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COMPARISONCiFEXPERIMENTALAND THEORETICALZERO-L~T

WAVX-DRAGRESULTSFORVARIOUSWING-BODY-TAIL

COMBINATIONSATMACHNUMBERSUP ‘K)1.9

By RobertB. Petersen

SUMMARY

Comparisonssremadeof experimentalandtheoreticalzero-liftwave
dragforseveralnoseshapes,wing-bodycombinations,andmcxklsof
currentairplanesatMachnumbersup to 1.9. Theexperimentaldatawere
obtainedfromtestsintheAmes6-by 6-footsupersonicwindtunnelad
attheNACAWallopsIslandfacility.‘Ilktheoreticaldragwasfoundby

h useofa linesrtheoryutilizingmodelmea distributions.

Theagreementbetweentheoreticalsndexperimentalzero-liftwave-
● dragcoefficientswasgenerallyverygood,especiallyfora fuselageor

forfuselage-wingcombinationsthatwereverticallysymmetrical.For
othermodelsthathadrapidchangesinbodyshapeand/orwerenotverti-
callysymmetrical,theagreementoftheory
fairtopoor,dependingontheseverityof

INTRODUCTION

Inreference1 a methodwassuggested
wavedragofwing-bcdycotiinationsmoving

withexperimentrangedfrom
thechangein shape.

forestimatingthezero-lift
at supersonicspeeds.The

mechanicsofapplyingthismethodweredevelopedinreferences2 snd3.
Thesereferencesslsopresentedsomecomparisonsbetweenexpertientand
theoryat speedsnearthespeedof sound.Theinvestigationreported
hereinwasundertakentoprovidesimilarc~arisonsforothermcdels,
namelyseveralnoseshapes,wing-bodyconibinations,andcurrentairplanes,
forMachnwibersup to1.9. A concurrentstudyreportedinreference4

. providesfurthercomparisonsbetweenexperimentandtheoryfornoseshapes,
wings,andwing-bodyconibinations.Suchcomparisonsindicatesomeofthe
limitationsofthistheoryinpredictingthezero-liftwavedragofa

8 systemofwingsandbodiestravelingat supersonicspeeds.
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SYMBOLS

dimensionlesscoefficientsdefiningthemagnitudeoftheharmonics
oftheFouriersineseries

zero-liftdragcoefficient,zero-liftdrsg
!lSD

averageskin-frictioncoefficient,av==e ‘kin-friction‘i%
q(wettedsrea)

zero-liftwavedrag,5ero-liftwavedrag
q%

lengthof equivalentbody

free-stresmMachnumber

numberoftermsorhsrmonicsusedintheFouriersineseries

a harmonicoftheFouriersineseries

free-streamdynsmicpressure

Reynoldsnuuiier

projectionofareainobliquecutting-planesontoa planeparallel
to the yz plane

firstderivativeof S withrespectto x

secondderivativeof S withrespect-tox

areauponwhichdragcoefficientsarebased(seetableI)

free-stresmvelocity

Csrtesiancoordinates
(Originisatnoseandpositivex,y,z directionsareresrwsrd
andpsmill.eltobodysxis,stm?board,andupwards,respectively.)

anglebetweenthepositivez sxisandtheintersectionofa
planetangentto theMachconewiththe yz plane(positive
anglescounterclockwisefrompositivez axislookingupstream)

Machangle,arcsin~

massdensityofair

-—
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—
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if anglebetweenthe
obliquecutting
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positivey axisandtheintersectionofthe
plsneswiththe xy plane,arctsm(cotv cos0)

(positivesnglesclockwisefrom y sxislookingdown)

MODELSANDTEST

Theconfigurationsstudiedinthepresentreportweretwonoseshapes,
severalbtiies,wing-bodycotiinations,andcurrentairplanesandareshown
infigure1. Thenormalcross-sectionalareadistributions,modifiedwhere
necessarytoprducezeroslopeat thenoseandthetail,areshownin
figure2. Thismodtiicationisrequiredby thetheoryusedhereinand
willbe discussedat a laterpointinthisreport.

