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TheLow DensitySupersonic Deceleratorprojectperformedawindtunnelexperiment
onthestructuraldesignandgeometricporosityofvarioussub-scaleparachutesinorder
toinformthedesignofthe110ftnominaldiameterflighttestcanopy. Thirteendifferent
parachuteconfigurations,includingdisk-gap-band,ringsail,disksail,andstarsailcanopies,
weretestedattheNationalFull-scaleAerodynamicsComplex80-by120-foot WindTunnel
atNASAAmesResearchCenter. Canopydragload,dynamicpressure,andcanopyposition
datawererecordedinordertoquantifytherelativedragperformanceandstabilityofthe
variouscanopies. Desirabledesigns wouldyieldincreaseddragabovethedisk-gap-band
withsimilar,orimproved,stabilitycharacteristics. Ringsailparachutes weretestedat
geometricporositiesrangingfrom10%to22% with mostoftheporositytakenfromthe
shoulderregionnearthecanopyskirt. Thedisksailcanopyreplacedtheringslotportion
oftheringsailcanopy withaflatcirculardiskand wastestedatgeometricporosities
rangingfrom9%to19%. Thestarsailcanopyreplacedseveralringsailgores withsolid
goresand wastestedat13%geometricporosity. Twodisksailconfigurationsexhibited
desirablepropertiessuchasanincreaseof6-14%inthetangentialforcecoefficientabove
the DGB withessentiallyequivalentstability. However,thesedataarepresented with
caveatsincludingtheinherentdifferencesbetween windtunnelandflightbehaviorand
qualitativeuncertaintyintheaerodynamiccoefficients.

Nomenclature

Ats cross-sectionalareaofthewindtunneltestsection

Cm pitchingmomentcoefficient

Cmα staticpitchstiffnesscoefficient,∂Cm/∂α

Cmα̇ dynamicpitchdampingcoefficient,∂Cm/∂
α̇D0
2V

CD dragforcecoefficient

CN normalforcecoefficient

CT tangentialforcecoefficient

D0 canopynominaldiameter

Da forebodydiameter

Dp parachuteprojecteddiameter

FT canopyloadtangenttotheriser

g accelerationduetogravity
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Iyy momentofinertiaoftheparachutesystemandapparentmass

k44 apparentinertiacoefficient

kq blockagecorrectionfactor

mp parachutemass(includingcanopyandsuspensionlines)

M momentaboutthepointofrotation

q∞ freestreamdynamicpressure

qc dynamicpressurecorrectedforblockage

qw resultantdynamicpressure(correctedforcanopymotion)

Rcm distancefromthepointofrotationtothesystemcenterofmass

Rcp distancefromthepointofrotationtothecanopycenterofpressure

S0 canopynominalarea

Vc windtunnelvelocitycorrectedforblockage

Vt tangentialvelocityofthecanopy

Vw resultantwindvelocity(correctedforcanopymotion)

V∞ freestreamwindvelocity

αG totalgeometricangle

αT totalangleofattack

∆α changeinangleofattackduetocanopymotion

∆q changeindynamicpressureduetoblockage

φ clockangleofthecanopyprojectedintotheyz-plane

γ anglebetweenthefreestreamwindvectorandthevelocityvectortangenttotheparachute’s

arcofmotion

λG geometricporosity

λT totalporosity

ψ yawEulerangle

ρ∞ freestreamairdensity

θ pitchEulerangle

Ω canopyangularvelocitymagnitude

AoA angleofattack

cm centerofmass

cp centerofpressure

DAS dataacquisitionsystem

DGB disk-gap-band

DS disksail

LDSD LowDensitySupersonicDecelerator

MER MarsExplorationRover

MSL MarsScienceLaboratory

NFAC NationalFull-scaleAerodynamicsComplex

PIA ParachuteIndustryAssociation

PEPP PlanetaryEntryParachuteProgram

RS ringsail

SS starsail

2of24

AmericanInstituteofAeronauticsandAstronautics



I. Introduction

TheLowDensitySupersonicDecelerator(LDSD)projectisdevelopinganewdeceleratorsystemforMarsentrythatincludesaninflatableaerodynamicdeceleratorandanew33.5m(110ft)nominaldiameter
supersonicparachute. Giventhesuccessofthedisk-gap-band(DGB)supersonicparachuteonprevious
missionstothesurfaceof Mars,theonusisonLDSDtoensurethatthenewparachutesystemprovides
measurableimprovementsindragwithequivalentorbetterstabilitythanthatoftheDGBatbothsupersonic
andsubsonicMachnumbers.
Tohelpinformthedesignofthisnewparachute,awindtunneltestprogramwasexecutedusingsub-

scalecanopiesofvariousstructuralconfigurations,geometricporosities,andporositydistributions. Two
DGBcanopiesconstructedfromtwobroadclothmaterialswithdifferentpermeabilitiesweretestedtoobtain
referenceperformancecriteria.Ringsailandtwounique,ringsail-derivativecanopieswithvariousmagnitudes
anddistributionsofgeometricporositywerealsotested. Geometricporositiesoftheringsailandringsail-
derivativecanopiesvariedfromapproximately9%to21%.ThesecanopieswerealsoconstructedfromF-111
nylon,thusthegeometricporositywasessentiallyequaltothetotalporosity.
Thegoalofthiswindtunneltestwastoquantifytherelativedragandstabilitybetweenvariousringsail-

basedcanopiesandcomparetheirperformanceagainsttheDGBperformance.Loadcelldatawerecollected
toquantifythetangentialforce(orientedalongtheparachuteaxisofsymmetry),whichactsasasurrogate
forthedragforce(orientedalongthewindvector)inthisstudy. Dynamicpressuredatawerecollected
bothupstreamanddownstreamofthetestarticletohelpdetermineblockageeffects.Thethree-dimensional
positionofthecanopyventwastrackedwithrespecttothepointofrotationusingstereophotogrammetry.
Thesephotogrammetricdataproducedastatisticaldistributionoftheanglesofattackandallowedfor
correlationofthecanopyloadwiththeangleofattack. Additionally,areverseparameteridentification
methodwasappliedtothephotogrammetricdatatoestimatethestaticanddynamicstabilitycoefficients
andthetrimangleofattackofeachofthecanopies.
Thecanopiesweretestedatrelativelylowfreestreamwindspeeds,approximately15kts(25ft/s)and

25kts(42ft/s),tomaximizethelifetimeofthetestarticles,permitpersonnelinthetestsectionwhile
takingdata,andlimitloadstowithintheloadcell’sacceptablerange. Atthesewindspeeds,significant
oscillationandrelativelyhighangularrateswereobservedforthelowgeometricporosity/highdragcanopies.
Additionalgeometricporositywascreatedbyremovingsailpanelsatstrategiclocationsintheringsailand
disksailcanopies.Increasedgeometricporositygenerallyincreasedstabilityanddecreaseddragperformance,
aswouldbeexpected.However,canopyperformancedifferedslightlyforequivalentmagnitudesofporosity
dependingonthecanopyconfigurationandthedistributionofthegeometricporosity.

