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ABSTRACT

ThestressrecordingsystemaboardtheS.S, WolvwineState wasexpanded
toincludepressuretransducersandaccelerometers.Stress,pressure,and
accelerationsignalswererecordedon magnetictapeovera periodofthree
years,anddataonhundredsofslamswererecorded.

SlammingoccurredonlyatBeau-Fortnumbersabove5,andunderrelative
headingswithinabout30degreesofheadseas.Reductionofspeeddidnot
appeartoreducethefrequency”ofslamming,buttheforwarddraftwasa sig-
nificantfactor.Ochi’spredictionsofthe.statisticaldistributionofslam-
mingoccurrenceswereconfirmed,aswerehismodeldatarelatingpressureand
relativevelocityatimpact.Thebowaccelerationwasfoundtobe a sensi~
tiveindicatorofslammingphenomena,andrelationshipsbetweenacceleration,
velocity.and~ressurewereestablished,Slamminqpressurelevelswerecon-
sistent-withshipmodeltest
anddrop-testdatareported“

results,butwerel~ssthanotherfull-scale
n theliterature.
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I. INTRODUCTION

k oneofthegenerators
damage, slammingdeservesthe
fabrication,andoperationof

Itistheintentofthis

ofhullgirderstressandoflocalizedstructural
attentionofthoseresponsibleforthedesign,
ships.

,.

reporttopresentthe”resultsofpressure,acceler-
ation,andmidshipstressmeasurementsassociatedwithslams,andtodi’scussthe
extenttowhichthesedataprovidethedesiredinformation.Theinstrumentation
systemandmethodofdatareduc~ionandpresentationarediscussed,andconclu-
sionsandrecommendationsarepresented.StressdatafromtheSSWOLVERINESTATE
arereportedinReference1,andbackgroundinformationonothertheoreticaland
experimentalstudiesaresummarizedtnReference2.

11. VESSELINSTRUMENTATIONANDDATACOLLECTION

A. General

DetaileddescriptiveinformationontheSSWOLVERINESTATEiscontained
inTableA-III.Thevesselisa C4-S-B5generalcargocarrier,machineryaft,
builtin1945.Basicparticularsare:LengthOverallY520feet;
feet;

Beam,711/2
Depth,54feet;anda capacityof15,348dwt.

B. Instrumentation

ThevesselwasinstrumentedWith20pressuretransducersalongthekeelin
theforefootregionbetweenFrame#5andFrame#55. (SeeAppendixA fora detailed
descriptionoftheinstrumentationsystem).InthevicinityofFrame#30andFrame
#40,pressuregageswereplacedina planetransversetothekeelextendtngtothe
turnofthebilge.Thepurposeofthisa~rayoftransducerlocationswastopro-
videmeasurementsofthelongitudinalandtransversepressureprofileintheregion
ofpreviouslyrecordedbottomplatedamage.Accelerometerswereplacedattheex-
tremeendsofthecargospaceandprov%dedmeasurementsofslam-inducedaccelera-
tionsofthebowandsternoftheship.Theseaccelerometersandtheexistingmid-
shipstressgagesp’rov~ded~er~f~cat~onoftheoccurrenceofa slamasdiscussedbe-
lowinmoredetail.NotallofthetransducerswererecordedontheF-Mmagnetic
taperecorderatonetime,sinceonly12channelswereavailablefordata.The
schemeusedforthedurationofthisstudyisdescribedXnTableA-I,andconsisted
ofstress,acceleration,andsevenselectedpressuremeasurements.Oncesuitable
datahadbeenobtainedontheselectedarrayofpressuregages(seeFigureA-3),
itwasplannedtoswitchthesystemtorecordtheoutputofanotherarray.

c. DataCollection
TheperiodofdatacollectioncoveredbythisreportstartedinMarch,1966

andendedinApril,1969.TheperiodbetweenMarch,1966andFebruary,1968
(Voyages261to282)wasoccup~edwithvoyagesontheNorthAtlantic,fromtheeast
coastoftheUnitedStatestonorthernEurope.Voyages283through286(November,
1968)wer”efromtheeastorwestcoastofthe”UnitedStatestothefareast.The
lastinstrumentedvoyage,288,wasfromBaltimoretosouthernEurope,andended
April4,1969.’

.-
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AsnotedinAppendixA,thebasicrecordingschemeconsistedofanauto-
maticallyprogrammedacquisitionofone-halfhourofdataeachfourhours,unless--
certainoverridingconditions--suchashighstresses--triggeredtherecording
cycle..

Usingtechniquestobediscussedinthefollowingsection,”itwasestablished
thatsignificantslammingoccurreddur~ngonlythreevoyagesforwhichdatawe”re
available:263,whichterminatedinJuneof1966,277inAprilof1967,and288in
Aprilof196%.

Thetrans-Pacificrunsweredisappointingfromthepointofviewofslamming.,
Thisis.nottotallysurprising,however,whenoneconsidersthefactthatthevessel
onmostwestboundcrossingswasloadedtoa deepdraft.Underthesec<rcumsta’nces,
slammingwaslesslikelytooccur.

111.REDUCTIONANDPRESENTATIONOFDATA

A. General

Slammingdataarepresentedinthisreportastabulatedmeasurementsof
accelerations,pressures,andstressesfora largenumberofslamswhichoccurred
during-Voyage-288,andalsoasdeta$ledmeasurementsonexpandedrecordsofsix
slamswhichoccurredduringVoyage277.Thefollowingpartsofthissectiondescribe
thegeneraldatareductionprocedures,theequfpmentused,someoftheimportant
characteristicsofboththetransducersandtherecordingsystem,andpresentthe
specificdata.Detaileddiscussionsoftheresultsofanalysis”andinterpretation
of,thedataappearinSectionVI.

B. SelectionofIntervalsandCriteriaforSlamming

ExperieticeLwithstressrecordingsobtainedfromtheWOLVERINE.STATEinthe
yearspriortotheinstallationoftheslamminginstrumentationindicatedthat,slam:
mingrarelyoccurred”whentheBeaufortw~ndscalenumberwasbelow6. Siamswere
detectedbyexpan”dingthenormal“quick-look’rrecordsothatfirst-modetransipnt
vibrationsinthestressrecordcouldbeseen.Becauseofthe.normalqufck-look
timecompression’(one-halfhourofrealtimepresentedinabouttwoinchesof
record),neitherthesestresstransientsnorpressurepulsescanbedetectedwithout
expansTon.

‘Afterthepressuretransducerswereinstalled”andsomedatawereacquired,
thesearch”forslamswasundertakenbyinspecthg,asthefirststep,entriesin
thelogbo”okskeptbythevessel’screwfortheInvestigators.Ofparticularinterest,
besidesanydirectobservationofslammlng,wasBeaufortwindscale,waveheight,and
heading.ThoseintervalshavingreportedBeaufortnumbersgreaterthan.5orother
indicationsofprobableslammingwerethenexpandedandinspectedfortransients.
Oncevalidslammingsignalswereidentified,detailedexpandedrecordswereprepared
foranalysis.Inthiswaythestudywasnarroweddownto6 intervalsinVoyage263
containingapproximately196slams,4 intervalsinVoyage27’7(about163slams),and
3 intervalsinVoyage288(about1142slams).Allintervalscontainedfourhours.of
continuousdata.Inall~hreecasesslammingoccurredonthewestboundportionof
the”voyage.AppendixB contains“reproductionsofthepertinent,logbooksheetsfrom
Voyages263,277,and288.Asnotedin“A”above,thedataanalyzedinthisreport,
wereobtainedfromthetwomostrecentvoyages.Thehighconcentrationofslamsin
Voyage288andlimitationsontimeandtundingledtothedecisiontoby-pass
temporarilyVoyage263.

A largenumberoffirst-modebendingstresstransientsappearedtohave
beeninducedwithouttheforefootofthevesselleavingthewater.However,for

----
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thepurposesofthisstudya slammustinvolvetheemergenceoftheforefootand
it,s.s,uh<sequent,reentry,as,,demon:cratedbya flatportiononthelowpressuretrans-,’duce$‘ht”;the;,f~refo.o~~asi~,sensesatmosphericpressure.Thisflatportionisfol-
lowedb$tliet$ansteni’,.pressure”increase.uponbowreentryandthenbydecaytothe
lowfze,quk~cypressqres,assoc~atedwit~thept~chingofthevessel.Thecharacter-
isttq,appear+cedes,ck%bedabove’+illustratedInFigure1.~,,\l,,,,.,1’,’,,,.!‘,’ ,.,:,!

‘G.!Dat,a’Reduc”tionSystem
:!“i ;; :,’,’,,’!,,’ ,., ” ,’-,,” ~~Thee@ipmentus&l‘toreduce,.theslamming’datawasessentiallythesameas

thatu’sedrouti’pely@ pro~ess,, ~he.stre~sdatafromtheshipsinstrumentedunder
P,rojecfSR-ls3..,,In”ordeT to’,~eable“toseetheshort-durationslams,however,the
Iaborat!ory<.tapqrecorder s~eedwasreducedto1-7/8inchespersecond,a 6.25:1
spe&du~~~~lf6rnidal,(sh+p)~.”timp.Inadd$,tion,theoscillogr.aphpaperwasrunatspeeds
upto25‘inches’persecond~~ino:rde,rto‘providedetailed”informationonindividual..:slams. ,,;,,, ,1/,‘,. ,“

Becausetheslatinginstrume~tationaboardshipwasbasedonuseofthe
HoneywellLAR7468taperecorderrunntngat0.3?nchespersecond(seeAppendixA
fora detaileddescription),thefrequencycontentofthereproducedsignalswas
necessarilylimitedtobelow50Hz. Thus,higherfrequencieswhichnaybeconsid-
eredtocontributetothesho~trise-timeandnarrowwidthofa slammingpressure
wouldnotappearinthereproducedsignal.Withthisknowledge,anattemptwasmade
earlyintheprogramtorecordslammingdatawTthaw2de–bandrecordingsystemby
makingamannedvoyage.Thecharacteristicsofthepressuretransducersandtheir
associatedsignal-conditiorcingelectronicsaresuchthatslammingpressuresignals
havingfrequencycomponentsupto2,000HZcouldhavebeenrecordedusingoscillo-
graphgalvanometers.<Unfortunately,thevoyageselectedformanningwasquitecalm,
andslamm?tigconditionswerenotencountered.

Inorderto,assessthedegreeto.which,theO-50Hzbandwidthwoulddistort
triangularp“ressurepulsesofshortduration,.anefieriment,.wa”sperformedinthe
laboratoryusi;ga signalge~erator,a ?ilter,andanoscilloscope.A triangular
pulsewitha base,widthof100millisecondswasgenerated,fi’ltered,andcompared
withtheunfilteredsignal.ThispulsewtdthIs,simi,lartothosefoundon,thehigh-
-pressuretransduceratLo’cation2.

The”resultsareshowninPigure2.,With,anequivalentsignalfrequency
of10Hzandslow-passftltercutoffof30Hz,thereisonlya“smallamountofdis-
tortionofthepulse,anditsamplltudeis‘attenuatedbyonly“afewpercent,as
indicatedbydirectcomparison.oftheftl,teredandunfilteredwaveforms.

This’laboratoryexperimentindicatesthatthe50Hzbandwidthlimitations
oftherecordingsystemwillprobablynotcausesignificantdistortionofmeasured
pressurepulsesdowntoabout50or60millisecondsduration.However,forshorter
pulsestherewouldbetncreasfngattenuationanddistortion.Forexample,a repro-
ducedpressurepulsewhichshowsa basewidthofonly25millisecondsisprobably
thedistortedresultofa realpulseapproxttnatelytwiceasshortandtwicethe
apparentamplitude.