Thenoseshapes,modelsA andB,werepartsof completemodelsfired
fromtheheliumgunat theNACAPilotlessResearchStation,WallopsIsland,
Virginia.Thecompletemodelsconsistedof thenoseshapehavinga fine-
nessratioof 3 to1 andsm sfterbdywhichwasidenticalineachcase.
Thesfterbodycompriseda cyltidricalsectionoffinenessratio4 to 1
followedbya conicalsectionoffinenessratio5 to1. Threefinswere
mountedonthesftendoftheconicalsection.

ThedragforcesformodelsA andB wereobtainedfromthedeceleration
historyofthemalelas ittraveledalonga ballistictrajectory.Thedata
wereobtainedfora rangeofMachnumbersfrom0.8to1.25forReynolds
numbersbetween5.3and10millionperfoot. Thedragcoefficients
presentedhereinsrebasedonthemaximumcross-sectionalareaofthebody
(tableI) andwereestimatedtobe accurateto *0.008.

ModelsC toI showninfigure1 wereinvestigatedintheAmes6-by
6-footsupersonicwindtumnel.ModelsC andD hadthesamedistribution
of cross-sectionalareaad differedonlyintheshapeofthecrosssec-
tion,modelC havingcircularcrosssectionsandmodelD havingcross
sectionsmorenearlyrectangular.ModelsF andI hadprotuberanceson
thesideofthefuselagewhichapproximatedthefuselageshapewithducts
havinginletsfairedclosed.OnmodelsG andH theairinletswereopen.
Themodelsweresting-mountedinthewindtunnelandtheforceswere
measuredwithan internalelectricalstrain-gagebalsmce.

Thedataformdels C toI wereobtainedatMachnumbersbetween
0.60and0.93andbetween1.20and1.90. TheReynoldsnumberwas3 million
perfootformodelsC,D,E, F andH, 1.5millionperfootformcdelG,
and4 millionperfootformodelsE lesswingandI. Thedragcoeffici~ts
presentedhereinforthesemodelswerebasedon snassumedwingareafor
modelsC s.ndD andthetotalwingsreaformdels F through1. Thedrag
coefficientshavebeencorrectedformodelbasepressureCb%gby adjusting
thepressureoverthebaseto correspondto thefree-streamstatic-pressure
curve.Thedragcoefficientsareconsideredtobe accurateto K).0005.

CONFIDENTIAL
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Reference1 relatesthezero-liftwavedragofa configuration,
composedofwingsandbodies,travelingat a supersonicspeedtothe
averagedragofa certaingroupofequivalentbodiesofrevolution, The
determinationof theareadistributionoftheequivalentbodiesofrevo-
lut~onisdiscussedintheAppendix.It sufficestosayherethatthe
areadistributionforeachequivalentbodyisrelatedtothatofthered.
systemofwingsandbodiesby so-calledcuttingplaneswhichareinclined
at theMachangletoanda rollsingleaboutthelongitudinalor x axis
ofthesystem.Thegroupofequivalentbodiesofrevolutionocomprises
allsuchbodiesforrollanglesofthecuttingplanesfromO to 360°.

Thedragforeachoftheequivalentbodiesofrevolutioncanbe
&&~s formulaforthewavedragofa slenderbdycomputedfromvonK

ofrevolution, --

2fz’2J1/2

“(e)‘% -Z,2 -Z,2 “’(x)s’’(x’)lOg(x-xl)tibl

Thisequationcanbe simplifiedto

●

✌✍
✎✍

—
.

—

u

when S1(X)isexpandedina Fouriersineseries(seeref.5). Topermit
theexpsnsionof S!(x)ina Fouriersineseries,itisnecessarythat .
thevalueof S!(x)be zeroatthenoseandtailoftheb~y. Thetotal
dragof thewing-bodysystemisthenfoundfrom

f

2fi
D=* D’(c)de

o

Thisequationcanbe furthersimplifiedto

r.3’c/2D;=- Dt(e)de
--d-fi2

/

forwing-body.systemswhichhavea verticalplaneof symmetry.

