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SUMMARY

Spanwise blowing was used to test a generalized wind-tunnel model to
investigate new component concepts in order to provide improved maneuver char-
acteristics for advanced fighter aircraft. Primary emphasis was placed on per-
formance, stability, and control at high angles of attack and subsonic speeds.
The investigation was focused on various methods of controlling and delaying
the leading-edge vortex breakdown and of optimizing component interactions. In
particular, spanwise blowing was used on a 44° swept trapezoidal wing to deter-
mine the effect of leading-edge vortex enhancement on leading- and trailing-
edge flap effectiveness and on horizontal- and vertical-tail effectiveness,
and to assess the concept as a roll control device. In addition, the effect
of spanwise blowing on the canard or wing on close-coupled canard-wing effec-
tiveness was investigated. The aerodynamic performance of spanwise blowing was
compared with other maneuver concepts such as canards and strakes.

Test data were obtained in the Langley high-speed 7- by 10-foot tunnel at
free-stream Mach numbers up to 0.50 for a range of model angles of attack, jet
momentum coefficients, and leading- and trailing-edge flap deflection angles.
Spanwise blowing resulted in significant vortex-induced 1lift increments at the
higher angles of attack with consequent improvement in the drag polar. The
data suggested that blowing was more effective at the higher free-stream Mach
numbers. In addition, the longitudinal aerodynamic performance of spanwise
blowing compared favorably with the performance of a highly swept wing-strake
configuration. Small deflections of a leading-edge flap delayed the more
beneficial effects on 1ift due to blowing to higher angles of attack, but the
data suggested that a forward rotation of the vortex-1ift vector resulted in
leading-edge thrust recovery and, hence, polar improvement. Spanwise blowing
in conjunction with a deflected trailing-edge flap resulted in lift and drag
benefits that exceeded the summation of the effects of each high 1ift device
acting alone. Spanwise blowing on the canard was more effective than spanwise
blowing on the wing of a close-coupled canard-wing configuration. The perfor-
mance of canard blowing compared very well with the performance of canard-wing
configurations featuring a straked canard. Adding a horizontal tail reduced
the 1lift effectiveness of blowing at high angles of attack.

In addition, blowing resulted in stabilizing increments in the effective
dihedral and directional stability parameters of the wing and vertical-tail
configuration and the combination wing, horizontal-tail, and vertical-tail con-
figuration. Also, blowing delayed the unfavorable break in the directional
stability parameter to much higher angles of attack. Furthermore, the signifi-
cant benefits in longitudinal characteristics obtained with spanwise blowing
or a wing strake may be obtained without adverse effects on lateral-directional
stability. Asymmetric blowing was an effective lateral control device at the
higher angles of attack. This device achieved results which compared favorably
with those obtained for a differential-strake configuration. The leading-edge
suction analogy was used for selected configurations and provided reasonable
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estimates for the longitudinal aerodynamic characteristics resulting from
spanwise blowing.

INTRODUCTION

The flow on thin, highly sweptback wings at moderate to high angles of
attack is characterized by a leading-edge separation which forms a stable vor-
tex over the wing and provides significant vortex-induced 1ift increments.

This characteristic of slender wings, of the supersonic cruise type, has been
understood for many years (refs. 1 to 15). For moderately swept higher aspect-
ratio wings suitable for fighter aircraft, however, these vortex-induced 1ift
increments are not achieved because of vortex bursting, or breakdown, at mod-
erate angles of attack. If vortex breakdown could be delayed to higher angles
of attack, the resulting vortex 1ift would significantly improve fighter maneu-
ver performance.

A promising technique for enhancing the leading-edge vortex on moderately
swept wings and effectively delaying vortex breakdown to higher angles of
attack consists of blowing a concentrated jet over the wing's upper surface in
a direction essentially parallel to the wing leading edge; this technique is
illustrated in the flow-visualization photographs in figure 1. References 16
to 31 describe studies which (1) demonstrate the control of separated flow
regions by transverse blowing, (2) apply the spanwise blowing concepts to dif-
ferent types of 1lifting surfaces, and (3) determine the amount of vortex 1lift
achievable on wings typical of current fighter aircraft. These studies should
be extended to evaluate the effects of spanwise blowing on fighter performance,
stability, and control for a variety of aircraft component arrangements.

Accordingly, the investigation described in this paper was conducted using
a 440 swept trapezoidal wing configuration to determine the effects of spanwise
blowing on leading- and trailing-edge flap effectiveness, on horizontal- and
vertical-tail effectiveness, on close-coupled canard-wing interactions, and on
rolling-moment generation, and to compare the aerodynamic performance of span-
wise blowing with other maneuver concepts such as canards and strakes.

The wind-tunnel tests were performed in the Langley high-speed T7- by
10-foot tunnel at free-stream Mach numbers up to 0.50. Six-component force
and moment data were acquired for a range of angles of attack, jet-momentum
coefficients, and leading- and trailing-edge flap deflection angles. Details
of this wind-tunnel investigation have been reported in reference 32. The
present paper presents highlights of that study, including some additional data
analyses, theoretical computations, and comparisons of spanwise blowing with
other maneuver concepts.

SYMBOLS
Physical quantities in this paper are presented in the International System
of Units (SI). Measurements and calculations were made in U.S. Customary Units.

A1l data presented in this report are referred to the stability-axis system as
indicated in figure 2. The location of the moment reference center is shown
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in figure 3(a) at a point 25 percent of the theoretical wing root chord. The
nozzle thrust components have been taken out of the data to obtain the aerody-
namic coefficients defined below:

A aspect ratio, b2/3
b wing span, 54.36 cm
Drag
Cp aerodynamic drag coefficient,
QS
ACp aerodynamic drag increment due to blowing (Cp - Cp, jo) or to adding

a strake (Cp,strake on - CD,strake off)

CD,jo aerodynamic drag coefficient with jet off
CD,o minimum aerodynamic drag coefficient
Lift
CL aerodynamic 1lift ccefficient,
QS
ACr, aerodynamic 1lift increment due to blowing (Cp - Cp, jo) or to adding
a strake (CL strake on = CL,strake off)
CL,ind lift coefficient at zero angle of attack due to jet-induced camber
effect
CL, jo aerodynamic 1lift coefficient with jet off
CL,p potential 1lift coefficient

