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Application of Circulation Control to Advanced Subsonic
Transport Aircraft, Part I: Airfoil Development

Robert J. Englar,* Marilyn J. Smith,t Scan M. Kelley,t and Richard C. Rover
Georgia Tech Research Institute, Atlanta, Georgia 30332

An experimental/analytical research program was undertaken to develop advanced versions of circulation
control wing (CCW) blown high-lift airfoils, and to address specific issues related to their application to subsonic
transport aircraft. The primary goal was to determine the feasibility and potential of these pneumatic airfoils
to increase high-lift system performance in the terminal area while reducing system complexity. A four-phase
program was completed, including 1) experimental development and evaluation of advanced CCW high-lift
configurations, 2) development of effective pneumatic leading-edge devices, 3) computational evaluation of CCW
airfoil designs plus high-lift and cruise capabilities, and 4) investigation of the terminal-area performance of
transport aircraft employing these airfoils. The first three phases of this program are described in Part I of
this article. Applications to the high-lift and control systems of advanced subsonic transport aircraft and resulting
performance are discussed in the continuation of this article, Part II. Experimental lift coefficient values
approaching 8.0 at zero incidence and low blowing rates were demonstrated by two-dimensional CCW config-
urations that promised minimal degradation of the airfoil's performance during cruise. These results and
experimental/CFD methods will be presented in greater detail in the following discussions.

Nomenclature
Cd = airfoil drag coefficient
C, = airfoil lift coefficient
CM = two-dimensional jet momentum (blowing)

coefficient, trailing-edge slot
C^LE = two-dimensional jet momentum (blowing)

coefficient, leading-edge slot
c = airfoil chord length
cf = flap chord length
h = blowing slot height, trailing edge
hLE — blowing slot height, leading edge
m = jet mass flow rate per unit slot span
q = freestream dynamic pressure
r{ = CCW flap radius of rotation
r2 = CCW flap upper-surface radius
Vj — isentropic jet velocity
*siot = longitudinal location of blowing slot
a = angle of attack
8f = flap deflection angle

Introduction

B ASED on existing data,1 pneumatic high-lift airfoils ap-
pear to offer significant payoffs in the design and de-

velopment of next-generation subsonic transport aircraft. Both
ground and flight experimental investigations have shown that
a specific type of blown airfoil known as the circulation control
wing (CCW) can greatly augment the high-lift capabilities of
conventional mechanical flaps. Reference 1 provides sum-
maries of some of these developments and includes verifi-
cation of CCW airfoil sections generating very high lift at low
blowing rates. It also discusses successful CCW applications
to and flight tests on fixed-wing short takeoff and landing
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(STOL) and rotary-wing vertical takeoff and landing (VTOL)
aircraft. The CCW concept employs tangential blowing over
round or near-round trailing edges, as demonstrated on the
airfoil seen in Fig. 1. Here, the lack of a sharp trailing edge
avoids the Kutta condition requirement that the stagnation
streamline depart the airfoil at the trailing edge. As can be
seen in numerous experimental results,2"5 the blowing jet causes
the aft stagnation point to move nearly 180 deg around the
round trailing edge. This action does, in fact, produce a pneu-
matic cambering device. The result is very high-lift genera-
tion, with two-dimensional lift coefficients greater than 7.0
being generated at 0-deg angle of attack.2 Lift augmentation
(ACyC^) as high as 80 or more has been reported in Refs. 1
and 6. The driving parameter is the momentum coefficient,
defined for two-dimensional airfoils as

C; - mVj/qc

Conversely, as Fig. 2 shows, a desired large lift increment
due to blowing can be generated either at much lower blowing
requirements than a conventional blown flap, or with a much
smaller trailing-edge flap size.