—
*

“
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Theareadistributionsfortheconfigurationsstudiedhereinwere
foundby a graphical.procedurewhichisexplainedinsomedetailinthe
Appendix.Fivesreadistributionsfordifferentrollanglesbetween
-Ye/2andti/2weredeterminedforalloftheconfigurationsinvestigated
hereinexceptforthosemodelswhichwerebodiesofrevolution.A typi-
calgroupof suchareadistributionsas obtainedfromtheareasinter-
sectedby a seriesof cuttingplanesat.aMachangleof 41.80‘(M= 1.5)
isshowninfigure3(a)formodelF lesstail.FormodelsG andH the
areadistributionsfoundby themethodsgivenintheAppendixweremodi-
fiedtotakeaccountofthesreaof theducts.Themodificationconsisted
insubtractingfromthetotalarea.distributiontheareaoftheductwhich
wastakenasa straight-linevariationfromtheinletareatotheexit
area. Thetreatmentoftheductareainthisfashionsimulatesa mass-flow
ratioof1 throughtheduct(seeref.3).

Aftertheareadistributionswerefoundfortheequivalentbodiesof
revolution,thecoefficients% intheFouriersineseriesexpressing

I
St(x)weredetermined.Thequantity Wn2 wasthencalculatedad

plottedwithrespecttorollangleas showninfigure3(b). Theaverage

vslueof
I
tin2 forinsertioninthedrsgequationswasthenfound

graphicallyfromsuchplots.

It isnotedthata smoothcurvehasbeendrawnthroughthefivepoints
infigure’3(b)correspondingtothefiveequivalentbodiesofrevolution
whichwereevaluated.However,forthosevaluesof e inwhichthe
cuttingplanesareparallelto a roundleadingor trailingedgeofa wing
ortailthereisa suddenchangeinareadistributionat thevalueof x
wheretheplsneintersectstheedgeofthewingortail,therebyprducing

I
an itiiniteslope,ST(X),andtherefore,an infinitevalueof %2.

Thelinesrtheoryusedhereinwouldno longerbe validundersuchcircw-
stancessinceitwouldindicatean infinitewavedrag. Sinceexperimental
resultshaveindicatedno largevaluesofdragwhichwouldbe associated

I
withtheseinfinitevaluesof tin2 inthetheoretical.calculations,

no attempthasbeenmadeinthisreporttodefinesuchvaluesintheplots

I
suchasfigure3(b).Furthermore,intheevaluationof nAn2 only24

or 25 An termswereusedintheFouriersineseriesdefinings’(x).

CONFIDENTIAL
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Theareadistributionsforthefiverollangles,# # andO,and*> 49
hencethedrag,wereobtainedatMachnumbersof1.0,1.4,smd1.8for
modelsA andB andatMachnumbersof1.0,1.5,smd1.9formodelsC toI.
FormodelsA, B, andE thecoefficientsAn weredeterminedby expanding
theslopeofthesreadistributionina Fourierseriesusingharmonic
analysisas inreference2. Fortheothermodels,thecoefficients&
werefoundby sn improvedmethod(ref.3) inwhichTchebichefpolynomials
aresubstitutedintotheequationsdefiningthecoefficientsoftheFourier
series.

.

CALCULATIONOFEXPERIMENTALWAVEDRAG

ModelsA andB

Theexperimentalzero-liftdragcoefficients(CD)formodelsA andB
whicharepresentedinreference6 areshowninfigur~s4(a)and5(a).
As describedinreference6,thezero-liftwavedragforeachofthenose

.-

sections(figs.4(b)and~(b))wasobtainedby-subtractingfromthezero-
liftdragdataofthenose-afterbody-fincombinationthefrictiondrag

=

ofthecombination,thewavedragof thesfterbodyandfins,andthebase
pressuredrag.Thefrictiondragofthecombinationwasestimatedby a
methodofVanDriestinwhichtheboundary-layerflowisassumedtobe

.

completelyturbulent,anassumptionconsideredinreference6 tobe
—

valid. Thebasepressuredragandthewavedia~oftheafterbodyandfins u“
weredeterminedfromthedifferencebetweenthebasepressureandwave
dragofan identicalafterbodyandfinincombinationwitha cone-shaped
noseandthewavedragofthecone-shapednose-aloneas determined
theoretically.It isassumedindeterminingthebasepressureandwave G
draginthismannerthatthepressurefieldsofvariousnoseshapesdo
notsignificantlyaffectthepressuredragoftheafterbodyandfins.
Thisassumptionappearsjustifiablesincetheforwardportionofthe
afterbodyisa fineness-ratio-lcylinder.

