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Abstract

Thispapernumericallystudiesthecruiseefficiencyenhancementby3Dtandemwingsinteractionfora
CoFlowJet(CFJ)aerialvehicleatcruiseMachnumberof0.17.Thesimulationsemploy3DRANSsolverwith
Spalart-Allmaras(S-A)turbulencemodel,3rdorder WENOschemefortheinviscidfluxes,and2ndordercentral
differencingfortheviscousterms. Theaerodynamicperformance,energyexpenditure,andflowfieldofthe
tandemwingpropeller-CFJaircraftareinvestigated.Eachofthetandemwingshasapropellermountedabove
thewingsuctionsurfacetoreducetheCFJpowerrequired.Thefrontwingissmallerwiththeplanformarea
1/3ofthatoftherearwing.Bothwingshavethesamechord.Theaspectratioforthefrontwingis3.56and
10.68fortherearwing.Theareaaveragedaspectratiooftheaircraftis8.9.Thestudyholdsaconstantoptimal
angleofattack(AoA)of5◦forthefrontwingandhastheAoAoftherearwingat5◦,10◦,and15◦.Thetwo
wingsareseparatedbyonechordlengthinthestream-wisedirectionandarealignedinthesametransverse
position.Suchaconfigurationallowstherearwingtocapturethetipvortexofthefrontwingonthesuction
surfacewithitslowpressure.Thisvortexcapturingmechanismenhancestheliftoftherearwingsignificantly
attributedtothelowpressureofthetipvortexcoreandtheupwashthevortexgenerates.
Theoptimalaerodynamicefficiencyandproductivityefficiencyofthetandemwingvehiclesystemareob-

tainedwhentheAoAoftherearwingisat10◦. WhentheAoAoftherearwingisincreasedfrom5◦to10◦,the
increasedcirculationofthelargerrearwingdominatestheflowfield.Theinducedcirculationoftherearwing
withastrongerpropellerstrengthcreateanupwashfavorabletothefrontwing,whichproducesanaerodynamic
ratioofCL/CD of21.85andthecorrectedaerodynamicefficiencyCL/(CD)cof14.39.Theseareextraordinarily
highmeritresultsforthesmallfrontwingwithasmallaspectratioof3.56.Thecorrectedaerodynamicefficiency
CL/(CD)cforthewholevehicleis14.27withaliftcoefficientof1.6,whichresultinacorrectedproductivity
efficiencyC2L/(CD)cforthewholevehicleof22.82.Theoverallvehicleefficiencyareexcellentduetothehigh
vehiclecruiseliftcoefficientof1.6andcorrectedaerodynamicefficiencyof14.27foramoderateaspectratioof
8.9. Thecruiseliftcoefficientof1.6attributedtotheCFJactiveflowcontrolisalmost3timesgreaterthan
thatofconventionalsubsonicaircraft,whichwouldbestalledatsuchahighliftcoefficientorseverelypenalized
byitsexcessivedrag. Thisstudyindicatesthatthetwotandemwingsbenefiteachother. Thefrontwingtip
vortexenhancestheliftoftherearwingandtherearwing’shighliftandcirculationincreasethefrontwing’s
efficiencyduetotheupwash.Thetandemwingconfigurationpresentedinthispaperisnotoptimizedandcould
beastartforanewareaofaircraftconfigurationdesign. Moreinvestigationwillbealsoconductedtostudythe
propellerstrengtheffect.

Nomenclature

CFJ Co-flowjet
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V FlowVelocity
ρ AirDensity
α,AoA AngleofAttack
ṁ MassFlowRate
M MachNumber
Mi IsentropicMachNumber
Re ReynoldsNumber
L AerodynamicsLift
D AerodynamicDrag
p StaticPressure
p0 TotalPressure
η PumpingPower
q∞ FreestreamDynamicHead,12ρ∞V∞

2

CL LiftCoefficient, L
q∞ S

CD DragCoefficient, D
q∞ S

CM MomentCoefficient, M
q∞ Sc

Cp PressureCoefficient,p−p∞q∞
Cµ JetMomentumCoefficient,

ṁjvj
q∞ S

(LD) ConventionalAerodynamicEfficiency

Pc CFJPowerCoefficient, P
q∞ SV∞

(LD)c CorrectedAerodynamicEfficiencyforCFJAirfoil, L
D+P/V∞

= CL
CD+Pc

(
C2L
CD
) ProductivityEfficiencyCoefficient

(
C2L
CD
)c CorrectedProductivityEfficiencyCoefficientforCFJAirfoil

∞ FreeStreamConditions

1 Introduction
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Innature,tandemwingconfigurationiswidelyadoptedbyinsects,suchasdragonfliesandlocusts.Itisproven
thatsuchconfigurationcouldleadtosuperiorstabilityandmaneuverability,andcouldbenefittheaerodynamic
performanceviaactivewing-winginteraction.

Tandemwingconfigurationhasattractedalotofinterestrecentlyduetothedevelopmentofelectricvertical
takeoff/landing(VTOL)vehiclesforurbanairmobility[1,2,3].Theadvantageoftandemwingsisthatithashigh
hoveringstabilityduetotwoliftingvectors.However,itreducestheaircrafteffectiveaspectratioandthefront
wing’stipvortexandwakemayaffecttheperformanceoftherearwingatcruise. Howtooptimizethetandem
wingconfigurationtoimprovecruiseefficiencyisthusaveryimportanttopic,whichisthepurposeofthispaper.

Therearwingoftandemwingaircraftoftenlocatesabovethefrontwingtoavoidthewakeofthefrontwing
andthepropeller,whichisperceivedtobeharmfultotheaerodynamicperformance.However,withthehelpof
theadvancedCo-FlowJet(CFJ)flowcontrol[4,5,6,7,8,9,10,11,12,13,14],therearwingmaybenefitfrom
thetheincomingwaketoimprovethecruiseefficiencyasobservedbythe2DstudyofRenandZha[15].TheCFJ
wingsforVTOLhoverandcruisearealsostudiedin[2,3].

