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Abstract

Recentlydevelopedforwardslottedairfoils wereapplied
to a UH-60A helicopter, andthe performance hasbeen
estimated. BaselineSC1095and SC1094R8 airfoil
characteristicsweremodifiedbasedon CFD calculations
of an A3c slotted airfoil to incorporate aerodynamic
characteristicsof a high-lifting airfoil. Theslottedairfoil
increasesmaximum thrust of the UH-60A helicopter by
up to 25%,but a significantpenaltyis observedat

�������
less than 0.11. This penalty resultsfrom higher drag
thanthe baselineairfoil at low anglesof attack. A drag
reduction at high Mach numbers is necessaryto fully
exploit theairfoil capabilityin therotorcraft application.
Preliminary comparison of the slotted airfoil with the
widechord bladeshowsthattheslottedairfoil haslimited
advantagesover thewidechord blade.

Introduction

Research on advanced rotor technology has been
conductedto meettherequirementsof a next generation
rotorcraft. Theserequirementsinclude larger payload
capability, higher forward flight speed,increasedrange
andendurance,andgreater maneuverability andagility.
Although there has been enormous progress in the
performanceof modern-day airfoils compared to the
first generation airfoils, the current technology of
conventional fixedgeometry, single-elementairfoils may
notbeableto meetfuture requirements.

A recentstudyonslottedairfoils (Refs.1 and2) received
greatattentiondueto thedemonstrationof their high lift
capability. Two forward-slottedconfigurations(C106and
C210)basedon the RC(6)-08airfoil weredesigned and
testedin the Langley 8-foot Transonic PressureTunnel
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(TPT),andit wasshown thattheseairfoil configurations
could produce 29-61% higher maximum lift than the
baselinesingle-element airfoil [1]. High lift is achieved
by putting a slot in an airfoil to permit the passageof
high-energy air from the lower surface to control the
boundary layer on the uppersurface[3]. The rotor test
showed the potential of a high-lift helicopter using the
slotted airfoils [2]. However, the drag penaltyat low
anglesof attackwasnotable.

To minimize thedragincreaseof a slottedairfoil at low
anglesof attack, advanced airfoil designmethodology
including Navier-Stokes computational fluid dynamics
(CFD) codewas used[4]. The study showed that the
new slat designwasableto reduce dragsignificantly at
low Machnumberswhile maintaining themaximumlift.
Figure1 shows thenew 15%chord slatgeometry (A3c)
comparedto theC106configuration. However, thedrag
penaltycomparedto the baselinesingle-element airfoil
still prevailedat highMachnumbers.

In thisstudy, theslottedairfoils areusedfor performance
estimationof theUH-60A Black Hawk helicopterusing
CAMRAD II in order to understand their effects on
performance.

Background of Slotted Airfoil Research

The forward-slottedairfoils (Configurations C106 and
C210) were designedand testedin the Langley 8-foot
Transonic PressureTunnel(TPT) to determine the two-
dimensionalaerodynamiccharacteristics[1]. TheRC(6)-
08 airfoil was chosenas the baselinefor theseslotted
airfoil designs. The configuration C106of the forward
slotted RC(6)-08 airfoil is shown in Figure 1. Lift
andpitching momentcoefficientsweredetermined from
measurementsof airfoil surfacestaticpressure, anddrag
coefficientsweredeterminedfrommeasurementsof wake
total and static pressures. Figure 2 shows the lift
coefficients of theslottedairfoil (C106) asa function of
angleof attacktogetherwith thoseof thebaselineRC(6)-
08 airfoil at a Mach number of 0.4. The baselinedata
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weremeasuredin the Langley 6- by 28-inchTransonic
Tunnel [5]. Themaximum lift coefficient ( �
	�� 
���� ) of the
C106airfoil wassignificantlyincreasedcomparedto that
of the baselineairfoil. The wind tunnel testhasshown
that the maximum lift coefficient value of the slotted
airfoil (C106)wasimprovedover thebaselineairfoil by
29 percent to 43 percent for Mach numbers of 0.37 to
0.5. However, a largedragpenalty wasobservedfor the
slottedairfoils especiallyat low anglesof attack.Figure3
shows thedragcoefficientsatzerolift ( ����� ) of theslotted
airfoil (C106) and the baselineairfoil (RC(6)-08). The����� of the slottedairfoil wasmore thandoubled over a
wide rangeof Machnumbers.

