Application of a Slotted Airfoil for UH-60A Helicopter Performance
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Abstract

Recentlydevelopedforwardslottedairfoils wereapgied
to a UH-60A helicopter andthe performarce hasbeen
estimated. Baseline SC1095and SC1094R8 airfoll
charactesticsweremodifiedbasedn CFD calculations
of an A3c slotted airfoil to incorporate aerodyamic
charactestics of a high-lifting airfail. The slottedairfoil
increasesnaxmum thrust of the UH-60A helicoger by
up to 25%, but a significantpenaltyis obseredat C'r /o
lessthan 0.11 This peralty resultsfrom higher drag
thanthe baselineairfoil atlow anglesof attack. A drag
redudion at high Mach numters is necessaryto fully
exploit theairfoil capabilityin therotorcraft application
Preliminary compaison of the slotted airfoil with the
wide chod bladeshowvsthattheslottedairfoil haslimited
adwartagesoverthewide chod blade.

I ntroduction

Researchon adwance rotor technolgy has been
condictedto meetthe requrementsof a next gereration
rotorcraft. Theserequiementsinclude larger payloal
capability higherforward flight speed,increasedange
andenduance,and greate mareueraility andagility.
Although there has been enormais progess in the
perfamance of moden-day airfoils compaed to the
first geneation airfoils, the current technolgy of
conventioral fixedgeoméry, single-elenentairfoils may
notbeableto meetfuture requrements.

A recentstudyon slottedairfoils (Refs.1 and2) receved
greatattentiondueto the demorstrationof their high lift

capability Two forward-slottedconfiguations(C106and
C210)basedon the RC(6)-08airfoil weredesigred and
testedin the Landey 8-foat Transmic Pressurelunrel
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(TPT), andit wasshawvn thattheseairfoil configuations
could prodiuce 29-616 higheg maximum lift than the
baselinesingle-elemat airfoil [1]. High lift is achieved
by putting a slot in an airfoil to pernit the passagef
high-enegy air from the lower surface to contrd the
bourdary layer on the uppersurface[3]. Therotor test
shaved the poteriial of a highdift helicoger usingthe
slotted airfoils [2]. However, the drag penalty at low
anglesof attackwasnotable.

To minimize the dragincreaseof a slottedairfoil at low
anglesof attack, advaned airfoil designmethalology
including Navier-Stokes compuational fluid dynamics
(CFD) codewas used[4]. The study shoved that the
new slat designwas ableto redu@ dragsignificarily at
low Mach numkerswhile maintairing the maximumlift.

Figurel shavs the new 15% chad slatgeonetry (A3c)
compredto the C106corfiguration However, thedrag
penaltycomparedto the baselinesingle-elenant airfoil

still prevailedat high Machnumbers.

In this study theslottedairfoils areusedfor perfomance
estimationof the UH-60A Black Hawk helicopterusing
CAMRAD Il in order to undestand their effects on
perfamance.

Background of Slotted Airfoil Research

The forward-slotted airfoils (Configuratiors C106 and
C210) were designedand testedin the Langley 8-foot
Transoiic Pressurelunnel (TPT) to determire the two-
dimensimal aerodyamicchagcteristicy1]. TheRC(6)-
08 airfoil was chosenas the baselinefor theseslotted
airfoil designs. The configuation C106 of the forward

slotted RC(6)-08 airfoil is shovn in Figure 1. Lift

andpitching moment coeficientsweredetermired from

measurerntsof airfoil surfacestaticpressureanddrag
coeficientsweredeterninedfrom measuementof wake
total and static pressures. Figure 2 shavs the lift

coeficients of the slottedairfoil (C106 asa fundion of
angleof attacktogetter with thoseof thebaselineRC(6)-
08 airfail at a Mach numkber of 0.4. The baselinedata



