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Abstract

_ An ipvestigation has been conducted fo evalu-:
~ate the aerodypnamic effects associated with blowing
a jet spanwise over a wing's upper surface in a :
direction parallel to the leading edge. Experimen~
- tal pressure and force data were obtained on wings:
with sweep angles of 30° and 45° and showed that
spanwise blowing aids in the formation and control
of the leading~edge vortex and, hence, signifi-
cantly improves the aerodynamic characteristics at:
high angles of attack. Full vortex section 1ift

- is achieved at the inboard span station with a

- small blowing rate, but successively higher blowing
. rates are necessary to attain the full vortex-1lift:
" level at increased span distances. Spanwise blow-.
" ing generates large increases in lift at high

- angles of attack, improves the drag polars, and

- extends the linear pitching moment to high lifts;

. these aerodynamic characteristics are estimated

: with the leading-edge suction analogy. Integration
- of the spanwise blowing concept into a fighter air-~
- craft design offers the possibility of increasing

. specific excess power available for maneuvering at
. higher load factors.

Symbols
A Aspect ratio
all Notch ratio (see Fig., 9)
- b Span
ey © Section drag and 1ift coefficients
c. Chord at wing~fuselage juncture
e o Sy Potential and vortex section 1lift
d3 * coefficients
T c + ¢
- T1,tot 1,p 3%
C g Aerodynamic drag-due-to-lift
D,L .
coefficient
ECL Aerodynamic lift coefficient
Cm Aerodypamic pitching-moment
coefficlient
CE o Aerodynamic lift coefficient without
" blowing '
CL » Potential 1ift coefficient
*
C Sum of potential and vortex 1ift
L.tot .
coefficients
c Nozzle momentum coefficient,
H W,/ s
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G Nozzle thrust coefficient, static

thrust/q, S

AC? Difference between upper and lower
surface pressure coefficients

ACL Jet—on lift mious jet-off 1ift

d Nozzle diameter

g Gravity

h Height of nozzle center line above

wing surface

LE Leading edge

M, ¥Free-stream Mach number

9 Free-stream dynamic pressure

8 Wing reference area

;Vj Jet velocity due to isentroplc expan~-

sion to free-stream static pressure

v, Free-stream velocity
o Nozzle-air weight flow
X Chordwise distance of nogzle from LE

of wing root chord (cr)

v Spanwise distance, measured from
model plane of symmetry

o Angle of attack

ad Angle of attack where measured 1ife
departs from theoretical full vortex-
1ift curve

ALE Sweep angle of wing leading edge

Introduction

On thin, highly sweptbackwings at moderate-to-
high angles of attack, the flow is characterized by
a leading~edgejseparation which forms a stable
vortex over the wing and provides large vortex-lift
increments. This characteristic of slender wings,
of the supersonic cruise type, has been understood
for many vears. However, for moderately swept
wings that have higher aspect ratios and are suit-
able for fighter aircraft, vortex breakdown occurs
at low o's. Thus, the wing does not achieve the
large vortex—~1ift increments that are desirable for:

‘subsonic maneuvering. These trends are illustrated:
'in Figure 1, which shows the effect of leading-edge
sweep on the lift of flat-plate delta wings at

o= 20°.

A promising technique for enhancing the leading-

‘edge vortex and effectively delaying vortex breakdown
‘to higher angles of attack is that of spanwise



. blowing.
_crete jet spanwise over the wing's upper surface

i in a direction essentially parallel to the leading
" edge. :
: separated flow from the wing leading edge results
- in the formation and control of a leading-edge

- vortex, with a subsequent increase in lift.
original research related to this concept was per- .
 formed by Werlél and Cornish? who demonstrated the .
c control of separated flow regions by transverse '
. blowing.
‘et al.3"5 and Bradley et al.® applied the concept

i in Figure 2.
:is made to examine the effects of this complicated

This concept consists of blowing a dis~

The interaction of this jet flow with the

Some

The additrional work reported by Dizon

to different types of lifting surfaces, such as

- wings, leading— and trailing~edge flaps, and

rudders.

In order to supplement this previous research,

. two wind-tunnel test programs were conducted to

- determine the effects of spanwise blowing on wings
. of interest for fighter aircraft applications, thaxn
- is, where the wings have moderate sweep angles and
: moderate—-to-high aspect ratios.
- tunnel investigation obtained wing~surface pressure
cdistributions on a trapezoidal wing with a leading-~
- edge sweep angle (Nip) of 44°,
. pitching moment were measured inm the second test

The first wind-

Lift, drag, and

program on delta, arrow, and diamond wing planforms
having A of 30° and 45°. These tests were per-
formed at a free-stream Mach number of about 0.2

' with spanwise blowing from the fuselage only (no
~ducting in the wings). _
' range of angle of attack and jet thrust coefficient.