II. TestSetupandOperation

A. WindTunnelFacility

TestingwasconductedattheNationalFull-scaleAerodynamicsComplex(NFAC)80-by120-foot Wind
Tunnel(80x120),locatedattheNASAAmesResearchCenter.Thefandrivesystemconsistsofsix,40ft
diameterelectricalfans,eachwithapeakoutputof22,500horsepowerandvariablepitchblades,whichare
capableofgeneratingwindspeedsupto100ktsinthe80x120testsection.Thefandrivesystemandpart
ofthetunnelcircuitaresharedwitha40-by80-foottestsectioninthesamecomplex,whichiscapableof
300knotwindspeeds.TheNFACfacilityisshowninFig.1a,withthe80x120inletandtestsectionseenin
theforeground.ThefandrivesystemisshowninFig.1b.
ThemodelsupportsystemusedforthistestwasnearlyidenticaltothatusedduringtheSpaceShuttle

Orbiterdragparachutetestin1993.1 Theparachutesweresupportedattunnelcenterlinebya40fttall
strutthatwasequippedwithaballjointatitsapex. Afairingwasinstalledaroundthestruttoreduce
flowturbulence.TheSpaceShuttleOrbiterdragchuteloadweldmentandsocketwerereusedforthiswind
tunneltest,althoughslightmodificationsweremadetotheweldmenttoaccommodatetheloadcellanda
counterweight.SincetheLDSDparachutewouldultimatelybeoperatingbehindarelativelylargeblunt
body,anapproximately7ftdiameterforebodysimulatorwasfabricated,mountedontopofthefairing,
andaxiallyalignedwiththestrutball. Thestrut,forebody,andfairingareshowninFig.2withaDGB
parachuteinflight.
TomimictherelativedimensionsoftheLDSDsupersonicflightvehicle,theforebodywasplacedapprox-

imately3ftinfrontofthestrutball.Similarly,a3ftriserandparachuteswivelwereattachedtotheload
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(a)Facilityarielview (b)Fandrivesystem

Figure1:ImagesoftheNFACfacilityandfandrivesystem.
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Figure2:40ftstrutwithfairingandforebodyinthe80x120testsection.

weldmenttoobtainanappropriatelyscaledparachutetrailingdistance. Dimensionsofthemodelsupport
hardwareandtestarticlesareshowninFig.3.

Figure3: Majordimensionsofthemodelsupportsystemandtestarticles. Allindicateddimensionsare
approximateandareapproximately35.2%ofthefull-scaleflightsystem.

B. TestArticles

Fourprimarytypesofcanopiesweretestedduringthiswindtunneltestprogram.Thegeometricporosity
distributionwasthekeydesignparameter,whichdrovetheprimarycanopydesignsandtheirsubsequent
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modifications. Geometricporosity(λG)istheratiooftheopenareaofaparachutecanopytoitsnominal
area.Notethatforaparachute,thenominalareaincludesallofthefabricacreageaswellasanyopenareas
withinthecanopy.Forexample,thegapareainaDGBisincludedinitsnominalareaandtheopenarea
createdbysailfullnessisincludedinthenominalareaofaringsail.Geometricporosityanditscalculation
withrespecttoaringsailcanopyaredescribedfurtherby Witkowskietal.2

DGBcanopiesweretestedinordertoestablishabaselineperformancereferenceandassessthegoodness
oftheothercanopydesignsrelativetothecurrentstate-of-the-art.Theotherthreecanopytypesincluded
atraditionalringsailcanopyandtwouniquedesignsreferredtoasadisksailandastarsail. Theringsail
testarticleswereasub-scaleversionoftheringsailcanopyusedinthehigh-altitudesubsonicparachutetest
conductedbyJPLin2004.3Thedisksailreplaced11ringsaroundtheapexoftheringsailcanopywithaflat
circulardisk.Thegoalofthedisksailwastorecoverthegeometricporosityinthecanopyapextoincrease
drag,movetherecoveredporosityelsewhereinthecanopytoenhancestability,andsimultaneouslymakethe
parachutelighterinweightbyeliminatingaportionoftheringsailstructure.Torecovergeometricporosity
inadifferentway,thestarsailreplaced24ringsailgoreswithsolidgoresinasix-fingerpatternandthesails
inrings17through20wereslightlyshortenedtoincreaseporosityaroundtheshoulderofthecanopy.Each
ofthefourmainparachutestructuralconfigurationsconsideredforthistestaredescribedinTable2.

Table2: Majortestarticlecanopyconfigurations.

CanopyType disk-gap-band ringsail disksail starsail

Image

No.ofGores 40 60 60 60

VentDia.(ft) 2.5 1.5 2.0 2.1

Features
28ftdiaflatdisk,
1.6ftgapheight,
4.7ftbandheight

22rings
11rings,18.1ft
diaflatdisk

24flatcircular
gores,36ringsail
gores,22rings,
28.1ft2gapin
rings17-20

Geometric
Porosity

13% 10% 9% 13%

LDSDselectedacombinationof1.17oz/yd2PIA-C-44378“F-111”nylonand1.9oz/yd2DiamondWeave
nylonasthecandidatebroadclothmaterialsforthesailsandthecrownofthefull-scaleparachute,respec-
tively.Thesematerialshavebeencalendaredtoconsiderablyreducetheirpermeability.Forexample,F-111
nylonhasanominalpermeabilitylessthan5ft3/min/ft2at0.5”H2Opressure(approximately5.2psf)per
itsspecification.However,thesematerialsdifferfromthematerialusedtobuildtheDGBparachutesforthe
MarsExplorationRover(MER),MarsPhoenixScout,andMarsScienceLaboratory(MSL)missions.Those
parachuteswereconstructedfrom1.1oz/yd2MIL-C-7020TypeInylon,whichhasanominalpermeability
lessthan100ft3/min/ft2at0.5”H2Opressureperitsspecification.Low-permeabilitynylonmaterialswere
selectedbyLDSDinsteadofhigh-permeabilityforanumberofreasons.4Inparticular,itwasdemonstrated
thatthematerialpermeabilitycausesasignificantdifferenceintheflightbehaviorofaparachutecanopy
inahigh-density,high-Reynoldsnumberenvironment.5 Additionally,ithasbeenshownthatthemate-
rialpermeabilityhasanegligibleeffectonthetotalporosityofthecanopyinalow-density,low-Reynolds
numberenvironment,effectivelymakingthetotalporosityequaltothegeometricporosity.6 Theuseofa
low-permeabilitybroadclothmaterialcanhelpreduceuncertaintiesintheparachuteperformanceandbehav-
iorbetweenlow-altitudeEarth-based(high-densityatmosphere)parachutetestingandtheparachuteflight
atMars(low-densityatmosphere).Assuch,allofthecanopiesinthistestprogramwereconstructedfrom
F-111nylonunlessotherwisestated.
Eachofthetestarticlesmeasured11.8m(38.7ft)nominaldiameterandutilized65.8ftlong(1.7D0)
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suspensionlines.Thetestarticleswereapproximately35.2%offull-scale,assuminga33.5m(110ft)nominal
diameterfull-scalecanopy(excludingtheDGBcanopies).Thetestarticlesizewasselectedbecausethefull-
scale MarsPhoenixDGBmeasured38.7ftnominaldiameterandwasimmediatelyavailablefortesting.
ThisallowedtheLDSDparachuteperformancetobedirectlycomparedagainstaDGBcanopythatwas
knowntohaveperformedwellinaMarsflightenvironment.Additionally,a38.7ftnominaldiametercanopy
permittedapproximately±20◦offreedomintheverticalplaneand±30◦offreedominthehorizontalplane
ofthetestsection.Theseanglelimitationswereassumedtobesufficientlylargegivenhistoricallymeasured
anglesofattackforDGBcanopies.
Itshouldbenotedthatthetestarticleswerenotmass-scaledandweredesignedtowithstandloadsgreatly