were measuredn the Landey 6- by 28-inch Transoic
Tunné [5]. Themaximum lift coeficient (c; mq,) Of the
Cl06airfail wassignificantlyincreasedomparedto that
of the baselineairfoil. The wind tunneltesthasshavn
that the maximum lift coeficient value of the slotted
airfoil (C106)wasimproved over the baselineairfoil by
29 percen to 43 percen for Mach numkers of 0.37to
0.5. However, alarge dragpendty wasobsered for the
slottedairfoils especiallyatlow angleof attack.Figure3
showsthedragcoeficientsat zerolift (cq4,) of theslotted
airfoil (C106 andthe baselineairfoil (RC(6)-08). The
cq, Of the slottedairfoil was more thandoubled over a
wide rangeof Machnumlers.

The baselineRC(6)-08andtwo slat corfiguratiors were
alsotestedor dynamic stallbehaior in theCompressible
Dynanic Stall Facility (CDSF) at the NASA Ames
ResearctCenter]6]. Thetestranged over Machnumter

02 < M < 0.5 andredwed frequeny 0 < k <

0.10 for angleof attacka = 10° + 10° sinwt. For

the baselineRC(6)-08 airfoil, dynamic stall inceptian

occuredat o = 14.0° atM = 0.25 andk = 0.05. This

stallincegion occuredat lower angleof attackasMach

numter increased. However, the configuation C210

shaved the fully attachedflow condtion at M = 0.25

and a = 18.0° andonly slight trailing edgeseparatia

was obsered even at 20° angle of attack. As Mach

numker increasesthe flow separatiorappers at lower

angleof attack. Nonethelessthe C210 airfoil shoved

no eviderce of dynanic stall for the condtions tested.
The configurationC106 was lesseffedive thanC210in

dynanmic stall performane but still more effective than

thebaselinesingle-elerentairfail.

Later, wind tunneltestingwascondictedin the Langley

Transoic Dynanics Tunnel(TDT) to evaluatepotential
benefitsin rotor perfamance associatedwith slotted
airfoils [2]. ThebaselingotorconfigurationhadaRC(4)-
10 airfail in the inboard region (r/R < 0.8) anda
RC(6)-08airfoil in the blade tip region (r/R > 0.85).

Three multi-elerrent airfoils were testedin both hover

and forward flight: two forward slotted airfoils (C106
andC210 andan aft slottedairfoil with a 3° flap down.

Theslottedairfoils wereselectedor the bladetip region

(r/R > 0.85). The slottedairfoil shaved performance
benefitsat high thrust and high advane ratios. In

geneal, C106 offeredbetterperfamancethanthe other
two configuations.

A study was condicted using compuational fluid
dynamics (CFD) technol@y to minimize the dragof a
slottedairfoil at low anglesof attackwhile maintainirg
maximunm lift characteristicd4]. First, OVERFLOW
calculatiors for the RC(6)-08 baselineairfoil and the
two slottedairfoils (ConfigurationsC106andC210)were

compredto the wind tunneltestdata. Figures4 and5
shaw thelift coeficientsversusande of attackandthe
lift-drag polarsfor the RC(8)-06andC106configuration
respectiely. The origins are offset for each Mach
numker to betterobsere the airfoil characteristicsCFD
calculatiors werecomparedto the wind tunné testdata
at Machnunbersof 0.4,0.6and0.8. In generd thelift

coeficients werewell predcted by the CFD calculatian
for both single- and multi-elemen airfoils. However,

there was a noticedle error in the drag predction.
Although these calculatedaerognamic charactdstics
did not exactly match the wind tunrel test data, the
geneal trends were repralucedby CFD solutiors. It

was found in Ref. 3 that the dragincreae of a slotted
airfoil atlow angleof attackwascausedy lowersurface
separatiorontheslat.