ModelsC ThroughI _. .—

Theexperimentalzero-liftdragformodels’”CthroughI areshownin - ~~. _
figures6 through16. Thezero-liftwavedragcoefficientformostof
thesemodelswasobtainedby subtractingtheestimatedfrictiondragfrom
themeasuredzero-liftdragcoefficient.

Generally,in thepastthezero-liftwavedraghasbeenfoundby >
subtractingthezero-liftdragat subsonicspeeds,usuallyconsideredto
be thefrictiondrag,fromthetotalzero-liftdragat supersonicspeeds.
Thismethodineffectassumesthatthefrictiondragisindependentof G

CONFIDENTIAL
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ofMachnumber,an
theentiresurface
lent,however,and

CONI’IDENTCKL 7

assumptionessentiallyvalidiftheboundarylayeron
islsalinsr.A portionofthebounderylayeristurbu-
theresultsofreference7 showthatthefrictiondrag

coefficientfora turbulentboundsrylayervsrieswithMachnumber.In
thepresentcalculations,therefore,thatportionof thezero-liftdrag
at supersonicspeedsconsideredtoresultfroma turbulentboundary-layer
flowwascorrectedfortheeffectsofMachnumberaccordingto thefactor
presentedinreference7. Themagnitudeof theexperimentalskin-friction
dragcoefficientresultingfromtheturbulentboundary-layerflowwasesti-
matedfroma comparisonoftheexperimentalzero-liftdragat 0.8Mach
numberandcalculatedvaluesoftheskin-frictionbag forcompletely
laminarandcompletelyturbulentboundary-layerflow. Thefollowing
equationgivestheestimatedvaluefortheskin-frictiondragcoefficient
onthemodelat snyMachnumber.

E -LC~=nT Cl?
CFM=O.s

Mostof thesymbolsinthisequationcan
ingillustration.

+T-EL
T-L

bestbe describedinthefoQow-

CDO

.. -

Entirebaudary
layerturbulent I

dh I
I Zero-lift dragI
I
I

T
:E,

Entireboundary I
layerIaminar I

4 I I
LI I

v Y I 1 Y 1‘ I
o -fReferenceMach Lo 20

number(M=O.8)
M

Theratio * isthefrictiondragcoefficientat someMachnumber
‘M=o.a

to thefrictiondragcoefficientat a Machnumberof 0.8fora modelwhere

CONFIDENTCAL
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allitsareaisinturbulentflow(seeref.
iftheboundsry-layer-transitionpointdoes
whichistheassumptionmalein thisreport.

NACARMA56107-
.

7). Theequationisvalid
notchangewithMachnumber, *

Theskin-frictiondragfora modelwascomputedby estimatingthe
dragofeachmodelcomponentandthenaddingthedragofallthetom- –
ponentstogether.Theskin-frictiondragofthebodyinwhichtheentire
boundarylayeristurbulentwasfoundby usingtheresultsoffigure15
inreference7. Theskin-frictiondragcoefficientforfullylsminar
flowwasfoundfromtheequation~ = 1.33/@ asderivedinrefer-
ence8. Asmentionedpreviously,theslightvariationiu ~ withMach
numberwasneglectedforthelaminarcase.TheReynoldsnumberusedin
calculationsforbothtypesofboundary-layerYlowwasbasedonthe
over-alllengthforthebodyendonthemeanaerodynamicchordfora wing
ortailsurface.

