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Introduction

A LIFTING-BODY/WING airplane con� guration can, in prin-
ciple, generate high lift coef� cients by utilizing fuselage lift,

reducing the need for multielement, high-lift systems upon takeoff
and landing. Previous small-scale wind-tunnel data1 on a generic
lifting-body/wing con� guration, having a much wider body than
the usual cylindrical shape, indicated that this approach could yield
an ef� cient airplane with distinct advantages in passenger comfort
because of larger cabin volume. A pronounced stall-resistant be-
havior was also noted, which might be tailored to create a sharp
increase in the nose-down pitching moment at high angles of at-
tack, providing an aerodynamically stall-safe airplane. The previ-
ous wind-tunnel model,1 a 1:20 scale replica of a generic business
jet, had an untwistedNASA 410M6 transonicairfoil section, shown
schematically in Fig. 1. Because of the low Reynolds number of
the test1 (near 400,000), the wing stalled at about 5 deg angle of
attack, much earlier than a full-scale airplane would have been ex-
pected to stall. While demonstrating the basic stall-resistantfeature
of thecon� guration,the modeldid notdemonstratethe high lift/drag
(L/D) ratio potentialof the lifting-bodyconceptbecauseof this early
wing-stall problem.

An objective of the present study was to partially simulate full-
scale conditionsby modifyingthe wing airfoil shape so that it would
stall in the range expected of a full-scale aircraft. Two2- and three3-
dimensional computational tools were used to develop an airfoil
section with a target stall angle of attack a above 14 deg. The modi-
� ed airfoil shape is shown below the NASA 410M6 airfoil shape in
Fig. 1, and its target stall angle was veri� ed experimentally (within
a = §0.5 deg). Tailoringthe airfoil design to the test Reynoldsnum-
berservedto demonstratethehighL/D-ratiopotentialof such lifting-
body/wing con� gurations,without compromising the stall-resistant
feature. Additionally, these two airfoil shapes can be viewed as the
two extreme geometriesof an adaptive wing, transformingfrom the
cambered airfoil shapeat takeoff into the transonicsection at cruise.

Model Design and Test Procedure
The basic dimensions of the models are shown in Fig. 1. From

the side view the lifting-body is de� ned by an 18% thick NACA
633-018 airfoil section, with maximum thickness at 35% of the
lengthmeasuredfrom the nose.At this maximum thicknesslocation
the body has an aspect-ratio2.2, ellipticcross section(from the front
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view). In the top view the nose shape follows the contoursof a semi-
ellipse up to the 35% length point, and from thereon the fuselage
has a constant width to the tail. The same body used in the previous
study1 was � tted with a new wing, using the modi� ed airfoil. The
fuselage geometry and wing-sweep angle were kept the same with
no wing twist, but the wing aspect ratio and airfoil shape were
modi� ed. Because the primary concern was improving L/D, wing
aspect ratio was increased from 8.26 to 12.38, but wing area was
kept about the same (the new wing area was 0.7% smaller). Thus,
the reference area of AR = 831 cm2 was kept the same as in Ref. 1,
but a smaller reference chord of cR =9.5 cm was used, compared
with cR = 11.2 cm in Ref. 1. Also, the total wetted surface area of
the model was 4.507 times larger than the preceding reference area.

The new airfoil shape was developedby using a two-dimensional
airfoil design code,2 which was combined with a three-dimensional
panelcode3 to model thecompletecon� guration.A stall angleabove
a = 14 deg was speci� ed so that the maximum L/D ratio could be
obtainedwith a fully attached � ow on the wings at the test Reynolds
number. The airfoil geometry was initially developed by using the
inverse mode of the two-dimensional code,2 which was then trans-
ferred to the three-dimensional panel code3 to verify the effect of
the three-dimensional � ow on the pressure distribution. These ef-
fects could be characterized as an angle-of-attack correction for
most parts of this high aspect ratio wing, excluding the root and tip
regions. After several iterations the airfoil shape shown at the bot-
tom of Fig. 1 and in Fig. 2 was obtained. Because of the desirable
high angle-of-attack stall at this low Reynolds number (0.4 £ 106 ),
quite a large camber was required. During wind-tunnel tests, the
� ow seemed to be attached on the wing’s upper surface, up to an-
glesof attackof a =14 deg. At a =15 dega trailing-edgeseparation

