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Abstract:Thefluid-structureinteraction(FSI)betweenthecanopyandflowfieldontheinflatingandinflatedcon-
ditionsisinvestigatedbasedonthearbitraryLagrange-Euler(ALE)method,inbothasingle-anddouble-cruci-
formparachutesystems.Theprojectionareaofcanopyiscalculatedintheinflationprocess.Theflowfieldcharac-
teristicsandtheinteractionbetweencanopiesareanalyzed.Resultsshowedthat,withfreestreamvelocityof50
m/s,overinflationphenomenonwouldnotoccurduringtheinflationprocessofthedouble-cruciform-parachutesys-
tem,becausethecollisionandextrusionofthetwocanopiesduringinflationobstructedtheoscillationoftheinner

gores.Concurrently,comparedwiththesingle-cruciformparachute,thevortexmotioninthewakeofdouble-cru-
ciform-parachuteismoreintense.Thusthedouble-cruciformparachutesystemoscillatedatavelocityof50m/s
withanangleoflessthan6.8°.Bycomparison,theoscillationangleofthesingle-cruciformparachutewaswithin
3.5°atthevelocityof50m/s.Theresultsareconsistentwiththoseofthewindtunneltest.
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0 Introduction

Asanaerodynamicdecelerator,parachutes,

especiallycruciform parachutes,areofobvious
advantagefortheirlargerresistancecoefficient,

shorterinflationtime,loweropeningshock,sat-
isfyingstability,andsoforth[1].Excellentdecel-
eration propertiesenablethecruciform para-
chutes,bothasingleparachuteandmulti-para-
chutesystem,tobeusedasdroguechutes,re-
coveryparachute,andaerialbombparachute,

etc.Comparedwiththesingleparachutewitha
largescalecanopy,amulti-parachutesystemhas
theadvantagesofshorterinflationtime,easier
manufacture,convenientgroundrecovery,and
stabledescentperformance[2].However,ina
multi-parachutesystem,therestillexistsuch
problemsasunsynchronizedopeningofeachcano-
py,non-uniform distribution of aerodynamic
force,etc.Toamelioratetheseproblems,thein-

flationprocessandaerodynamicperformanceof
themulti-parachutesystemhaveattractedmore
attentionofscholars.

Thoughwindtunneltestisoneoftheessen-
tialapproachestoinvestigatetheinflatingprocess
anddescentperformanceofaparachutesystem,it
isdifficulttocarryoutmulti-parachutesystem
testinawindtunnelsincethetestsectionofa
windtunnelisrelativelysmall,comparedwith
hugeareaofcanopies.Ontheotherhand,itisal-
sodifficulttostudyfundamentalproblemtheoret-
ically,becausetheflowfieldisrandom,unsteady
andnonlinear,andthecanopyismadeofporous
andflexiblematerial.Withtheadventofcompu-
tationalfluiddynamics(CFD)andupgradingof
computerperformance,numericalsimulationhas
becomeanimportantandwidely-usedapproachto
investigatinga multi-parachutesystem.Xuet
al.[3]analyzedthecanopycontactofamulti-para-



chutesystem composedofthreeC-9canopies
basedonthefiniteelementmethod,andobtained
the canopy deformation during the inflation
process.Basedonthestabilizedspace-timefluid-
structure interaction technique, Takizawa et
al.[4-6]numericallysimulatedtwomulti-parachute
systemscontainingtwoandthreeringsailcano-
pies,respectively,andattainedthegeometric
shapeandflowfieldofcanopyinastabledescent.
Besides,Takizawaappliedthisfluid-solidcou-
plingmethodfurthertoanannularmulti-para-
chuteclusterwithalargerstructureporosity[7,8].
Guruswamy[9]numericallyinvestigatedtheun-
steadyaerodynamiccharacteristicsofamulti-par-
achutesystemcomposedofthreecircleflatpara-
chutesusinganoversetgrid.Mcquillingetal.[10]