ThedragdataformodelsF, G, G lesstail,andH (figs.10,13,14,
and15)containdragcausedby sourcesotherthanfrictionwhichmustbe
consideredin calculatingthezero-liftwavedrag. Thedragduetolift
ofthehorizontaltailofmodelF wasestimatedfromtail-onandtail-off
dataofthemodeltobe approximately0.0003at subsonicspeedssmdabout”
0.0013at supersonicspeeds,andthesevaluesWereusedinca.1-c~ating
thewavedragforthatmodel.ThewingofmodelG iscambered,resulting
inan incrementofdragat zeroliftwhichwasestimatedfrom6-by 6-foot
supersonicwindtunneldataforwingsof similarplanformwithsndwith-
outcambertobe about0.0017at subsonicspeedsandabout0.0023at
supersonicspeeds.Thisdragdueto camberanden sihlitionaldragdue
toliftofvariouscomponentsweretakenintoaccountinthecalculations
ofthewavedrag. In computingthewavedragformodelsG andH the
internaldragoftheductshasbeensubtracted.

RESULTSANDDISCUSSION

A comparisonofthe”theoreticalzero-liftwavedragandtheexperi-
mentaldataformodelsconsideredhereinarepresentedinfigures4
through16 inclusive.As mightbe expectedforthersmgeofMachnumbers
andmodelsconsidered,theagreementrsngedfr.gyppoortoverygod. In
general,agreementwaspoorat trsnsonicspeedsasevidencedby theresults
formodelsA andB infigures4 and5. Thislackofagreementisas
expectedbecausethetheoryusedhereinisa lineartheorywhichshows
thetransonicdragriseasa stepat M = 1.0,anditiswell-knOWnthat
experimentdoesnotshowthisstep.

Ingeneral.,theagreementbetweenexperimentalandcalculatedvalues
of zero-liftwavedragforMachnumbersaboveapproximately1.2wasvery
goodforverticallysymmetricalfuselagesaloneorwiththinsymmetrical
wingsmountedonthem:Forexsmple,thecomparisonofdataformcilelsA,

+.

——

.

.-
i“

—

-.

.
.-

!.
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.

B, C,E,E lesswing,andF lesstail(figs.4,5, 6, 8, 9, and11),gener-
allyshowsverygoodagreement.However,withinthisgroupofmodels
havingverticallysymmetricalfuselagestherewereseveralcasesinwhich
theagreementwaspoor,nsmely theresultsformcdelF lessthewing,tail,
andductfairingprotuberances(fig.12)atmostof theMachnumbers,and
formcdelE (fig.8)andmodelF lessthetail(fig.11)at a Machnumber
of1.9. In thecaseofmcdelF lessthewing,tail,andductfatiings,
thediscrepancybetweenexperimentandtheoryhasnotbeenexplained.
In thecaseof thediscrepsmciesat M = 1.9,thereareindicationsthat
thedatamaybe faulty.Itwillbe notedthatforsomeofthemodelsthe
experimentalvaluesof ho at M = 1.9areconsiderablyabovethevalues
at thelowersupersonicMachnumbers.McdelsE andF lesstailarevery
dissimilarsothatonewouldnotsuspecta configurationcharacteristic
tobe responsiblefortherisein ~ at a Machnumberof1.9. However,
bothsetsofresultswereobtainedin”theAmes6- by 6-footwindtunnel
whereinseverepressuredisturbancessrelmowntoexistintheemptytest
sectionata Machnumberof1.9. Suchpressuredisturbancesmaybe
responsiblefortheapparentlyfaultyexperimentaldataat thismathnumber.

Twosourcesofdisagreementof thetheoreticalzero-liftwavedrag
withexperimentaldatanotedforthemodelsconsideredarebelievedto
be a lackofverticalsymmetryand/ora rapidvariationof shape.For
mcdelsC andD, whichhadthesameareadistributioninplanesperpendicu-
lartoa bodysxis,therewasgod agreementformciielC butpooreragree-
mentformodelD. Thisisattributedto thefactthatmcdelD didnot
haveverticalsymnetry.ModelI, inadditiontolackof vertical symmetry,
hadthemostrapidvariationof shapeofsayof themcdelsconsideredsnd
showedverypooragreement.A probableexplanationof thelackof agree-
mentformodelsD andI is suggestedby reference9. Lomaxshowsinthis
reportthatwhentheshapeofthebodyis suchto causea nonsymnetrical
pressuredistributionand,hence,a resultantpressureforceintheplanes
of someoftheobliqueareacuts,thenthetheoreticalzero-liftwavedrag
isdifferentfromthatcalculatedby themethodusedherein.

