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1.0 INTRODUCTION

1.1 Objectives

Shipboardvibrationhasbeenamajorproblemforshipbuilders
andoperators.Vibratorystressesadverselyaffectshipstructures
andequipment,reducefatiguelifeofa ship,andimpaircrew
operations.Atthistimetherearenogenerallyacceptedlimiting
standardsorcorrespondingdesignproceduresforassessinghull
vibration,dueinpa~ttothelackofunderstandingoftherela-
tionshipbetweenshipproportionsandhullvibration.Accordingly,
theobjectiveofthisstudyi~todeterminetheeffectsofship
proportionsonhullflexibilityandtoestablishsuitablecriteria
forhull-vibrationlimits,suchasa limittothehullflexibility.

1.2 SummaryofFindings

Themethodologyadoptedforthisstudyisbasedontwoassump-
tions.First,itisgenerallybelievedthattheexistingmethods
fordeterminingtheseawayloadsareadequate.Secondly,itis
believedthatshipswithmoreflexibilityare~.nferiortostiffer
shipswithrespecttohullvibration.Thesetwoassumptionsare
generallyacceptedandarebasedonreliableinformation.For
example,in1970,Salvesen,TuckandFaltinsenpublishedtheir
paperonsealoads(l),whereinthecomparisonbetweentheanalyti-
calandexperimentalresultsaregenerallyquitegood.

Theoretically,forthesamesealoads,moreflexibleships
aregenerallysubjectedtohigherstress.Forthisreason,amore
flexibleshipis,indeed,inferiortoa stiffership.However,
studyresultsreportedhereindifferconsiderablyfromthesetwo
assumptions. First,manyshortcomingshavebeenfoundinthe
existingmethodsofanalysisandthecorre$pendingerrorsindicate
existingmethodologymaybeinadequateforsomeproblems.Secondly,
resultsindicatetheflexibilityoftheship’shullisnot
necessarilyanundesirableproperty.A moreflexibleshipcan
actuallybesaferthana stiffership.Forthesereasons,a limit
toflexibilityhasnotbeenestablished.Fromtheresultsobtained
inthisstudy,theinvestigatorstendtobelievethatthereexists
anoptimalflexibilityforeveryship,butthereisnotnecessarily
a limi~totheflexibility.Thisconclusionwillbediscussedin
detailinthefollowingsectionsofthisreport.

Theprimarystudyobjectiveofdeterminingtheeffectsof
variationsofshipproportionsonhullflexibilityandvibratory
responsesforfourshiptypes,havebeenachieved.Theship
proportionsaredefinedbytwonondimensionalparameters:The
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length-beamratio,L/BandL2/BI~.Theeffectsofthedepth,D,
areincludedinthemomentofinertia,I. Theeffectsofthe
beam-draftratio,B/T,werefoundtobenegligible.

Theflexibilityoftheship’shullisrepresentedinthis
reportbythenaturalfrequencyoftheshipassociatedwi~hthe
two-nodemodeshape.Animportantandusefulrelationbetweenthe
flexibilityandbendingmomenthasbeenestablishedinFigur@1.

Becauseoftheshortcomingsoftheexistingmethodsofana-
lysis,thequalitativevaluesofthesecurvesaremoreimportant
thanthequantitativevalues.Untilthesequantitativevalues
areconfirmedbymorereliableinputdataandstudymethodology,
theresultspresentedareconsideredtentative..

Inadditiontostudyingtheeffectsoftheshipproportions,
thestudyalsoachieveda broadergoalofbetterunderstandingof.
theresponsesofshipsina seaway.Itisclearthatamoreac-
curatemethodforship-vibrationanalysisisrequiredandcanbe
developedwithinthestate-of-the-artofthecurrenttheoriesof
hydrodynamicsandstructuralmechanics.Forthisreasona re-
viewoftheexistingtheoriesandrecommendationsfornewmethodo-
logiesareincludedinthisreport.

Duringthecourseofthestudy,theeffectofshipspeedon
dampingwasa subjectofmajorconcernandcorrespondinginvesti-
gation.A ten~ativeanalysisindicatesthatforwardspeedhas
effectsonhydrodynamicdampingandforcesaswellashullflexi-
bility.
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2.0 THESTATE-OF-THE-ARTOFSHIP-VIBRATIONANALYSIS

Theexcitationforceofwavesontheshiphullisdetermined
byuseofseakeepingtheoriesinwhichrigidhullsareassumed,
asinReferences1,2,and3. Inspiteoftheconsiderableeffort
spentin-thelastdecadetoimprovetheseakeepingtheories,the
resultsobtainedwiththevariousimprovedmethodsstilldiffer
somewhatfromtestresultsofrigidmodels.TablesI,II,III,and
IVfromReference4 indicatetheerrorofthevariousmethods.

2.1 ShipVibration-A HydroelasticProblem

Allshiphullsae flexibletosomedegree.Loadson
flexiblehullsdifferfr~mloadsonrigidhulls.Theoretically,
completelyflexibleshiphullswillbehavedifferentlythanrigid
hullsandwillresponddirectlytothewavesurfaceconfiguration.
Inpracticetherearenocompletelyrigidorflexibleships.
Betweenthesetwoextremesjtheaccuracyoftherigid-hullsea-
keepingtheorydecreaseswiththeincreaseinhullflexibility.

Inrecentyears,shipshavebeenbuiltwithincreasedhull
flexibilityanditis,therefore,necessarytoimprovetherigid
hullseakeepingtheory.Theshiphullisanelasticbodyand
theseawayresponseproblemandtheshipvibrationproblemarea
singlehydroelasticproblem.

Theshortcomingsofexistingmethodsforship-vibration
analysiswererecognizedbyKline,Reference5,whereinhecon-
sideredthemosturgentproblemtobetheaccuratedetermination
ofdampingandthedevelopmentofa hydroelasticsolutionfor
shipvibration.Somehydroelasticeffectswereconsideredinthe
methoddevelopedbyGoodman,Reference6. Hismethodisbasedon
theassumptionofzeropitchandheave.Althoughitistruethat
heaveandpitchofa rigidshipamongregularwavesofshortwave
lengthwithrespecttothehulllengtharequitesmall,these
shipmotionsmaystillbeimportantsinceCheshipisnotper-
fectlyrigid.

Itisunderstoodthatclassificationsocietiesaregenerally
usingtherigid-bodyapproachinthecalculationofthehydrody-
namicloads.Forexample,currentpracticeatABS,Reference8,
is~ousetherigid-bodyapproachinthecalculationofthehydro-
dynamicloads,andtotakeintoconsiderationthehullflexibility
inthevibrationanalysis.Thisapproachisnota true“hydro-
elastic”formulationoftheproblem,sincethecouplingeffectis
neglected.
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TheeffectsofforwardspeedhavebeenrecognizedbyHoffman,
Reference7,tobequiteimportantinhisinvestigationwithmodel
experiments.Thesubjectisdiscussedlaterina separatesection
ofthisreport.IEisinterestingtonoteherethesizeable
discrepanciesbetweenGoodman’stheoreticalresultsandtheex-
perimentalresults.Hoffmanwasabletoexplainsomeofthedis-
crepancies.Fromtheequationsofmotiongiveninthefollowing
section,itcanbeshownthatGoodmanneglectedsomeimportant
terms,whichmayexplainthediscrepancies..

2.2 ProblemAreasinExistingSeawayResponseAnalysis

Incomparisonwithresultsfromrigid-modelexperimentsthe
rigid-shipseakeeping--methodisnotentirelyaccurate.Theerrors
showninTables1:-.4 areinadditiontotheerrorsduetothe
flexibilityoftheshiphullandthesumoftheerrorsmaybe
significant.

Despitegreatprogressinthepredictionoftheseawayloads
ofrigid-shiphullsinrecentyears,twosourcesoferrorremain
tobecorrected.First,striptheoriesare,ingeneral,valid
onlyforthemid-bodyoftheshiphull.Thetheoryisnotvalid
forthehullendsanderrorstendtoincreasetowardtheends.
Sincetheeffectoftheforwardspeedisproportionaltothe
changesofhydrodynamiccoefficients,withgreatchangestoward
theends,theaccumulatederrorscanbesignificant.Inrecent
years,effortshavebeenmadetoimprovetheaccuracyoftheadded
massanddampingcoefficients.A promisingapproachistheuse
offinite-elementmethodswhereinalltypesofhullcross-sections
canbeconsidered.

Theeffectsofforwardspeedareanotherunsettledarea.
Salvesen,Reference1,hasindicatedthattheforward-speedterms
intheequationsofmotiondevelopedbyvariousinvestigators
differgreatly.Froma briefreviewofthevariousversionsof
thefarward-speedeffects,Salvese~’sversionappearstobe
acceptable.However~additionalstudiesandcomparisonsshould
bemadetoidentifytheimportanceofvarioustermsi-ntheanalysis
offorward-speedeffects.
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TABLE1

ApproximateMeasuresofCorrelationBetween
TheoryandExperimentfarHeadSeas

PercentError
MidshipMidship

Source Froude Pifch Heave VerticalVertical Relative
Number Moment Shear BowMotion

Baitis,etal .13-.2 5-1o I0-20 - . .
(1974)

CoxandGerzina .22 5-1o 5-15,-
(1975)

5-10
.30 10-15 5-15 - . 5-30
.37 20 10-30 - 5-30

BaitisandWermter..15 10 . .
(1972) .46 :: 20 .

Flokstra(1974 .22 10 - . .
.245 10- 10 10 20 1O-I5
.27 . 10 . .

WahabandVink .15 5 10 15 15
(1975) .245 Is 25 15 20 25

Journee(1976) .15 10 20 . .
●20 10 25
.25 10 25
.30 10 20 . .

Kaplan,etal .25-.30 10-15 - 30 20
(1974)

Kim(1975) .25 . 10 30

Loukakis(1975) .15 10 10 .
.20 15 10
.25 15 10 .
.30 15 10

.09-.14 - 10

Salvesen,etal 5 5 - .
(1970) ::5 20 10

●I5 10 10

Oosterveldand ●3-.4 - . 10
van f)ossanen
(1975)



-7.

TABLE2

ApproximateMeasuresofCorrelation Between
Thmry and ExperimentforFollowing Seas

Percent Error

Source

Baitis and
Wermter
(1972)

Journee(1976)

Kaplan,etal
(1974)

Kim (1975)

WahabandVink
(1975)

Froude
Number

0.15
0.46

0.15
0.20
0.25
0.30

0.25-
0.30

0.25

0.15

Pitch

10
150

10
20
15
15

15

.

5

Heave

:;

5
10
10
15

.

