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AN AERODYNAJ_ICLOAD

CRITERION FOR AIRSHI'PS

Donald E. Woodward*

.i ,

, �p�_ ABSTRACT: This paper derives a simple aerodynamicbendlng moment en-

_ velope for conventionallyshaped airships. This crlterion is intendedto be used, n,uchlike the Naval Architect's "standardwave," for pre-

liminary estimatesof longitudinalstrength requirenu_nts.It shouldbe useful in trade-offstudies between speed, fineness ratio, block
"" _. coefficient,structureweight, and other such general parametersof

airship design.

Y

INTRODUCTION

The longitudinal,or beam, strengLh of an airship is obviouslyof fundamentalimpor-
tance to its desi£n. It would be of great convenienceto the desigr_erotherefore,
to have an envelope of the maximum bendingmoment distributionover the airship's
length. This p_per derives such an envelope From theories and experin_entsin the
literature,and attempts to show that it is neither uneconomicallyseverenor rashly
lenient.

In the eJrly days of airships,speeds and dynamic pressureswere iov_,and static
loadswere the majo,'ones to be resisted by the hul_ beam. By the end of World War
I, however, performancehad 'mprovedso thdt aerodynamicloads wer_ as irr_portantas,
or _ven preponderantover, static loads. This was made d_amaticallyevident bj the
successionof large airshipswhich were 1o_t as the resultof aerodynamicover-
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_::i':_ loadingof theirlongitudinalstrength.R-38in Ig21focusedattentionon circling
;_ flightand suddenextremecontrolmaneuvers.Shenandoahin 1925emphasizedthe

;_/'_ hazardsof strongverticalgusts. Finally,althoughMaconhadbeen designedwith I
gusteffectsin mind,her _Jo_sby fin failurein 1935led to a criticalreviewof

;_ airshipdesignand contructionby the DurandCommittee.Thisreviewconcludedthat i
therewas insufficientunderstandingof the effectsof gust loads,both as regards I

c,,

_ ,,:! overallstructuralloads and localfin loads.

_' '_ At therecommendationof the uurandCommittee,theNavycontractedwith the Daniel
_ GuggenheimAirshipInstitute(DGAI)to conducta broadlybasedstudyof thisproblem.

) /i The resultsof thisstudyup to 1940are summarizedin ReferenceI; theycomprise
_ ! windtunnel,whirlingarm,and watertunnelexperimentson airshipmodels,and a

_._ meterologicalinvestigationof atmosphericgustiness. ,_

_ The essentialelementsof a correcttheoreticalapproachhad alreadybeenestablished _:
' in 1935 (References2 and 3). But the actualworkof settingup the equations,ob- "'_

_i_ raininga solution,and findingquantitativeresultswas not completedand !)ublished
_.: until1958,whenCalligerosand McDavittrepwrtedworktheyhad performedat _!.I.T.
,,+ undercontractto the Bureauof Aeronautics._

...... The largerpartof thispaperwill consistof a descriptionof the Calllgeros-Mc-
Davitttheoryand itsnumericalresults,and of the DGAIexperiments,witha com-

I parisonand reconciliationof the two. Fromthe jointtheoreticaland experimental
" I results,an overallgustmomentenvelopeis constructed.Examplesof the other
:'-" i typesof aerodynamicloads-- circlingflight,abruptcontrolreversal,and lifting

, dynamicallya staticoverload-- are presentedfromthe literature.Theyare shown
_ all to fall_ithinthe gustmomentenvelope,whichto someextentjustifiesthe

:L'_ scantattentionpaidthemhere. Thisresultalsoestablishesthe gustmomenten-
'_: velopeas the aerodynamicloadcriterionadvertisedin the title.

, Bendingmomentsare generalizedin the usualway,as a dimensionlesscoefficientde-
._' flned by:

";__ BendingMoment= Cm q (Vol)2/3 L (I)

/ where (Vol)is air volume L length and q dynamicpressure.

A discussionin termsof a discretegustseemssomewhatoutmodedin comparisonwith
themethodsof spectralanalysiscommonin airplaneandmissileaerodynamics,but i
is made necessaryby the natureof the DGAIexperiments.The powerspectralanalysis

i

wouldseemparticularlyappropriatefor largeairships,the lengthsof whichap-
proachthe commonlyacceptedvalueof the scaleof turbulencein the freeatmos-
phere. Happily,Reference4 embracesbothmethodologies,and the agreementwhichis
foundbetweenthediscrete-gustformulationand the DGAIexperimentslendsconfi-
denceto the turbulent-spectrumapproach.

