliaryengines,gear,pumps,etc.andinthehullplatingabove
thepropeller.”Astomachinery,hereferredtosemi-empiricalformulaebut
indicatedthereliabilityofthefinalresultswillbemuchimprovedifthe
inputdataarebasedonaccesstoadatabankofactualmeasurements.Hethen
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presentedashortdiscussiononmeasurestoattenuatesourcestrengthi.e.
resiliencymountings,etc.

Thepropagationofstructure-bornesoundisacomplexsubject.Soundis
transmittedaslongitudinal,torsional,transverse,andflexuralwaveswith
couplingeffects.Duetothiscomplexity,propagationmodelsmustbesimplified
byassumingthatonewavemotiondominatesanddeterminesthepowerflowinthe
structure.AftermentioningcharacteristicsoftheStatisticalEnergyAnalysis
methodforpropagationdetermination,andreferencingreportsonitsapplication,
theauthorturnedtotheHecklanalyticalmethodfordeterminationofvibration
ingrillages.Headaptedittoanalysisofsuperstructurenoisepropagation
whichconsiderstheequilibriumofthebendingmomentsofalljointsinthe
structurefromwhichtheangulardisplacementscanbesolvedasafunctionof
thesoundpowerinputintothestructure.Themeritofthismethodwastested
bycomparingcalculatedandmeasuredsoundvelocitylevelsforvariousdecks
ontwotankersuperstructureswhichshowedreasonableagreement.Asa bypro-
duct,theauthornotedthatalthoughtheexteriorofthetwosuperstructures
werequitesimilar,thevelocitylevelsdifferedappreciably.Thisreflected
differencesinplatedimensionsanddeckconstruction.Itestablishedthe
pointthatthedimensionsofsubstructuremustalwaysbeconsidered.

Theauthorpresentedexperimentalresultsofmodeltestsdesignedto
appraisesoundlevelattenuationbyelasticsuperstructuremountingtothe
maindeckandinstallationofdampinglayerssuccessivelyonalldecklevels
ofamodelsuperstructure.Themeasuredvalueswereplottedtoillustrate
relativeeffectiveness.Inonecasewheresoundlevelswerecalculatedthey
agreedwellwithmeasuredvalues.

TheauthoralsopresentedexperimentalresultsforDetnorskeVeritas
conductedtestsonnoiseradiationfrombulkheadsanddecksonafull-scale
mockup.Itconsistedofasectionofa shipstructureextendingfromthe
outerbulkheadtothecasingwhichwasexcitedbya vibrator.Theresulting
noiselevelsweremeasuredanddeterminedasfunctionsofthevelocitylevel
ofthesteeldeck.

Measurementsweremadeonfourfloatingfloorconstructionsasdescribed
inthepaperandplottedtoindicaterelativeattenuationeffectiveness.When
floatingfloorswerecombinedwithelastichangersfortheceilingthetotal
noiselevelwasdecreased20db(A)withoutportholesorwindows.Openingsfor
windowscanreducetheeffectivenessofafloatingaccommodationsystem
considerably.

Buiten,inhisdiscussion,citedsuccessfulinstallationsofresiliently
mountedlargedieselprimemoverswithdecreasedsoundpressurelevelsin
cabinsof10-15dB.Hesuggestedthatoppositiontosucha solutionis
untenable.

Withreferencetofloatingfloorsdescribedinpaper“N”Buitendeflated
theirvalueforattenuatingnoiseinthelow-frequencyrangeandconcluded
thattheyarerelativelyineffectualforcabinssituatedabovepropellersof
largeseagoingvessels,“Thisisduetolimitedadditionalmassandheight
ofsuchfloorconstructionwhichprohibiteffectivedecouplingatlower
frequencies.”



Nilsson’sclosurestatedthatforafloatingfloortobeefficientinthe
lowfrequencyrangeitisimportantthattherebeanacousticalmismatchbetween
topandbottomplates.Thisisachievedifthetopplateisthin.Hisclosure
alsoindicatedthatrandomlychosencabinsonthreedifferentshipsweremeasured
withresultsastabulatedwhichshowedthatthetotaldb-Alevelisdetermined
bythenoiselevelinthemidfrequencyregion.However,particularattention
shouldbepa;dtolow-frequencynoise.