Fig. 1 Basic dimensions of the lifting-body model. The airfoil section
used in Ref. 1 (upper) and the new airfoil used for this study (lower) are
shown at the bottom of the � gure.
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Fig. 2 Two-dimensional computations2 showing the pressure distri-
bution and separating streamline on the airfoil (Re = 0:4 £ 106 , ® = 15
deg).

developedand was visiblewhen using tufts in the wind tunnel.Sam-
ple computational results2 for this condition are presented in Fig. 2,
showing about 25% trailing-edge separation. Also a discontinuity,
possibly caused by a laminar bubble, at about 25% of the upper
surface is shown by the computations (with calculated transition
beginning at about 20% chord).

Wind-tunnel test-section dimensions were 0.91 m height £
1.22 m width, with frontal blockage of less than 2%, at lower inci-
dence, increasingslightly above 4% at angles of attack over 20 deg.
Therefore, no blockage corrections were applied to the data pre-
sented here. Wind-tunnel air speed was set at 45 m/s resulting in a
wing chord-basedReynolds number of about 0.4 £ 106 . Freestream
turbulence levels were less than 0.5%, and without boundary-layer
tripping devices free transition on the wings and fuselage can be
assumed. Estimated uncertainty of the data, including the accu-
racy of the six-component scale, air-speed measurements errors,
and data reduction system uncertainties, is less than CL = §0.01,
CD = §0.005, and CM = §0.01.

Results
Comparisonsbetween the L/D coef� cientsof the presentcon� gu-

ration and the one tested in Ref. 1 are presented in Fig. 3. The major
effects of the wing modi� cations were in delaying the wing stall
and shifting the drag polar to higher angles of attack. The angle of
attack for both models (presentand of Ref. 1) was measured relative
to the body’s centerline.For example, at a = 0 the lift coef� cient for
the preceding con� guration was about CL =0.22, yielding a zero
lift angle of about ¡ 1.5 deg; compared with CL » 0.0 at a = 0 for
the present case, indicating a slight change in the wing’s relative in-
cidence. The slope of the preceding con� guration’s lift coef� cient,
depicted by the circular symbols, changes at about a =5 deg as a
result of the wing stall. This is a result of the transonicairfoil design
and the low Reynolds number of the small-scale test. In spite of
this problem, the con� guration lift coef� cient increases up to and
beyond a =18 deg because of the vortex lift of the aft section of
the fuselage (see Ref. 1). Because of the early wing stall, the drag
coef� cient of the precedingcon� guration(solid triangularsymbols)
increases sharply above a = 5 deg.

The present con� guration (lift depicted by the rectangular sym-
bols) actuallycreates lower lift and higherdrag (solid diamondsym-
bols) coef� cients at angles of attack below a =5 deg becauseof the
high airfoil camber. In fact, minimum drag (of aboutCD = 0.035) is
obtainedat about a =5 deg compared to CD =0.025 near a = 0 deg
for the preceding design. At larger angles of attack, however, the
� ow is attached,and the lift increasesup to a =21 deg, though wing
trailing-edge stall occurs for a > 14 deg (based on � ow visualiza-
tions). Consequently, the drag of the present con� guration, within
the range of 5 deg < a < 22 deg, is considerably less than the drag

Fig. 3 Comparison of measured lift and drag vs angle of attack for the
old1 and present lifting body models (Re = 0:4 £ 106 ).