inexcessoftheexpectedwindtunnelloads.Duetofinancialandscheduleconstraints,itwasnecessaryto
fabricatethetestarticlesfromexistingbroadclothmaterialtobeusedforthefull-scale150,000lbfLDSD
canopy. Structuraltapesandsuspensionlinesusedtoconstructthethree“sail”canopieswerestiffness
scaledtoobtainamoreaccurateprojecteddiameter,butthestructuralcomponentsstillhaveexcessiveload
capability(andthusexcessivemass). Additionally,theDGBstructuralcomponentswerenotscaledfrom
thePhoenixflightlimitloadspecificationof12,700lb.Assuch,therelativesub-scalecanopymassesarenot
representativeofanequivalentfull-scalesystemandarenotpresentedinordertoavoidconfusion.
Throughoutthetestprogram,thegeometricporosityofthe“sail”canopieswasmodifiedbyremovingsail

panelsatvariousplacesonthecanopy.Itwasbelievedthatstrategicdistributionofthegeometricporosity
couldoptimizethedragandstabilityoftheparachute.Thesemodificationsandtheireffectsaredescribed
inSectionIV.

C. Instrumentation

Aspreviouslystated,theobjectiveofthistestprogramwastoquantifytherelativedragandstabilityof
variouscanopytypes. Toaccomplishthisobjective,threeprimarymeasurementswereacquired:canopy
tagnetialload(alongtheriser),dynamicpressure,andthecanopypositionwithinthetestsection.A5,000
lbfuniaxialloadcellwasmountedtotheloadweldmenttomeasurethecanopytangentialforce,whichwas
acquiredatafrequencyof1,000Hz. Thesuspensionlineconfluencewasconnectedtoashortriserweb,
whichwasconnectedtotheloadcellviaaneyebolt.Althoughcanopyrotationaboutitsaxisofsymmetry
wasnotanticipated,aparachuteswivelwasplacedin-linewiththerisertopermitfreerotationshouldit
occur.Theloadtrainthroughtheloadweldment,loadcell,andriserisshowninFig.4.

3 ft 

load weldment 

strut 
ball 

suspension 
lines 

parachute 
swivel 

load 
cell 

eyebolt riser 
webbing 

Chris Tanner 
September 2012 

confluence 
wrap 

(a) (b)

Figure4:Photoanddiagramofthemodelsupportsystemloadtrain.

Fourseparatedynamicpressuremeasurementsweretakenatfourplacesinthetestsectiontohelpquantify
theblockagecausedbytheparachuteandensurepropernon-dimensionalizationoftheforcecoefficients.
Thewindtunnelstandarddynamicpressurewasrecordedasanaverageoffourpitotprobeslocatedon
thefloor,ceiling,andsidewallsattunnelcenterlineslightlyupstreamofthebeginningofthetestsection.
Inadditiontothestandarddynamicpressuremeasurement,threeindependent“q-probes”werelocatedat
threedifferentpositionsinthetestsection.Theq-probesconsistedofco-locatedpitotprobesandpressure
transducersmountedon6fttallmodifiedmicrophonestands.Thenorthq-probewasstationedupstreamof
thestrutnearthebeginningofthetestsectiontocorroboratethestandardwindtunnelmeasurementsusing
independenthardware.Theothertwoq-probeswerestationeddownstreamofthecanopyapproximately7ft
fromtheeastandwestwallsofthetestsection.Thepurposeoftheseq-probeswastomeasurethedynamic
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(a) East color camera
(showingstrobeflash)

(b)Strutcolorcamera

Figure7:ImagesfromthecolorcamerasintheNFACeastwallandonthestrut.

D. TestConditionsandOperations

Testingwasperformedatonlytwowindspeeds:approximately15kts(25ft/s)and25kts(42ft/s).The
windspeedof25ktsresultedinpeakloadsofapproximately5,000lbffortheringsailanddisksailparachutes.
Additionally,windspeedsbelow30knotsallowedpersonneltoremaininthetestsectionwhiletakingdata
todirectlyobserveandphotographtheparachutebehaviorwhileinflight. Finally,withknowledgethat
thecanopieswouldlikelyseeseveralhoursofflighttime,arelativelylowwindspeedof25ktsincreased
confidencethatthetestarticleswouldhaveasufficientlifespan. The15ktwindspeedwastestedto
determineiftherewasadynamicpressureeffectonthecanopyaerodynamics,butstillallowedthecanopy
toremainatornearthetunnelcenterline(onaverage).
Unliketheprior MERand MSLparachutetestinginthe80x120testsection,thecanopieswerenever

mortardeployed. Allofthecanopieswerestaticallyinflatedfromthefloorofthetestsection,asshown
inFig.8a. Datapointdurationswereeither3or6minutesinlength.Longsampledurationspermitted
manycanopyoscillationstobecapturedandensuredthattheoverallcanopybehaviorwasrecorded.The
collectionofasufficientamountofdatawasparticularlycriticalincalculatingthestabilitycoefficients(see
SectionIII.D)wherethequalityandaccuracyofthesedataincreasewiththeamountofdatapresentto
estimatetheparameters.
Sinceonlyalimitednumberoftestarticlescouldbefabricatedandmanygeometricporositydistributions

weretobeinvestigated,sailpanelswerestrategicallyremovedfromexistingringsailanddisksailtestarticles
toaltertheparachute’sgeometricporosity. Modificationofthetestarticlesinvolvedsimplycuttingsail
panelsoutofthecanopystructurewithscissors,asshowninFig.8b. Onlythebroadclothmaterialwas
removedfromthecanopy;thestructuraltapeswereleftinplace.

(a)Staticinflation (b)Sailpanelremoval

Figure8:TestoperationandcanopymodificationbyJPLandPioneerpersonnel.
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III. DataAnalyses

A. AngleofAttackCorrection

Thetotalangleofattack(αT)isamoreappropriateaerodynamicangleforanaxisymmetricbodyinstead
ofthemoretraditionalangleofattack(AoA)andsideslipangleconventionforaircraft.ThetotalAoAis
definedastheanglebetweenthewindvectorandtheparachuteaxisofsymmetry.Forastaticparachute
positioninthewindtunnel,thetotalAoAisequaltothetotalgeometricangle(αG),whichisdefinedas
theanglebetweenthetunnelcenterlineandthelinebetweentheballjointandthecenterofthecanopyvent
(essentiallytheparachuteriserline).Foraparachutemovinginthewindtunnel,thetangentialvelocityof
thecanopyalongitsarcofmotionaugmentsthetotalwindvelocityonthecanopy,subsequentlymaking
thetotalAoAdifferentfromthetotalgeometricangle. Additionally,thetotalAoAisdependentonthe
directioninwhichthecanopyismoving–i.e.ifthecanopyismovingawayfromcenterline(referredtoas
“advancing”)ortowardscenterline(referredtoas“retreating”).ThedifferencesbetweenαGandαTforthe
static,advancing,andretreatingcanopycasesareshowninTable9.ThetotalAoAiscalculatedasinEq.
(1),wherethedirectionofthearrowfor∆αinTable9indicateswhetheritisaddedto(arrowspointedin
thesamedirection),orsubtractedfrom(arrowspointedinoppositedirections),αG.Additionaldetailson
howtheanglecorrectionwasperformedispresentedinreference8.