CL,tot potential 1ift plus vortex 1lift coefficient

CL,vle leading-edge vortex 1lift coefficient
CL,vse side-edge vortex 1ift coefficient
Rolling moment
Cy aerodynamic rolling-moment coefficient,
qSb

aCy

ClB rolling moment due to sideslip, SE_’ per deg
Pitching moment

Cm aerodynamic pitching-moment coefficient,

qSe

1%
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Yawing moment

Cn aerodynamic yawing-moment coefficient, .
A
aCp
CnB yawing moment due to sideslip, SE—, per deg
Side force
Cy aerodynamic side-force coefficient, ————————0—
q.S
BCY
CYB side force due to sideslip, SE-, per deg
Cu jet momentum coefficient, QVj/éqmﬁ
c local wing chord, cm
ce local flap chord, cm
Cth theoretical wing root chord with leading and trailing edges extended
to plane of symmetry, cm
c wing mean geometric chord, cm
d nozzle diameter, cm
g gravitational acceleration, 9.8 m/sec?
h height of nozzle center line above upper surface, cm
ic canard incidence angle with respect to body horizontal line (positive
with leading edge up), deg
M, free-stream Mach number
Po free-stream static pressure, Pa
Pt,p stagnation pressure in settling chamber, Pa
q, free-stream dynamic pressure, Pa
r radius, cm
S wing reference area with leading and trailing edges extended to

plane of symmetry, cm?

Sc exposed canard area, cm?
Sy exposed horizontal-tail area, cm?
St exposed vertical-tail area, cm?
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s leading-edge suction parameter
Tt,p average stagnation temperature in settling chamber, ©R

Vj jet velocity reached by isentropic expansion from stagnation pressure
at nozzle exit to free-stream pressure, m/sec

vV, free-stream velocity

W nozzle air weight flow rate, N/sec

a angle of attack, deg

B angle of sideslip, deg

8y left aileron deflection angle (positive with trailing edge
down), deg

Gr right aileron deflection angle (positive with trailing edge
down), deg

Sze leading-edge flap deflection angle, deg

Ste trailing-edge flap deflection angle, deg

Uk trailing-edge aileron inboard span station

No trailing-edge aileron outboard span station

AZe sweep angle of lifting surface leading edge, deg

An sweep angle of nozzle, deg

DESCRIPTION OF MODEL

Geometric details of the general research model are presented in figure 3;
the canard, wing, horizontal-tail, and vertical-tail arrangements are shewn.
Photographs of the various model configurations installed in the wind tunnel
are shown in figure 4. Table I contains the pertinent geometric parameters
associated with the model.

The untwisted wing on the model in figure 3(a) is shown in detail in
figure 3(b). The wing had a leading-edge sweep angle of UUO and varied linearly
from an NACA 64A006 airfoil section at the wing root (the root of the wing is
taken at the intersection of the fuselage and wing) to an NACA 64A004 airfoil
section at the tip. The full-span leading-edge flaps, which added twist and
camber to the wing when deflected, had a constant chord of 15 percent of the
wing root chord and consisted of five spanwise segments, which are numbered for
convenience. The trailing-edge flaps, which extended from the wing-fuselage
intersection to 70 percent of the wing semispan, had local chords which were
20 percent of the local wing chords.



The canard, horizontal tails, and vertical tail used in this study (see
fig. 3(a)) had neither twist nor camber and consisted of circular-arc airfoil
sections whose thickness varied linearly from 6 percent of the chord at the
root to U4 percent of the chord at the tip. The canard and horizontal tail
were vertically positioned to be in the wing chordal plane; the vertical tail
was located in the plane of symmetry of the model. The canard incidence angle
could be set at 0° or 10°.

The general location and orientation of the spanwise blowing nozzles are
illustrated in figure 3(a) for the various blowing arrangements evaluated in
this investigation. More detailed geometric information is presented in fig-
ures 5 and 6. Two pair of convergent nozzles were used during the tests: one
pair for the LU0 swept trapezoidal wing, and a second pair for the canards.
Each nozzle was made of stainless steel tubing. The inner diameter of the
tubing converged from 0.775 cm for the wing and 0.508 cm for the canard to the
respective exit diameter d shown in figure 5. The nozzles for the 440 swept
trapezoidal wing extended through the fuselage and rested on the upper surface
of the wing at a point approximately 23 percent of the wing root chord aft of
the leading edge. The exit diameters of the right and left nozzles differed
slightly for both pair. (See insert in fig. 5.) The canard nozzles were
smaller than the wing nozzles. This difference reflected the lower blowing
rates needed on the smaller canard surface. The canard nozzle was located at
50-percent canard root chord to enable variation of canard incidence angle
without changing the nozzle location relative to the canard surface. Each
canard nozzle was positioned approximately 2.33 nozzle exit diameters above
the canard surface. As reference 32 explains, the differences in the sweep
angles between the left and right nozzles for the wing and canard have little
effect on the aerodynamic characteristics.

A continuous-flow air system was used to provide the desired dry high
pressure air to each set of convergent nozzles (fig. 6). High pressure air
was delivered through brass tubing which was fed through the sting. The tubing
was coupled to the aft end of a six-component strain-gage balance in the model
by means of a flare fitting. Airflow was routed around the balance and piped
into a single, cylindrical plenum chamber located in the forward section of the
model. Allen head pipe plugs were used to secure the pair of tapped holes that
were not used during a given series of test runs.

APPARATUS, TESTS, AND CORRECTIONS

The present investigation was conducted in the Langley high-speed 7~ by
10-foot tunnel. Six-component force and moment data were recorded by means of
an internally mounted strain-gage balance. High pressure air was routed around
this balance by means of two stainless steel S-shaped tubes 0.635 cm in diam-
eter. This air-balance system is unique because the high pressure air delivery
system is combined with the balance assembly so that the balance sensitivities
are essentially independent of air pressure. The stagnation pressure in the
plenum chamber was monitored and recorded by means of a 3.45-MPa pressure



transducer located within the model. A pressure probe and an iron-constantan
thermocouple were used to monitor the plenum chamber total pressure and total
temperature, respectively.

Nozzle air weight flow rate was determined by means of a venturi flowmeter
located outside of the tunnel. The temperature and absolute pressure at the
flowmeter inlet were monitored. Also monitored was the differential pressure
across the throat, from which an air weight flow rate was determined.