reportedtheinfluenceofsuspensionlinesand
payloadonoverallaerodynamicresistanceand
flowfieldsofadouble-annulusparachutesystem.
Inrecentyears,moreandmoreattentionshave
beenpaidtomulti-parachutesystemsinChina.
Basedonthemulti-bodysystem methodandthe
Kaneequation,Keetal.[11,12]analyzednumerical-
lytheaerodynamicforce,velocity,anddisplace-
mentofthemulti-parachute-payloadsystem.Han
etal.[13]usedthe multi-nodestatics modelto
buildageometricmodelofinflatedmulti-cruci-
form-parachutesystem andstudieditsaerody-
namicfeatures.Based onthe ALE method,

Lian[14]simulatedthestabledecentofamulti-
ringsail-parachutesystemandstudiedthevaria-
tionofcanopyshapesaswellasthatoftheflow
field.Fan[15]presentedtheinfluenceofthecon-
tactofcanopiesontheinflationprocessofa
multi-parachutesystembysimulatingthemulti-
C-9-parachutesystem withthemembrane-cable-
basednonlinearfiniteelementmethod.Itshould
benotedthatthemulti-parachutesystemismain-
lycomposedofcircleflatparachuteorringsail
parachute,whilefew resultscanbefoundin
double-cruciformparachutesystemasanauxiliary
droguedeviceinairplanelanding.

Herein,thefluid-structureinteraction of
double-cruciform parachutesystemissimulated
bytheALEmethod.Theshape,projectedarea

andtheflowfieldcharacteristicsofthecanopies
areinvestigated.Meanwhile,theinflationproces-
sesofasingle-anddouble-parachutesystemare
compared.Resultscanprovideatheoreticalrefer-
enceforthedesignofthedouble-cruciformpara-
chutesysteminengineering.

1 GoverningEquations

Thedouble-parachutesystemconsistsoftwo
samecruciformparachutes,orrathertwosame
cruciformparachutecanopies,whoseairpermea-
bilityincludesfabricpermeabilityandgeometric
permeability. The geometric permeability is
mainlycomposedofthepermeabilitycausedbya-
pexandtheairpermeabilityofslotformedbyad-
jacentgorearms.Onthesurfaceofthecanopies,
reinforcementtapesaresewed,asshownin
Fig.1.

Fig.1 Configurationofcruciformparachute

Theincompressibleunsteadyflowequations
(Ma<0.3)basedontheALEmethodcanbere-
writtenas

∂ρ
∂t=-ρ

∂vi

∂xi
-(vi-̂vi)∂ρ∂xi

(1)

ρ
∂vi

∂t=σij,j+ρbi-ρ(vi-̂vi)∂vi

∂xj
(2)

ρ
∂E
∂t=σijvi,j+ρbivi-ρ(vj -̂vj)∂E∂xj

(3)

whereρistheairdensity,vitheairvelocity,̂vithe
gridvelocity,bitheunitvolumeforce,Ethetotal
energyofair,andσijthestresstensor.

σij =-pδij +μ(vi,j+vj,i) (4)

  Asatypicalnonlineardynamicmodelforthe
canopywithflexiblestructuresandlargedeform-
ation,thestructuralgoverningequationis

ρs
d2xsi

dt2 =σij,j+ρsbi (5)
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whereρsisthefabricdensityandxsithefabricdis-
placement.

2 Simulation MethodandVerifica-
tion

2.1 FSImethod

Inthecouplingcalculationofinflationfor
cruciformparachutes,howtotransferthecalcula-
tionresultsofthelaststeptothenextcanbees-
sentialinthecouplingsurface.Ineachtimestep,

thenodeforcesoftheflowfieldelementandthe
canopyelementshouldbecalculatedseparately,

andthenthenodeforcesofthefluid-structurein-
terfacearecoupledbyapenaltyfunction.When
thepenetrationhappens,itisstipulatedthatthe
relativedisplacementdofthestructureandthe
flowfieldisthepenaltyfactor.Theforceonthe
canopynodeisFs=k·d.Here,kisthestiffness
coefficient.Thenodeforceofthefluidisequalto
thatofthecanopy,thoughwithanoppositedi-
rection,i.e.,Fl=-Fs,asshowninFig.2.

