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have exhibited and confirmed quasisteady typical variation.
The results displayed by the present hybrid numerical scheme
applied to isolated wing and propeller, in quasisteady flow con-
ditions, as well as to coupled configurations, show that the
close vortex wing surface interaction gives rise to a low-pres-
sure peak on the wing upper surface, which produces an in-
crease in the positive local lift area near the trailing edge. From
a merely computational point of view, the present method has
demonstrated its capability to process higher-order mesh re-
finement and to give accurate results with very low computa-
tional effort.
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Introduction

T HE lifting-body airplane concept, pioneered in the early
1920s, seems to fascinate every generation of airplane

designers.1"3 The basic concept, shown in Fig. la, postulates
that the traditional cylindrical fuselage can be replaced by an
airfoil-shaped body that contributes to the airplane lift. The
design allows for larger cabin volume and, possibly, less wing
loading during takeoff and landing because of the additional
lift of the body. The generic model of Fig. la depicts the fea-
tures of the early designs, which had small aspect-ratio airfoil-
shaped fuselages (when viewed from the side) and a quite
angular rectangular shape (when viewed from the top). The
sharp side edges of those early designs created sizable vortex
lift at the higher angles of attack, and the resulting large drag
increase may have hurt the appeal of the concept.

Another approach to airplane design is based on eliminating
the fuselage entirely, leading to the flying wing concept. This
approach allows a spanwise continuous wing without interrup-
tions by fuselage junctions. However, for small airplanes, the
small wing thickness severely limits cabin heights. Therefore,
for such a design to be practical, only large airplanes can be
considered. Recent studies of such large transport aircraft4 pro-
pose the blended wing concept, which, in essence, is a corn-
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Scale 1:20

b)
Fig. 1 a) Original lifting-body concept with a two-dimensional
airfoil shape, and b) the modified shape suitable for small busi-
ness-jet applications. Note the sketch of side-edge vortices visible
above the aft section of the fuselage at angles of attack larger than
6 deg.

bination of the Burnelli lifting body and the flying wing con-
cepts. The present study focuses on applying some of the
preceding principles to a small entry-level business-jet airplane
configuration (6-10 passengers), where the more spacious fu-
selage results in additional advantages over the traditional cy-
lindrical fuselage shape. A desirable cabin height of 1.85 m
(compared with 1.45-1.60 m of current entry-level jets), com-
bined with four abreast seating, results in a fairly large body
(as shown in Fig. Ib). By rounding the edges of the fuselage
(from the front view), the lift/drag ratio (LID) of the config-
uration can be improved to a level on par with other contem-
porary designs. The large internal volume, compared with con-
ventional airplanes of the same class, not only allows a wider
and taller cabin, but also provides room for additional internal
fuel storage (for extended range), and allows much thinner
wings for transonic cruise. The fuselage orientation in this con-
cept of Fig. Ib is dictated by minimum drag at cruise; there-
fore, it is aligned with the direction of flight (at cruise). How-
ever, during takeoff and landing, the fuselage can contribute
to the airplane lift, thereby reducing the required size and com-
plexity of the wing-mounted high-lift devices (hence, cost and
weight savings, see Ref. 5). For simplicity, the fuselage of the
generic lifting-body configuration tested here is based on el-
liptic sections, and small-scale wind-tunnel tests were used to
evaluate its aerodynamic performance. The main objectives of
the study were the investigation of the low-drag potential at
cruise condition and the high-lift and poststall characteristics,
e.g., stall resistance, of such configurations during takeoff and
landing.

Model and Test Procedure
The basic dimensions of the generic 1:20 scale business-jet

model are shown in Fig. 2. From the side view, the lifting
body is defined by an 18% thick NACA 633-018 airfoil section
with its maximum thickness located at 35% of the length, mea-
sured from the nose. At this maximum thickness location, the
body had an aspect ratio 2.2 elliptic cross section (from the
front view). The nose shape, from the top view, followed the
contours of a semiellipse (up to the 35% point), and from this

c NASA410M6

Fig. 2 Basic dimensions of the wind-tunnel model.

point to the tail the fuselage aft section had a constant width,
as shown in Figs. Ib and 2. These two views (top and side)
define the major and minor axes of the elliptical cross sections
at each longitudinal station, ending with a horizontal line at
the trailing edge. A 12%-thick transonic airfoil section (NASA
410M6) was used for the untwisted wing, and its shape is
shown at the bottom of Fig. 2.