Inthiswork,wetakea3Dtandemwingpropeller-CFJVTOLvehicleasthemodeltostudythetandemwings
interactioneffectatcruise. ThetandemwingvehicleisanintegratedflightsystemwithfrontandrearCFJ



wings,eachhaspropellersmountedabovethewingsuctionsurfaceasshowninFig. 1. Followingthesame
strategydevelopedbyRenandZha[15],thetandemwingsutilizetheCFJactiveflowcontroltoenhancethe
cruiseperformance. Threecaseswithdifferentrearwingangleofattackarestudiedforitseffectontheoverall
aerodynamicperformance.Also,thewingtipvortexcapturemechanismisdiscussedforoptimizingtheairplane
performance.

Figure1:Sideviewofthetandemwingairvehiclewithpropellersmountedabovethewings.

2 TheCo-FlowJetActiveFlowControlAirfoil

TheCFJairfoilhasaninjectionslotneartheleadingedge(LE)andasuctionslotnearthetrailingedge(TE)
ontheairfoilsuctionsurfaceassketchedinFig.2.Asmallamountofmassflowiswithdrawnintotheairfoilnear
theTE,pressurizedandenergizedbyamicro-compressorsysteminsidetheairfoil,andtheninjectedneartheLE
inthedirectiontangenttothemainflow.Thewholeprocessdoesnotaddanymassflowtothesystemandhence
isazero-netmass-fluxflowcontrol.

TheCFJairfoilflowcontrolmechanismachievesaradicalliftaugmentation,dragreductionandstallmargin
increaseataverylowenergyexpenditure.Itcannotonlyachieveultra-highliftcoefficient,butalsosignificantly
enhancecruiseproductivityefficiencyandcruisewingloadingfromsubsonictotransonicconditions[16,17,18,19,
20,21].

YangandZha[20]discoveredin2017thataCFJairfoilcanachieveSuper-LiftCoefficient(SLC),whichisalift
coefficientthatexceedsthetheoreticallimitofpotentialflowdevelopedbySmith[22]andisdefinedbelow:

CLmax=2π(1+
t

c
) (1)

WhenaSLCoccurs,thecirculationissohighthatthestagnationpointisdetachedfromtheairfoilbodyas
showninFig.3,whichhasaCLmax of10.6,fargreaterthanthetheoreticallimitof7.6.Thefreestreamcondition
hasa Machnumberof0.063andReynoldsnumberof3million. TheflowremainsattachedatAoAof70◦and
thewakeisfilledwithreversedvelocitydeficit,similartotheowleffectthatgeneratesverylowwaketurbulent
noise. TheCFJairfoilpressurecoefficientattheleadingedgesuctionpeakisnearly10timeshigherthanthe
maximumvalueofthebaselineairfoilatAoAof18◦beforeitstalls[20].Inotherwords,theCFJairfoilatSLC
conditioncankeepflowattacheddespiteanadversepressuregradientnearlyoneorderofmagnitudehigherthan
theconventionalairfoil.ThesimulationofYangandZha[20]alsorevealsacomplexphenomenonwith4layersof
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Figure2:BaselineairfoilandCFJAirfoil.

Figure3: Machnumbercontoursandstreamlinesat
Cµ=0.35andAoA=70

◦forthe
CFJ6421-SST016-SUC053-INJ009airfoil.

counter-rotatingvortexlayersemanatingfromleadingedgeandtrailingtothewakeoftheairfoil.Thedetailed
analysiscanbeseenin[20,23].

3 Methodology

3.1 Tandem WingPropeller-CFJParameters

Theparametersusedtodefinethetandemwingpropeller-CFJsystemaredescribedinthissection.

TheinjectionjetmomentumcoefficientCµisusedtodescribetheCFJstrengthas:

Cµ=
ṁVj

1
2ρ∞V∞

2S
(2)

whereṁistheinjectionmassflow,Vjisthemass-averagedinjectionvelocity,ρ∞ andV∞ denotethefreestream
densityandvelocity,andSistheairfoilplanformarea.

Theconventionalairfoilaerodynamicefficiencyisdefinedas

(
L

D
)=
CL
CD

(3)

ForCFJwing,theratioaboverepresentsthepureaerodynamicrelationshipbetweenliftanddrag.Takinginto
accounttheenergyconsumptionoftheCFJ,theconventionalaerodynamicefficiencyismodifiedbyconverting
thepowerconsumptionintoacorrespondingdragforce.Theequationofthecorrectedaerodynamicefficiencyis
givenasthefollowing[18]

(
L

D
)c=

L

D+ P
V∞

(4)
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inwhichtheCFJpumpingpowerconsumptionPisconvertedintoaforcePV∞ addedtotheaerodynamicdragD.
Theformulationabovecanbefurtherexpressedusingthenon-dimensionalcoefficientsCL,CD andPcas

(
CL
CD
)c=

CL
CD+Pc

(5)

Notethatwhenthepumpingpowerissetto0,(LD)creturnstoconventionalaerodynamicefficiencydefinition.
TheCLandCD calculationneedstoincludetheCFJreactionaryforceasdescribedbyZhaetal[5].

TheCFJpowerrequiredisdeterminedbythetotalenthalpyrisefromthesuctionductoutlettotheinjection
ductinlet[18].Thetotalenthalpyrisecanbeachievedbytheembeddedmicro-compressors.Thepowerrequired
bytheCFJ(P)canbeexpressedas:

P=
ṁHt2
η
(Γ

γ−1
γ −1) (6)

whereγisthespecificheatratio,Γthetotalpressureratioofthemicro-compressor,Ht2thetotalenthalpyatthe
compressorinlet,ṁthejetmassflowrate,ηthemicro-compressorefficiencyandistakenat100%tocomputethe
requiredpower.

Eq.(6)indicatesthatthepowerrequiredforCFJislinearlydeterminedbythemassflowrateandexponentially
bythetotalpressureratio.Thisrelationshipinfactappliestoalltheactiveflowcontrolsbasedonfluidicactuators.
Thus,Cµshouldnotbeusedtorepresentthepowerconsumptionofactiveflowcontrol[18,24].Forexample,a
highCµcouldhaveasubstantiallylowerpowerconsumptionthanasmallerCµifthehighCµiscreatedbya
largemassflowrateandlowjetvelocity,whichneedsasignificantlylowertotalpressureratio[24,25].Yangand
Zha[20]findthattheonlyparametercorrelatedwellwiththemaximumliftcoefficientofCFJairfoilisthepower
coefficientdefinedbelow:

Pc=
P

1
2ρ∞V

3
∞S

(7)

wherePistheCFJrequiredpowerdefinedinEq.6.

