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Abstract  

Thenumericalsimulationsofdragandaerodynamicheatingtothe  

SpaCeCraft duringJovian aerocapture have been conducted．DSMC  

methodisusedforthesimulationsofflowfieldsaroundthespacecraft．  

ThetransientchangesofdragduetoJovianatmosphereandtotalheat  

loadstothespacecraftareobtained．Theresultsshowtheestimatedheat  

loads could be within allowable heat load when proper ablation heat 

Shield techniqueis applied．AIso，the results showsJovian aerocapture  

COuldsavetotalmassofspacecraftorcouldincreasepayloadofspaceq  

Craftcomparedwithretro－rOCketblowingforspaceflighttoJupiter．   

Keywords：Aerocapture，Aerodynamic heating，Rarefied flow，DSMC，  

Jovianatmosphere  

1．Introduction  

Jupiteriscomingtonextdestinationformannedorunmannedexploration．PioneerX，  

Pioneer XI，VoyagerI，VoyagerIIand Galileo have already reached and obtained huge  

amountofscientificdata．ThemassofGalileoandCassiniEHuygensareintota12561kgand  

5280kg respectively．Explorationsin next generation willbelarger scale manned or un－  

mannedmissionsduetoincreaseeofrequestedinstrumentforJovianexploration．Therefore，  

reduction of mass of exploreris one of criticalproblems．In fact，prOpellant mass of  

Cassini・Huygensisabout2800kg，Whichisabout57％oftotalmass．Aerocaptureisoneof  

thehopefultechniquestoreducepropellantmasswhichoccupiesslgnificantamountoftotal  

massofexplorers．  

Many researches have been conducted on aerocapture using various planetary atmo－  

SPheres．However，JovianatmospherehasnotbeenconsideredbecauseofJovianmassive  

gravityandconsequententryspeedof47km／sec．Thespeedcanneverbereproducedbyany   
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kindofgroundtestfacilitiesincludinghypersonicandhighenthalpywindtunnels．Theonly  

twospacecrafts，WhichflewthroughJovianatmosphere，WereGalileoanditsentrycapsule  

probe．Someresearchesonthemareconductedinthepast．Thoughtheprobepenetrated  

deeplyinto the atmosphere anddata of aerodynamic heating during entry were obtained，  

quitefewdataareavailableintheestimationofaerodynamicheatinginJovianaerocapture．   

Inthepresentstudy，thenumericalsimulationsofdragandaerodynamicheatingtothe  

SpaCeCraftduringJovianaerocapturehavebeenconducted．Atfirststeporbitalanalysishas  

beenconductedtoobtainthetrajectoryofaerocapturebyusingJoviarlatmOSphericmodel・  
TypicalpropertiesalongthetrajectoryintheorbitalanalysisisshowninTablel．Asshown  

intheTable，densityofJovianatmosphereintheaerocapturetrajectoryisquitedilute．Since  

the spacecraft begins to enterinto atmosphere from the most outer region ofJovian  

atmosphere，rarefiedflowanalysISisrequested．AIsoestimationofKnudsennumberbased  

On Characteristiclength of grid size for computationis order oflO‾1at the bottom of  
aerocapturetrajectory．Fromtheaboveflowcondition，itisdecidedtouseDirectSimulation  

Monte Carlo（DSMC）for numericalsimulationl5）．Properties for the computation are  

SampledfromorbitanalysisconductedbyAsoeta16）．  

TablelFlowconditionsateachcomputationpoint．  

Time［s］   p［kg／m3］   r［m／sec］   r［叫   

198   1，OE－06   46，800   160   

214   2．OE－06   46，700   150   

229   3．OE－06   46，500   161   

244   3．5E－06   46，300   157   

264   3．OE－06   46，000   161   

280   2．OE－06   45，800   150   

298   1．OE－06   45，700   160  

2．DSMC method  

DSMCisverypowerfulnumericalmethodforrarefiedflowfield．Themethoddiscret－  

izesphysicalspaceandtimebasedonfinitedifferencemethod，andvelocityspaceinstochas－  

ticmethod．IntheDSMCmethod，flowfieldisdividedintomanysmallcomputationalcells  

and realparticlesin each cellare represented by some sample particles whose physical  

propertiesarechosenunderstochasticrules．ItwasfirstproposedbyBirdandimprovedand  

Studiedformanyyearsl）．ThemethodisconnectedwithBoltzmannequationbyNambuin  

19802）．   

DSMCmethodrequirestoomuchcosttobeconductedonpersonalcomputerforlarge  

flowfieldwhichcontainshugeamountofmolecules．Consequently，SOmeaSSumPtionsare  

introducedtosimplifytheproblemwithoutlosingessentialmeaning ofthe presentstudy．  

The assumptions are as follows：1）The flowfieldis axisymmetric andthe spacecraftis  
CircularcylinderasshowninFig．1．2）Thefluidispurehydrogen（realJovianatmosphere  