Hldship
Vertical
Mamcnt

60

25

25

Midship
Vertical

Shear

80

15

I00
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Source

Baitls an<
Wermter
(1972)

Salvesen,
et al

Flokstra.
(1974)

Fujiiand
Ikegami
(1975)

Kaplan,
et al
(1974

Wahaband
Vink
(1975)

TABLE3

ApproximateMeasuresof Correlation Eetween
Theory and Experimentfor BowSeas (Headings 120 to 150°)

Froude
Number

0.15
0.46
0.15

0.15

0.245

0.195

b.254
0.30
3.25_
0.30

0.15
0-245

IO-15
10-60
10

10

20

15

10
10-30

Heave

5-1o
10-20
10

30

25

.

20=o

Roll

10-50
25-6o
50

.

15

.

20

A MidshiD Moments_
Vertical

“

.

15

15

20

40
40

3::50

-

.

15

25

30-50

20-40
20-40

20
25

‘orsiona

.

.

20

40

30-50

20-90
20-90

30
20

Midship
Vertical
Shear

.

15

30

40-90
40-90

5;:100

CB

.486

.4S6

.4B!5

.80

.598

.6994

.56

.56

.80

.598

Gfl/B

I2%
1FL
&A

5

3.6

4.1

2.5
5.0

5.0
3.6

CB= Block Coefficient

GM= Metacentric Height

B = Breadth
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Source

Ba;tis and
Wermter
(1972)

Salve5enJ
et al
(1970)

Flokstra
(1974)

Fujii and
I kcgami
(1975)

Kaplan
etal
(1974)

KIm(1974)

Wahaband
Vink
(1975)

ApproximateMeasure$of Correlation Between
Theory and Experimentfor Quartering Seas (Headings ~0 to 600)

Froude
Number

0.15

0.15

0.245

0.195

0.25-
0.30

0.25-
0.30

0.25

0.15
o+2115

Pitch

10

10

15

S-20

10
10-15

CB= Block Coefficient

+eave

10

.

15

1s-20

.

.

Percent Error

Roll

10

90

20-3s

90
30

50-10(

30-40

~ Midshio Moments~

.

15

10

20-2s

;:

20-40

20
20-40

20

“25

20-80

30-IOC
20-j’O

30-40

3;:50

Torsional

20

.

30-40

10-50
4!3-90

30-90

5f60

Midship
Vcrtica

shear

.

30

60-80
60-80

40-100

100
50-100

CB

0.486

0.80

0.595

0.6994

0.56
0.56

0.56

0.80
0.593

Gtl/B

12%

5

3.6

4.1

2.5
5.0

2.5

5.0
3.6

GM= Metacentric Height

B = Breadth



-1o-

3.0 A HYDROELASTICFORMULATIONOF
THESHIP-VIBRATIONPROBLEM

3.1 ExistingMethods

Theexistingship-vibrationmethodscanbeexplaine~most
convenientlybytheequationsofmotionusedbyvariousin-
vestigators;

3.1.1Thefourth-mderequation:

wherew isthe
kwisthe
C isthe
p isthe

F(x,t)isthe
A isthe
I isthe
10isthe

‘kw-(~:+lo)ti’’+&+~:=F(xt’“(1
deflection
restoringforce
totaldampingcoefficient
shipmassplusaddedmass
verticalexcitationforceperunitlength
shearareaoftheshipsection
momentofinertiaoftheshipsection
massmomentofinertiaoftheshipsection

. aw
‘r==

w’=%
. ::

w,,,,_ a~w.——
@x’

Thisequation,withslightvari i ns,hasbeenusedby
manyinvestigators,includingNoonan~!yo ,Kline(s),McGoldrick
ando~hers.

3.1.2Thesecond-orderequations,obtainedfromReference8:

‘[EIzx,’]’- ImyXS- C5&5 +K3A3G(x3’--x5) = o

PX3 + c3i3 + k3x3+ [EIz>~s’]”- [I~yX5 + C5~51’ = F3(X,E)

(2)
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X3
X5

C5, C3

is theverticalexcitationforce
isthemassrotarymomentofLnertia/length
istherestoringforce
istheverticalsheararea
is themomentofinertia
istheshipmassplusaddedmass
istheverticaldeflection

ax~istherotation,X5= —
ax

arethetotaldampingcoefficientsassociatedwith
thelongitudinalrotationandverticalmotionof
theshipsection,respectively.

Notetihatintheabovetwoequationstheloadontheship
hullisnota functionofthedeflectionofthehull.Thehydro-
dynamicforcesarepartiallyincludedinthetermsassociated
withtheaddedmassandthehydrodynamicdampingcoefficients.
Mostofthehydrodynamicforcesduetotheforward-speedeffects
havebeenignored.

3.1.3Thefirst-ordereauations- Thefollowinpeauationswere
usedinthisstudy: “

[

W’=e+

gf=~

M’=v+

VIQ msw
where

PO+ 10:+ Co~ (3)

+ Cs++ F(w,C,x,t)

w,Q,M,Varethedeflection,slope,bendingmoment,and
shearresponsesofthehull,

P istheaxialforce
10isthemassrotarymomentof

CoandCsarethedampingcoefficients
associatedwiththerotation

respectively

inertia/length
perunitlength
andverticalmotions

ofthe
s isthem
A isthe

F(w,L,x,t)isthe

shipsection
shipmass/length
sheararea
verticalexcitationforce
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Noteintheaboveequationthattheloadontheshiphull
isa functionofthehulldeflection.Thedifferencesbetween
equation(3)andequations(1)and(2)areexplainedfurtherin
thefollowingparagraphs.

3.2 Cornp=isonAmongtheExistingMethods

Forsimplebeams,Equations(l),(2),and(3)canbere-
writtenassimilarfourth-orderequationsinthefollowingmanner:

EIw””+ C&+ uwi-kw= F(x,t) (4)

E’lxa””+ C;~i-@?3+ kqxa= F3(x,t) (5)

EIw’”~+ C~t+ msw = F(w,C,x,t) (6)

Intheaboveequationssheardeflectionandrotaryinertia
havebeenneglectedforcomparativepurposes.Notethatmsis
themassof theshiponly,whileu isthemassoftheshipand
theaddedmass.SimilarlyC~istheinternalshipdamping,and
C isCheinternalshipdampingplusthehydrodynamicdamping.

Equations(4)and(5)havebeengenerallyacceptedbynaval
architects.Theseequationsaccountfortheeffectofthesur-
roundingwaterontheaddedmassandhydrodynamicdampingin
additiontothestructuraldamping.Thisconceptisnotentirely
correct.InEquation(6),thetermstotheleftoftheequal
signdonotincludeanyconsiderationofsurroundingwater.This
impliesthattheshipismovingasanelasticbodyandisexcited
bythesurroundingwater,andthattheexcitationforceisa
functionofthewavesandthedeflectionoftheship.Physically
Lhisconceptismorerealistic.Mathematically$itshouldleadto
a morereliablesolutionoftheshipvibraticmandshipmotion
problems.Thisisexplainedfurtherinthefollowingsection.

3.2.1Wave-ExcitationForces-Wave-excitationforcesarestill
anunsettledsubjectamongseakeepinginvestigatorsandvarious
formulationsarecurrentlyinuse(seeReference1). A fulldis-
cussionoftherelativemeritsoftheseversionsisbeyondthe
scopeofthis-study.

Frombasicfluidmechanicstheorytheexcitationforceof
thesurroundingwatercanbeexpressedas:

( )F(w,~,x,t)= - & ma# (w-C)-N~(w-C)- PgB(w-L)
(7)

D_a a—— —.Dt at %
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where
m~ istheaddedmass/length

U istheforwardspeed
N isthehydrodynamicdampingcoefficient
w isthedeflectionoftheship
c isthewatersurface
B isthebeam

Thisexpressionsimplystatesthattheexcitationconsistsofthe
inertiaforce(firstterm),thedampingforce(secondterm),and
therestoringforce.Alloftheseforcecomponentsarefunctions
oftherelativepositionbetweenthewatersurfaceandtheship
section.

Forrigid–shiphullstheverticaldisplacementofa section
canbeexpressedas

w = ~3 - x?15 (8)
where

rISandr15areheavingandpitchingdisplacements,respectively.

SubstitutingEquation(7)intoEquation(3),andcombining
thesefourfirst-orderequations,wecanobtaina fourth-order
equation.Thisfourth-orderequationistoocomplicatedfor
comparisonwiththeexistingmethods.Forconvenience,theshear
deflection,therotaryinertia,thero~ary damping,axialforce,
etc.areneglectedandEquations(4),(5),(6)areusedforcom-parison.

SubstitutingEquation(7)intoEquation(6),wehave

EIw’’’’+(cs+ N - Um’a)~- 2Uma;’+ maU2w”

- U(N- Uma’)w’+ PgBw+ (m~+ ma)ti (9)

= mat+ (N-Uma’)5- 2Uma~’- U(N- l.Jma)~’+ pgB~
where amam’=—a ax

NotethatEquation(7)isjustoneofthemanyexpressions
forthewave-excitationforces.However,differentexpressions
forwave-excitingforcesresultindifferentandlesscomplete
termsforforward-speedeffects.Infact}theexcitationforces
frommodernseakeepingtheorybasedonincidentanddiffraction
wavepotentialsaredifferentfromthoseinEquation(7).The
significantfactoristheabsenceinprevioustheoriesofsome
importanttermswhichappearinEquation(9).Thosetermsare
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discussedinthefollowingsection.

3.2.2TheEffectsofForwardSpeed- Ifthesheardeflectionand
otherpropertiesareincluded,theaboveexpressionbecomesmuch
morecomplicated.Thefollowingconclusionscanbedrawn:

(1)Theforwardspeedaffect-s(1)thehy~~d~~~~~~&~~g
and(2)thestiffnessofthe”ship.
hasbeengenerallyignoredbyshipvibrationinvestigators.

(2) Someofthetermsrelatingtodampingduetotheforward-
speedeffectshavebeenignoredbymanyvibrationin-
vestigators. Thesignificanceofthisomissioniscon-
sideredinthefollowingsection.

(3)Thetermsignoredbytheship-vibrationinvestigators
haveproventobeimport-antbyinvestigatorsconcernedwith
flow-inducedvibrationofpipesandrodsasshownin
References12,13,14,and15.

3.3 TheEffectofForwardSpeedonShipMotions

Theeffectofforwardspeedonshipmotionshasbeenof
particularconcernduringthestudyandthesubjecthasbeencon-
sideredinsomedepthtosupportthemethodologyadopted.In-
dependentstructuralanalysesofoceanthermalenergy(OTEC)cold-
waterpipes,reportedinReference12,providessomeinsightinto
theeffectsofwaterflow.Sincethecold-waterpipeproblem
alsousesa setofequationsofmotionssimilartoEquation(3),
theeffectsoftheinternalwaterflowareequivalenttotheeffects,!
oftheforwardspeedoftheships.Incomparingthecold-water
pipesolutionwiththemethodsusedbyvariousship-vibration
investigators,itisevidentthatsomeimport-afittermshavebeen
ignoredintheship-vibration,problem.