In addition, high-lift system complexity can be reduced by
substituting simplified pneumatic components for mechanical
flaps, tracks, and actuators. Figure 1 shows a no-moving-parts
CCW trailing edge applied to a NASA supercritical airfoil
section.7-8 Not only are the conventional leading-edge and
trailing-edge components eliminated, but the resulting lift val-
ues (at zero incidence and up through maximum C/) are quite
significant. As this figure shows, CCW configurations appli-
cable to transports typically generated C/ values up to 6 or 7,
equal to or exceeding the high-lift potential of even the most
complex multielement mechanical flap airfoils. In this case,
the very large leading-edge radius of the thick blown airfoil
produced attached flow up through 10-deg incidence, but it
is obvious that more effective separation prevention was needed
at higher incidence or higher lift. Pneumatic concepts can
further simplify transport aircraft wings by eliminating the
need for mechanical leading-edge devices as well as mechan-
ical-roll-control or direct-lift-control surfaces.9

While the high-lift and simplifying capabilities of these CCW
devices have been confirmed in experimental programs and
in actual flight demonstrations on military aircraft,10-11 specific

1160



ENGLAR ET AL.: ADVANCED SUBSONIC TRANSPORT AIRCRAFT, PART I 1161

2-D CCW Dual-Radius, MTF 012, oc=0 deg

LIFT
COEFFICIENT

ci

10 20 30 40
ANGLE OF ATTACK (a) ~ DEGREES

NASA 17% SUPERCRITICAL AIRFOIL
C-

-4 0 4 8 12 16 20
ANGLE OF ATTACK (a) -DEGREES

FIXED NON-RETRACTING
TRAILING EDGE

MULTI-ELEMENT MECHANICAL HIGH-LIFT AIRFOILS NO-MOVING-PART COW/SUPERCRITICAL AIRFOIL
Fig. 1 Comparison of blown CCW and mechanical high-lift systems.

.5

.4

Cf/C

D 64A212/CCW ROTATED FLAP -
O 64A008.4/CCW EXTENDED T.E.

— NACA RM L55D29a

1 2 3
o o o

.3 .4
MINIMUM (^REQUIRED

Fig. 2 Comparison of the lift-augmenting capabilities of blown flap
and CCW airfoils at a = 0 deg.

application-related issues need to be addressed to take ad-
vantage of these pneumatic benefits for transport aircraft.
Research personnel at the Aerospace Sciences Laboratory of
Georgia Tech Research Institute (GTRI) have been involved
with experimental development and computational analysis
of these circulation control concepts since their initiation in
the late 1960s. The present research project was undertaken
by GTRI to resolve these issues in order to make pneumatic
airfoil technology available for use in next-generation trans-
ports or as retrofits on existing aircraft. Specific issues to be
addressed include the development of advanced CCW airfoils
while minimizing airflow and blowing requirements; deter-
mining the feasibility and efficiency of pneumatic leading-
edge devices; employing CFD computational methods to guide
the design of CCW systems; and finally, investigating system
performance for a postulated CCW subsonic transport (see
Part II of this article). Results of the two-dimensional airfoil
investigations will be presented in the following sections.

Development of Advanced CCW Airfoils
Prior CCW Configurations

Previous development of CCW high-lift airfoils has yielded
a number of configurations intended for both fixed-wing STOL
and rotary-wing VTOL aircraft; many of these have generated

high-lift augmentation at low blowing rates. Whereas this lift
augmentation is significant, the drag associated with large
unblown radii can be prohibitive in cruise. An attempt to
reduce that drag penalty was successful,7-8 as much smaller
trailing-edge radii were incorporated into the patented bluff
trailing-edge configuration on a 17% supercritical airfoil (Fig.
1). While the drag was greatly reduced, it was found that
small CCW radii with larger slot heights could cause jet de-
tachment and sudden lift loss at higher C^. As a compromise
to the above, the dual-radius CCW configuration was devel-
oped.8 Figure 3 shows a typical CCW configuration of this
type applied to a 16% thick supercritical airfoil. This config-
uration improves upon the round bluff CCW in three ways.
First, the short-chord flap has a sharp trailing edge in the
retracted configuration, so that in cruise there is very little
increase in base drag or separated flow caused by the unblown
round surface. Secondly, when this short flap is deflected
about an initial radius r l9 the upper surface of the flap is a
uniform circular arc with larger radius r2. This is much more
conducive to increased jet turning. Thirdly, the simple me-
chanical deflection also provides unblown camber, which adds
to the total lift capability and provides some aerodynamic lift
should a blowing loss occur. These advantages offer significant
gains over the fixed round CCW configurations, even at the
risk of adding some mechanical complexity. Thus, the de-
velopment of advanced CCW configurations under the cur-
rent effort has concentrated on the evaluation of these dual-
radius configurations.