Fig. 4 Measured L/D and pitching moment variation vs angle of at-
tack, with and without boundary-layer tripping on the fuselage (Re =
0:4 £ 106).

of the precedingmodel. Also, the change in the lift coef� cient slope
near the wing stall (a =15 deg) is less pronounced because of the
gradual trailing-edgestall and the increase in the fuselage side-edge
vortex lift. As a result, the lift coef� cient of the complete con� gura-
tion increasesup to a =21 deg, reaching a level of CL » 2.6, which
is quite high considering there is no multielement high-lift system.
The two sets of data in this � gure can be viewedas the cruise and the
high-lift ends of a possible� exible airfoil design,with the transition
between the two airfoil shapes taking place at about a = 4 deg.

The L/D ratio and pitchingmoment data vs angleof attackarepre-
sented in Fig. 4. As notedearlier,oneof the primaryobjectivesof the
study was to prove that by delaying wing stall, considerablyhigher
L/D ratios could be obtained than the value of L/D = 16 reported in
Ref. 1. Indeed, the data in Fig. 4 demonstrate that the L/D ratio was
greatly improved with the modi� ed wing and reached a maximum
valueof L/D = 27.9. Because the model surface had a smooth � nish
(sanded and painted � berglass), the relatively high L/D ratio could
have been caused by large laminar � ow regions on the fuselage
(maximum fuselage thickness occurs at 35% length); therefore, the
effect of tripping the fuselage boundary layer was brie� y investi-
gated. Boundary-layer tripping was obtained by placing stripes of
sanding paper with grit size, the size of the expected boundary-
layer thickness. To initiate boundary-layer transition, those stripes
were placed around the model nose, between 5–10% of the fuselage
length. A similar tripping of the wing boundary layer was not used
becausethe two-dimensionalcomputationsshowedquite early tran-
sition (as in Fig. 2, for a > 5 deg) on this highly cambered airfoil.
It seemed, though, that the tripping had very little effect, primar-
ily increasing the drag (not shown here) and resulting in a slight
decrease in the L/D ratio as shown by Fig. 4. This smaller than ex-
pected change in the drag can be attributed to the high prevailing
turbulence levels in the wind-tunnel test section.

The L/D ratio of the present con� guration (shown in Fig. 4) in-
creases rapidly as angle of attack increases above a = 0 deg, reach-
ing a maximum at about a = 6 deg. At larger angles of attack, the
drag increasesquicker than the lift (see CD data in Fig. 3), probably
becauseof the formation of fuselage side edge vortices and because
of the wing boundary-layereffects, causing a rapid drop in the L/D
ratio. For a particular mission, such as cruise condition, L/D can
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be further improved by aligning the body with the freestream di-
rection. For example, based on Fig. 4 and using a designed cruise
lift coef� cient of about CL =1.0, wing incidence can be increased
to 6 deg relative to the fuselage to obtain L/D ratios higher than
27.9, and much higher than the reportedL/D =23 of some advanced
con� gurations.4,5

The pitching moment data for the smooth and tripped fuselage-
boundary layer � ows are presented in Fig. 4, and the differences
between these two cases are quite small. With the tripped bound-
ary layer a slight increase in the nose-down moment was mea-
sured, particularly within the visually attached airfoil-� ow region
(5 deg < a < 14 deg). This incremental effect is caused by the
slightly increased drag on the rougher surface, which also causes a
small reductionin the lift. The most dominant featureof the pitching
moment curve in Fig. 4 is the sharp increase in the nose-down mo-
ment beyond wing stall ( a > 15 deg). At the lower angles of attack,
however, the pitchingmoment in the present test was quite indepen-
dent of a (near a value of CM = ¡ 0.1), contrary to the continuous
negative slope of the data in Ref. 1. The present and perhaps more
desirable location for the pitch axis is a result of the modi� ed wing
geometry and some other minor model mounting changes in the
wind-tunnelsetup. The very large nose-downmoment beyondwing
stall, shown in this � gure, is a result of the lift created by the aft-
fuselage side-edge vortices. As noted in Ref. 1, this large increase
in the negative slope of CM can be considered as a stall resistant
feature with important safety-relatedimplications.Therefore,when
airplanec.g. calculationsand elevatorsizingare complete,the useof
thesedata can makeairplanestallunreachable(note that effects such
as fuselage side-edge vortex burst are delayed beyond a > 30 deg).
For example, the pitching moment data presented in Ref. 1 show
that the trailing-edge� ap (elevator) is capable of creating a change
of D CM » 0.3, which is much smaller than the poststall moments
shown in Fig. 4. Finally, the incremental trim drag measured at an
extreme � ap de� ection of d � ap = 10 deg reduced the L/D ratio (at
a = 6 deg) to 24.65, from 27.9 at zero � ap de� ection,demonstrating
only moderate penalty in con� guration ef� ciency caused by exces-
sive trim.