THEORY

The theorydevelopsthe equationsof motionof the airshipin the usualmanner. The
physicalsituationis as picturedin FigureI. The airship,at someangleof pitch
g and velocityVo is encounteringa gustcharacterizedby a spatialdistributionof
transversevelocitiesW whichcan be specifiedquitegenerally.In theworkednu-
mericalexample,thegustformis takenas a fullcyclel - cosinewith peakvelo-
cityWo any specifiedfractionof Vo and wavelengthany givenfractionof the ship
length. The aerodynamicforcesand momentsactingon theairshipare resolvedinto
longitudinal,lateral,and rotationcomponents,andthe amountby _Ich eachset is
unbalancedis equatedto the accelerationmultipliedby the apparentmass {orap-
parentmomentof inertia).
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_ The typicalsmall-displacementlinearizationsof aerodynamicsare thenassumed,i.e.,
?_ thattransverseand rotarycomponentsare independentand theircoefficientsare
/_" directlyproportionalto angleof attack,angularvelocity,etc. Bothlocalaerody- i
4 namicforcesand integratedaerodynamicstabilityderivativesare_,asedon a modifi-

cationof slender-bodytheoryappliedto theapparentcross-sectiordistribution
(i.e.,includingadded-masseffects)takingas the basearea the apparentcross-sec-

_T.... tionof hull-plus-finsat the trailingedge. The equationscan thenbe put intoa
_,. dimensionlessformsuitedto numericalsolution,for any givenairshipformand gust
_._. assumption.

As partof thedeterminationof the equationsof motion,thelocalaerodynamicloads
., are found;these,togetherwith the inertialreactionsof the distributedairship
_ mass,are treatedas loadson a freebeam,integratedto obtainshears,and againto _

find thebendingmomentcurveof the beam. Thistheoryyields,for selectedstations
alongthe airshipbeam,a historyof thebendingmomentat thatstationas a func-

)_ tionof thepositionof theairshipwith respectto penetrationof the gust. The
envelopeof the maximaof the momentsat thesevariousstationswouldthenbe the
designbendingmomentcriterionwe seek,if the theorywere completeand exact.

_. Otherinformationobtainablefrom the theoryincludesthe envelopeof shearmaxima, '
the lateraland angularpositionsof the airshipand the derivativesof thesequan-
tities,and the localangleof attackand transverseaccelerationat the fin center

_, of pressure.

Reference4 alsoderivestransferfunctionsfor the airshipresponsesand loads
_. which,appliedto an assumedor empiricalrandomgustspectrum,yieldRMS valuesof
•_ _ thedisplacements,velocities,accelerations,shears,moments,etc.
,t_

'_" The theoreticalcalculationsjustoutlinedwerecarriedout for an airshipapproxi-
_ matingto the ZPG-2Wclassof million-cubic-footnonrigids.It was foundthatCm is
_ directlyproportionalto Wo/V_, the ratioof peakgustvelocityto forwardvelocity.

The historyof momentat any (tationis dependenton the ratioof the gustdevelop-
_, ment lengthto the lengthof the airship,and peaksfor a ratioof I/2,althoughthis
_" maximumdoesnot varygreatlybetweenI/4and 3/4. Reference4 onlycalculatesthe
_,: caseof zerorudderangle.
!"' Cm
_ The full-linecurvein Figure2 is the envelopeof peakvaluesof _ for the
_,_. exampleairship. Wo/Vo

DGAIEXPERIMENTALPROGRAM

The DGAItest_measuredthemotionsand resultantstresseswhichoccurwhenan _ir-
shipmovesfreelyunderthe influenceof gusts, Thesetestsweremadewithse _.

' propelledmodelsin a watertank,a transversecurrentof controlledvelocitypro-
filesimulatingthe gust. The gust profileapproximateda one-minus-cosinetransi-
tionove-a scalelengthof 400 feet,followedby a steadyregionat the fulltrans-

" versevelocityW_. Modeldimensions,and momentsof inertiaaboutall threeaxes,
werescaleddirectlyfro_ theAkron.

The experimentsreportedin Referencel weremadewith "MarkII"controlswr_aces,
• scaleddirectlyfrom thoseactuallyusedon the Akron. Laterexperiments=,_ used

othersizesand shapesof surfaces. Exceptin one casethe maximumgustmoments
measuredwith theseothersurfacesall fellwithinthe envelopeestablishedby the
MarkII surfaces The exceptionalfinswereof veryhighaspectratio(forairship

•. fins)and placedveryfar aft;theirhighmomentvalueswere only_lightlyabove
theMark 11 envelopeoverthe rearquarterof themodel,andwill be ignoredfor our

" simple designrule-of-thumb.
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_'_i In additionto the measurementsof 6:1 finenessratio,a few resultsare availableon
_ a modelof equaldisplacementand similarprofile,scaledto a 4:1 finenessratio.