Basedon the initial correlation results,a primary goal
was establishedto minimize the lower surface slat
separatiorwhile maintairing the maxmum lift of the
slottedairfoil. Usingthe CFD codeandaninversedesign
method new 11%,13%,and15%chom slatdesignavere
developed.TheC106slatwasusedasastartingshapeor
an inversedesign. The 15% chod slat geanetry (A3c)
obtaina from the inversedesignmethodis comparedto
the C106 configuation in Figure 1. The aerodyamic
charactestics of the A3c airfoil are compaed to the
baselineRC(6)-08 and the C106 slat airfoil at Mach
numkers from 0.4 to 0.7 in Figure 6. The lift and
drag valuesare from CFD calculatiors. The A3c slat
designprovidesa significantreductionin dragat low lift

coeficients. EspeciallyatM = 0.4, thedragcoeficient of
theA3c airfoil is very closeto thatof thebaselinesingle-
elementgirfoil while maintairing themaximum lift of the
C1l06slottedairfoil.

Approach

The forward slotted airfoil was applied for the
perfamance estimation of the UH-60A Black Hawk
helicopger. The UH-60A utilizestwo differentairfoils on
the main rotor blade, the SC1095and SC1094R8. To
separatelynclude the slat effeds for the current airfoils,
the differencesin lift, drag, and momentbetweenthe
baselineRC(6)-08 airfoil and the slotted airfoil (A3c)
were calculatedbasedon the CFD calculationsfor all

Mach nunbersandanglesof attack. Theseincremental
valueswereaddel to the SC1095andSC1094R8 airfoil

datato simulatea UH-60A with slotted airfoils. Care
mustbetakenin thisprocesdecaus¢hebaselinairfoils,
RC(6)-08andSC109%r SC1094R8, have differentzero
lift anglesof attack(ag) andstall angles of attack(a ).
The equivalentangleof attack(a™) was calculatedfor



eachMachnumberasfollows:

b b
o — o
a™ = O(Qm_am)+am
b b st 0 0
Qg — O

where supersdpts m and b represen the modfied

(SC1095%r SC1094R8) andbaselindRC(6)-09 airfoils
respectiely. The increnental aerogynamic coeficients
were addedto the UH-60A airfoils for correspndirg

anglesof attack. The modificatiors have beenmade
between—6 degree and 22 degree angle of attack at
all Mach numbers. Figure 7 shawvs the aerodyamic
charactestics of the modified SC1094R8 airfoil based
on the A3c configuation togethe with those of the
baselineSC1094R8 airfoil for selectedachnumkers.

Results and Discussion

The effects of the slottedairfoil on the perfamanceof
the UH-60A helicoger wereevaluaed usingCAMRAD
Il [7]. Thetrim condtion in CAMRAD Il specifiesthe
rotor thrust, rotor drag,andzeroone-gr-rev longtudinal
and lateral flapping. The specified value of rotor
drag includes fuselagedrag at a given speed. The
trim variabes are threepilot contrd angles(collective,
lateral, and longitudinal) and a longitudnal shaft tilt
angle. Perfamancewas calculatedusing nonwiform
inflow with a prescribedwake geomety. Unsteady
aerognamicswereincluded, but a dynamic stall model
wasnotused.The SC1095airfoil extends from theblade
root to 48%R and from 84%R to the bladetip. The
SC1094R8 airfoil is placedbetweenthosetwo sections
(48%- 84%R).

Figure 8 shaws the effeds of the slottedairfoil on the
perfamanceof a UH-60A helicoger. In this calculation

the existing UH-60A airfoils were replacedwith the
slottedairfoils to investigde the effect on forward flight

perfamance. Three slat configurations were studied
separatelyncluding 1) inboad SC1095(20% - 48%R),
2) outbard SC1095(84% - 100%R), and 3) SC1094
R8 (48% - 84%R).All threecasesusedthe A3c airfoll

charactestics.