Likewise,Buitenhadreservationsconcerningthemathematicalmodelof
paper“N”forpredictingthetransferofstructure-bornesoundwhenmoreex-
tendedsourcesthanauxiliarydieselenginesareconsiderede.g.propulsion
dieselengines.Asexplainedindetailinhisdiscussion,Buitenfoundthat:
“Duetothestrongcoupledparallelsystems,moremodesmaybeexpectedatlow
frequenciesthanoccurinthesingle-waveguidemodel.Thiswouldresultin
lowerattenuationperdeckforlargesourcesthanforsmalloneswhichwould
agreewithourexperience.”Nevertheless,Nilsson’sclosureindicatedthat
themodeldescribedinpaper“N”hasbeenusedtocalculatethepropagation
ofstructure-bornesoundinducedbymainengines.Theresultshavebeen
satisfactory.

Accordingtopaper“O”,acousticcomplexitiesinclude:
0 Environmentalinfluenceswhichcanchangemeasuredsound
levelsmanyordersofmagnitude.

0 Nondirectionaluniformityofsoundradiation.
0 Pooraccuracyofavailableinstrumentation.
0 Effectofstandingwaves.
Theauthorthenindicatedthatnoisesourcereductionofmainpropulsion

gears,althoughoptimizedfromadesignstandpoint,willnotmeetOSHAcriteria.
He,therefore,concludedthatbarriersand/oracoustictreatmentareessential.
Resultsoffull-scaleexperimentswithacousticallaggingofturbogenerators
andmainreductiongearcasingswerepresentedtogetherwithadiscussionofthe
properlocationofmicrophonestomeasurethechangeinnoiseleveldueto
acousticlaggingwithoutinterferencefromstandingwaves.Kugler,inhis
comments,confirmedtheauthor’sdisparateresultswithlaggingofturbo-
generatorsandmainreductiongearsandpointedtotheneedforfurtherinvesti-
gation.

Paper“O”alsonotedthatMarAdstandardspecificationsdonotrecognize
OSHAcriteria.Wehr,inhisdiscussion,consideredMarAd’sspecifications,
whichseektoreducenoiselevelsofworkandlivingspaces,tobemoreamenable
tothedevelopmentofequipmentdesignstandards.HenotedthatOSHAstandards
couldbemetmerelybylimitingtheexposuretimeorbywearinghearingpro-
tectionandthuscouldamounttonostandardatall.Richardsoncommented
somewhatdifferentlyindicatingthatMarAdspecificationsimposenoiselimits
attheengineroomconsoleapproximatelyequivalenttoOSHAforaneighthour
perdayexposure.Speicherindicatedinhisdiscussionofpaper“O”that
revisedMarAdspecificationscompatiblewithOSHArequirementsshouldgoto
theprinterinthenearfuture.

Richardsonalsodescribedasuccessfuldesignprocedurewhichassesses
atanearlystageallsignificantpotentialnoisesourceswithinacompartment.
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Attainablenoiselimitsareimposedonmachineryequipmentmanufacturersand
tierifiedbytestingattheplant,andacousticaltreatmentisappliedas
necessaPy.
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1.

2.

3.

4.
5.

6.

7.

8.

9.

10.

11.

Noisecontrolshouldbeginintheshipdesignprocess.Post
constructioncorrectionsareexpensive.
Theintensityofnoiseintheworkplaceaffectshealthand
safetyoftheseafarer.Thirty-threepercentofMarine
Engineers’BeneficialAssociation(MEBA)seafarershave
sustainedmoderatehearingloss.
Noiseexposurecriteriashowalargerangeofvariabili:
Therefore,itisprematuretoestablisha singlenumber
allowableequivalentnoiselevel.Wehrdisagreed,but
admittedthattheLeacriterionisdifficulttomeasure
anddeterminecompliance.Inanyevent,someexposure‘
shouldbeset.
Hearinglossabove2000Hzisasignificantimpairment.