COntainslO．2％helium）．3）Chemicalreactionsofdissociation－reCOmbinationareconsidered，   
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however，ionizationisnotconsidered．4）Chemicalreactionsinvolvingsurfaceareneglected．  

The ablative thermalprotectionis most promlSlnglnSuChhighenthalpysituation．But，  

Surface reactions of ablatorinclude really complicated problems whichis not necessary  

feasibilitystudyofaerocaptureinJovianatmosphere．  

3．Physicalmodels  

3．1Particle collisions and chemicalreactions  

Particlecollisionsoccurineachcellandsampleparticlesinthecellhavesomeprobabil－  

itiesofcollisioneachother．Inprinciple，itisnecessarytocalculatealltheprobabilitiesand  

toletparticlescollideeachotherundercalculatedprobabilities．Inthiscase，thenumberof  

particlepairs，Whichhaveprobabilitiesofcollision，increasealmostinproportiontosquare  

Ofthe number of particlesin the cell．Then，the cost of collision computationbecomes  

unrealisticallytoolarge．Inthepresentcalculation，COllisionsbetweenparticlesarecalcu－  

1atedbyNanbu，sMaximum ColltsionNiimber Method7），Whichreducethecomputationcost  

drastically．  

Formixturegas，themethodisexpressedasfollows：  

Themaximumcollisionprobabilitybetweenchemicalspeciessandrinacellisexpressed  

aS   

且ax（∫，γ）＝犯r心・去紬（s，γ）竹max（s，γ），  （1）  

Where n，，N，，払ax（s，r）and6Tmax（s，r）denotesnumberdensityofrealparticleofspeciesr，  

numberdensityofsampleparticleofspecies r，pOSSiblemaximumrelativespeedbetween  

particles of species s and r and possible maximum total collision cross section between 

Particles of species s and r respectively．Next，in order simplify above equation，We  

introduce Gmax（s，r）asfollows：  

Gmax．（s，r）＝Enax（s，r）・6T，maX（s，r）  

Bymakinguseof n，＝帖／V，equation（1）iswrittenasfollows：   

鳥ax（∫，γ）＝葦・△f・Gmax（∫，γ）  

（2）  

（4）  

Where，l佑denotes“weight”whichmeansthenumberofrealparticlesrepresentedbyone  

Sampleparticle．However，aSRnax（s，r）＝Rnax（r，S），thelargerof取and耶shouldbeused  

inplaceofl佑ofEq．（4）．Hence，Eq．（4）couldbemodifiedas  

maxり佑，t佐）  
j㌔ax（ざ，γ）＝   

Finally，  

凡ax（ざ，5）＝   

・△オ・Gmax（s，γ）  （5）  

Aち（鵡－1）   航Cmax when r＝S  

Nnax（s，r）＝NNmax（恥耶）Gmax寄when r≠s   

WhereN。aX（s，S）ismaximumcollisionnumberamongspeciessandNnax（s，r）ismaximum  

COllisionnumberbetweenspeciess and rrespectively．   
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Next，for anyparticlepalrS，  

G（ざ，γ）＝g（ざ，γ）・♂r（ざ，γ）  

andtheprobability，P，Ofrealcollisionisexpressedasfollows：  

（7）  

G（ざ，γ）  
（8）  P＝   

Gmax（s，γ）  

OnlyforNnaxpairschosenrandomlyfromallprobablepairs，realcollisionoccursbyusing  

acceptancerejectionmethodinwhichPisestimatedbyEq．（8）．   
Totalcollision cross section6T（r，S）is mode11ed by Variable Hard Sphere（VHS）  
Mode15）．TotalcollisioncrosssectioninVHSisgivenasfollows：  