Conclusions
Aerodynamic tailoring was used to demonstrate the performance

of a lifting-body/wing con� guration using a low-Reynolds-number
test. A relatively high-camber airfoil shape was designed for the
small-scale test so that wing stall would occur in the range expected
of a full-scaleaircraft.Wind-tunneltests con� rmed that the fuselage
can be used as a simple and inexpensive high-lift device, demon-
strating a maximum L/D value of 27.9. In addition, at high anglesof
attack the fuselage side-edge vortex lift creates a large nose-down
pitching moment that can be used to obtain a stall-safe lifting-body
con� guration. Finally, from a theoretical point of view the aircraft
model with the highly cambered airfoil can be seen as the low-speed
con� guration of a single element, adaptive (� exible) wing section,
which transforms to a high-speed shape at cruise. Transition be-
tween the two airfoil shapes (in this particular case) would take
place at about a = 4 deg.
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I. Introduction

T HIS Note summarizes the results of applying text data mining
(TDM) techniques to aircraft science and technology (S&T)

records retrieved from two source technologydatabases for the pur-
pose of obtaining technical intelligence on aircraft S&T. A much
more detailed presentation of the results and TDM techniques is
contained in the study’s � nal report.1 Two complementary TDM
techniques were used in this study: 1) bibliometrics to identify the
infrastructureof aircraft S&T (e.g., who are the performers, where
are the results archived,what are the seminal papers) and 2) compu-
tational linguistics to identify the main aircraft S&T thematic areas
and the relationships of these thematic areas to each other and to
the infrastructure.The source databases examined were the science
citation index (SCI)2 (basic research,1991–1998) and the engineer-
ing compendex (EC)3 (applied research/technology, 1990–1998).
Recordswere retrievedfrom thesedatabasesusingan iterativequery
technique and then examined using a patented software system for
analyzing large amounts of textural material.4,5

Aircraft S&T, as de� ned here, consists of development of dif-
ferent aircraft/helicopter components or technologies to improve
system performance or safety or to reduce costs. Use of aircraft for
purposes other than platform S&T development, such as crop dust-
ing or as an instrument platform for geophysical experiments, was
typically excluded unless an extrapolation to improving military
aircraft performance could be identi� ed.

The � nal query used to retrieve records from the SCI contained
207 terms and is shown in Ref. 1. The � nal query used to retrieve
recordsfromthe EC containedessentiallythe 13 terms precedingthe
NOT Boolean in the SCI query (aircraft or air vehicle*or helicopter*
or rotorcraft or unmanned air vehicle or uninhabited combat air
vehicle (UCAV) or vertical takeoff and landingor very short takeoff
and landing or advanced short takeoff and vertical landing or short
takeoffand verticallandingor avionic*or cockpitor aircrew*). Very
few abstracts that were extraneous to the focus of the study were
retrieved from the EC, and the EC databasedid not require the same
numberof iterationsusedfor the SCI database.This derives from the
fact that the platform technologyfocus of the study is better aligned
with the platform technology orientation of the EC database than
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