Y.

imit

The1S01996noiserating(NR)curvesprovidea veryreliable
andwelldefinedsystemforratingnoiseannoyancewhichpro-
videsagoodamplitudefrequencydescriptor.Whensuchanoise-
amplitudefrequencydescriptoriscombinedwithavibration-
amplitudefrequencydescriptor(giveninJanssen’sdiscussion
ofpaper“A”)aratingsystemisdevelopedwhichshowsgood
correlationbetweendoseandsubjectiveeffect.
Thenoisesituationonboarda shipisdeterminedbythesum
ofnoisecontributedbythemanyandvariedformsofnoise
sources.Effectivecontrolrequiresidentificationandknow-
ledgeofallsignificantnoisesources.
Thereareonlythreewaystoreducenoise:
0 Modifythenoiseoutputatthesource.
0 Interceptthenoisealongitspathfromthesource
tothereceiver.

0 Changethereceiver’ssensitivitye.g.hearingprotection.
TotalcompliancewithOSHA’Scurrentrequirementswillreduce
hearinglossesbutwillnotpreventallhearinglossclaims.
Thereislittleriskin85-100db-Aexposureforshort
periods.Itisthelong-termcumulativeeffectwhichposes
potentialrisk.

Theexistingnoisepredictionprogramsshouldbeconsidered
asdesignguidesratherthanmethodstocalculatetheactual
noiselevelsinanaccommodationspace.
Despitecertainshortcomings,thenoisepredictionmethods
existingtodaymustbeconsideredasofindispensabledesign
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Therearetworeas,onstoapplycurrenttechnology
duringdesign:
0 Designcriteriamaypossiblybeachieved.
0 Argumentsoverresponsibilitymaybeavoided.
Higherharmonicsofpropeller-inducedsurfaceforcesare
veryoftenresponsiblefornoiseproblems.
Structure-bornesoundisdirectlyinducedbyany
mechanicalforce.Themechanicalpowertransmitted
froma sourcethroughoutconnectionstothefoundation
propagatesintothestructure.
Thetypeofmountingofeachsurfaceanditsconnection
tothesteelconstructiondeterminethevelocitylevel
betweenthe,deckandtheradiatingsurface.
Full-scale’andmodel-scaleexperimentshaveindicated
thatthemainnoisepowerflowintheverticaldirection
ina shipstructureisdeterminedbythepropagationof
flexuralwavesintheplateelements.

Thesoundvelocitylevelofadeckisafunctionofthe
inputpoweratthesource,wavenumbers,masses~losses,
anddimensionsoftheplateelementsofthestructure.
Thesoundpowerlevelinaroomisafunctionofthe
acousticalpowerradiatedintotheroomandalsoofthe
totalabsorptionintheroom.
Thepowerradiatedbyastructureexcitedbystructure-
bornesoundisafunctionofthedimensionsofthe
structure,radiationratio,thecouplingbetweenthe
steeldeckandthestructureandthevelocitylevelof
thedeck.
Manufacturers”ofaccommodationsystemscannotsupply
radiationrationorcouplingfactor.Allacoustical
propertiesofaccommodationsystemsshouldpreferably
bemeasuredinsituaboardshiporinalaboratoryin
aspecialmockup.
Theconceptofoperatingwithsomeacceptableriskis
fallacious,sinceinevitablytherewillbesevere
liabilitiesincurredbytakingtheserisks.
Theprimaryefforttocontrolnoiseshouldbedirected
atthecontrolofthepropeller-inducedhydrodynamic
excitations.
Noiselimitsshouldbeimposedonvendorsupplied
machinery.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Noisereductiontreatmentsinclude:

0 Ventilationsilencersorducttreatment.
0 Bulkheadanddeckingacoustictreatment.
b Machineryvibrationisolation.
0 Floatingdeckstructures
Thegainobtainedbyreducingexcitation,generally,is
considerablylargerthanthegainthatcanbeobtained
byusingacousticmaterial.
Poorqualitycontrolintheconstructionphasecan
nullifydesignednoisecontrol.Airborneleakage
pathsand“shorting”ofvibrationisolatorsarecommon
fabricationfaults.
Thenoiseina shipboardspacemaybepredictedwithin
about5to10dbAforairbornenoisewhenthesourcesound
powerlevelsareknown.Otherwise,thedegreeofpre-
dictionisprobablygreaterthan10dbA.
Whendecidingwhichofthenoisetreatmentstoapply,
thenoisesourcelevelsmustbeknownandwhetherthey
areairborneorstructureborne.
Bufferzonescomprisedofpassagewaysandinfrequently
mannerspacesprovideconsiderableacousticattenuation.
Theattenuationofstructurebornesoundisafunction
offrequency.
Nosimpleandgeneralrulecanbeformulatedconcerning
theattenuationofstructurebornesoundinasteel
structure.Thedimensionsofthesubstructuremust
alwaysbeconsidered.
Thefurtherawaythemeasurementpointisfromthedamped
areathesmalleristheeffectofthedampinglayer.
Dampinglayersontheverticalplatesectionsincrease
theattenuationofflexuralwavesmorethanlongitudinal
waves.
Theeffectofdampinglayersonfull-scalestructures
isconsiderablylessthaninthescalemodel.
Openingsforwindowscanreducetheeffectivenessof
afloatingaccommodationsystemconsiderably,
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RECOMMENDATIONS

