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SUMMARY

The National Aeronautics and Space Administration is currently investi-
gating the aerodynamic characteristics of advanced aircraft concepts which are
capable of cruising efficlently at supersonic speeds. These conceptual designs
are representative of future generation commercial and military vehicles and
incorporate wing sweeps on the order of 700 to 80°. Unfortunately, owing to
the high wing sweeps, such configurations exhibit deficiencies in the area of
subsonic performance, stability, and control.

The present paper summarizes recent advances achieved by the NASA Langley
Research Center in the subsonic aerodynamics of highly swept-wing designs. The
most significant of these advances has been the development of leading-edge
deflection concepts which effectively reduce leading-edge flow separation. The
improved flow attachment results in substantial improvements in low-speed per-
formance, significant delay of longitudinal pitch-up, increased trailing-edge
flap effectiveness, and increased lateral-control capability.

The paper also considers various additional theoretical and/or experimen-
tal studies which, in conjunction with continued leading-edge deflection stu-
dies, forms the basis for Langley's future subsonic research effort.

INTRODUCTION

The National Aeronautiecs and Space Administration is currently investi-
gating the aerodynamic characteristics of advanced aircraf’ concepts which are
capable of cruising efficiently at supersonic speeds. T .se conceptual designs
are representative of future generation commercial and military vehicles and
incorporate wing sweeps on the order of 70° to 80°., (See, for example, refs. 1
and 2.) Unfortunately, owing to the high wing sweeps, such configurations
exhibit deficiencies in the area of subsonic performance, stability, and
control. The present paper is intended to provide a brief overview of the NASA
Langley subsonic research effort which is intended to eliminate or minimize
these above-mentioned deficiencies.

SYMBOLS

The longitudinal data are referred to the stability system of axes with
the moment reference center being located at 59.16 percent of the reference
mean aerodynamic chord. The reference wing area and chord are based on the
wing planform which results from extending the inboard (74°) leading-edge sweep
angle and the outboard (41.457°) trailing-edge sweep angle to the model center
line. (See fig. 1.)
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AR aspect ratio

b wing span, m (ft)
CD drag coefficient, Drag/qsref
drag coefficient of equivalent symmetric configuration (without twist
D,sym .
or camber) at zero 1lift

CL 1ift coefficient, Llft/quef

cLa lift-curve slope, 9CL/3ca, per deg

CL rolling-moment coefficient, Rolling moment/quefb

CZB lateral-stability derivative, BCz/BB, per deg

Cm pitching-moment coefficient, Pitching moment/qSPefc
e local chord, m (ft)
I reference mean aerodynamic chord, m (ft)
h height of moment reference center above ground plane, m (ft)
q free-stream dynamic pressure, Pa (lbf/ft2)

RN Reynolds number

S reference wing area, me (ft2)

ref = ’

] leading-edge suction parameter

s streamwise distance measured from wing leading edge
«a angle of attack, deg
B angle of sideslip, deg
r geometric anhedral, deg
Gf trailing-edge flap deflection normal to hinge line, positive when

trailing edge is down, deg

6Ze leading-edge deflection normal to hinge line, positive when leading

edge is down, deg
DISCUSSION
Figure 1 presents a three-view sketch of the Langley SCR baseline concept

(ref. 3) which has served as the focal point for the research effort summarized
in figure 2. It should be noted that while much of the research has been
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conducted for a particular conceptual design, the results are considered to be
applicable to the generic class of highly swept-wing configurations. Recent
results obtained for the areas of research indicated in figure 2 are presented
in detail in references 4 through 7 and are summarized herein.

Effects of Leading-Edge Devices

As is well known, the previously mentioned deficiencies in low-speed
performance, stability, and control are largely attributable to the problem of
leading~edge flow separation. Consequently, Langley has concentrated its sub-
sonic research on devising a satisfactory solution to that problem. The means
considered include: deflection of the leading edge in an attempt to achieve
attached flow (which is discussed in ‘the present paper) and attempts to provide
a controlled flow separation with vortex flap concepts as will be discussed in
subsequent papers. (See refs. 8 and 9.)