A characteristicofthefrequency-modulation(PM)systemoftape’recording
istheinabilityofthereproductionsystemtodistinguishbetweenrealfrequency
variations,,(data)recordedatconstanttapeveloci~yandvariationsintape-velocity
witha“constant,recordedfretiuency.Thus,mechanicalnoiseandvibrationswhich
causeanyvariationsintapespeedpastthe,headaretobeavoided.Compensation
forsuchmechanically-inducedelectricalnoiseispossiblethroughtheassignmentof
onetrack”fromeachheadtorecorda constantfrequency.Thereproducedsignalfrom
this“compensation”trackcontainsonlythenoisewhichiscommontoalltracks,and

.>
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— Whipping Stresses

Midship Stress

FundamentalFrequency:10Hz
BaseWidth:100milliseconds
Filter:30Hzcut-off,lowpass

Fig.1. TracingofTypicalAcceleration,
Pressure,andStressSignals
DuringSlamming,Intervalsi’,
Voyage2881J/3

Fig,2. ResultofLow{PassFilteringof’s
TriangularWaveforeRepresentinga
TypicalPressurePulse

canbeusedeithertocontrolthemotorspeedof-thereproductiontapemachine,or,-
toprovidea noises@nalforelectricalsubtractionFromthedata-plus-no’isesfg-
nalson“theothertracks.

Thereproductiontapemachinecurrentlyinuseintheinvestigator’slab-
oratoryisanAmpexFT+1260.Thismachineusesthemotorcontrol,or “servo”method
ofcompensation,whichisexcellentforremovLngthenormalself-generated‘lWOW1land
“flutter”noiseinhere~th anytaperecorder.However,itwasfound”inthecourse,
ofexaminingthe‘datafromtheslammingvoyagesthatthisservosystemwas,notable
toremovesatisfactorilythetransientnoiseresultingfromtheshocktothetape
recorderasa resulto“ftkeslaniitself.Thisnotse,moreover,wasaboutthe’s’am~
amplitudeasthemajorityoftheslammingpressuresignalsfromthehigh-pressure
trarisducers.

Considerableeffortwasexpended,therefore,inattemptstoremovethis
noisesothatreliablepressuremeasurementscouldbereported.Eventually,these-
effortsweresuccessful.Theyinvolvedanadaptationofthenotsesubtractiontech-.
niquetothereproductiontapemachine,butthistechniquecouldbeappliedonlyto
a maximumoftwoofthetwelvedatatracks(oneoddandoneeven)atthesametime,
anunfortunatelimitationrequiringconsiderabledupl$catlonofthedatareduction
efforts.

Insummary,‘thedatapresentedherearebasedonrelativelynoise-free
signals.Theiramplitudeshavebeenmeasuredwithreasonableaccuracy.However,
interpretationofthedatamustbemadewithknowledgeofthecharacteristicsofthe
indfVi~&l--tfa”nsdu~eis,andwiththerealization‘thatfrequency”componentsover5,0,
Hzare“attenuated.

,-—
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l).PressureTransducers

TwotypesofpressuretransducerswereusedonthetJOLVERTNESTATE,and
aredescribedindetailinAppendixA. Thehigh-pressureunitswereinstalledto
measurethedynamicpressureonthehulltnducedbyslammtng.Theseunitshadflush
diaphragms,mountedatthehullsurfaceLnordertopresenta reliablepictureofthe
pressurestowhichthehullwassubjected.Thelow-pressuretransducerswerein-
stalledto”indicateforefootemergenceand,possibly,toprovidedatafromwhich
relative’”velocitiesbetweenhullandwatersurfacecouldbecalculated.

‘“Thesensingheadsoftheselow-pressureunitswereconnected,tothehull-
waterinterfacebymeansofapproximatelyfourfeetofMoneltubing.SeeFigures
A-6andA-8.Sincethistubingprobablycontaznedamixtureofairandwaterwhen
thevesselwasslamming,thepressuremeasuredbythesetransducersincludessome
indeterminatedynamiceffectinadditiontothegrosspressureexistingonthe
plate.Assuminginsignificantat’cenuattonduetothelimitationoffrequency
responseanddamping,themeasuredtransientslammingpressuresfromthelow-pres-
suretransducerscanbeasmuchastwotimestherealexternaltransientpressures,
asestimatedfromequivalentmass-springconsiderations.However,nodistortion
wouldbeexpectedaftertheinitialsl”amtransient.

E. MeasurementsfromVoyage288

TowardtheendofVoyage288theWOLVERINESTATEencountereda stormwhich
resultedinreportedBeaufortnumbersof7,8,and9,withwindsof-45knotsand
waveheightsof20feet.Thelogbooksheetscoveringthispartofthevoyageare
reproduced..inAppendixB,andtheentriescorrespondingtorecordedIntervals56,
57,and58areindicated.Thevesselwaslightlyloaded,witha forwarddraftof
only16.5feet.Theresultwasalmostcontinuousslammingforthetwelvehours
coveredbythesethreeintervals.Forexample,.the’firsttwentyminutesofInterval
57contain47slams,oralmostoneslamforeverythreepitchingcycles.

Becauseofthehighconcentrationofslamsthesethreeintervalswere
selectedfordetailedmeasurementsofaccelerations,pressures,andstresses.The
dataarepresentedinTable1. Themeasurementsweremadebymakingan,oscillograph
recordoftheBowAcceleration,thepressuressensedbytransducersatLocation21
(low-pressure]andLocation2 (high-pressure),andbytheMidshipStresstransducer,
whichwasa half-bridgeonthestarboardside.

InthecaseoftheAccelerationandStressrecords,measurementsofboth
thewave-inducedsignaland~hetransientslamresponseweremade.Forthelow-
pressuretransduceratLocation21(LP21),thetotal“static”pressurechangefrom
atmospherictopeak,theinitialpulseheightfromatmospheric,thepulseheight
froma tangenttothepressure–timecurve,andthetimedurationatatmosphericpres-
surewereallmeasuredandreportedinTableI (seeFigures7 and8). Pressures
indicatedbytheh~gh-pres~uretransduceratLocation2 (HP2)arealsoreported.
Ineachcasethescale“factorisderfvedfromthecalibrationsignalatthebeginning
oftheinterval.

Figure1 showsa typicalsegmentofthisrecord,duringInterval.57.

F. MeasurementsfromVoyage277

A ~argenumberofslamswasalsorecorded.duringthewestboundportionof
Voyage277.ForInterval5 ofTape2 (recordedMarch24,1967)Beaufort9wasre-
ported,withawindspeedof,35knots,averagewaveheightof8 feet,anaverage
swellheight’of15feet,andfo,rwarddraftof18.5feet,as showninAppendixB,
pp.B-3and&4.



TableI-A.
“SlammingDataFromVoyage288Reel3 Inteival56(First20”Minutes)~

Relativel-leading19°;Beaufort7,FwdDraft16~ feet

Time,Sec BowAce.,g’s Pitch Low-Pressure21,psi* LP21Timeat High-Pressure2 MidshipStress~psi
p-to-p Slam Freq.Hz atm-to slam Atm.,Sec. Slam,psi whip Wave

peak 11(static). =,.,
61.7 0.66 ().0960.139“: 11.1 5.84.3.34
68.7

2,19 ,_<lp* 1152 ‘4320
0.54 0.060 0.139 12.5 “5,282.5 1,88 <12 1730 2ti80

198.0 0.60 0.096 0.133. 12.5 ,“5.562.78 1.88 <12 “’ 1440 3170
215,0 0.60 0.072 0.145 11.1 5.562.5 2.19 ““ ~12 864 2160
222.5 0.66 0.096 0,133 13.9 5.844.26 2.19 <12 1152 5760
230.5 0.54 0,096 0.128 13.9 4.453.06 2.19 12 1440 5760
295.5 0.42 0.042 0,160 9.7 6.4 2.78 1.88 <12 720 3600
416.0 0.72 0.12 0,123 11.1 5.0 2.78 2.50 ~l_2 864 5050
424.0 0.54 0.096 0,133 13,9 5.562.78 2.50 <12 864 7200
504.0 0.54 0.096 0.114 11.1 5.562.78 2.19 <12 864 5760
632.5 0.48 0.060 0.145 11,1 4.263.06 1.56 <12 720 5050
640.0 0.30 0.084 0.123 12.5 5.0 2.22 1.56 <12 1152 5760
715.0 0.60 0.108 0.145 11.1 3.061.39 1.56 <12 720 2880
741.0 0.42 0.060 0.123 11.1 3.062.22 1.56 <12 720 5050
749.0 0.48 0.060“0.145 11.1 3.34‘0.83 1.56 <12 720 5760
778.0 0.48 0.084 0.133 11.1 5.0 2.5 1.88 <12 720 2160
785.0 0.60 0.12 0.145 12.5 7.783.06 2.50 <12 1300 5050
793.0 0.54 0.144 0.139 13.9 6.123.06 ‘2.19 <12 1152 5050
801.0 0.48 0,108“0.118 12.5 6.12‘2.5 2.19 <12 864 5760
809.0 0.48 0.12 ‘0.123 13.9 2.781.39 2.50 <12 720 ‘4330
846.5 0.48 0,o~4 0.128 11.1” 4,261.39 2.19 <12 720 6’480
863,5 0;48 0;108 0,123 11.1 5.843.62 2.19 <12~~ 2160 5050
87i.o 0.36 0.060 0.128 13.9 3.341.39 1.25 <12 864 5760
897.0 0.36 0.072 0.114 11.1 6.123.34 1,88’ <12 720 2880
907.5 0.48 0,096 0.114 11.1 6.4 .3.34 2.19 <12 720
915.0

5050
:0.54 0.060 0,128 13.9 5.562.78 2.19 <12 720 5760

1039.0 0.36 0.096 0.139 8.34 5.562.22 1.56 <12 720 4320
1140.0 0.42 0.060 0.145 11.1 5.0 2.78 1.56 <12 720 5760

,.

m

,, “; *refertoFigure7
,, **indicatespressureslessthfithelimitofresolutionofabout1~pSi

,,
.,



Tab7el-B.
SlammingDataFromVoyage288Reel3 Interval57 (First20hljnutes)

RelativeHeading10°;Beaufort8 FwdDraft16% feet

rime,Sec.

17,8,
_25,5
34.4
107.0
123.1
148.2
168,8
177.0
205.0
241.5
321.7
330.0
347.5
354.5
363.5
379.5
388.0
444.0
454.0
462.0
486.0
536.0
546.0
643.0
653,0
705.0

BowACC.
p-to-p

‘o.55
-,0.55
0.44
0.55
0.44
0.50,
0.50
0.61
0.66
0.44
0.61
0.61
0.72
0.55
0.44
0.44
0.44
0.50
0.61
0.77
0.61
0.50
0.61
0.44
0.44
0.72

-i

g’s Pitch
S am Freq.Hz

0.11- 0.133
0.11 0.133
0.055:0.,100
0.11 0.128
0.055 0.123
(),088 0.119
(y.055 0.123
0,088 0.128
_o.u 0.128
0.055 0.123
0,055:0.123
0.066 0.128
0.33‘ 0.”133
0.088 0:123
0.088”0.114
0.088 0.133
0.055 @119
0.11 0.123
0.11 t).107
0.088 ().114
0.11 0.114
<.055 0.123
0.055 0.114
0.055 0.123
0.055 0.123
0.088 0.123

Low-Pressure
atm,-to-peak
(staCic)
9.7
13-.9
12,5
13.9
13,9
13.9
13.9
13,9
16.7
13.9
11,,1
16.7
13.9
15.3
15.3
12.5
13.9
13.9
15.3
19.5
12.5
12.5
13.9
12,5
12.5
13.9

I
,8.3
-5.6
2.8
8~3
7.0
5.6
7,0
8.,3
11.1
5.6
6.1
6.1
9.0
5.6
7.0
2.8
5.6
8.3
9.7
11.7
5.6
3.3
7.0
2.8
5,6
5.6

;i* ‘
-
.am
11
5.6
2.8-
1,4
4.2
3.5
2.8
5.0
5.6
5.6
2.8-
3,3’
2,8
4.2
2.8
2.8.
1.4
3.3
3.1
5.6
5.6
2,2
1.4
2.8
1.4
2.8
2,8

LP21Timeat
Atm.,Sec.