Two-Dimensional Airfoil Experimental Test Setup
Accurate two-dimensional experimental evaluation of blown

high-lift airfoils is not a trivial undertaking, and considerable
care must be expended to perform this effort properly.12 The
primary problem that must be overcome is the interaction
between the momentum deficits in the tunnel-wall boundary
layers and the severe adverse pressure gradients on the blown
airfoil downstream of both the leading-edge and trailing-edge
flaps or blowing slots. If left uncorrected, this yields strong
vorticity at these junctions and nonuniform downwash all along
the airfoil span; non-two-dimensional results are guaranteed,
and the true angle of attack is far less than the nominal geo-
metric value. For the present investigations conducted in the
GTRI Model Test Facility (MTF) 30- x 43-in. subsonic re-
search tunnel, a tangential wall blowing system previously
developed at GTRI to improve ground-effect investigations13

was modified to provide combined floor and ceiling blowing
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Fig. 3 Advanced dual-radius CCW configuration applied to a 16% thick supercritical two-dimensional airfoil model.

Fig. 4 Baseline two-dimensional CCW dual-radius airfoil in MTF
test section, showing floor and ceiling wall blowing slots in entrance.

(Fig. 4). When applied to the present vertically-mounted air-
foil tests, the calibrated wall blowing value that removed the
wall interference also reduced the measured drag by up to
45% for the blown airfoils. This resulted from elimination of
the induced drag due to vorticity at the walls. Static pressures
measured along the model span also confirmed this blowing
value as returning the spanwise flow to a near-uniform value
from floor to ceiling. In addition to these spanwise pressures,
chordwise static pressure measurements were taken on the
model surface at midspan for comparison to CFD analytical
results. Force and moment coefficients were recorded by a
floor balance. The CCW model spanned almost 30 in. from
tunnel floor to within -k in. of the tunnel ceiling, and was
mounted on a 12-in.-diam base plate attached to the floor
balance system. A thin endplate separated the ceiling end of
the model from the wall, allowing only enough space to pre-
vent model grounding. After the calibration of the ceiling
blowing system, drag tares were taken on the base plate with
wall blowing activated, and a blown tare as a function of
dynamic pressure was determined. This increment was sub-
tracted from all floor-balance data. Further explanation of
test techniques, including mass flow/jet velocity tradeoffs (i.e.,
slot height vs pressure ratio), are given in Refs. 2, 4, 7, 8,
and 12.

The airfoil of Fig. 3 was evaluated in this facility using these
special two-dimensional test techniques. This configuration
had previously been evaluated in the MTF tunnel as part of
a powered-lift STOL program.14 Those tests were conducted
using a semi-span three-dimensional model with a constant-
chord wing having this same airfoil section, and extending 26
in. from the tunnel floor, yielding an aspect-ratio-5.5 config-
uration. These semispan tests provided a good basis for eval-
uating the parameters of flap deflection, momentum coeffi-
cient, slot height and CCW turning radius, but their strong
three dimensionality made them incompatible with previous
high-quality two-dimensional data for other blown and me-
chanical-flap airfoils. Therefore, a rigorous effort was under-
taken as part of the present program to accurately re-evaluate
this baseline CCW dual-radius configuration as a two-dimen-
sional airfoil. Although an improved version of this airfoil
was designed using in-house CFD codes, the model conver-
sion was not completed in time. Thus, the original dual-radius
CCW/supercritical configuration of Fig. 3 was reinstalled in
the GTRI Model Test Facility tunnel as a baseline reference
two-dimensional airfoil model, Fig. 4.