FromEquation(9),theforwardspeedhasthreetypesof
effec~sontheresponsesoftheshipina seaway:

3.3.1Effectsondamping- Theeffectsondampingareshownin
thefollowingtermswiththespeedU:

Dampingforce= (Cs+N -Uma’)J- 2Uma+’

ThemethodsrecommendedbyGoodman(Reference6),andusedby
Hoffman(Reference7)andKline(References4 and5),haveignored
thesecondterm.ThistermisalsoneglectedintheABSmethod,
(Reference8).

3.3.2EffectsontheHullStiffness- ThetermsmaU2w”and
U(N-Uma’)w’havetheeffectofchangingthenaturalfrequencies
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andthevibrationresponses.ThefirsttermmaU2w”canactually
causetheresonancevibrationofa pipeconveyingfluidorsolid
rodsinparallelflow.Thesetwotermsareentirelyignoredin
theusualship-vibrationanalysis.ThesecondtermU(N-m’a)w’
oritsequivalentdoesexistintheseakeepin~theorybySalvesen,
Reference1,andothers.

3.3.3EffectsonWaveLoads- Physically,alltermsassociated
withforwardspeedgeneratecertainforcesupontheship’shull.
Mathematically,thetermsortheirequivalentsontherightof
theequalsignofEquation(g),aredefinedasthewaveloads,
forcomparisonwiththeexistingmethods.

Thetermsmat+ (N- LJma’)~+ PgBLareeXactlYthesameas
Goodman’ssolution(Reference6), Theterms,2Uma~’,U(N- Uma)~’,
havebeenignored.

Againjitisnecessarytonotethata differentversionof
theexcitationwillresultina setofdifferenteffects.
However,allversionsofexistingmethodologydoindicatethat
manytermshavebeenignored.
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4.0 METHODOLOGY

Becauseofthelimitedscopeofthisstudy,projectcal-
culationsofthevibrationresponsewerecarriedoutusing
existingmethods.Thewaveloadsandhydrodynamiccoefficients
werecalculatedbytheprogramMIT5DdevelopedbytheMassachusetts
InstituteofTechnology.Usingthedataobtainedfromthispro-
gram,thevibrationoftheshipwascalculatedbytheprogram
BEAMRESPONSE,Reference19,withmodificationsforhandlingdamped
vibrations,asshownindetailinReference21.

4.1 SelectionofSeaSpectra

Figure2 showstheassumedvariationofwavepeakenergy
frequencywithsignificantwaveheightforoceanandGreatLakes
waves. Thelowercurveisforrepresentativeoceanwavesandthe
uppercurveisforwavesinLakeSuperior.Theoceanwavesare
representedbytheBretschneiderspectrumhavinga peakenergy
frequency10percentgreaterthanthewellknownPierson-Moskowitz
spectrum.TheBretschneiderspectrumisprobablymorerepresen-
tativethanthePierson-Moskowitzforalloceanlocationsandis
ofmore’interestforthepresentstudysincethehigherfrequencies
ofwaveenergywillproducelargerspringingstresses.TheGreat
LakeswavesarerepresentedbytheJonswapspectrumwhichis
basedonanalysisofavailablewavespectraldata,withemphasis
ontheLakeSuperiordatafromReference16.

Forthebaselineshipsandthevariations,theresponsesfor
differentwaveheightsanddifferentheadingswerecalculatedby
theseakeepingprogram.Theconditionsassociatedwiththemaximum
wave-inducedbendingmomentwerethenadoptedforthevibration
analysis.Seesection4.5.

4.2 EquationsofMotion

Asindicatedearlier,theusualanalyticalmethodsfor
estimatingshipvibrationarenotentirelysatisfactory.Errors
maybeintroducedintheusualassumptionsofrigidhullsfor
seawayloadestimatesandflexiblehullsforvibrationanalysis.
Becauseofthelimitedscopeofthisstudy,however,theforward
speedeffectsdiscussedearlierhaveonlybeenpartiallyaccounted
forasindicatedinFigure3.

TheconstantparametersinEquation(3)aredefinedasfollows:

E = 30 x 106psi= 1.9286x 106tons/ft2
G=E/2(l+v)
v = 0.3
P = O (noaxialforce)
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Co=o
C isdefinedinFigure3 (Seenextsection.)
m~ isreplacedbyms+ ma
F isthesealoadcalculatedbytheprogramMIT5D

4,3 ThePredictionofDamping

Thestate-of-the-artofestimatingofvibrationdampingof
shipswasreviewedbyWoolmanin1965,References17and18. He
concludedthat“informationisabundantbutinadequateinpredicting
responsesoftheshiphullatresonantconditions.”Sincethen,
thissituationhaschangedverylittle.

Severalpertinentshortcomingsandlimitationsintheexisting
methodsformeasurementandcomputationofthedampingcoefficients,
whichhavenotbeenconsideredbyWoolman,arediscussedinthe
followingparagraphs.

Manymeasuringandcomputingmethodstreattheshipasa
singledampedmass-springsystem.Theresults,evenifaccurate,
providethetotaldampingoftheship.Whilesuchdataare
abundantandreadilyavailable,theyarenotadequateforship
vibrationanalysis.

Themeasurementsobtainedindampingexperimentsprovideonly
thetotalresponseduetocertaincontrolled-excitations.Itis
generallyunderstoodthatthetotaldampingconsistsofatleast
threebasiccomponents,i.e.,hydrodyn~ic,cargo,andstructural
damping,andthatthesecomponentsarefunctionsoffrequency.
Inordertoidentifyanddeterminethesecomponents,andthe
effectsofdifferentfrequencies,anexperimentalprogrammust
includemethodsfordifferentiatingthesecomponents.Little
efforthasbeenmadeinthisdirectioninpastexperiments.For
example,methodsforthispurposearenotconsideredinReferences
17and18.

Equations(1),(2),and(3)indicatethatthemagnitudeas
wellasthedistributionofdampingcoefficientsarerequired.
Noneoftheexistingexperimentaldataandcomputationmethods
canbeusedtodeterminethedistributionofthedampingforce.
Thisisanobviousshortcominginthemethodology,resultingin
errorsinthedeterminationofvibrationresponses.

Theforward-speedeffects,havebeenrecognizedasquite
important,Reference1; Inthepast,nodampingexperimentshave
beenconductedtodeterminetheforward-speedeffectsondamping.
Hoffman,Reference7,hascalculatedthedifferencebetweenthe
experimentalresultsandtheresultsbyGoo~an~smethod!Re-.
ference6,andheindicatedtheimportanceoftheforward-speed
‘effects.However,heattributedthesedifferencestothedamping
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alone.SinceGoodman’ssolutionalsoignorestheforward-speed
effectsontheexcitationforceandthestiffnessofthehull,
theactualforward-speedeffectsondampingarestillunknown.

Thecurrentindeterminatestatusofdampingisconsidered
inFigure4. Variousinvestigatorsuseentirelydifferentvalues
ofthedampingcoefficient.Notethatalmost,ifnotall,of
theseexperimentaldataweremeasuredwiththeshipsbeing
stationary.

4.4 DeterminationoftheEffectsofShipProportionsonHull
Flexibility

Theflexibilityofanystructurecanbedefinedasthede-
formationofthestruc~ureata givenlocationproducedbya
unitgeneralizedforce,suchasa deflectionduetoa unitforce,
androtationduetounitmoment,etc.Thisdefinitionisnot
convenientforshipsanditsmeaningistoovagueforthedesigners.
A betterdefinitionisthetwo-nodefrequency.Itcanbeshown
thatshipswithsmallvaluesofvibrationfrequencyrespondto
unitforcewithrelativelygreatdeformation.Forthisreason

Flexibility-& (lo)

Thedeflectionduetoa standardwaveofunitwaveheight
hasalsobeenusedasameasureofflexibility.However,the
resultis-notsatisfactorybecauseotherfactorssuchasheading
anglesandweightdistributionhavenotbeenstandardized.

Theeffectsofvaryinghullproportionshavebeenexamined
usingnon-dimensionalhullgeometryratiossuchasL/B,B/T,L2/BI~,
L/D,B/D,etC.Theeffectsoftheseonbendingmoment,deflection,
stress,andnaturalfrequencyofthehullhavebeenplottedin
Figures5 through37. Fromthestudyresults,theeffectsofB/T
werefoundtobequitesmall.Sincethedepthoftheship,D, does
notaffectthehydrodynamicforceorthehydrodynamiccoefficients,
theeffectofvariationofD canbeincludedinthestructuralmo-
mentofinertiaoftheship,I.
4.5 DeterminationofMaximumWaveLoads

4.5,1MaximumWaveLoadsforHighEnergyWaves- Inthestudy,
theshipmotionsresponsesina seawaywerecomputedfora com-
pleterangeofheadinganglesanddifferentsignificantwave
heightstodeterminetherelationbetweentheverticalbending
momentandthewaveheights.Someoftheresultsareshownin
Figures38to45. Themaximumwaveheightfortheoceangoing
shipsislimitedto25feetatawavefrequencyof0.5rad/sec
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and20.5feetforGreakLakesships.Withintheselimitsofsea
statesjthewaveloadsassociatedwiththemaximumverticalbending
momentwereadoptedforthevibrationanalysis.
4.5.2WaveLoadsforSpringingCondition- Forthespringing
condition,thetwo-nodefrequencyof.theshipwasfirstcalculated,
Usingthetwo-nodefrequency,Ml,thewavefrequenciesandhead-
ingswhichcouldcausespringingweredeterminedfromtherelation:

(11)

wherea istheheadingangle,beginningwithzerodegreescorres-
pondingtofollowingseas.