2.2
2.5
1.56
-2.5
1,88
2.5
2.81
2,81
2.81
.2.2
2,5
2.81
2.81
2.5
2.5
1.88
2.5
2:5
3.13
3,13
2.2
2.2
3.13
2,2
2.2’
3.13

High-Pressure2
Slam;psi

<12**
<12
<12
<12
<12
<12
~12
<12
.28
<12
<12
23.3
46.6
<12
<12
<12
<12
<12
12
<12
<12
<12
<12
<12
<12
<12

MidshipStress,p
Whip

1700‘
-.-655‘
“&j55
655
655
920
<655
.655
.1570
655:
785
655
1960
1310
1310___
655
655
920
655
1570
1310
655
1310
655
655
1310

Wave

5230
7,85
5230
4580
3920
3920
3920
5230
6550
392(
5;30
‘785
7850
7850
5s90
5500
5230
6550
7200
9200
4580
2620
6550
4580
3920
6550

*refertoFigure7
**indicatespressureslessthanthelimitofresolutionofabout12psi



Table1-B~,, ,,, SlammingDataFromV,oyage288Reel3 Interval57(F~rst20Minutes)
.,, Relativel-leadinglOO;Beaufort8 FwdDraft16% feet

Time,Sec.BowAcc
p-to-p

725.0
734.0
755.0
765,0
830.0
838.0
884.0
913.0
990.0
1017.0
1028.0
1045.0
1122.0
1131.0
1140.0
1148,0
1156.0
11’68.0
1175.0
1197.0
1206.0

0.61
0.33
0,50
0.55
0.66
0.44
0.44
0.55
0.39
0.66
0.61
0.44
0.77
0.66
0.66
0.66
0.66
0.66
0.72
0.44
0.44

*

0.055
0.055
0.165
0,099
0.11
0,099
0.055
0,055
0.055
0,33
0.11,
0,088
0.33
.0.132
0.088
0,11
0.055
0.055
0.22
0.055
0.055

Pitch
Freq.Hz.

0.107
0.119
0.114
0.110
0.123
0.114
0.128
0.123
0.110
0.114
0.107
0:114
0.139
0,123
0.119
0.114
0.110
0,103
0.123
0,139
0.119

{continued)

,,
Low-Pressure
atm.-to-peak

15.3
13.9
12,5
13.9
11.1
13.9
9.7
12.5
13.9
11.1
15.3
11.1
11.1
15.3
13.9
13.9
15.3
11.1
16.7
9.7
12.5

I
5.6
5.6
8.3
5.6
9.7
5.6
6.1
6.1”
3.3
8.3
8,3
5.6
8.3
6.4
8.3
.1.1
4.2
5.6
9.7
4.2
5.6

.ain
11
1.4
2.8
5.6
3.1
5.6
2.8
,3.3
3.3
1.4
3.3
5.6
2.2
4.4
5.3
5.0
5.0
1.4
3.1
3.3
1,9
2.5

LP21Timeat
Atm.,Sec.

2.81
1.88
2.37
2.5
2.81
2,81
1,88
2.81
2,5
2.81
2.5
2.2
2,5
2.81
2.81
3.13
2.2
2.81
3.13
1.88
2.5

High-Pressure2
Slam,psi

<12
<12
<12
<12
23.3
12
<12
<12
<12’
58.25
12
<12
23.3
16
12
23.3
<12
<12
23.3
<12
<12

Midship
Whip

655
655
1045
1310
1310
1310
c 655
920
655
1960
1310
655
2350
,1310
.1960
1310
655

< 655
1700
655
655

tress,ps
Wave

5200
5890
5200
6550
6550
7850
5890
3920
3920
65>0
9200
3920
7850
9200
7850
7200
6550
7850
7850
6550
5890



TableI=C
SlammingDataFromVoyage288Reel3 Interval58 (First20Minutes)

RelativeHeading15°\Beaufort9,FwdDraft16% feet

Time,Sec.BowAce.,

a

p-to-p

75.6 0.42
87.0 0.78
95.0 0.6 ~
134.1 0,78
163.0 0,6
171.2 0,36
213.1’ 0.48
254,5 0.72
264.0 0,48
219.5 0.48
310,0 0,72
330.0 0,60
346.0 0.36
382.0 0.60
389.5 0.60
397.5 0.42
422.5 0.42
489,0 0.54
510,0 0.78
572.0 0,54
617.5 0.84

!+&r
0,06
0,24
0.12
0.25
0.096
0.084
0.084
0.13
o“.096
0.060
0.06’
O“.096
0.096
0.084
0.12
0.096
0.13
0.06
0.072
0.13
0.36

Pitch
Freq.Hz.

0.107
0.110
0.110
0.123
0.123
0.118
0.128
0.094
0.107
0.16
0.145
0.133
0.1-23
0,123
0.114
0,133
0.118
0,133
0“.145
0.139
0.128

.— .,

LowiPressure21.r
atm.-to-peak
(static)
12.5
12.5
13.9
11.1
13.9
13.9
11.1
11.1
15.3
9.7
11.1
11.1
12.5
12.5
11.1
11.1
11.1
12,5
11.1
13.9
13,9

-
~

I
2.78
5.28
6.12
.1.12
5.56
3.34
4.17
6.12
3.34
5.56
4.45
5.56
6.12
4.17.
5.28
6.12
5.84
4.17
6.12
8,35
8.35

‘*il
am
11’

-
2.78
3.3’4
5.56
2.78
0.83
i,~g
3.34
0.55
2.22
1.39
2.78
3.06
2,50
2.78
2.78
2.78
1,39
2.22
2.22
5,56

,P21Timeat
Atm.,Sec.

2.19
3.12
2,81
3.12
2.50
1.87
1.87
3.12
2.81
1.’25
2,50
1.87
1,87
2.19
2.50
1,87
2.19
2.19
2.19
1.87
3.12

High-Pressure2
Slam,psi

<11.&*
35.0
<11.6
46.6
11,6
<11,6
<11.6
16,3
18.6
<11.6
<11.6
<11.6
<11,6
<11”,6
<11.6
<11,6
<11.6
11.6
<11.6
11.6
49.0

Midship
Whip

t-==y PS:
Wave

655
1960
1960’
2620
655
655
655
1310
1310.
655
655
1040
785
655
655
920
655
1310
655
1410
2620

*refertoFigure7
**indicatespressureslessthanthelimitofresolutionofabout12psi

6530
6550
9200
6550
5890
7200
5240
52~0
7850
6550
5240
3920
4580
4580
5240
3270
7850
3920
7850
4580
6550



,.,., .:, ,TableI~C.’ ‘“
Sl,arnmingDataFromVoyage288Reel3 Interval58(First20Minutes)

., RelativeHeading15°;Beaufort9;FwdDraft16+ feet “’
‘: (con~inued),.)., ;.

,, ,:.,,. ,.. ,.
.,,, ,,, ;1,, .,’,,,.,

Time;Sec.Bow”Acc,ti
p-~o-pi,,,

62’8.0 0.72
:634.0 0,32
642.5 0,48
770.0 0,66
785.0 0.72
875.0 0.84
882.5 0.72
914.0 0.66
922.5 0.60
1002.0 0.96
1053.0 0.72
1062.0 om.54
1070.0 0.60
1078.0 0.48
1098.0 0.60
1105.0 0J36
1160.0’ 0.72
1170.0 0.60
1184.0 0.60
1191.0 0.60
1200.0 0.60
1210.0 0.66

=--”,g~ti“Pitch
Sam Freq.Hz.;:
‘0;216
0.072
0.072
0.12
0.108
0.204
0.108
0.096
0.12
0.24,
0.12
0.216
0.072
0.084
0.060,
0.060
0.216
0.12
0.132
0.12
0,132
0.108

0.128
0.107
0.145
0.1140
0.097
0.118
0.128
0.107
0.118
0.139
0.110
0.118
0.139
0.145
0.1
‘0.123
0.1’
0.110
0.139
0.145
0.114
0.110,

Low-Pre&ure
atm.~to-peak

16,7
11,1
13.9
13.9
13,9
11.1
13.9
12.5
13.9
12.5
11.1
16.7
13.9
11.1
11.1
13.9
11,1
13,9
12,5
11.1
12.5
13.9 :

21,p
-~
5.56
5.01
4.17
6.95
4,17
5.56
5,56
5.56
6.95
5.56
5.84
6.95
5.84
4.17
3.06
3.62
5.56
6.67
7.23
5.56i
8.35!

J
5.,56

“*il
r
-m3
2.22
4.17
2.22
0.83s
2.50
5.56
5.56
2.78
1.67
5.62
2.78
2.78
1,39
3.06
1.67
.2.78
2.78
2.22
2.50
2.78
1.39

JP21Timeat
Atm.,Sec

2.81
1.87
1.87
3.44
2.81
2.19
2.50-
2.8”1
2.50
2.50
2.81
2.81
2.19
1.56
2.50
2.19’
2.81
2.81
2.19
1.87
2,81
:2.81

,,

,.
:.

High-Pressure2
Slam,psi

18.6
<11,6
’11.6
<11,6
<11,6
30.3
11.6
11.6
18.6
35.0
11,6
30.3
<11,6
<11.6
<11,6
<11.6’
16.3

““16,3
<11,6
<11.6
11.6
<11.6

Midship
Whip

S31O
1310
io40
1310
655
2360
655
655
1570
1960
1310
785
920
“920
655
785

.i570-
1960
1040
1040
655
655

tress;psi
Wave

78~0
7200
6550
5240
5240
5240
5890
3270
5240
9200’
3270
7850
7200
6550
3920
3270 .
4580
7850
5240
5240
5240
3920
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I

,,, .”. ,$. .,, ,,, .!.

HighPressureHP9

, ,,

.,,.,

Fig.3A. Slam16,277W2,Interval5 withCalibrationSignals

..-
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~ HighPressureHP]
., .,,,”,,,,. -----

Fig.3B.Slam15,277W2,Interval5
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HighPressureHP5
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HighPressureHP9

.“ .,..

!,, ,.,.
HighPressureHF’12, ,’
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,,,’1,
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,,,e”,.,,,,..,.,, .,,. “ ,,, , ,, ,, ., ..-,.. ,. . . . . ,,,

Fig.3B. Slam15,277W2,Interval5 (continued)
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Fig.3C. SlamA,277W2,Interval5



Fig.3D, Slamlj,2772,Ifiterval5
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Fig.C,277W2,Interval5
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,, ,,,
,,

Fig.3F.SlamD,277W2,Interval5
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SixslamsfromInterval5wereselectedfordetailed
.culations.Theslamsareidentifiedasnumbers16,15,A,B,
,inFigures3-Athrough3-F.

Figures3-Athrough3–Faregreatlvexpandedrecords

examinationandcal-
C,andD,andareshown

oftheeventsimme-. .
diatelyprecedingandfollowingthereentryoftheforefootintothewaterforeach
ofthesixslams.Thetransientaccelerationatthebowwasusedasa commonsignal
fortimesynchronizationofallofthetaperecordeddata.Thecalibrationsignals
foreachdatachannelareshown.

FromtheinformationinFigures3Athrough3F,measurementsofsignal
amplitudes,dura~ions,andtimeseparationsfromthepeakpressureonLP22*were
madeandarepr~sentedinTableTI. Thesedatawereusedtoderivethevelocity
ofreentryandthetimedistributionoftheslam,andtoestablishtherelationship
betweenvelocityandpressure.ThesecalculationsarediscussedinSectionIV.

*Note:ThelowpressuretransduceratLocation22wasusedduringVoyage277,
whereasLP21wasusedduringVoyage288.

IV. DISCUSSION

A. General

Theinitialdecisions‘cooperatewithanunmannedInstrumentationsystem
withlimitedbandwidth,andthoseinvolvedTntheselectfonoftransducerswerebased
ona prelhdnaryreviewoftheliteraturecoveringtheoretical,model,andfull-scale
studiesofslamming.Theinvestigatorsinthef?eldwerefarfromunanimousintheir
quantitativecharacter~zationofthephenomenon.Thesituationwasreviewedagain
indepthaftertheprojectwasunderway,andthisrev?ewisreportedinReference2.
Asthiscriticalrevtewdeveloped,andastheexperimentalprogramunfolded,itbe-
cameapparentthatmattersofhumanjudgment(mannedvs.unmanned;selectionof
dynamfcrangeoftransducers;useofexistingtaperecorder)andconditionsbeyond
theinvestigators*control(vesselrouting;loadingandspeed;weather)hadcom-
binedtolhnlttheamountofdatawh~chcouldbecollected,andmadeanalysisand
interpretationdifficult.