Fig.2 Penaltymethodoffluid-structureinteractionin-
terface

TheFSInumericalsolutionusesthetime-ex-
plicitcentraldifferencemethodwiththesecond-
ordertimeaccuracybytime-marchingmethodolo-
gy.Thenthevelocityanddisplacementofeach
fluidandstructurenodecanbecalculatedby

 un+1/2=un-1/2+ΔtM -1(Fext+Fint) (6)

     sn+1=sn-1+Δtun+1/2 (7)

whereu,sarethevectorsofvelocityanddisplace-
ment,respectively;nisthenumberofiteration;

Misthediagonalmatrixofmass;andFint,Fext
arethevectorsofinternalandexternalforces,re-
spectively.

2.2 Mesh

Thecomputationaldomainis10D0×7D0×

7D0,whereD0isthenominalcanopydiameterof
asingleparachute.Thecanopyislocated6D0a-
wayfromtheexitend.Forthedouble-parachute-
system,theircanopiesaredividedinto9216shell
elements.Thesuspensionlinesandreinforcement
tapesaredividedinto9984cables.Thegridof
theflowfieldneartheinterfaceofcanopyislocal-
lyrefinedsoastoobtainmoreaccurateresults.
Theflowfieldencompasses2.44×106hexahedral
solids,asshowninFig.3.Thevelocityboundary
andthepressureboundaryareusedattheinlet
andoutlet,respectively.Besides,thenon-reflec-
tiveboundaryischosenforthesurrounding.

Fig.3 Fluiddomainmesh

Theinitialshapeofthecanopy,whichis
madeoftheflexiblefoldedfabrics,isextremely
complicatedinapplication.Itchallengesusto
preciselybuildaninitialgeometricmodeldescri-
bingthecruciformparachuteunderrealisticcon-
ditions.InspiredbyKim’s[16]method,weestab-
lishtheinitialshapeofthecruciformparachute.
Thespecificimplementationprocessofthemeth-
odisthatthepullisexertedtothefullyextended
cruciformparachute,andtheshapeofparachute
inforceequilibriumistheinitialoneofthecruci-
formparachute.Meanwhile,thepullisthedrag
forceoftheretardingparachuteataconstantve-
locity.Basedonthemethod,theinitialshapeof

thesinglecruciform parachuteisrebuilt,as
showninFig.4(a).Similarly,theinitialshapeof
thedouble-cruciform parachutecanbeprovided
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by mirroringthatofthesingleparachute,as
showninFig.4(b).

Fig.4 Initialfoldedstatesofcruciformparachutes

2.3 Verification

AC-9parachute[15]isutilizedtoverifythe
proposedmethod.Itsdiameteroftheapexis0.85
m,andthediameterofthefullyextendedcanopy
is8.50m.Thefabricdensityofthecanopyis
533.77kg/m3 withanelasticmodulusof0.43
GPaandPoisson'sratioof0.14.Thecanopyis
0.10mmthickandthesuspensionlinesare9.00
mlong,withacanopydensityof462.00kg/m3

andanelasticmodulusof97.00GPa.Thelongi-
tudinalreinforcementtapes,withthesamemate-
rialassuspensionlines,jointtogetherattheapex
ofthecanopy.ThefreestreamvelocityforC-9is
80m/sandtheatmosphericdensityis1.18kg/

m3.Moreover,thenodeattheendofthesuspen-
sionlinesisafixedconstraintandthesidebound-
aryofflowfieldisnon-reflective.

Forastablefully-extendedcondition,thera-
tiooftheprojectedareatotheunfoldedgorearea
ofthecanopyis0.428,whichisclosetothenu-
mericalresultof0.4036inRef.[15].Thecano-
pyshapeoftheinflatedC-9issimilarwiththatof
thetestresults[17],asshowninFig.5.