The jet momentum coefficient Cy 1is defined as QV-/éqmﬁ where w is
the measured air weight flow rate. The parameter Vj is the jet velocity
reached by isentropic expansion from the stagnation pressure at the nozzle exit
to free-stream static pressure. Taking the ratio of specific heats for air to
be 1.4 yields

V.j = 109.6 \/Tt’p[] = (pm/ptyp)2/7:| v

This expression is identical to the one used for V; in reference 23. Since
the jet momentum coefficient varied slightly during a given test run, an aver-
age jet momentum coefficient was computed. For convenience, this term is
designated Cy and is used to identify the data. The Cu values for each
data point are presented in reference 32.

Each nozzle arrangement was statically calibrated in the tunnel with all
lifting surfaces removed to obtain six-component force and moment data as a
function of plenum total pressure. Details of all the calibrations are pre-
sented in reference 32 with additional measurements that show the total pres-
sure at the nozzle exit to be essentially equal to the plenum total pressure
for a wide range of plenum total pressure.

Tests were made at free-stream Mach numbers up to 0.50 for a free-stream
Reynolds number of 2.48 x 106 based on wing mean aerodynamic chord at angles of
attack from approximately -2° to 20° at sideslip angles of 09, 4O, and -4°. The
model angle of attack and sideslip angle were corrected for deflections of the
balance and sting support system due to aerodynamic load. Fuselage base-cavity
pressures were measured during the test, and the drag coefficients were cor-
rected to a zero base-drag condition. Jet boundary and blockage corrections
were evaluated by the method of reference 33 and were found to be negligible.
Therefore, they were not applied to the data.

RESULTS AND DISCUSSION

The experimental data obtained during the wind-tunnel tests are presented
in tabalated form in reference 32. The nozzle thrust components have been
taken out of these data to obtain the aerodynamic coefficients that are pre-
sented in the following discussion.

i
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440 Swyept Trapezoidal Wing

Flaps undeflected.- The effect of spanwise blowing on the longitudinal
aerodynamic characteristics of the UUO swept trapezoidal wing configuration is
presented in figures 7 and 8 for M_ = 0.30 and 0.50, respectively. The dif-
ferences between the C; values for these two free-stream Mach numbers are due
to the differences in free-stream dynamic pressure. The data indicate that
blowing results in vortex lift, increases the maximum C; as well as the angle
of attack where this maximum Cj occurs, improves the drag polars at high (i,
and provides a linear pitching moment throughout the C; range. Since the
stability level is unchanged with blowing, the wing center-of-pressure location
remains approximately the same with and without blowing. These experimental
trends can be better understood if they are compared with theoretical predic-
tions which assume a stable, fully developed leading-edge vortex flow. The
theoretical calculations presented here were obtained for zero leading-edge
suction by using the leading-edge suction analogy method outlined in refer-
ence 34. The solid line represents attached, potential flow calculations,
whereas the curve with long and short dashes represents the calculations for
the full naturally generated vortex flow condition. It should be kept in mind
that this theory does not account for the level of blowing but represents the
full vortex-1lift increments that would be expected if the fully developed vor-
tex flow were generated and no vortex breakdown occurred. Comparing the 1ift
data for Cy = 0 with the lift estimates indicates that the wing develops some
vortex 1lift, although the leading-edge vortex appears to break down at rela-
tively low angles of attack. Spanwise blowing provides favorable spanwise flow
gradients that delay the vortex breakdown to higher angles of attack; as a
result, there are significant increases 1n vortex-induced 1ift increments. The
lift data obtained at the highest Cu value agree reasonably well throughout
the angle-of-attack range with the full vortex-1ift estimate. The data sug-
gest that with increased levels of blowing, the 1lift data would exceed the full
vortex-1lift estimate. This result has also been pointed out in reference 23.

At o = 09, where there is no leading-edge vortex, a small increase in Cy,,
defined as Cp,_jnq: occurs when spanwise blowing is applied. This trend has
been attributed in references 22 and 26 to a jet-induced camber effect. The
theoretical estimate for full vortex 1lift was modified to account for this jet-
induced effect by adding the Cj jn,q value achieved at the highest Cj to the
full vortex-1ift estimates. The resulting calculation (short-dash curve) is
in better agreement with experiment at the low-to-moderate angles of attack.

Comparison between the theoretical and experimental drag-due-to-1ift infor-
mation shows that, for the potential flow case with the leading-edge suction
omitted, Csz tan o overestimates the experimental drag due to 1ift obtained
for the blowing-off condition (Cu = 0) up to the higher C;, values. Because
the wing has a leading-edge radius, it develops some leading-edge suction force.
Comparison with the full suction lower bound CLZ/hA indicates, however, that
the suction diminishes rapidly with increasing Cp,. Since partial leading-edge
suction 1s being developed, the drag is dependent on both C; and «. There-
fore, there is improvement in the drag polar due to spanwise blowing. Reducing
o for a given C, also results in a drag reduction. The difference in the
theoretical values for Cp , tan @ and Cp tot tan @ illustrates this trend.



The effect of C;; and M, on the 1lift augmentation ratio ACL/Cu and on
the lift effectlveness of blow1ng CL/CL jo at an angle of attack of approxi-
mately 21° is presented in figure 9. The “value AC;, 1is defined as the differ-
ence between jet-on Cp, values and jet-off Cj values (CL o) Spanwise blow-
ing exceeds the effect of vectoring the thrust downward and perpendlcular to the
free stream. This vectoring would result in a 1ift augmentation ratio of 1
(long-dashed line). In fact, the highest augmentation ratios occur at the low-
est Cy values. In addition, the 1lift effectiveness of blowing increases
as CU increases and approaches the theoretical values given by CL tot/CL
(solid lines and those with long and short dashes) at the higher values of 8

For the limited range of jet-momentum coefficient available for compari-
son, spanwise blowing is more effective in generating 1ift at the higher free-
stream Mach number (Moo = 0.50). Similar results were reported in reference 25
for a semispan, cambered wing configuration with body and horizontal tail,
where blowing at M_ = 0.75 was found to be more effective than at M_ = 0.30.

Figure 10 illustrates the effect of C, and C on the aerodynamic drag
reduction ratio ACp/C, for M_ = 0.30 and 0.50, where ACp is the difference
between jet-on Cp values and Jet—off CD values (Cp, i0). At low values of
lift, spanwise blowing results in a drag increase, while at the higher values
of 1lift, blowing results in a significant reduction in drag. 1In fact, at the
highest values of Cj, spanwise blowing becomes more effective than vectoring
the thrust aft and parallel to the free stream, which would result in a drag
reduction ratio of 1 (short-dashed curve). As mentioned earlier, the drag
reduction is associated with the reduced angle of attack required for a given
Cr, which, for cases where the leading-edge suction is not developed, results
in a drag reduction.