Despitethesedifficulties,however,a considerableamountofusefulin-
formationhasbeenderivedfromtheslammingdatareportedhere.Thefollowingparts
ofthisDiscussionareconcernedwithspectflcareaswherethedatarevealthechar-
acteristicsofslammingpressuresandtheresponseofthevesseltothesepressures.

B. Frequency-of-OccurrenceofS~ammin~

Ochilsworkincludeda figure(Figure13,p.567,Ref.3)preparedto
verifythatslammingisa sequenceofeventsoccurringTntimefollowinga Poisson
process.Thisfigurewasbasedonmeasurementsoftimesbetweensuccessiveslamsin
testsona MARINERmodel.

Full-scaledatafromtheWOLVERTNESTATE(TableI)includesinformation
fromwhicha similarfigurecanbeprepared.Usingthe47slamsofInterval57which
occurredovera periodof1206seconds,thenumberofslamsinsuccessivetwenty-
secondintervalswascounted.Ochi’sEquatton19wasevaluatedforh = 0.77,
sincetherewere47slamsin61twenty-secondintervals.Thecomputationsfollow,
andareplottedinFigure4.

No.slams(r)per20-sec.interval o 1 2 3 4
No.of20-sec.intervals 27 22 11 1 0
Percent 45.2 36.1 0.18 0.064 -

r
Theoretical:P (X=r)=$ e-)! where A= expectedvalue= 47/61= O.77
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TableII
BasicData,Slams16,15,A,B,C,D

(TransientDataOnly)
Voyage277W2,Interval5

Peak Separationfrom
SlamTransducer Amplitude Duration,ms LP22Peak,ms
16 HPl 35psi 35 -157

HP2 48PSi 93 -25
LP22 69pSi 150 0
HP5 29psi 63 -193
HP9 .- ..
nP12 -- --
BowACC 1.55g
SternAcc 0.53g
Stress 4560Psi

15 HPl 14psi 37 -168
H22 32psi 100
IJ?22

-107.
20psi 175 0

HP5 -- -- --
HP9 .. -- --
BP12 -- -- -.
BowAcc 0.26g
SternAcc 0.23g
Stress 2150psi

A HP1 37psi 75 +6o
HP2 34psi 100 -25
LP22 27psi 88 0
HP5 18PSi 25 -430
KF9 13psi 25 -390
HP12 -- -- .-A.
BowACC 0.20g --
SternAcc 0.14g -.
Stress 2140psi --

% HP1 54psi 25 +37
HP2 20psi 62 +12
LP22 19psi 250 0
HP5 --
HP9 --
HP12 --
BowAcc 0.31g
SternAcc 0.18g
Stress 2140psi

c HPl 19psi 50 +360
HP2 --
LP22 10psi 175 0
HP5 .- -- --
BP9 -- --
HP12 -- -- --
BowACC 0.12g
SternAcc --
Stress 500psi

D WI 18psi 50 -I-212
HP2 12psi 50 -50
LP22 7psi 175 0
HP5 .. --
HP9 -- .-
HP12 -- --
BowAcc .09g
SternAcc --
Stress 650psi

,, .
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$S WOLVERTNESTATE
Beaufort9 HeadSeas
FwdDraft16.5f~~c

SlamsM a Twenty-SecondObservation

Fig.4, ProbabilityLensityofSlamsina Twenty-SecondObservation

‘r ~! Ar P(X=r)

o 1 1 0.463

1 1 0.77 0.366

2 2 0.59 0.137

3 6 0.456 0.035

4 24 0.351 0.00676

Thefull-scaledataappeartofollowthePoissonprocessatleastaswellas
themodeldatareportedbyOchi.

Usingthesamesetofbasicdata,Ochi~spredictionthatthetimebetweensuc-
cessiveslamsfollowsa truncatedprobabilitydensityfunction(Ref.3,p.568,
Eq.20andFig.14)canbeevaluated.ThenaturalpitchingperiodoftheWOLVERINE
STATEwascomputedas7.2seconds,andthedatafor118slamsshowonlyfiveshorter
intervals(7.0seconds)betweensuccessiveslams.A histogramofthetimeinterval
datawaspreparedforInterval57,withtruncationat7 secondsandten-secondin-
tervals.ThetheoreticalvalueswereobtainedfromOchi’sEquation20:

where

f(t)=

Ns =

L* =

-ITS(t- t*)
Nse ,tL*

numberofslamsperunittime

minimumtimeintervalbetweentwo
successiveslams(naturalpitching
period)
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Thehll-scaledatagiveavalueof0.0396forN~
(J

47 .
1206-1

ThehistogramandthetheoreticaldistributionareplottedinFigure5. Again,
thereisgoodagreementbetweenthetheoreticalandexperimentaldata.

c. EffectofHeadingandLoadingCondition

Althougha detailedanalysisoftheslamsfromVoyage263isnotpresented
here,thenumberofslamswhichoccurredduringsixsuccessivefour-hourrecording
intervalsisincludedaspartofTableTII.Thistablepresentsbasiclogbookdata
fromVoyages263,277,and288fromwhichtheeffectsofheadingandloadingcondi-
tiononslammingmaybeassessed.

Therelativeheadingin~ormationhasbeenplottedinFigure6 asa histo-
gramofthenumberofoccurrencesofheadingsinten-degreegroups,wherezero
degreesisdefinedasheadseas.Ofthethfrteenintervals,onlyoneofthemhad
a relativeheadinggreaterthan30degrees.Alloftheseintervalswererecorded
ontheWOLVERINESTATEwhileshewaswestboundintheNorthAtlantic.

\

I
10

SsWOLVER1~STATE
Beaufort9 HeadSeas
ForwardDrafc16.5feet

7)

TruncatedProbabilityDensityFunction
(Reference3,page568,Equation20)

\#--
f(t)= 0.0396e-o.0396(t

1
I I I I 1 1, I 1,

20 30 40 50 60 70 80 90
SecondsBetweenSlams

Fig.5. ProbabilityofDensityofTimeBetweenSlams

.-
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Voyage/Interval

263W2-9
-lo
-11
-12
-13
-14

277W2-2
-3
-4
-5

288W3-56
-57
-58

7

6

5

u
03

j

2

0

TableIII
SummaryofLogbookData,SlammingIntervals

Relative
Heading,deg.

32
22
6
6
5
16
1
1
1
24
18
10
15

Fwd.
Draft,ft.

17.5*fi

17.5
17.5
17.5
17.5
17.5
18.5
18.5
18.5
18.5
16.5
16.5
16.5

7=WindBeaufortVelocit~
Number Knots

5 20
6 25
7 30
6 30

7 35
9 44
9 35
9 35

I
7 31
8 40
9 40

I

*Totalnumber~~slamsinL–hourintervalsdividedby A.

**Estimateddraft,Voyage263

Avg.Slamsper
RPM Tlour*

81.5 0.25
77.8 4.5
65.0 12.0
62.1 14.75
63.4 11.5
68.8 5.75
72.8 14.25
59.6 8.0
45.0 10.75
61.6 7.75
66.7 98
46.8 110

48.0 77.5

Fig.6.HistogramofRelative
HeadingsfromTableIII

o-1o n -20 21-30 31- 40
RelativeHeading,degrees
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lixpe~ienceinanalyzingstressdatafromtheWOLVERINESTATEindicates
thatlogbookdataonBeaufortnumbers,waveheights,andwavelengthsmustbe
handledwithconsiderabletolerance.Thevesseldoesnothaveananemometer,
andtheseobservationsareallbasedonhumanjudgment.Withregardtowave
heightsandlengths,for288W3,Interval57,p.B-7(AppendixB)showsawave
heightof20feet,a periodof5 seconds,andawavelengthof100feet,witha
swell(p.B-8)20feethighand100feetlong.Thisobservationwa:madeatone
o’clockinthemorning(GMT),which,forBeaufort8 atlongitude61 Westearly
inApril,meansa darkandstormynight.Obviously,theselogbookdatacannotbe
treatedonthesamebasisaslaboratorydatafrommodeltests.

ProbablythemostsignificantinformationfromTableIIIisthevery
largeincreaseinthenumbero.fslamsduringVoyage288,whentheforwarddraftwas
extremelylight(16.5feet).AnydifferencesInheadings,Beaufortnumbers,wind
speeds,andengineRPMseemtobeoflittleimportanceincomparison.

Draftdataforthe
Line,asfollows:

Year VoyageNumbe~
1961 148/149--170/171
1962 171--192/193
1963 N4/195--2l7/2l8
1964 219/200--239/240
1965 241/242-–255/256

Forthe57vova~es

SSWOLVERINESTATEhavebeensuppliedbyStatesMakine

Avg.
Voyages Avg.Draft AVZ.Trim Displ.,LT

12 19r-81/8” 3t-1111 12,340
12 19’-11/4” 31-11l/8° 11,950
12 18r-loll 5’-15/8” 11,750
U 18r-103/4” 41-1111 11,800
8 19’-81/8” 4’-61/4” 12,340

from148/149to259/260.theaveragedraftwas19’-3”.
Forthe5 voyages249/2~Q~259/260,theaveragedraft’was20’-2-1/2”.The16’- 6“
draftduringVoyage288,therefore,isunusuallylightincomparisonwiththese
averagefigures.

Inorderto,makequantitativecomparisonsoftheobservedfull-scaleslam-
mingrateswithpredictionsbasedonOchi’swork(Ref.3,Table11)thecontinuous
timerecordsofbothrelativevelocityandrelativemotionbetweenthevessel’sfore-
footandtheseasurfacemustbeknown.Thisinformationisnotavailablefromthe
recordeddata.

D. ComputationofVertfcalVelocl.ty’at”Tmpact

Duetothedifficultyofdetermininganalyticallytheverticalimpactve-
locityattheslambecauseofunknownfactorssuchastheverticalwavevelocity
attimeofimpactandbecausetheaddedeffectivemassof waterattimeofimpact
isindeterminate,anapproximateanalyticalapproachwillbeadoptedandlaterveri-
fiedbyactuale~erimentaldata.

Thegeneralequationformeasuredpressureis:

P .

where P =

P .

(JV2
pgh++ + f(m,t)

impactpressure

seawatermassdensity

(1)

—..
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g= accelerationofgravity

h = depthofimmersionofpressuretransducerbelowsurface

v=r impactvelocity

m= mass

t = time

Asnotedearlier,theamplitudeofthepressuretransientonthelow-
pressuresignalimmediatelyafterbowreentryhaslittlerealsignificance.‘However,
thebasiclow–pressurewaveformcanbeusedintwowaystoderiverelativeship-wave
surfacevelocityatimpact.First,therateofchangeofpressureduetoimmersion
canbeusedtoestablishthevelocityatimmersion.Thisinvolvesthefirsttermof
Equation(1).Second,thestepchangeTnpressureatimmersionresultsfromthestag-
nationeffectandisgivenbythesecondtermoftheequation(seeFigures7 and8).

EachtermofEquation(1)willbeconsideredseparatelyinthefollowing
discussion.

Theterm“pgh”isthepressureduetothestaticheadofwaterata point
belowthesurface.However,thisrelationsh~pisstrictlytrueonlyfora still-water
situation.WhenthereISawavepatternonthesurface,thepressurecontoursbelow
thesurfacearemodifiedbythe“Smitheffect’r.The“h”component,then,isreally
thesumoftwoterms,“z”,thedepthbelowthestill-watersurface,and“g”,thein-
stantaneousincreaseordecreaseinpressurerelativetostillwateratanypointdue
tothewave.

Thefirsttermwillbeusedtoderivetherelativevelocity,Vr,ofthe
vesselandwateratimpactbyconsidering“h”tobetheintegralofvelocitywith
respecttotime.Beforeproceedingwiththisanalys?s,theSmitheffectwillbe
evaluatednumericallytodetermineifitmaybeneglected.