Two-Dimensional Evaluation of Dual-Radius CCW Airfoil
Initially, force and moment coefficients plus static pressure

distributions were recorded for this baseline CCW/Supercrit-
ical airfoil with the Krueger leading-edge flap deflected 60
deg and the 10.9% chord dual-radius flap deflected 90 deg.
Figure 5 shows an aft view of the deflected flap with blowing
applied. A cotton tuft reveals the large jet turning angle at
the flap trailing edge. Figures 6 and 7 show reduced and
corrected12 balance data for this two-dimensional airfoil (la-
beled "MTF12") in comparison to data previously recorded
for the semispan version of the same configuration (labeled
"T158"), all taken at a geometric incidence of a - 0 deg.
The production data was taken at a dynamic pressure of 10
psf to limit larger aerodynamic loads and possible grounding
of the balance, and is thus somewhat conservative, not taking
advantage of the favorable Reynolds number effect shown.
Also evaluated were the effects of variation in blowing slot
height h (also discussed in Refs. 2, 4, 5, 7, and 8). In Fig. 6,
two-dimensional lift values 26 to 43% greater than those of
the semispan model are seen, primarily due to the elimination
of the strong tip vorticity and improved test setup for the
present two-dimensional data. Corresponding to this elimi-
nation of the induced finite-span effects are the 21-68% lower
values of measured two-dimensional drag coefficient seen in
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Fig. 5 Aft view of CCW dual-radius two-dimensional airfoil showing
jet turning and attachment to 90-deg CCW flap.
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Fig. 6 Comparison of two-dimensional airfoil and three-dimensional
semispan lift results for the dual-radius CCW model at a = 0 deg
(60-deg Krueger and 90-deg CCW flap deflections).

Fig. 7. These data emphasize the large difference between
two- and three-dimensional data, and stress the importance
of adequate two-dimensional test techniques.12 Also of inter-
est in Fig. 7 is the initial reduction of the two-dimensional
drag as the blowing reduces separation on the highly deflected
flap.

The above results represent a significant increase in lift-
augmenting capability compared to previous CCW configu-
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Fig. 7 Comparison of two-dimensional airfoil and three-dimensional
semispan drag results for the dual-radius CCW model at a = 0 deg
(60-deg Krueger and 90-deg CCW flap deflections).

rations. In Fig. 1, the lift of this dual-radius CCW airfoil is
compared at a = 0 deg to the state-of-the-art high-lift airfoils
and to earlier CCW configurations. Lift improvement of up
to 35% over previous two-dimensional CCW airfoils is due
partly to the increased unblown camber of the short-chord
flap, and partly to the increased lift-augmentation capabilities
provided by the greater CCW turning-surface radius on the
flap. Lift values approaching 8.0 at 0-deg incidence and rel-
atively low momentum coefficient represent a factor of from
1.8 to 4 increase over the zero-incidence lift values for the
various mechanical flaps surveyed in Fig. 1. Furthermore,
when these are added to a lift curve slope of 0.1/deg (or more,
to be shown below), an effective leading-edge device should
be able to yield C/max values in the 9 or greater range. It is
significant to note that these two-dimensional pneumatic high-
lift values recorded on the present CCW model are the highest
ever recorded at these lower blowing rates by the first author
in his 20 + yr of experience in test and evaluation of blown
airfoils and wings.

This lift-generating ability is further emphasized by the static
pressure distributions shown in Fig. 8, where very high trail-
ing-edge suction peaks result in flow entrainment and circu-
lation enhancement. However, even at a = 0 deg, these
distributions reveal the beginning of leading-edge separation
on the Krueger flap at higher blowing, amplifying the need
for a more effective pneumatic nonmechanical leading edge.
Figure 9 shows variations in static pressure distributions as
angle of attack is increased at a constant blowing value, and
reveals the same type of LE separation.

To provide a baseline reference for the performance in-
crease due to blowing on the dual-radius CCW, the flap was
retracted to the cruise position (trailing edge located on the
chord line), and the Krueger leading edge was removed. Fig-
ure 10 denotes the large aerodynamic differences between the
high-lift and cruise configurations at 3 blowing rates: 0.0,0.15,
and 0.28. It also shows the increase in stall angle provided by
the mechanical LE device. The augmentation effects of large
jet turning, flow entrainment, and supercirculation on the
overall airfoil characteristics are obvious. The dual-radius CCW
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Fig. 8 Chordwise static pressure distributions for two-dimensional
dual-radius CCW airfoil at a = 0 deg and q = 10 psf (60-deg Krueger
and 90-deg CCW flap deflections).

configuration with large deflections of the short-chord flap
thus demonstrates very effective lift-generating capability as
long as adequate leading-edge separation prevention is pro-
vided.