Figure 11 illustrates a comparison of the longitudinal aerodynamic per-
formance of spanwise blowing at M_ = 0.30 (see fig. 7) with another maneuver
concept, a sharp, highly swept wing strake. Data for the wing-strake configu-
ration are taken from reference 35 and were obtained at M = 0.40. The authors
used the same wing planform, but the fuselage had a different cross-sectional
shape and a smaller cross-sectional area than the fuselage used in the present
study. The aerodynamic coefficients are based on the respective reference char-
acteristics from each investigation. Pitching moments are taken about the
moment reference center used in the present study. The strake-off data from
reference 35 are shown for reference.

Spanwise blowing and a wing strake result in comparable 1ift and drag
benefits at the moderate to high angles of attack. The benefits are due to
leading-edge vortex enhancement on the main wing panel. At the higher blowing
rate (G, = 0.128), the benefits exceed those of the strake, except at the
higher angles of attack where the performances of spanwise blowing and a
strake are nearly coincident. These comparisons, however, must be viewed in
light of the dependence of spanwise blowing on available bleed air on existing
airplanes. One benefit of the spanwise blowing and wing-strake concepts is,
of course, that higher lifts (or load factors) can be provided without the
wing weight penalty which would be associated with the larger wing area

’,A,.\
_ Rt N |



required to accomplish the same improvement. In the case of spanwise blowing,
however, the reduced wing weight must be weighed against other considerations

such as ducting or air source.

Pitching-moment characteristics with spanwise blowing or a wing strake are
reasonably linear throughout the test 1ift coefficient range. Adding a strake
results in a lower stability level because of the additional 1lifting area ahead
of the moment reference center. Note that the configuration with Cu =0
(from ref. 35) has a different stability level than that obtained for the

current configuration. (See fig. 7.)

Leading-edge flap deflection.- The effects of spanwise blowing on the
longitudinal aerodynamic characteristics of the 44° swept trapezoidal wing con-
figuration are presented in figures 12 to 19 for a range of leading-edge flap
deflection angles for M_=@ 0.30 and &4, = 09. The §;, = 4° and 8° data
are presented in figures 12 and 13, respectively, together with theoretical
calculations which account for the effect of leading-edge vortex flows on cam-
bered and twisted wing aerodynamics as outlined in reference 34. The experi-
mental results obtained with spanwise blowing in conjunction with a deflected
leading-edge flap are similar to results obtained for the 5Ze o 0° case.

One of the assumptions in the theoretical method from reference 34 is that
the vortex-1lift vector is rotated so that it is normal to the leading-edge flap
chord; thus, unlike the case for the uncambered wing, the theoretical drag
polar cannot be defined by the simple relation Cp = Cp, _tot tan &. Therefore,
no theoretical drag curve is presented to account for L,ind effects.

This assumption appears to be justified by the agreement with experiment.
The vortex-induced 1lift and drag benefits due to spanwise blowing at the high-
est C are predicted very well by the theory which assumes full vortex 1lift
and zero leading-edge suction (curves with long and short dashes in figs. 12
and 13).

References 22 and 26 indicate that jet spreading and leading-edge vortex
instability occur as span distance increases, and that the jet has the largest
effect on stabilizing the leading-edge vortex at inboard stations. These
studies provided the basis for testing a configuration with a modified leading
edge featuring differential deflections of a segmented leading-edge flap, and
data for this configuration are presented in figure 14. At the inboard sta-
tions where the jet is most effective, the leading-edge flap segments I and II
were undeflected. As span distances increased, leading-edge flap segments III,
IV, and V were deflected to 49, 80, and 129, respectively. In this manner,
stabilizing the leading-edge vortex inboard was attempted as was maintaining
attached flow near the leading edge farther outboard. The data for this con-
figuration are similar to the &§;o = 8° case; this similarity is also seen in
figure 15 which summarizes the effects of C; and §;, on ACL/C, and
CL/CL,jo for an o of approximately 20°. Deflecting the leading-edge flap
downward reduces ACp/C, and CL/CL, jo throughout the Cj range. This
deflection is consistent with the leading-edge suction analogy, where the
leading-edge flap deflection moves the stagnation point closer to the leading
edge and reduces the available edge suction. It should be noted that the 1lift
effectiveness of blowing for each of three 51e values approaches or exceeds

10



theoretical estimates given by Cp tot/CrL,p (solid lines, lines with short
dashes, and lines with long and short dashes) at the higher Cu values.

Figure 16 presents the effect of Cj and Cu on the percent leading-edge
suction developed by the wing for a range of leading-edge flap deflection
angles. The leading-edge suction parameter s, as presented here, simply
represents the location of the experimental drag data in relation to the zero
and full leading-edge suction boundaries shown in figures 7, 12, and 13.
Although the full leading-edge suction boundaries defined by CL /nA remain
the same for all cases, the zero leading-edge suction boundary is raised as
leading-edge flap deflection angle increases because of the improved lift-curve
slope exhibited by the twisted and cambered wing.

Deflecting the leading-edge flap downward (blowing off) results in a higher
percentage of suction at the higher 1lift coefficients than was obtained for the
basic wing (8;¢ = 0°). The percent suction decreases to 0 at the higher values
of €, with the onset of flow separation at the leading edge. Spanwise blowing
results in leading-edge suction percentages that exceed those obtained for the
blowing-off case at the moderate to high lift coefficients. In addition, the
percent suction developed by the wing (blowing on) is essentially unaffected
by small deflections of the leading-edge flap.

Figures 17 and 18 are summary plots for the blowing-off and blowing-on
cases, respectively. These figures show the effect of leading-edge flap deflec-
tion angle on the longitudinal aerodynamic characteristics for M_ = 0.30. 1In
both figures the data indicate a slight decrease in 1lift at the low to moderate
angles of attack because of deflection of the leading-edge flap. At the higher
angles of attack, with blowing off, the deflected leading-edge flap tends to
maintain attached flow near the leading edge, as evidenced by a delay in wing
stall. With blowing on, the reduction in 1lift coefficients due to the deflected
flap becomes negligible at the highest angle of attack.