Data were acquired for a

While specific information about these pres-

- sure and force tests is contained in References 7
. and 8, respectively, the current paper will summar-
. ize some of the research highlights that illustrate
! the effects of spanwise blowing on the wing's sur-
i face pressure distribution, spanwise development

of vortex section 1lift, longitudinal aerodynamic

“characteristics, angle of attack for vortex break-:

down, and specific excess power available for

- maneuvering.

Results and Discussion

The objective of blowing spanwise on moder—

‘ately swept wings is to artificially induce span-

wise flow gradients similar to those that appear
naturally on highly swept wings, 912 guch as the
delta wing sketched in Figure 1. The flow gradients
resulting from blowing are favorable for the forma-
tion and control of the leading-edge vortex,13 as
is illustrated in the flow visualization photograph
In the following sections, an effort

jet-vortex flow system on wing pressures and forces.

Pressure Tests

The wing-body model utilized for the pressureE

‘tests is illustrated in Figure 3 and had a trape—~
‘zoidal wing with a leading-edge sweep of 44°, an
“aspect ratio of 2.5, and a taper ratio of 0.2. In:
éaddition, the wing had no twist, camber, or dibedral
cand had a circular arc airfoil section (measured
i streanwise) with sharp leading and trailing edges. |
. The wing thickness ratio was 6% at the fuselage-
‘wing junction and varied linearly to 4% at the wing

tip. The upper and lower surfaces of the wing were
instrumented with 140 pressure orifices arranged 1n
chordwise rows at six different span locations.

The tests were conducted im the Langley high-

‘gpeed 7- by 1l0-foot wind tumnel at a Mach number of
0,26, and a Reynolds number of 5.2 x 106 per meter.
‘Data were obtained for a range of model angle of
‘attack and jet blowing rate for the model without
;fixed transition.
‘orientations were examined in Reference 7, the
present paper discusses only those data that were
‘obtained with h/d = 0.835, Xn/cr = .23, and

'An = 44°,

Although a variety of nozzile

The primary nozzle parameter that is used '
herein to identify various jet blowing rates is the
jet thrust coefficient, Cyp. This coefficient uses
the static nozzle thrust which was obhtained as a
function of plenum pressure by calibrating the
nozzles. Additional details concerning the tests
can be obtained from Reference 7.

Wing-~Pressure Field. Detailed pressure dis-

Etributions'are presented in Reference 7 and show :
‘that spanwise blowing results in significant effects

on the wing upper-surface pressure field with little

‘effect on the lower—surface pressures and at high
‘0's  as opposed to low a's.
wing pressure field is presented in Figure 4 for

"A schematic of the

= 24° and illustrates some of the primary

‘features of the spanwise blowing process.

The attached flow theory is presented in

Figure 4 to show what the pressure distribution

might be if the flow remained attached at the lead-
ing edge. This attached flow condition is repre-

sented by the subsonic theory from Reference 14 and
is characterized by negatively increasing Acp as

the leading edge is approached. The experimentsal

data obtained with no blowing (Cp = 0) show that the
flow cannot negotiate the sharp leading edge and,

In fact for this o, the
AC, values are essentially constant which is

therefore, separates.

:1nglcative of separated flow over the entire upper

surface.

Spanwise blowing (Cp = 0.12) results in sig-
nificant decreases in AC at the inboard span
station and near the wing leading edge. These high-
suction pressures are a result of the formation of
a strong leading-edge vortex, where the flow

reatfaches to the wing surface at some point aft of
the jer flow.
system weakens which results in decreases in the
‘peak pressure near the leading edge and a spreading
0f the influence over all of the wing section.
Reference 7 showed that larger

At larger 2y/b, the jet-vortex

Cp values 1ncreased
-4C, as well as the spanwise extent of the jet's
effect., This suggests that the jet will have the
most beneficial effect at that point where the jet
and vortex are close to their respective origins,
that is, where the jet flow is strong enough to
result ion vortex rollup and the vortex is still
close to the wing surface. These pressure results
are similar to these obtained on a rectangular flat
plate in Reference 3. The pressure distributions
obtained with blowing appear to be similar to those:
obtained on highly swept delta wings which have a -
patural (ne blowing required) leading-edge vortex.