Amongallthesetsofpeakenergywavefrequenciesandhead-
ingangles,‘asetofwavesandheadingsassociatedwiththemaxi-
mumrigid-hullsignificantbendingmomentwasdetermined.The
sealoadsforthissetofheadingsandwaveswereadoptedforthe
springinganalysis.
4.5.3ApproximateMethodforDeterminingtheFlexibleHullBend-
ingMoment- Theoreticallythemaximumvibrationbendingmoment
canonlybedeterminedbycalculatingthebendingmomentassociated
withtheentirewavespectrum,a taskbeyondthescopeofthispro-
ject.Inviewofthemanyuncertaintiesinexistingvibration
theory,anabsolutemaximum.isnotofinterest.Relativemaxima
withintheaccuracyoftheexistingtheorycanbeobtainedby
thefollowingapproximatemethod:
LetBMi,BMrbetheflexibleshipbendingmomentinirregular

waveandunitregularwaves,
‘“Ri’‘Rr bethebendingmomentsinirregularwaveandunit

regularwavesforthesameshipassumedtoberigid.,
Forthesameregularwaveload,theflexiblehullbending

moment,BMr’andtherigidhullbendingmomentBMRr,canbecal-
culated.Sincethesealoadinirregularwavescanberegarded
asa combinationofmanvregularwaveloads,theratiobetweenthe
rigidhullbendingmome~t,~MRi,andthe
moment,BMi,forthesameirregularwave
approximatelyasfollows:

‘“Ri_ BMRr— —BMi ~

flexible.hullbending
load,canbedetermined

(12)

Inhigh-energywaves,thedeflectionoftheflexiblehull
issmallincomparisonwiththerigid-hullmotions.Thedifferences
betweentheseakeepingandflexiblehullbendingmomentsaresmall.
Forthiscase,theaboveequationisquitegood.Inthespringing
condition,thedeflectionoftheflexiblehullmaybemuchgreater
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thantherigid-hullmotions.Inthatcase,theaboveequationmay
inducesomeerrors.Itwasindicatedinpreviousdiscussionthat
thestate-of-the-artisinaccurateforthespringingcondition
unlesstheneglectedhydroelasticeffectsaretakenintocon-
sideration.Intheabsenceofmoreaccuratemethodsforanalyzing
springing,theaboveequationcanbeusedforestimatingthe
approximatespringingmoment.

AccordingtoGoodman,Reference6,thetwo-nodemodevibra-
tionpredominatesatandaroundthetwo-nodenaturalfrequency.
Ifthisistrue,theerrorsduetoequation(12)shouldbesmall
eveninthespringingcondition.

Equation(12)wasusedtocalculatethe.verticalbending
moment”fortheflexibleshipforboththewavebendingcaseand
thespringingcase.Thebendingmomentinirregularwavesfor
therigidship(B~i)wascalculatedusingtheMIT5D.Thispro-
gramwasalsoused-tocalculateBMRr,thewavebendingmomentin
unitregularwavesfortherigidship.Thebendingmomentfor
theflexibleshipinregularwaves,BMr,wascalculatedusingthe
modifiedBEAMRESPONSEprogram.

Forthewavebendingeaselthesignificantwaveheightwas
takenas25ft.fortheocean-goingshipsand20.5ft.forGreat
Lakesships.Forthespringingcasethewaveheightwaschosen
tocorrespondtotheheadingthatgavethemaximumbendingmoment
forUel,theencounterfrequency,equaltoml,thenatural2-noded
hullfrequency;whereMelcorrespondstothepeakfrequencyof
thewave,spectrum.

InthecurvesinFigures5 through37,thestill-waterbend-
ingmomentwasaddedtothewavebendingmoment,calculatedas
describedabove,toobtainEMv,butwasnotaddedtotheplotted
springingbendingmoment.

4.6 EffectsofHullMaterials

Theeffectsofhullmaterialsonthehullflexibilitywere
consideredin.thestudyinthefollowingmanner:

(1)High-StrengthSteel
Classificationsociehiesusuallyallowcertain

reductionsinthescantlingsoftheshipstructure
ifhigh-strengthsteelisused.Thisreductionin
scantlingswillreducethemomentofinertiaofthe
shipsectionwitha correspondingincreaseinthe
hullflexibility.Usingthetwo-nodefrequencyas
theparameterforhullflexibility,theincreasein
flexibilitycanbedeterminedfromtherelationship
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(13)

whereI~ andIsarethemomentofinertiaofthecross-
sectionwithandwithouthigh-strength
steel.

Accordingly,theeffectsofthehigh-strengthsteelcan
beaccountedforbyproperlyusingthevalueofthe
momentofinertia.

(2) Aluminum

Sincethemodulusofelasticityofaluminumis
lessthanthatofsteel,boththemomentofinertia
andthemodulusofelasticitymustbetakenintocon-
siderationasintheexpression

(3)

where
andu‘a s

IaandIs
EaandEs

(11,)

arethetwo-nodefrequenciesfor
aluminumandsteel,respectively;
arethemomentsofinertiaforaluminum
andsteel,respectively;
arethemoduliiofelasticityforaluminum
andsteel,respectively.

Thus,theeffectsofusingal~inumaidsteelcanbe
takenintoconsiderationbyevaluatingtheproductof
cross-sectionmomentofinertiaandthemodulusof
elasticity.

CompusiteMaterials
Hullswithmildsteelandhigherstrengthsteels

canbereadilycomparedsincethemoduliiofelasticity
ofthesetwomaterialsarethesame.

Forshipsconstructedofbothmildsteeland
aluminum,theproblemismorecomplicated.Forthis
case$theconceptofequivalentmomentofinertiamust
beused.LettingA i,

a
Asibethecross-sectionalareas

ofthealuminuman steelmembers;yai,ysithedistance
fromthecenterofgravityofthoseareastotheneutral
axisoftheshipcross-section,theequivalentmomentof
inertiaisdefinedas
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N

x( E
I*=. A “y~i2+Isi si)‘$ (& Aaiyai2+ Iai

)i=l s
(15)

whereIsi,Iaiarethemomentsofinertiaofeach
structuralmemberaboutitsowncenter
ofgravity;

N,M arethenumbersofthesteelandaluminum
membersinthecrosssection.

Theeffectofthealuminumstructureisincludedinthe
equivalentmomentofinertia.Asaspecialcasewhen
theentirehullismadeofa“luminum,Equation(15)
reducesto

E
x( )

E
I*= ~ Aaiyai2+ Iai = # Ia

s s
(16)



5.0 SELECTIONOFREPRESENTATIVE’SHIPSFORANALYSIS

Thefollowingfourvesselswereselectedasvehiclesfor
conductingthehullflexibilitystudy:

(1) GreatLakesorecarrierSTEWARTJ.CORT.
(2) 264,000dwtU.S.flagtankvessel,designatedTIO-S-10lb.
(3) C6-S-85aandC8-S-85dfamilyofcontainerships.
(4) C4-S-69bgeneralcargovesselofMICHIGANclass.

Characteristicsoftheabovevessels,andtheproposedpara-
metricvariationsindimensions,areconsideredinthefollowing
paragraphs.,

Eachofthevesselswasstudiedforonefullloadandone
representativeballastcondition,Effectofdimensionalvariations
onfullloadservicespeedwasignored.Foreachsetofparametric
variationsofa givenparentvessel,onevalueeachoffullload
andballastspeeds,correspondingtotheparentvesselcharacter-
istics,wasassumed.

Asihdicatedearlier,therequiredevaluationoftheeffects
ofchangesindepthandstructuralmaterialswasobtainedby
appropriatevariationinmomentofinertia.

5.1 GreatLakesOreCar.rie~STEWARTJ.CORT

ThematrixshowninTable5waspreparedassumingconstant
valuesofbreadth,B,anddraft,T. Theseassumptionsreflect
realisticlimitsfortheforeseeablefuture,reflectinglock
dimensionsandoperatingdraftconstraints.The1,000ftoverall
leng~hreflectsexistingmaximumpermissiblelengthfortransit
ofthePoeLocks.Itisunderstood,however,thatthisconstraint
mayberelaxedtopermitlengthincreasesofabout100ft.

Accordingly,a five-shipparallelbodyseriesbasedonthe
presentCORT,withlengthincreasesto1,300ftoveralland
lengthreductionsto800ftoverall,wasinvestigated.Itwas
assumedthatthesechangesindimensionswouldbeaccomplishedby
simpleadditionandsubtractionof parallelmid-body,forconstant
breadthanddraft.ThefullloadservicespeedoftheCORTwas
assumedconstantfortheseriesanda higherservicespeedwas
assumedforthelighterballastdraft.

VesselssimilartotheCORThavebeenbuilttothesame
overalllengthandbreadthconstraints,butwithincreaseddepth
toobtainthehighercubiccapacityrequiredforcoaltransport.
ThemostrecentvesselbuiltforthisserviceistheBELLERIVER,
BayShipbuildingHullNo.716,withD = 56ft. Accordinglyjthe
seriesincludestwovaluesofdepth,withD = 49ftforthe
shortervesselsandD = 56ftforthelongervessels.The1,000ft



TABLE5.-
PROPOSEDVARIATIONINDIMENS1ONSOF

GREATLAKESVESSEL“STEWARTJ.CORT”

Length,overall,ft. 800

Length,B.P.,ft.,L

k

788.5
Breadth,rnld.,ft.,B
Depth,mid.,ft.,D F

Draft,fullload,keel,ft.,T L
Displacement,mid.,f.w.,1.tons57,834

I

CB 0.907

L/~ 7.538

16.092L/DforD = 49.0
forD = 56.0 1-

2.133B/DforD = 49.0
forD=56.O

NT
t-

900 1000 1200
(Basic
Design)

888.5 988.5 1188.5
104.60
49.0
56.0
27.83

65,917 74,000 90,166

0,918 0.926 0.939

8.494 9.450 11.362

18.133 20.173 24.255
17.652 21.223

2.133 2.133
1.866 1.866

3.758

1300

1288.5
>

>
>

98,249

0.943

12.318

23.009

1.866

CL
o-l
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TABLE6-PROPERTIESOFGREATLAKESORECARRIER“STEWARTJ.CORT”
FULLLOADCONDITION

LBP= 988.5’
B = 104.6’
D = 49’
T = 27.83’
A = 74472tons

Slc’r:l[ltdl’iiilF’E:R”T:ll$i

o+
o*
o+
0+
0+
()+
()+
o+
(;,*
()+
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TABLE7- PROPERTIESOFGRJZATLAKESORECARRIER“STEWARTJ.CORT”
BALLASTCONDITION

LBP= 988.5’
B = 104.6’
D = 49’
T = 20.75’
A = 54840tons

0+
(}.
()+
()+
()*,,.,.,,+
o●

0.
0+
o+



TABLE8 - VARIATIONOFPROPORTIONSANDRESPONSESOFGREATLAKESORECARRIERS- FULLLOADCONDITION
,,

B% X10-3B~x 10-3B% x 10-’ ~2

(deg~ees)(#t)
Defltn

(to:,) (f:’)(ton-ft)(ton-ft)
‘b

B/T (ton-ft)(ft) LIB B1~‘1 (radi%lsee)(ftiYsec)(psi)