Thetransportationcapabilityofanairplaneismeasuredbyhowmuchtotalweighttheaircraftcanmovefor
themaximumdistance.InYanget.al(2017)[20],aterm“productivity”isdefinedastheproductofthetotal
weightbythemaximumrangetorepresentthetransportationcapabilityofanairplane.

Forajetengineairplane,thetotalweightoftheaircraftdecreasesduringflight.Anon-dimensionalproductivity
parameterishencedefinedusingtheaircraftaveragedweightasbelow:

CRW=
RW
1
2ct
ρ̄V3∞S

=
C2L
CD
ln
W0
Wf

(8)

whereRistheaircraftrange,W istheaveragedweightoftheaircraftduringcruise,ctistheenginecruise
thrustspecificfuelconsumption[fuelweight(N)/(thrust(N)s)],ρ̄istheaveragedairdensityduringcruisedueto
altitudevariation,Sisthewingplatformarea,W0istheaircraftinitialgrossweightattakeoff,Wf
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isthefinal
weightatlanding.ThisformulationisobtainedfromtheBreguetRangeEquation.Theproductivityparameter
representstheproductivityoftheaircraftwiththefuelconsumedperunittime.

Forafullelectricbatterypoweredpropellerairplane,theaircraftweightwillnotchangeduringflight. The
productivityparameterisdefinedas:



CRW=
RW

1
2ρV

2
∞SEc/g

=η
C2L
CD

Wb
W0

(9)

whereEcisthebatteryspecificenergydensity(Wh/kg),Wbisthetotalbatteryweight,W0isthegrossweight,
ηisthepropulsionsystemefficiency(e.g.propeller).

Clearly,bothEq.(8)and(9)indicatethattheproductivityparameterisdeterminedbyC2L/CD,whichisthus
definedasproductivityefficiency. Theproductivityefficiencyisconsideredasamorecomprehensiveparameter
thantheconventionalaerodynamicefficiencyCL/CD tomeasurethemeritofanairplaneaerodynamicdesign
forcruiseperformance.TheformerincludesnotonlytheinformationofCL/CD,butalsotheinformationofthe
aircraftweightrepresentedbyCL.

ForCFJairfoil,theproductivityefficiencyshouldalsoincludetheCFJpowerconsumptionandisdefinedas
below:

C2L
CDc

=
C2L

CD+PC
(10)

Thisstudyinvolvesatandemwingconfiguration.Forexample,thecoefficientofliftforeachwingcanbedefined
individuallyas:

CL1=
L1

1
2ρ∞V∞

2S1
, CL2=

L2
1
2ρ∞V∞

2S2
, (11)

wherethesubscript1and2standforthefirstandsecondwing.Fortheaircraftsystemwithtandemwings,
thesystemliftcoefficientisdefinedasthetotalliftbasedonthetotalwingareabelow:

CLt=
L1+L2

1
2ρ∞V∞

2(S1+S2)
(12)

wherethesubscripttstandsfortandemwing.

SubstitutingEq.(11)toEq.(12),thesystemliftcoefficientcanbeexpressedas:

CLt=
CL1S1+CL2S2
S1+S2

(13)

Eq.(13)isactuallythesameastheareaweightedliftcoefficient.Similarly,thecoefficientofsystemdragand
CFJpowercanbedefinedas:

CDt=
CD1S1+CD2S2
S1+S2

(14)

Pct=
Pc1S1+Pc2S2
S1+S2
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(15)



Thecorrecteddragcoefficientis:
(CDc)t=CDt+Pct (16)

Theaerodynamicefficiencyandtheproductivityefficiencyofthetandemwingsystemthencanbedefined
followingthesamewayasEq.(5)andEq.(10).Toseetherelationsclearly,wetaketheaerodynamicefficiency
ofthetandemwingasanexamplebelow:

(
L

Dc
)t=

L1+L2
D1+D2+P1/V∞ +P2/V∞

=
CLt

1
2ρ∞V∞

2(S1+S2)

CDt
1
2ρ∞V∞

2(S1+S2)+Pct
1
2ρ∞V∞

2(S1+S2)

=
S1CL1+S2CL2

S1CD1+S2CD2+S1Pc1+S2Pc2
(17)

Thatis:

(
L

Dc
)t=

CLt
(CDc)t

(18)

3.2 CFDSimulationSetup

TheinhouseFASIP(Flow-Acoustics-StructureInteractionPackage)CFDcodeisusedtoconductthenumerical
simulation.Thesimulationsemploy3DRANSsolverwithSpalart-Allmaras(S-A)turbulencemodel.A3rdorder
WENOschemefortheinviscidflux[26,27,28,29,30,31]anda2ndordercentraldifferencingfortheviscous
terms[26,30]areemployedtodiscretizetheNavier-Stokesequations. ThelowdiffusionE-CUSPschemeused
astheapproximateRiemannsolversuggestedbyZhaetal[27]isutilizedwiththe WENOschemetoevaluate
theinviscidfluxes.ImplicittimemarchingmethodusingGauss-Seidellinerelaxationisusedtoachieveafast
convergencerate[32].Parallelcomputingisimplementedtosavewallclocksimulationtime[33].

