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Abstract

A subsonic wind-tunnel investigation of the

application of vortex flaps to a supersonic inter-

ceptor configuration is described. Experimental
results are presented which indicate the aerody-
namic effects of vortex-flap deflection, trailing-
edge flap deflection, vortex flap chord and span,
vertical stabilizers, and a highly cambered
leading edge designed for attached flow. Data
presented include longitudinal forces and moments,

upper-surface pressure distributions, and oil- and

smoke-flow visualization photographs. It is
concluded that a full-span deployable vortex flap
can provide a substantial performance improvement
for this and other similar configurations,

Symbols
¢ mean aerodynamic chord
g D
c drag coefficient (——e—)
D Y Sref
CL 1ift coefficient —-—%3———)
o “pef
. . - M
C itching moment coefficient (——e—=
- P 9 (’qw Sor =)
C upper surface pressure coefficient
Py Pe ~ Pa
U
%
Cp wing root chord
D drag force
L 1ift force
M pitching moment (positive nose up)
M, freestream Mach number
psu upper surface static pressure
Po freestream total pressure
P, freestream static pressure

q, freestream dynamic pressure

Rl’ R2 primary and secondary reattachment

ReC freestream Reynolds number based on €

Sref wing reference area

Sl’ S2 primary and secondary separation

v, freestream velocity
Tongitudinal coordinate in body-axis
system, measured from leading edge of
wing root chord (inches, positive aft)

a model angle of attack (deg)

Y ratio of specific heats for air

5BF body flap deflection (deg, positive
trailing edge down)

Sey elevon deflection (deg, positive
trailing edge down)

GVF vortex flap deflection (deg, positive
leading edge down)

v freestream kinematic viscosity

Introduction

Aircraft wings that are highly swept for
efficiency at supersonic cruising speeds develop
leading-edge separation and upper surface vortex
flow at higher angles of attack (e.g., takeoff/
landing and maneuvering). These vortices create
substantial increases in the 1ifting force
generated by the wing, but at the expense of
increased drag, due to the loss of leading-edge
suction caused by the separation. The Polhamus
suction analogyl demonstrates the relationship
between the loss in leading-edge suction and the
gain in 1ift for sharp leading edges. More recent
studies explore the inf]uencss on this relation-
ship of rounded leading edges® and Reynolds numbers.
For flight conditions requiring high 1ift, this
trade of leading-edge thrust for increased 1ift is
beneficial; however, for maneuvers requiring the
maximum available engine thrust, minimizing drag
by maintaining attached flow, and thus leading-edge

1276



thrust, can be desirable. Unfortunately,
experience has shown that maintaining attached
leading-edge flow at high sweep angles can be
extremely difficult, or impossible. Lamar, et al,
found, in the course of an investigation®™ aimed at
optimizing a cambered leading-edge vortex design,
that high levels of leading-edge thrust could be
obtained with stabilized leading-edge vortices
acting on a suitably cambered leading edge and
that this thrust effect could be approximated by

a simple deflected leading-edge surface. The
"vortex flap* concept, described in reference 5,
evolyed from this finding,

The vortex flap, illustrated in figure 1, is
a hinged leading-edge control surface, suitably
sized and deflected to generate a vortex whose
reattachment line lies on, or near, the hinge.
This not only recovers part of the thrust loss
due to the leading-edge separation by having the
low-pressure region bBeneath the vertex act upon a
forward facing surface, but also promotes flow
attachment over the remainder of the wing.

Recent studies 6’10, explore the performance
potential and design optimization for vortex flaps
applied to basic wing planforms, Research is also
underway to eyaluate the application of vortex
flaps to both current and future aircraft configu~
rations. This paper presents results from a wind-
tunnel test of vortex flaps applied to an advanced
supersonic interceptor configuration,

Wind-Tunnel Model and Test Conditions

This investigation was conducted in the NASA
Langley Research Center 7- by 10<Foot High-Speed
Tunnel. The tests were conducted at M _= 0.3

(ReE = 6.6 X 106) with a few checks for Mach
number effects at M_= 0.6 (Rea = 10.5 x 106).