3 ResultsandDiscussion
3.1 Changeofcanopyshape

Forthedouble-cruciformparachutes,there
existthecanopiescollisionandextrusioninthe
inflationprocess.Intheextremecase,itwilllead
toadisableinflation.Thus,itnecessitatesthe

Fig.5 Comparisonofnumericalandexperimentalre-
sultsofinflatedC-9parachute[17]

detailedanalysisofthecanopyshapechangedur-
ingtheinflationprocessforthedouble-cruciform
parachute.Tounderstandthecharacteristicsof
inflation process, we simulated theinflation
processesofsingle-anddouble-cruciform para-
chutesunderthesameworkingconditions.The
freestreamvelocityduringthecruciform para-
chuteinflationprocessis50m/s,whichisinthe
rangeofthelandingvelocityoftheaircraft.

The canopy shapes during the inflation
processesforthesingle-anddouble-cruciform
parachutesareshowninFigs.6and7,respective-
ly.Thesingleparachuteinflationprocessingwas
presented,fromtheunfolding(Fig.6(a)),ex-
pandinginthecrownexpeditiously(Fig.6(b)),

overinflationphenomenon (Fig.6 (c)),andto
stableinflatedshapewithflappinginasmallan-
gle(Fig.6(d)).Furthermore,theevolutionof
thedouble-cruciformparachuteshapeissimilarto
thatofthesinglecruciform.However,forthe
double-cruciformparachute,theobviousoverin-
flationphenomenonwasnotbeenobserved.Since
thecollisionandextrusionofthetwocanopies
duringtheinflationobstructtheoscillationofthe
innergores,theoverinflationofthecanopiesis
suppressedduringtheadjustmentofthecontact-
separation-recontactprocessofthedoublepara-
chutes,asshowninFigs.7(b-d).Inaddition,

therollingangleofeachparachutearounditsaxis
variesduringtheinflationprocess.Here,wede-
finetheoscillationangleofthesingle-parachute
systemastheanglebetweenthecentralaxisof
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Fig.6 Canopyshapesofsingle-cruciformparachutein
theinflationprocessat50m/s

Fig.7 Canopyshapesofdouble-cruciformparachutein
theinflationprocessat50m/s

thesingle-parachuteandtheZaxis,andalsode-
finetheoscillationangleofthedouble-parachute
systemastheanglebetweenthelinesegmentOO′
andtheZaxis,asshowninFig.8,whereP1and
P2arethecenteroftheapexesforthedoublepar-
achutes,andO′isthemidpointofthelineseg-
mentP1P2.Whenthecanopyisinflated,theos-
cillationangleofthesingle-fparachutesystemis
within3.5°,whilstthatofthedouble-parachute

systemiswithin6.8°.Inwindtunneltest,the
oscillationangleofthesingle-parachutesystemis
within3.8°,whilstthatofthedouble-parachute
systemiswithin9.4°.Thusitcanbeseenthat
thesingle-parachutesystemismorestablethan
thedouble-parachutesystem,andthenumerical
simulationresultsagreewiththoseofthewind
tunneltest.

Fig.8 Schematicfortheswingangleofdouble-para-
chutesystem

Fig.9showsthevariationofprojectedareaof
canopy,whereadimensionlessprojectedareaA/

A0representstheratiooftheinstantaneousdrag
areatothefullyextendedprojectedarea.Besides,

theprojectedareacurvesshowthatoverinflation
phenomenonhappensintheinflationprocessof
singleparachute,butnotobviousinthatofdoub-
le-parachute.Whentheparachutesareinflated
andstable,theprojectedarearatioofthesingle
parachuteislargerthanthatofthedouble-para-
chute,whichismainlyduetothecollisionand
extrusionofthetwocanopies.