♂r＝♂r，噸（Cγ／Cγ，仰）1‾紬  （9）  

whereC，，C，，，yand6T，，ぴisrelativecollisionspeedbetweentwoco11isionparticles，reference  

collisionspeedanditscorrespondingcollisioncrosssectionrespectively．InEq．（9）a）isthe  
／  

index of a powerlow temperature dependence of the coefficient of viscosity whichis  

expressedasfollows：  

〃＝〃rぴ（T／rw）山  （10）  

ItisclearfromEq．（10）thatcoefficientofviscosityatonlytwotemperaturesareneededto  

determine a）．WerewriteEq．（9）asfollows：  

（9）’  ♂r＝ACγ1‾蝕，   

where constant coefficient Ais as follows：  

15×4方   
（11）  ▲1＝  

KineticparametersneededtodeterminecuandAaretransformedfromdatabaseconstructed  

byPark8）．Chemicalkineticparametersarealsogiveninthedatabase  

Thermally nonequilibriumis expressed byinelastic collision of Larsen－Borgnakke  

mode19）．RotationalrelaxationprobabilityisfixedasO．2．Anharmonicoscillatormodelis  

usedandvibrationalenergyisquantizedbyBoyd’smethodlO‾15）．Thatis，   

茸摘＝曲朋（ト怒す）  （12）  

WhereEvib，k，Ovib，ODandqisthevibrationalenergyofthemolecule，Boltzmann’sconstant，  

vibrationalcharacteristictemperature，dissociationcharacteristictemperatureandrandom  

integer，WhichsatisfiesthefollowlngCOndition，Evib十E，。t＜EdisreSpeCtively．  

Chemicalreactionsaremodelledwithvibrationallyfavoreddissociation（VFD）model  
combinedwithBird’srecombinationmodel5）．InVFDmodel，dissociationprobabilityPDis  

glVenaSfollows：13）  

（且。一旦β）町  
（13）  ／∴一－   fも＝β   

（且。一旦γ）ぎ  

where，Ec，ED，andEv aretotalcollisionenergy，theenergyrequiredfordissociationand  

vibrationalenergyrespectively．Ineq．（13）¢isanarbitrarynumber．Itisrevealedthatthe  

Calculatedresult at¢＝Oshowthebestagreementwithexperimensincase ofVFD model   
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COmbinedwithanharmonicoscillatormodel．AIso，β，少andEofEq．（13）areexpressedas  

follows：  

α′J石打（〃／2）1／2‾2／α  r［（g。－gγ）／2］  
β＝E   ×   

庇わ′Cγ7㌦r  ハ丁（¢＋1）丁［2－（2／α）］  

¢＝わー‡（ト意）十号－1  

ぎ＝（g。－gγ／2）－1  

Where，SIc，S・v，af，bf and p are degree offreedom of collisionpair，degree offreedom of  

Vibration，COefficient of the forward reaction，index of temperature of the reaction and  

reducedmassrespectively．AIsoα＝4／（2a）ql）．  

PostcollisionenergyofparticlesaregivenbythesimplemodelproposedbyHaas16）17）  
InthemodelenergyofamodeEmisconnectedwiththataftercollisionE”mbyusingtotal  
COllisionenergyEc andreactionenergy△E，？。CaSfollows：   

且”椚＝gm（ト告）  
（17）  

Thethreebodyrecombinationisdifficulttoconstructagoodmodelbecauseitdependsonthe  

dissociationprocess．Therefore，VeryfundamentalrecombinationmodelbyBirdisadopted  

inthecomputation5）asfollows：  

巾  ′／∫・7、∴－  れ・トり‖＿  
（18）  1喜 ¢H2   

♂r吉毎（去）で警）  

Ok，nT，V，Q and FL areCrOSSSeCtion ofrecombination，number densityofthethirdbody，  

VOlume ofthe system，Partition function of molecules and reduced mass of H－H collision  

respectively．  

ピユ 、  
＼  

）   

ノl ノ  

4「取m′／s  

■■r  ＿＿＿ ／ ／  

Fig．1Schematicofcomputationmodel．  

3．2 Flow conditions  

The schematic diagram of spacecraft，Whichis expressed by circular cylinder with  

diameterof5mandlengthof5m，isshowninFig．1．ComputationconditionsareglVenfrom  

Orbitaldata asshowninTablel．Sevenlocationsontheorbitofaerocaptureprocess are  

Chosenandcomputationisconductedateachlocation．ThetimewithTablelismeasured  

fromsomereferencestartingtimewhenthespacecraftbeginstoconductaerocapture．Inthe  

COmputationtheflowisassumedtobesteady．Collidingwiththecylindersurface，particles  

areassumedtoaccommodateperfectlywiththesurface．Temperatureofthefrontsurface  

Ofthecylinderisassumedas1500Kand500Konthesidesurface．Boundaryconditionofthe  

Cylinderis assumedtobediffusivereflection．   
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4．Results and discussions  