Balance load limits restricted the model angle of
attack to about 240 at M_= 0.3 and 120 at
M_ = 0.6.

The baseline model, a supersonic int Iceptor
designed for efficient cruise at Mach 3.0i , is
shown installed in the wind tunnel in figure 2(a).
The wing leading edge (cruise design) detaches and
is replaceable with a leading edge designed to
maintain attached flow at typical maneuvering
angles of attack. The vertical stabilizers,
nacelles, and outboard wingtips alse detach. The
elevons and body flap can be set at various
deflection combinations of 00, 59, 100, and 20°.
The model has 85 static pressure ports, arranged
on both upper and Tower surfaces in six spanwise
rows, as shown in figure 2(b).

The vortex flaps used in this investigation,
shown in figure 2{c), were designed using as a
guide the findings of Raol2 regarding vortex flaps
applied to a 740 delta wing., The flaps are
secured to the wing leading edge by mounting
brackets set to various deflection angles and any
inter-surface gaps are filled with body fill. The
inboard portions of these flaps are instrumented
with 16 static pressure ports arranged in two rows
which line up with the third and fifth rows of
wing pressure ports., Also shown in figure 2{c),
are the baseline planform and the attached flow
leading edge. The cross-section sketch of the
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attached flow design points out its large camber
and sharp leading edge: All pressures were
measured by a precision scanivalve system
contained within the model fuselage. Forces and
moments were measured by a six-component strain
gauge balance also contained within the model
fuselage. Following completion of the force and
pressure testing, oil-flow and smoke-flow photo-
graphs were taken to aid in the interpretation
of features noted in the force and pressure data.

Results and Discussion

This paper presents the influences of vortex
flap deflection, trailing-edge flap deflection,
vortex flap chord and span, the vertical stabili-
zers, and the highly cambered attached-fiow
leading edge. Force and moment coefficients are
presented in the stability axis system and are
referenced to the basic wing planform area, under
the assumption of a deployable leading edge. The
effects of added wing area are presented separately.

Vortex Flap Deflection

Because the intent is to form and confine the
leading-edge vortex to the vortex flap surface
itself, and because vortices grow and move inboard
with increasing angle of attack, it was thought
that the deflection of the vortex flap would have
a pronounced effect upon its performance. A drag
polar showing the effects of vortex flap deflec~
tions of 309, 300/459 (twisted flap), and 45° at
zero trailing-edge flap defiection is presented in
figure 3. Also shown are theoretical boundaries
derived by applying a vortex-lattice codel3 to the
baseline model's planform (no camber included).
The lower drag boundary defines the lift-drag
relationship corresponding to full leading-edge
suction (i.e., attached flow). The higher drag
boundary corresponds to zero leading-edge suction
(i.e., fully separated flow) plus the accompanying
vortex 1ift. Both boundaries include a zero-lift
drag correction of CD = .012. A line is drawn

0
spanning these boundaries at a 1ift coefficient
of 0.5, which is typical of maneuvering flight for
slender wing configurations. The horizontal scale
above defines the percentage of suction achieved

for CL = .5 at various levels of drag.

Figure 3 shows that, beginning at relatively
low levels of 1ift, the drag of the cruise
configuration tends toward the zerc suction/vartex
flow boundary as the 1ift increases and the leading
edge vortices become the dominant influence on the
wing pressures, and, thus, its loading. At
CL = 0.5, only about 7 percent of the theoreti-

cally available Teading-edge suction is obtained.
Adding the basic vortex flap shown in figure 2(c)
results in a substantial increase in the suction
obtained and a corresponding reduction in drag.
The amount of flap deflection, however, had little
influence.