Effect of leading-edge deflection on performance.- Figure 3 presents the
drag polar for the configuration with undeflected leading edges. Also pre-
sented, for purposes of comparison, are drag polars approximating the condition
of fully attached flow and the condition of fully separated flow with no sub-
sequent reattachment. Expressions for the drag polars representing these con-
ditions are given for fully attached flow as

, 2
Cy = Cpgyy + € 2/TAR (1)

and for fully separated flow as

Cp = CDsym + C; tan (CL/CLa) (2)

where CDSym represents the drag coefficient of the untwisted, uncambered,

wing-body combination at zero 1lift. Consideration of the experimental data of
figure 3 indicates that with undeflected leading edges the flow is only par-
tially attached for the range of 1lift cofficients of interest, i.e., C; > 0.3.
Smoke and o0il flow visualization studies have identified flow separation on the
outboard wing panel for o« > 2° and flow separation at the wing apex and

70.5° wing crank for a > 59,

Figure 4 presents photographs of the wind-tunnel models used to investi-
gate leading-edge deflection concepts intended to alleviate leading-edge flow
separation. The rationale for these leading-edge concepts is discussed in
detail in references 4, 6, and 10. The underlying consideration, however, is
simply one of attempting to align the leading edge with the incoming flow
field. The figure of merit customarily selected for such studies has been the
effective leading-edge suction parameter, s, which is defined as illustrated
in figure 5. (See ref. 11 for additional discussion of s.) Inasmuch as this
parameter is intended to serve as an indicator of total wing efficiency, it has
become customary to incorporate the influence of trailing-edge flap deflection
in the calculation of s. This is accomplished by determining the envelope of
the drag polar for the configuration with varying trailing-edge flap deflection
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as illustrated in figure 5(b). It is, of course, acknowledged that by so doing
the value of s, based on the polar envelope, is greatly influenced by the
effectiveness of the trailing-edge flap system.

An initial study (ref. U4) in which an attempt was made to qualitatively
evaluate the leading-edge upwash has shown that, for highly swept wings,
theoretical estimates of the upwash are significantly greater than experimen-
tally observed values. The results of that study led NASA to explore a uniform
300 leading-edge deflection, where 30° was selected as it was considered to
represent an average value of the upwash along the span. The initial uniform
300 deflection studied resulted from "on-site" modifications to the wind-tunnel
model shown on the left in figure 4. There was an inadequate wedge fairing
between the deflected leading-edge segments and the main wing structure which
resulted in a short bubble separation at the shoulder of the leading-edge flap.
A more recent study, in which a circular arc fairing was introduced, has been
found to eliminate this problem. Figure 6 presents the values of s calcu-
lated from the polar envelopes as a function of Cj, for the uniform 30°
deflected leading edges with both fairings. Also shown, for purposes of com-
parison, are comparable results for the configuration with an undeflected
leading edge. As can be seen, both of the uniform 300 leading-edge configura-
tions provided significant increases in s when compared with the undeflected
leading edge. Furthermore, the circular arc leading-edge fairing provides
about 5 to 10 percent higher values of s than the wedge fairing. It must be
recalled that 30° represents an average value of the leading-edge upwash, and
as such, this 30° leading edge is overdeflected at inboard span locations while
being underdeflected at outboard span locations.

Additional studies in which the leading-edge deflection was contoured to
more nearly align the leading edge with the incoming flow along the entire span
have been conducted. The particular concepts studied are referred to as the
NASA continuously warped leading edge (ref. 6) and the Boeing variable camber
leading edge (ref. 10). Figure 7 presents the schedule for the leading-edge
deflection angle as a function of the nondimensional semispan for these con-
cepts. Experimental values of leading-edge suction are presented as a function
of Ci, in figure 8 for the Boeing variable camber concept (based on the polar
envelope). Also presented for purposes of comparison are the corresponding
results for the NASA uniform 30° deflected leading edge. As can be seen, the
Boeing variable camber leading-edge concept results in a small increase in s
for a given Cj. The NASA continously warped leading edge was unfortunately
tested on a model which did not incorporate a trailing-edge flap system, and
hence, a direct comparison with the values of s presented for the other con-
cepts (based on the polar envelope) is not appropriate. Furthermore, inasmuch
as the Boeing variable camber design process was conducted for conditions with
6 @ 59, a comparison of results for conditions with 8¢ @ 0° is not appropriate.