ThebaselineRC(6)-08andtwo slat configurations were
alsotestedfor dynamicstallbehavior in theCompressible
Dynamic Stall Facility (CDSF) at the NASA Ames
ResearchCenter[6]. Thetestrangedover Machnumber��������� � �!� "

and reduced frequency
�#�%$&����(')�

for angle of attack * =
'+�!,

+
'+��,.-0/(13254

. For
the baselineRC(6)-08 airfoil, dynamic stall inception
occurred at * =

'�67� � ,
at M = 0.25 and

$
= 0.05. This

stall inception occurredat lower angleof attackasMach
number increased. However, the configuration C210
showed the fully attachedflow condition at M = 0.25
and * =

')8!� �
,
and only slight trailing edgeseparation

was observed even at
�9�!,

angle of attack. As Mach
number increases,the flow separationappears at lower
angleof attack. Nonetheless,the C210 airfoil showed
no evidence of dynamic stall for the conditions tested.
The configurationC106waslesseffective thanC210in
dynamic stall performance but still moreeffective than
thebaselinesingle-elementairfoil.

Later, wind tunneltestingwasconductedin theLangley
Transonic Dynamics Tunnel(TDT) to evaluatepotential
benefits in rotor performance associatedwith slotted
airfoils [2]. ThebaselinerotorconfigurationhadaRC(4)-
10 airfoil in the inboard region ( : �9; �<�!� 8 ) and a
RC(6)-08airfoil in the blade tip region ( : ��;>= ��� 8�" ).
Threemulti-element airfoils were testedin both hover
and forward flight: two forward slottedairfoils (C106
andC210) andanaft slottedairfoil with a ? , flap down.
Theslottedairfoils wereselectedfor thebladetip region
( : ��;@= ��� 8�" ). The slottedairfoil showed performance
benefits at high thrust and high advance ratios. In
general, C106offeredbetterperformancethantheother
two configurations.

A study was conducted using computational fluid
dynamics (CFD) technology to minimize the dragof a
slottedairfoil at low anglesof attackwhile maintaining
maximum lift characteristics[4]. First, OVERFLOW
calculations for the RC(6)-08 baselineairfoil and the
two slottedairfoils (ConfigurationsC106andC210)were

comparedto the wind tunnel testdata. Figures4 and5
show the lift coefficientsversusangle of attackandthe
lift-drag polarsfor theRC(8)-06andC106configuration
respectively. The origins are offset for each Mach
number to betterobserve theairfoil characteristics.CFD
calculations werecomparedto thewind tunnel testdata
at Machnumbersof 0.4,0.6and0.8. In general, the lift
coefficients werewell predicted by the CFD calculation
for both single- and multi-element airfoils. However,
there was a noticeable error in the drag prediction.
Although thesecalculatedaerodynamic characteristics
did not exactly match the wind tunnel test data, the
general trends were reproducedby CFD solutions. It
was found in Ref. 3 that the drag increase of a slotted
airfoil atlow anglesof attackwascausedby lowersurface
separationon theslat.

Basedon the initial correlation results,a primary goal
was establishedto minimize the lower surface slat
separationwhile maintaining the maximum lift of the
slottedairfoil. UsingtheCFDcodeandaninversedesign
method, new 11%,13%,and15%chordslatdesignswere
developed.TheC106slatwasusedasastartingshapefor
an inversedesign. The 15% chord slat geometry (A3c)
obtained from theinversedesignmethodis comparedto
the C106 configuration in Figure 1. The aerodynamic
characteristics of the A3c airfoil are compared to the
baselineRC(6)-08 and the C106 slat airfoil at Mach
numbers from 0.4 to 0.7 in Figure 6. The lift and
drag valuesare from CFD calculations. The A3c slat
designprovidesa significantreductionin dragat low lift
coefficients. EspeciallyatM = 0.4, thedragcoefficientof
theA3c airfoil is verycloseto thatof thebaselinesingle-
elementairfoil while maintaining themaximum lift of the
C106slottedairfoil.

Approach

The forward slotted airfoil was applied for the
performanceestimation of the UH-60A Black Hawk
helicopter. TheUH-60A utilizestwo differentairfoils on
the main rotor blade,the SC1095andSC1094R8. To
separatelyinclude theslateffects for thecurrent airfoils,
the differencesin lift, drag, and momentbetweenthe
baselineRC(6)-08 airfoil and the slotted airfoil (A3c)
were calculatedbasedon the CFD calculationsfor all
Mach numbersandanglesof attack. Theseincremental
valueswereadded to theSC1095andSC1094R8 airfoil
data to simulatea UH-60A with slottedairfoils. Care
mustbetakenin thisprocessbecausethebaselineairfoils,
RC(6)-08andSC1095or SC1094R8,havedifferentzero
lift anglesof attack( *�A ) andstall angles of attack( *CBED ).
The equivalentangleof attack( * 
 ) wascalculatedfor
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eachMachnumberasfollows:

