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NATTONAT, AERONAUTICS AND SPACE ADMINISTRATTION

FLOW VISUALIZATION OF LEADING-EDGE VORTEX
ENHANCEMENT BY SPANWISE BLOWING
By Gary E. Erickson and James F. Campbell

Langley Research Center
Hampton, Virginia

.SUMMARY

Flow visualization studies were conducted in a small pilot wind tunnel at
the NASA Langley Research Center to determine qualitative effects of blowing a
discrete jet essentially parallel to the leading edge of a 45° -swept trape-
zoidal wing featuring leading- and trailing-edge flaps. Test parameters in-—
cluded wing angle-of-attack, jet momentum coefficient, leading— and trailing-
edge flap deflections, and nozzle chordﬁise displacement. Results of this
study indicated that blowing from a reflection plane over the witg was found to
enhance the leading-edge vortex and to delay vortex bursting to higher angles
of attack and greater span distances.- Increased blowing rates decreased vor-
tex size, growth rate, and vertical displacement above the ying surface at a
given span station and also extended the spanwise effectiveness of lateral
blowing. Deflection of a leading-edge flap delayed the beneficial effects of
spanwise blowing to higher angles-of-attack. Nozzle chordwise locations inves-
tigated for the wing with and without leading-edge f£lap deflection appeared
equally effective in enhancing the separated leading-edge flow. Observations
also suggest that spanwise blowing in conjunction with deflection of a leading-

edge flap may possibly enhance trailing-edge flap effectiveness.



INTRODUCTION

Stable leading-edge vortices are characteristic of the flow over thin,
highly~swept wings at moderate to high angles of attack. This flow situation
is illustrated in Figure 1 and occurs because the favorable spanwise pressure
gradient causes the separated 1eading;edge flow to form into a stable spiral
vortex, Many researchers have investigated sharp-edge delta and delta-related
planforms aqd have shown that a fully developed leading-edge vortex produces
substantial increases in 1ift beyond that obtainable with attached flow (See
Referencé 1 for example). For moderately- swept, higher aspect ratio wings
typical of fighter aircraft these vortex-induced effects are not achieved due

to vortex breakdown at low angles of attack.

One technique of delaying the breakdown of the leading-edge vortex on
moderately swept wings consists of blowing a concentrated jet spanwise over
the wing's upper surface. A sketch of this concept is shown in Figure 2 and
illustrates how air is drawn over thé leading-edge vortex and reattaches be-
hind the jet, much like the reattachment behind a two-dimensional separation
bubble. Spanwise blowing induces a flow along the vortex axis which delays
vortex breskdown to greater span stations and higher wing angles—of-~attack. A
stable flow can thus be maintained over a wider range of flight attitudes and

Mach numbers.

Studies have been’ performed which confirm the augmentation of 1ift by
spanwise blowing (References 2-7). An example of data is presented in Figure 3
wﬁich illustrates the magnitude of the vortex—induced 1lift increments for a
delta planform at a jet momentum coefficient and Mach number of 0.3 and 0.2,

respectively. The nonlinear character of the vortex-induced lift and the

2



Figure 1.- Stable leading-edge vortices over a slender wing.
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Figure 2.~ Leading-edge voriex enhancement by spanwise blowing.
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-substantial increase over the potential flow values are evident,

The objective of the present flow vigualization study was to provide a
-systematic qualitative study of the nature of the leading-edge vortex flow and
its enhancement by spanwise blowing over wings suitable for fighter aircraft.
Low speed wind tunmel tests were conducted using a helium bubble generator to
visualize the flow over a 45° —swept trapezoidal wing having leading- and
trailing-edge flaps. The test parameters included angle-of-attack, jet

momentum coefficient, flap deflection angle, and jet chordwise location.