αT= αG±∆α (1)
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Figure9:Diagramofthetotalangleofattack(αT)versusthetotalgeometricangle(αG)forstatic,advancing,
andretreatingcanopies.

Canopymotioninthewindtunnelhastwoimportant,butnon-intuitive,effectsonthecanopy’stotal
AoA.First,themaximumtotalAoAisgreaterthanthemaximumtotalgeometricangle, meaningthat
theparachuteisactuallyseeinghighertotalanglesofattackthanisbeingphysicallyexhibitedinthewind
tunnel.Second,0◦totalAoAdoesnotoccurwhentheparachuteisinthecenterofthetestsection.Perthe
diagraminTable9,0◦totalAoAactuallyoccursatsomenon-zerototalgeometricanglewhenthecanopyis
retreating.Infact,themaximumtotalAoAforaparachuteinmotionwilloccurnearwherethetangential
velocityismaximum,whichisnearαG=0

◦.Thus,themaximaofαGandαTarealmost180
◦outofphase

fromeachother.Theshiftinthedistributionandrangeduetotheangleofattackcorrectionisillustrated
inFigures10aand10b. Themeanand95thpercentileanglesareshowninredonthehistogramstohelp
quantifytheangularshift.Figure10cillustrateshowthemaximumtotalanglesofattackoccurnearthe
lowertotalgeometricanglesandviceversa.Finally,Fig.10dshowsatraceoftheventpositiontoindicate
itsmotionaboutthewindtunneltestsectionduringthedatasample.
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Figure10:Representativeanglecorrectiondatafortheringsailcanopy.Themeanand95thpercentileangles
areshowninredonthehistograms.

B. VelocityCorrection

ThevelocitytrianglesinTable9illustratehowtheresultantwindvelocity(Vw)changesdependingonwhether
thecanopyisadvancingorretreating.Theresultantvelocityisgreaterthantheblockage-correctedvelocity
(Vc)ifthecanopyisadvancingandlessthantheblockage-correctedvelocityifthecanopyisretreating.It
isimportanttocapturethiseffectwhenreducingtheforcecoefficientssincethecanopyforcesarenotonly
changingwiththeangleofattack,butarealsochangingduetotheincreaseanddecreaseindynamicpressure
associatedwiththecanopy’sadvancingandretreatingmotion.
Aerodynamicforcesaretheoreticallyappliedatthecanopycenterofpressure(cp),whichislocatedat

adistanceRcpfromthestrutballjoint.FortheDGBcanopy,thecpislocatedveryneartheskirtofthe
canopy.5 Thus,theresultantvelocitymustbecalculatedatthecanopyskirtinordertoproperlyreduce
theaerodynamiccoefficients. TheresultantvelocityvectoratthecpisgiveninEq.(2). Thevelocity
componentsofthecparegivenintermsofthecanopyEuleranglesandangularratesinEq.(3). The
canopyisrotatedfirstthroughthepitchangle(θ),thenthroughtheyawangle(ψ)asshowninFig.11.

Vw= (Vc−ẋcp)2+̇y2cp+̇z
2
cp (2)

Ω×Rcp=






ẋxp
ẏcp

żcp




= Rcp






−θ̇sinθcosψ−ψ̇cosθsinψ

ψ̇cosψ

−θ̇cosθcosψ+ψ̇sinθsinψ




 (3)
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Figure11: Testsectioncoordinatesystem(x,y,z)isshownwiththeoriginattheballjoint,positivex-
axispointingdownstreamalongthetunnelcenterline,andpositivez-axispointingupwards(oppositeofthe
gravitydirection).ThetunnelwindvelocityVcisorientedparallelwiththex-axis.Thecanopycoordinate
system(x,y,z)isshownwiththex-axispointingalongtherisertowardsthecanopyventandhasbeen
rotatedfirstbythepitchangleθandsecondbytheyawangleψ.Thecanopycoordinatesystemisrotating
abouttheoriginatanangularvelocityΩ. ThegeometrictotalangleαG andtheclockangleφarealso
defined.

C. DynamicPressureandBlockage

Theusablecross-sectionalareaofthetestsection(Ats)is9,345.7ft(118.3x79ft)andtheprojectedareaof
theparachuteswasapproximately560.4ft,resultinginageometricblockageof6%.Thislevelofgeometric
blockageinawindtunnelisnotinsignificantandtheeffectscausedbythewindtunnelwallsneededto
beconsidered. Thepresenceofsolidwindtunneltestsectionwallscancauseincreaseddynamicpressure
locallyaroundthetestarticleduetoflowconstriction.Priortotesting,twoanalyticalmethodswereusedto
estimateblockageeffects,whichsubsequentlytranslatedintoestimatesofpeakexpectedparachutedragand
apressurerangeforthedownstreamq-probes. Maskell9andMachaandBuffington10developedempirical
methodstocalculatetheblockageeffectsofabluffbodyinarectangulartestsectionwithsolidwalls.Both
methodsreliedonthegeneralexpressioninEq.(4),howeverbothmethodsusedifferentblockagefactorskq.

∆q

q
= kq

CDS0
Ats

(4)

Maskellconcludeda kqvalueof2.5basedonflowtheoryandexperimentaldataofflatplatesnormal
tothewindstream. MachaandBuffingtoninvestigatedtheblockageassociatedwithparachutesofvarying
diametersandgeometricporosityandconcludedakqvalueof1.85thatwasindependentofcanopyporosity.
AssumingaCD of0.85(basedontherangegivenbyKnackeforringsailparachutes

11),theincreasein
dynamicpressurerangesfrom12.7%to9.4%basedonMaskellandMachamethods,respectively.Previous
windtunneltestsofparachutes1,5,12allused Macha’smethodtocorrectforblockage. However,a12.7%
increaseinthedynamicpressure(Maskell’smethod)wasassumedforthepresenttestoutofconservatism.
Thefreestreamdynamicpressure(q∞)wasmeasuredbytheupstreamtunnelstandardmeasurement

probesshowninFig.5.Thedownstreamq-probesprovidedadirectmeasurementofthedynamicpressure
downstreamofthetestarticles(qc).Thesemeasurementsweretaken,inpart,tocompareactualpressure
measurementsagainsttheempiricaltheoriesdevelopedbyMaskellandMachaandBuffington.Ideally,the
measurementsshouldhavebeentakenverynearthecanopyskirtinsteadofslightlydownstream.However,
positioningtheq-probesfurtherupstreamposedunacceptablerisktotheoperationcrewinthetestsection
andthetestarticles.
Finally,thedynamicpressureonthecanopyincreasedduetoitstangentialvelocity. Theresultant

dynamicpressureduetothecanopy’soscillatory motionwascalculatedusingEq.(5). Thisdynamic
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pressurecapturestheeffectofblockageaswellastheeffectofthetangentialvelocityofthecanopy,thus
thisdynamicpressureisusedtonon-dimensionalizetheaerodynamiccoefficients.

qw=
1

2
ρ∞V

2
w
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Figure12: Representativedynamicpressuresmeasurementsandcalculationsfortheringsailcanopyare
shown.Time-accuratedataisshowninthethinsolidlines,time-averagedvaluesareshowninthethicksolid
lines.Theaveragedynamicpressureforeachseriesisalsoquantifiedinparenthesesinthelegend.