Drag-due-to-1lift characteristics obtained for the &3, = 0° case are
improved by deflecting the leading-edge flap downward. The lowest drag-due-to-
lift values for blowing off or blowing on correspond to the §&;, @ 8° configu-
ration. The data suggest that the jet-induced vortex system on the cambered
leading edge results in a polar with reduced drag at a given lift coefficient;
this trend is most important from a sustained maneuver standpoint.

The effects of leading-edge flap deflection on the 1lift and drag increments
caused by spanwise blowing are shown in figure 19 for M_ = 0.30. Additional
data are presented for 1lift and drag increments resulting from the addition of
a strake to the same wing planform (ref. 36). As previously discussed, these
strake results were obtained at M_ = 0.4 by using the smaller fuselage. The
lift and drag coefficients are based on the respective wing reference areas
from each investigation.

The favorable 1ift increments due to blowing which occur for the &3¢ = 0°
case are reduced at the moderate to high angles of attack when the leading-edge
flap is deflected. This reduction in 1lift is directly reflected in a reduction
in the favorable drag benefits due to blowing. The trends discussed here for
1lift and drag increments due to blowing are similar to the trends obtained by

11
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adding a maneuver strake to a plain wing and a flapped wing. It should be
noted that the ACp values for the strake were plotted against the wrong
parameter (@) in figure 9 of reference 36, but were correctly plotted as a

function of Cp, in figure 19.

The results shown in figures 12 to 19 suggest that blowing in combination
with the cambered and twisted leading edge enables recovery of some of the
thrust lost due to separation at the leading edge. Improving the drag polar
by contouring the wing leading edge in combination with spanwise blowing to
improve drag characteristics has been investigated in reference 25. The favor-
able trends thus far observed with spanwise blowing on the moderately swept
trapezoidal wing with deflected leading-edge flap are analogous to those
observed in reference 37 for a highly swept delta wing with cambered leading

edge.

Trailing-edge flap deflection.- Figures 20 and 21 illustrate the effect
of spanwise blowing in combination with a partial-span trailing-edge flap
deflected to 10° and 209, respectively, on the longitudinal aerodynamic char-
acteristics for M_ = 0.30 and &;, = 0°. The blowing-off data for the basic
wing (8;¢ = Stg = 00) are shown for reference. The effect of blowing in con-
junction with a deflected trailing-edge flap is similar to effects observed for
the case with no flap deflection.

The 1lift and drag benefits due to spanwise blowing at the higher Cu in
combination with a deflected trailing-edge flap are more favorable than the
benefits that would be attained by adding the effects of spanwise blowing or
by a deflected flap acting alone (short-dashed curve). This example of aero-
dynamic synergism, discussed in reference 38 for a canard-wing configuration,
may result from an increase in blowing effectiveness owing to the increased
camber near the wing trailing edge in addition to improvement in trailing-edge
flap effectiveness at the higher angles of attack.

Figure 22 shows the effect of Cj and 8ge on ACL/Cy and Cr/Cp i
for o approximately 219, The data reveal that for a given Cu, increased
Ste increases the 1lift augmentation ratio and the lift effectiveness of

blowing.

Leading- and trailing-edge flap deflection.- The longitudinal character-
istics obtained for the case with spanwise blowing in combination with leading-
and trailing-edge flaps deflected to 8% and 109, respectively, are compared in
figure 23 with the data from figure 20. These data were obtained by blowing
on the wing with a trailing-edge flap deflected to 10° (§;, = 0°). The blowing-
off data for the basic wing (83 = Stg = 0°) are shown for reference. The
deflected leading-edge flap delays the more beneficial 1ift effects due to
blowing to higher angles of attack. The best drag-polar shape, however, was
obtained when both flaps were deflected; this observation suggests that span-
wise blowing on an advanced fighter configuration employing the variable-camber
concept may offer substantial improvement in maneuver performance.

Asymmetric spanwise blowing.- In order to evaluate asymmetric blowing as
a roll control device, blowing was initiated on the right wing of the 440 swept

12



trapezoidal wing configuration for M_ = 0.30 and §j¢ = 8t = 0°. The
corresponding longitudinal aerodynamic characteristices are presented in
reference 32,

The effect of o and C on the lateral-directional characteristics
is shown in figure 24. This figure also shows unpublished data obtained at
the Langley Research Center for a differential-strake configuration (right
strake off) for M, = 0.30. Nozzle thrust effects are included in the coeffi-
cients, and in addition, the signs of the data for the asymmetric strake have
been reversed in order to make a comparison between the two configurations.
The coefficients for the strake data are based on the reference values of
S=10.3cm® and b = 50.8 cm. With blowing off, C; is essentially zero
throughout the test angle-of-attack range. Asymmetric blowing or a differen-
tial wing strake results in small positive values of C; at the low angles
of attack that indicate a right-wing-down moment. At moderate to high angles
of attack, asymmetric blowing or a differential strake results in large nega-
tive values of Cj;. These negative values indicate right-wing-up rolling
moment and adverse yawing moments. The C; value becomes increasingly nega-
tive with increased angle of attack and increased C,. At the lower blowing
rate (Cu = 0.034) and the higher angles of attack, asymmetric blowing results
in C; values that compare quite favorably with those obtained with a differ-
ential strake. Similar levels of yawing moment and side force are generated
with each lateral control device.

The dashed line in figure 24 was obtained by using the theoretical method
of reference 39 to estimate the rolling-moment coefficient due to plain
trailing~edge ailerons. The aileron geometry was assumed to have the follow-
ing characteristies: cg/c = 0.30; ni = 0.75; N = 0.95; &7 = -159; and
8§p = 159, At the higher angles of attack, the effect of asymmetric blowing
exceeds the theoretical rolling-moment coefficient of ~0.0105 caused by the
150 aileron deflection. At o = 20° the aileron deflection required to
achieve the level of rolling moment provided by asymmetric spanwise blowing
would exceed 60°.

Horizontal tail.- The effect of spanwise blowing on the longitudinal char-
acteristics of the configuration with HUOC swept trapezoidal wing and horizontal
tail is presented in figure 25 for M_ = 0.30 as are theoretical calculations
from reference 34 which account for the effect of leading-edge vortex flows on
wing-tail aerodynamics. The discussion of the effects of blowing on the wing
with the horizontal tail off (see fig. 7) applies to the data presented in

figure 25 and the reader is referred to the section entitled "Flaps undeflected"

for a detailed analysis. Comparison of the data with horizontal tail on

(fig. 25) and off (fig. 7) shows that blowing slightly reduces the lift and
nose-down pitching-moment contribution of the horizontal tail, particularly at
the higher values of Cf,.