Section Forces. The chordwise pressure dlstr14
butions were numerically fitted with a cubic spline :
and then integrated to obtain the section forces
{Ref. 7 also includes section pitching moments).

The effects of spanwise blowing on section lift
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‘curves are presented in Figure 5 for the wing span
‘gtation 2y/b = 0.5. These data show that spanwise
‘blowing increases ¢, throughout the O range,
‘the largest effect ocecurring for the largest Cr
~and at high 0, where section stall has occurred
with no blowing (Cp = 0). The nonlinearity in

¢, versus O that results when there is blowing
-is typical of sections developing vortex 1lift.

To better interpret these experimental results,
‘theoretical estimates of the section 1lift character—
“istics were made by using the leading-edge suction
‘analogy developed by Polhamus.l> The basic assump-
‘tions which are used in Reference 15 to apply the
‘suction analogy to a wing with a fully developed
‘leading~edge vortex are assumed to apply here on a |
isectional basis. Accordingly, for a section with
‘no leading-edge suction, the potential and vertex
‘section 1ifts are given by:

2 "
c = k sgin @ cos” 0o 1)
L,p P (
e =k sin? O Ccos o (Zi
1,V v ‘ ) .
.where the total 1lift dis
C], tot = Cl,p + Cl,v &Y
The terms kp and kv are defined as
k = ¢ (4)
P la
fand
¢ c
k= £ = (5)
Vo cos A Qinz a sin” o
s B g sl ‘
‘where Cy and ¢y are the section thrust- and
‘suction~force coefficients, respectively. Because '

cof their dependence on section properties, the
parameters and k,, are functions of spanwise
location. The parameters c;, cg, and ¢y, Wwere

‘determined at different span stations on the trape-
czoidal wing by the lifting surface theory of Ref- |
-erence 16. Since Reference 16 is a linear theory, °
'k, was calculated by using 02 in Equation (5)
 instead of sin2 a.

The thecoretical estimates for section 1lift
‘with no vortex lift (cl ) and with full vortex
C1dife (c:1 ) are shown in Figure 5. With no blow-
cing, the’ sectlon has little or no leading—edge
‘vortex flow. The dashed line represents the esti-
mated section 1ift that would result if the leadxng—
‘edge vortex was fully established and has
resgentially the same lift-curve slopes as the data
cwith blowing. The 1ift values are estimated
‘reasonably well if the jet-induced camber effect,
‘noted at o = 0°, is accounted for., This induced
‘camber effect is dependent on Cr as well as the
"2y/b station (see Ref. 7), and has been observed
in other investigations.3sd

: So far, the data have shown that the agmount of
.sectional vortex lift generated by spanwise blow1ng
is dependent on Cr, 2v/b, and <. One question
that should be considered is what value of Cy
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0f Cp wvalues with the model at

‘changes in the shape of the
‘the distribution with no blowing, which in this
‘case 1is typical of a wing with separated upper-

‘does it take to achieve the full vertex-1ift level
at a given span station?
‘Figure 6 where ¢y

This is demonstrated in
is pletted as a function of Cp

for the span station at 2y/b = 0.5 and o = 24°. !
‘Increasing the jet blowing rate increases ¢ from.
the basic wing 1ift value up to, and beyond, the

full vortex-1ift level estimated by the suction
‘analogy. .
‘of about (.08 is reguired to achieve the full vortex
1ift,
‘might expect, progressively higher values of C

For this particular span statiom, a Cyp
The dara of Reference 7 indicate that, as you

are required to obtain this 1ift level at larger
span distances. The trends discussed for Figure 6
are also demonstrated in Figure 7, which presents
the spanwise variation of section 1lift for a range
G = 24°. Qne of
the interesting aspects of these results is the

change in the section lift distribution across the
span that results because of spanwise blowing.

Increases in the blowing rate results in progressxve
¢, distribution from

surface flow, to the ¢y distribution estimated by
the suction analogy. At the higher blowing rates,
the section 1ift values on the inboard portion of
the wing are higher than the theoretical estimates.
This jet—induced effect, coupled with available
vortex 1ift om the outbeard portion of the wing,
suggests that higher blowing rates than those used
in this test will produce even higher 1lift levels.