Followingtheexamplegivenonpage610ofPrinciplesofNavalArchitecture
(Reference4),theSmitheffectwasevaluatedfortheconditionsreportedinthelog-
bookforTape277w2,Interval5 (seeAppendixB,pagesB-3andB-4).Waveheightwas
reportedas8 feet,witha 15-footswell150feetlong.Basedontheswellonly,and
thedraftof18.5feet,theevaluationresultsina pressure84.5percentofthepres-
surewhichwouldresultfromthestaticsuperpositionofa 7.5-footswellamplitude
onan18.5-footdraft.Ofcourse,thenumbersreportedare“effective”,andthereis
nopracticalwayofknowingwhattheactualw%veorswellheightandlengthwasfor
theactualslamsmeasured.

Thedeterminationofrelativevelocitydependsuponameasurementofthe
slopeofthepressure–timecurveatthemomentofimpact.TheSmitheffectismost
significantatthemaximaandmimimaofthewave,andthepercentagechangeisrela-
tivelysmall(15percent)forthecaseconsidered.Therefore,sincetheprocessof
drawinga tangenttothecurve(seeFigure7)isnotanexactonetobeginwith,it
isconcludedthatthecalculatedchangeinpeakpressureamplitudewillnotsigni-
ficantlyaffectthetangentandtheresultingvelocity.Inthefollowingdevelop-
mentofthevelocityrelationship,thevalueof“h”willbeassumedtobethetotal
depthbelowtheinstantaneoussurface,andthemeasuredpressureswillbeusedinthe
evaluation.
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or,

Solvingforvr,

P

P

Ap

vr

= pgh

J=pg vrdt

= pgvrAt

(2)

Fromthelow-pressuretransducerinstalledforthepurposeofvelocity
estimates(andalsoforindications-ofbowemergence),theslopehp/Atofthepres-
sure-timebehavioratimpactcanbedetermined.A curvedrawnthroughtheaverage
pressuresignalandextendedthroughthetransienttothebeginningoftheslamwill
intersectthesharply-risingpressurepulseattheinstantofimpact(seeFigure7).
A tangenttothenewly-formedcurvedrawnattheintersectionpointwillyieldthe
desiredAp/Atslope.ThevalueofApcanbedeterminedfromthepressuretransducer
calibration,andAt(realtime)canbedeterminedfromknowledgeoftaperecording
speedsandplaybackprocedures.

UsingslopesAp/Atmeasuredfromslams16,15,A,B,C,andD,relative
velocitieswerecalculatedfromequation(2).ThesevaluesareshowninTableIV.

Verificationoftheserelatlvevelocitiescannowbeobtainedusingthe
secondtermofEquation(1)

Pvr2
P=~

whichis thevelocity-inducedstagnationpressureatthetransducer.

Thepressureamplitudewasmeasuredexperimentallyastheverticaldistance
betweenthezero-pressureb&seline(transduceroutofwater)andtheintersectionof
thepreviously-describedtangentandthefirstpressureimpulse.SeeFigure7.
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TableV showsthecorrelationbetween
incrementsus~ngthevelocitiesfromthestattc
ascomparedtothepressureincrementsobtained
data.

theanalytically–determinedpressure
headcalculation(asshowninTableIV)
bymeasurementsfromtheexperimental
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TableIV
Im~actVelocit.vfromPressure-TimeSlopes

Voyag~277W2,Interval5

Slam

16

15

A

B

c

D

Ap,pSi I At,seconds

40 I 3.5

22 2.5

23 2.5

22.5 2.5

20.8 2.5

14.2 2.5

TableV

&
At

11.2

8.8

9.2

9.0

8.4

5.7

ComparisonoftheAnalyticaland
experimentalValuesfortheVelocity-Induced

Pres$u.reIncrement

Relative
v,fps

25.2

19.8

20.7

20.2

18.7

12.8

Pv: PressureMeasured
Slam p.y ,psi FromOscillograph

Record,psi

16 4.4 4.0

15 2.7 3.0

A 3.0 6.2

B 3.0 5.0

c 2.4 2.1

D 1.1 1.2

Fromthegoodcorrelationobtaineditisjustifiedtouseforvelocity
determination,asa-firstapproximation,thefirstterm(right-handside)ofequa-
tion(1),i.e.,theextensionofthestaticpressurecurveaiditstangentatthe
pointofimpact.This,ofcourse,isnotthegeneralsolutiontotheproblem,but
merelya first-andsecond-orderattempttosolveanaly~lcallya verycomplex
physicalphenomenon.

Asa matterofinterest,therelativevelocitiesobtainedwerecompared
withintegratedacceleration-timemeasurementstakensimultaneouslywiththepres-
suremeasurements.Forexample,Figure8 showsa typfcalacceleration-timerecord
associatedwitha slam.Byintegration(shadedarea,Figure8)theabsolutebow
velocityatimpactxsobtained.TableVIshowstherelativevelocityvaluespre-
viouslyobtafnedfrompressure–timeslopemeasurementsascomparedwiththeabsolute
velocitiesderivedfromtheindependentaccelerationmeasurement.
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TableVI
ComparisonofImpactVelocitiesDerivedfrom

SlopeMeasurementsandfromAccelerationMeasurements,
IncludingAssociatedP.ress.ures_fromHP2

Slam

16

15

A

B

c

D

SlopeVelocity
(TableIV),fps

25.2

19.8

20.7

20.2

18.7

12.8

Velocityfrom
Acceleration,fps

20.0

14.0

21.0

22.2

18.3

10.3

HP2Pressures
(Table11)

48

32

34

20

12

FromtheresultsshowninTableVIItcanbeseenthatthereisa very
strongcorrelationbetweenanalyticalandexperimentaldata,andthefactthatthe
exper~mentalvelocitiesarebothaboveandbelowtheanalyticalonescanbeattri-
butedtotheeffectofverticalwavevelocities.Thesevelocitydifferencesare
consistentwiththemaximumverticalvelocitieswhichcanbecomputedfromwave
theoryforvariouswavelengths.Forexample,thelogbookforvoyage277w2
(AppendixB,pageB-2)showswaveorswelllengthsestimatedtobeasmuchas250
feet(Interval3,Index74).Usingtherelationship

v “ 0.355K

derivedfromtrochofdalwavetheoryfori~h= 20,wherev (feet/see)isthemaximum
verticalwavevelocityandA isthewavelengthinfeet,a maximumverticalvelocity
of5.6feet/seefscomputedforawavelengthof250feet.Thisisingoodagreement
withtheaveragedifferenceh velocttfesshowninTableVI.

ReturningtoEquation(1),thethirdterm(p= f(m,t))isa functionof
changingmassofwaterwithtime.Therearenodataavailableuponwhichtobasean
analysisofthemagnitudeofthisthirdcontributortopressure,butsincetheother
twotermspredictpressuresinreasonableagreementw~ththemeasurements,itseffect
mustberelativelysmall.Thef~rsttwotermsoftheright–handsideofEquation(1)
maybeconsideredasa specfalcaseofthegeneralBernoulliequationforthedeter-
minationofpressureatthestagnationpo?nt.

Thepressuresmeasuredbythehl.gh-pressuretransduceratLocatfon2
(Hl?2,O.lLaftofm) havebeenaddedtoTableVTforcorrelationwiththevelocity
figures.Plottingthepressuresasa functionofvelocityonlog-logpaper(Figure
9),a straightlinehavinga slopeof2wasdrawnthroughthehighestslope-derived
relativevelocity.Oftheavailabledata,fourofthefivepofntsliequiteclose
tothisline.ThedataweretreatedTnthismannerfordirectcomparisonwithOchi’s
testsonaMARINERmodel.Hefound(Reference3,Figure1,p.549)thathisexperi-
mentaldataindicatedthatpressureandrelativevelocitywererelatedbytheequa-
tionp = 0.086v2fora locationO.lLaftofl?P,andthattherewasa threshold
velocityofabout12feetpersecondbelowwhfchnopressuresweremeasured.Ochi’s
curvehasbeenaddedtoFigure9 forreference.

.-



29

TheexperimentaldatafromtheWOLVERTNESTATEreportedhereshowsimilar
results,althoughthenumberofslamsforwhtcliveloc<t%eshavebeencomputedis
small.Therelationship.assum~ngthattheexpoge~~IS2,isp = 0.077v2.In
comparingtheseresults;itmustberememberedthattheslope-derivedvelocities
computedfortheWOLVERINESTATEincludetheeffectofwaveverticalvelocity,
whiletheacceleration-derivedvelocitiesaretheabsolutebowverticalvelocities
andnotnecessarilythetrueimpactvelocities.Theacceleration-derivedveloc-
itieshavebeenplottedasthesoliddotsonFigure9,andshowmuchmorescatter
thantheslope-derivedvelocities.

Chuang(Reference5,p.17,Equation9)reporteddataonflat-bottom
droptests,andderivedtherelationshipbetweenmaximumpressureandimpactveloc-
ityfortheair-entrappedcaseasp = 4.5V. OneofChuang’sdatapointsandhis
curvehavebeenaddedtoFigure9 f%xcomparlgonwiththeMARINERmodelandWOLVERINE
STATEfull-scaledata.

E. PressureStatistics

ThepressuremeasurementsfromVoyage288w3,Tntervals56,57,and58
tabulatedinTableT.havebeenusedtopreparea histogramshowingtheprobability
densityforvar~ouspressureranges.ThishZstogramisshowinFigure10. Because
ofthelowvaluescomparedwiththedynamicrangeofthepressuretransducersandre-
cordingsystem,accuratemeasurementsweredifficult.Manyoftheslammingpres-
suresfromHP2reportedasbeingintheO - 10psirangemayhavebeen,infact,
zero.Thus,theprobabilitydensftyofthefirstrangeofthehistogrammaybeexag-
gerated.ThepressuresshownInTableT asbeinglessthantheresolutionlimitof
about12psihavebeenincludedInthe0-10psicategory.

Computationofthetheoreticalfunctionfortheprobabilitydensityof
slammingpressures(perOchi,Ref.3,Eq.15,p.560)requiresa knowledgeofthe
varianceoftherelativevelocitybetweentheforefootofthevesselandthewater
surfaceandthereforerequiresa continuousrecordofrelativedisplacementorveloc-
ity.Thisinformationisnotavailablefromthesefull-scaletests,sonotheoretical
curvecanbeindicatedforcomparison.

Theabsolutevaluesof-pressuresmeasuredandreportedherearelowincom-
parisontothosereportedbyotherinvestigators.Ochi’smodeltests(Reference3)
foundpressurescloseto100psi,andGreenspon(Reference6)measuredpressuresover
200psiinfull-scaletestsontheUSCGCUNIMAK.Droptestsalsoresultinsubstan-
tiallyhigherpressurelevels,asnotedinFigure9 andReferences2 and5. Itwas
onthisbasisthatthedynamicrangeofthehigh-pressuretransducerswasselectedas
o - 350psi.Sincetherecordingbandwidthdoesnotappeartobethelimitingfactor
asdiscussedabove,itispossiblethatsuchhighpressuresdidnotoccurduetoair
entrapmentundertherelativelyflatbottomoftheWOLVERTNESTATEduringstormcon-
ditions.

l?.RelationshipofPressuretoStressandAcceleration

AsIllustratedinFigures1 and3,thestresssignalshowsthatthefirst-
modewhippingvibration2sinducedbytheslam.Thisv?bration,ata frequencyof
about1.5Hz,persistsforaslongas30secondsaftera severeslam.Thevibration
usuallybeginsjustaftera maximumhog(tension)stressvariation.A computationof
theapproximatefirst-modevibrationfrequencybytheToddmethodresultsina value
of1.64HZ,ingoodagreementwiththeexperimentalresults.

Figure11isa plotoftheHF’2slammingpressuresvs.theresultingwhip-
pingbendingstressesand.thewave-bendingstresswhichexistedcoincidentwiththe
slam.Thewhippingstressesweremeasuredbyscalingtheapparentmaximumvaluefor
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eachslamfromtheexpandedoscillographrecordasshowninFigure1. Theexisting
datadonotshowa verystrongcorrelationbetweenpressureandbendingstress.
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However,thesepressuresaremeasuredatonelocationonly,andtheenergyinput
causinglargestressesmaywellhaveoccurredatdifferentplacesonthehullatdif-
ferenttimes.

