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Abstract  

An experimentaland computationalstudy onimprovement of  

lift－dragcharacteristicsoftransonicairfoilwithpassiveventilationhas  

beenconducted．Transonic airfoils withpassiveventilationhave been  

Selectedinthepresentstudy．Forthepassiveventilation，pOrOuSWallon  

theuppersurfaceofwingorapairofslits，Whicharelocatedonthewing  

Surface，is used．Surfacepressure distributions on the airfoilare mea－  

Suredin order toinvestigate the effect of passive ventilation to the  

improvement oflift－drag characteristics of the airfoil．Lift and drag  

COefficientsoftheairfoilarecalculatedbyusingthosesurfacepressure  

distributions．The results show the passive ventilation couldimprove  

lift－drag characteristics of the airfoilin some cases and the optimal  

Selectionsoftheshapeofairfoilandlocation ofpassiveventilationare  

requested．   

Keywords：Supercriticalwing，Passive ventilation，Wing，Transonic  

flow，Lift－dragcharacteristics  

1．Introduction  

Forthetransonictransports，dragreductionandhighspeedperformancearethemost  

required problem．The shock wave appears on the airfoilat transonic regime and the  

shock－boundarylayerinteractionisinevitable．Torelievethisinteraction，SOmetypeS Of  

Ventilationmechanismhavebeenproposed．1）～6）  

Ventilation mechanisms are classifiedinto two groups，Oneis an active ventilation  

mechanism with externalsupplied power，and the other oneis the passive ventilation・  

Passiveventilationmechanismhasapairofslitsconnectedeachotherbyaninternalchannel  

orporoussurfacewitha cavityunderneathit．Ventilationflowis drivenby the surface  

pressuredifferencebetweentheslitsorporousregion．Someexperimentalandnumerical  

resultshavebeenreportedthatthepassiveventilationwithporousorslitslocatedaroundthe  

ShockwavecanbringdragreductionandMddimprovementattransonicspeedregime・  
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Fig・．1Schematicsketchofthenewconceptofpassiveventilationwithslits．  

Fig．2 Twotypesofthenewconceptofpassiveventilationwithslits．  

（a）VentilationType－1  

（b）VentilationType－2   

Inthispaper，inadditiontotheporouswall，aneWCOnCeptOfpassiveventilationbyslits  

is applied on transonic airfoils．Figurelshows the schematic sketch of this concept．  

Pressuredifferencebetweentheslitsderivestheventilationflow；blowingandsuctionatthe  

Slitsandinternalflowinaduct．Blowingfromtheslitatthelowerpressureregionnearthe  

leadingedgeoftheairfoil，andsuctionintotheslitathigherpressureregionnearthetrailing  

edge．Theblowlngflowspeedisslowerthantheouterflowaroundtheairfoil，SOtheslower  

flowlayerisformedontheairfoilsurfacedownstreamoftheblowlngSlit．Itisexpectedthat  

thefrictionaldragreduceinthisregion．Furthermorethelargerdisplacementthicknessof  

theboundarylayerisformed，Whichisequivalenttotheadditionalairfoilcamberline，SOit  

brings morelift．This slower flow on the airfoilsurfaceis suckedinto the slit near the  

trailingedgeanditenablesgoodpressurerecoveryatthetrailingedge．Consequently，the  

reductionofbothfrictionalandpressuredragareexpectedbythisconceptofventilation．In   
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thisstudy，tWOtypeSOfpassiveventilationwithslitsareproposed，ShowninFig．2．  

2．ExperimentsandNumericalMethods  

Toinvestigatetheeffectofthepassiveventilation，aneXperimentalandcomputational  

Studywasconducted．TransonicwindtunneltestsandNavierEStokescomputations were  

Carriedoutontransonicairfoilswithpassiveventilation．   

2．1ExperimentalModelsandFacilities  

Oneoftheexperimentalinvestigationsinthisstudywascarriedoutinthe61cm Fuji  

HeavyIndustries（FHI）trisonicwindtunnel．7・8・9）Themodeltestedwasatwo－dimensional  

SuPerCriticalairfoilA－10，Whichhasbothfront andrearloadingshapeand12％thickness  

ratio■ The chordlength of the modelis200mm andits spanis the wind tunnelwidth．  

Interchangeableinsertswereequippedontheuppersurfaceofthe airfoil，Oneisaporous  

Surface，0．1mmofdiameterandl．Ommpitch，Onthemid．chordregionandtheotherisapair  

Ofslitsat15％Cand75％Clocation，Whosewidthislmminchordwise．Surfacepressure  

distributionwasmeasuredat48positionsinthemid－Spanplane．Theliftwasobtainedby  

integratingthesurfacepressuredistributions，andthedragfromtotalpressuremeasurements  

bythewakerake．Boundarylayertripstripswereplacedneartheleadingedgeonbothsides．  

AnotherexperimentalinvestigationwascarriedoutattheNAEtrisonicwindtunnelin  

Canadawithtwo－dimensionaltest section for higher Reynolds number conditions．9）The  

