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Abstract

Recent experimental and flight test progmms have devel-
oped and confirmed the high lift capability of the Circulation
Control Wing (CCW) concep?. These CCW airfoiis employ
tangential blowing of engine bleed air over circular or near-
circular trailing edges, and are capable of usable lift coeffi-
clents triple thos: of simple mechanical flaps. Barlier versions
of these blown airfoils made use oi relatively complex leading
and trailing edge devices which would have to be retracted
mechanically for cruise flight. In a continuing program: to
reduce the complexity, size and weight of the CCW system,
sevcral series of advanced CCW airfoils have been developed
which can provide STOL capebility for both military and
commercial aircraft using rauch smaller, less complex high lift
systems. The paper will describe these configurations and pre-
sent the experimental results confirming their acrodynamic
characteristics, as well as make comparisons to previous CCW
and more conventional high lift systems.

Intrcduction

The development of high lift airfoils employing tangential
blowing over round or ncar-round trailing edges has been
underway at David Taylor Naval Ship R&D Center since
1969.{1) Recent experimental and flight test programs(2-9)
have confirmed the high lift and STOL capabilities of this
Circulation Control Wing (CCW) concept. As applied to a2
typical fixed-wing aiicraft, the concept employs engine bleed
nir to pneumatically augment the w'ng’s circulaiion iift, and
has generated section Lift coefficients as much as triple thase
of simple mechanical flaps. The applicatioa of this lift to pro-
vide STOL capability was flight-verifi=d in 1979, when a
rather large radius (0.0365 chord) C W trailing -xlge was
applied 10 the wing of a NAVY/On.mman A-6 testbe air-

, craft. Figure | shows the wing-fold aisfoil s~ction evaluated
two-dimensionally prior to the flight .\emonstrator develop-
ment. Figure 2 records the increased lifting capability pro-
vided by the trailing edge blowing. The effectiveness of this
round CCW trailing edge in augmenting wing Lift resulted in
significent STOL performance and heavy lift potentiali4.6), A
demoastrated 140 percent increase in usable trimmed lift
coefficient produced reductions 01 35 percent in approach
spoed, 60 percent in takeoff distance and 63 percent in land- -
ing gvound roll relative to the standard A-6. Flight speeds as
low ag 67 kt were achier ed by the A-8/CCW aircraft.

These flight results confirmed CCW a3 a simple and effec-
tive blowa STOL systemn, but aleo identified several improve-
mens sweded befom the system could be incorporated into
production aircraft. The large trailing edge radius demon-
sirated on the A-6/CCW gircraft ensured high lift augmenta-
tion tut was not acceptable from a cruise drag standpoint. It
wouid either have to be mechanically retracted, or its size
reduced to the point where the base thickness was no longer a
penalty. A second problem arce was the leadine edge device

mﬁ'wnmmmx?m.uu
+ Asrospace Bagireer; Member, AIAA

Tils paper is dociurd o wack of the U'.S.
Geverameu! sad theecfors s la the puble dornals.

Pl E DT InAS K e AR oA L P i e L LY e U L

AN ‘—'«1"\'\'-'—-'\".‘"."—.","7'5 il oSS

N A
NORSCI L.

DEVELOPMENT OF ADVANCED CIRCUL ATION
CONTROL WING HIGH LIFT AIRFOILS

Robert J. Englar* and Gregory G. Huson +
STOL Acrodynamics Group, Aircraft Division

David Taylor Naval Ship Research and Development Center
Bethesda, Maryland 20084

required to prevent flcw separation during the high circula-
tion associated with STOL operation. Whereas the 37.5-
degrec slat deflection on the 2-D model had proved sufficient,
the flight demonstrator maximum deflection was mechanically
limited to 25 degrees. Therefore, an increastd leading edge
radius had been added’ to the testbed aircrait and it per-
formed quite satisfactorily. Howe.er, for cruise flight, it toc
would have to be retracted. A feasible alternative would be to
revise thc mechanical actuator/track system to allow greater
deflection.