The effect of adding a horizontal tail on ACp/C, and CL/CL,jo is shown
in figure 26 for Cy =~ 0.060. Blowing on the configuration with wing and hori-
zontal tail is less effective at the moderate to high angles of attack than is
blowing on the wing with tail off.
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Vertical tail.- Figures 27 and 28 illustrate the effect of spanwise blow-
ing on the lateral-directional stability characteristics of a configuration
with wing and vertical tail for M_ = 0.30. With blowing off, unfavorable
breaks occur in the effective dihedral and directional stability parameters,

CZB and CnB’ at moderate angles of attack. Spanwise blowing results in

stabilizing increments in CZB and CnB at the higher angles of attack, with

little or no effect on the lateral-directional stability at low angles of
attack. Figure 28 presents the increments in CnB and CZB caused by appli-

cation of spanwise blowing or the addition of a wing strake to the same wing
planform (ref. U40). The favorable increments in CnB and CZB at the

moderate to high angles of attack due to spanwise blowing or a wing strake
suggest that each maneuver device may favorably affect the static lateral-
directional stability. Data from this figure are inconclusive but suggest that
the large benefits in longitudinal characteristices resulting from the applica-
tion of blowing or the addition of a strake may be achieved without adversely
affecting the lateral-directional stability characteristices.

The data in figure 29 indicate that for blowing off, addition of a hori-
zontal tail to the configuration with wing and vertical tail prevents the
unfavorable stability break in the effective dihedral parameter CZB that was

observed in figure 27 for the case with the horizontal tail off. With blowing
on, a favorable increment in CZB occurs throughout the angle-of-attack range;

typically this increment increases with increased C;;. As was observed in fig-
ure 27 for the case with horizontal tail off, blowing delays the unfavorable
break in directional stability to higher angles of attack.

Close-Coupled Canard-Wing Configuration

Blowing on the wing.- The longitudinal characteristics that result from
spanwise blowing on the 4U4° swept trapezoidal wing in the presence of a close-
coupled canard are shown in figures 30 and 31 for M_ = 0.30 and 0.50, respec-
tively, and for icg = 0°. Also shown in the figures are theoretical calcula-
tions using the method outlined in reference 34 which account for the effect
of leading-edge vortex flows on canard-wing aerodynamics. The trends with
spanwise blowing shown in figures 30 and 31 are similar to those observed for
the wing-alone case (see figs. 7 and 8, for example); therefore, no additional
discussion of these trends is presented in this paper.

As shown in figure 32 for M = 0.30, the effect of spanwise blowing
is more pronounced when the canard incidence angle ig is increased to 100.
The favorable lift benefits due to blowing are larger at the higher angles
of attack where the configuration has reached maximum Ci. The drag polar
improvement due to blowing is similar to the improvement shown in figure 30
for ig = 0°. The pitching-moment results show a favorable effect on the
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stability level compared with the blowing-off case at the higher 1lift values
but show pitch up at the highest values of Ci,.

Blowing on the canard.- The longitudinal characteristics that result
because of spanwise blowing on the canard are shown in figures 33 and 34 for
ic = 0° and 109, respectively, for M, = 0.30. The jet momentum coefficients
for the canard-blowing case are less than the values for Cy for the wing-
blowing case because the canard has a smaller converging nozzle size. The
trends with canard blowing shown in figures 33 and 34 are similar to those
observed in figures 30 and 32 for the wing-blowing case for ig @ 0° and 10°,
respectively. Canard spanwise blowing has a slight destabilizing effect at
high lift levels, which reflects the increased canard 1lift. At the higher
values of 1lift, pitching moment is relatively constant with Cp, and thus indi-
cates neutral stability.

The longitudinal aerodynamic characteristics obtained for the wing- and
canard-blowing cases are compared in figures 35 and 36 for ig @ 0° and 109,
respectively. The data indicate that blowing on the canard with Cj = 0.030
results in 1ift and drag characteristics that compare favorably with those
obtained by blowing on the wing with Cy = 0.058. These results imply that if
ailr is supplied by engine bleed, spanwise blowing on the canard requires less
bleed air than that required by spanwise blowing on the wing in order to pro-
duce comparable lift and drag benefits. Furthermore, for ig = 10°, the wing-
blowing case exhibits unfavorable longitudinal stability trends at the moderate
to high values of 1lift, whereas the canard-blowing case exhibits essentially
neutral stability for the same range of 1lift coefficient.

One of the problems associated with the design of a close-coupled canard-
wing configuration as a highly maneuverable aircraft is the provision of an
optimum method of longitudinal trim control. Reference 41 has indicated that
if trim is obtained by changing the canard incidence, a more highly swept
canard seems warranted in order to alleviate canard stall at high angles of
attack. Such configurations, however, tend to exhibit high induced-drag char-
acteristics and tend to have high trim drag. Spanwise blowing on the canard
may offer one means of alleviating this problem. Leading-edge vortex augmenta-
tion by spanwise blowing on a moderately swept canard would alleviate canard
stall at high angles of attack and would also avoid the high induced drag and
trim drag that a highly swept canard would be expected to exhibit. Refer-
ence 29 has also indicated that a modest amount of spanwise blowing on a canard
at low speed would reduce canard size and permit a more optimum canard to be
used in cruise.

Figure 37 presents the effect of Cy, jet location, and M on ACL/Cu

and Cp/Cp, jo for the canard-wing configuration at a = 21° and with ig = 0°.

For the wing~-blowing case, spanwise blowing is more effective at the higher
Mach number (M, = 0.50), as evidenced by higher values of ACL/CM and
CL/CL,jo- These results suggest that the spanwise blowing concept may be an
effective means of augmenting maneuvering 1ift of fighter aircraft at higher
subsonic free-stream Mach numbers. Reference 25 has noted, however, that a
deterrent to utilization of spanwise blowing at transonic Mach numbers may be
the lack of engine bleed air to supply the momentum required for effective
vortex augmentation.
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The canard-blowing case exhibits higher values of ACL/Cu and CL/CL,jo
than those obtained for the wing-blowing case for the narrow band of comparable
C values shown in figure 37 for M_ = 0.30. Similar trends are shown in fig-
ure 38 for ig = 10°. There are several reasons for these trends. First, for
the same amount of blowing, it is more efficient to blow on the canard than on
the wing because of the canard's smaller surface. Second, the benefits of
blowing on the wing are delayed somewhat because of canard downwash.