60 788.5 3.763957,48616,680 894 463 45.6 1.22757.5274 522.27 3.0588 21.44121,726

180 429 0.5989 10,425

60 888.5 3.763966,95016,680 904 570 40.0 1.72108.4943 644.10 2.5940 21,480

180 550 0.7980 13,068

75 988.5 3.763074,47216,680 1049 696 41.6 2.18949.4499 821.97 2,1077 25,502

180 799 1.6923 19,422

7’5 1188.53.763685,51025,950 1550 1030 70.4 3.3450.11.36231063.98 1.5230 24,220

180 1840 5.4902 28,752

75 1288.53.764990,26733,360 2099 1206 95.4 3.402012.30071172.7 1.4252 29,150

180 2844 8.8349 39,508

Lm
TABLE9 - VARIATIONOFPROPORTIONSANDRESPONSESOF GREATLAKESORECARRIERS- BALLASTCONDITION

r , 1 1 r 1 I 1 I
B% x 10-3BEIL~10-9B% x10-’ ~z

(deg~ees)(:t)
Defltn

Iz/T (to:s) (f:’)(ton-ft)(ton-ft)(ton-ft)(ft) L/B @

I I I I I [ 4 1 r I
60 788.54.978845,64516,680 707 346 34.0 0.95967.5274522.27

i 180 127 0.1744
60 888.55.042449,85016,680 860 394 38,9 1.72008.4943664.10
180 220 0.2950
60 988.55.042454,83916,680I 1087 483 45.6’2,28799.4499821.97
180 307 0.6963
60 1188.54.995067,10025,9501640 ?89 66.5 3.19511.36231063.98
180 840 2.450
60 1288.54.988074,54933,3602062 1042 83.3 3.316912,30071172.7

I180 1260 3.9141

‘b
(rad;h/see)(ft~sec)(psi)I
3.1412 21.93917,241

3,087
2.6400 20,970

5,364
2.1495 26,419

7,456
1.8210 25,620

13,122
1.9263 28,641

17,620
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parentwasstudiedforbothvaluesofdepth,thusprovidingfor
a six-shipseries.

Characteristicsoftheproposedseriesatfull-loaddraft
aresummarizedinTable5. TherangeofvaluesofL/Bindicate
proportionsthatextendwellbeyondcurrentpracticeonthe
GreatLakes.ThevaluesofL/b,from16toover24,exceed
oceangoinglimitsandextendfromcurrentGreatLakeslimiting
valuesof20towellbeyondcurrentdesignpractice.Valuesof
B/Tareconstantandreflecttheexistingvaluesofthisratio
forvesselsdesignedtotransitthePoeLocks.

Sectionalpropertiesusedintheanalysisaresummarizedin
Tables6 and ? andassumedspeedsareincludedwiththeresponse
data,Tables8and9.

5.2 264,000DWTTanker

Theproposedmatrixofsystematicdimensionalvariationsfor
theTIO-S-10lbtankerisshowninTable10.Draftanddisplacement
valuesarespecifictothefull-loadcondition.

Thematrixwaspreparedassumingconstantvaluesofdisplace- A
mentanddraft.A systematicvariationintheratioL/B,-was
assumed,thusprovidingforcorrespondingvariationsin:hesignifi-
cantratiosL/D,B’/D.Thisapproachdiffersfromtheal~arnatives
normallyexaminedbytheshipdesignerinthattheowner’~re-
quirementsgenerallyincludedefinedvaluesofdeadweightand
draftrestriction.Lightshipanddeadweightvalueswillvarywith
proportions.Howevertheconstantdisplacementseriesisa
reasonableapproximationtothedesigner’sconstantdeadweight
approachanditprovidesa practicalbasisforstudyanalysis.

Thefivedesignpointsindicatedinthetablewerefurther
examinedbyanalysiswiththeHYDRONAUTICS’conceptdesigncom-
puterprogram,toobtainrealisticvaluesofdepthfortheassumed
variationsinhulldimensionsandproportions.Thiscomputer
analysisalsoprovidedthenecessaryweightinformationtosupport
preparationofa systematicvariationofweightcurvesforthe
fourvariationsoftheparent.

Thecomputerdesignanalysisindicatedthatrequireddepth
variationswouldbesmall,approximately1.25ftfromthebase
valueof86ft. Further,fora constantservicespeedandCB,
powerrequirementsvariedonlyapproximately800hp. Accordingly,
itwasconsideredreasonabletoholdtheoriginalvaluesofD and
CBconstantforbasicvariationinparameters.
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TABLE10—
PROPOSEDVARIATIONSINDIMENS1ONS

OF264,000DWT TANKER

~o~in~lL/Bv~l~.e

Item 5 5.5

Length,B.P,,ft.,L
Breadth,mid,,ft.,B
Depth,mid.,ft.,D

*

Draft,fullload,mid,ft.,T4
Displacement,mld.,1.tons 4

CB I 0.8425I 0.8425

L/B 4.9664 5.&712

L/DforD = 86.00 11.2558 11.8140
forD = 76.00

B/DforD = 86.00 2.2664 2:1593
forD = 76.00

6.5
(Basic
Design)

1060,00 1105.00
1.78.00 170.75

—86.00

+=

“ 76.00
–67.0625
—304573

0.84247I 0.8425
I

5.9551 I 6.4714

12.3256 12.8488
13.9474 14.5395

2.0698 1.9855
2.3421 2.2467

2.6542 2.5461B/T 2.9064 2.7691
I I 1 I

*Valueof76ft.isinadequatetoobtainfreeboarddraftof67ft.,
hencethisseriesisofacademicinterestonly.

1147.00
164.50

0.8425

6.9726 I
13.3372
15.0921

1.9128
2.1645

2.4529
I
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Toobtainshipcharacteristicswithhighvaluesoftheratio
L/D,a reducedvalueofD = 76ftwasarbitrarilyassumedforthe
threelongestdesigns.Thisthree-points“eriesisacademicin
thatthe76ftdepthisinadequatetoobtainthefreeboarddraft
of67ft.

Sectionalpropertiesusedintheanalysisaresummarizedin
Tables11and12andassumedspeedsareincludedintheresponse
data,Tables.13and14.

5.3 “C4~’Gener’alCarpoVessel

AnexistingU.S.flaggeneralcargovessel,designated
C4-S-69b,wasselectedforstudy.TheMICHIGANofthisclasshas
beenthesubjectofearlierstudiesunderShipSturctureCommittee
sponsorship.Theproposedmatrixofsystematicdimensional
variationsisshowninTable15.Draftanddisplacementvaluesare
specifictothefullloadcondition.

Thematrixwaspreparedassumingconstantvaluesofdisplace-
ment,draft,andblockcoefficient,CB. A systematicvariationin
theratioL/Bwasassumed,thusprovidingforcorrespondingvaria-
tionsinthesignificantratiosL/DandB/D.Itisrecognized
thatthetwolongestvessels,withhighestvaluesofL/Band
lowestvaluesofB/D,mayhavemarginalstabilitycharacteristics.
Howeve~,theserieswasretainedforstudysincetheintentwas
toinvestigatesystematicallytheeffectofvaryingshippropor-
tions.

Sectionalpropertiesusedintheanalysisaresummarized
inTablesI-6and17andassumedspeedsareincludedintheresponse
data,Tables18and19.

5.4 “C6”and“C8”Containerships

ExistingC6-S-85aandC8-S-85dcontainershipswereselected
forthestudy.Theoriginal“C6”designwascompletedin1968
andhasbeeninservicesincethattimefortwoU.S.flagoperators.
Recently,a groupoftheoriginal“C6”vesselswasconvertedby
lengthening144ftand,subsequently,newconstructionofthis
latterconfiguration,designatedC8-S-85d,wasinitiatedandis
currentlyunderconstruction.Designandcharacteristicsdata
forbothconfigurationsiscurrentlyavailable.Further,opera-
tionaldataexistsforthe“C6”designandwillbecomeavailable
forthelonger“c8”design.Accordingly,selectionofthese
vesselsforstudyprovidedpointsin”ashipserieswherein
analyticalstudiescanberelatedtoactualdesignandoperating
experience.
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TABLE12 PROPERTIESOF264,000DWT“TIO”TANKER,
BALLASTCONDITION

LBP= 1060’
B = 178’
D = 86’
T = 35.925’
A = 144392tons

MOD.of: ELAS. M(). INE!?rI,4

HOI’.JXAS. [T)}l SHEARAREA
(ft’)

(J. 7● 300JOL)E+00
d. 1.06.}10.)!:”!-01”
u. 1.39,~i<O)E”i-r.)1
fJ. 1..39’~,?(lM”Fol
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TABLE13-YHRIATIONOFPROPORTIONSANDRESPONSESOF TANKVESSELS- FULL LOADCONDITION

I I —

‘b
(psi)1~?

~+ (radk/see)(ftlvsec)(deg~ees)(#t) B/T (to:. ) ( f~’ j --1--B%x 10-3B%. 10-3
(ton-ft)(ton-ft)

4404 1659

mq.10-

1

Defltn
:ton-ft) (ft) LIB

1 50 I968I 2.905I302,850]129,450 252.4412.537 \25.637422,839I
180
50 1016 2.769303,010123,010

+=

1721
‘4750 1850
1102
4993 2055
844

26,500I
I 180 II I [0.4520i I

60 106CI 2,653303,110118,220
180

28,355I=129,200

30,937

I 50 11105\ 2.546I303,120I113,2005042I 2250 389.892.050 ,,

180
50 1147 2.451304,020109,260

900 I 1 1

439.891.9773 “5053I 2459
180 I I 0.6516

TABLE14 - VARIATIONOF PROPORTIONSANDRESPONSESOFTANKVESSELS- BALLASTCONDITION

1 1I ‘%x10-’WLX10-’‘%x10-3D&
(deg~ees)(:t} BIT (to:. ) (f:’) (ton-ft)(ton-ft)(ton-ft) LIB

L2
—1BIJ

‘b
(i-adk/see)(ft!sec)(psi)

252.443.231 28.71225,033
11,714I 45 969 5.699143,870129,4504827 6!33 185.7 1.64824.9664

180 2258 0.7704
45 1016 5.430144,100123,0104920 802 195,0 1.86005.4712
180 1995 0.7490

296.822.7602I I 26,300
,

I10,064

I 45 ]1060I 5.205I144,392I118:220I 5054I 933 I192.6i2.189I5.9550340.422.8953t I28,701

I I I 1814I I 10.7863I
389.8S45 1105 4.993144,200113,2005230 950 169,0 2.57006.4714

180 2010 I0.9360
I 50 jl147~ 4.810I143,859~109,260] 5477I 916 ]137.9I3.1490I6.9726439.852.582 I I33,532
I 180 II I I ] 2436I I I ~14,916



TABLE15

PROPOSEDVARIATIONSINDIMENSIONSOFC4-S-69b

GENEFUILCARGOVESSEL

Item

Length,“B.P.,ft.,L.

Breadth,mid.,ft.,B.

Depth,mid.,ft.,D.

Draft,freeboard,mid,ft.,T.