The pressure distributions corresponding to
this set of drag polars and a 1ift coefficient of
approximately 0.5 are shown in figure 4. Here the
upper surface pressures are shown plotted normal
to and measured from the wing and flap upper
surfaces, so that the thrusting effect of moving
the vortex onto the flap becomes apparent. The
Tower surface pressures are not shown because they



consistently show only a typical attached-flow
variation with angle of attack. In figure 4, it
is apparent that the vortex flap has indeed moved
the Teading-edge vortex outboard onto a more
forward facing surface. In fact, over the forward
half of the wing the vortex reattachment line
appears to have been kept on, or very near, the
flap hinge line. Over the aft half of the wing,
the vortex moves progressively from a position
above the flap inboard over the hinge line and
onto the wing surface itself. Note, however, that

at ‘gi = 0,478 and €£ = (0,877 the spanwise

r r
displacement of the vortex is about equal to the
increase in the wing semispan and that, even at
the most aft station, some leading-edge thrust
has been recovered, Figure 4 also shows that the
various vortex-flap deflections had Tittle effect
on the vortex position, although, as one would
expect, the higher flap deflections and resulting
reductions in leading-edge angle of attack did
produce weaker vortices and thus lower suction
levels. This contrasts with data obtained by Rao
at lower deflection angles for a constant chord
vortex flap on a 74° delta wing (presented by
Frink in ref. 10), In that study, increasing
flap deflection CGVF = 09, 109, 209) resulted in

higher levels of suction beneath the vortex, The
suction increase between SVF = 10% and

SVF = 200, howeyer, was less than that between
_n0 _ 3n0
SVF = 0" and GVF = 107,

decrease in suction levels at higher deflection
angles.

suggesting a possible

Drag polars for the baseline configuration
and various vortex flap deflections with the
trailing edge flaps deflected to 20% are shown in
figure 5. Here again, at (IL =05, a substantial

drag improvement above that provided by the
trailing-edge deflection is evident, although
the increment is smaller than that obtained with
no trailing-edge flap deflection (fig. 3). The
influence of vortex flap deflection is-again
small. The best flap deflection tested was the
smallest, & = 30%. Figure 6 presents these

same results in terms of lift-to-drag ratio
versus 1ift coefficient. The full-suction and
zero-suction boundaries shown on this and
subsequent similar figures are those predicted
for the baseline supersonic camber configuration
and GBF = 6EV = 00 by the vortex-lattice

method and include the zero-1ift drag correction.
At 1ift coefficients above 0.35, the vortex flaps
produce an increase in performance. At a lift

coefficient CL = 0.5, the vortex flaps increase

the realized L/D increment due to leading-edge
thrust recovery from 26 percent te as much as
44 percent of that theoretically possible.

These performance resu%ts are similar to
those obtained by Marchman™ for vortex flaps
applied to a 750 swept delta wing. In that case,
compared to the L/D increment obtained by adding
a vortex flap, the difference in performance
between a 30° vortex flap deflection and a 40°
deflection was small, and for €, =0.5, the 40°

deflection appeared to be optimal.
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Because most of the yortex flap surface area
1ies forward of the baseline configurations aere-
dynamic center, the fiap has a destabilizing
effect, as demonstrated by the pitchina moment
data in figure 7. This effect is consistent with
that of added forward area in attached flow. The
higher yortex flap deflections appear to both
moderate somewhat and delay to higher 1ift levels
the pitchup due to leading-edge yortex formation.

Trailing-Edge Flap Deflection

The influence of trailing-edge flap deflection
on the drag polar of the basic 450 vortex flap is
shown in figure 8. The filled symbols cosrespond
to a constant angle of attack of about 137, and
show that, fop a constant vortex flap deflection,
increasing trailing-edge flap deflection results
in greater 1ift, greater drag, and a net increase
in performance. At CL = 0.5, equal and

increasing deflection of both the body flap (6BF)
and elevon (SEV) consistently increased the level

of leading-edge thrust recovered. Note, however,
that for &y = 200, the amount of elevon

deflection (10° or 200) had little effect on
performance, although &g = 200 did provide some

performance improvement at higher 1ift Tevels.