Figure 8(a) shavs the maximum lift-to-drag ratio with

respectto the thrustlevel. Application of the slotted
airfoil onthe UH-60A helicoger resultedn a significant
perfamancepenalty at low to mocerate thrust levels,

but demanstrateda significant bendit at high thrust
levels. Using a slat on the inboad sectionof a blade
hadlittle perfomancepenaltyat low to moderatethrust
levels, but the perfaomanceimprovemen was small at

high thrustlevels becase of the low dynamic pressure
inboad. Using a slatfor the SC1094R8 airfoil appears
more effective than using it for the outbaard SC1095

airfoil. Although the A3c airfoil designreducel drag
significantlyatlow Machnumbkerscomparedto the C106
airfoil [4], the drag penaltywas still dominant at high
Mach numkbers. Thus, the slotted SC1095airfoil in
the tip region (84% - 100%R), wherethe blade on the
adwarcing side seeshigher Mach nurbers and lower
anglesof attackthaninboad, expeiencedgreder drag
penalty(20% redtction of maximum lift-to-dragratio at
Cr/o = 0.06 from thebaseline).

Figure 8(b) shavs the maximum thrust coeficient with

respectto the advarce ratio. The maximum thrust was
defined as the highest thrust level where CAMRAD

Il could achieve a corverged propulsive trim solution

Excep for anadwanceratio of 0.4,the modfied SC1094
R8 airfoil with a slat (48% - 84%R)increaseghrust by
15to 25% conparedto the baselinerotor. The modfied

SC1095airfoil outbaard(84% - 100%R) shavsthesame
lifting capability as the modified SC1094R8 airfoil at
anadwanceratio of 0.35andabove. The slottedSC1095
airfoil inboard(20% - 48%R)hassmallinfluenceon the
maximum thrust.

Load factor calculatiors were madeat 4 = 0.35. For
thesecalculatiors, the collective anglewasprogessvely
increasedfor a zero shaft angle up to and through
stall. The trim solution specifiedzero first harmoric
flapping Thisappoachis anappoximateway of looking
at manewer capability and doesnot include effects of
dynanmic stallonlift augnentation.Figure8(c)showvsthe
rotor induced power plus the prdfile power versusrotor
thrust. The equialentrotor drag can be calculatedby
dividing rotor induced plus profile power by airspeed
Thus, this figure provides information equialentto a
maneuwer lift-drag polar  Without stall, thereis only a
modeateincreasean theinduced-profile power asthrust
is increased. As stall becanesimportant, thenthe slope
of this manewer polar quicky steepens.The modfied
SC1094R8 airfoil with a slat (48% - 84%R) shavs
a significantreductionin power for Cr/o beyond the
0.11 The modified SC1095airfoil outhoard (84% -
100%R)requres more power thanthe baselinerotor up
to Cr/o of 0.126 but shavs better performarce than
the baselineblade for C'r/o beyord the 0.126 The
slottedSC1095airfoil inboad (20% - 48%R)hasagan
negligible influerce onthe manewer capality .

Figure 9 shaws the effed of the slottedairfoil on the
requiled power. At C'r/o of 0.08, slottedairfoils requre
morepower thanthebaselineatall advaenceratios.Using
the slotted SC1094R8 airfoil requres 4 to 6% more
power and using the slotted SC1095airfoil outhoard
requies 7 to 15% more power thanthe baseline. The
benefitof usingslottedairfoils occus at Cr/o of 0.12
Using the slottedSC1094R8 airfoil requreslesspower



for the adwarce ratio of 0.28 or higher The slotted
SC1095airfoil outboardreducs requiral power for an
adwarce ratio of 0.33or higher. At Cr/o of 0.14,the
slotted airfoil significantly redwces the requred power
andincreasesmaximumspeed.For examge, the slotted
airfoil reducegherequred power by almost30%at u =

0.2. Figure10 shaows the effect of the slottedairfoil on
thelift-to-dragratio. Similarto its effectontherequirel

power, applicdion of theslottedairfoil is effective only at
high thrustlevels. The slottedairfoil application givesa
5 to 8% lossof thelift-to-dragratio for the48%to 84%R
spanandalossof 10%to 18%for the84%to 100% span
atCr /o of 0.08 However, up to 7% gain of the lift-to-

dragratio is obsevedfor C'r /o of 0.12by replacirg the
slottedairfoil in the48%to 84%span.