The resulis of Figures 4~7, suggest that blow—-
ing spanwise from the fuselage is a jet-decay
problem,> which implies that the development of the
‘leading~edge vortex and the associated vortex sec~
tion lift are strongly dependent on the local jet
and vortex flow properties as well as the free-
stream velocity. As a matter of reference, the wing
and jet geometries of the current study are such
that the jet flow must penetrate almost 62 nozzle—
exit diameters to reach the wing tip. The resulting
decay of the jet velocity is large enough to have a .
significant effect on the formation of the leading~:
edge vortex.

The effect of spanwise blowing on the section
induced-drag characteristics is presented in Fig-
ure 8 for 2y/b = 0.5. It is observed that blowing
improves the drag polars, particularly at high c¢,.:
Estimates for these polars were obtained by taking
the section normal force to be the resultant section
force, which should be appropriate for the zero LE
suction assumption. The theory provides reasonable
predictions of induced-drag for the configuration
with and without blowing. At high c¢,, the measured
cg is lower than the predicted level, which is con-
sistent with the 1ift results discussed in Figure 5.

Force Tests

The wind-tunnel model utilized for the force
tests is illustrated in Figure 9 and consisted of a:
body~of-revolution fuselage with delta, arrow, and
diamond wing plenforms having ALE of 30° and 45°.
The wings were flat plates having sharp leading ‘
edges and no tip chord. The aspect ratio, reference
wing area, and notch ratio are listed in Table I for
all of the wing configurations. The origin of the
stability axis system is defined at 25% of the mean
aerodynamic chord for each wing. '



Efor a range of (
‘moderate-to-high angles of attack.

rachieved. :
- expected from the pressure rvesults discussed in the
-first part of this paper.

Table I. Wing Geometry for Force Tests

= 2o _ oo
ALE 30 ALE 45
2 2
Planform A S, m a/l A S, m alt
Delta 6.93 0.412 0 4.00 0,479 0

Arrow 9.24 .309 .25 5.33 .359 225

- Diamond 5.54 .515 -0.25 3.20 .599 -0.25

The tests were conducted in the General

: Dynamics Low-Speed Wind Tunnel at a Mach number of .
0.2 and a Reynolds number of 4.6 x 106 per meter.

: The sweep angle for the spanwise blowing nozzles

i corresponded to the wing leading-edge sweep angle.
' Various chordwise and vertical nozzle positions
‘were investigated in Reference 8 and resulted in

the position, x,/c, = 0.4 and h/d = 1.5 used for
the family of wings. The jet momentum coefficient :

is used herein to correlate the effects of
biow1ng Further details of these tests can be
obtained from Reference §.

Aerodymamic Characteristics. The effects of

- spanwige blowing on the aerodynamic 1ift character—
tigtics of the 30° and 45° swept delta—, arrow-, and
- diamond~wing configurations are illustrated in
Figures 10 and 11.
fdynamic effects of spanwise blowing, since the

D thrusting effects have been subtracted out. The
‘reader is referred to Reference 8 for the total
. forces and moments obtained on all of the wing

- planforms.

These data show only the aero-

The data in Figures 10 and 11 were obtained
values and show that spanwise
blowing has a very favorable effect on the lift
characteristics, the primary benefits oceurring at
Increasing the :
blowing rate increases the maximum Cp, as well as .
the angle of attrack where this maximum 1ift is
These high-oa 1ift trends would be

The theoretical 1lift curves that are shown ini
the figures were obtained by using the leading-edge
suction analogy,l5 which estimates potential 1ift

 (dashed line) by assuming that no vortex 1ift is
‘developed on the wing, and total lift (solid line) :
:by assuming that full vortex lift is achieved.
:Comparing these theoretical lift results with the
‘experimental data shows that, with no blowing, the
‘wings develop a small amount of vortex 1ift at low .
gangles of attack, but po vortex 1lift at higher
‘0's. Blowing tends to enhance the development of :
 the leading-edge vortex so that vortex breakdown is
‘delayed and vortex lift is generated. Increasing

' the blowing rate results in increases in the vortex—
‘1ift contribution until the full vortex~-1ift level
“is achieved.

At the higher blowing rates, the measured

1ifts are higher than the estimated values, which
:1s due to jet-induced effects. At low angles of
attack, several studies3,7,8 have associated this

interference 1ift with an "effective" camber

increase, Investigation of the current data showed
- that the Cp, at o = 0° increased with increases
fdn C%J for all of the wing planforms, and that

. this Increment of 1ift was not necessarily conqtanr
- throughout the angle-of-attack range. If the Cy,
‘value at o = 0° dis added to the vortex~-1lift :
theoretieal values, the adjusted theory yields good

predictions for the experimental lifts and there-
fore provides a theoretical upper bound for the
1ifts that can be expected due to spanwise blowing
for the range of Cu values investigated here.