modelusedinthistestwas304．8mmchordlengthand381mmspanwidthtwo－dimensional  

SuperCriticalairfoilUVA－1model．Slits werelocated at12％C and70％C on the upper  

Surfaceand12％Conthelowersurfaceontheinterchangeableinserts．Theliftwasobtained  

byintegratingthepressuredistributionmeasuredat68pointsonthesurface，anddragfrom  

totalpressuremeasurementsbythewakerake．   

2．2 NumericalProcedure  

InAdditiontothewindtunneltest，numericalinvestigationswerecarriedouttoanalyze  

detailphenomena of the ventilation effect．10）Two－dimensionalunsteady compressible  

thin－1ayerNavier－Stokesequationswereadoptedinthisstudy．Thenumericalprocedureto  

SOlvethegovernlngequationsisamodifiedform oftheLUJADIscheme．11）Chakravarty－  

Osher’supwinddifference12）andspacevariabletimestepmethodhavebeenincorporated．An  

algebraicturbulencemodeldevelopedby BaldwinandLomaxwasusedtocalculate eddy  

Viscosity．13）  

Tosimulatetheeffectoftheventilationnumerically，animprovedboundarycondition  

WaSaPPliedtotheslitandporousregionontheairfoil．Thisisanextensionofthatforporous  

SurfaceusedbyChenetal．4，5）andisbasedonDarcy’sLawfortheperforatedmedia．  

Velocitynormaltothesurfacethroughtheslitisgovernedsuchthat  

佑＝－（1／2）♂（Cクー百）  

♂＝了Lな／α＊   

Cpand Cp arethepressurecoefficientsaboveandbelowtheslitsurfacerespectively．Flow  
Velocityisexpectedtobeslowerthanouterflow，SOthat Cpisassumedtobeconstantinthe  

cavity．盲istheporositydistributionfunction，Whichwasdeterminedbythewindtunneltest  

resultsofchannelmassflow．a＊isthecriticalsoundspeed，and U”istheuniformvelocity．  

Themassflowthroughtheslitsmustbezero，   
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¢＝上p佑鹿＝O  

Whichgives，byassumingconstantchannelpressure，   

百＝上即C〆お／上即広  

Cp，thepressurecoefficientattheslitsurface，iscalculatedfromthemomentumequationof  

the normaldirection to the surface．  

3．The Effect of Passive Ventilation  

Experimentalandnumericalresultsonpassiveventilationarecheckedbythefollowing  

points；preSSuredistribution，boundarylayerprofile，SpeCialflowpatternaroundtheairfoil，  

andlift－dragcharacteristics．   

3．1Pressure Distribution  

Figure3showsthesurfacepressuredistributionsforventilationwithporoussurfaceat  

transonicspeed．Pressure distributionontheporoussurfacebecomes flat andthe single  

StrOngShockwavewasdividedintotwoweak ones．  

Figure4showsthewindtunneltestresultsfortheventilationwithslits．Comparisonof  

surfacepressuredistributionatM＝0．60andM＝0．75betweenNo－VentilationandVentila－  

tionType－1configurationisshown．Slowerblowingfromtheslitneartheleadingedgeby  

theventilationcausesthickerdisplacementthicknessoftheboundarylayer，anditisequiva－  

1enttochangeofthecamberlineoftheairfoil．Soitdecreasessurfacepressurebetweenthe  

slits．  

（b）  （a）   

NO VENTlLATlON 

SO～80％CPOROUS  

Fig．3 Comparisonofsurfacepressuredistribution；Ventilationwithporoussurfaceand  

No－Ventilation（A－10airfoil，Windtunneltest）．  

（a）Windtunneltestresult  

（b）NScomputationresult   
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Fig・．4 Comparison of surface pressure distribution；Ventilation Type－1and No－  

Ventilation（A－10airfoil，Windtunneltestresult）．  

（a）M＝0．6，α＝2．Odeg，Re＝2．2×106  

（b）M＝0．75，α＝2．Odeg，Re＝2．6×106  

（b）   

Ho V即tilation  

（a）  

Fig．5 Comparison of surface pressure distribution；Ventilation Type－1，Type－2and  

No－Ventilation（UVA－1airfoil，Windtunneltest）．  

（a）M＝0．6，α＝2．9deg，Re＝14×106  

（b）M＝0．78，α＝2．7deg，Re＝14×106   
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（a）  

－－…… NOVENT暮LAT10N   

SuTJrYPE－11570％C  

（b）  

NOVENTILATION  

SuTTYPE－115－70％C  

Fig．6 Comparison of surface pressure distribution；Ventilation Type－1，Type－2 and  

No－Ventilation（UVA－1airfoil，NScomputation）．  

（a）M＝0．6，α＝3．Odeg，Re＝14×106  

（b）M二0．74，α＝1．7deg，Re＝14×106  

M＝0．75  （‡＝3 dモ耳  

Fig．7 Comparison ofboundarylayer profiles；Ventilation Type－1and No－Ventilation  

（A－10airfoil，Windtunneltest）．   
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Figure5showsthepressuredistributionsforUVA－1airfoilathigherReynoldsnumber  