In order to provide a basis for comparison and some insight into the
effect of trailing-edge flaps, figure 9 presents s versus a for the con-
figuration with the Boeing variable camber leading-edge with several values of
trailing-edge flap deflection. Also presented in figure 9 is the variation of
s with respect to « for the configuration with the continously warped
leading edge and 6 = 0°. As can be seen, the continuously warped leading edge
results in values of s which are equivalent to those acheived with the
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variable camber leading edge for a given angle of attack; however, without the
trailing-edge flap system, a higher a 1is required to obtain a given C|.
Additional tests are planned for the NASA continuously warped leading edge in
conjunction with a trailing-edge flap system. Based on the trends observed
from figure 9, it is anticipated that levels of leading edge suction higher
than those presently achieved are obtainable.

It should be noted that the marked reduction in leading-edge suction,
which occurs with increasing angle of attack, indicates that even with the
deflected leading edges, flow separation persists at higher angles of attack.
This result has been confirmed by smoke flow visualization studies which showed
that, for angles of attack on the order of 8° to 10°, leading-edge separation
originates at the 70.5° wing crank and on the 60° swept outboard panel.
Inasmuch as the leading-edge deflection outboard of the 70.5° wing crank is
largely constrained by a relatively short chord, a revised leading-edge hinge
line, providing an increased chord for the leading-edge segment (as suggested
in ref. 4), may aid in producing attached flow. It is further anticipated
that the improvement provided by the revised hinge line would be enhanced upon
the elimination of the 70.5° wing crank.

Although studies have shown that a large chord Krueger flap is effective
in providing attached flow on the outboard panel, such a device may be imprac-
tical. Langley Research Center is, therefore, studying outboard panel twist
and sweep in conjunction with revised outboard panel leading edges in an
attempt to define alternate solutions to the problem of outboard panel flow
separation.

Effect of leading-edge deflection on longitudinal stability.- In addition
to improved low-speed performance, leading-edge deflection would be expected to
improve longitudinal stability. Experimental results are presented in figure
10 in the form of Cp versus C;, and Cp versus «. The symbols presented
in figure 10 represent the onset of pitch-up for the respective conditions. As
can be seen, with undeflected leading edges, the configuration exhibits a
marked pitch-up characteristic for Cp, > 0.3 or a > 59. The onset of this
pitch-up characteristic is coincident with the formation of wing apex vortices
and separation of the outboard wing panel. As expected, deflecting the wing
leading edge, thereby postponing the angle of attack at which leading-edge
separation occurs, results in a postponement of the pitch-up characteristic.
The mild but persistent pitch-up characteristic exhibited by the configuration
with deflected leading edges is considered to be a result of flow separation on
the outboard wing panel. While additional research is planned to define the
outboard panel geometry required to further postpone this characteristic,
recent studies indicate that the linearity of Cp versus (i, as provided by
the present leading-edge devices, may be satisfactory with the introduction of
a~limiting concepts.

Effect of leading-edge deflection on high lift.- The influence of leading-
edge deflection on trailing-edge flap effectiveness is summarized in figure 11.
As would be expected, the incremental 1lift provided by deflecting the plain
trailing-edge flap system is markedly increased by the improved flow attachment
obtained through leading-edge deflection. For values of 8¢ < 20°, the results
indicate a level of trailing-edge effectiveness which is equivalent to that
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predicted by simple vortex-lattice potential-flow theory (ref. 12). Although a
slotted trailing-edge system may provide increased flap effectiveness for §¢ >
200, at lower flap deflections it would not increase the lifting capability
above that which is available through use of appropriate leading-edge deflec-
tion.

Effect of leading-edge deflection on lateral control.- Consistent with the
increased trailing-edge flap effectiveness, figure 12 shows that leading-edge
deflection also provides a marked increase in the roll control provided by the
outboard ailerons. Owing to the excessively high level of effective dihedral,
which accompanies highly swept wings, improved roll control is particularly
critical for this class of vehicle. When considering the current 30 knot cross-
wind landing criteria, the present level of effective dihedral requires that
the configuration achieve a lateral-control capability on the order of C, =
0.04., It is anticipated that increased lateral control will result from addi-
tional studies intended to further improve the flow over the outboard wing
panel.