Thegeneralcharacteristicsofthebowaccelerationsignalareshownin
Figure1. Whena slamoccurstheaccelerometersrespondtothetransientaccelera-
tions,whicharesuperimposedonthegeneraldata.Theaccelerationsmeasuredat
thebowareofparticularinterest.Theyindicatenotonlya sharptransientaccel-
erationcoincidentwiththefirstpressurepeakonthelow-pressuretransducer,but
alsoa seriesofsmallertransientsinrapidsuccession.Thisisparticularlyevi-
dentinFigure3-AonboththeaccelerationandIJ’22traces,butcanbeseenalsoin
mostoftheotherfiguresshowingthedetailsofthesixslams.Thesternaccelero-
meter,however,doesnotshowmuchindicationthata slamhasoccurred.

A plotofLF’21transientslammingpressurevs.peak-to-troughlow-frequency
(wave-induced)bowaccelerationfsshowninFigure12. Whereastheabsolutemagnitudes
ofpressureEromthelow-pressuretransducerareques~ionable,thereappeartobe
somelimitsontheenvelopeofdatapointsbothinabsolutevaluesandinslopes.
Therewerenowave-inducedpeak-to-troughaccelerationsbelowabout0.3gaccompanied
byslams.Inaddition,themaximumvaluesofpressureassociatedwithaccelerations
appeartofollowawell–definedstraightltnerelationship.

TherearefewerdatapointsfromtheHP2transducerabovetheminimum
resolutionlevelofabout12psi,asshowninFigure13. Thepressuresbelow12psi
havebeenshownasarrowsbelowthatlevel.Thesamegeneraltypeofrelationshipbe-
tweenpressureandaccelerationcanbededucedfromthisplotalso,however.From
thephysicalstandpoint,ofcourse,thepressuremeasuredateitheroftheseloca-
tionsisa functionofthelocalwatersurfaceangleandverticalvelocityaswell
asofthebowacceleration,thusthelargescatterinthedata.

G. TimeDistributionofSlammingFressures

Itisofspecificinteresttothedesignertoknowwhetherornotslamming
pressuresareeffectiveoverlargeareasofplatingatthesametime.Thetimemeas-
urementsfromFigures3-Athrough3-FshowninTableIIprovidesomeinformationin
thisregard.

InFigures3–Athrough3-FthesignalfromtheBowAccelerometerwasused
asa commonreference,andthesignalsfromalltransducerswerealignedaccordingly.
UsingthefirstpeaksignalfromLP22asanarbitraryzerotimeforeachslam,the
timesofoccurrenceofthepeakpressuresignalsfromeachtransducerweremeasured
intermsofmillisecondsbefore(minus)orafter(plus)thatarbitraryzerotime.
Inaddition,thepeakvalueofeachpressurepulseanditsbasewidthintimewere
measured.

TheresultsareplottedinFigure14,inwhicheachpressurepulseis
representedbya ~riangleofthemeasuredamplitudeandduration.Aaanexample,in
thecaseofSlam16,HP1peakoccurredabout160millisecondsbeforeLP22,butin
SlamC HF1peakoccurredabout360millisecondsafterLP22.Fromthisandother
exampleswhichcouldbeciteditseemsevidentthatslammingpressuresaregenerally
ofshortdurationincomparisonwiththelengthoftimetheslamisobservableatthe
variouslocations,andthusarenoteffectivesimultaneouslyoverlargeareas.F’res-
suresatLP22,HP2,andHP1occasionallyclustertogetherintime,butthesetrans-
ducersarelocatedquiteneartoeachother(seeFigureA–3).Thedurationofmeas-
uredpressuresatLP22maybeexaggerated,also,becauseofthetubingwhichconnects
thepressuretransducertothehullplating.
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H. WhippingStressvs.Wave-~endingStressDuringSlammin~

ThedatareportedinTableI providesomeinsightintothemannerinwhich
whippingstressescombinewithwave-bendingstresseswhenslammingoccurs.Foreach
oftheslamsreportedinTableI,thewhippingstresshasbeenplottedasa function
ofthewave-bendingstressoccurringatthetimeoftheslam(Figure15).

Ingeneral,highwave-bendingstressesandhighwhippingstressesappear
tooccuratthesametime,butthedatashowthatthemaximumwhippingstressdoes
nornecessarilyoccurcoincidentwiththemaximumwave-bendingstress.Itshould
alsobenotedinpassingthatotherexaminationsoftherecordsshowthatthemaximum
whippingstressesrarelyoccurexactlyatthemaximumpointonawave-inducedcycle.

1. ImpactVelocityasa FunctionofBowAccelerationandDuration
ofEmerSence

In“D”abovetheimpactvelocitywascomputedusingthepressure-time
slope,andwasapproximatelyverifiedbyintegratingthebowacceleration.Since
thewave-inducedaccelerationrecordsaresomewhatsimplertoworkwith,itwasde-
cidedtoinvestigateothermeanswherebypeak-to-peakwave-inducedaccelerationmeas-
urementsandrelatedparameterscouldbeusedtopredictimpactvelocities.

Figure16showsthederivation2~fvelocityusingtheforwarddraft,the
easily-establishedpitchingperiod(T=— ),andeitherdurationofbowemergence
(Figure16,Equation1),orpeak-to-peakwbowacceleration(Figure16,Equation2).
Thedatafromthesixslamsfor277W2werereducedinthiswayandtheresultsare
plottedinFigure17alongwiththerela~ivevelocitycomputedusingthemoreaccept-
ablepressure-timeslopemethod,andthevelocitycomputeddirectlyfromintegration
oftheaccelerationsignal.

Onthebasisofthesmallamountofdatashown,andassumingtheslope
da~atobe“acceptable”,onemustconcludethattheintegrationofaccelerometerdata
isatleastasacceptableastheothertwomethods,whichareconsiderablymoredif-
ficult.Sinceonlytheslopeandemergencemethodsincludeanyeffectsof-motionof.
thewatersurface,thisconclusionleavessomethingtobedesired.Jlowever,thecor-
relationsarestrongenoughtosuggestthatfurtherexplorationoftherelationship
be~weenbottomslampressureandrelativevelocitydeducedfromaccelerationoremer-
gencerecordsisnecessarybeforetheuseofthese“secondary”datasourcesisre–
jetted.

v. FINDINGSANDCONCLUSIONS

A. TheadditionalinstrumentationinstalledontheWOLVERINESTATEtogather
dataonslammingpressures,accelerations,andhullresponseperformedwellconsider-
ingthelimita~ionspreviouslydiscussed.Hundredsofslamswererecordedonmagnetic
tapeundera varietyofconditions.

B. Full-scalemeasurementsandanalysishaveconfirmedthatthefrequencyof
occurrenceofslammingfollowsa Poissondistribution,andthatthetimeinterval
betweenslamsfollowsanexponentialprobabilityfunctiontruncatedatthepitching
period.

c. AlthoughallinstancesofhighBeaufortnumberswereinvestigated,slamming
wasfoundonlyinthosecaseswheretherelativeheadingwaswithinabout30degrees



(m

WOLVERINESTATE
Voyage288Reel3
Intervals56,57,58

0 0
0 0

0 0 0
0 0 0 Om o

0 00 m’

m

o

0
m

&D

Wave-BendingStress,psi
(Peak-to-trough)

(Maximanotnecessarily

Wave-BendingStress

additive)

o

0
am

I I I 1 I I I
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Fig.15.WhippingStressvs.



t
Y

&

Stillwater surface

y = ha costit= displacement v.=1

~ ‘ -hausinvt= velocity a .
a

“$. -hati2costit= acceleration t .
e

velocityatimmersion

amplitudeofaccelerationsignal
durationofemergence

q’==S;nl’os-’+““-“*(2)
Fig.16. DerivationofVelocityandAccelerationRelationships

—



37

x

o

a
●

ComputedbyEmergence,t ,
plusdraft(18.5feet)e

ComputedbyAcceleration
plusdraft

Computedbypressure-timeslope

Computedbyintegratingthe
acceleration-tfmecurve

❑

x

c1

-8
❑ u
u
x

o
●

I I I
0.2 0.4
Wave-Induced

Fig,17, ImpactVelocity
SixSlams

0.6 0.8 1.0 1.2
Acceleration,g’s,peak-to-peakatbow

vs.Wave-InducedAccelerationFourMethods277W2



38

of‘headseas.ReductioninengineRYMtothepointofbeing“hoveto”didnotap-
peartoreducethefrequencyofslamming.ItTsconcludedthathighBeaufort
numberaloneisnotsufflcien~toproduceslamming.Also,slamminghasneverbeen
observedinthisstudyatlow(i.e.,below5)Beaufortnumber.

D. Thelightforwarddraft(16.5feet)onthewestboundportionofVoyage288
appearedtobethecauseofa dramaticincreaseintherateofslamming,ascompared
withcasesofsimilarheadingsandlleaufor~number,butwitha draftof18.5feet.

E. Asofthelastdrydockingof~heWOLVERINESTATE,noplateshadbeenre-
placedduetoslammingdamageoverthepastthreeyears.Itmaybeconcluded,
therefore,thattheslamsexperiencedonVoyage277werenotharmful.Voyage288
occurredafterthelastdocking.

F. Oneoftheobjectivesofthestudywastomeasureimpactvelocityasre-
latedtoslamming.Relativeveloci~iesrangingfrom12.8to25.2feetpersecond
werecomputedforthesixslamsstudiedindetail.Thesevalueswereconffrmedin
generalbyestimatingthevelocitybyintegratingthewave-inducedbowacceleration,
andbyestablishingrelationshipsbetweenvelocityandpeak-to-peakaccelerationand
dura~ionofbowemergence.

G. P~ttingtheslope-derivedvelocitiesagainstpressure,therelationship
p = 0.077vwassoundtobea goodfittothedata.Ochideterminedtherelationship
tobep = 0.086vfromrestsonaMARINERmodel.

H. Theabsolutevaluesofslampressurewerefoundtobelowerthanthosere-
portedelsewherefordroptests,butwereconsistentwithOchi’smodeltestdata,as
notedabove.

1. Slammingexcitesthefirst-modeverticalhullvibrationata frequencyof
about1.5Hz. Thesevibrationsaresuperimposedonthewave-inducedbendingstress.
Theassociatedwhippingstresswas20percentofthehighestmeasuredwave-induced
stressduringslamming.However,therewereseveralcasesoflowerwave-induced
stressvariationsinwhichtheassociatedwhippingstresseswere40percentofthe
wave-inducedvalue.Maximumabsolutewhippingstressesobserveddidnotcoincide
withmaximumbendingstresses.

J. Thebowaccelerometerisquitesensitivetoslammingphenomena.ILnotonly
showsa transientaccelerationatimpact,butalsoindicatesthatthebowisexperi-
encinga higher-modevibrationalresponseatabout5Hz.‘Integrationofthegross
bowaccelerationyieldsvelociryvaluesingeneralagreementwiththosecomputedby
othermethods.

K. Examinationofrhetimedistributionofslammingpressuresforsixslams
leadstothetentativeconclusionthattheslammingpressuresareshortincomparison
withthepassageoftheslampressurealongthebottom.However,sincenodamage
wasreportedasa resultofslamsfromthisvoyage(277),thenatureofplate-
deformingpressuresisstillunknown.
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APPENDIX

INSTALLATIONOFTHE
RECORDINGSYSTEM

SSWOLVERINE

A

SLAMMINGDATA
ABOARDTHE
STATE

(EditedExcerptsfromTechnfcalReportNo.929/122,
FinalReportonContractNObs94035,15June1966)

Fig.A-1. S.S.WolverineState

I. INTRODUCTION

SinceJune1959,TeledyneMaterialsResearchhasbeenactivelyengagedinthe
collectionofdataonwave-inducedbendingmomentstressesunderSSCProjectSR-153.
Datahavebeenrecordedonmagnetictapeusingsemiautomaticinstrumentationsystems
aboardfouroperatingdrycargovessels.1,2,3,4,5* The recordeddataaresub-
sequentlyreducedintheTeledynelaboratory,usinga statisticalprobabilityana-
lyzer,andreportedtootherinvestigatorsforanalysisandinterpretation.