Windtunneltest．TheeffectoftheventilationissimilartoFig・．4forVentilationType－1，but  

theshockwavelocationmovesafterwardto the No－Ventilationcase．Figure6showsthe  

COmputationresultsforthesameconditionsaswindtunneltest．Theresultoftheventilation  

effect shows good agreement to thewind tunneltest results．Peaky compression and  

expansionis clearly seen around the slitlocation．For the Ventilation Type－2，SO muCh  

blowingcausesthebiggerpressurechangearoundtheblowingslitthanVentilationType－1．   

3．2 BoundaryLayerProfile  

Figure7showsthetotalpressuredistributionsfortheventilationwithslitsontheupper  

Surfaceoftheairfoil．ItisshownthattheslowerflowreglOnisformeddownstreamofthe  

blowingslitat15％Clocation．Thisslowerflowregionbetweentheslitsdecreasestheskin  

frictionatthisregion．Andthisslowerflowregionissuckedintotheslitat75％Clocation，  

SOthegoodpressurerecoverycanbe obtained atthetrailingedge．   

3．3 Flow Pattern around the Airfoil  

Comparison between theisobars by computations of Ventilation Type－1and No－  
VentilationconfigurationonA－10airfoilareshowninFig．8forM＝0．75．ForUVA－1airfoil，  

theresultsofMachcontouronVentilationType－1andType－2areshowninFig．9．Asfor  

Fig．8 Comparisonofisobars；VentilationType－1andNo－Ventilation（A－10airfoil，NS  

COmputation，M＝0．75，α＝2deg）．   
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Fig．9 Comparison of Mach contours；Ventilation Type－1，Type－2and No－Ventilation  

（UVA－1airfoil，NScomputation，M＝0．74，α＝1．7deg）．   
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Fig．10 Comparison of Lift－Drag coefficient；Ventilation Type－1，Type－2 and No－  

Ventilation（UVA－1airfoil，Windtunneltest）．   

VentilationType－1，blowingfrom15％Cslitformscompressionandexpansionwavesinthe  

supersonic region above the airfoil．This compressionwaveis formed by theincreased  

boundarylayer thickness causedbythe slowerflowblowing，andthe expansionwaveis  

formedbythedisplacementthicknesschangedownstreamregionofblowingpoint・These  
wavespropagateinthesupersonicregionabovetheairfoil，andreachestothesonicline・The  

compressionwavereflectsasanexpansionwave，anditreachesbacktotheairfoilsurface・  
ThiscausesthedecreaslngOfthesurfacepressuredistributionatthisreglOnandincreaslng  

ofliftcoefficient ofthe airfoil．Whiletheexpansionwavegeneratedattheblowingslit  
reflectsasacompressionwaveatthesonicline，butitseemstobediffused・   

FortheVentilationType－2，blowingfromthe15％CslitarestrongerthanVentilation  
Type－1，SOthesupersonicreglOnabovetheairfoilaredividedintotwoparts・Thiscausesthat  
thereseemstobenowavereflectingphenomenabytheventilation．   

3．4Lift－Drag Characteristics  

FigurelOshowsthedragpolarforUVA－1airfoilwindtunneltest・VentilationType－1  
reducesdragathighMachnumber andhighangle of attack conditions・However，drag  
increasesslightlyatlowangleofattack．AsforVentilationType－2，draglnCreaSeSathigh  

angleofattackbecauseoftheboundarylayerseparationnearthetrailingedgecausedbytoo  
muchventilationblowingflowandthelackofsuction．  

4．Mechanism of Passive Ventilation  

Themechanismsofthenewconceptofpassiveventilationpresentedinthispaperare  

summarizedasfollows．Slowerflowblowingfromtheslitformsaslowerboundarylayeron  

theairfoil，anditcausesthedecreaslngOfthefrictionaldragatthereglOnbetweentheslits・   
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Thisslowerflowcausesincreasingoftheairfoilcamber，SOtheliftcanbeincreased．This  

slowerboundarylayerflowissuckedintoslitnearthetrainingedgeforType－1，SOitdose  

nothavebadinfluenceonthepressurerecoveryatthetrailingedge．Furtherespeciallyfor  

transonicconditions，COmplicatedwavesystemisformedbytheblowinginthesupersonic  

region，anditcandecreasesurfacepressuredistributionontheuppersurfaceoftheairfoil．  

5．Concluding Remarks  

AnexperimentalandnumericalanalysISWaS Carried out onthe new concept passive  

ventilatedairfoilswithslits．Itisshownthattheventilationimprovesthelift－dragcharacter－  

istics．This benefitis derived from the frictionaldrag reduction，1iftincreament，and  

SuppreSSionofboundarylayerseparationnearthetrailingedge．Complicatedwavesystem  

formedattransonicconditionsincreasesairfoillift．Toachieveaneffectivepassiveventila－  

tion，theoptimalselectionofslitlocationforthebaseairfoilisrequired．  
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