Pneumatic Leading-Edge Devices
Leading-Edge Effectiveness

Development of pneumatic or mechanical flap systems brings
with it the essential requirement for effective leading-edge
(LE) devices to prevent flow separation at large values of
supercirculation, whether these values be produced by high
incidence, mechanical camber, or pneumatic flow entrain-
ment.15 The current two-dimensional airfoil employs a
Krueger leading-edge flap deflected 60 deg (Fig. 3), a state-
of-the-art device commonly used on commercial and military
transport aircraft. Its effectiveness in increasing stall angles
and maximum lift coefficients is emphasized in Fig. 11, when
compared to the same 90-deg-flap CCW airfoil with the Krue-
ger flap retracted. The stall angle is increased by 6-7 deg for
the unblown flap, and by 15 deg or more as flap CM is in-
creased. However, the Krueger's effectiveness at high super-
circulation values is still limited, as stall occurs at less than a
= 5 deg at higher CM values. Also, at lower lift and incidence,
the 60-deg Krueger flap stalled on its lower surface. These
results clearly emphasize the need for a more effective lead-
ing-edge device. To develop an appropriate blown leading
edge, CFD codes (to be discussed below) were used to analyze
suction peaks experienced in the leading-edge pressure dis-
tributions. Over an anticipated range of lift, blowing, and
incidence, the blowing slot needed to be located slightly ahead
of the adverse pressure gradient so that it could entrain the
flowfield and delay separation.

CM "0.28, q»10Mf, h * 0.020"

0.1 -0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 9 Chordwise static pressure distributions for the dual-radius
CCW airfoil, (60-deg Krueger and 90-deg CCW flap).

-25 -20 -15 -10 - 5 0 5 10 15 20 25 30 35

Fig. 10 Comparison of high-lift (60-deg Krueger and 90-deg CCW)
and cruise CCW airfoil configurations.
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Investigation of Dual-Slot CCW Airfoil
A preliminary dual-slot CCW airfoil was assembled by com-

bining a CFD-designed blown leading-edge contour with the
baseline CCW dual-radius aft flap assembly of Fig. 3. Figure
12 shows this model and the associated static pressure tap
locations. Several slot height values and internal plenums were
tested. The ability of this pneumatic LE to deter flow sepa-
ration is shown in Fig. 13. Here, for two values of blowing
on the CCW flap, variation in leading-edge blowing is shown.
For reference, the clean (Krueger-retracted K0) configuration
is also shown. Compared to the clean leading edge, an in-
crease of 2-4 deg in stall angle was produced by the aft-facing
LE slot with blowing off. A significant gain in stall angle (10-
13 deg) was produced by applying C^LE = 0.10. Additional
LE blowing above this amount was somewhat less productive.
It was also found that increased LE blowing momentum was
recovered as thrust (negative drag).

Figure 14 compares the effectiveness of LE blowing (CMLE
= 0.18) to the 60-deg Krueger flap. For zero and low CCW
flap blowing, LE blowing has several strong effects. It extends
the stall angle 6-7 deg beyond the Krueger value, eliminates
the lower surface stall on the Krueger, and adds a lift incre-

-25 -20 -15 -10 -5 0 5 10 15 20 25 30 35
a, deg

Fig. 11 Effect of adding Krueger leading-edge device to dual-radius
airfoil with 90-deg CCW flap deflection.

ment while preserving the lift-curve slope. At higher CCW
flap blowing, the pneumatic LE continues to yield higher stall
angles than the Krueger, and makes the stall less severe by
forcing aft rather than leading-edge separation. For all values
of trailing-edge blowing, the Krueger LE is surpassed by the
blown LE in both CLmax and stall angle achieved. This im-
proved LE performance was produced by a redesigned in-
ternal plenum yielding more uniform spanwise flow than from
the original slot configuration. The known improvement7'8-10

due to smaller slot height has been incorporated into this
configuration. The uppermost curve of Fig. 14 shows the im-
provement in CLm.ax and stall angle available if increased LE
and TE blowing are available. The effectiveness of the pneu-
matic leading-edge has thus been verified as a means to extend
the stall angle, increase usable lift and "soften" the stall.