Upper surface pressure distributions for the
various trailing-edge flap deflections and
a = 13% are shown in figure 9 and indicate that
the influence of trailing-edge deflection is
confined to the aft quarter of the wing root
chord. Over that portion of the vortex flap,
increasing trailing edge deflection appears to
have had no effect on the size or spanwise
location of the leading-edge vortex. It did,
however, result in somewhat increased levels of
suction beneath the vortex, which in turn
contributed to the improved performance. it is
conjectured that the increased suction beneath
the vortex is due to an increase in vortex
strength, which, in turn, is brought about by the
increased circulation (caused by trailing-edge
deflection) and the consequently higher leading-
edge upwash.

The effects of trailing-edge flap deflections
on pitching moment are presented in figure 10 and
show that the trailing-edge flaps remain effec-
tive in generating pitching moment for trim at
1ift coefficients greater than those required for
maneuver. The destabilizing effect of the vortex
flap is not influenced and the pitchup due to
leading-edge vortex formation occurs in all vortex
flap cases at o = 9.4, though the corresponding
1ift coefficient is, or course, higher with
increased trailing-edge deflection.

In summary, the trailing-edge flap was found
to have little influence onm the force and .moment
effects of the leading-edge vortex. These results
are in agreement with those obtained by Marchman
and Grantz for trailing-edge flaps_deflected on
a 750 delta wing with vortex flaps’.

Yortex Flap Chord and Span

In an attempt to increase the extent of vortex

flap traversed by the vortex core, various

extensions of the yortex flap chord and span were



tested. The resulting drag polars are shown in
figure 11, and the corresponding pressures in
figure 12, The pressure data (fig. 12) are for a
higher angle of attack (~17.59) and 1ift coeffi-
cient (~,75) than those shown previously, because
the effects of flap geometry on the pressures are
more easily seen, Increasing the chord of the
basic vortex flap (fig. 2{c)) did result in some
drag improvement by moving the vortex outward onto
a more forward-facing surface. This effect is
evident in the pressures along the entire length
of the flap, but its majer influence on drag
occurs at the aft end. As before, the outboard
displacement of the vortex core appears to be
roughly equivalent to the increase in semispan.

A much more substantial drag reduction at
maneuver-typical 1ift coefficients was obtained
by extending the wide-chord vortex flap to full
span (fig. 2(c)). At the 1ift coefficient
CL = 0.5, the fraction of leading-edge suction

recovered increased to 80 percent (fig. 11).
Pressure data, shown in figure 12, indicate a
slight increase in strength and outboard displace
ment of the vortex at the aft row of orifices,
but not enough to account for much of the drag
effect apparent in figure 11. To help understand
these effects, oil-flow photographs of the
extended chord, full-span configuration are shown
in figure 13. Three distinct vortices are
apparent. The largest is shed from the inboard
portion of the vortex flap and rolls up, first
completely over the vortex flap and then, toward
the trailing edge, over the wing"s upper surface.
The attachment line for this vortex appears to
cross the hinoe line from the vortex flap onto the

wing upper surface between gi~ = 0.478 and
é% = 0.583, in agreement with the pressure data.

A second, much smaller vortex, is shed from the
hinge line of the outer vortex flap beginning at
the break in hinge-line sweep (which also coin-
cides approximately with the vertical stabilizer
apex), and rolls up over the outboard wingtip. A
third vortex forms over the outboard vortex flap,
beginning at the junction with the inboard vortex
flap. This vortex and the attached flow behind
it, acting on the outboard wortex flap, with its
reduced sweep angle, provides a substantial amount
of thrust recovery. Figure 14 presents the
influences of vortex flap chord and span in terms
of L/D vs CL. Employing the wide chord vortex

flap over the full span increased the L/D
improvement due to thrust recovery from 26 percent
to 69 percent at the 1ift coefficient CL = 0.5.