COMPARISONAND RECONCILIATION

z The resultsof thewatertunnelexperimentsare plottedin Figure2. The zero-
rudderbendingmomentsfor the 4:1modelare shownas crosses,andthosefor the 6:1

,I modelwithMark II finsas circles. The smalldotsare momentson the 6:1 model
_ when the rudderwas not at zero,or was changing,duringthe test. Also plottedin /
, thisfigureis themomentenvelopeof Calligerosand McDavitt'sexampleairship,
: alsowith rudderfixedat zero.

Severalobservationscan be made. First,thereis goodagreementbetweenthemea-
i suredcoefficientsfor the 4:1modeland the theoreticalcurvefor the nonrigid.
: Second,althoughthe envelopeof momentsoverthe forebodiesis virtuallyth_ same
i

_I forall threeairships,the coefficientsoverthe afterbodiesare markedlyhigherforthe tworigidairships'modelsin comparisonwith the theory. Furthermore,this

differenceis moremarkedfor the 6:1modelthanthe 4:1 model. Third,use of rud- Idersduringthegust encounteris seento increasenegligiblythe envelopeover the i '
forwardtwo-thirdsof the ship,and in factmay greatlyreducethe momentsover this

'i partof theship. Onlyjust forwardof the finsdoesthe use of the ruddersin- {
creasethemomentsignificantly,by up to 40 percent. On the otherhand,reduc-
tionsof as muchas 50 per centmay alsoresultevenat thisfar-aftstation.

_ The agreementbetweentheoryand experimentincreasesconfidencein both,but it is
stillnecessaryto explainthediscrepancies.Threefactorssuggestthemselves:
inadequaciesof theory,differencesbetweennonrigidand rigidairships,and dif-

; I ferencesin th_ assumedgustshapes.
I

_ ! Th_ approximationsmentionedin discussingthe theoryare,of course,inadequacies.
i The smalldisplacementlinearizationof the equationsis significantlyin error,

_;,_I becausethedisplacementsare not smalland theaerodynamiccoefficientsare not
• constant;the rotaryderivatives,for example,havebeen shownto havea strongde-
_' pendenceof angleof attack." The use of modifiedslender-bodytheory,althougha
: goodapproximationfor obtainingthe airshipmotions,is quiteincapableof express-

ing thegenerationof distributedliftoverthe afterbodyand the downwashof the
hullupon theempennage,i.e.,the localdynamicloading in the area wheretheory
differsmost fromexperiment.

The onlynotabledifferencebetweenthe theoreticalnonrigidand the rigidmodelsis
in massdistribution,whichin the nonrigidis highlypeakedin the vicinityof the
centerof buoyancy.Thismightmake the nonrigidmore quickto respondin pitchand
thusaccelerateawayfrom thegustmore rapidly,beforethe finswere in the trans-
verseflow. However,the differencein termsof the ratioof radiusof gyrationto
lengthis onlyabouttenper centbetweennonrigidand the 6:1model,so thiseffect
is probablynot a majorone.

A thirdexplanationof the envelopedifferencesis foundin the gust forms. The
theoreticalcalculationassumesa full-cyclel-cosineprofile,whiletheprofile

iL actuallyachievedin thewatertankapproximateda half-cycle;bothwere about
equallyproportionedto ship length. Thus,when the theoreticalairshiphad pene-
trateda full shiplengthfromthe entryto the gust,its lateralvelocityhad al-

l mostpeakedand was rapidlydampedout thereafter,while therigidmodelsat the
samestagehadnot yet achievedtheirfinallateralvelocity,but were stillac-

: celeratingin a cross-flow.Thiswouldcausethe sameaerodynamicloadingon the
t rigidmodelsas in nonequilibriumpitchedflight,resultingin a bendingmomentin

the samesenseas the transientmomentcauseby the gust.
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> Thesephysicalargumentsgivequalitativeassurance,at least,thatthesignof the
differencebetweentheoryand experimentis correct.On thesebases,a safeenvel-
ope for gustbendingmomentcoefficients,in termsof Cm/Wo/Vo, will be boundedby
straightlinesstartingat 0 at the noseof the airship,increasingto 0.065at 0.3

_._ length,thento O.lOat 0.5 length,constantto 0.65 length,and thendecreasing
_L linearlyto 0 at the stern.