Fig.9 Projectionareaofcanopy

3.2 Changeofflowfield

TheLambvectorLisintroducedtoanalyze
theshapeandattitude(L=ω×u,whereωisthe
vortexvectoranduisthevelocityvector).The
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Lambvectorisavortexforce,whichisconducive
tounderstandtheflowcharacteristicsoftheflow
fieldaroundthecanopy.ThedivergenceofLamb
vectorcanbeusedtostudythedynamicprocess
intheflowfield.Lambvectordivergence∇·L
canbewrittenas

∇·L=u·∇×ω-ω·ω (8)

where∇·L>0and∇·L<0meanthatthemo-
mentumtransportisdominatedbythedeforma-
tion and the vorticity pushing,respectively,

whilst∇·L≈0meansthatthedeformationand
vorticitypushingareinastateofpartialequilibri-
um.Therefore,themomentumtransportformat
intheflowfieldisqualitativelyjudgedbythesign
of∇·L.

Figs.10and11showtheLambvectordiver-
gencedistributionoftheflowfieldaroundthesin-
gleanddoubleparachutes,respectively,where
thesolidlinerepresentsthepositivevalueandthe
dottedlinethenegativeone.Forthesinglepara-

Fig.10 Lambvectordivergencedistributioninflow
fieldofsingleparachute

Fig.11 Lambvectordivergencedistributioninflow
fieldofdoubleparachutes

chute,thereisanobviousshearlayerintheouter
flowfieldaroundthecanopy(Figs.10(a),(b)),

andtheshearlayerhasnotfullydeveloped,which
causeseasy momentum exchangebetweenthe
high-velocityairflowoutsidethecanopyandthe
airflownearthewakeregion.Meanwhile,there
isalsoamomentumexchangebetweenthecanopy
andtheairflow,whichleadstotheformationofa
low-pressureregioninthewake.Finally,the
overinflationiscausedinthesingleparachutein-
flationprocess.Inthedouble-parachuteinflation
process(Figs.11(a),(b)),theshearlayerof
theflowfieldaroundtheinnergoresandthecon-
tactoftheinnergoreshinderthemomentumex-
changebetweentheinnerairflowandtheairflow
inthewake,aswellasthemomentumexchange
betweenthecanopiesandtheairflowinthewake.
Therefore,thepressureinthewakeislargerthan
thatofthesingle-parachuteinflation process,
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leadingtothephenomenonthatoverinflationwas
notbeenobservedinthedouble-parachute.When
thecanopyisinflated,forthesingleparachute,

theshearlayeroftheflowfieldaroundthecanopy
isfullydeveloped,whichmakesthemomentum
exchangeinthewakestable.Butforthedouble-
parachute,the momentumtransportformatof
theflowfieldaroundtheinnergoresischanging,

andtheshearlayerisfailure,whichstrengthens
themomentumexchangebetweentheinnerair-
flowandthewakeflow.Meanwhile,thevortex
motioninthewakeisintense.Whentheflow
fieldreactsonthedouble-parachute,theattitude
oftheparachutesischanged,whichcausesalar-
geroscillationangleofthedouble-parachutesys-
tem,comparedwiththatofthesingle-parachute
system.

4 Conclusions

Thefluid-structureinteractioninboththe
single-anddouble-cruciformparachutesystemsis
simulatedbasedontheALEmethod.Thecanopy
shapeandflowfieldareanalyzedandthefollow-
ingconclusionscanbedrawnasfollows:

(1)Withthegivenparameters,thecollision
andextrusionofthetwocanopiesobstructedthe
oscillationoftheinnergores,andthemomentum
exchangeinthewakeofthesinglecruciformpar-
achuteismoreintense.Itexplainswhyoverinfla-
tionisnotobservedintheinflationprocessof
double-cruciformparachutesystem,butinthatof
single-cruciformparachute.

(2)Whenthecanopiesareinflated,thevor-
texmotioninthewakeofdouble-cruciformpara-
chuteismoreintense,comparedwiththatofsin-
gle-cruciformparachute.Theflowfieldaffects
thecanopies,makingtheattitudeofdouble-cruci-
formparachuteadjustedcontinuously.Theoscil-
lationanglesofsingle-anddouble-cruciformpara-
chutesystemsarewithin3.5°and6.8°,respec-
tively,whichagreewiththeresultsofthewind
tunneltest.
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