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

Giveprioritytomath
hearingdamageandto

Betterplanninqisth

neryspacesforpreventionof
ships’bridgesforgoodcommun”
mostim~ortantthinqneeded.

cation.
This

mustbeginwit~theownerandthedesigna~entandinclude:
0 A betterunderstandingofthemanycomplexitiesof

acoustics,includingmeasurementofsuppression.

0 Acknowledgementofpracticalminimumsintermsof
practicallimitsatthesource.

0 Recognitionoftheprobableneedforbarriersand/
orothernoise-reductiontechniques.

Regardinginstrumentation,specificationsshouldaddressthem-
selvestothetype,thecalibrationof,andthetechniquesin
usingsound-measuringequipment.
Navalarchitectsshouldpaycloseattentiontothedeveloping
fieldofresearchtninfrasound(lowfrequency,sub-audible,
1-20H vibrations)whichhaspotentialfordegradationof
operatfrefficiency.However,theauthorshavenoknowledge
ofaproceduretotreattheproblemdirectlyintheearly
stagesofdesign.

DecisiveactionisneededbytheU.S.C.G.tomeetthe
governmentalmandateandestablishtheseafarer’ssafety
andhealthstandards.
MakeavailabletotheCoastGuardfor-useinrulemaking
actiontwelveyearsofclinicaldatagatheredbyMEBA.
Performaudiometrictestingofexposedpersonnelat
leastannually.
Developacomprehensiveandacceptedstandardfornoise
criteriapertainingtothemarineindustry.Useaweighted
equivalentnoisecriterion.Giveconsiderationtonoise
levelsrecommendedinpaper“A”Figure10.
Designateallareaswhichexceed90dbA“CAUTION-HEARING
damagearea”includingnormallyunmannedspaceswhichmust
beenteredfromtimetotimeforinspectionandmaintenance
purposes.
Includepaper“A”Figure10noiselevellimitsinshipbuilding
specifications.

Theconceptofa 24houroroneweeknoiselevelequivalent
criterionappearstowarrantstudybythemarineindustry.
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12. Improvenoise-predictiontechnologyparticularlywith
regardtostructure-bornenoise.

13. Conductadditionalfull-scaleverificationstudiesaimed
atimprovingtheconfidencelevelinthepredictionprocess.

14. Withrespecttostructure-bornenoisesomeofthemost
importanttopicstobeinvestigatedare:
0 Couplingbetweenthemainsourcesandthesteel
structure.

0 Predict-ionmodelsforthedescriptionofthe
powerinducedbyenginesandpropeller.

0 Descriptionofthepropagationofstructure-borne
soundinthedoublebottom.

0 Thetotalattenuationinashipstructureasfunction
ofthelossesintheverticalandhorizontaldirections.

15. Themagnitudeanddirectionoftheenergyfluxofthe
variousinplanewavesremaintobeinvestigatedin
structurebornenoise.

16. Encouragemachineryvendorstomeasureairbornesound
powerlevelsandstructureborneaccelerationlevels
oftheirproducts.

17. Moreacousticaldataontypicalsourcesshouldbe
collectedandstoredindatabanks.

Source
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The eighteen technical papers presented at the
Ship Vibration Sympoeium ‘78 and the accompanying volwne
of discussions and cloeures are avaikzble as a two volume
set (SY -8) from The So&e~ of Naval Architects ond Marine
Engineers, Gne World !Tra&?Center, SuiL? 1389, Neu York,
New York 10048. The cost is $30 to members and $45 to
non-members. Payment in U.S. dollarv met be inekied
with all orders.
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