In order 10 address these areas of needed improvement, a
program aas been underway since the flight test to develop
advanced CCW airfoils by reducing the complexity, size and
weight of the CCW sy:tem without penalizing its lift aug-

Wr=0.0300
ric= 0,008 sior,
---OMGINAL CRUISE e
AIRFOIL 0627 in
, c-2000
{ |awc PLENUM ]
far [

\ A T/

\ r=0.876 in.
LE RADIUS INCREAE (3D ONLY)

Fig. 1 - A-6/CCW Wing-Fold Airfoil Section
(64A008.4/CCW), dgy a1 =37.5°, Large Trailing

Edge Radius

~==— NACA S4ANN. 0.20C SPLIT FLAP,
R,=0 x 108,
Coveny

SECTION LIFT COEFRMCIENT (Cy)

-]
s}
[ ]
-
~
-
-
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Fig. 2 - Lift Characteristics of the NACA 64A008.4/CCW
Airfoil, dgy a1 =137.5°, /¢’ =0.0365
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menting capability. That progran has proceeded in two direc-
tions: (1) to develop an advanced CCW airfoil which would
incorporate a smalies trailing edge, blown plenum and a non-
deflecting leading edge device all within the contour of an
existing supercritical airfoil which could replace current state-
of-the-art wing sections, and (2) to develop imnroved versions
of CCW which are compatable with exisiing thin wings such
as those alreacy on the A-6 and other current high perfor-
marce aircraft. In both cases, maintaining «ift augmentation
while reducing drag and complexity have been the dominant
goals of the program. The following sections wili discuss the
design considerations and experimental evaluations involved
in the development of these airfoils, and compare the perfor-
mance to the earlier relatively complex CCW configurations.

Design Considerations

CCW/Supercritical Airfoil

The above goals appeared to be obtainable by taking
advantage of the large leading and trailing edge thickness of a
typicai biuff trailing edge supercritical airfoii. Not oniy does
this airfoil section geometry appear quite compatible with the
incorporation of aft plenum, slot and small radius trailing
elge, it also generates the excellent transonic cruise perfor-
mance afforded by increcsed critical Mach number and
delayed drag rise. The developmental approach taken was to
combine a typical proven supercritical section with a set of
baseline CCW trailing edge parameteys closely matching those
of the A-6/CCW aircraft, and then experimentally evaluate
the charecteristics produced by progressively reducing the
trailing edge size vatil jt was most compatible with the super-
critical airfoil aft conteur. Tie RASA 17-percent-thick super-
critical airfoil of Reference 7 had been both wind-tunnel
tested and flight tested, and therefore had a suitable reference
data base. The airfoil thickness produces a large biuff leading
cige radius of 4.28-percent choru, which is of suzh substan-
tial size that it could substitute for a mechanical leaaing edge
device and thus further simplify the high-lift configuration.
To parametrically vary the model trailing edge geomutry, the
A-6/CCW design radius-to-chord ratio of 0.0365 was taken as
a basaline reference value, halved to give r/c’ =0.0186 and
halved again to give r/c’ =0.0094. The smallest trailing odge
diameter (0.0188c’) is thus slightly greater than twice the
0.00€c trailing edge thickness of the baseline supercritical air-
foil. These model configurations are shown in Figure 3, where
the pertinent CCW trailiug edge parameters are also iden-
tified. The terms r, b, ¢ and ¢’ represent trailing edg: radius,
jet slot height, origin: ' baseline airfoil chordlength, and effec-
tive airfoil chordlength including the radius, respectively.
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Detailed discussion of the characteristics of these four airfoils
is giver in References 8 anc 9; therefore, only the smallest
radius configuration will be inciuded in the following discus-
sion of results.