The effects of spanwise blowing omn drag-due-tor
lift and pitching moment for the 45° delta wing are
presented in Figure 12 and typify the results
obtained with the other wing planforms. As can he
seen, blowing improves the drag polars and extends

-the linear pitching moment to higher C;'s. The
-experimental data cempare favorably with the drag
‘polar and pitching-moment curve estimated by the
‘leading~edge suction analogy.15,17 It is observed §
-that at low-to-moderate 1lifts, the drag—duewto—lifté
‘data are lower than the zero-suction vortex~lift
polar, and, in fact, approach the full~suction
‘polar given by Cy2/mA.

The wing apparently devel-!
ops a sizable leading-edge suction force without
blowing. This may seem unreasonable since the wing:
has a beveled sharp leading edge, but the flat-
plate model is apparently thick enough to allow
some amount of thrust recovery. The drag-due-to~-
lift effects noted here for the 45° swept wing are

appropriately larger for 30° swept planforms.®
Bradley® has indicated that these results may be
‘duplicated with small LE flap deflections and
used in conjunction with vortex-lift augmentation
‘to impreve the drag polar.

Lift Effectiveness

The percentage increase in 1lift that is gener-
ated by spanwise blowing on the 45° delta wing is
presented in Figure 13, where the parameter C /C
is the 1ift with blowing on divided by the llft Wlth
blowing off. The data indicate that for a given
Cyi» CL/CI o Iincreases with increase in o until a
maximum 18 obtained. The angle of attack where this
maximum occurs is between 25° and 30°, depending on .
‘the value of Cy» and corresponds to the o where
maximum C is reached in the 1lift curves of
Figure 11. Higher values of ( result in larger
percentage gains in lift as evidenced by the 25%
dincrease obtained with ¢y = 0.04 and the 70%
dincrease with C11 = 0,31,

In order to get some idea of the gain in lift
that theoretlcally might be expected on the 45°
delta wing, the leadlng—edge suction analogyl’ was
used to calculate L /C and C; /CL o
‘through the o range. These parameters represant
two ways of estimating full vortex-lift gains and
are seen to vary with angle of attack in a manner
conslstent with the experimental data. The differ-'
ence in these estimates that are observed at high
o's result because .0 becomes substantially
less than CL,p"

Perhaps a more appropriate way to judge the
11ft1ng efficiency of spanwise blowing is by
examining the 1ift augmentation ratio, AC /C.,. The.
effect of o and ¢ on this parameter 15 presented
in Figure 14. Increasing o increases the augmen-
tation ratio from the minimum value at o = 0° (this
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:value would be zero if there were no jet-induced
‘camber effect) to a maximum value at angles of

- attack from 25° to 30° (depending on Cy). The
 largest augmentation ratio of 7 was obtained with
: the lowest Cu
: blowing generates seven times the lift that would
- be obtained if the jet were vectored downward (per—
. pendicular to the free stream). :
‘ blowing rate decreases the lifting efficiency of
. spanwise blowing, a trend that is typical of most
“ jet augmentation systems.

value, which means that spanwise
Increasing the

These data suggest that
spanwise blowing becomes more effective in produc-
ing 1ift than thrust vectoring at angles of attack
above about 13° to 16° (depending on C(,). These

- results are typical of the other planform configu-:
‘rations although the magnitudes may change somewhat.

The effect of sweep angle on the jet-induced

:lift is shown in Figure 15 for delta wings at

= 21°, where the data for the 60° delta were

:obtained from the investigation by Bradley and

- Wray.l8 The results show that substantially more
11ift is generated by spanwise blowing on wings with
: lower sweep angles,
' related to the amount of vortex flow on the wing
“before blowing is applied.
‘delta wing has a sizable amount of natural vortex
1 1ift as noted by the estimates of Cp,
cthis figure and by the lift trends dlqcuqsed in
“Figure 1.