Airspeed at the wind tunnel was set at 45 m/s, resulting in
a wing-chord-based Reynolds number of about 0.4 X 106.
Freestream turbulence levels were less than 0.5%, and no
boundary-layer tripping devices were used on the model wing
or fuselage (and so free transition is assumed). Test section
dimensions are 0.91 m height by 1.22 m width, with frontal
blockage beginning below 2%, and increasing slightly above
4% at angles of attack over 20 deg. Therefore, no blockage
corrections were applied to the data presented here. Estimated
uncertainty of the data, including the accuracy of the six-com-
ponent scale, airspeed measurements errors, and data reduction
system uncertainties, is less than CL = ±0.01, CD = ±0.005,
and CM = ±0.01. A reference area of AR = 831 cm2 and a
reference chord of CR = 11.2 cm was used for the data reduc-
tion.

Results
The near-cylindrical fuselage used for most conventional

aircraft develops very little lift (compared with the contribution
of the wings) during landing and takeoff. Using the fuselage
to create sizable lift can reduce the size and complexity of
wing-mounted high-lift systems, but early configurations (as
in Fig. la) suffered from relatively high drag. Figure 3 shows
the basic lift and drag variation vs angle of attack for the
present configuration, and clearly, the drag is comparable with
conventional airplane data.6 Another interesting aerodynamic
feature visible in Fig. 3 is the shape of the lift curve, where
the lift coefficient increases with angle of attack, even beyond
the point of wing stall, as shown by the arrow.

Because of the low Reynolds number of this test and the
12% thin transonic airfoil section (NASA 410M6), the wing
stall begins quite early at about 5-deg angle of attack (a).
However, as noted, in spite of the early wing stall, the config-
uration lift coefficient increases up and beyond a = 20 deg
because of the vortex lift of the fuselage. Because of the me-
chanical limits of the experiment, angles of attack larger than
a = 20 deg could not be obtained, and the lift-stall of the total
configuration was not reached. Flow visualization with this
model indicated that as the angle of attack increases beyond
about a = 6 deg, two side-edge vortices are formed above the
fuselage aft section (see Fig. Ib). This vortex flow is visible
at a = 6 deg and seems to increase in strength above a = 11
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Fig. 3 LID variation vs angle of attack for the basic lifting-body
configuration and for the fuselage alone (Re = 0.4 x 106, scale
1:20).

deg. The expected effect of these aft-positioned vortices is the
increase of the lift at the higher angles of attack, contributing
to a nose-down pitching moment (which may be considered a
stall-resistant feature). Also, at these larger angles of attack,
the lift carryover across the wide fuselage (seen by computa-
tions not reported here) reduces the effect of the opposite-
rotation wing-root vortices, on the dominant side-edge vortices
shown in Fig. Ib. Furthermore, rolling moment data (not pre-
sented here) stayed close to zero throughout the angle-of-attack
sweep presented here, indicating no side vortex asymmetry.

Angle of attack in the present experiment was measured
relative to the body's centerline, and at a = 0 the lift coefficient
is about CL = 0.22 (see Fig. 3), yielding a zero lift angle of
about —1.5 deg for the configuration. Zero lift drag at this
condition is estimated to be slightly less than CD «* 0.025, a
value that was expected to improve at a higher Reynolds num-
ber, making this configuration quite competitive within the
business-jet category. (During the experiments, a limited trail-
ing-edge separation was visible on this transonic wing section,
which is expected to disappear at full-scale Reynolds number
conditions. On the other hand, fuselage drag may increase be-
cause of an earlier transition, but the combined effect is ex-
pected to improve LID.) This relatively low drag is particularly
important in view of the large drag created by the early lifting
body concepts that had sharp edges around their two-dimen-
sional airfoil-shaped fuselages. Beyond the angle of wing stall
(a = 6 deg), wing drag increases sharply, dictating the large
increase in the total drag as shown in Fig. 3. This effect is a
result of the low Reynolds number of the small-scale testing,
but both wing stall and drag increase are expected to be de-
layed at larger scales.

To investigate the large drag increase beyond wing stall, the
lifting-body fuselage was tested separately (without the wings),
in an effort to isolate the aerodynamic characteristics of the
fuselage from the data of the complete configuration. Results
of this test are presented in Fig. 3. The circular and rectangular
symbols represent the data for the complete configuration,
whereas the triangular and diamond symbols stand for the fu-
selage alone. Clearly, the fuselage lift increases quite mono-
tonically and the drag polar is quite shallow, emphasizing that
the large drag increase is a result of the wing stall only. LID
of the body (not shown) increases up to about 8.2 at an angle
of attack of a = 10 deg, and a lift stall was not detected within
the angle-of-attack range of the experiment. The ability of the
fuselage to create a lift coefficient of about 0.5 is quite sig-
nificant, and for unmanned airplane applications, where the

vehicle can be pitched up beyond a = 20 deg, this may be
utilized as an effective high-lift device.