A-6/CCW Airfoils

Because high performance aircraft typically employ thin-
ner sections with sharp trailing edges, a second program way
undertaken to ¢xtend the above smaller trailing edge
CCW/Superctitical configurations to these thin airfoils.
Because of the data base already established for the A-6 air-
foil section, it was selected as the reference thin airfoil. The
8.4-percent airfoil of Figure 1 was n:odified to accept the
CCW trailing edges showr. in Figures 4 and 5. The ‘“‘small™
radius (r/c’ = 0.609) is the same trailing edge configuration
used with the supercritical airfoil, while the “’mini’* radius is
half that size, vielding a cruise trailing edge Jdiameter of
0.00%'. Neither of these configurations is intended to be
retracted in cruise, being 1/4 2nd 1/3 the size of the original
flight-test trailing edge. The retractable circutar arc configura-
tion uses a simple rotating segment to prodi.ce 150 degrees of
jet turn'ng arc (as measured from the siot) when aeflected for
hign lift, retracting to 96 degrees and a trailing edge thicl.ness
of 0.0178c’ in cruise. it thur has a cruise base thickness
slightly less than the small round configuration, but a radiv;
roughly twice as large for effective jet turniag. The dual
radius configuration is in effect a very short chord (0.0223c’)
blown flap, with several important differences. It pivots
about a lower surface hinge point, with a radius the same as
the small single-radius configuration (0.009c'), and deflects to
90 degrees. The alt surtace is not straight like the conven-
tional blow flap, but is a second much larger radius, 0.041¢’.

et ]
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Fig. 4 - Incorporation of the Small CCW Geometries
on the A-6/64A008.4 Airfoil
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This produces a downstream CC radius larger than the origi-
nal flight demonstrator, but a cruise trailing edge thickness
exactly the saine as the clean A-6 airfoil, 0.0014c. The second
radius acids additional jet deflectiun, so tha. when the flap is
deflected 90 degrees, the maximum jet angle is 122 degrees
from the slot. Jet attachiment at this deflection should be
enhanced by the larger radius. Two additional blown config-
urations were constructed and tested, and are shown in
Figure 6. The 0.226¢c blown flap is a Grumman Aerospace
Cacporation design (see Reference 10) employing a straight
afi upper surface and a radius downstream of the slot when
the flap is deflected. A second dual radius CCW trailing edge,
configuration B, has a larger flap chord than the first,
intended to produce more lift due to geonietric camber when
the blowing is off. its radii are increased (because the hinge
point moves forward) to 0.012c’ and 0.060c’, but the cruise
trailing edge thickness remains 0.0014c. Two additional
deflection angles have been udded: O degrees (cruise) and 60
degrees (intermadiate lift at reduced drag, intended as a
takeoff configuration). The maximum jet turning sngles for
the 0, 60, and 90 degree flap deflections are thus 33, 93, and
123 degrees, respectively, from the jet cxit plane parallel to
the chord.

DUAL RADIUS CCW CONFIG. B
c=0012", 0.000e"
o,-l.ﬂc
|sLor |
N -
CRUISE

Fig. 6 - Dual Radius CCW and Blown Flap Configurations

Mention should be made of the design blowing momen-
tum cocfficients, C,. (to be defined in the following section).
Expected full scale values are functions of bleed mass flow
and pressure available and the flight veiocit; (a function of
weight, incidence, lift ccofficient obtained with blowing, and
engine vertical thrust component). For the A-o/CCW flight
demonstrator using existing bleed from its J-52-P8B turbojet
engines, available C,, ranged up to 0.30. However, since cur-
rent high petfomunee aircraft may employ turbofan engines
with less bleed capability, a limit on available monentum for
these engines was estimated to yield 0.05<C,<0.15. Thus for
the majority of the thin airfoil small tmlmg edge data, C
wil) be limited to appruximately 0.17.

Exptrimental Apparatus and Technique

The 3-ft span two-dimensional models described above
were movated between the 3- by 8-ft subsonic two-
dimensionul wail inserts instatled in the DTNSRDC 8- by
10-ft subsoic tunnel (Figure 7). Lift und moment coefficients
were obtained by numerical integration of surface static pres-
sures near the midspan as recorded by a 144-port scanivalve
system. The drag cocfficient was obtained from integration of
wake momewtum deficit as reasured o a fixed wake rake
spanning nearly 8-ft from floor to ceiling. All reported force
and moment coefficients are based on ¢’, since this is con-
sidered to be the undeflected cruise reference chord. The
value ¢’ may differ from c, the original bascline airfoil chor2,
in that the slot is located at the original tr iling edge, and
thus the new small CCW devices extend s mewhat aft. The
momentam coefficient C,, was calculated as hV;/(qc), where

AP ‘v . .\ e .-‘ ._' \" -:-. LR .'&.‘ )
DI -.T

~"--*'. \
[T VA 1;:4(‘.5;!.):!.: '\'.'_-r_lf:

LTy YT Ty

Fig. 7 - Airfoil Installed in the DTNSRDC 3- x 8-foot
Subsoric 2-D Inserts

m is the inass flow per unit slot span as measured by ven-
turimeter, and V; is the isentropic jet velocity calculated from
measured conditions usir.g the equation in Reference ¢,
Model instaliation, test apparatus and technique, data reduc-
tion and correction,, and monituring of tunnel two-
dimensionality were all conducted as reported in Reference 5
(Appendix A) and Reference 11,

Results and Discussion

CCW/Supercritical Airfail

The smail radius configuration of Figure 3 was evaluated
over a geometric angle oi attack range -5 degrees € ag <
+ 15 degrees. The relatively low freestream dyramic pressure
of 10 psf (R, = 1.2 x 105) yielded C, valuzs up 1~ 0.40 instead
of the 0.17 limit mentioned above. Lm Jata for u slo! height
of 0.014 in. are presented in Figure 8 as functions of inci-
dence and blowing. If these plots are compared to the state-
of-the-art A-6/CCW airfoil data of Figure 2. which was run
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Fig. 8 - Variation in Lift with Incidence at Constant Blowing
for tire Small Trailing Edge CCW/Supercritical
Airfoil
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at a larges slot he. 1t and Reynolds number, two trends are
noticeable. First, the CCW/Supercritical airfoil, with a radius
only 23 peicent as 'arge, produces lift that is slightly greater
than the A-8/CCW airfoil at lower @ and C,,, since the A-6
siat imparts ¢ download under these ctmdmons Second, the
undeflected bulbous nose of the supercritical airfoil provides
the same or betier leading edge perforinnnce as the A-6
model's 37.5-degree slat, yielding almost identical stall angles
at any given .

The apparent deficits in certain of the lift curves (primar-
ily for 6 degrees Sa, § 12 degrees and C,, € 0.20) are due to
flow separation on t supercmml mfoarcambered aft upper
surface, between the crest and the slot. (This condition is dis-
cussed in Reference 12 and is not a leading edge separation.)
The separated flow is re-en.rained at higher C,,, and the defi-
cits disappear. The same correction should occur at higher
Rcynolds numbers.

Drag polars for the small radius airfoil at low blowing
vaiues are compared in Figure 9 with the bascline 17-percent
supercritical airfoil. The drag vaiues of the baseline airfoil are
slightly lower than those of the CCW/supeicritical airfoil
with no blowing (ACy4 = 0.0006 at e; =0 degrees); however,
the drag of the CCW airfoil can be rzduced to that of the
baseline airfoil by blowing at C, £ 0.003 for a, € 6 degrees,
typical values for cruise mchencc Additional bﬂowing will
reduce the drag evan further, but an analysis of engine thiust
loss due to bleed required needs to be considered.

For Ry=2 x 10 and ag =0 degrees, unblown drag values
for the small radius and a tu;et radius CCW/Supercritical
airfoil are compared with both the baselir.e supercritical and a
typical sharp trailing edge airfoil in the fcllowing chart:

Fig. 9 - Drag Polars for the Small Trailing Edge
CCW/Supercritical Airfoil at Low Blowing

——————y————y Y T S LT wg— g «.=
Fm . R i el il St S St S St St STFTNTETAYN LT

Airfoil Cy Ct
644-418 (R, =3+ 109) 0.0061 0.330
Baseline supercritical 0.0084 0.40¢
Smiall CCW, r/c’ = 0.6094 0.0090 0.455

Large CCW, r/¢c' =0.0366 0.0:83 0.671

As lift due to camber increases, so does the drag. At cqual
cruise lift, the d-ag of the baseline and swall CCW airfoil wit
be nearly equal. Thus, the high-lift device of the small
CCW/Supercritical airfoil may be left exposed for cruise con-
ditions with essentially no subsonic drag penalty

A-6/CCW and Blown Airfoils

Lift Generation

The various CCW and blown flap configurations of Fig-
ures 4, 5, and 6 were evaluaied extensively over a range of
subsonic dynamic pressure, angle of attack, and jet slot
height. The data comparisons that follow are intended pri-
marily to chow the effect of the configuratior geometry
changes on lift augmentation in the moderate blowing range
of C, < 0.17. It should be noted that while the original large
radlus #4-6/CCW was tested with a 37.5-degree slat deflectipn
to keep flow attached at high circulation levels associated
with C,, up to 0.30, the majority of the current tests were
conducted with a s'at deflection of 25 degrees and 0.02c gap.
This is the slat setring on the production A-6, and was orig-
inally thought to be more appropriate for the lower blowing
levels. This choice did not prove appropriate in certain cases,
as will be discussed later.