Figurellshavstheangleof attackversis Machnumter
for thenondimensioml bladeradiusof 0.44 0.62, 0.8,

and0.94 at every 15 degree azimuthangle The dotted
line shavs theangleof attackatwhich ¢; versuscy curve
of the modifiedairfoil meetsthat of the baselineairfoil.

Thus,the slottedairfoil hasbetterlift-to-dragratio above
theline. At C'r/o of 0.08 the slottedairfail is worse
than the baselineairfoil over almostall the rotor disk.
Although thereis somebenefitin the inboad sectionof

the blade, the benefitseemsto be very minimal dueto

low dyramic pressureAt C'r /o of 0.12 the areawhere
thereis berefit of usingthe slottedairfoil dramaically

increasesThe beneficialareaof usingthe slottedairfoil

is more on the inboad section of the blade and the
retreatingside of the rotor disk. The slottedairfoil was
focusedntheincreasef ¢;,,,, Orthedelayof retreatiny
bladestall, but thereis asignificar lossontheadwarcing
sideof therotar disk, wheretheangleof attackgeneally

never exceed the stall angleof attack.

Figures12 and13 shaw the effectsof the slottedairfoil
onthelift anddragdistribution alongthe bladespanfor
anadwane ratio of 0.35. The averageM 2¢; and M?¢,
valuesfor a slottedairfoil arecompaed to the baseline
values. Thee is little chang in the lift distribution.
However, thereis a sizableincreasen dragat Cr/o of
0.08at all bladespan. The dragpenaltyis larger in the
bladetip area.A significantdragrediction by usingthe
slottedairfoil is obseredat Cr/o of 0.12. The benefit
of usingslottedairfoil is shovn alongthespanupto 92%
of bladeradiws. Theretreatiny sideandinboard section
of the blade, wherethe blade sectionexperierces high
angleof attack,appeato betheregion wherethe slotted
airfoil shouldbe used. However, the benefitof using
the slottedairfoil seemsgo be smalldueto low dynamic
pressuratthatregion. This shovsthatthereshouldbea
significantrediction of dragat high Machnumkers.

Ideal Slotted Airfoil

An ideal slottedairfoil wasgeneatedby reducirg drag
at high Mach nunbers to similar level as M = 0.4
to investigatethe importance of a drag reduction at
high Mach numbers. Figure 14 shawvs the aerodyamic
charactestics of the ideal SC1094R8 airfoil togetter
with thoseof the baselineSC1094R8 airfoil and the
modifiedSC1094R8 airfoil basedntheA3c airfoil from
M =0.4toM =0.7. TheSC1095irfoil wasalsomodfied
similarto SC1094R8 airfoil andusedoutbaard.

Figure 15 shavs the maximum lift-to-drag ratio and
load factor available with the ideal slotted airfoils.
The maximumthrust was not shavn becase the drag
redudion at high Mach numbkershadno influenceon it.

TheidealslottedSC1095irfoil outloard(84% - 100%R)
increasesthe maximum lift-to-drag ratio dramaically

at low to mockrate thrust ratios and has a negligible
influen@ at high thrust ratios. Ideal slotted SC1094
R8 airfail (48% - 84%R) shavs small improvemern at
low to modere thrustratios. Theideal slottedSC1095
airfoil outhoard (84% - 100%R) significantly improves
the maneaiver performane at low thrust levels, thus
this airfoil shavs sameor better perfamane than the
baselinerotor at all thrust ranges. The ideal slotted
SC1094R8 airfoil (48% - 84%R)shaws slightly better
manewer perfomancethan the baselineslotted blade.
These results shav that the drag redudion at high
Mach numkers is important: 1) for the reduction of

perfamanceperalty atlow to modeatethrustratiosand
2) for the expansionof the slottedairfoil applicationfor

the tip area,wherethe dynanic pressurds high. This
also shaws that the drag redwction doesnot improve
perfamanceat high thrustratios, wherelift hasa more
importantrole thandragonthe perfomance.