The LID for the complete model (with wings) is presented
in Fig. 4, and a value close to 16 was obtained before the wing
stalled, at about a = 4 deg. The abrupt drop in LID is a direct
result of the wing stall, and as mentioned, at higher Reynolds
numbers, e.g., at full scale, the ratio is expected to rise as a
result of the delay of the wing stall. Algebraic manipulation
of the uncertainty of lift and drag shows an uncertainty of
±1.8 in the LID data; however, repeated experiments showed
that the uncerainty in LID is closer to ±0.3. The pitching mo-
ment curve in Fig. 4 indicates that beyond the wing stall, the
c.p. moves backward, creating a nose-down moment. At angles
of attack beyond a = 11 deg, the side-edge vortices increase
in strength, and the resulting nose-down moment increases.
This effect is visible by the change in the negative slope of
CM in Fig. 4, and may be considered as a stall-resistant feature
with important safety-related implications. Note that CM is
measured relative to the scale centerline (see Fig. 2), which is
obviously ahead of the c.p. (hence, the negative slope). This
pitching axis results in a static margin (for —5 deg < a < 5
deg) of about 0.113, suggesting that for additional longitudinal
stability, the actual e.g. could be moved forward of this point.

The side-edge vortices (shown in Fig. Ib), responsible for
the stall-resistant nature of the lifting body, are affected by
parameters such as side-edge curvature and aft-body taper. One
of these effects, the fuselage taper, was investigated briefly by
changing the fuselage side-edge angle (behind the point of the
body's maximum thickness at 35%) by ±10 deg, as shown in
the inset to Fig. 5. The measured pitching moment coefficients
for the three aft-body tapers are also presented in Fig. 5, and
additional data on the model lift and drag are presented in Ref.
7. In general, the effect of the aft-body becomes more pro-
nounced at angles of attack beyond stall, where most of the
lift is created by the fuselage. The drag follows similar trends,
particularly at higher angles of attack, and it increases slightly
with increased aft-fuselage width.7 Also, the wide tail config-
uration produces more lift than the straight and the narrow tail
configuration, correspondingly. The effect of aft-body taper on
the LID is quite small, and the configuration with the narrow
tail reached a peak of over 16, whereas the ratio for the wide
tail was about 15.5 (compared with 16 for the untapered body).

The effect of the aft-body taper is more pronounced in the
pitching-moment diagram of Fig. 5. This is a direct result of
the vortex lift shown in Fig. Ib, which in the case of the wide
tail becomes quite large as angle of attack increases. Clearly,
the wide tail shape has the most nose-down moment, partic-
ularly beyond wing stall, making it the most stall-resistant
shape out of the three shown. Incorporating such data into the
preliminary design of an airplane configuration allows the tai-
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Fig. 4 L/D and pitching moment variation vs angle of attack (Re
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loring of the sudden increase in the pitching-moment slope into
a desirable angles-of-attack range. Therefore, when an air-
plane's e.g. calculations and elevator sizing are complete, the
use of these data can make airplane stall unreachable.

Concluding Remarks
The experimental data presented here indicate that a small

aircraft with a wide lifting-body fuselage can benefit, in ad-
dition to the large cabin size, from several unique aerodynamic
features. The configuration can reach quite high lift coefficients
because of the fuselage vortex lift, without sacrificing the LID at
low angles of attack. The high-angle-of-attack vortex lift at the
aft section of the fuselage causes a large nose-down pitching
moment, which can be utilized for a stall-safe design. Finally,
the basic principle of using the fuselage as a simple and cheap
high-lift device was demonstrated.
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Introduction

T HE delay of boundary-layer separation by oscillatory in-
jection of momentum established the superiority of the

method over steady blowing.1 The performance of various air-
foils was improved, even when separation was not entirely
avoided. Although the addition of small amounts of steady
blowing to the fluctuating momentum slightly reduces the ef-
ficiency of the excitation, the application of steady blowing
may require two orders of magnitude greater momentum co-
efficient for similar gains in performance. While most wind-
tunnel experiments used external devices to excite the flow, a
self-contained system is required for active flow control in
flight. Furthermore, mounting an active flow control device on
an unmanned air vehicle (UAV) or an airplane model allows
one to test its effectiveness as an alternate control surface. This
Note describes wind-tunnel experiments on a UAV to which
active separation control was added to improve its performance
and to exercise roll authority in an unconventional manner.

Approach
The project was subdivided into four intermediate stages:
1) The application of oscillatory and steady blowing to a

flapped Eppler 214 airfoil. The oscillatory blowing was ini-
tially provided by an external mechanism.2 Some of the results
were presented in Ref. 1 and they will not be discussed here.

2) The development of a self-contained oscillatory blowing
system.

3) The installation of the system on the UAV and full-scale
tests in a low-speed, industrial wind tunnel.

4) Actual flight tests of the UAV with active separation con-
trol.

The quantitative results obtained during stage 3 are reported
in this Note.

Experiment
A scaled down Scout UAV was used in the experiment, but

its original wing was replaced with a wing based on the Eppler
214 airfoil of a larger span. A simply hinged, 30% chord, trail-
ing-edge flap and ailerons spanned the outer section of the
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