Displacement,rnld.,l-tons

CB

L/B

L/DforD = 45.5

B/DforD = 45.5

B/T

NominalL/B I
5.1 5.8 7.5 8.5

(Ba~~~
Design)

475 509 544 579 614

94 87.5 82 77 72.5
1

[
1 45.6 ‘ *

[ 32.0
/ I I I

*
[

1 22500 ‘ , *

0.5512

5.0532

10.4396

2.0659

3.0519

0.5526

5.8171

11.1868

1.9231

2.8409

0.5517 0.5520

6.6341 7.5195

11.956012.7253

1.8022 1.6923

2.6623 2.5000

0.5528

I8.469013.4945

1.5934

2.3539

., ..,.,= ,.
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TABLE16-PROPERTIESOFC4-S-69bGENERALCARGOVESSEL
FULLLOADCONDITION

LBP= 544’
B = 82’
D = 45.6’
T = 321
A = 22643tons

SECTIoiiPROPEH1”lES

SEC~IONLE}IGTH(ft)
I 6.850000E+01
2 5.400000E+OI
3 5.4(IOOOOE+OI
4 5.400000E+01
q 5.40L)OOOE+OI
6 5.400000E+OI
7 5.400000E+UI
8 5.400000E+01
9 ki.400000Ei-Lll
10 -7.4JUOOOE+OI

s.Ec-rrOl~ ELAS.FDN
(ton fft’)

I (.).
2 5.52f3000E-01
3 I .215000E+OL)
4 I .[iJbwx)E+(JJ
b 2.293000E+UU
6 2.3430UUE+W
“1 2.2”750L)(JE+W
d 1.90900()!E+W

‘9 I .l”7!Jux)E+w
10 2.2300WE-01

?JOD.OFELAS.
(tom/ft’)

1.92ti600E+06
] .(,)2H~,~oE+06
I .92tj6(loE+06
I .~2~600E+06
I .928690E+06
1.928600E+06
1.Y28G90EW6
1.9,28600E+06
I .928600E+06
I .Y2H600E+06

ROT.EJ-AS.FDN

().
L).
o.
0.
().
o.
(.).
L).
o.
0.

M()./~y;r?TIA

3.6.33:)OQE+03
5.867909E+03
7. oo!loo:)lE+o.3
6.Y33900E+0.3
7.3.3300.1E+03
6.9]-/~~,JS+03
7.933U0’.IE+O.3
6.466U(XIE+0.3
4..?33OOOE+O.?
2.doouoJE+03

SHE&~,)AREA

4.30000:IE+O0
5.970(.)!lJE+o(3
6.95000JE+O0
7.35000JE+O0
7.07dooul:+oL)
6.469tiWJE+O0
6.64000\)E+oo
7.55[)00.)E+OO
7. 110000E+OO
4.”74L)UWZ+O0

/JASS~EIJSITY
(Con-sec’lft’)

3.877000E-01
7.589000E-01
1.477100E+O0
2.513200E+C)0
3.243500E+(I0
3..424.3OOE+OO
3.160900E+O0
1.t317FlooF+oo
I.074400E+O0
6.575000E–Q1

POISSON”RATI()

3.0000OOE-01
3.0090(IOE-31
.3.0000OOE-01
3.0000OOE-01
3.0000OOE-01
3.00(.)OOOE-01
3.0000OOE-01
3.0000OOE-01
3.0000OOE-01
3.000(IOOE-01
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TABLElY-PROPERTIESOFC4-S-69bCARGOVESSEL
BALLASTCONDITION

LBP= 544’B = 82’
D = 45.5’
T = 19.5’
A = 12004tons

SECTIONPROPER~’IES

SECrION LEh!GTH
(ft)

“1 6.850000E+OI
2 5.400000E+OI”
3 5.4ooo(loE+dl
4 5.4QOOOOE+01
5 5.400000E+OI
6 5.400000E+OI
7 5.4:IOOOOEWI
8 5.4000WE+01
9 5.4UOOOOE+OI

l(.) ‘/.43(JOOUE+til

SECTION ELAS. FDN
(tcm/ft’)

1 ().
2 5.520000E-01
3 I.215000E+O~
4 1.LldbouuE+uL)~ 2.2$300(IE+OL)
o 2.343000E+O0
7 2.2”/5oooE+oLl
8 1.909000E+O!J
‘J I.17LC)OOE+OO”
10 2.2300UOE-01

!JO13.OFELA5.
(run f~t’)

1 ~9286QOE+06
1.928630E+06
I .92H600E+G6
1.928600E+(16
1.92H6C)OE+06
1.928600E+06
1.928600E+06
1.Y28600E+06
1.928600E+06
1.928600E+06

ROT.ELAS.FDN

0.
0.
().
o.
0.
cl.
(1.
o*
o.
0.

M(I. INEVTIA,,ZL,,.1~~)
3.6333D3E+03
5.2(57303E+93
7. O(X)!)()’)E+02
6.Y.3.3i)03E+03
7.33300.)E+03
6.91700]5+03
7.(.)3300’JE+03
6.46hU(X)E+0.3
4. .3?I33O(IE+O3
2.doouodE+03

SHE~l?2AREA
\.-~)

4*300009E+O0
5.9700(L)E+O0
6.Y5000JE+O0
7.350W3E+O0
7.07dclo3E+oo
6.’’l6ouooE+ocl
6.640(XIJE+O0
7.55UOOJE+(XI
7. IIOOOOE+OO
4.740(XWE+O0

),f~ss9E]J5.ITY
(tOn-sec2/fc2)

3.8771900E-01
7.5a9000E-ol
I.4771OOE+OO
2.513200E+O0
3.243500E+O0
3.424300E+O0
3.159YOOE+O0
1.817600E+O0
1.074400E+O0
6.575000E-01

POISSON”F!ATI()

3.0000OOE-01
3.00C)OOOE-01
.3.000300E-01
3.000moE-ol
3.0000OOE-01
3.00U0OOE-01
3.0000OOE-01
3.0000OOE-01
3*OOOOOOE-01
3.0000COE-01



TAELE18-VARIATI,QNQFPROPORTIONSANDRESPONSESOF GENERALCARGOVESSELS- FLILLLOP,DCONDI

B% xlfj-~
(degr~es)(f:) BIT (to:,) (f:“) (ton-ft)

I [ I I I
30 475 2.93722,6418406 488
180 16S
30 509 2.73422,.6427850 495
180 124
45 544..52.56322,6437400 489
180 103
45 579 2.40622,6146850 485
180 99
45 614 2.26622,5856433 .458
180 99

1 I 1 I 1 1
B~x 10-’B~x 10-3Defltn ~2

(ton-ft)(ton-ft)(ft) lJB ~z (rad;;n/see)(ftf
I I 1 I I I

133 18 0.67635.0532250,6.6.767 38.
0.2181

181 21 0.78105.8171314.5 6.312
0.1980

203 23 0.91966.6400.389.8 5.790
0.1829

198 27 1.06217.5195478.5 5.293
0.1895

176 30 1.23418.4689590.6 4.7212
0.2521 /

TABLE19- VARIATIONOFPROPORTIONSANDRESPONSESOF GENERALCARGOVESSELS- BALLASTCONDI

BMVX10-3 B~x il)-3B?~~o-3~efltn L2
(deg~ees)(f:) (to\s)(ft=’)BIT (ton-ft)(ton-ft) (ton-ft) (fe) LIB ~z {rad~~n]sec)(ftYse

15 475 4.825 12,003 8406 542 689 34.6 0.7068 5.0532 250.6 9.1986 44.75
180 46 0.0601
30 509 4.491 12,003 7850 481 1025 33.4 0.7352 5.8171 314.5 8.0602

180 30 0.520
180 544.5 4.209 12,004 7400 448 1317 34.2 0.7925 6.6400 389.8 7.3272
180 29 0.0538
180 579 3.952 12,003 6850 432 1480 48,6 o.a960 7.5195 478.5 6.7435
180 20 0.0904
180 614 3.722 12,003 6433 426 1516 85.8 1.0810 8.4689 590.6 6.5350
180 19.5 0.0403
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Thematrixofshipcharacteristicsselectedforstudyis
showninTable2!3.Thematrixwaspreparedassumingconstant
valuesoffullloaddraftanddepth.Theexisting“C6”and
“C8”parallelmid-bodyseriesvesselswereselectedforthe
firsttwodesignpoints;Thethirddesignpointisa further
parallelmid-bodyextensiontoa lengthof875ft. There-
sultingcharacteristicsofthisdesignpointarecurrentlyof
academicinterestinthatthevalueofL/D= 16.5exceeds
classificationsocietylimits.

A fourth“designpointwasobtainedbyincreasingthebreadth
ofthe“c8”designto106ft,correspondingtothenominal
additionoftworowsof8 ftwidthcontainers.The106ft
breadthalso.correspondstoexistingPanamaCanalconstraints.

Containershipstendtooperatewithcargoaboardinboth
outboundandreturnvoyagesanddraftisnearconstantforthe
operatingconditionsofinterest.Thisconclusionhasbeen
verifiedthroughdiscussionwiththeoperatorsofthe“C6”and
“c8”vessels.Accordingly,draftandservicespeedwereheld
constantfortheseries.

Sectionalpropertiesusedintheanalysisaresummarized
inTables21and22 andassumedspeedisincludedintheresponse
data,Table23.