A comparisonoftheoreticalandexperimental~. formodelsF
andG showsagreementwhichisnotasgoodas thecomparisonforthese
modelswithoutthetail. It isnotedthattheremovalof thehighvertical
tailofmedelG actuallyincreasestheestimatedvalueof A% at the
highesttestMachnumber.Thisincreasecanbe attributedto ?hefact
thatthelengthoftheequivalentbdy ofrevolutionat a rollsingle(G)
of -fi/2isshorterandhencetheareadistributionismorebluntnear
theaftendformcdelG lesstailthanforthecompletemodel.As
expected,thetheorypredictsa higherwavedragforthisbluntbdy
thanforthelessbluntbodyrepresentingtheconfigurationwiththe
verticaltail.

.
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*.

CONCLUSIONS
.

A comparisonofthetheoreticalzero-liftwavedragandtheexperim-
ental dataforseveralaerodynamicbodiesindicatesthefollowing
generalconclusions:

1. Theagreementoftheorywithexperimentwaspoorneartransonic
Machnumbers.Thislackofagreementarisesbecausethelineartheory
usedpredictsa steyat a Machnumberof1.0whichisnotcharacteristic
ofexperimentaldata.

2. Theagreementabovetransonicspeedswasverygoodforvertically
symmetricalfuselagesaloneor incombinationwitha symmetricalwing.

3* Theagreementabovetransonicspeedsfortwofuselageswithsimi-
larareadistributionsshowedpooreragreementfortheonewhichdidnot

,.

haveverticalsymmetry.

k. Theagreementabovetransonicspeedsfora modelwitha rapid
andnonsymnetricalchangeinshapewasverypoor.

AmesAeronauticalLaboratory
NationalAdvisoryComnitteeforAeronautics

MoffettField,Calif.,Sept.7,1956

0-

U
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DETERMINATIONOFAREADISTRIBUTIONSCl!?

EQUIVALENTBODIESOFREVOLUTION

APPENDIX

Accordingto thetheoryusedinthisreport,thezero-liftwavedrag
ofa particularaerodynamicconfigurationisdependentupontheareadis-
tributionof a seriesofbodies,eachofwhichisrelatedtothegeometry
of’theconfiguration.Tofindtheperpendicularcross-sectionalarea
distributionof oneof theseIxxiies,imaginetheconfigurationwith
a seriesofMachplanesspacedalongitslengthandat thessmerollangle
wound the x axiswithrespectto its z axis.EachMachplsmeslicing
throughtheconfigurationdefinesa certainarea. Thisareaandsimilsr
areasforotherx positionsprojectedontoa planeperpendicularto the
x sxisdefinesthedesiredareadistribution.By repeatingtheabove
processforotherrollanglesbetween0°snd360°,oneobtainsthedesired
areadistributionsofa seriesof equivalentbodies.

Areadistributionsusedhereinwerefoundby a graphicalprocedure
usingthree-dimensionalgeometry.Althoughothergraphicalmethdsfor
findingtheseareadistributionsareavailable,thepresentmethodiS

. discussedin somedetailto.indicatethedegreeofaccuracyof thearea
distributionsusedherein.

AKEADISTRIBUTIONOFA FUSELAGE

Tofindtheareadistributionswhichdependonlyon thefuselage,
contourmapsareconstructedwhichrepresenttheshapeofthesideofthe
fuselageas observedfroma positionperpendicularto the x sxisandat
snangleof 0 fromthepositivez axis. Theconstructionofa contour
mapisillustratedinfigure17(a).Forthissimpleexamplethefuselage
isa cylinder,synanetricalaboutthe xz plane,anda ro~ angleof 90°
hasbeenselectedfortheviewingposition.As a resultof symmetry,
thecontourmapata rollangleof 270°(e+ l&)O)isthesameasthat
fora rollangleof90°andhenceisnotrequired.To constructthe
contourmap,contourpl=es wereused. Theedgeviewofthesecontour
planeswhichareperpendicularto thelineof sight(parsllelto the xz
planeforthisparticularviewingposition)areshownonthetopviewof
themodel.Thecontourmapshowslineswhichrepresenttheintersection
ofthesecontourplaneswiththebodysurface.Eachoftheselinesisa
constantdistancefromtheverticalplaneof symmetryandthisdistance

. isnotedonthecontourmap. Thelocationofonepointon oneof these
linesisfoundby intersectingtheperipheryofa typical-section,such
asAA infigure17(a)~bya linewhichrePresentsa conto~Pl~eO ~
suchpointsme shownprojectedontothecontourmapat stationx=.