This was further confirmed by the static pressure distri-
butions shown in Figs. 9 and 15. Note the significant differ-
ences in the vicinity of the leading edge. The high LE jet
velocity yields high negative pressure coefficients (Fig. 15)
compared to those of the Krueger flap (Fig. 9). The concept
of a blown leading edge offers significant potential here. The
mechanical retraction/deployment components are elimi-
nated. When blowing is terminated, the device becomes trans-
parent. It does not experience lower surface stall at low in-
cidence, and it surpasses the Krueger flap in keeping leading-
edge flow attached at high incidence and lift. In addition, if
applied in conjunction with a blown trailing-edge flap, its
blowing schedule can be coupled directly to that of the flap,
so that increased leading-edge protection occurs with in-
creased supercirculation. The experimental evaluations thus
confirmed these high-lift capabilities of CCW airfoils, and that
this lift could be augmented by variations in angle of attack,
blowing coefficients, flap deflections, and/or blowing slot
heights.

Analytical Development of Circulation Control Airfoils
Design of the improved CCW airfoils was aided by the use

of in-house viscous-flow CFD codes. The complex flowfields
about circulation control (CC) airfoils with multiple jets are
governed by highly interactive viscous and inviscid flow re-
gions. Previous lower-order methods for computational anal-
ysis of single-slot CC airfoils16"19 have consisted of weakly
coupled viscid-inviscid methods. While good results have been
obtained via these methods, a comprehensive analysis of the
force characteristics of multiple slot/flap airfoils requires an
analysis method that accounts for the strongly coupled nature
of the different flow regimes.

Therefore, a two-dimensional Navier-Stokes solver with
imbedded jet characteristics is appropriate to produce simu-
lations for both blown and nonblown airfoils, thus providing
continuity of force predictions. Several of these solvers20-21

xslot
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Fig. 12 Dual-slot, dual-radius CCW two-dimensional airfoil model.
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Fig. 13 Effectiveness of LE blowing in delaying stall onset.
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Fig. 15 Chordwise static pressure distributions for dual-slot, dual-
radius CCW airfoil with CMLE = 0.10.

Fig. 16 Closeup of grid near the original dual-radius CCW airfoil at
cruise condition.

Fig. 14 LE blowing effectiveness compared to Krueger flap,
= 0.18.

Flat Lower Surface

Fig. 17 Closeup of grid near the dual-radius CCW airfoil in the high-
lift configuration.
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Fig. 18 Pressure distributions on dual-radius CCW airfoil with aft
flap at 90 deg, Krueger flap at 60 deg, a = 0 deg, and CM = 0.10.

are currently available, including one developed by Georgia
Tech22 and Lockheed known as GT2DNSCC (Georgia Tech
2-D Navier-Stokes Circulation Control). The solver is based
on a conventional two-dimensional Navier-Stokes method de-
veloped at Georgia Tech that has been applied and validated
for a number of steady and unsteady applications23-24 with
conventional airfoil geometries. This Georgia Tech method-
ology is considered to be an industry standard in two-dimen-
sional Navier-Stokes solvers, and is currently in use at several
U.S. companies.25

The solver utilized in this project is based on GT2DNSCC,
where the unsteady two-dimensional Reynolds-averaged,
compressible Navier-Stokes equations are solved in a body
fitted coordinate system using an alternating direction implicit
(ADI) procedure. An in-depth discussion of the numerical
details of the solver is given in Ref. 26. Two examples of the
user-defined grid generation input are shown in Figs. 16 and
17, the first representing the clean cruise airfoil, and the sec-
ond representing the CCW high-lift configuration, with the
leading edge deployed.