_ EXAMPLES

In orderto comparethe gustbendingmomentwithotherhullbendingmoments it is)

necessaryto adoptsomedefinitevaluefor themaximumgustvelocity.The DGAIsum-
\ maryreport,consideringall availablepublisheddataon gustinessas well as fresh
_ informationobtainedby DGAI,concluded:"It is suggestedthat35 ft/seccrosswind

shouldbe consideredas a maximumvaluewhichmightoccurin weatherconditionswhose
severityis not necessarilyrecognizedevenby a skilledpilot." More recentdata

: do not seemto _equiremuch change.L_._
_ The remainingtwo figuresplotsomeexamplesof the bendingmomentenvelopederived
_,.,-' hereagainstvariousmeasuredor calculatedairshipaerodynamicmoments. Figure3
_ groupsa numberof suchresultsfor the U.S.S.Shenandoah,t_,whichfairlyexten-
_ sivedataare availablein the literature.The Shenandoah'stop speedwas gl ft/sec,

whichwith35 ft/secmaximumgustvelocitygives_o/Vo equalto 0.385,so the peak
)f themomentcoefficientenvelopeis 0.0385. At an altitudewhereatmosphericden-

_ sityis 0.002lslugs/cubicft, the correspondingbendingmomentis 3,950,000Ib-ft.

_" CurveL is a dynamicliftcase,takenfromBurgess'AirshipDesign.8 It resultsina
_ about50 per cent greatermomentsthanwere actuallyevercontemplatedin the Shen-
; andoahdesign,g CurveA representsa modificationof L, followinga suggestion-_--
_ _inlO that themaximumbendingenvelopecouldbe derivedfrom thatfor maximum
_; dynamicliftby multiplyingby a loadfactorincreasingellipticallyfroml at mid-

lengthto 3 at the ends. CurveC representscirclingflightat fullspeedat a._: radiusof 3,000feet,basedon curvedmodeltests. CurveR is for suddenrudder
reversal,basedon a controlsurfacenormal-forcecoefficientof 0.4,whichis
probablyas muchas can be obtainedby deliberatemaneuvers.The curvelabeledN

_ is a rule-of-thumbdue to Naatzllthatthe maximumvalueof Cm is approximately
Y O.Ol;presumablythiswillfalloff to zeroat the endsaccordingto somecurvesuch
_: as shown. CurveG resultsfrom a Goodyearreport12 whichstatesthatgust loads"for

conventionalairships"havelongbeencalculate_by usingan effectiveangleof
attackof twicethe arc tangentof Wo/Vo, on the basisof two exceptionalmeasure-
mentsof such highanglesin the DGAIwatertanktests. CurveX is thatcalculated
by Burgessg as possiblycorrespondingto the conditionswhichbroketheShenandoah's
hullat Frame!(5. PointLW representsa maximum-powerturningmomenton a theory
due to Lewitt._j PointB is an actualmeasurementby BurgesswhiletheShenandoah
was flyingoverthe Allegheniesin roughweather.g

Figure4 collectstogetherdataon fourairships,togetherwith theirbendingmo-
ment criteriaas derivedhere. PointslabeledLA-T,LA-R (whichare indistlnguish-

_ able)and LA-Gare,respectively,momentsmeasuredon the Los Angelesin steady
turning,suddenrudderreversal,and flightthroughgustyweather.(14) PointRSrl

: is a measuredmomentat the midpointof the keelof the U.S.ArmysemirigidRS-I,16
_. whenencounteringa gustwhichcausedpitchingthrough+_25°. A curveis presented

formomentsdue to _udderreversalcalculatedby Schwenglerfor a 7,000,000vublc
footpaperdesign.m_ Finally,the designbendingmomentcurvefor theAkronm is
shown,the Gnlyone whichanywhereexceedsthe proposedmomentcriterlon.

The weightwhichoughtto be givento theseexamplesdifferswidelyin the various
cases. However,ti_efactthatvirtuallyall 11e completelywithinthegustmoment

_, criterionderivedhe_e,and thatthemost severeof the examplesapproachrather
closelythatcriterion,doesgive somecredibilityto the contentionthatthe simple
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d,,

_" envelopegivenis a usefulrule-of-thumbfor determiningthe preliminarylongitudi- ,
:.:_ nal strengthrequirementsof new airshipdesigns• i." •

I
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