NOMENCLATURE

a, sonic velocity at nozzle exit
J!-‘s.e nozzle exit area
AR aspect ratio
b wing span
c. wing root chord
L wing tip choxrd

. 2( AV ) v
C# jet momentum coefficient, £ee €

2
AP
dn nozzle diameter
LE wing leading edge
Me Mach number at nozzle exit
Pe static pressure at nozzle exit
Po free-stream static pressure
P. o ’ total pressure at nozzle exit
b ]

8 wing planform area



T nozzle thrust

TE wing trailing edge

Ve jet exit velocity (See eq. (1))

VO free-stream velocity

X "nozzle chordwise location measured from wing apex

a wing angle-of -attack

Y ratio of specific heats (air: ¥ = 1.4)

SLE 6TE ieading~ and trailing-edge flap deflection angles, respec-
? tively '

P air density at jet exit (assumed equal to 90)

Eg air demsity of free stream

2v/b wing span station

WIND TUNNEL TESTS

Flow visualization tests were conducted in a small pilot wind tunnel at th
NASA Langley Research Center. The semispan . wing model was mounted on a ver-
tical reflection plane located in the tunnel test section and which provided
angle-of-attack capability by means of a circular insert. A free-stream
dynamic pressure of 1.5 psf and free-stream velocity of 35.5 fps were main-

tained throughout the tests.
MODEL

The model used in the experiments consisted of the wing and jet assembly

illustrated in Figure 4(a). The 45° ~swept trapezoidal wing was constructed of

0.25-in. thick plgxiglass which was beveled to provide a sharp LE and TH. The

flap had a constant-chord dimension of 0.10 c,., while the TE flap had a choxd

4
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which tapered linearly from 0.20 c rat the rodt to 0.35 c, at the tip.

Test configurations considered in the flow visvalization study are illustrated °

“in Figure 4(b).

Compressed air was brought over the wing through flexible tubing coupled
to a length of stainiess steel tubing (0.17" I.D.) which extendéd outward
slightly from the reflection plane and in a direction parallel to the wing
leading edge.

INSTRUMENTATION

A flow meter indicated the velume flow rate (CFM) through the air supply
system and the fIqW-ﬁas regulated by a valve between the flow meter and nozzle.
The volume flow rate and the compressed air pressure were adjusted to'provide
the desired nozzle flow conditions.

The total pressure at the nozzle exist (pt,e) was measured with a pitot
tube, and jet exit velocities were calculated using the following compressible

flow equation: 1/2

1-{ p°
e

Po\Y
2 J] 1)

57; Y-1

Pre Pee

"Ve is the jet velocity that results when the flow expands isentropically from

P, to p where it is assumed that P, =P

s € €, o

Nozzle thrust was estimated by suspending the nozzle vertically at one end
of a platform balance and measuring the thrust for a range of blowing rates.
This measured thrust is plotteﬁ‘as a function of C“ in Figure 5 along with

the thrust calculated from the following equation:

T= (% ‘l}e Ve)‘]e\ @)
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A helium bubble generator was used to produce neutrally-buoyant helium-
filled bubbles which, when exéosed to the flow, would reveal the general flow
about the model. A mixture of air, helium, and soap solution ejected at the
end of a converging nozzle produced bubbles, the diameter of which co;ld be var-
i?d by adjusting the air, helium, and soap supplies. A sketch of the nozzle
arrangement.is presented in figure 6. The flow at any wing station could be

examined by moving the bubble nozzle to the desired location.

A high-intensity light source was placed behind the model and facing up—-
stream such that the bubbles would appear white in contrast to the black sur~

faces of the model and reflection plane.

A Hasselblad 500 EL-M (70mm) camera was used in the tests. F-stop and
shutter speed settings were 5.6 and 1/8 second, respectively, which enabled
each bubble to appear as a streakline in the foregoing photographs. The devel-
opment process of the Kodak Tri-X Pan film (ASA 400) increased the ASA rating
to 1000 to heighten the contrast between the helium-filled bubbles and the wing

and reflection plane surfaces.
RESULTS AND DISCUSSION

The results of this study are in the form of photographs which were taken
of the flow visualization process for the variety of test configurations illus-
trated in Figure 4(b). In all of these photographs, the free-stream flow is
from left to right. The general effects of spanwise blowing on the wing with
no flap deflections are discussed in the following section for a range of angle-
of;attack and blowing rate. Observations of the effects of spanwise blowing on
the wing with leading-edge and trailing-edge flap deflectioﬁs will be presented

in later sections.



Effect .of Spanwise Blowing on Wing with No Flap Deflectioms
5 = 6 =}
LE TE

The results obtained for the wing with no flap deflection are presented

in Figures 7-53 for angles-of-attack from 15° to 35° and Cu values from 0.0
to 0.088. TUnless otherwise noted, the information presented in this section

~t

was acquired with the nozzle at a chordwise location of xn/qr = 0,23.