* 
GF *IH5JK*LHA* HBED JM* HA
N * 
 BED JM* 
APORQ * 
A

where superscripts m and b represent the modified
(SC1095or SC1094R8)andbaseline(RC(6)-08) airfoils
respectively. The incrementalaerodynamiccoefficients
were addedto the UH-60A airfoils for corresponding
anglesof attack. The modifications have beenmade
between J 6 degree and 22 degree angle of attack at
all Mach numbers. Figure 7 shows the aerodynamic
characteristics of the modifiedSC1094R8 airfoil based
on the A3c configuration together with those of the
baselineSC1094R8 airfoil for selectedMachnumbers.

Results and Discussion

The effects of the slottedairfoil on the performanceof
theUH-60A helicopter wereevaluatedusingCAMRAD
II [7]. The trim condition in CAMRAD II specifiesthe
rotor thrust, rotor drag,andzeroone-per-rev longitudinal
and lateral flapping. The specified value of rotor
drag includes fuselagedrag at a given speed. The
trim variables are threepilot control angles(collective,
lateral, and longitudinal) and a longitudinal shaft tilt
angle. Performancewas calculatedusing nonuniform
inflow with a prescribedwake geometry. Unsteady
aerodynamicswereincluded,but a dynamic stall model
wasnotused.TheSC1095airfoil extends from theblade
root to 48%R and from 84%R to the blade tip. The
SC1094R8 airfoil is placedbetweenthosetwo sections
(48%- 84%R).

Figure 8 shows the effects of the slottedairfoil on the
performanceof a UH-60A helicopter. In this calculation,
the existing UH-60A airfoils were replacedwith the
slottedairfoils to investigate theeffect on forward flight
performance. Three slat configurations were studied
separatelyincluding 1) inboard SC1095(20% - 48%R),
2) outboard SC1095(84% - 100%R), and 3) SC1094
R8 (48% - 84%R).All threecasesusedthe A3c airfoil
characteristics.

Figure 8(a) shows the maximum lift-to-drag ratio with
respectto the thrust level. Application of the slotted
airfoil on theUH-60A helicopter resultedin a significant
performancepenalty at low to moderate thrust levels,
but demonstrateda significant benefit at high thrust
levels. Using a slat on the inboard sectionof a blade
hadlittle performancepenaltyat low to moderatethrust
levels, but the performanceimprovement was small at
high thrust levels because of the low dynamic pressure
inboard. Usinga slat for theSC1094R8 airfoil appears
more effective than using it for the outboard SC1095

airfoil. Although the A3c airfoil designreduced drag
significantlyat low Machnumberscomparedto theC106
airfoil [4], the drag penaltywas still dominant at high
Mach numbers. Thus, the slotted SC1095airfoil in
the tip region (84% - 100%R), wherethe bladeon the
advancing side seeshigher Mach numbers and lower
anglesof attackthan inboard, experiencedgreater drag
penalty(20% reduction of maximum lift-to-dragratio at�3�L�9� F ��� �TS from thebaseline).

Figure8(b) shows the maximum thrustcoefficient with
respectto the advance ratio. The maximum thrust was
defined as the highest thrust level where CAMRAD
II could achieve a converged propulsive trim solution.
Except for anadvanceratio of 0.4,themodified SC1094
R8 airfoil with a slat (48% - 84%R)increasesthrust by
15 to 25%comparedto thebaselinerotor. Themodified
SC1095airfoil outboard(84% - 100%R) shows thesame
lifting capability as the modified SC1094R8 airfoil at
anadvanceratio of 0.35andabove. TheslottedSC1095
airfoil inboard(20% - 48%R)hassmall influenceon the
maximum thrust.

Load factor calculations were madeat U = 0.35. For
thesecalculations, thecollectiveanglewasprogressively
increasedfor a zero shaft angle up to and through
stall. The trim solution specifiedzero first harmonic
flapping. Thisapproachisanapproximatewayof looking
at maneuver capability and doesnot include effects of
dynamic stallonlift augmentation.Figure8(c)showsthe
rotor inducedpower plus the profile power versusrotor
thrust. The equivalent rotor drag can be calculatedby
dividing rotor induced plus profile power by airspeed.
Thus, this figure provides information equivalent to a
maneuver lift-drag polar. Without stall, thereis only a
moderateincreasein theinduced+profilepower asthrust
is increased.As stall becomesimportant, thentheslope
of this maneuver polar quickly steepens.The modified
SC1094R8 airfoil with a slat (48% - 84%R) shows
a significant reductionin power for

� � ���
beyond the

0.11. The modified SC1095airfoil outboard (84% -
100%R)requires morepower thanthebaselinerotor up
to
� � �9�

of 0.126, but shows better performance than
the baselineblade for

� � ���
beyond the 0.126. The

slottedSC1095airfoil inboard (20% - 48%R)hasagain
negligible influenceonthemaneuvercapability .