-. ,,,

TABLE20
PROPOSEDVARIATIONSINDIMENSIONSOF
“C6”AND“c8”FAMILYOFCONT.AINERSHIPS

Length,B.P.,ft.,L 625 769 769 875
Breadth,mid,,ft.,B 90 90 106 90
Depth,mid.,ft.,D 53 53 53 53

Draft,scantling,mid.,ft.,T 33 33 33 33
Displacement,mid,,1. tons 30300 42100 49585 50770

Blockcoefficient,CB 0.5713 0.6452 0.6452 0.6838

L/B 6,9444 8.54444 7.2547 9.7222
L/D 11.7925 14.5094 14.509416.5094
B/T 2.7272 2.7272 3.2121 2.7272
B/D 1.6981 1.6981 2.0000 2.0000
Notes (1) (2)

A
I

Notes: (1)BasicC6-S-85a design.
(2)Lengthened“C6’Tdesign,currentlyunderconstruction,designated

C8-S-85d.
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TABLE21-PROPERTIESOFC6-S-85aCONTAINERSHIP
FULLLOADCONDITION

LBP= 625’
B = 90’
D = 53’
T = 32.7’
A = 29880tOnS

sEc’l”IoldP1/0PEill”IE5

!?()”i.ELLS.“FI)!d

0.
u.
rJ.
(j.
0.
L).
ti.
u.
LJ.
u.
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TABLE22- PROPERTIESOFC8-S-85dCONTAINERSHIP
FULLLOADCONDITION

LBP= 769’
B = 90’
D = 53’
T = 33!
A = 42163tons

l!oi-. ELAs. I%)N POI%OIJIMi”IO



TABLE23 - VARIATIONOF PROPORTIONSANDRESPONSEFORCONTAINERSHIPS- FULLLOADCONDITION

B?x10-3B% X10-9B1-$.10-3
S (rad;~n/see)(deg;ees)(i%

Defltn ‘b
B/T (to:,) (f;’) (tori-fc)(ton-ft)(ton-ft)(ft) LIB (ft~sec)(psi)

180 625 2.754 29,87813,750 778 209 37.6 0.98726.944 400.8 5.617 38.84624,465

180 221 0.2902 6,943

180 769 3.212 49,65018,585 710 360 27.0 1.00007.254 477.8 3.711 18,940

180 129 0.3022 6,577 l!n-P

180 769 2.727 42,163
I

15,780~ 850 470 44.0 1.40997.847 586.2 3.792 23,270

180 395 0.6620 10,814

180 875 2.727 49,80015,780~ 1071 742.3 45.8 0.81979.722 759.0 3.276 38.00129,320

180 i 148.4 0.2747 4,062

,-
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6.0.COMPUTATIONRESULTS

Theseawayresonseso~thefBurparentshipswerecomputed
for12headings, 1?forO to180 in15 increments,andforthree
significantwaveheights.ResultsareincludedinFigures38to
45. Forthevariationsoftheparentship,computationswere
~ad~onlyforthoseheadingswherehighvaluesofresponseswere
anticipated.Forexample,ifthemaximumwavemomentoccurred
at45a@adlngfortheparentship,thencomputationsweremade
for30°,4!i~,60aand180°forthevariations.Headseascases
werecalculatedforallparentsandvariationstoassessthe
possibilityofspringing.

-Calculatedresultsaresummarizedinthefollowingtables
andfigures.

ParentShip Tables -
~TEklARTJ.CORT[GreatLakesOreCarrier) 8,9 5-12

‘LTIO}[Tanker 13,14 13-20
“C4”GeneralCargo 18,19 21- 39

‘~LC6/C8’4’Containerships 23 30-37
ItshouldbenotedthatshipdisplacementsinTables5,10,

15and20maydifferfromvaluesgiveninTables8,9,13,14,18,19,
20.and23. Valuesinthelattertablesreflectactualloading
conditionsstudiedandincludeinaccuraciesinherentintheiterative
procedureforbalancingtheshipona wave.
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7.0 DISCUSSIONOFMETHODOLOGYANDRISULTS

7.1 Methodology

Theresponsesofthefourtypesofshipsina seawayhave
beencalculatedusingthebestmethodscurrentlyavailable.The
effectsofshipproportionshavebeenobtainedandplottedin
Figures1,5 through37and46,andsummarizedinTables17
through24.

Theoretically,boththedeflectionandbendingmomentare
affectedbythefollowingfourfactors:

(1)Hullproportions,
(2)Ratiobetweenshipencounterfrequencyandthetwo-node

frequency,
(3)Ratiobetweenwavelengthandshiplength,
(4)Headingangleandwaveheight.

Unlesstheotherfactorsareconstrainedtosmall.variations,the
effectsofvariationofproportionsalonecannotbeshownexplicitly.
Insuchcases,however,theresponsesmaybebeyondtherangeof
interest.Inanycase,theeffectsofthevariationofshippro-
portionsonthemaximumresponsesisofgreatestinterest.To
obtainthisinformationalltheabovefourfactorsmust‘bevaried
inamultiple-dimensionspace.

Becauseofthelimitedscopeofthisstudy,thisapproach
isnotfeasible.Asa compromise,theproblemhasbeenseparated
intotwophases.

First,theconditionsassociatedwiththemaximumbending
momentoftherigidshipweresearchedbyusingtheseakeeping
program.Thenthesealoadsattheseconditionswereusedasinput
tothevibrationanalsisasdescribedinSection4.5.

i
Asnoted

earlier,thisapproacisonlyapproximatebecausethemaximumsea-
wayloadsfromtheseakeepingprogramarenotentirelyvalidbe-
causeoftheflexibilityoftheship’shull.

7.2 Results

Theresultsobtainedfromtheabovemethodsareingenerally
goodagreementwiththerequirementsofABS.Therelationsobtained
inthestudy,asshowninFigures1 and46,maybeusefulforde-
signpurposes.

Forpresentationoftheresults,variousrelationsbetween
theshipproportionsandtheresponsesweretried.Onlythree



.

10.0
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P=

L = LBP
I= MOMENTOFINERTIAATMIDSHIP
D = DEPTH
B = BEAM
T = DRAFT

o CARGOSHIPS
● ORECARRIERS
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SHIPPROPORTIONFACTOR,PX I&
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,

FIGURE46-EFFECTOFSHIPPROPORTIONSON THEHULLFLEXIBILITY
(REPRESENTEDBYTHETWO-NODEFREQUENCY)



TABLE24-RELATIONBETldEENSHIPPROPORTIONSANDHULLFLEXIBILITYFORTHETWO-I!ODEFREQUENCY

~ = (A+iYbB’L)L k = 0.0097143

SHIP (:t) (A) (t~ns) f’;$q Tig:; ,(~,, CB ,

CargoShtp,FullLoad . 94.0 475.0 22,641 6.7670 4.880 0.01751 0.5465 0,02287
82.0 544.5 22,643 5.7900 4.890 0.01964 0.5470 0.02133
72.5 614.0 22,585 4.7212 4.580 0.02182 0.5482 0.01875

CargoShip,Ballast 94.0 475.0 12,003 9.1986 5.419 0.4830 0.03599
82.0 544.5 12,004 7.327 4.480 0.4830 0.02819
72.5 614.0 12,003 6.535 4.260 0.4844 0.02551

Tanker,FullLoad 194.9 968.0 302,850 2.537 44.040 0.00818 0.8425 0.00753
178.0 1060.0 303,114 2.347 49.930 0.00889 0.8424 0.00815
164.5 1147.0 304,017 1.977 50.530 0.00926 0.8425 0.00789

Tanker,Ballast 194.9 968.0 143,870 2.537 48.270 0.7804 0.01179
178.0 1060.0 144,392 2.895 50.540 0.7832 0.01192
164.5 1147.0 143,859 2.582 54.770 0.7803 0.01259

OreCarrier,FullLoad 104.6 788.5 57,486 3.058 8.939 0.9070 0.00849
104.6 988.5 74,472 2.107 10.493 0.9260 0.00618
104.6 1288.5 90,267 1.425 20.990 0.9430 0.00742

OreCarrier,Ballast 104.6 788.5 45,645 3.141 7.074 0.6960 0.00862
104.6 988.5 54,639 2.149 10.870 0.6646 0.00883
104.6 1288.5 74,549 1,926 20.620 0.6956 0.00942

ContainerShip,FullLoad 90.0 625.0 29,878 5.617 7.786 0.01920 0.5690 0.02153
90.0 769.0 49,650 3.710 7,100 0,01697 0.6459 0.01040
106.0 769.0 42,163 3.790 8,500 0.01840 0.6458 0.01146
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non-dimensionalparameterscanproducemeaningfulrelations,
namelyL/B,L2/BI~BM/(A+A’)L.Theeffectsoftheseparameters
arediscussedintiefollowingparagraphs.

Basedinthecalculatedresults,thefollowingobservations
canbemaderegardingtheeffectsofvariationofshipproportions:

(1)

(2)

(3)

(4)

(5)

(6)

NoobviouseffectsofB/Tonanyresponsecanbefound
forconstantdisplacementofa givenship,

AllresponsesareaffectedbytheL/BratioandbyL2/BI~.
However,increaseoftheseproportionsdoesnotnecessarily
increasetheresponse,especiallywhenL/Bissmall.

Theeffecc’sofallshipproportionsonthemaximum
vertical vibration bendingmomentcanbeobtainedfrom
Figure46andthefollowingsimplerelations:

BMV= 0.004(A+A’)LuI
(17)

A’= 0.0097143CBB2L

Foranyshipwithgivenproportionsthetwo-nodefre-
quencycanbeobtainedfromFigure46. Withml,the
maximumverticalvibrationbendingmomentcanbecal-
culatedfromtheaboveequation.

Themaximumverticalbendingmomentwascalculated
fora significantoceanwaveheightof25feetand20.5
feetfortheGreatLakes.

Theaboveequationsindicatethatthebendingmomentis
proportionaltodisplacement,addeddisplacementdueto
thewater,blockcoefficient,squareofthebeam,square
ofthelength,andthetwo-nodefrequency.

Sincethehullflexibilityisinverselyproportionalto
thefrequency,thebendingmomentfora givenshipand
loadingconditiondecreaseswithincreaseinflexibility.

Ofparticularinterestaretheresultsobtainedforthe
.GreatLakesorecarrierSTEWARTJ.CORTgiveninFigures5
through7. Resultsshowthatresponsesforthespringing
conditionfora 5 foot-highsignificantwavecanbehigher
thantheresponsesfortheshipona 20foot-highsig-
nificantwave.
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8.0 CONCLUSIONS,APPLICATIONS,ANDRECOMMENDATIONS

8.1 Conclusions

Fromthepreviousdiscussionsandtheresultsofthevibration
calculationsforthefourshiptypes,thefollowingconclusionscan
bemade:

8.1.1HullFlexibility- Inthepast,manyshipboardvibration
problemshavebeenattributedtothetrendtowardincreasinghull
flexibility.Forthisreason,itfollowedthata criterionfora
limittohullflexibilitywasneeded.However,fromEheresults
showninFigure1 and46,itcanbeconcludedthata specificlimit
tohullflexibility,withparticularrespecttototalbending
moment,maynotbenecessaryforthefollowingreasons:

(1)

(2)

Eventhoughthecalculationsandresultsreportedherein
aresubjecttothelimitationsdiscussedearlier,the
relationshowingthebendingmomentfora givenshipand
loadingconditiondecreasingwithincreaseinhullflexi-
bilityisvalid(Figure1). Obviously,a completelyflexi-
bleshipinwavescannotbesubjectedtoanybendingmo-
ment.Forexample,navalarchitectshaveseriouslypro-
posedhingedships,toreducebendingmomentbyincreas-
inghullflexibility.

Almostallshipboardvibrationproblemsarelocalpro-
blems.Thefollowingareoftenmentionedexamples: .