Lift resulting from blowing at constant geometric ang.¢ of
attack is shown in Figures 10-13 for the single-radius CCW

8o — VT — T T T T
ric' = 0.0008
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38 R, :1.9x10 «

h=0.010 in.
dgat= 28°, 0.02¢ gap
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Fig. 10 - Lift Due to Blowing for the Mini Radius
A-6/CCW Airfoil
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Fig. 11 - Lift Due to Blowing for the Small Radius
A-6/CCW Airfoil
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Fig. 12 - Lift Due to Blowing for the 96* Circular Arc
A-6/CCW Airfoil

configurations. Greatest lift prior to ~tall is generated by the
150-degree circular arc, which has the largest radius.
Apparently 150 degrees of jet turning surface is sufficient to
keep the jet attached for this range of blowing and lift.
However, the reduced lift produced by the same radius with
oaly 96 degrees of turning implies that more turning arc is
required. For the three round CCW trailing edges with ade-
quate turning arc, lift generation is reduced as radius
decreases. For the smallest radius (Figure 10) lift maxima
occur at about C,,-0.0Q, and augmentation beyond that is
reduced. This same trend was noted in References 8 and 9 for
the small radius st ‘ercritical airfoil, oace certain pressure
ratios were exceeded. In Figure 10, that pressure ratio for the
mimi radius is about 1.4 to 1.5, but was considerably higher
for the OCW/Supercritical section twice the radius. Note also
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Fig. 13 - Lift Due to Blowing for the 150° Circular Arc
A-6/CCW Airfoil

in Figures 11-13 that as the lift coefficient approuches 4 at
constant C , stall occurs at the higher incidences, indicating
that the 25-degree slat is unable to prevent leading edge
separation at these circulation le cels,

The tavorable effect of increascd trailing edge radius is
further emphasized in Figures 14 and 15 for the two dual
radius configurations. In Figure 14, the radius immediately
downstream of the blowing slot is the same as in Figure 11,
but the enlarged second radius is very effective in turning the
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Fig. 14 - Lift Due to Blowing for Dual Radius CCW
Configuration A, c¢;=0.0223¢’
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Fig. 13 - Li't Due 1> Biowing for Dual Radius
Configuraticn B, cp=0.035'

, * and ¢nhancing hft. In addition, the camber provided by
the 90-degree flap deflection adds 0.4 to 0.5 to litt coeffi-
cicnt, blowing off. Both these effects are further improved
upon by dual radius configuration B, where increasing the
flap chord moves the hinge point forward on the airfoil and
allows the trailing edge radii to be increassd to 0.012¢’ and
0.060c’. The second radius is 64 percent larger than the orig-
inal airfoil of Figure 1, and results in increased jet turning. In
addition to the increase in lift, configuration B pushes the lift
peal 5 which occurred at T, =0.10 (pressure ratio of 2.0) in
Figure i4 up to C,=0.13 &ressure ratio of 2.2). At angles of
attack greater than 3 degrees, the peaks are minimal or non-
exisiant. Reference & data for the CCW/Supercritical airfoi
indicate tha: these peaks may be moved to higl- C" by
reducing the jet slot height or further increasin. e radius.
Both airfoils again experience leading edge stit. at high lift
and incideace dus to insufficient slat deflection.

Reduction in flap deflection reduces the airfoil geometric
camber as well as the maximum angle through which the jet
may turn. Those effects are shown in Figuie 1£ for 0- and
§0-degree flap del"~ctions. The zero-degree case becomes
essentially 2 33-degree jet flap, while the 60-degree flap pro-
duces 93 degrees of jet turning and appreciable lift. The
advantages ¢ these two configurations are lower drag due to
reduced pivjected area and increased jet thrust recovery. The
60-d-grec flap could thus be effectively employed as a tak.off
setting.