Effect of Reynolds Number

It should be noted that the data presented in the preceding section were
obtained from tests conducted for values of Ry on the order of 2.5 x 106;
hence, the results may not be directly applicable to aircraft concepts which
operate at values of Ry on the order of 100 x 10°. An illustration of
Ry effects is provided by consideration of the pressure distribution over the
leading edge of the 70° swept glove of an F-111 airplane. These data were
obtained during joint NASA-Air Force flight tests. Figure 13 shows the
aircraft in flight and illustrates the configuration cross section at the par-
ticular span station or which the data were measured. Figure 14 presents the
experimental variation of C, with the nondimensional distance from the
leading edge, S/c, at values of Ry = 20 x 106 and 40 x 100. Data obtained at
Ry = 20 x lO6 indicate the presence of a vortex core passing about 3 percent
aft of the leading edge. In contrast to this result, data obtained at Ry = 40
X lO6 are indicative of attached flow conditions. The preceding result serves
to illustrate the need for wind-tunnel tests conducted at representative values
of flight Ry.

Additional Studies and Future Plans

Although the development of leading-edge deflection concepts has been the
recent emphasis of the subsonic SCR effort, other aspects of the conceptual
design are being actively studied (see fig. 2). These theoretical and/or
experimental studies, in conjunction with the previously discussed leading-edge
deflection studies, form the basis for Langley's future subsonic research
effort. This future research effort is summarized in figures 15 and 16.
Highlights of various isolated research efforts are summarized in the following
discussion.

Leading-edge upwash.- As mentioned in a previous section, initial attempts
to qualitatively evaluate the leading-edge upwash (ref. 4) have shown that for
highly swept wings, theoretical estimates of the upwash are significantly
greater than experimentally observed values. In order to quantatively define
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the leading-edge upwash, laser velocimeter techniques will be used to measure
the flow field. It is anticipated that these studies will provide the infor=-
mation necessary to develop optimum leading-edge deflection concepts.

Inboard wing leading-edge sweep and hinge line.- Low-speed experimental
studies (see, for example, refs. 4 and 6) have shown that flow separation
originates at the mid-span wing crank. These studies have shown that, while
postponed, this separation pheneomena persists even with the deflected leading-
edge concepts considered to date. In an attempt to quantatively define the
potential benefits of eliminating this inboard sweep break, experimental studies
will be conducted with a constant sweep inboard leading edge, as sketched in
figure 16. These studies will further consider a revised leading-edge hinge
line, also sketched in figure 16. The revised hinge line, which is discussed
in reference 4, is intended to provide an increased leading-edge flap chord
outboard (where it is most needed) while reducing the chord inboard, where
leading-edge deflection is less critical.

Qutboard panel twist and sweep.- As noted in a previous section, providing
attached flow on the 60° outboard wing panel at moderate to high angles of
attack remains a challenge. Consequently, tests are planned to determine the
effect of outboard panel twist and sweep on low-speed performance, longitudinal
stability, and lateral control. Increased twist (washout) of the outboard panel
would, of course, degrade the span-load distribution and hence would have a
detrimental effect on supersonic performance. However, if all movable wing tips
are considered, increased washout may be a means for promoting attached flow.
Reduced sweep of the outboard panel (in contrast to increased washout) may
represent a more viable solution to the problem. Recent in-house studies have
indicated that reduced outboard panel sweep would not significantly degrade
supersonic performance.

The intent of the above low-speed study is to determine the twist and sweep
of the outboard panel (in conjunction with revised outboard panel leading-edge
treatment) required to provide attached flow and to determine the magnitude of
the resulting improvements in the low-speed aerodynamic charactersitics so that
a detailed trade study can be conducted.

Qutboard vertical-fin position and orientation.- A theoretical study pre-
sented in reference 7 has shown that increasing the inwardly directed load on
the outboard vertical fin results in an improved span-load distribution, and
therefore, improved low-speed performance. The study has shown that such an
increase in load may be accomplished by moving the outboard vertical fin for-
ward or by toeing the vertical fin inwardly. Inasmuch as the present position
and orientation of the outboard vertical fin is based on supersonic performance
considerations, such changes may be inappropriate. However, an alternate means
of increasing the vertical fin load would be to produce an effective camber
surface by introducing a vertical fin rudder. Such a system may also require
some form of vertical fin leading-edge treatment to prevent flow separation.
Wind-tunnel tests are planned to determine if the improvement in low-speed per-
formance predicted by theory can be achieved.