Figure 9 shows the effect of the slotted airfoil on the
requiredpower. At

� � ���
of 0.08, slottedairfoils require

morepowerthanthebaselineatall advanceratios.Using
the slotted SC1094R8 airfoil requires 4 to 6% more
power and using the slotted SC1095airfoil outboard
requires 7 to 15% more power than the baseline. The
benefitof usingslottedairfoils occurs at

�V�����
of 0.12.

Using theslottedSC1094R8 airfoil requires lesspower
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for the advance ratio of 0.28 or higher. The slotted
SC1095airfoil outboard reduces required power for an
advance ratio of 0.33 or higher. At

� � �9�
of 0.14, the

slotted airfoil significantly reduces the required power
andincreasesmaximumspeed.For example, theslotted
airfoil reducestherequired powerby almost30%at U F�����

. Figure10 shows the effect of the slottedairfoil on
thelift-to-dragratio. Similar to its effect on therequired
power, application of theslottedairfoil is effectiveonlyat
high thrustlevels. Theslottedairfoil application givesa
5 to 8%lossof thelift-to-dragratiofor the48%to 84%R
spanandalossof 10%to 18%for the84%to 100% span
at
�3�I�9�

of 0.08. However, up to 7% gainof the lift-to-
dragratio is observedfor

� � �9�
of 0.12by replacing the

slottedairfoil in the48%to 84%span.

Figure11shows theangleof attackversus Machnumber
for thenon-dimensional bladeradiusof 0.44, 0.62, 0.81,
and0.94at every 15 degree azimuthangle. The dotted
line shows theangleof attackatwhich ��	 versus� � curve
of the modifiedairfoil meetsthat of the baselineairfoil.
Thus,theslottedairfoil hasbetterlift-to-dragratioabove
the line. At

�W�L�9�
of 0.08, the slottedairfoil is worse

than the baselineairfoil over almostall the rotor disk.
Although thereis somebenefitin the inboard sectionof
the blade,the benefitseemsto be very minimal due to
low dynamicpressure.At

�X�L���
of 0.12, theareawhere

thereis benefit of using the slottedairfoil dramatically
increases.Thebeneficialareaof usingtheslottedairfoil
is more on the inboard section of the blade and the
retreatingsideof the rotor disk. The slottedairfoil was
focusedontheincreaseof ��	 
���� or thedelayof retreating
bladestall,but thereis asignificant lossontheadvancing
sideof therotor disk,wheretheangleof attackgenerally
never exceeds thestall angleof attack.

Figures12 and13 show the effectsof the slottedairfoil
on the lift anddragdistribution alongthebladespanfor
an advance ratio of 0.35. The average

��Y � 	 and
�ZY ���

valuesfor a slottedairfoil arecompared to the baseline
values. There is little change in the lift distribution.
However, thereis a sizableincreasein dragat

�[�I�9�
of

0.08at all bladespan. The dragpenaltyis larger in the
bladetip area.A significantdragreduction by usingthe
slottedairfoil is observed at

� � ���
of 0.12. The benefit

of usingslottedairfoil is shown alongthespanupto 92%
of bladeradius. The retreating sideandinboard section
of the blade,wherethe bladesectionexperienceshigh
angleof attack,appearto betheregion wheretheslotted
airfoil shouldbe used. However, the benefitof using
theslottedairfoil seemsto besmalldueto low dynamic
pressureat thatregion. This shows thatthereshouldbea
significantreductionof dragat highMachnumbers.

Ideal Slotted Airfoil

An ideal slottedairfoil wasgeneratedby reducing drag
at high Mach numbers to similar level as M = 0.4
to investigatethe importance of a drag reduction at
high Mach numbers. Figure14 shows the aerodynamic
characteristics of the ideal SC1094R8 airfoil together
with thoseof the baselineSC1094R8 airfoil and the
modifiedSC1094R8airfoil basedontheA3cairfoil from
M = 0.4toM = 0.7.TheSC1095airfoil wasalsomodified
similar to SC1094R8 airfoil andusedoutboard.