The reason, of course, is

Ar o = 21%, the 60°

tothL Q in

-Leading-Edge Suction Recovery Boundary

Since the amount of vortex 1ift achieved by a

‘wing is directly related to the vortex-breakdown

. phenomenon, it is useful to examine the effects of

' spanwise blowing on the leading-edge suction '
‘recovery boundaries for delta wings.
. shows the change in 04
‘where «
‘experimental 1lift values begin to depart from the

‘ theoretical curve for full vortex 1ift (see insert).
‘This departure can occur because of vortex bursting
‘at the wing trailing edge or vortex asymmetryl? for
delta wings with very low aspect ratios.
‘below the hashed curves represents the combinations

Figure 16
with wing aspect ratio,
is the angle of attack at which the

The region

of aspect ratios and angles of attack where the

leading-edge suction is completely recovered as the
vortex normal force. Spaowise blowing extends the
boundary so that larger departure angles of attack
are achieved for a given aspect ratio. Similar

results were recently published by Scruggs and :
Theisen.19 It is noted that in order to obtain the
0g values presented in Figure 16 for CU = 0.3, :
the jet-induced 1ift at o = 0% was subtracted out

‘of the lift curve data presented in Figure 11.

Specific Excess Power. Although the spanwise:

blowing concept has demonstrated large beneficial
‘aerodynamic effects, the true feasibility test is
- the integration of the spanwise thrust into the
icomplete fighter aircraft design.
‘work 1s necessary to obtain the desired spanwise

. blowing rates without severely penalizing the air-
craft’s main-engine thrust system, and to assure

' that the fighter with spanwise blowing is more _
_maneuverable than the fighter without spanwise blow-
‘ing. An attempt to demonstrate the possible effects
cof spanwise blewing on aireraft performance is made
“in Figure 17, where the specific excess power :
-available for maneuvering is presented as a functlon
of load factor for the 45° delta-wing configuration.

Considerable
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ZFor demonstration purposes, an engine thrust and
‘welght are assumed for the
fStanéar& engine thrust is reduced by €9, S when
‘spanwise blowing is utilized.
‘forces that are used here are the total loads
‘measured on the delta-wing configuration,8d and
‘therefore include the spanwise~blowing thrust com—
‘ponents in the lift and drag directions.

"aircraft," where the

The 1iftr and drag

The results show that spanwise blowing

‘increases the specific excess power at load factors
rabove 1, and allows higher load factors to be

attained before reaching the lift limit. These
trends suggest that the improvements in the aero-~
dypamic characteristics at high 1ifts are larger
than the reductions in thrust associated with span~:
wise blowing. Although this illustrates a potential
application to maneuvering aircraft, the practical

‘aspects of propulsion integration and engine fech-
-nolegy must be examined before the spanwise blow1ng
.concept can be exploired.

Concluding Remarks

An investigation has been conducted to deter—

mine the aervodynamic effects associated with blowing
‘spanwise on wings of interest for fighter aircraft.
‘This study summarizes the results of two wind-tunnel
‘test programs,/.8
‘gurface-pressure distributions on a 44° swept

which were performed to obtain
trapezoidal wing, and 1ift, drag, and pitching-
moment. data om delta, arrow, and diamond wing plan-

forms having leading~edge sweeps of 30° and 45°.

The results of the pressure tests indicate thaﬁ

spanwise blowing has significant effects on the

upper—surface pressure field at high angles of
attack, where the largest suction pressures occur

‘at the inboard span station near the wing leading

edge, and diminish outboard. The sectional effects:
of spanwise blowing are strongly dependent on angle
of attack, jet thrust coefficient, and span location,
the largest effects occurring at the highest angles
of attack, thrust coefficients, and on the inboard
portion of the wing. Full vortex section lift, as
estimated by the leading-edge suction analogy, is
achieved at the inboard span station with a small
blowing rate, but successively higher blowing rates:
are necessary to attain the full vortex-lift level
at increased span distances.

The results of the force tests on the family
of wing planforms show that spanwise blowing gener~-:
ates large increments in 1ift at high aungles of
attack, improves the drag polars, and extends the
linear pitching moment to high lifts. The leading- .
edge suction analogy provides good predictions for
the aerodynamic characteristics that were obtained
for the wings with a fully developed leading-edge
vortex. A 70Z increase jin 1lift was realized on the:
45° delta wing with a jet momentum coefficient of
0.3; the 1liftr effectiveness was shown to be even '
greater for wings with lower sweep angle. Spanwise
blowing increases the angle of attack where the
leading~edge suction is completely recovered as
vortex normal force, and offers the possibility of
dncressing specific excess power available for
maneuvering at higher load factors.
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