Geometric anhedral.- As noted in a previous section, the excessively high
level of effective dihedral, which is associated with high wing sweep, is found
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to require relatively high levels of lateral control to meet the current 30
knot crosswind landing criteria. These values of Cz , however, are based on

test data for the cruise shape wing. Recent structural analysis has shown that
in the landing condition the wing assumes'a shape which is somewhat different
from the cruise shape. The difference Th' wing shape results in the con-
figuration having an increased geometric anhedral for the landing condition.

Recent wind-tunnel tests (see ref. 6) have determined the variation of
C,. with respect to geometric anhedral and have further shown that the incre-

ment in CL due'to anhedral can be appfoximatéd with the use of simple

vortex-lattice theory (see fig. 17). Based on the anticipated shape of the
wing in the landing condition, and the results obtained from reference 5, it is
considered that the values of- CL (as‘predioted by wind-tunnel tests of the

cruise shape wing) are about 10 percent high. This value will be refined with
subsequent wind-tunnel tests of the configuration employing the assumed landing
geometry.

Leading-edge optimization for high-lift condition.- As noted previously,
the NASA continuously warped leading edge has provided higher levels of .
leading-edge suction than the other concepts considered. However, this concept
was tested on a model which did not incorporate trailing-edge flaps, and hence,
its high-1ift characteristics are not well defined. Experimental studies will
be conducted for the continuously warped leading edge in conjunction with a
trailing-edge flap system. Preliminary evidence indicates that the increased
circulation provided by the trailing-edge flap system may require the leading-
edge deflection schedule to be optimized as a function of trailing-edge flap
deflection.

Ground effects.- Recent studies of ground effects (ref. 5), conducted
using a vortex-lattice theoretical model (with ground-plane image) and experi-
mentally with a moving ground belt, have shown that the configuration, as
expected, experiences an increase in 1lift, a reduction in induced drag, and an
increase in longitudinal stability when in ground effect (see fig. 18). The
study has shown that the effects are generally more pronounced than previous
estimates had indicated and result in a greater reduction in vertical descent
rate than initially anticipated. The study, however, did not address the
possible power-induced effects and, as such, remains incomplete. Current plans
include additional tests to define the influence of thrust on ground effects
while simultaneously exploring the magnitude and extent of the trailing vortex
phenomena as it exists for the present SCR concept.

Reynolds number effects.- Limited available data indicate that significant
Reynolds number effects may exist for highly swept wing concepts. Langley
Research Center is, therefore, in the process of defining a highly swept wing,
general research model capable of being tested at values of Ry on the order
of 100 x 10° and a corresponding Mach number of 0.3. These tests will be
possible in the National Transonic Facility and are tentatively scheduled for

1982,
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CONCLUDING REMARKS

The present paper has been intended to briefly summarize recent advances
achieved by the NASA Langley Research Center in the subsonic aerodynamics of
low-aspect-ratio, highly swept-wing designs. The most significant of these
advances has been the development of leading-edge deflection concepts which
effectively reduce leading-edge flow separtion. The improved flow attachment
results in substantial improvements in low-speed performance, significant delay
of longitudinal pitch-up, increased trailing-edge flap effectiveness, and
increased lateral-control capability.

The paper also considers various additional theoretical and/or experimen-

tal studies which, in conjunction with the continued leading-edge deflection
studies, forms the basis for Langley's future subsonic research effort.
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Figure 1.- Three-view sketch of Langley SCR baseline concept.
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Figure 2.- Summary of the NASA-LRC subsonic SCR program.
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Figure 3.- Drag polar for baseline configuration.

Figure 4.~ Photographs of models used in leading-edge deflection studies.
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(a) BASIC METHOD (b) POLAR ENVELOPE METHOD

Figure 5.- Illustration of leading-edge suction determination.
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Figure 6.- s versus C; for baseline configuration with uniformly
deflected lead%ng edge. (Polar envelope method.)
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Figure 7.- Leading-edge deflection schedule for concepts studied.
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Figure 14.,~ Influence of Ry on leading-edge pressure distribution.
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Figure 15.- Summary of NASA-LRC future subsonic research effort.
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