Propulsionsystemproblemsoccurbecauseofhull
flexibilityandcorrespondinghull-shafting-bearing
systeminteractions.Theshiphullmustprovidea
founda~ionstiffenoughfortheshaftingsystemand
machinery.Thisproblemcanbesolvedbyreinforcing
theportionofhullinvolved.Machinerycompartments
oflargevesselsaregenerallylocatedwellaft.In
thesecases,theafterone-fourthorone-fifthofthe
hulllengthcanbereinforcedtothedesirabledegree.
Thisonlyaffectsthehullflexibilityslightly.In
thiscase,averyflexiblehull,withpropersupport
ofthemachineryandshaftingsystem,canstillbe
acceptable.

ForspecialshipssuchasLNGcarriers,hulldeforma-
tionscancauseproblemsinwayofLNGcontainment.
Thedegreeofflexibilitythatcanbetolerated
generally,orlocally,dependsuponthenatureofthe
containmentsystem,includingthechoiceofindepen-
denttankversusintegratedcontainmentsystems.



. HullFlexibilitycanbea causeofhullvibrations
whichcausehabitabilityproblemsinpersonnelspaces.
Againthisisa localproblemwhichcanbesolved
locallyandisnotnecessarilyrelatedtohullflexi-
bility.

(3)Withintheaccuracyoftheexistingshipvibrationand
seakeepingtheories,t-heverticalbendingmomentseems
tobedecreasingwithdecreaseintheshiphulltwo-node
frequency.Thisimpliesthatbendingmomentdecreases
withincreaseinhullflexibilitywhenspringingisnot
a factor.

8.1.2Methodology- Theshipmotionandshipvibrationproblemis
essentiallya hydroelasticproblem.Theexistingmethodsbasedon
combiningrigid-shipseakeepingtheoriesandflexible-shipvibra-
tiontheoriesmayleadtounacceptableerrorsforflexibleships,
whichisthegeneralcase.Withrigidhullgirders,thevibration
problemreducestoallowuseoftheexistingseakeepingtheories.

Becauseoftheuncertaintiesinthedampingandtheforward-
speedeffects,andthehydroelasticeffectsontheshipresponse,
theexistingmethodsofanalysis,includingtheoneusedinthis
study,arenotadequateforspringingcalculations.

8.1.3SeakeepingTheories

(1)

(2)

(3)

(.4)

Theassumptionofrigid-shiphullsinherentinall
existingseakeepingtheoriesisnotvalidforlargeships
becauseoftheeffectsofthehullflexibility.

Evenforrelativelysmall,stiffshipstheexistingsea-
keepingtheoriesdonotproperlyaccountfortheforward-
speedeffectsandthehydrodynamiccoefficientstoward
theendsoftheship.

Inhigh-energywaves,wherethetwo-nodefrequencyofthe
shipismuchhigherthantheencounterfrequency,thesea-
keepingtheoriestendtooverestimatetheseawayloads.

Inlow-energywaves,wherethetwo-nodefrequencyofthe
shipiscloseto,orcoincideswith,theen;ounterfre-
quency,theseakeepingtheoriestendtooverestimateor
underestimatethesealoads.

8.1.4VibrationTheories

(1) Sincea hydroelasticformulationofthevibrationtheory
isbeyondthescopeofthisproject,allequationsof
motionsinthisreportaretentativeandshouldnotbe
useddirectly.Thecompletesetofequationsofmotion
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hasnotbeenformulated.Forthisreason,theexac~
expressionsforthetermsassociatedwiEhtheforward
speedhavenotbeenformulated.Atthistime,itisonly
certainthatsomeimportanttermsforforward-speedeffects
havebeenignoredintheexistingvibrationtheoriesand
theexactexpressionsofthesetermshavenotbeenes.dab-
lished.

(2)Theforwa~d-speedeffectsonthevibrationresponseare
important.However,differentinvestigatorsstilluse
differenttermsfortheforward-speedeffects.Itis
evidentthatmanysignificantforward-speedeffectshave
beenignoredintheexistingshipvibrationtheories.

(3)Forwardspeedhasthefollowingimportanteffec~sonthe
vibrationcharacteristicsofships:

● Naturalfrequenciesoftheshiphull.
. Lineardampingoftheverticalmotionoftheship

section.
. Rotarydampingoftheshipsection.
. Hydrodynamicexcitationforceupontheship’shull.

Notethatinmanyexistingship-vibrationmethodsonly
theeffectsonlineardampinghavebeenconsidered.

8.1.5-Damping- Thedampingcoefficientsandaddedmassfromthe
seakeepingprogramsare,ingeneral,quiteaccurateformostofthe
ship’shull.However,thisaccuracydecreasestowardtheends.

Structuraldampingofshipsisstillanunsettledsubject
becauseofthelackofreliabledata.Methodsusedforfull-scale
dampingtestsaregenerallyinadequate.
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8.2 Applications

Themajorstudyresultsthatmayhavefutureapplicationare
presentedinFigures1 and46. Ananalyticalexpressionofthe
lineshowninFigure1 isgiveninEquation(17).Thelinegiven
inFigure46canberepresentedbytheexpression:

ml = 218,000 1+\AL3(l+*)[l+21(18)

where
momentofinertiaoftheshipinft4
displacement,longtons
LBP,feet
breadth,feet
depth,feet
draft,feet
two-nodefrequency

Theeffectsofvaryingshipproportionscanbeevaluatedby
usingEquatiors(17)and(18),asillustratedinthefollowing
example:

ThetankerUNIVERSEIRELANDhasbeenselectedforthis
examplecalculationsincesomeexperimentalandcalculated
vibrationdatahasbeenpublishedinReferenc~20.

TheUNIVERSEIRELANDisa 326,000DWTtankvesselwiththe
followingprincipalcharacteristics:

LBP 1075.94’
B 174.83’
D 104.99T
T 81.417’
CB 0.86
A 375.811longtons
I 216;483ftb-

8.2.1EstimationofTwo-NodeFrequency-
canbeestimatedbysubstitutingtheship
(18). FromEquation(18)wehave:

Thetwo-nodefrequency
proportionsintoEquation

l.1)1= 2.8724rad/sec
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ThevalueMlcalculatedbytheAmericanBureauofShipping
is3.09rad/secforthefull-loadcondition(Reference20).The
differenceisabout7%. SincetheABScomputerprogramhasbeen
validatedbymanyfull-scalemeasurements,thevalueof3.09rad/sec
shouldbeacceptedasquiteaccurate.

8.2.2EffectofBreadthVariation- Toevaluatetheeffectof
varyingshipbreadth,allparameterswiththeexceptionofdraft
wereheldconstantinthisexample.Thedraftwasallowedto
changetomaintaindisplacementconstant.Insucha case
Equation(18)reducesto:

4.68815al=
r (1+ 3.51267132X 10-5)(0.943694+0.0019505B)

Ifnowbreadthisincreasedfrom174.83’to200’,theU1value
becomes

ml = 2.61754radlsec

Thisvalueofthetwo-nodefrequencyislessthanthe2.872rad/sec
calculatedforthe174.83~breadthship.Accordingly,thewider
ship~smoreflexible.

Variationinothershipparameterssuchaslength,depth,draft
anddisplacementcanbeevaluatedina similarmannerusingEqua-
tion(18).

8.2.3EffectofMaterialChanges- Ifhigh-strengthsteelisused,
theclassificationsocietiesusuallyallowcertainreductionsin
thesectionmodulus.Ifallothershipparametersareheldconstant,
theeffectonhullflexibilitycanbereadilycalculated.

Itisassumedthattheoriginaldeckandbottomplatingof
thetankerwasconstructedofmildsteel.Ifa high-strengthsteel
withOy= 34,000psi,au= 66,000psiwassubstitutedforthe
bottomanddeckplating,thenthesectionmoduluscanbereducedto

s~ts= 70900
(34000+ 44000)x SM

= 0.908974SM

FromEquation(18)wehave

ul,hts= 0.95340ml
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Forothermaterialsorconsiderationsofmaterials,theme~hod
ofequivalentmomentofinertiaisgiveninSection4.6.Following
thecalculationoftheequivalentmomentofinertia,Equation(18)
shouldbeusedtoobtainthetwo-nodefrequency.

8.2.4EstimationofTotalVerticalBendingMoment- Themaximum
verticalbendingmomentthata shipmayencountercanbecalcu-
latedbyusingEquation(17)orFigure1. Fortheexampletanker

A’= 274,745

BMV= 0.004 x 650556 X 2.8724 x 1075.94
= 8,042,251ft-ton

Theabovebendingm,omentappearstobeexcessive.However,
asindicatedthroughoutthisreport,thebendingmomentpredicted
byEquation(17)orFigure1maybetooconservativebecauseof
themanyuncertaintiesinvolvedintheexistingtheory.The
developmentofa moreaccuratetheoryasrecommendedinSection
8.3,wouldresultinappropriatemodificationofEquation(17).

8.3 Recommendations

Thescopeofthestudyreporthereinwasnecessarilylimited.
Accordingly,thefollowingspecificareasofinvestigationare
recommendedforfuturestudies:

8.3.1Developmentofa ComputerProgramBasedona Hydroelastic
Formulation-Allelementsforthedevelopmentofa computerpro-
gramforstudyofshipvibrationsbasedona hydroelasticformu-
lationareavailable,Thepotentialbenefitstobederivedby
sucha programincludethefollowing:

(1)Thecomputerprogramcouldbeusedtoevaluatethe
variousmethodsavailableforinvestigatingtheeffects
offorwardspeedonnaturalfrequencies,damping,and
theexcitationforceontheship.Thebestmethod
couldthenbeselectedforfutureuse.

(2)Theprogramcouldbeusedtodeterminetheerrorintro-
ducedbyrigid-bodyseakeepi.ngtheories.

(3) Dampingexperimentsshouldbeguidedbytheory,and
availabilityofa moreaccuratevibrationtheorywill
improveresults.Forexample,existenceofsucha
theorywouldpermittheisolationandverificationof
thecomponentsofdampingforces.

(4) Thecomputerprogramcouldbeusedtoverifythere-
lationsgiveninFigures1 and45.
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8.3.2GeneralizationoftheAnalyticalApproachtoHull
Flexibility-Forthepurposeofthisstudy,fourspecificships
wereselectedforanalysis.Theshipvibrationproblemiscom-
plexandthevibrationanalysisiscostly.Inordertoproperly
determinethegeneralrelationshipsbetweenshipproportionsand
vibrationresponses,.withinreasonablelimitsoftimeandbudget,
thefollowingapproachisrecommendedfor,futurestudies:

(.1)Allstructuralandhydrodynamiccoefficientsinthe
equationsofmotionsshouldbetreatedasfunctionsof
shipproportionsinappropriateexpressionsratherthen
assimplenumericalvalues.

(2)By definingthehullgeometrybysimplebutrealistic
mathematicalexpressions,thesolutionforvibration
responsecouldbeexpressedintermsoftheshippro-
portions.
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