3.3 BoundaryConditions

The3rdorderaccuracynoslipconditionisenforcedonthesolidsurfacewiththewalltreatmentsuggestedin
[34]toachievethefluxconservationonthewall. ThecomputationalmeshisshowninFig.4. Totalpressure,
totaltemperatureandflowanglesarespecifiedattheCFJinjectionductinlet,aswellastheupstreamportion
ofthefarfield.Constantstaticpressureisappliedatthesuctionductoutletaswellasthedownstreamportion
ofthefarfield.Thetotalmeshsizeisabout10million,splitinto205blocksfortheparallelcomputation.The
computationaldomainisabout150chordsinthemainstreamdirectionand50chordsinwingspandirectionto
ensureanaccuratesimulation. Thefirstgridpointonthewingsurfaceisplacedaty+ ≈1. Thepropelleris
simulatedusinganactuatordiskboundaryconditionwithapressurejump(∆P)imposed.Thepressurejumpis
givenasapercentageofthepressureupstreamoftheactuator,typicallyisfairlysmallandrarelygreaterthan
2%.ThepressurejumpconditionisverywellhandledbytheRiemannsolveremployedintheFASIPCFDcode.
Inthisstudy,the∆P
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foreachpropelleractuatordiskisiteratedtomakethesystemresultantforceintheflight
directiontobezeroforthecruisecondition.



Figure4:Computationalmeshusedinthecurrentwork.

4 ResultsandDiscussion

Threecases(C1,C2,andC3)withdifferentrearwingangleofattackα2aresimulatedfirsttostudyit’seffect
ontheaerodynamicperformance.Thetandemwingaircraftwingtipvortexcapturemechanismisdiscussedafter
indetailtooptimizetheairplanesystemefficiency.

Thevehicleisa4-seattaillessVTOLairplaneforurbantransportationwithtandemwingconfiguration(Fig.5).
ThesimulationparametersarelistedinTable1.Thetwowingshavethesamechordlengthof0.75m.Asshown
inFig.5andTable1,therearwingislocatedatthesamepositionasthefrontwingvertically,and1Cbehind
thefrontwinghorizontally. Theaspectratiosofthefrontwingandrearwingare3.56and10.68,respectively.
Theaspectratiooftheaircraftis8.9basedonthewingareaweightedaverage[3]. Themomentumcoefficient
Cµ=0.04isusedforbothwings. Thepropellerstrengthisquantifiedby∆P,andisiteratedthroughoutthe
simulationtoobtainazeronetthrustcruisecondition.

ThefreestreamMachnumberis0.17andtheReynoldsnumberbasedonthewingchordis1.07million.the
propelleractuatordisksarenormaltothefreestreamandaresimulatedasrectangularactuatordiskstomimica
seriesofpropellersthatareplacednexttoeachother.Thepropelleractuatorsarelocatedonthetopoftheairfoil,
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downstreamoftheinjectionslotandabovethesuctionsurface. Thispropellerpositionisoptimizedtointeract
withtheCFJairfoiltomaximizethepowerefficiencyforbothVTOLhoveringandcruise[2,3,15].Theairfoil
usedinthecurrentstudyistheCFJ-NACA-6421airfoiloptimizedby WangandZha[24,25,35].

Figure5:Thetopview(a)andsideview(b)ofthepropeller-CFJaircraftinthecurrentstudy.

Table1:Simulationparametersusedinthecurrentwork.

Case Items AR α ∆P M∞ Cµ

C1
Frontwing 3.56 5◦

0.1288% 0.17 0.04Rearwing 10.68 5◦

Fullaircraft 8.9 -

C2
Frontwing 3.56 5◦

0.2031% 0.17 0.04Rearwing 10.68 10◦

Fullaircraft 8.9 -

C3
Frontwing 3.56 5◦

0.3379% 0.17 0.04Rearwing 10.68 15◦

Fullaircraft 8.9 -

4.1 Theeffectofrearwingangleofattack

Asmentionedbefore,theeffectofrearwingangleofattackontheaerodynamicperformanceisinvestigatedin
thissection.Threecases,caseC1,C2,andC3withtherearwingangleofattack5◦,10◦,and15◦areinvestigated
withthefrontwingAoAfixedat5◦.

Fig.6(a),(c),and(e)showthevorticityiso-surfacewakestructuresandstreamlinesofthethreecases.The
wingtipvorticesofthefrontwingandrearwingarewellidentifiedbytheroll-upvortextubestrailingfromthe
wingtips.Therearwingtipvortexbecomestrongerastheα2increaseandgeneratesahigherliftcoefficient.It
isveryclearthatthefrontwingtipvortexpropagatetodownstreamandinteractwiththerearwing.Forcase
C1andC2,thefrontwingtipvortexfirmlyattachestotherearwingsuctionsurface.However,forcaseC3,the
frontwingtipvortexisliftedofftherearwingsuctionsurfaceduetothehighangleofattack.
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Figure6:Thewakestructuresrepresentedbythevorticityiso-surface(coloredbyMachnubmer)andstreamlines
ofthecaseC1(a),C2(c),andC3(e);FlowsliceMachcontoursatz/c=2.45(frontwingtipregion)forthecase

C1(b),C2(d),andC3(f).

Do
wn
lo
a
de
d 
by
 
Ge
ch
en
g 
Zh
a 
on
 
Fe
br
ua
ry
 1
, 
20
21
 | 
ht
tp
:/
/a
rc
.a
ia
a.
or
g |
 
D
OI
: 
10
.2
51
4/
6.
20
21
-1
82
3 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2021-1823&iName=master.img-005.jpg&w=484&h=629


Fig.6(b),(d),and(f)showtheflowfieldMachcontourswithstreamlinesatz/c=2.45spansection,whichis
thelocationthatthefrontwingtipvortexstrikestherearwing.Thefrontwingtipvortexisliftedupwardbythe
lowpressureoftherearwingsuctionsurfaceandcreatesanupwasheffectforboththefrontandtherearwing.
ThehighertherearwingAoA,thestrongertheupwasheffect,whichcanbealsointerpretedasbeinginduced
bythecirculationoftherearwing.BoththeuppermountedpropellersandCFJatCµof0.04arebeneficialto
attachtheflowuptoAoAof10◦fortherearwing.FortheAoAof15◦oftherearwing,therearwingisnot
abletoattachtheflowduetothehighadversepressuregradientcausedbyitsownhighAoAandtheupwashof
thefrontwingtipvortex.TheflowisexpectedtobeattachediftheCµisfurtherincreased.Butitmaynotbe
necessarilyoptimalfromtheaircraftsystemefficiencypointofview.