Figure 15 shows the maximum lift-to-drag ratio and
load factor available with the ideal slotted airfoils.
The maximumthrust was not shown because the drag
reduction at high Machnumbershadno influenceon it.
TheidealslottedSC1095airfoil outboard(84% - 100%R)
increasesthe maximum lift-to-drag ratio dramatically
at low to moderate thrust ratios and has a negligible
influence at high thrust ratios. Ideal slotted SC1094
R8 airfoil (48% - 84%R) shows small improvement at
low to moderate thrustratios. The ideal slottedSC1095
airfoil outboard (84% - 100%R) significantly improves
the maneuver performance at low thrust levels, thus
this airfoil shows sameor betterperformance than the
baselinerotor at all thrust ranges. The ideal slotted
SC1094R8 airfoil (48% - 84%R)shows slightly better
maneuver performancethan the baselineslottedblade.
These results show that the drag reduction at high
Mach numbers is important: 1) for the reduction of
performancepenalty at low to moderatethrustratiosand
2) for theexpansionof theslottedairfoil applicationfor
the tip area,wherethe dynamic pressureis high. This
also shows that the drag reduction does not improve
performanceat high thrustratios,wherelift hasa more
importantrole thandragon theperformance.

Slotted Airfoil versus Wide Chord Blade

Theeffectsof theslottedairfoils on theperformanceof a
rotorcraft (performancepenalty at low thrust levels and
benefit at high thrust levels) are considered similar to
thoseof thewidechord bladebecauseanincreasedchord
shouldincreasetheprofile dragbut reducetheeffectsof
stall at higher thrust levels.

Figure16 comparesthe effectsof a slottedairfoil with
those of wide chord blades on the performance of a
UH-60A helicopter. The SC1094R8 airfoil with a slat
(48%R- 84%R)waschosenfor thecomparisonbecause
it provided the best performanceresultsamongtested
spanwiseslat locations. Two wide chord planformsare
usedfor the performancecalculation: 10% increaseof
chordfor SC1094R8 airfoil (48%R- 84%R)and20%
increaseof chordfor SC1094R8airfoil (48%R- 84%R).

Figure16(a) shows the maximum lift-to-dragratio with
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respectto the thrust level. The slottedairfoil and the
wide chord blades show sametrends. A 10% chord
increaseperforms better than the slottedairfoil at low
to moderatethrust levels, but shows lower best lift-to-
drag ratios than the slottedairfoil at high thrust levels.
A 20% chord increase shows very similar best lift-to-
dragratiosasthe slottedairfoil at low thrustlevels, but
perform betterthanthe slottedairfoil at

� � ���
between

0.09and0.15. Figure16(b) shows the maximum thrust
coefficient with respectto the advance ratio. Both wide
chord bladesincreasethe maximum thrust compare to
the baselinerotor. However, the slotted SC1094R8
airfoil showsbetterthrustcapability. Figures16(c) shows
the required power at

� � ���
of 0.12. Using the slotted

SC1094R8 airfoil requires lesspower thanthe baseline
for theadvanceratio of 0.28or higher. Both wide chord
bladeplanformsrequirelesspowerthantheslottedairfoil
as well as the baseline. The power reduction of the
widechordblades range 9 to 13%at theadvanceratioof
0.4. Similar trendis observed for thelift-to-dragratio as
shown in Figures16(d). Thewide chordbladesincrease
thelift-to-dragratioup to 22%.

Conclusions

Recentlydevelopedforwardslottedairfoils wereapplied
to a UH-60A helicopter and the performance hasbeen
estimated. BaselineSC1095and SC1094R8 airfoils
were modified basedon CFD calculationsof an A3c
slottedairfoil to incorporateaerodynamiccharacteristics
of a high-lifting airfoil. Theeffectsof theslottedairfoils
on the performance of a rotorcraft werealso compared
with thoseof thewide chordblade.Fromthis study, the
following conclusionsaredrawn;

1. The slottedairfoil shows high lift capability. The
slotted airfoil increasesmaximum thrust by up
to 25% andmaneuvering capabilities at high g’s.
However, asignificantpenaltyis shown in termsof
required power andlift-to-dragratio at

� � ���
less

than0.11.

2. Although theA3c airfoil significantlyreducedthe
dragat low anglesof attackcomparedto theC106
airfoil at low Mach numbers, a dragreduction at
high Mach numbers is necessaryto fully exploit
theairfoil capabilityin therotorcraft application.

3. Among tested spanwiseslat locations, having
SC1094R8 airfoil with a slat (48%R - 84%R)
showsbestperformancefor theUH-60A.

4. Preliminary comparison of the slottedairfoil with
thewide chordbladeshows that theslottedairfoil
haslimited advantagesover thewidechord blade.
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