CONFIDENTIAL
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“

Connectingthesepointstothoseofthessmeelevation at nearbystations,
suchas X2,givescontourlineswhichfortheillustrationmodelare
straightsincethebodyhasa constantsection.

w

Afterthecontourmapis constructed,fortherollangleof90°,the
areaintersectedby a Machplaneata rollangleof90°canbe obtained
as infigure17(b).As shown,thelinerepresentingtheedgeviewofthe
Machplaneata rollangleof 90°isdrawnonthecontourmapintersecting
the x axisat thedesiredvalueof x andatenangleof p to the x
axis.At eachpointwherethisMachplsnelineintersectsa contourline,
thedistancefromthefuselagesurfaceto theplanepassingthroughthe
x axisandperpendiculartothelineof sightisknown.Thisdistance
islaidoffperpendicularto thecuttinglineandestablishesonepoint
ontheperipheryofthecut. Connectingthispointandsimilarpoints
forothercontourlinesgivesthedottedlinerepresentingtheareainter-
sectedon onesideofthefuselageby a Machplaneata rollangled’ 90°.
As indicated,theconstructioncanbe doneeitheronthecontourmapor
offsetas insectionCC. In thepresentcasebecauseoftheassumed
symmetry,theaxeacsmbe doubledtogetthetotalareaintersected.
However,inthegenerslcaseitisnecessarytorepeatthisoperationon
thecontourmapfor e + lm” to obtainthetotalintersectedarea. This
areaisthenmultipliedby sinew toobtaintheareaprojectedontothe
plsneperpendicularto the x axis.Theareaintersectedby theMach
planeat a rollangleof G + 180°,inthepresentcase270°,isdetermined
ina fashionsimilartothatdiscussedfora rollangleof90°exceptthat
thecuttinglineisdrawnat ansngleof -~ tothe x axis.Asbefore,
theareaismultipliedby sinev toobtaintheareaprojectedontothe
planeperpendiculartothe x axis.

Useofthecontourmapindeterminingthefuselageareaintersected
by theMachplaneata rollangleof 0*90°,inthepresentcasel&)O
and0°,isillustratedinfigure17(c),Thedottedverticallinesonthe “
contourmaprepresenttheintersectionofMachplsmesat Gk90° andthe
contourplanes.Thelocationoftheseverticallinescanbe determined
eithergraphicallyormathematically.-Todeterminethespacinggraphi-
callya viewofthefuselageat anangle0 - 90°isdrawnas intheupper
partoffigure17(c).Onthisview,linesparalleltothe x axisare
drawnwhichrepresenttheedgeviewofthecontourplanes.Linesrepre-
sentingtheedgeviewoftheMachplanesat roll angles ofboth El- 9cP
and e + 9&are thendrawnthroughtheappropriatevalueof x onthe
x axisandatan angleof +1.Land-y withrespecttothe x sxis.The
intersectionsoftheseMachplaneswiththecontourplanesareprojected
ontothecontourmapgivingtherequiredspacingoftheverticallines
onthecontour map. Thespacingoftheselinescanalsobe readilydeter-
minedmathematicallysincethespacingbetweenthecontourplanesandthe
angleoftheMachplanes,p,exelmown.Dividingthedistancebetween
twocontourplanesby tangentp givesthedesiredx distancebetween
thelinesof intersectionofthecontourplanesandtheMachplane.The
locusofthepointsof intersectionofthecontour lineswiththevertical

k

I.
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linesinthecontourplanesgivestheprojectionoftheareaintheMach
plsneontothecontourplanethroughthe x sxis. In thepresentcase
becauseoffuselagesymetry,thecompleteareacm be obtainedfromthe
singlecontourmapas infigure17(c).However,inthegeneralcaseof
thecutattheroll.sngle(0- 900),thatportionto therightof the
verticallineinthecontourplanethroughthe x sxiswouldhavetobe
obtainedfromthecontourmapoftheoppositesideofthefuselage.For
thecutat therollangle(e+ 90°)theportionontheleftsidewould
havetobe obtainedfromthecontourmapof’theoppositeside.Multiply-
ingthetotalareaby tsmgentv givestheprojectionoftheareaon
theplaneperpendicularto the x axis.