RepresentativedynamicpressuresdescribedinthissectionareshowninFig.12foraoneminutedata
sampleatthe25kttestcondition.Thefreestreamdynamicpressure(blackline)isnearlyconstant,indicating
asteadyfreestreamconditionatthetestsectioninflowboundary. Thedynamicpressure measuredby
thedownstreamprobes(blueline)isapproximately36%higherthanthefreestreamdynamicpressure,
whichindicatesthattheparachutesmayhavecausedsignificantlymoreblockagethanwasestimatedby
Maskell(cyanline). Additionally,thedownstreamdynamicpressurefluctuatedconsiderablymorethan
theupstreammeasurement,whichislikelyduetotheoscillationofthecanopy,thepresenceofthestrut,
andflowturbulenceasithastraveleddownthetestsection.Theresultantdynamicpressure(magentaline)
oscillatedatahigherfrequencythanthedownstreamdynamicpressureduetotheoscillationfrequencyofthe
parachute.Additionally,theresultantdynamicpressurespannedaverylargerangefrom2.6to4.7psf,and
hadanaveragevaluethatwasapproximately64%higherthanthefreestreammeasurement.Thisincrease
indynamicpressureatthecanopycauseddragloadstobehigherthanexpected.Forexample,anaverage
CTinexcessof1.6andapeakCTinexcessof2wereobtainedwhentheloadswerenon-dimensionalizedby
thefreestreamdynamicpressure. Non-dimensionalizationbytheresultantdynamicpressureproducedCT
valuesthatweremorewithinacceptedvalues,asshowninSectionIII.E.

D. StabilityCoefficientsfromPhotogrammetryData

Schoenenbergeretal.7 developedaparameteridentification methodtoextractthestaticanddynamic
stabilitycoefficientsasafunctionofthetotalAoAfromwindtunneltestvideodata.Thismethodcompared
verywellagainststaticstabilitycoefficientsthatweredeterminedfortheDGBcanopyinreference5.Since
thismethodwasdevelopedaftertheDGBwindtunneltestprogramwascompleted,avideoimagecalibration
techniquewasdevelopedusingknowndimensionsfromthewindtunneltestfixturesandtestarticles.This
calibrationwasusedtoconvertpixeldataintophysicalspatialcoordinatesofthecanopyventandwasviewed
bytheauthorsasanareathatcouldbesignificantlyimprovedinfuturetests. Assuch,thepresentwind
tunneltestoptedtodirectlymeasurethelocationofthecanopyventusingstereophotogrammetryinstead
ofinferringthelocationfromvideodatapost-test.
Inordertoback-calculatetheaerodynamicstabilitycoefficientsfrommotiondata,itwasassumedthat

theparachutesystembehavedlikearigidsystemoscillatingaboutasinglepivotpoint.Thisone-dimensional
parachutemodelisgiveninEq.(6):7
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IyÿαT−CmqwS0D0−mpgRcmcosφcosαT=0 (6)

whereIyyisthesystem’smassmomentofinertia(includingcontributionsfromboththecanopyandthe
apparentmasses)aboutthepointofrotation,mpisthecanopymass,φistheclockangleoftheparachute
asshowninFig.11,andRcmisthedistancefromthepointofrotationtothesystemcenterofmass(cm).
ThemomentcoefficientCm canbedecomposedintoitsstaticanddynamiccomponentsasinEq.(7).

Cm = Cmα̇
α̇TD0
2Vw

+CmααT+Cm0= Cmα̇ Cmα Cm0






α̇TD0
2Vw

αT
1




 (7)

BysubstitutingthevectorsinEq.(7)intoEq.(6)andre-arrangingtheequation,thestabilitycoefficients
canbecalculatedasinEq.(8).

Cmα̇ Cmα Cm0 =
1

qwS0D0
(IyÿαT−mgRcmcosφcosαT)






α̇TD0
2Vw

αT
1

















α̇TD0
2Vw

αT
1











α̇TD0
2Vw

αT
1












−1

(8)

Thismethodcalculatestheaveragestabilitycoefficientsetforagivenrange(orbin)ofangledata.The
resultingcoefficientsareassumedtorepresentthemeantotalAoAofthedatacontainedwithinthebin.
Coefficientsarecomputedformultipleanglesofattackbyusingaslidingbin. Giventherelativelyhigh
frequencyphotogrammetrydatatakenduringtesting,thepresentanalysisusedabinsizeof0.5◦andthebin
wasslidby0.25◦.Asanexample,anαTbinwouldcontainpointsbetween5

◦and5.5◦(typicallyover100
points)andthecoefficientswouldcorrespondtothemeantotalAoAwithinthatrange.Thesubsequentbin
wouldcontainpointsbetween5.25◦and5.75◦αT
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.Figure13showsrepresentativemomentcoefficientdata
calculatedfromtheringsailcanopymotionshowninFig.10d.ThetrimtotalAoAisshownbythedashed
redline. MomentcoefficientcurvesfortestarticlesnotshowninFig.13arepresentedinreference8.

Figure13:Representativemomentcoefficientdatafortheringsailparachuteassuminganapparentinertia
coefficientof0.05. AsplinecurvefitofthedataisshownthatisforcedtoincludeazeroCm ata0

◦αT.
ThetrimαTisalsoshown.

OneofthemainsourcesofuncertaintyinEq.(8)isthemomentofinertiatermIyy.Atsea-leveldensity,
theapparentmassinandaroundthecanopydominatesthemomentofinertiaoftheparachutesystem.
Theapparentmass(andconsequentlytheapparentinertia)isadifficultvaluetoquantifyasitdependson
thecanopyshape,theporosityofthecanopy,theairdensity,andtheairspeed.Ibrahim13attemptedto
experimentallyquantifytheapparentinertiaofvariousrigidparachutecanopyshapesandvariousgeometric
porosities. Themeasuredapparentinertiacoefficientsrangedbetween0.087and0.31foraribboncanopy
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(26.6%λG)andahemisphericalcanopy(0%λG),respectively.Theapparentinertiacoefficientisgivenin
Eq.(9).

k44=
Iyy

1
6πD

3
pρ∞Rcm

(9)

Forthepresentanalysis,anapparentmomentofinertiacoefficientof0.05wasassumed. Theauthors
makenoclaimsastothecorrectnessofthisassumedapparentinertiacoefficient,however,anderrorbounds
ontheassumedvaluecannotbeestimated.Thisvalueislessthanthevaluespresentedinreference13,butit
createdarelativelygoodcorrelationwithhistoricalCm datafortheDGBcanopypresentedbyinreference
5.TheapparentinertiacoefficienteffectivelyscalestheCm datashowninFig.13–i.e.largervaluesofk44
increasethevaluesofCm foragivenαTandviceversa.However,theapparentinertiacoefficientvaluedoes
notappeartoaffectthetrimtotalAoA.

E. AerodynamicCoefficientReduction

AlloftheaerodynamiccoefficientstobepresentedinSectionIVwerenon-dimensionalizedbytheresultant
dynamicpressuregiveninEq.(5).Additionally,thecoefficientsareallcomputedwithrespecttothetotal
AoA,notthetotalgeometricangle.Thetwoaerodynamiccoefficientspresentedinthefollowingresultsare
giveninEq.(10).