The CFD simulations were first applied to locate the correct
placement for the leading-edge slot. Positive angle-of-attack
sweeps were performed analytically on the candidate airfoils
at a Mach number of 0.1. By determining the chordwise lo-
cation of the suction peaks at various angles of attack, the jet
slot was located forward of the adverse pressure gradient to
boost that suction peak and to avoid premature separation at
higher angles of attack. The leading-edge design shown in
Fig. 12 resulted from this analysis.

The CFD codes were also used to predict blown high-lift
performance. Figure 18 shows a typical computed blown pres-
sure distribution in comparison to measured data from the
tunnel test. Agreement is quite good for this highly viscous
flow case, with only small discrepancies noted due to slight
variations in theoretical vs actual model geometry, actual
blowing slot height when pressurized, and actual angle of
attack.

One of the primary tasks of this study was to investigate
the cruise performance of CCW airfoils since no compressible
flow testing had been conducted. Cruise performance for the
conventional and circulation control airfoils with flaps re-
tracted was predicted for Mach numbers from 0.1 to 0.8, and
drag polars were generated up through compressible speeds.
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Fig. 19 Computed cruise performance characteristics at Mach-0.6
for conventional supercritical, original CCW, and modified CCW air-
foils (no blowing).

A typical set of performance curves for unblown cruise con-
figurations is shown for a Mach number of 0.6 in Fig. 19. The
conventional airfoil (the upper configuration in Fig. 3) pro-
vides the best overall performance due to the thinner cusped
trailing edge. The original CCW airfoil, which was based on
previous CC airfoils and is shown in Fig. 16, had the poorest
higher-speed performance. The new CCW airfoil, which in-
corporated many of the conventional airfoil shape features
ahead of the slot and modified CC features downstream, showed
a great improvement over the original CCW airfoil's char-
acteristics. As angle of attack increases, the cruise perfor-
mance of the CCW airfoils diminishes with respect to that of
the conventional supercritical airfoil with aft camber. This is
due to the effect of the discontinuity formed by the leading-
edge blowing slot on the CC airfoils. It implies that the lead-
ing-edge slot should be as thin as possible. In actual use, it
could be designed as a flexible lip, opened only when pres-
surized for low-speed, high-lift operation. At 4-deg angle of
attack and lower, especially at lower Mach numbers, the cruise
performance of the new CCW airfoil approaches or is equiv-
alent to the original supercritical airfoil's performance.

Further details of this CFD analysis as well as additional
details on test technique and results can be found in Ref. 27.

Conclusions
The above experimental and analytical results confirm the

high-lift potential (C, of 8 at a = 0 deg) of CCW advanced
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airfoils aided by leading-edge blowing. Control of lift, drag,
and pitching moments on these airfoils was provided by var-
iations in blowing rate, angle of attack, LE or TE flap de-
flections, and blowing slot height. Extension of the compu-
tational analyses to cruise conditions indicates that new CCW
airfoil shapes maintain good cruise characteristics at non-
blown conditions, unlike previous larger TE radius blown
airfoil geometries.

These results offer the potential for reduced complexity
and lower terminal-area noise levels for subsonic transport
aircraft equipped with CCW high-lift systems, and indicate
similar payoffs for higher-speed transports. The results strongly
suggest the potential of practical CCW transport configura-
tions to provide the following capabilities, and it is thus rec-
ommended that further development be pursued:

1) CCW performance will greatly reduce takeoff and land-
ing speeds, yielding reduced runway lengths and increased
safety of flight in terminal areas.

2) Steep climbout and approach flight paths due to STOL
capability can yield reduced noise exposure to surrounding
communities.

3) Greatly increased liftoff gross weight and landing weight
provided by smaller wing area will allow transport wings that
are more optimized for cruise and greater fuel efficiency.

4) Pneumatic CCW configurations will greatly reduce high-
lift system complexity, as will the combination of high-lift,
roll-control, and direct-lift-control surfaces into a single mul-
tipurpose pneumatic wing/control surface.

Part II of this article discusses the application of circulation
control technology to a typical subsonic transport aircraft, and
further emphasizes these potential payoffs.
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