Table2liststhequantitativeaerodynamicperformanceofthethreecases. ForthecaseC1,therearwing
aerodynamicefficiencyandproductivityefficiencyaremuchbetterthanthoseofthefrontwingduetothelarger
wingaspectratioandthewingtipvortexcaptureshowninFig.6. Thecorrectedaerodynamicefficiencyin
termsofCL/(CD)cis11.67forthefrontwingandis16.87fortherearwing.Thecorrectedproductivityefficiency
C2L/(CD)cis10.90forthefrontwingandis17.60fortherearwing. TheCL/(CD)candC

2
L/(CD)cforthefull

aircraftare14.53and16.71,respectively.

Table2:Aerodynamicperformanceofthetandempropeller-CFJaircraftinthepresentstudy.

Case Items AR CL CD Pc CL/CD CL/(CD)c C2L/(CD)c

C1

Fuselage - 0.133 0.0127 - - - -
Frontwing 3.56 0.934 0.0541 0.0259 17.26 11.67 10.90
Rearwing 10.68 1.043 0.0380 0.0239 27.49 16.87 17.60
Fullaircraft 8.9 1.149 0.0547 0.0244 21.02 14.53 16.71

C2

Fuselage - 0.188 0.0138 - - - -
Frontwing 3.56 1.049 0.0480 0.0249 21.85 14.39 15.09
Rearwing 10.68 1.533 0.0901 0.0166 17.00 14.35 22.00
Fullaircraft 8.9 1.599 0.0934 0.0187 17.12 14.27 22.82

C3

Fuselage - 0.217 0.0162 - - - -
Frontwing 3.56 1.105 0.0407 0.0243 27.14 16.99 18.78
Rearwing 10.68 1.600 0.1819 0.0201 8.79 7.92 12.67
Fullaircraft 8.9 1.694 0.1627 0.0211 10.40 9.21 15.59

ForthecaseC2withtherearwingatAoAincreasedto10◦,theCL/(CD)cforthewholevehicleis14.27,which
isaboutthesameasthecaseC1.TheincreasedcirculationoftherearwingduetothehigherAoAincreasesthe
upwashofthefrontwing.ComparedwithcaseC1,thepropellerstrengthisalsoincreasedby57%toovercome
thehigherdragoftherearwingduetoincreasedAoA.Alltheseeffectshavethefrontwing’sCLincreased,CD
decreased,andtheCFJPcslightlyreducedwiththesameCµof0.04. TheyresultinanincreaseofCL/CD by
26.6%andCL/(CD)cby23.1%forthefrontwingcomparedwithcaseC1. TherearwingCLissubstantially
increasedby47%to1.533forCaseC2andthedragisincreasedby137%attributedtotheenlargedinduceddrag.
ButtheCFJPcoftherearwingisdecreasedby31%duetothestrongersuctioneffectatleadingedgeofthe
CFJairfoilatahigherAoAthatrequireslesspowertopumpthemassflow.TheCL/(CD)cfortherearwingis
decreasedby14.9%.However,thecorrectedproductivityefficiencyC2L/(CD)c
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forthewholeairplaneis22.82,and
increaseby36.6%comparedwiththecaseC1.Theproductivityefficiencyimprovementfromthefrontwingand
rearwingare38.4%and25%,respectively.ItsuggeststhathigherAoAoftherearwingwith3timeslargerarea
andaspectratiothanthefrontwingcreatesacirculationthatdominatesthewholetandemwingsystem.

Theveryinterestingresultisthatthefrontwingwithasmallaspectratioof3.56isabletoachieveaaerodynamic



ratioofCL/CD of21.85andthecorrectedaerodynamicefficiencyCL/(CD)cof14.39.Theseareextraordinarily
highmeritresultsforsuchasmallaspectratio.AsshowninTable1,thepropellerstrengthofCaseC2forboth
wingsisincreasedby57.7%comparedtothatofcaseC1toovercometheincreaseddragoftherearwingcaused
bythehighangleofattack.Itisnotclearatthispointweatherthefrontwingefficiencyimprovementisattributed
totheoverallcirculationincreaseduetotherearwinghighAoAorthestrongerinductioneffectcausedbythe
increasedpropellerstrength. Morestudyneedstobedonetodistinguishtheeffect.

ForthecaseC3,theCL/(CD)cforthewholevehicleis9.21,adecreasesof36.6%comparedwiththecaseC1.
However,thefrontwingperformanceisfurtherimproved.TheCL/(CD)cisincreasedby45.6%andC

2
L/(CD)cby

72.3%forthefrontwingcomparingwiththecaseC1.SimilartotheCaseC2,moreinvestigationneedstobedone
tounderstandifthefrontwingefficiencyimprovementisbecauseoftherearwinghigherAoA,orthepropeller
strengthincrease.TherearwingperformanceissubstantiallydecreasedatAoAof15◦duetothelargeseparation
asshowninFig.6(f).

Figure7:FlowsliceCpcontoursofthecaseC2atz/c=1.64,2.45,4,and6alongthewingspan.Theaircraftis
coloredbysurfaceCp
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4.2 Theeffectofwingtipvortexcapture

TheresultsinlastsectionshowthatamoderatelyhighAoAfortherearCFJwingwithnoseparationis
beneficialtotheefficiencyofthefrontCFJwingandrearwing.Thissectionistoconductamoredetailedanalysis
byexaminingtheCaseC2thathasthebestsystemefficiency.Fig.7showsfourstaticpressurefieldcrosssections
alongthewingspansofthecaseC2.Atz/c=1.64(midfrontwing),therearwinglowpressureregionisgreater
thanthefrontwingduetolargerangleofattack.Atz/c=2.45(frontwingtipregion),thelowpressureregionof
thefrontwingbecomessmallerandtheonefortherearwingissubstantiallylarger,notjustthantheoneinthe
front,alsolargerthanthoseatinnerandouterspanlocations.Atz/c=4and6,thelowpressureregiongradually
deceaseswiththeairfoilload.