The pressure distributi~ ns in Figure 17 zive further insight
into tne above discussion. The increased suction peaks pro-
duced over the trailing edge radii indicate why the lift is more
than tripled by increasing the flap deflection from 0 to 90
degrees at C, =0.10. The C;, =40 value shows why the larger
railii are more effe~tive: they are mcore able to prevent the
hign velocity jet from separating from the radius before suffi-
cient turning is prcduced. The increased suction spike on the
slat leading edge pcints to the nearness of ieading edge stall at
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Fig. 16 - Lift Due to Blowing for Dual Radius
Configuration B, ¢¢=0.035¢’, dF=O°, 60°
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Fig. 17 - Pressure Distributions for Dual Radius
Configuration B, c¢;=0.035'

this slat deflection. Note in this figure that the slat pressures
are plotted normal to the chord rather than deflected, and
that the slat is retracted for the O-degrec flap case, since it
represents a cruise configuration. The small spike at
x/c=0.15 is due to the exposed cove on the main airfoil
which the slat trailing edge retracts into in cruise. The solid
symbols are the leading and trailing edges of each separate
elerient.
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A-6 High Lift Airfoil Comparison

A summary comparison of all the above A-6 high lift con-
figuratioas is presented in Figure 18 for a typical geometric
incidence of 9 degrees. The large radius CCW airfoil data
from Figure 2 have been adjusted to 25-degree slat deflection
as a basis tor comparison. Only the two dual radii configura-
tions are superior to the original large configuration in lift,
and they fall below the large surface at higher C,, because the
jet reaches the maximum turning angle (=123 degrees). For
the full-round large CCW, jet turning can continue on to 150
degrees or more. Howaver, from a mechanization and drag
standpoint, this large CCW is impractical, and thus most of
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Fig. 18 - Comparative Blown Lift Configurations
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the configurations shown offer significant operational im-
provement. To serve as a reference (o the actual airplane, the
single-slotted semi-Fowler flap (cf=0.30c) employed on the
A-6 was also tested in connection with the Grumman test of
Reference 10. For C, in the range of 0.05 or greater, all
CCW airfoils tested exceed the mechanical flap’s capability
except for the mini radius configuration. Figure 19 shows a
similar compariscn for a, =3 degrees, and includes the 0.226c
blown flap configuration{!9). The leading edge stall problem
is now avoided at the lower incidence, and the dual radius
exceeds its Figure 18 performance at higher blowing. Both the
60-degree dual radius and the 6.226¢ blown flap behave in the
typical blown flap manner: once flow is turned to the flap
upper surface angle, the lift variation becomes nearly linear
with C“. instead of the parabolic function typical of a round
CCW. For C,, > 0.026, the 90-degree flap dual radius exceeds
the 0.226¢ blown flap lift, even though it is less than 1/6 the
chord length. The blown flap is superior at low and no blow-
ing due to the extra camber produced by its longer chord
length. All three of the CCW configurations can double the
lift of the baseline single-slotted flap in the C“< 0.16 range;
the 0.226¢c hiown fiap can not.

Lift variation with angle of attack is shown in Figure 20
for the larger-flap dual radius CCW. The effect of leading
edge stall is apparent at higher C,,. The variation in aggy
with lift for the 37.5-degree slat deflection (from Figure 2) is
also plotted, and the present data are extrapolated to that line
to show the effect of keeping the flow attached. At
C‘,=0.125. stall progresses from ag = 3.7 degrees and C2=4.7
with the 25-degree slat to ag=11.5 degrees and Cg = 5.2 with
the 37.5-degree siat. For comparison, the clean A-6 airfoil
and single-siotted flap A-6 airfoil data are shown* they were
recorded in conjunction with the Grumman tests of Refer-
ence 10, but at q =35 psf and R, =2.2 x 106, which may
explain why the stall angle somewhat exceeds the existing
25-degree slat curve. At a usable 2-D incidence of 9 degrees,
the dual radius airfoil with 37.5-degree slat and C,=0.125
will yield Cg = 5.2 compared to 2.6 for the baseline mechan-
ical flap. Comparing the dual radius data of Figure 20
(extrapolated for the flow-attaching 37.5-degree slat) to the
original large chord A-6/CCW airfoil of Figure 2 shows sig-
nificant improvement in Lift over the whole rapge of blowing
at least up to C,=0.125.
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Fig. 20 - Lift Variation with Incidence for Dual Radius CCW
Configuration B, ¢;=0.035’
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Fig. 21 - Lift at Higher Bloving Rates