Theexsmplediscussedaboveisa specializedcasewherea contour
mapofa bodysymmetricalaboutthe xz planewasdevelopedfora view-
ingdirectionof 0 = 90°. Duetothemodelsymmetryaboutthe xz plane
itwasshownthatthesreacutby theMachplaneat therollangleof
(e- 90°)isthesameas thatcutby theangle(e+ 90°)when e = 90°.
Thissimilarityintheareacutby twodifferentMachplanescanbe further
explainedby a moregenerslapproach.Forinstance,if thefuselageis
symmetricalabouta planewhichcontainsthe x axisandisat a roll
sngle y aboutthe x sxisfromthepositivez axis,thentheMach
planeson eithersideof theplaneatrollanglesof e md 180°+2Y - e
willhavea commonlineof intersectionintheplaneof symmetryandwill
intersectan equalareaonthefuselage.Hereagain,iftheplaneof
symmetryisthe xz planethen y = O ad themea cutata rollangle
of f3 isthesameas thatfora rold.angleofl~”- EJ.

Nowifa fuselagehasa planeof synmetryitcsmbe shownusbg the
generalrulejustderivedthateightareadistributionsrepresentingeight
differentro~ anglescanbe foundby careftiychoosinga pairof contour
maps. Forexample,assumethattheroll.angleforthecontourplotsis
30°and210°. It isalwayspossiblethen,usingthemethdsdiscussed
previously,tofindtheareadistributionsforrollangles30°,120°,210°,
snd300°.If thefuselageis sgmnetricalaboutthe xz plane,these
sreadistributionsarethesameasthoseatrollangles150°,600,
-30°(330°)and-120°(2400),respectively.

AHEADISTRIBUTIONOFAWING

Thegraphicallayoutforfindingtheareadistributionofa wingis
showninfigure18. Thefirststepinmakingthelayoutisto compute
theordinatesofthewingalongconstant-percent-chordlines.Figure18
showstwoconstsmt-percent-chordlinesandcorrespondinglinesonthewing
surfacerepresentingtheperpendiculardistanceofthewingsurfaceabove
thechordplane.

CONFIDENTIAL
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,
Sincethewingisthin,thecuttingplanescanbe takenperpendicu-

lartothewing-chordplanewithoutintroducinga significanterrorin
area. Thesingle~ atwhichthewingiscutisrelatedtotheroll
angle~, endtotheMachangle,IL,by theequation

$=arctan (cot~cose)

At eachpointwherethiscuttingplaneintersectstheconstant-
percent-chordlinetheordinateofthewingisknown.Thisordinateis
laidoffperpendicularto’thecuttingplane,thusdeterminingonepoint
ontheperipheryofthewingcut. Connectingthepointsfromallthe
constsnt-percent-chordlinesindicatestheuppersurfaceofthewingcut.
Ifthewingissymmetricalthentheintegratedsreabetweenthesurface
sndthelineinthechordplanegiveshalfof,theareaininterestata
particularstation.Thisareamustbe doubledandaddedtotheareaof
a similarcutat -V fortheoppositewingpanel.Thisareaisthen
multipliedby cos~ smdaddedto theareaofthebodyat a station
positionwherethecuttingplme intersectsthereferencebodysxis.

w
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WHICHDRAGCOEFFICIENTSAREEASED

Area,
Model SD,

Sqft

A
I
o.oi226

B 0.01226) Maximumbodycross-sectionalarea

c 1}2.400 Arbitrarywingarea.
D 2.400

E 2.425
F 1.406
G 5.338

1

Grosswingarea.
H 2.730
I 1.626

.
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