CT=
FT
qwS0

(10a)

Cm =
M

qwS0D0
= Cmα̇

α̇TD0
2Vw

+CmααT+Cm0 (10b)

CTandCmwerealsocurvefitwithrespecttothetotalangleofattack.Thetangentialforcecoefficientwas
fitusingaleast-squaresthird-orderpolynomialfitandthemeanvalueofalloftheCTdatawascalculated.
Themomentcoefficientwasfitusingasplinefitthatwasforcedtopassthroughzeroat0◦totalAoA.
RepresentativeCTdataisshowninFig.14andrepresentativeCm dataisshowninFig.13fortheringsail
parachute.InFig.14,thescatterintheCTdataforagiventotalAoAislarge,butwastypicalforallof
thecanopies.Forthisparticularcase,theCTchangesbyapproximately37%overthetotalAoArangeand
themeanCT
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Figure14:Representativetangentialforcecoefficientdatacomparingtheprocesseddata,thenon-linearleast
squarescurvefit,andameanvalue.

Figure14showstangentialforcecoefficientsgreaterthan1throughoutalargerangeoftotalanglesof
attackandvaluesashighas1.5.Parachuteliteraturegenerallyindicatesamaximumdragcoefficientof1
foraringsailparachute,thoughvaluesof0.85andloweraremorecommon.Threeactivitieswereperformed
inordertoeithersupportorrefutetheseCTvalues.First,loadcellaccuracywasverifiedbywayofpre-test
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Themagnitudeoftheapparentmassscaleswiththeairdensity,whichhasasignificanteffectonwhere
thesystemcmislocatedrelativetotheparachutecp(wheretheaerodynamicforcesareapplied,generally
locatedneartheskirtofthecanopy).Figure15showshowthesystemcm(representedbytheblackand
whiteicon)changespositionrelativetotheparachutecp(greenandwhiteicon)asthemagnitudeofthe
apparentmasschanges(sizeofthewhitetransparenticonintheparachute).Themomentarmbetweenthe
systemcmandthecanopycpinFig.15aisrelativelysmallduetothelargeapparentmassinthecanopy.
ThemomentarmincreasesatEarthhigh-altitudeandatMars,Figures15band15crespectively,wherethe
apparentmassissignificantlyless. Thus,acanopyatEarthhigh-altitudeorat Marswillexhibithigher
oscillationanglesaboutthesystemcmthanatEarthsea-levelduetothelargermoment.Additionally,since
theapparentmassissignificantlyless,theoscillationfrequencywillbehigheratEarthhigh-altitudeandat
MarsthanatEarthsea-level.
IntheNFACwindtunnel,theparachuteisforcedtorotateabouttheballjoint,whichsimulatesan

infinitepayloadmasssystemandartificiallyplacesthecmatthestrut.Inthisconfiguration,theparachute
systemhasamomentarmsimilartotheMarsflightsystem,butanapparentmasssimilartoEarthsea-level
asshowninFig.15d.Thecanopyoscillationamplitudewillberelativelylargeduetothelongmomentarm
andthehighapparentinertia.However,thehighapparentinertiawillalsodamptheoscillationandresult
inaloweroscillationfrequencythantheMarsflightsystem.
GiventhedifferencesintheboundaryconditionsandapparentmassarrangementsshowninFig.15,it

wouldbedifficulttoreplicatefreeflightbehaviorinawindtunneloperatingatsea-levelairdensities. As
such,theparachutebehaviorinthepresentwindtunneltestisnotexpectedtoreplicatefreeflightbehavior.An
underlyingassumptioninconductingthesewindtunnelexperimentsisthattherelativedifferencesbetween
canopybehaviorsshouldremainthesameinadifferentenvironment.Inotherwords,ifcanopyAhasbetter
stabilitypropertiesthancanopyBinawindtunnelatsea-leveldensity,thencanopyAshouldhavebetter
stabilitypropertiesthancanopyBinfreeflightat Mars. Thisassumptionwasvettedandagreedupon
byparachuteindustryexpertsandisaprimaryjustificationforperformingthecanopycomparisonand
down-selectionusingtheNFACwindtunnel.
Iftheairdensitycannotbechanged,however,similaritytofreeflightmayincreaseifthetestarticlesize

isdecreased.Parachutemotionisaresultoftheaerodynamicforcesactingonthecanopyandtheapparent
mass.Assumingthattheapparentmassdominates,Newton’sSecondLawcanbewrittenintermsofangular
motionasinEq.(11).

ω̇=
M

Iyy
=
CNq

π
4D

2
0Rcp

k44
π
6D

3
pρ∞Rcm

∼
1

ρ∞D0
(11)

Themomentactingonthecanopyscaleswiththesquareofthecanopy’sdiameterwhereastheapparent
massscaleswiththecubeofthecanopy’sdiameter.Thus,forasea-levelwindtunneltest,theratioofthe
canopyforcetoitsapparentmassforasmalltestarticlewouldbeclosertoahigh-altitudeflightsystem
ratiothanforalargetestarticle.Thisincreaseinflightsystemsimilaritycanbeinferredfromthesub-scale
parachutetestinginreference5,whichwasperformedatsea-levelairdensitiesbutusedtestarticleswitha
nominaldiameterof5.2ft.

B. ComparativeData Metrics

Thedragperformanceandstabilityofeachcanopywerecomparativelyassessedbasedonasetofthree
metrics:theaveragetangentialforcecoefficient,theamplitudeofcanopyoscillation,andthetrimtotal
angleofattack.Theaveragetangentialforcecoefficientacrossthetotalangleofattackrangewasusedto
representthedragperformanceofeachcanopy.NotethatCTwasnotconstantandvariedwithαTforeach
canopy,butitwasnotalwayseffectivetocomparemanydifferentcanopyconfigurationsbasedonasetof
curves.
Theamplitudeofcanopyoscillationwasrepresentedbythe95thpercentileofthetotalAoA.The95th

percentiletotalAoAwasselectedbecauseoccasionalrandombehaviorcausedthemaximumtotalAoAto
beuncharacteristicallyhighforagivencanopywithinthedatasampleduration.ThetrimtotalAoAisan
importantmeasureofthestabilityofacanopyasthecanopywilltheoreticallyoscillateorconenearthis
angle.AsmalltrimtotalAoAisdesirableasthiswillapplycanopyforcesmorethroughthecenterofthe
payloadandpreventlargeconingangles,whichcancomplicategroundacquisitionmeasurementsinflight.
ThetrimtotalAoAwasdeterminedfromtheestimatedCm data.
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C. Effectof MaterialPermeability