The effect of extending the available blowing range was
investigated by reducing the dynamic pressure to 19 psf so
an“mwmﬂwmldyiddhwc.
Figwre 21 shows the high lift obtained by the larger-chord
dual radius CCW in compurison to the CCW/Supercritical
airfoll. Because the secondary racius exceeds that of the
supercritical sirfoil, 50 also does the Lift. The generat’sn of

approaching 8 at 0 degress incidence appears quite pro-

should the incressed C,, be available. In these higher
blowing ranges, hhhwlyalineufunctmofc for cither
bilown flap or fuil-round CCW trailing edge.

Drag and Pitching Moment with Blowing
Drag polars at coastant C,, are zhown in Figure 22 for the
shorter-flap dual radius configuration A, but the trends

mﬂufwtheodmccwm In general, for a

. increase in C, results in reduced drag s thrust is

the)etmdf In this figure, the initial high

&ulevehulowc and incidence are due to the 90-degree
Mww&woathelhbwumrfm(unobbw
ing and e =0 degiees, it’s opersting at -25 degrees local inci-
dence.) data are of cowrse 2-D values and do not
address the 3-D induced drag component due to lift, which
will become the dominant drag value for finite wing con-
figurations.

Figure 23 depicts quarter-chord pstching moment variation
with Bft as a function of blowiag incidence for the iarger dual
radius covfiguration B. Lift generated by increasing blowing
at constant incidence yields grester nose-iown moment due to
the trafling edge suction peaks. Conversely, lin.enenudby
incressing «; beyond 3 degrees at coastant

mumhaumuzﬁu

with the other CCW data show: vuylh.lhr
trends, but indicates that for the same o snd C¢, the smaller
radius will yield more nose-down pitch, mhduetom
tralling edge sucition penks. Similar nose-down pitch levels
were trimmable with modification to the existing stabilizer on
the A-6/CCW flight demonz:rator.

als

Fig. 22 - Drag Polars at Constant Blowing for Dual Radius
CCW Configuration A, ¢p=0.0223¢’
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Fig. 23 - Pitching Moment of the Dual Radius CCW
Configuration B, ¢;=0.035'

Blowing-off Comparison

A major design goal of an improved high lift aizfoil was
to minimize any cruisc drag penalty. The various A-6 blown
airfoils tested above are compared in their clean configura-
tions in Figure 24, where slat, flap and circular arc trailing
edge were retracted; small and mini CCW trailing edges were
left deployed, but the siat was retracted. The clean blown flap
is considered to be the same configuration as the clean cruise
airfoil. As the CCW trailing edge thickness increased, so also
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Pig. 25 - Effect of Blowing-off Flap Deflection

did the aft camber and reraiting Kift due to camber; the
96-degree circular arc shifved the lift curve upwards by an
increment of 0.21 over the clean sirtoil. Along with this
thickuess, camber rud ft increases canse a corvesponding
drag incrqse, as shown by the drag polan. . The one cxeep-
tion wat ...¢ dual radins configuration, whose lnrye secondary
radiug ended in a thin near-sharp treiling edge, thus avoiding
aft surface flow separation. In fact, for Cg > 0.5, the dual
raus yielded lems drag than the clesun wirfoll, probably
becanse the clean airfoil required higher angle of attack to
reach the same Cg.

The cffect of deflecting the fiap on the various configura-
tioms withost blowing is shown in Figure 25; this comparison
may be relecant to predicting takeoff, waveoff, 2nd approach
conditions should a total blowing fsilure cccur. Increasing aft
camber by increasing either flap chord length or deflection

m-m{&iﬁ\mﬂ\im..j e ;'\ T

shows significant lift increases. It also shows significant pro-
file drag increase, with the exception of the baseline single-
slotted flap, where separation drag is probatly avoidid by the
flow through the siot. The unsiotted blowa flap yields the
highest drag levels of the above configurations. As 2. final
comparison, the unacceptable unblown drag of the original
large chord CCW of Figure 1 is shown. All airfoils tested
improved on this configuration. The minimum drag of the
9N-degree Jlap cual radius CCW is about 40% that of the
larger radius and occurs at much higher Cg. At the same C¢
(say 1.0), the unblown dual radius drag is 25 percent of the
large radius, aid less at higher CJ. In general, the drag levels
of these small t.niling edges show considerable improvement
over those of t™ onginal larger tailing edge radius.
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Concwdions and Recommendations