Slotted Airfoil versus Wide Chord Blade

The effects of the slottedairfoils onthe performarceof a
rotorcraft (performance pendty at low thrust levels and
benefitat high thrust levels) are consideed similar to
thoseof thewide chod bladebecaseanincreaedchod
shouldincreasehe prdfile draghbut reducethe effectsof
stall at higher thrust levels.

Figure 16 comparesthe effects of a slottedairfoil with
those of wide chord blades on the performarce of a
UH-60A helicoger. The SC1094RS8 airfoil with a slat
(48%R- 84%R)waschoserfor the comparisonbecause
it provided the best perfamanceresultsamongtested
spanwiseslat locatiors. Two wide chod planformsare
usedfor the perfamancecalculation: 10% increaseof
chordfor SC1094R8 airfoil (48%R - 84%R)and 20%
increaseof chordfor SC1094R8 airfoil (48%R- 84%R).

Figure16(g shaws the maximum lift-to-dragratio with



respectto the thrust level. The slotted airfoil and the
wide chod blades shov sametrends. A 10% chod
increaseperforms betterthan the slotted airfoil at low
to mockeratethrust levels, but shavs lower bestlift-to-
drag ratios thanthe slottedairfoil at high thrustlevels.
A 20% chord increae shavs very similar bestlift-to-
dragratiosasthe slottedairfoil at low thrustlevels, but
perfam betterthanthe slottedairfoil at C';/o between
0.09and0.15. Figure16(b showvs the maximum thrust
coeficient with respecto the adwarce ratio. Both wide
chord bladesincreasethe maximunm thrust compae to
the baselinerotor. However, the slotted SC1094R8
airfoil shavsbetterthrustcapability Figuresl6(c) shavs
the requred power at Cr /o of 0.12. Using the slotted
SC1094R8 airfail requireslesspower thanthe baseline
for theadvarceratio of 0.280or higher. Both wide chod
bladeplanfamsrequirelesspowerthantheslottedairfoil
as well as the baseline. The power reductio of the
wide chordblades range 9 to 13%at theadwanceratio of
0.4. Similar trendis obsened for thelift-to-dragratio as
shavn in Figures16(d). Thewide chordbladesincrease
thelift-to-dragratioup to 22%.

Conclusions

Recentlydevelopedforwardslottedairfoils wereapgied
to a UH-60A helicoger andthe periormarce hasbeen
estimated. BaselineSC1095and SC1094R8 airfoils
were modified basedon CFD calculationsof an A3c
slottedairfoil to incorporateaerodyamiccharactestics
of a highdifting airfoil. Theeffectsof the slottedairfoils
on the performarce of a rotorcraft were also compared
with thoseof thewide chordblade. Fromthis study the
following corclusionsaredrawvn;

1. Theslottedairfoil shaws high lift capability The
slotted airfail increasesmaximun thrust by up
to 25% and maneuering capaliities at high g’s.
However, asignificantpenaltyis shovn in termsof
requred power andlift-to-dragratio at Cr /o less
than0.11.

2. Although the A3c airfail significantlyredwcedthe
dragatlow anglesof attackcompaedto the C106
airfoil at low Mach numbes, a dragreductia at
high Mach numlersis necessaryo fully exploit
theairfoil capabilityin therotoraaft application

3. Among tested spanwiseslat locatiors, having
SC1094R8 airfoil with a slat (48%R - 84%R)
shaws bestperfamancefor the UH-60A.

4. Preliminay compaison of the slottedairfoil with
the wide chordbladeshaws thatthe slottedairfoil
haslimited adwvartagesoverthewide chod blace.
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