Becauseofthesimilarnatureofthedatacollectionrequirementsfortheslam-
mingstudy,SSCProjectSR-172,itwasdecidedthattherecordingsystemaboardthe
SSWOLVERINESTATE,a C4-S-B5machinery-aftdrycargovessel,seeFigureA-1,would
beexpandedbytheadditionofrecordingchanhelsandthe
sarytransducers.Itistheselectlonofcomponents,and
ofthesystemwhicharedescribedinthisAppendix.

installationoftheneces-
assemblyandinstallation

*SeeReferencesatendofAppendixA.
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II. INSTALLATIONOFTRANSDUCERSANl)RECORDINGEQUIPMENT

A. General

InOctober1965theentirerecordingsystemconsistingoftheinstrumenta-
tiontaperecorderandmotor-alternatorsetwasremovedfromtheSSWOLVERINESTATE.
ThetaperecorderwasreconditionedandmodifiedforinstallationduringJanuary1966
asa partofthenewdatagatheringsystemab”oard6theSSCALIFORNIABEAR,a West
CoastMarineroperatedbyPacificFarEastLines.Themotor-alternatorsetwasre-
conditionedforreturntouseontheSSWOLVERINESTATE.

Componentsfortheaugmentedsystemwereselectedonthebasisofa re-
viewoftheexperienceofotherinvestigators.Certainequipmentitems,notablythe
taperecorderandprogrammerunit,wereplacedonorderearlyinthesummerof1965
underanexistingcontractforequipmentacquisition(U.S.NavyContractNObs92134).
Theremainingitemsofequipmentwereplacedonorderinmid–October1965atthe
completionofcontractingarrangementsfortheslammingsysteminstallation.These
items,thepressurecellsandpressurecellsignalconditioningequipment,were
availableforinstallationalongwiththeremainderofthesystemduringanantici-
patedmid-Decemberdrydocking.Thedrydockingwastwicepostponedbecauseofship
operatingschedulecommitmentsuntilmid-March.Duringthisperiodtherewasan
opportunitytoperformfurtherlaboratorycheckoutandoperationalchecksonthe
completesystem.

InlateJanuary1966,duringthereturnoftheshiptotheU.S.East
Coast,a two-manteamsupervisedtheshipboardreinstallationofthereconditioned
motor-alternatorandthenewtaperecorder.Atthistimebowandsternvertical
accelerometerswerealsoinstalledinexistingaccelerometerlocatfonsandconnected

3 Thiswasallofthefntorherecorderusingexistingshipboardtransducercables.
workwhichcouldbeaccomplishedwithoutaccesstothebottomoftheshipina dry-
dock.Thisworkwasperformedatthistimetoreducethefutureworkloadtobeper-
formedwhiletheshipspenta limitedamountoftimeintheshipyard.Italsopro-
vided”aninterimsystemcapableofrecordingportandstarboardmidshipbending
stressesandbowandsternverticalaccelerations.

Duringthemid-Marchdrydocking,a four-manteamsupervisedthelocation,
installation,andcablingofthepressuretransducersa~ theforwardendoftheship,
theinstallationofthepressurecellsignalconditioningunitsinNo.2 Hold,and
theinstallationofnecessaryadditionalshipboardwiringfromthepressurecellloca-
tionstotherecordingequipmentintheInstrumentRoom.

Followingthecompletionoftheinstallation,anoverallsystemsopera-
tionalcheckoutwasperformedaboardtheshipduringa coast-wiserunfromNewYork
CitytoNorfolk,Virginia.Duringtheseteststhesystemoperatedsatisfactorilyex-
ceptfora fewminormalfunctions.

Immediatelyfollowingthecoastwisevoyage,amannedroundtriptoEurope
tookplace.Thepurposeofthisattendedoperationwastoobservesystemoperation
undersevereseaconditionsandtomakedirect‘nigh-frequencychartrecordingsof
slammingpressures.Unfor~unately,therewasa minimalamountofsevereweather.

B. PressureTransducerSystem

A functionalblockdiagramrepresentationoftheentireseawaydatarecord-
ingsysteminstalledaboardtheSSWOLVERINESTATEisprovidedinFigureA-2.Table
A-Ipresentsa listingoftherecordingfunctionsassignedtoeachofthefourteen
availabletaperecorderchannels.Thissectionisconcernedprimarilywiththepres-
suretransducerportionofthesystem,itsassociatedelectroniccircuitry,andinter-
connectingshipboardwiring.Specificdetailsoftherecordingsystem,thetrans-
ducers,andassociatedequipmentcomponentswillbedescribedinthenextsection.
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TableA-J.,

AssignmentofTapeRecorderChannels
Channel
No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Function

StaticPressure

StaticPressure

BOWAcceleration

SternAcceleration

DynamicPressure

DynamicPressure

Compensation(oddchannels)

Compensation(evenchannels)

DynamicPressure

DynamicPressure

PortStress

StarboardStress

DynamicPressure

WaveHeight

Linear
TransducerRange

O - 50psig

O - 50psig

~5g

O - 350psig

O - 350psig

ReferenceSignal*

ReferenceSignal*

O - 350psig

O - 350psig

ElasticRange

ElasticRange

O - 350psig

NIOWavemeter

Calibration
Level

25psig

25psig

-1.0g

-1.0g

175psig

175psig

175psig

175psig

10,000psi

10,000psi

175psig

20ft

* A constantfrequencyisrecordedontapechannels7 and8. Thesereference
signalsareusedduringplaybacktocompensateforflutterandwow;i.e.,to
improvethesignal-to-noiseratioofthedatabyreducinganyextraneousnoise
whichmaybeintroduced“bymechanicaleffectsinthetapetransport.

FigureA–3andTableA-IIindicatethepositionsofthetwenty-fourpres-
suretransducermountinglocationswhichwereinstalledinthebottomplatesinthe
forwardportionofthevessel.A plotincludedinFigureA-3summarizesthecumu-
lativedamagetothebottomplatingexperiencedonthreevesselsofthesametype,
C4-S-B5,operatedbyStatesMarineLinesinNorthAtlanticservice(WOLVERINESTATE,
HOOSIERSTATE,KEYSTONESTATE).Mostoftheslammingdamageexperiencedbythese
shipsisobservedtooccurbetweenFrames25and45,towardtheforwardendofthe#2
DoubleBottomTanks.Themajorityofthepressuretransducermountinglocations
havebeendistributedoverthisarea.Transducerswereinstalledintwentyofthe
twenty-fouravailablelocations.TheremainingfourintheNo.1DeepTankwere
sealedwithblankflanges.

Det*ileddescriptiveinformationontheS.S.VoLvei%eSkateis
containedinTableA–III.

FimreA-LdepictstheInstallationofthepressuretransducermounting
assemblythrou~hthebott~mplatingoftheship.A suitablecircularholeabout3 1/4
inchesindiameterisflamecutandbeveledtoforma veegroove.Thehousingisthen
installedbyanoverheadweldingoperationanda filletweldismadearoundtheregion
inwhichthelowerportionofthehousingmeetstheInsidesurfaceofthebottom
plate.A mock-upofthisassemblywasmadebyTeledymeMaterialsResearchtode-
velopthenecessaryweldingtechniquesandtocheckforwarpingofthehousingduring
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TableA-II
PressureTransducerMountingLocations

Locatfon InBottomBetween DistanceAft OffCenter DistanceAft
Number InTank Plate Frames ofFrame VerticalKeel fromBow

1 #1D.T. FK-1 16-17 11”aftFR.16 11”P 41,511
2 #1D.T. FK-I 21-22 11”aftFR.21 11”P 52131,
3 #1D.T. FK-2 26-27 11”aftFR.26 11”P 63’11”
4 #1D.T. FK-2 29-30 11”aftFR.29 11”P ~~f~fl

5 #1D.T. FK-2 31-32 11”aftFR.31 11”P 7512fl
6 #21).B. FK-3 34-35 11”aftFR.34 9“s ~21 s,,

7 //2D.PJ. FK-3 37-38 11”aftFR.37 11”s 89’11”
8 #2D.B. FK-3 40-41 6“aftFR.40 11”s 97101!
9 #2D.B. I?K-3 40-41 24”aftFR.40 11”s ~~1 611

10 #2D.B. FK-4 45-46 11”aftFR.45
#2D.B.

11”s 109’11”
11 FK-4 49-50 11”aftFR.49 9“s 119’11”
12 #2D.B. FK-4 54-55 11”aftFR.54 11”s 132’5“
13 #1D.T. A-8 31-32 U“ aftFR.31 41”P 75121!
14 #11).T. A-8 31-32 11”aftFR.31 65”P 75,211
15 #1D.T. A-8 31-32 11”aftFR.31 41”s 75t211
16 #2D.PJ. A-9 40-41 6“aftFR.40 30”s 97,0,,
17 #2D.B. A-9 40-41 24”aftFR.40 30”s 9g,6,,
18 #2D.B. A-9 40-41 24”aftFR.40 69”S 98,6!,
19 #2D.B. B-6 40-41 24”aftFR.40 105”s ggl 611

20 #2D.B. A-9 40-41 24”aftFR.40 69”P 98,61i
21 Forepeak A-3 8-9 11”aftFR.8 11”P 24’8“
22 #1D.T. FK-I 23-24 11”aftFR.23 11”P 57,211
23 //2D.B. FK-3 43-44 11”aftFR.43 11”s 104’11”
24 #2D.B. FK-4 .53-54 H“ aftFR.53 9“s 129’11”

—
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TableA-III
ParticularsofS,S.WoZv@rineSta& (C4-S7B5)

A. General

OriginalName:MARINERUNNER
Type:C4-S-B5Machinery-AftDryCargoVessel
Butlder:SunShipbuildingandDrydockCompany

Chester,Pennsylvania
Date:September1945
HullNumber:359
LengthOverall: 520!-131!
LengthBetweenPerpendiculars:496’-0”
Beam,Molded: 711-6!!
Depth,Molded: 54f-rJJJ
Depth,MoldedtoPoopDeck: 52~-Otl
Depth,MoldedtoUpperDeck: 42’-6”
Depth,MoldedtoSecondDeck: 35~-Ofv
Depth,MoldedtoThirdDeck: 26!-01!
LoadDraft,Molded(Design): 30’-0”
LoadDraft,Keel(FullScanting):32’-97/8”
GrossTonnage: 10,747
NetTonnage: 6,657
OfficialNumber: 248,740
BlockCoefficient: 0.654(30’MoldedDesignDraft)

0.61(18’TypicalPresentOperation)
PrismaticCoefficient:0.664(30’MoldedDesignDraft)

0.628(18’TypicalpresentOperation)
WaterplaneCoefficient:0.75230’

0.68518’
MidshipSectionModulus
(withdeckstraps):45,631in.2ft.(toptopofUpperDeck)

B. LightShip

LightShipWeight:
CenterofGravity:

LightShipDrafts:

DeadWeightat32’-97/8”
(CargoCapacity):

6,746L.T.
30.40ft.abovekeel
24.20ft.aftofamidships

3’-7”forward
19’-91/2”aft
11’-8l/4°mean

15,348L.T.

—
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theweldingprocess.Thisassemblywithstooda hydraulictestpressureof500psi
withoutleaking.