Fig.8showstheCpdistributionofthetwowingsatz/c=1.64and2.45. Thediscontinuityofthecurvesare
duetotheinjectionandsuctionslotsoftheCFJairfoils. Fig.8(a)showsthattheCpdistributionofthetwo
wingsaresimilaronthepressureside,andtherearwingshowsamuchlowerpressureonthesuctionsidedue
toahigherangleofattackoftherearwing. Atthefrontwingtipregion(z/c=2.45,Fig.8b),thefrontwing
loadissubstantiallyreducedcomparedwiththatattheinnerspanatz/c=1.64duetothetipvortexeffect.On
thecontrary,therearwingloadatthislocationissubstantiallygreaterthanthatattheinnerspanofz/c=1.64
becausetherearwingcapturesthetipvortexofthefrontwingwithasignificantupwashwithincreasedAoA,as
showninFig.6(c)and(d).

Figure8:Cpdistributionofthefrontwingandrearwingatz/c=1.64(a)and2.45(b)ofthecaseC2.

TheCpdistributionoftherearwingatfourwingspanlocationsareplottedinFig.9(a).ThecorrespondingCp
surfaceintegralalongthewingspanisplottedinFig.9(b).Fig.9(a)showsthatthesurfacepressureloadofthe
rearwingalongthespanissharplyincreasedintheregioncapturingthefrontwingtipvortexduetotworeasons:
1)thelowpressureofthefrontwingtipvortexenhancestheuppersurfacesuctioneffect;2)theupwashincreases
theAoAandfurtheraugmenttheeffect.TheCFJwingplaysacrucialroletomaintaintheflowattachmentwith
thetipvortexcapturing.SuchaloadingdistributionisclearlyshownagaininFig.9(b)thatthepeakofthe
curvecorrespondstothelocationwherethefrontwingtipvortexiscapturedbytherearwing.
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Figure9:(a)Cpdistributionoftherearwingatz/c=1.64,2.45,4,and6ofthecaseC2;(b)Cpsurface
integrationalongtherearwingspanforthecaseC2.

5 Conclusion

Thispapernumericallystudiesthecruiseefficiencyenhancementby3DtandemwingsinteractionforaCoFlow
Jet(CFJ)aerialvehicleatcruiseMachnumberof0.17.Thesimulationsemploy3DRANSsolverwithSpalart-
Allmaras(S-A)turbulencemodel,3rdorder WENOschemefortheinviscidfluxes,and2ndordercentraldiffer-
encingfortheviscousterms. Theaerodynamicperformance,energyexpenditure,andflowfieldofthetandem
wingpropeller-CFJaircraftareinvestigated.Eachofthetandemwingshasapropellermountedabovethewing
suctionsurfacetoreducetheCFJpowerrequired.Thefrontwingissmallerwiththeplanformarea1/3ofthat
oftherearwing.Bothwingshavethesamechord.Theaspectratioforthefrontwingis3.56and10.68forthe
rearwing. Theareaaveragedaspectratiooftheaircraftis8.9. Thestudyholdsaconstantoptimalangleof
attack(AoA)of5◦forthefrontwingandhastheAoAoftherearwingat5◦,10◦,and15◦.Thetwowingsare
separatedbyonechordlengthinthestream-wisedirectionandarealignedinthesametransverseposition.Such
aconfigurationallowstherearwingtocapturethetipvortexofthefrontwingonthesuctionsurfacewithitslow
pressure.Thisvortexcapturingmechanismenhancestheliftoftherearwingsignificantlyattributedtothelow
pressureofthetipvortexcoreandtheupwashthevortexgenerates.

Theoptimalaerodynamicefficiencyandproductivityefficiencyofthetandemwingvehiclesystemareobtained
whentheAoAoftherearwingisat10◦. WhentheAoAoftherearwingisincreasedfrom5◦to10◦,theincreased
circulationofthelargerrearwingdominatestheflowfield.Theinducedcirculationoftherearwingwithastronger
propellerstrengthcreateanupwashfavorabletothefrontwing,whichproducesanaerodynamicratioofCL/CD
of21.85andthecorrectedaerodynamicefficiencyCL/(CD)cof14.39.Theseareextraordinarilyhighmeritresults
forthesmallfrontwingwithasmallaspectratioof3.56.ThecorrectedaerodynamicefficiencyCL/(CD)cforthe
wholevehicleis14.27withaliftcoefficientof1.6,whichresultinacorrectedproductivityefficiencyC2L/(CD)cfor
thewholevehicleof22.82.Theoverallvehicleefficiencyareexcellentduetothehighvehiclecruiseliftcoefficient
of1.6andcorrectedaerodynamicefficiencyof14.27foramoderateaspectratioof8.9.Thecruiseliftcoefficient
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of1.6attributedtotheCFJactiveflowcontrolisalmost3timesgreaterthanthatofconventionalsubsonic
aircraft,whichwouldbestalledatsuchahighliftcoefficientorseverelypenalizedbyitsexcessivedrag. This
studyindicatesthatthetwotandemwingsbenefiteachother.Thefrontwingtipvortexenhancestheliftofthe
rearwingandtherearwing’shighliftandcirculationincreasethefrontwing’sefficiencyduetotheupwash.The
tandemwingconfigurationpresentedinthispaperisnotoptimizedandcouldbeastartforanewareaofaircraft
configurationdesign. Moreinvestigationwillbealsoconductedtostudythepropellerstrengtheffect.

6 Acknowledgment

ThisresearchispartiallyfundedbyNationalScienceFoundationwithAward #1936888. Thenumerical
simulationisconductedatthePegasushighperformancecomputingsystemoftheInstituteforDataScience&
ComputingattheUniversityofMiami.

Disclosure:TheUniversityofMiamiandDr. GechengZhamayreceiveroyaltiesforfuturecommercialization
oftheintellectualpropertyusedinthisstudy.TheUniversityofMiamiisalsoequityownerinCoFlowJet,LLC,
licenseeoftheintellectualpropertyusedinthisstudy.

References

[1]UberElevate,“Fast-ForwardingtoaFutureofOn-DemandUrbanAirTransportation.”Uber WhitePaper,
Oct.27,2016.

[2]G.-C.Zha,Y.Ren,J.-Y.Gan,andD.Espinal,“AHighEfficiencyLowNoiseVTOL/ESTOLConcept
UsingCoFLowJetAirfoil.”AIAAPaper2019-4467,AIAAPropulsionandEnergy2019Forum,Indianapolis,
Indiana,19-22August2019.