Figure 39 presents the longitudinal aerodynamic performance of canard
spanwise blowing and of a straked canard of larger planform (data from ref. U42).
The data from reference 42 were obtained by using the smaller fuselage previ-
ously discussed. The coefficients are based on the respective reference char-
acteristics from each study, and moments are taken about the moment reference
center from the present investigation. The wing-alone data without blowing
are shown in the figure for reference.

The intermediate-size canard featuring a moderate amount of blowing
(Cy = 0.030) produces 1lift and drag benefits that are quite similar to those
obtained for the large, straked-canard configuration in reference 42. In addi-~
tion, the canard with spanwise blowing results in a higher stability level than
that obtained for the large, straked canard.

CONCLUSIONS

A generalized wind-tunnel model has been tested in the Langley high-speed
7- by 10-foot tunnel to investigate new component concepts using spanwise blow=-
ing to provide improved maneuver characteristics for advanced fighter aircraft.
Primary emphasis was placed on performance, stability, and control at high
angles of attack and subsonic speeds. Since separation-induced vortex flows
have been shown under certain conditions to increase maneuver performance
significantly, the investigation was focused on various methods of controlling
and delaying the leading-edge vortex breakdown and of optimizing component
interactions. In particular, spanwise blowing was used on a 44O swept trape-
zoidal wing to determine the effect of leading-edge vortex enhancement on
leading- and trailing-edge flap effectiveness, horizontal- and vertical-tail
effectiveness, and close-coupled canard wing interactions, and to assess span-
wise blowing as a roll control device. These results were compared with data
for other maneuver concepts such as strakes and canards. As a result of this
study, the following conclusions can be made:

1. Spanwise blowing results in substantial improvement in the performance
of the U440 swept trapezoidal wing configuration at high angles of attack. 1In
particular, significant vortex-induced lift increments occur at the higher
angles of attack with subsequent improvement in the drag polar.

2. The longitudinal aerodynamic performance benefits due to spanwise
blowing compare favorably with the performance benefits due to a wing strake.

3. Spanwise blowing is more effective at higher subsonic Mach numbers and
represents a means of enhancing the higher subsonic maneuver performance of
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fighter aircraft. The viability of spanwise blowing at high subsonic free-
stream Mach numbers is, however, dependent on engine bleed air availability.

4. Deflecting a leading-edge flap delays the more beneficial blowing-
induced effects to higher angles of attack; Ray, McKinney, and Carmichael
(NASA TN D-7131) obtained similar results for a flapped wing with strake. A
forward rotation of the vortex-1ift vector occurs, however, and the subsequent
thrust recovery results in drag-polar improvement.

5. Spanwise blowing effectiveness is enhanced by combining blowing with
a deflected trailing-edge flap. In addition, blowing may improve trailing-edge
flap effectiveness.

6. Asymmetric blowing is an effective lateral control device at high
angles of attack.

7. Adding the horizontal tail reduces the 1lift effectiveness of blowing
at the higher angles of attack.

8. The lateral-directional stability characteristics of the configurations
with (a) wing and vertical tail and (b) wing, horizontal tail, and vertical
tail are improved at the higher angles of attack by spanwise blowing on the
wing. In particular, blowing results in stabilizing increments in the effec-
tive dihedral and directional stability parameters and delays the unfavorable
break in the directional stability parameter to much higher angles of attack.

9. Spanwise blowing on configurations with wing and vertical tail
exhibited lateral-directional stability similar to that achieved with a wing-
strake configuration. The results suggest that the significant benefits in
longitudinal aerodynamic characteristics due to applying blowing or adding a
strake may be obtained without adverse effects on lateral-directional stability.

10. For a close-coupled canard-wing configuration, spanwise blowing on the
canard is more effective than spanwise blowing on the wing.

11. The longitudinal aerodynamic performance of canard spanwise blowing
compares favorably with results obtained for a straked canard-wing configura-
tion without blowing.

12. The leading-edge suction analogy was used for selected configurations
and provided reasonable estimates for the longitudinal aerodynamic character-
istics due to spanwise blowing.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

November 7, 1977
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TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL

Body:

Ly

Ca

Length, cm

O swept trapezoidal wing:
A . . ..

b/2, cm .

Aze, deg

c, cm .

Cthy CI .

Longitudinal model statlon at 25 percent C¢p, CH .

Airfoil section:
Root
Tip
S, em? .
Root chord (at w1ng fuselage Juncture), cm
Tip chord, cm . .

nard:
Ao, deg
Airfoil section
Sc, cm2
b/2, cm .
Root chord (at canard fuselage Juncture), cm
Tip chord, cm . .
Maximum thickness, percent chord at
Root
Tip .

Horizontal and vertical tails:

22

Aze, deg
Airfoil section
ST, cm?
Sy, cm? © e e e
b/2, em . . . e e
Root chord (at tall fuselage Juncture), cm
Tip chord, cm .
Maximum thickness, percent chord at
Root
Tip .

101.05

2.56
27.18
uy
24,56
35.75
51.81

. NACA 64A006
. NACA 64A004

. 1155.74
29.80
6.77

51.7
Circular arc
226.90

17.5

15.88

3.18

6.0
4.0

51.7
Circular arc
144,39
288.80

19.03

17.92

3.59

6.0
4.0
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N~ BLOWING

L-T7-326
(a) Blowing off; vortex breakdown. (b) Blowing on; vortex breakdown delayed. -

Figure 1.- Flow-visualization photographs of spanwise blowing on H4U4C swept trapezoidal
wing at o = 300 (from ref. 31).
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Figure 3.- Details of wind-tunnel model. (All dimensions except those marked otherwise are in cm.)
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(a) Spanwise blowing on 440 swept trapezoidal wing.
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Figure 4.- Model configurations installed in wind tunnel.
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Figure 4.- Continued.
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Section A-A Wing nozzles

A V fFuselage Left Right
I——F’T”S gl 4 0.450 0.462
diameter, l >/ d h 0.508 0.508

I A A, 4a® 45°

0.953 diameler

Wing upper surface

wing upper surface

(a) Wing nozzle.