Twotypesofpressurecellsareemployedinthestudy.Thereaxesix-
teenhighpressure(dynamic)cellshavinga linearrangeof350psigwhichwereused
torecordtheslammingpressurepulses,andfourlowpressure(static)cellshaving
a linearrangeof50psigwhichmeasuretheslowlyvaryingpressuresresultingfrom
thepassageofoceanwavesandthegrossmotionsoftheship.Thecharacteristics
ofthetwotypesofcellswillbediscussedinthenextsection.Thepressuretrans-
ducermountsweredevelopedspecificallyforthehfghpressure,flushdiaphragm
pressurecells,butareequallysuitableforthelowpressurecells.Duringinstall-
ation,priortoweldinginplace,shimswereusedifneededtorecesstheflushdia-
phragmofthehighpressurecellapproximatelyl/32-inchbackfromtheoutersurface
ofthebottomplate.Thecombinationofa tefloncoatedstainlesssteelgasketand
“O”ringprovidedaveryeffectiveinternalwatertightsealbetweenthepressurecell
andthehousing.Inthecaseofthelowpressurecella blindflangewitha small
centralholereplacestheclampingflangeshowninFigureA-4.Thelowpressurecell
isbracket-mountedtoa nearbystiffenerInthetankandtheslowlyvaryingpressure
changesareconductedcoitthrougha lengthofsmalldiametermoneltubing.The
useofthepressuretransducermountingassemblywitheachtypeofpressurecellis
illustratedinFigureA-5forthehighpressurecellandinFigureA-6forthelow
pressurecell.FigureA-7showsa completedhighpressuretransducerassembly
mountedinplaceontheinsideofthebottomplatingwithinoneofthetanks.The
entireassemblyispaintedoverwitha blackwaterproofingmaterialwhichhasthe
tradenameBitumasticTankSolution(KoppersCompany)toprotectitwhenthetankis
flooded.InFigureA-8a lowpressurecellisbefngmountedonitsbracketnextto
a lighteningholeina stiffenerinNo.1 DeepTank.

Sevenpressurecellsignalconditioningunits(transmitters)werein-
stalledontheforwardbulkheadofNo.2 IIoldabove‘theNo.2DoubleBottomTanktop.
Theoutputsignalsfromsevenselectedtransducersareamplifiedbythesetransmitters
andcarriedbynewly-installedshipboardcablestotheinstrumentroomwheretheyare
recordedontheproperchannelsofthetaperecorder.FigureA-9showsfourofthe
sevenpressurecelltransmittersmountedinpositioninNo.2Hold.Theremaining
threeunitsaremountedunderneaththefourbutareobscuredbya verticalbattensup-
portinthephotograph.ThetopportionofFigureA-3indicatestherouting
signalcablesfromthetransducers,throughthejunctionboxestothetransm:
andthencetotheinstrumentroomandthetaperecorder.

Thefourpressuretransducerlocationswhichremainedunusedwere
13,14,and15,allintheNo.1DeepTank.

c. RecordingSystem

ofthe
tters,

Nos.4,

Thecharacteristicsofthecomponentitemsofthedatarecordingsystem
aresummarizedinthissection.

1. TapeRecordingSystem

TheHoneywellLAR7468MagneticTapeRecord/ReproduceSystem,shown
inFigureA-10,recordsfourteentracksofinformationonone-inchwidepolyestertape
onemilthick.Tenandone-halfinchdiameterreelscontain3,600feetoftapeand
willrecordforfortyhoursofelapsedtimeatthenormalrecordingspeedof0.3inch
persecond(ips).ThefrequencybandwidthusingthisF-Mrecordfngtechniqueis0
(d-c)to50Hz.
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Fig.A-5. TransducerMounting
forHighPressureCell

Fig.A-6. TransducerMounting
AssemblyforLow
PressureCell

Fig.A-7. CompletedHighPressure
TransducerMountedin
PlaceInsideTank
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Fig.A*8. LowPressureCellBeing
Mountedwith Bracket to
Vertical Stiffner in Tank

Fig,Av9, PressureCellTransmitter
MountingLocation

Fig. A-10. Magnetic Tape Record/
Reproduce System



Innormalrecordingprocedurea one-halfhourdatarecord,precededby
suitablecalibrationandsystemzerosignals,wastakenonceineachfour-hour
watchperiod.Underroughseaconditionsextendedrecordswereautomaticallyob-
tained.Anordinaryvoyagewouldrequireonereelofrapeforeachcrossingofthe
NorthAtlantic.ThesystemIncorporatedonechannelcapableofplaybackatspeeds
of0.3,15,and30ipsforchecksonanydatachannelwhilestillaboardship.

a. RecordingElectronics

Theelectronicsportionoftherecordingsystemwasmountedjust
belowthetapedeck.Inadditiontoregulatedelectronicpowersupplies,theelec-
tronicsconsistedofrecordingoscillators(FigureA-11)anda playbackdiscrim-
inator(FigureA-12).

b. Programmer

Theprogrammerwasmountedatthetopoftherecorderconsole.It
wasthisunitwhichcausedthetapedecktooperateonceeachfour-hourperiodto
makea one–half–hourdatarecord.Theprogrammerenergizedthesystematother
timesundercertainspecifiedseaandoperatingconditions;e.g.,whenseasare
roughanda presetlevelofsrressisexceeded,orwhenthebowemergesfromthe
waterpriortoslamming.Certainofthecircuitscontainedwithintheprogrammer
causedthesystemcalibrationandzerosignalstoappearonthetapeasmarkerseach
fourhoursatthebeginningofchenormalone-half-hourrecordsofdata.

FiguresA-13andA-14showthefrontandrearviewsoftheprogrammer
unit.Threeindicatingmetersaremountedonthefrontpanel,Theright-handmeter
isanelapsedttmeindicatorwhichisusedtodeterminewherea particulardata
recordislocatedontherape.Thispermittedshipoperatingandseawaydatafroma
logbook,maintainedbythewatchoff~cers,tobecoordinatedwiththetaperecords.
Thecentermetermonitoredportandstarboardmidshipbendingstress,whereasthe
left-handmetermonitoredthestaticpressureattheforefootofthebow.Thecenter
(stress)meterhastworedpointerswhichmaybesettopositiveandnegativethres-
holdsofstress.Thesingleredpointeroftheforefootpressuremonitorissetto
a minimumpressurethreshold,inthiscasestandardatmosphericpressurewhichoccurs
whenthebowemergesfromthewaterjustpriortoa slammingimpact.Whenanyof
thesepresetthresholdsareencoun’rered,thesystemisautomaticallyturnedonto
makea specialrecordofa previouslydeterminedlength.

Therowofsevensmallmilliamrneterslocatedjustabovethetapedeck
(seeFigureA-15)servedtomonitortheoutputsofthesevenactivepressurecell
channels.Thefirstmeter,attheleftendoftherow,monitorsthelowpressure
cellatthebow(Location21o?22onFigureA-3).Thissignalisalsopresented
LOthecontact-makingmeter-relayattheleftoftheprogrammerfron~panelwhich
servesastheindicatorofbowemergenceforautomaticturn-on.

c. SignalConditioningEquipment(StressChannels)

FigureA-15indicatesrhelocationofthestresstransducersignal
conditioningequipmentabovethetapedeck.TherearetwoactivesetsofEndevco
CorporationModel4401UniversalSignalConditioningModules(FigureA-16)andMB
ElectronicsModel518D.C.Amplifiers(FigureA-17)andonesetofsparesmountedon
thepanel.TheUniversalSignalConditioningModulecontainsthestraingage(d-c)
powersupply,andbalancingandcalibrationcircuitsforthetransducer.Thed-c



52

Fig.A-Il.Recording Oscillator Fig,A-12.PlaybackDiscrim
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Fig.A-15.UpperProtionofTape
RecorderConsole

Fig.A-17.StressGageChannelD-C
Amplifier

Fig.A-16.UniversalSignal
ConditioningModule

Fig.A.d8,InternalConstructionof
StrainGageTransmitter
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Fig.A-19.UnbendedStrainGage Fig.A-20.InteriorofAccelerometer
Accelerometer Housing

amplifierhadamaximumgainof2,000,withabandwidthofd-cto20KHz,andwas
adjustedtoprovidetherequiredlevelofinputsfgnalfromthestresschannelto
thetaperecorder.

2. PressureTransducerChannels

Themannerinwhichsignalsfromthetwentypressurecellswhichwere
mountedinthebottomplatingoftheshtpwereconveyedtoa onehundredterminal
junctionboxlocatedinNo.2 Hold2sind3catedschematicallyinFigureA-3.The
signalsfromsevenselectedcellswerepassedthroughlocalsignalconditioningunits
andtransmittedovercablestoterminalboxesintheInstrumentRoom.Thepressure
signalswererecordedonsevenoftheavailablefourteenchannelsoftheslow-speed
magnetictaperecordingsystem.

a. PressureCells

Twotypesofcommerciallyavailablebondedstraingagepressurecells
wereinstalledonthevessel.Thehfghpressurecells,Baldwin-Lima-HamiltonCorp-
orationTypeD–HFS,areratedat350psigfullscaleandhaveanoverloadcapability
of200to250%ofrating.Thecellshavea naturalfrequencyontheorderof12,000
Hzanda responsetolinearaccelerationsoflessthan0.01%offull-scaleperg.
Flushdfaphragmpressurecells,mountedsoastobeinasintimatecontactaspOS-
siblewfththewater,wereselectedinorderthattherewouldbenodistortionof-the
characteristicsoftheslammingpressurepulsebyentrappedairinthepathwayto
thepressuresensor.

ThelowpressurecellsareType179manufacturedbyTaberInstrument
Corporation.Theseunitsareratedat50psigfullscale,butwilltoleratea maxi-
mumpressureof500psfbyvirtueofinternalmechanicalstopsassociatedwiththe
sensingdiaphragmandbytheconstructionofthesenstngelementitself,whichisa
one-pieceprovingringtowhichprecisionstaingageshavebeenbonded.Theinstru-
menthasa sensitivity’tolinearacce”lerattonoflessthan0.08%offullscaleperg
intheaxialplane,andisinsensitivetoaccelerationinallotherplanes.

TheoutercasesanddiaphragmsofbothCypesofpressurecellwere
madefromhighqualitystainlesssteeltopreventcorrosion.Thedetailsofthe
installationofbothtypesofpressurecellsweredescr$bedinSection11.B.,andare
illustratedinFiguresA-4,A-5,andA-6.
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b. SignalConditioningEquipment(PressureChannels)
Thesignalsfromthepressurecellsselectedforrecordingwerecon-

nectedtoterminalstripslocatedfna onehundredterminaljunctionbox.Thejunc-
tionboxandthesevenchannelsofsignalconditioningequipmentarelocatedinthe
forwardendofNo.2Hold(seeFigureA-3).

Thesignal-conditioningunitsareModel881StrainGageTransmitters
manufacturedbyBLHElectronics,modifiedtoextendtheirfrequencyresponseto2000
Hz. ThepurposeoftheModel881Transmitteristoprovided-cpowertothetrans-
ducersinthepressurecell;toprovidebalanc~ngcircuitry;andtoprovidethe
amplificationrequiredbythemagnetictaperecordingsystem.Calibrationcircuitry
wasaddedtotheruggedenclosurewhichhousestheTransmitter.A photographshowing
theconstructionoftheStrainGageTransmitterispresentedinFigureA-18.

3. AccelerationChannels

A singlelinearver’cfcally-orientedaccelerometerwasmountedinthe
forwardendofNo.1Upper‘TweenDecksandintheafterendofNo.7Upper‘Tween
Decks,attheextremeendsofthecargospacesandatthesamelevelintheship.
StathamInstruments,Inc.,ModelA5-5-350unbendedstraingageaccelerometershave
beenused(seeFigureA-19).Theseunitshavea rangeof5ganda naturalfre-
quencyof190Hz. Dampingto0.7criticalproducesa frequencyresponsewhichis
essentiallyflat(uniformwithin5%)fromO (d-c)toabout125Hz (70%ofthe
naturalfrequency).Anaccelerometerwiththisfrequencyresponsewasselected
withtheexpectationthatitwouldrespondto“bothslowlyvarying(direct-wave-
induced)accelerationsandthehigh-frequencyaccelerationcomponentsproducedby
impactsresultingfromslamming.TheModelA5hasa transverse-to-axialaccelera-
tionsensitivityof2%andwillwithstandoverloadsofthreetimesitsrange.
Theaccelerometerismountedinanammunitionboxforprotectionalongwithitssig-
nalconditioningequipment(StathamInstruments,Inc.,ModelCA9-56StrainGage
SignalAmplifier)andcalibratingcircuits.SeeFigureA-20.
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