° , the separated leading-edge

With no blowing (Cy = 0) and @ = 15
flow rolled up into a ﬁeak,vortex oﬁiginating.at the wing apex (Figure 7). In-
creasing anglgTOf-a;tack to 20° '(E;gure 12) and 25° (Figurg 23) weakened the
vortex even further until at ci' = 30° (Figure 33) and 350 (Figure 42) the
flow over the wing becaﬁe completely separated, résulting in a large, slowily

rotating mass.

Figures 8 and 9 illustrate the enhancement of the LE vortex by spanwise

blowing at @ = 15° and CLL = .026 and .057, respectively, where the nozzlé
is located at x /e = .23. At.the higher blowing rate, it is evident that vor-
tex bursting is delayed to a greater span distance and the apparent vortex
strength is increased at a given span station. Figures 10 and 11 are side
views which illustrate the fiow at a = 15° and Cy = .057 at 2y/b = .1,
2y/b = .5, respectively. Tﬁe separated leading—edée flow is drawn over the

jet and reattaches behind the jet. Furthermore, the reattachment point behind

the jet moves aft towards the trailing edge as span distance is increased.

The flow visualization tests suggest that gpanwise blowing effectiveness
is dependent on separated flow at the leading-edge. Figures 12-22 illustrate
0

the progressiﬁe enhancement of the separated leading-edge flow at @ = 20

for the range of blowing rates 0.0 0;155 .088. 1t appears that



maintaining a stable leading-edge vorte; is dependent on sufficient axial flow
in the vortex core. The deflected streaklines over the jet-vortex system appear
similar to potential flow about a ﬁing of increased camber and thickness. Vor-
tex instability is indicated in Figures 13~19 by a significant increase in vor-
tex size and growth rate and consequent vortex bursting. A leading-edge "bulb,"
or closed turbulent region which incliudes both the vortex and jet flows, is
shown in Figure 20 at @ = 20°  and Cpu = .057. The leading-edge "bulb"
acts essentially as a solid body which induces an effective increase in wing
camber. Also, at low angles-of-attack at which spanwise blowing effectiveness
is minimal, a jet camber effect, as discussed in References 2 and 3, occurs
which induces a positive lift increment. Referging again to Figure 20, there
appeared to be a dividing streamline between the vortex and jet, from which
flow moved forward towards the leading-edge. The co-rotation of the vortex and
jet also suggests that the jet feeds mass and momentum into the underside of

the vortex. The jet is analogous to a spanwise line sink and the separated
leading-edge flow to a feeding vortex sheet, the outer layers of which are
entrained into the vortex core region. A second stagnation line behind the jet
was also observed, behind which g forward flow was induced by jet entrainment.

Figures 21 and 22 show the flow at 2y/b = .5 and .75, respectively, at @ = 200,

Cu = .057. The flow reattachment point behind the jeé at 2y/b = .50 is
near mid-chord. At 2y/b = .75, flow reattachment on the wing surface does not
occur.

Comparison of Figures 12-22 at @ = 20° with Figures 23-32 at a = 25°

illustrate the increase in vortex size, growth rate and vertical displacement

above the wing surface at a given Cu as @ is increased. Further investiga-

tion of Figures 23~32 reveal that the enhancement of the LE vortex by spanwise

8



blowing at @ = 15° and 20° is also evident at (= 25°

, but to a less-
er degree. This implies that higher blowing rates are required to maintain a
stable leading-edge vortex to a given span station as angle-of-attack is in
creased. Tﬁe photographs also suggest that blowing a discrete jet in a span-
wise direction induces an equivalent sweep and sufficient axial flow to aug-
ment the ILE vortex. The strong, stable IE vortex and the flow‘reattachment
behind the 5et, as seen in Figures 17 and 18 at g = 20° » with Gy = 057
and .075, réSpeqtively, and also in Figiures 29 and 31 at @ = 25° , with Cpy =
. 057 aﬁd .075, respectively, imply that at moderate to high angles—of-attack

the vortex lift increment should be significant.’-

[a]

"Figures 33-41 at G = 30° and Figures 42-49 at @ = 35 further illus-

trate the inboard disﬁlacement of the vortex bu?sting point at a given Cp as
a is increased. As seen in the photogiaphs, vortex breakdowm was very rapid
at these high‘angies—of—attack. It has been observed in the experimental inves
tigations of References 3 and 7 tﬂat spanwise blowing is a jet decay problem.