A further benefit of adding the outboard
vortex flap surface is evident in the pitching
moment characteristics, shown in figure 15. The
destabilizing effect of adding the basic vortex
flap to the baseline configuration is increased
slightly, asone would expect, by the increase in
vortex flap chord. Addition to the vortex flap
spah, because it falls behind the configuration's
aerodynamic center, has a stabilizing effect,
giving the configuration a small static margin,
Thus, it appears that a careful selection of
vortex flap chord and deflection applied over the
full span of the configuration could provide a
substantial improvement in trimmed flight
performance.

Vertical Stabiligzers

Flow visualization (fig. 13) indicated that,
at 1ift levels typical of maneuver, the primary
leading-edge vortex traversed the aft portion of
the wing inboard of the vertical stabilizer, with
another, smaller vortex forming on the wingtip
outboard of the vertical stabilizer. This was
true for the baseline configuration and both part-

span and full-span vortex flaps, and suggested
that some 1ift improvement might be obtained by
removing the vertical stabilizers, thereby
encouraging the main vortex to spread ‘outboard
over more of the span on the aft wing., Figure 16
shows the drag effects of removing the vertical
stabilizers from the wide-chord, full-span,
vortex~flap configuration. For CL < 0.8, both

1ift and drag were reduced, for a slight perfor-
mance improvement. However, for CL > 0.8 {not

shown), both the 1ift and the drag increased.

The corresponding effects on pitching moment are
shown in figure 17 and indicate that without the
stabilizer a nose-down deviation develops between
€, 0.6 (a=.14°) and C, = 0.9 (a =199). This

deviation does not occur with the stabilizer in
place. For C < 0.8 {o. = 17.50), removing the

stabilizer caused a nose-up pitching-moment
increment; however, for CL > 0.8, removal caused

a nose-down pitching moment increment. Upper-
surface pressure distributions at the aft two
orifice stations are shown in figure 18 for

o =12,99 and o = 17.7°. These data indicate
that the nose-down pitching moment deviation

between CL = 0.6 and CL = 0.9 occurs as the

leading-edge vortex on the aft part of the wing
moves from the vortex-flap surface onto the wing
upper surface. They also show that even at the
aft orifice row, which is just ahead of the
vertical stabilizer apex, the pressure distri-
bution is affected very little, so that the nose-
down pitching moment deviation is due primarily
to flow changes aft of that station.

0i1-flow visualization of the surface stream-
lines, shown in figure 19, suggest an expianation
of these flow changes. Marked on the photographs
are the approximate locations of the primary
vortex reattachment 1ine and secondary separation
line (see inset sketch). At o = .12.92 (left side
of figure), the main vortex reattachment line lies
near the flap hinge 1line; i.e., the vortex is
located over the flap. The vortex turns upward
and streamwise at the sweep break, crossing the
outboard vortex flap hinge just outboard of the
stabilizer, and trails downstream between the
outboard surface of the stabilizer and the upper
surface of the wingtip. This suggests that
removing the stabilizer allows the vortex to shift
upward, away from the wingtip, thereby reducing
the 1ift and causing a nose-up pitching moment
increment. At o = 16.59 (richt side of figure 19}
the main vortex trails downstream inboard of the
vertical stabilizer. The substantial upward flow
visible on the inboard surface of the stabilizer
is caused by impingement of the vortex. This
suggests that, for CL > 0.8, removing the

stabilizer allows the vortex to move downward,
closer to the wingtip, thereby increasing the 1ift
and causing a nose~-down pitching moment increment.
The vertical stabilizer thus appears to moderate
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the 1ift, drag, and pitching moment transients
caused by the inboard movement of the vortex with
increasing angle of attack. Further research will
be required to determine the effects of the
inboard sweep of the vortex on the lateral-direc-
tional stability and control.

Attached Flow Leading Edge

An attached flow, highly cambered, leading
edge (see fig. 2c¢) was designed using ]eading—edge
upwash data from an attached flow panel code 4,
The intent was to maintain attached flow over the
cambered leading edge and onto the wing surface
up to a maneuver angle of attack of 109. The drag
polar for this configuration with a trailing-edge
flap defleciton of 209 is shown in figure 20.