TwoDGBcanopieswereflownduringthistestprogram. OneDGBwasaspareunitleftoverfromthe
MarsPhoenixmission,whichwasconstructedfrom MIL-C-7020TypeInylon. AsecondDGBwasbuilt
asaPhoenixDGBreplicaexceptthatitwasconstructedusingtheF-111nylon. Aspreviouslystated,
thedifferenceinpermeabilitybetweenMIL-C-7020andF-111nylonhasbeenshowntobeinconsequential
inalow-densityenvironmentandthetwoDGBcanopiesshouldtheoreticallybehavesimilarlyat Mars.
However,inhigh-densityenvironments(suchastheNFACtestenvironment,whichislocatedapproximately
atsea-level),thematerialpermeabilitycansignificantlycontributetothetotalporosityofthecanopy.There
arevaryingdatasetsregardingthepermeabilityofMIL-C-7020aswellasdifferentwaysofcomputingthe
materialpermeabilitycontributiontothetotalporosity.Thus,thetotalporosityoftheMIL-C-7020DGB
canrangedbetween15%and18%. ThepermeabilityoftheF-111materialwasassumedtobenegligible,
thusthetotalporosityoftheF-111DGBisequaltoitsgeometricporosityof13%.
SwitchingtoanimporousmaterialincreasedtheoscillationamplitudeoftheDGBcanopybyapproxi-

mately86%,increasedthetrimAoAby120%,andincreasedthemeantangentialforcecoefficientby37%.
Theseresultsarenotentirelysurprisingassimilarbehaviorinthecanopydragandstabilityfortwomaterial
permeabilitieswasalsoobservedinreference5.However,itisnotapparenttotheauthorsthatincreasing
thegeometricporosityoftheF-111DGBtomatchthetotalporosityoftheMIL-C-7020DGB(byincreas-
ingthegaporventsizeorcuttingholesinthebroadcloth)willrendersimilardragandstabilitybehavior.
Distributedporosityintheformofmaterialpermeabilityisbelievedtoaffectthedragandstabilityofthe
parachutedifferentlythandiscreteporositychanges,implyingthattwocanopiesofequaltotalporositymay
behavedifferentlydependingonhowtheporosityisdistributedthroughoutthecanopy.
TheaveragedragandstabilityperformanceofthetwoDGBsaresummarizedinTable3.Tomakean

appropriatecomparison,theringsailandringsail-derivativecanopiesmetricspresentedinthesubsequent
sectionswerecomparedagainsttheF-111DGBonly.

Table3:DGBdragandstabilitymetricsummary.

Image

Broadcloth Material
MIL-C-7020Type

Inylon
PIA-C-44378
F-111nylon

CanopyNo. DGB-1 DGB-2

TotalPorosity 15-18% 13%

Mean CT 0.59 0.81

95thPercentileαT 17◦ 31◦

TrimαT 8◦ 18◦

D. RingsailResults

Goingintothewindtunneltest,theringsailcanopywasanticipatedtobethepreferredcanopytypeto
replacetheDGBasthenext-generationMarssupersonicparachute.Theringsailoffersahostofadvantages
overtheDGBincludingincreasedcanopyrobustness,increasedinflationreliabilityatlargediameters,higher
subsonicdrag,andtheabilitytobereefedtolimitopeningloadsorincreasestability.However,itisgenerally
truethatparachuteswithhighdragalsohaverelativelypoorstabilityandviceversa.Thus,thegoalofthe
ringsailtestingwastoexplorethegeometricporositydistributiondesignspaceanddeterminethetrade-off
betweendragandstability. Asummaryoftheringsailcanopyconfigurations,theirdesignationnumbers,
andtheirdatametricsisgiveninTable4.
TheringsailRS-0canopyexhibitedsignificantoscillation,sometimesnearlytouchingthefloorandceiling

ofthetestsection.The95thpercentiletotalgeometricanglewasapproximately20◦.Itisnotknownifthe
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Table4:Ringsaildragandstabilitymetricsummary.

Image

Canopy
Mod

None
2/3ofring19
removed

27%ofrings17,
18,and19
removed

Allofring19
removed

Allofrings18
and19removed

Canopy
No.

RS-0 RS-1 RS-2 RS-3 RS-4

λG 10% 13% 15% 16% 22%

Mean
CT

0.99 0.90 0.91 0.86 0.77

95th

%tile
αT

39◦ 35◦ 35◦ 33◦ 31◦

Trim
αT

24◦ 23◦ 21◦ 21◦ 19◦

totalgeometricanglewouldhavebeengreaterifnotforthepresenceofthetestsectionwalls.Theoscillation
frequencywasapproximately0.5Hzatthe25ktconditionandapproximately0.3Hzatthe15ktcondition,
buttheoscillationamplitudeswereapproximatelyequalforbothtestconditions.Duetotherelativelyhigh
rotationalvelocityofthecanopy,thepanelsinrings20-22tendedtoflutterwhenthecanopyapproachedthe
centerofthetestsection(whenitsrotationalvelocitywasthehighest).Thissailpanelfluttercanbeseenin
Fig.16andwaspresenttosomedegreeinalloftheringsailconfigurationstested.Eachofthecomparisons
quotedinthissectionarereferencedtotheRS-0canopy(unlessotherwisenoted).

Figure16:Sailpanelflutterduetocanopyrotationinthetestsection.

CanopyRS-1wascreatedtomimicthegeometricporosityanddistributionofthemodifiedringsailtested
duringthePlanetaryEntryParachuteProgram(PEPP)in1967.14 Thismodificationdecreasedtheangle
excursionbyabout9%,butdecreasedthedragcoefficientbyabout9%aswell.Insteadofconcentratingall
oftheporosityinonering,asinthePEPPringsailandRS-1,canopyRS-2distributedthatsameporosity
overrings17,18,and19.Thiswasdoneinhopesofcreatingflowdisturbanceatmultiplepointsalongthe
canopy.However,itdecreasedtheangleexcursionanddragcoefficientequallybyapproximately8%.
IntestingcanopyRS-1,thepartialsailinring19appearedtoflutternearlyconstantlyduetothecanopy’s

motionanddidnotappeartosignificantlycontributetothedragorstabilityofthecanopy.Thus,thepartial
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panelsinring19wereremovedtocreatecanopyRS-3. Thecontributionofthesmallpanelsweregreater
thanexpected,resultingina6%decreaseintheangleexcursionanda4%decreaseindragrelativetocanopy
RS-1.
Finally,inanattempttomimicthe“gap-band”portionofaDGBparachute,allofring18wasremoved,

whicheffectivelymaderings20-22a“band”andrings18-19a“gap”. Thisconfiguration,canopyRS-4,
performedpoorlyoverall,exhibitinga22%decreaseintheaveragedraganda21%decreaseintheangle
excursion. Withbothrings18and19removed,thecanopy’sprojecteddiameterappearedtobesmaller
thaninpreviousconfigurationswhenthetestarticlewasobservedinflight.Thisdecreaseintheprojected
diameterwaslikelyduetothesignificantdecreaseintheinternalpressureneartheskirtofthecanopy,
whichwouldsubsequentlycausethelargeobserveddecreaseinthetangentialforcecoefficient.Additionally,
withoutthesupportofthesailsinrings18or19,the“sailband”inrings20-22tendedtomoveindependently
fromtherestofthecanopyandtendedtotakeamoreamorphousshapethanacircularshape.

E. DisksailResults

Table5:Disksaildragandstabilitymetricsummary.

Image

Canopy
Mod

None
Everyother
panelinring11
removed

Allofring11
removed

Allorring11
andeveryother
panelinring17
removed

Allofring11,
everyother

panelinrings17
and18removed

Canopy
No.