! A reries of reduced-size CC'W trailing edge configurations
! has been developed and subsonically evaluated in a program
to reduce the complexity, size and weight of the CCW high
1IN system, while ragintaining the high lift previously gener-
sted >nd reducing or eliminating the uublown cruise drag
pes.aty of the thick trailirs edge. The follownig conchisions
resuited from chese Lzvestigations:

e A smal! round truiling edge could be incorporate i . ato
the existing aft contour of a thick supercritical airfoil. On this
akfoll, a redius 1/4 the ~ze of the original A-6/CCW airfoil
(r/c’ =0.0365) yielded slightly grester ift , producing lift coef-
l ficients near 7 at &« =0 degrees and C,, € 0.5. Furthermore the

large undeflected loading edge rrdius of the supercritical air-
| foil provided the same leading edge stal! prevention as did the
37.5-Jegree slat of the A-6/CCW.

¢ Juee drag was sufficiently reduced by the smal! trailing
edge radius, 20 that unblown subsonic Cq was nearly the
same as the basclier. supercritical airfoil, or could be reduced
0 less tham the baseline by a minimal amount of blowing.

o Of the singie-radive CCW configurations spplied to the
thin A-6 airfoil section, the largest radii produced the greatest
Hft, as lorg as there was sufficient arc length to maintain jet
turning (150 degrees was sufficient, 96 degrees provided ess
Kft). Too small a radius produced lift reductions after a cer-
taia blowing presss.e ratio was reached.

© The dual radius CCW pron ded an effective means to
maitain a large radius, sufficient jet turning and a thin trail-
ing odge for cruise. A 0.035¢’ flap dual radius configuration
MMMMMNMMMMA{/CCW;

ag =0 dogrees, Cg greater thar 7 was generated by C,

@4 Fox 6 move paacical G, vaee of 0.125 and 9 degracs
incidence, Cg of 5.2 could be generated compured to the
baseline singie-slotted mechanical flan Cf of 2.6 at the same
incidence.

o Blowing-off drag for the 90-degree short chord dua!
radiuc airfoll was greatly reduced over both the original large
OCW aad 3 0.226c blown flop. In the clewn configuration
with no flap deflection, subromic diag wau nearly the sume or
slightly less than the A-6 cruise airfoil. Lift du- to trailing
cdge camber could allow cruise af lower angle of attack, thus
rosulting in the reduced drag level. All trailing edges investi-
gated produced ks 2-D drag than the original larger radius
A-6/CCW configuration.

These results suggest the strong potential of two advanced
forms of the Circulation Control Wing sirfoil:

o A CCW/Supercriticz]l ro-moving -parts configuration
with no need for a deflecting ‘eading cdge device, and transi-
tion from the cruise to high lift modes by initiation of blow-
ng

e A thinner high performance CCW airfoil with a small-
chord deal radius ficp and some type (blown or mechanical)
of effective k.ding eldge device. The flap geometry would
provide no cruise pensity (actually the availability of a blow-
ing slot for maneuverability or cruise drag reduction could be
Juite beneiicial), and its larger secondary radius would pro-
vide even greater Bft than large single-radius configuration:,
The strength of the dual radius airfoil Lies in its ability to pro-
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vide a large turning radius, arc length and jet turning angle
acconipanied by a very simple corversion to a nea -

conventional cruise aitfoil.

The above data confirm the subsonic feasibility of two
families of improved CCW airfoils to generate excellent
STOL performance wiih little or no cruise penaity and with-
out the weight, complexity and size of conventional mechan-
ical or powered high lift systems. The remaining unknown is
the effect of the trailing edge geometries on the airtoil
characteristics in high subsonic ¢r transonic {low. This con-
cern will be addressed in transonic 2-D wind tunnel investi-
getions which are now planned in order to complete the
DTNSRDC program for development of these advunced air-
foils.
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