Also shown for comparison are data for the super-
sonic leading edge and the wide-chord, full-span,
vortex flap. At all angles of attack, the
attached flow leading edge produced lower 1ift and
Tower drag than the baseline (supersonic) leading
edge, but the two drag polars are practically
identical. For CL < 0.5, the drag at constant

1ift is slightly higher for the cambered leading
edge. For CL > 0.5, the drag is slightly lower

for the cambered leading edge. The divergence
in the two polars at the right edge of the figure
(CD== 0.14) coincides with a momentary nose-down

excursion in the pitching moment data, which is
presented in figure 21. Upper-surface pressure
distributions for the attached-flow leading edge
configuration are compared in figure 22 with those
for the supersonic leading edge and the wide-chord
full-span, vortex flap at cLz 0.5 and CL.z 0.7,

which bracket this drag and pitching mement
anomaly. The pressure data indicate that the
anomaly is caused by the farmation of a vortex on
the aft portion of the wing over this range of
1ift coefficient. The pressure data also indicate
that at CL_== 0.5 the attached-flow leading edge

(o #12.59)  does, indeed, maintain attached flow
over the upper surface, with the possible exception
of a minor pressure peak at the aft station at
about 60 percent of the semispan, 0il-flow and
smoke-flow tracings of the upper-surface flow
patterns at o= 69, 89, and 120, which are
presented n figure 23, support this interpretas
tion. At o= 60 (,CLx 0.3), the oil flow and

smoke flow both indicate fully-attached flow.
The inboard edge of the bright smoke region
appears to coincide with the spanwise point

(~ 70%) along 55- = 0,723 at which the spanwise

component of the local surface-flow velocity
changes sign. At o = 80 (CLz 0.4), both o0il and

smoke flows indicate that the flow over the
cambered leading edge is attached. The flow,
however, does separate just inboard of the "knee"
of the upper surface (line S, in the figure) and

reattaches at Rl’ forming a weak vortex that is

responsible for the minor pressure peak noted in
figure 22. This yortex is similar to one

observed in reference 15, wherein tailored leading-
edge droop was used to maintain attached flow on
the upper surface of a configuration guite similar
to the present model. That vortex was attributed
to a fairly sharp corner introduced near the wing-
tip by the rather high leading-edge deflection.

As the angle of attack increases, the primary

separation S1 moves eutboard over the cambered
leading edge. At o= 120, Sy has reached the

leading edge and the wain vortex, which is now
closer to the leading edge, begins to gain in
strength as o increases, creating the much

stronger pressure peak evident in figure 22 at
CL = 0,7, Initially, this stronger vortex forms

over the aft portion of the wing, producing the
nose-down pitching moment divergence evident at

CL 2~ 0.6. However, small increases in angle of

attack move the more forward portions of the
primary separation line (Sl) progressively out-

board so that by CL = 0,7 the entire leading

edge is separated, and the normal pitchup with
increasing angle of attack (and resultant vortex
strength) takes over. A secondary separation (52)

and reattachment (Rz) are also visible in the oil
flows (fig. 23) at a ~12°.

It is noteworthy that, although the cambered
leading edge functioned as intended by maintaining
attached flow onto the upper surface to an angle of
attack greater than 129, jts performance, as
indicated by the drag polar, is essentially the
same as that of the supersonic leading edge. This
is because the influence of the additional leading
edge thrust recovered at any given angle of attack
was nullified by the higher angle of attack
necessary to obtain a given amount of 1ift.
finding emphasizes the performance advantage
provided by the deployable vortex flap.