DS-0 DS-1 DS-2 DS-3 DS-4

λG 9% 11% 13% 16% 19%

Mean
CT

1.03 0.98 0.92 0.86 0.82

95th

%tile
αT

38◦ 36◦ 32◦ 31◦ 28◦

Trim
αT

23◦ 18◦ 14◦ 12◦ 14◦

Thedisksailconceptemergedfromthedesiretocloseoffthegeometricporosityintheringslotportion
oftheringsailcanopy,whichultimatelyreducedthegeometricporositybyapproximately1%duetothe
slightlylargervent(seeTable2).Itshouldbereiteratedthatthediskportionofthecanopywasfabricated
asaflatdisk(duetotimeconstraints)wherearingsailistypicallyhemisphericalinshape.Inflight,the
flatdiskcausedthebacksideoftheparachutetobemorebluntthantheringsailandcausedthecanopyto
appearslightlymoreboxyratherthanhemispherical.Thisshapechange,inadditiontotheslightlylower
geometricporosity,increasedthetangentialforcecoefficientby4%anddecreasedtheoscillationamplitude
byapproximately2%relativetocanopyRS-0. Thismeansthatthedisksaileffectivelyaccomplishedan
increaseindragwithasimultaneousincreaseinstability.However,alargerincreaseinthestabilityofthe
systemwasdesired.
Giventhatthedisksailandringsailaresimilarcanopies,itwasassumedthatmodificationsintheskirt

regionoftheringsailwouldhavesimilareffectsonthedisksail. Thus,therewasadesiretoinvestigate
theeffectofopeninggeometricporositynearthecrownoftheparachute. Additionally,itwashopedthat
pressurerecoveryofthediskportionoftheparachutewouldcreatestrongerairflowthroughgapsnearthe
crown. Thus,canopiesDS-1andDS-2werecreated,inwhicheveryotherpanelandallofring11(just
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belowthedisk)wasremoved,respectively.CanopyDS-1decreasedboththedragandangleexcursionsby
approximately5%.However,cuttingoutallofring11causedalmosta15%decreaseintheangleexcursion
withonlyan11%decreaseinthedragcoefficient,relativetocanopyDS-0. Oscillationfrequencieswere
0.5Hzand0.3Hzforthe25ktand15kttestconditions,respectively,similartotheringsail.
Fromtheringsailtesting,itwasclearthatremovingtwowholeringsofsailscausedanundesireddecrease

intheprojecteddiameteranddragoftheparachute. However,itisbelievedthatatsupersonicspeeds,it
willbenecessarytohaveporosityneartheshoulderofthecanopytoaidinstability.Assuch,everyother
panelinring17andsubsequentlyeveryotherpanelinring18wascumulativelyremoved(inadditionto
allofring11havingalreadybeenremovedremoved)tocreatecanopiesDS-3andDS-4,respectively. By
removingeveryotherpanelinring17alongwithallofring11,thetangentialforcecoefficientdecreasedby
16.5%,buttheoscillationmagnitudedecreasedby19.5%,relativetocanopyDS-0.CanopyDS-4exhibiteda
decreaseinCTbyapproximately20%andadecreaseintheangleexcursionbyover26%.Allofthedisksail
configurationsareshowninTable5.
Althoughtheadditionofporositynearthecrown(specifically,inring11)appearedtobenefitthestability

oftheparachute,itisnotknownhowaddinggeometricporosityinthismannerwillaffecttheopening
behavioroftheparachuteatsupersonic Machnumbers.Inoneexample,themodifiedringsailparachute
testedaspartofPEPPdidnotproperlyinflateata Machnumberof1.64,whichtheauthorsconcluded
wasduetoexcessivetotalporosityinthecrownofthecanopy.14However,thematerialinthecrownofthe
parachutehadanominalpermeabilityof700ft3/min/ft2,whichissignificantlygreaterthantypicalparachute
materialpermeabilityandconsiderablyincreasedthetotalporosityofthecrown. Additionally,NASA’s
CapsuleParachuteAssemblySystemprogramhasdemonstratedthatringsailcanopieswillsuccessfullyinflate
atsubsonicMachnumberswitharingofaddedgeometricporositynearthecrown.15

Thecumulativemodificationsperformedonthedisksailweremoreeffective(i.e.increasedthestability
morethanitdecreasedthedragofthecanopy)thanthemodificationsperformedontheringsail.Itisalso
believedthatthesemodificationsshouldhaveverysimilareffectswhenimplementedonaringsailcanopy.
However,itshouldbenotedthatafinalflightarticlemaynotbeconstructedasthedisksailwasconstructed
forthistest.Thereisareliabilityadvantageinretainingtheringsailskeletalstructurenearthecrowninthat
itmayhelppreventacatastrophicfailureofthecanopyintheeventofdamage.Theslightmasssavingsand
performancegainofaflatcirculardiskatthecrownofthecanopyarenotsignificantenoughtosacrificethis
robustnessadvantage.Additionally,thegeometricporosityofthedisksailinthecrown(orrather,thelack
ofgeometricporosity)canbeapproximatedbyreducingtheslotsizeintheRingslotportionofthecanopy
tonearzero.

F. StarsailResults

Thestarsailwasanexperimenttorecovermoregeometricporositythanthedisksailbyreplacingseveral
goresoftheringsailcanopywithsolidsheetsofF-111material.Theskeletalstructureoftheringsailcanopy
remainedthesame,butsixgroupsoffoursolidgores(24solidgorestotal)weresewnintothestructure
insteadofdiscretesails.Thehopewiththiscanopywasthatthesolidgoreswouldfunctionsimilarlytoa
crossparachuteandgenerateincreasedflowenergyoutoftheremainingsailstoaidinstabilization. The
porosityrecoveredbythesolidgoreswasmovedtotheshoulderofthecanopybyaddingsmallgapstothe
leadingedgeofrings17-20,increasingthegeometricporositytoapproximately13%(approximatelyequal
totheDGB).
Inflight,thestarsail’sprojectedshapeappearedmorelikeasix-sidedpolygonratherthancircular,which

maybeduetotwofactors. First,thesolidgoreswerefabricatedonaflatcircularplanformratherthan
aquarter-hemispherical(whichistypicalforaringsail)duetotimeconstraintsinfabricatingthestarsail.
Second,thesolidgoreslikelyexperiencedhigherinternalpressurizationascomparedtotheventedsail
gores,whichwouldincreasetheoutwardforceonthosegores.Boththegoregeometrydiscrepancyandthe
non-uniformradialforceonthegorescouldcausethecanopytotakeanon-circularshape.
Ultimately,thestarsaildidnotperformaswellastheringsailordisksaildesigns. Withrespecttothebase

ringsailRS-0performance,thetangentialforcecoefficientdecreasedby16%andtheoscillationamplitude
decreasedbyonly9%.Duetoitsrelativelypoorperformanceanddifficultconstruction,thestarsailwasnot
consideredforfurthermodification.
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Thiswindtunneltestprogramgeneratedawealthofdataandalargeportionofthatdataisstill
beingprocessed. Notalloftheparachuteconfigurationstestedduringthistestprogramarepresented
inthis manuscript. Additionally,onefinaltestentrywasperformedinwhich manypromisingcanopy
configurationsweretested,butthosedatawerenotavailableintimeforthispublication. Thereremain
someissuesregardingthedatasetthatdeserveadditionalattention,suchastherelativelyhighCTvalues,
therelativelyhighblockagemeasurements,andhowtoproperlyinterpretwindtunnelbehaviorinahigh-
densityenvironmentinthecontextoffreeflightbehaviorinalow-densityenvironment.Itisthehopeof
theauthorsthatthedatainthismanuscriptwillinspireusefulcommentsandinsightontheseissuesfrom
thegreaterparachutecommunity.Forwardprogressonthefull-scalesupersonicparachuteisbeingmade.
LDSDhasinitiatedthefabricationofafull-scaleringsailskeletalstructuredesignedfor150,000lbflimit
load. Thefinalcanopyconfiguration,tobeselectedatalatertime,canbesewnintothisstructurefor
ParachuteDesignVerificationandSupersonicFlightDynamicsteststhatarecurrentlyproposedtooccur
withinthenexttwoyears.
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