AboutlOO，000sampleparticlesareusedforeachcomputation．Knudsennumberbased  

on cellsizeis about O．20n the axis．  

Radialdistributionofheat－fluxandpressureareshowninFig．2．Onvicinityoftheaxis，  

Spike ofheatfluxis observed．Theresultisdueto axISymmetric calculation．In axISym－  

metriccomputation，area Ofcomputationcellistoo smallinvicinityofaxis．Itresultsin  

underestimation ofcollisionnumber．Due to smaller collisionnumber，particles withhigh  

energycouldreachtothesurfacewithfewco11isionsandgeneratespikeofheatfluxinthe  

Vicinityoftheaxis．  

RepresentativepressurecontoursandtemperaturecontourareshowninfromFigs．3and  

4．TransientpressuredistributionsareshowninofFig．3（a）to3（g）．Itisclearthatpressure  

behindbowshockwaveincreasesas p∞increases．  

TemporalchangesofdragandheatloadisshowninFig．5．Maximumvalueoftotalheat  

loadobserved ataroundlowest altitude．At t＝247sec，heatloadis about5．5×109W and  

dragisaboutl．9×105N．Thetotalheatloadandaveragetotalheatloadperunitareafrom  

180secto320secareabout3．8×1010Jandl．9×109J／m2respectively．  

Themassofthermalprotectionsystem（TPS）isestimated．Carbonphenolicablatoris  

assumed for TPS．The specificlatent heat of carbon phenolicis estimated by following  

equation18）．  

△H＝24．9－1．8logpw＋1．1（logpw）2 MJ／kg  （19）  

where，Pw［atm］ispressureonsurfaceofwall．Fromthecomputationalresultsas，Pwison  

theorderoflO3Pa，△Hisestimatedtobeabout30MJ／kg．Asaresult，minimumrequired  

massofablatoris60kg／m2．Atthesametime，itisempiricallyknownthatmassofablator  

forthermalinsulationisabout60kg／m2．Asaresult，tOtalmassofablatorisestimatedto  

beabout120kg／m2．Here，WeaSSumeaSmallspacecraftwhosediameterislm，thoughthe  

DSMCcalculationisconductedforlarger spacecraft whose diameteris5m．Then，tOtal  

mass of ablatoris about94kg．As the trajectory analysis assumed that the ballistic  

COefficientofthespacecraftis400kg／m2andestimatedmassofthespacecraftis628kg．  

AIsothetrajectoryanalysisconcludedreductionofvelocityofspacecrafttobecapturedin  

thegravitationfieldofJupiterbyretro－rOCketis1260m／s．Themassreductionofpropellant  

Of278kgisobtainedfromRocketequationifweassumedtouseexistingthrustersofIspof  

330secforretro－rOCket．Therequiredmassofpropellantis quitelargerthanthemassof  

TPS．Hence，thespacecraftcanincreaseitspayloadby184kg．Asaspacecraftincreaseits  

mass，requiredmassofpropellantincreaselinearly，aerOCaptureteChniquehasmoreadvan－  

tageforlargerspacecraftinintroduction．ThoseresultssuggestthataerocaptureatJovian  

atmosphereisquiteuseful．  

5．Conclusion  

AstudyonJovianatmosphericaerocapturehasbeenconductedinthepresentstudy．The  

numericalsimulationofaerodynamicheatingtothespacecrafthasbeenconducted．DSMC  

methodisusedforthesimulationofflowfieldsaroundthespacecraft．Thetransientchanges  

OfdragduetoJovianatmosphereandtotalheatloadstothespacecraftare obtained．The  

resultsshowthatJovianaerocaptureisquiteuseful．   
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Fig．2 Heatfluxandpressureat t＝247s．   
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（a）t＝198s（H＝277km，P∞＝1．0×10R6kg／m3）  （e）t＝264s（H＝251km，P∞＝3．0×10．6kg／m3）  

2122 ヱ3瀦 25 26 27  

（f）t＝280s（H＝261km，P00＝2．0×10L6kg／m3）  （b）t＝214s（H＝260km，P00＝2．0×10‾6kg／m3）  

（g）t＝298s（H＝281km，P00＝1．0×10‾6kg／m3）  （c）t＝229s（H＝251km，P∞＝3．0×10」6kg／m3）  

Fig．3 Pressuredistributionateachflowconditions．   

（d）t＝247s（H＝247km，P00＝3．5×10‾6kg／m3）  
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Fig．4 Temperaturedistributionat t＝247s（H＝247km，P∞＝3．5×106kg／m3）．  

Fig．5 Temporalchangesofdragandtotalheatload．   