[3]J.Boling,Y.Ren,G.-C.Zha,andC.Zeune,“HighSpeedHighEfficiencyVTOLAircraftUsingCoFlowJet
ActiveFlowControl Wings.”AIAAPaper2020-2792,VIRTUALEVENTAIAAAVIATION2020FORUM,
15-19June,2020.

[4]G.-C.ZhaandD.C.Paxton,“ANovelFlowControl MethodforAirfoilPerformanceEnhancementUsing
Co-FlowJet.”ApplicationsofCirculationControlTechnologies,Chapter10,p.293-314,Vol.214,Progressin
AstronauticsandAeronautics,AIAABookSeries,Editors:Joslin,R.D.andJones,G.S.,2006.

[5]G.-C.Zha, W.Gao,andC.Paxton,“JetEffectsonCo-FlowJetAirfoilPerformance,”AIAAJournal,No.
6,,vol.45,pp.1222–1231,2007.

[6]G.-C.Zha,C.Paxton,A.Conley,A. Wells,andB.Carroll,“EffectofInjectionSlotSizeonHighPerformance
Co-FlowJetAirfoil,”AIAAJournalofAircraft,vol.43,2006.

[7]G.-C.Zha,B.Carroll,C.Paxton,A.Conley,andA. Wells,“HighPerformanceAirfoilwithCo-FlowJetFlow
Control,”AIAAJournal,vol.45,2007.

[8] Wang,B.-Y.andHaddoukessouni,B.andLevy,J.andZha,G.-C.,“NumericalInvestigationsofInjectionSlot
SizeEffectonthePerformanceofCo-FlowJetAirfoil,”JournalofAircraft

Do
wn
lo
a
de
d 
by
 
Ge
ch
en
g 
Zh
a 
on
 
Fe
br
ua
ry
 1
, 
20
21
 | 
ht
tp
:/
/a
rc
.a
ia
a.
or
g |
 
D
OI
: 
10
.2
51
4/
6.
20
21
-1
82
3 

,vol.Vol.45,No.6,,pp.pp.2084–
2091,2008.

[9]B.P.E.Dano,D.Kirk,andG.-C.Zha,“ExperimentalInvestigationofJetMixingMechanismofCo-Flow
JetAirfoil.”AIAA-2010-4421,5thAIAAFlowControlConference,Chicago,IL,28Jun-1Jul2010.

https://arc.aiaa.org/action/showLinks?system-d=10.2514%2F1.23995&citationId=p_5
https://arc.aiaa.org/action/showLinks?system=10.2514%2F6.2010-4421&citationId=p_9
https://arc.aiaa.org/action/showLinks?system=10.2514%2F6.2019-4467&citationId=p_2
https://arc.aiaa.org/action/showLinks?system=10.2514%2F1.16999&citationId=p_6
https://arc.aiaa.org/action/showLinks?system=10.2514%2F1.20926&citationId=p_7
https://arc.aiaa.org/action/showLinks?system=10.2514%2F1.37441&citationId=p_8


[10]B.P.E.Dano,G.-C.Zha,andM.Castillo,“ExperimentalStudyofCo-FlowJetAirfoilPerformanceEnhance-
mentUsingMicroDiscreetJets.”AIAAPaper2011-0941,49thAIAAAerospaceSciencesMeeting,Orlando,
FL,4-7January2011.

[11]A.Lefebvre,B.Dano, W.Bartow,M.Fronzo,andG.Zha,“Performanceandenergyexpenditureofcoflow
jetairfoilwithvariationofmachnumber,”JournalofAircraft,vol.53,no.6,pp.1757–1767,2016.

[12]A.Lefebvre,G-C.Zha,“NumericalSimulationofPitchingAirfoilPerformanceEnhancementUsingCo-Flow
JetFlowControl,”AIAApaper2013-2517,June2013.

[13]A.Lefebvre,G-C.Zha,“Cow-FlowJetAirfoilTradeStudyPartI:EnergyConsumptionandAerodynamic
Performance,”32ndAIAAAppliedAerodynamicsConference,AIAAAVIATIONForum,AIAA2014-2682,
June2014.

[14]A.Lefebvre,G-C.Zha,“Cow-FlowJetAirfoilTradeStudyPartII:MomentandDrag,”32ndAIAAApplied
AerodynamicsConference,AIAAAVIATIONForum,AIAA2014-2683,June2014.

[15]G.-C.Zha,Y.Ren,J.-Y.Gan,andD.Espinal,“HighEfficiencyTandemPropeller-CoFlowJetAirfoilSystem
inCruise.”AIAAPaper2020-2779,VIRTUALEVENTAIAAAVIATION2020FORUM,15-19June2020.

[16]Lefebvre,A.andZha,G.-C.,“DesignofHighWingLoadingCompactElectricAirplaneUtilizingCo-FlowJet
FlowControl.”AIAAPaper2015-0772,AIAASciTech2015:53ndAerospaceSciencesMeeting,Kissimmee,
FL,5-9Jan2015.

[17]Lefebvre,A.andZha,G.-C.,“TradeStudyof3DCo-FlowJet WingforCruiseandTakeoff/LandingPerfor-
mance.”AIAAPaper2016-0570,AIAASCITECH2016,AIAAAerospaceScienceMeeting,SanDiego,CA,
4-8January2016.

[18]Lefebvre,A.andDano,B.andBartow, W.andDiFranzo,M.andZha,G.-C.,“PerformanceEnhancement
andEnergyExpenditureofCo-FlowJetAirfoilwithVariationof MachNumber.”AIAAPaper2013-0490,
AIAAJournalofAircraft,DOI:10.2514/1.C033113,2016.

[19]Liu,Z.-X.andZha,G.-C.,“TransonicAirfoilPerformanceEnhancementUsingCo-FlowJetActiveFlow
Control.”AIAAPaper2016-3472,AIAAAVIATION2016,8thAIAAFlowControlConference, Washington,
D.C,June13-17,2016.