Fuselage

A K L—CW

e | '
o o Left Right
Nozzle axes diameter
tilted =3°

d 0.295 0.318
toward canard

h  0.698 0.698

Aa2® 24°

0.635 diameter
n

0.427

Bl

Canard upper surlace

Canard upper surface A
(b) Canard nozzle.

Figure 5.- Wing and canard nozzle geometry, vertical location, and sweep angle.
All dimensions are in centimeters.
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Wing blowing Canard blowing

Accelerometer \

3.45-MPa pressure transducer ———__

[—®= 7o digital veltmeler /_ Plenum

Total pressure probe_// 0.635-10 0.953-cm swage-lock

| ; [
I tubing) litfing (21 (90° elbow!
10,318 stainless steel tu 9 0.318-0.635 svbage-lock
7 titting (21" 90" elbow
iron-constantan 0.635-diameter stainless
thermocouple 7 steel tubing
Converging nozzle
Plenum chamber —/ gi o for canard {2)
tcylindrical) 0318 to 0.635-cm swage-lock d
fitting 121
0.953-cm-giameter stainless _/ \__ Balance adapter

{rigidly attached

steel tubing {2}
to fuselage)

Dewel pin

Converging nozzie
for 24% swept
{rapezeidal wing (21

Converging nozzle s-shaped air supply lines (2
0.635 stainless steel tubing

for “locked ™ vortex
wing (2

Six=component
strain-gage balance

Coupling \

Tapered end of
High-speed sting ——_ — balance
No. 5

Flare fitling to connect
brass tubing to att end
of air balance

Air supply line ‘ Balance leads
0.953-cm-diameler brass

tubing (through sting! C_j

Figure 6.- Planview of air supply system and internal model assembly for
spanwise blowing model. (All dimensions are in cm unless otherwise

noted.)
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configuration with &34 = Sto = 09; M_ = 0.50.
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Figure 11.- Effect of wing strake and spanwise blowing on
longitudinal aerodynamic characteristics of 449 swept
trapezoidal wing configuration. &§;¢ = 0°.
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Figure 12.- Comparison of effect of spanwise blowing on theoretical
and experimental longitudinal aerodynamic characteristics of
440 swept trapezoidal wing configuration with &35 = U40;
‘Ste = 0% M _ = 0.30.
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Figure 13.- Comparison of theoretical and experimental longitudinal
aerodynamic characteristics of 440 swept trapezoidal wing
configuration with &8;4 = 8°; &8¢, ® 0°; M_ = 0.30.
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Figure 14.- Effect of spanwise blowing in conjunction with
differentially deflected leading-edge flap on longitudinal
aerodynamic characteristics of 44O swept trapezoidal wing
configuration; &g = 09; M_ = 0.30.
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Figure 16.- Effect of Cp and Cu on percent suction
developed by 449 swept trapezoidal wing configuration
for range of §;o; M_ = 0.30.
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Figure 17.- Effect of leading-edge flap deflection angle on
longitudinal aerodynamic characteristics of U4UO swept
trapezoidal wing configuration with blowing off;

Ste = 0°; M_= 0.30.
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Figure 18.- Effect of leading-edge flap deflection angle on
longitudinal aerodynamic characteristics of 440 swept
trapezoidal wing configuration with blowing on;

C}J = 0.127; GSte = 09, M_ = 0.30.
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Figure 19.- Effect of leading-edge flap deflection on lift and drag increments

due to wing strake or spanwise blowing.
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Figure 20.- Effect of spanwise blowing in conjunction with trailing-edge
flap deflected to 10° on longitudinal aerodynamic characteristics of
440 swept trapezoidal wing configuration; &;o = 09; M_ = 0.30.
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Figure 21.- Effect of spanwise blowing in conjunction with trailing-edge
flap deflected to 20° on longitudinal aerodynamic characteristics of
44O swept trapezoidal wing configuration; &;o 2 0°; M_ = 0.30.
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Figure 22.- Effect of C; and &y, on 1lift augmentation ratio
and lift effectiveness of blowing for 440 swept trapezoidal
wing configuration; §&;o = 095 M_ = 0.30; o ~ 210,

48



a, deg

Figure 23.- Comparison of effect of spanwise blowing in conjunction
with deflected trailing-edge flap and deflected leading- and
trailing-edge flaps on longitudinal aerodynamic characteristics
of U440 swept trapezoidal wing configuration; M_ = 0.30.
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Figure 25.- Comparison of theoretical and experimental longitudinal
aerodynamic characteristics of configuration with wing and
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51

3



5.0

A(:L
C
u
Thrust vectored
vertically
i i {
Horizontal tail
o Off
0O On
1.4
-
1.3 |
C
L 1.2
CL,jo
1.1 |
1.0 L —
0 24 28

Figure 26.- Effect of angle of attack and horizontal tail on
1ift augmentation ratio and 1ift effectiveness of blowing
on 44O swept trapezoidal wing for Cy =~ 0.060; M, = 0.30.
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Figure 27.- Effect of spanwise blowing on lateral-directional
stability derivatives of configuration with w1ng and
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Figure 28.- Comparison of increments in CnB and CZB due to

spanwise blowing or a wing strake for UUO swept trapezoidal
wing configuration with vertical tail; M= 0.30.

54



=

002 - -

“
-.002 |
-.004 L L
c
u
O 0
O 0.057
O 0121
008 — _
004 L
c
n
B
0 1
ol L
.02 -
c
Y 0 1 1 L I 1 - |
B
- o J
0z -4 0 4 8 12 16 20 24

Figure 29.- Effect of spanwise blowing on lateral-directional
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Figure 30.- Comparison of theoretical and experimental longitudinal
aerodynamic characteristics of canard-wing configuration with
blowing on wings; ic = 0°; M_ = 0.30.
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Figure 32.~ Effect of spanwise blowing on U449 swept trapezoidal
wing on longitudinal aerodynamic characteristics of close-
coupled canard wing configuration for ic = 109; M, = 0.30.
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Figure 33.- Effect of canard spanwise blowing on longitudinal
aerodynamic characteristics of canard-wing configuration
for ig = 09; M, = 0.30.
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Figure 34.- Effect of canard spanwise blowing on longitudinal
aerodynamic characteristics of close-coupled canard-wing
configuration for ig = 109; M_ = 0.30.
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