This

Planform Area Correction

The substantial performance improvement
provided by the wide-chord, full-span, vortex flap
(fig. 20), as compared to the supersonic leading
edge and the attached flow leading edge, is, in
fact, due to both a greater aerodynamic efficiency
and an increase in planform area. The latter
factor allowed maintaining constant 1ift at a
constant angle of attack while simultaneously
recovering leading-edge thrust, and is integral to
the concept of a deployable vortex flap. However,
to indicate how much of the performance improvement
is attributable to aerodynamics, L/D vs CL for

the three configurations is presented in figure 24,
with and without correction for planform area
changes, Without the area correction (fig. 24(a)),
adding the vortex f]ag to the cruise configuration
(with Sgp = Sgy = 20 } increases the L/D at

CL = 0.5 from 5,0 to 6.5. This L/D increase

of 1.5 s equivalent to an increase from 26 percent
to 69 percent in the fraction of the zero-suction
to full-suction L/D 1increment that is obtained.
With the area correction (fig. 24(b)), the corres-
pending L/D increase is from 5.0 to 5.6 which is
eguivalent to an increase from 26 percent to

45 percent in the fraction of the zero-suction to
full-suction L/D increment that is obtained. As
noted before, this purely aerodynamic effect is
due primarily to the relatively unswept outer
panel of the vortex flap.
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Conclusions

For this and other similar configurations,
properly sized and deflected vortex flaps, in
combination with suitable trailing edgedefiéctions,
provide a flexible and powerful aerodynamic tool
for improving vehicle performance in maneuvering
flight.

At 1ift levels typical of maneuvering flight,
the addition of a vortex flap provides significant
improvement in the level of leading-edge suction
by shifting the leading-edge vortex outboard onto
a forward-facing surface. Combined vortex flap
deflection and trailing-edge flap deflection
provides better performance than deflection of
either surface alone.

The level of leading-edge suction obtained
with the basic vortex flap shows only a slight
sensitivity to vortex flap deflection angle. The
sensitivity is somewhat increased by trailing-edge
flap deflection.

The deflection angle of the basic vortex
flap has no apparent effect on the longitudinal
instability caused by the vortex flap, but higher
deflections do moderate the pitchup which occurs
as the vortex moves from the vortex flap onto the
wing.

Increased trailing-edge flap defliection
improves the performance of the basic vortex flap.
That improvement is due to strengthening (as
opposed to growth or displacement) of the leading-
edge vortex acting on the vortex flap.

Trailing-edge flap deflection has no
apparent effects on stability and generated moments
adequate for trim throughout the 1ift range tested.
Trim effects are consistent with those typical of
attached flow.

Some performance improvement is obtained by
increasing the chord of the basic vortex flap. A
much larger improvement (allowing 80-percent
leading-edge suction recovery) is obtained by
extending the wide-chord vortex flap full span.
This substantial effect is due to the combination
of a small separate vortex and attached flow,
acting on the relatively unswept vortex-flap outer
panel. Extending the vortex flap full span also
restores longitudinal static stability to the
configuration.

The vertical stabilizers moderate the 1ift,
drag, and pitching moment deviations due to vortex
growth and movement from the vortex flap onto the
wing with increasing angle of attack. However,
additional research is required to determine the
effects of the vertical stabilizers on lateral-
directional stability and control.

The leading edge designed for attached flow
at an angle of attack o = 109 does maintain
attached flow on the wing upper surface to an
angle of attack between 69 and 79, where sepa-
ration just inboard of the leading-edge “knee"
results in a weak vortex. Leading-edge separation
and the resulting strong upper-surface vortex flow
is delayed to an angle of attack of about 12°.
Performance of the attached-flow leading edge,
however, is equivalent to that of the baseline
(supersonic) leading edge, apparently because the

influence of the additional leading-edge suction
obtained at a given angle of attack is effectively
nullified by the higher angle of attack necessary
to maintain a given amount of T1ift.

Applying the wide-chord, full-span, vortex
flap to the cruise configuration with SgF = ey

= 200, provides an aerodynamic improvement in
L/D of 0.6 at CL = 0.5. This L/D increment

is equivalent to an increase from 26 percent to
45 percent in the fraction of the the zero-
suction to full-suction L/D increment that is
obtained.
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Figure 13. Wide Chord, Full-Span Vortex Flap Upper Surface Streamlines.
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