[20]Yang,Y.-C.andZha,G.-C.,“Super-LiftCoefficientofActiveFlowControlAirfoil: WhatIstheLimit?.”
AIAAPaper2017-1693,AIAASCITECH2017,55thAIAAAerospaceScience Meeting,Grapevine,Texas,
9-13January2017.

[21]G.-C.Zha,Y.-C.Yang,Y.Ren,andB.McBreen,“Super-liftandthrustingairfoilofcoflowjet-actuatedby
micro-compressors.” AIAAPaper2017-3061,AIAAAVIATION2018,Atlanta,GA,25-29June2018.

[22]A.Smith,“High-LiftAerodynamics,”JournalofAircraft

Do
wn
lo
a
de
d 
by
 
Ge
ch
en
g 
Zh
a 
on
 
Fe
br
ua
ry
 1
, 
20
21
 | 
ht
tp
:/
/a
rc
.a
ia
a.
or
g |
 
D
OI
: 
10
.2
51
4/
6.
20
21
-1
82
3 

,vol.12,pp.501–530,1975.

[23]G.-C.Zha,“Estolperformanceforheavylifttransportsusingultra-highlifthighefficiencyco-flowjetairfoil.”
FinalReporttoDARPAforContractHR0011-16-2-0052,May25,2018.

[24]Y. WangandG.-C.Zha,“Studyof3DCo-flowJet WingInducedDragandPowerConsumptionatCruise
Conditions.”AIAAPaper2019-0034,AIAASciTech2019,SanDiego,CA,January7-11,2019.

[25]Y. Wang,Y.-C.Yang,andG.-C.Zha,“StudyofSuper-LiftCoefficientofCo-FlowJetAirfoilandItsPower
Consumption.”AIAAPaper2019-3652,AIAAAviation2019,AIAAAppliedAerodynamicsConference,
Dallas,Texas,17-21June2019.

https://arc.aiaa.org/action/showLinks?system=10.2514%2F6.2013-2517&citationId=p_12
https://arc.aiaa.org/action/showLinks?system=10.2514%2F6.2019-0034&citationId=p_24
https://arc.aiaa.org/action/showLinks?system=10.2514%2F6.2018-3061&citationId=p_21
https://arc.aiaa.org/action/showLinks?system=10.2514%2F6.2019-3652&citationId=p_25
https://arc.aiaa.org/action/showLinks?system=10.2514%2F3.59830&citationId=p_22
https://arc.aiaa.org/action/showLinks?system=10.2514%2F1.C033113&citationId=p_11


[26]Y.-Q.ShenandG.-C.Zha,“LargeEddySimulationUsingaNewSetofSixthOrderSchemesforCompressible
ViscousTerms,”JournalofComputationalPhysics,vol.229,pp.8296–8312,2010.

[27]Zha,G.C.,Shen,Y.Q.and Wang,B.Y.,“AnimprovedlowdiffusionE-CUSPupwindscheme,”Journalof
ComputerandFluids,vol.48,pp.214–220,Sep.2011.

[28]Y.-Q.ShenandG.-Z.Zha,“Generalizedfinitecompactdifferenceschemeforshock/complexflowfieldinter-
action,”JournalofComputationalPhysics,vol.doi:10.1016/j.jcp.2011.01.039,2011.

[29]Shen,Y.-Q.andZha,G.-C.and Wang,B.-Y.,“ImprovementofStabilityandAccuracyofImplicit WENO
Scheme,”AIAAJournal,vol.47,No.2,pp.331–344,2009.

[30]Shen,Y.-Q.andZha,G.-C.andChen,X.-Y.,“HighOrderConservativeDifferencingforViscousTerms
andtheApplicationtoVortex-InducedVibrationFlows,”JournalofComputationalPhysics,vol.228(2),
pp.8283–8300,2009.

[31]Shen,Y.-Q.andZha,G.-C.,“Improvementofthe WENOSchemeSmoothnessEstimator,”International
JournalforNumericalMethodsinFluids,vol.DOI:10.1002/fld.2186,2009.

[32]G.-C.ZhaandE.Bilgen,“NumericalStudyofThree-DimensionalTransonicFlowsUsingUnfactoredUpwind-
RelaxationSweepingAlgorithm,”JournalofComputationalPhysics,vol.125,pp.425–433,1996.

[33]B.-Y. WangandG.-C.Zha,“AGeneralSub-DomainBoundary MappingProcedureForStructuredGrid
CFDParallelComputation,”AIAAJournalofAerospaceComputing,Information,andCommunication,
vol.5,No.11,pp.2084–2091,2008.

[34]Y.-Q.Shen,G.-C.Zha,andB.-Y. Wang,“ImprovementofStabilityandAccuracyofImplicit WENOScheme
,”AIAAJournal

Do
wn
lo
a
de
d 
by
 
Ge
ch
en
g 
Zh
a 
on
 
Fe
br
ua
ry
 1
, 
20
21
 | 
ht
tp
:/
/a
rc
.a
ia
a.
or
g |
 
D
OI
: 
10
.2
51
4/
6.
20
21
-1
82
3 

,vol.47,pp.331–344,2009.

[35]Y. WangandG.-C.Zha,“StudyofMachNumberEffectfor2DCo-FlowJetAirfoilatCruiseConditions.”
AIAAPaper2019-3169,AIAAAviation2019,AIAAAppliedAerodynamicsConference,Dallas,Texas,17-21
June2019.

https://arc.aiaa.org/action/showLinks?system=10.2514%2F1.37697&citationId=p_34
https://arc.aiaa.org/action/showLinks?crossref=10.1016%2Fj.compfluid.2011.03.012&citationId=p_27
https://arc.aiaa.org/action/showLinks?system=10.2514%2F6.2019-3169&citationId=p_35
https://arc.aiaa.org/action/showLinks?crossref=10.1006%2Fjcph.1996.0104&citationId=p_32
https://arc.aiaa.org/action/showLinks?system=10.2514%2F1.37697&citationId=p_29
https://arc.aiaa.org/action/showLinks?system=10.2514%2F1.35498&citationId=p_33
https://arc.aiaa.org/action/showLinks?crossref=10.1016%2Fj.jcp.2010.07.017&citationId=p_26