This is well illustrated in Figures 9, 14, 25, 41, and 48 ata = 150, 207, 257,

O

307 , and 35° , respectively., These photographs show that due to boundary

layer interaction and surface friction, the spanwise jet decay is rapid and

vortex characteristics consequentl& degenerate. When the local cross flow ef-

fects become dominant, the vortex—jet system is deflected downstream which is

o]

indicated in Figures 15, 28, and 35 at ¢ = 20 , 25°

, and 30° , respectively.

The effect of displacing the nozzle in the chordwise direction from

xn/c = 0.23 to 0.32 is seen in Figures 50 and 51 at @ = 250 and Figures
r

52 and 53 at a = 300 These photographs were obtained for C;L = .088 and

are representative of the results obtained for the range of angles—of-attack



(15°< @< 35°) and bl‘owin.g rates (Oécué.OSS) considered. Chordwise dis-—
placement of the nozzle to xn/cr=0.32 yielded results similar to those pre-
viously observed for blowing at xn/cr=0.23. Both nozzle locations appeared
equally effective in enhancinglthe separated LE vortical flow.

In Summary, the results of this section have showm that spanwise blow-
ing enhanced the LE separation vortex by inducing a flow along the vortex
axis. At a given angle-of-attack, vortex bursting was delayed to greater
span:distances, and vortex size, growth rate, and vertical displacement
above the wing surface at a given span station were decreased. Increased
blowing rates further enhanced the LE vortex and extended blowing effect-

-iveness outboard. Increasing angle-of-attack incieased.thé blowing rate

required to maintain a stable vortex to a given span. station.

Effect of Spanwise Blowing on Wing with LE Flap Deflection
= 20° =00}
( 8LE 207, 8TE 0 )

The results obtained for the wing with a leading-edge flap deflection of

20° are presented in Figures 54-85 for the angles-of-attack from 30° to 40G°
‘and Cu'values of 0.0 to 0.10.

Deflec&ion of a LE flap, which effectively increases wing camber, tended
to maintain attached flow at the LE at (= 20° for Cy = 0 as shown in Figure
54. The higher angle-of-attack range, namely 30%C @ < 40° , at which LE
separation occcurred, was therefore investigated.

Figures 535, 64, and 75 show the separated flow that exists over the

entire wing for C# =0 at Q= 300, 350, and 400, respectively. A large ro-

tating mass of air was observed above and behind the wing in all cases.

10



-Blowing over the LE flap was accomplished by positioning the nozzle at

>

xn/cr = .08. The resulting effects are shown in Figures 56-59 at @ = 30
Figures 65-68 at @ = 35° , and Figures 76-80 at a4 = 40° . The discussion
of the preceding section concerning LE vortéx enhancement by spanwise blowing
on a wing with no flap deflections applies equally well to the observations
discussed in this secti&n. fhe rgll;up of the separated LE flow ahead of the
jet for a range of blowing rates, the decay.characteristics of the LE vortex,

and the flow. reattachment point aft-of the jet at various span stations are

illustrated in the pﬁotographs.

The nozzle was Foved aft to'xn/cr = .23 to achieve blowing behind the
flap hinge-line. The results are illustrated in Fiéures 60f63 ata = 30 ,
Figures 69-74 at 4 = 550 , and Figu;es 81-85 at @ = 40° . These photo-
graphs sh;w, in a manner analogous go the ca;e for xn/cr = ,08, the enhance-
ment of the LE vqxteg for a range of Cy and @ , and also indicate the
flow about the wing at different span stationé. Since deflection of a leading-
edge flap-tends to maintain attached flow at the leading-edge, the beneficial
effacts obtained by blowing on the wing with no flap deflection are delayed to
higher wing incidence at which separated flow occurs at the flap leading-edge
or at the flap shoulder. Blowing oveé the leading-edge flap and alsoc behind
the flap hinge-line appearea equally effective in enhancing the separated

leading-edge flow.

11



Effect of .Spanwise Blowing on Wing with LE and TE Flap Deflections
§ _,0 . 0 _ o)
( g~ 200 5 T g =30

Figures 86~89 indicate a possible method of increasing TE flap effective-

ness by coupling deflection of a leading-edge flap with a nominal amount of

spanwise blowing behind the LE flap hinge-line. For this case the nozzle was

located at xn/cr = 0.23. VFigures 86 and 87 reveal the reattached flow be-
hind the jet at a4 = 25°  at two span stations for 51E = 20° s 5TE =30°
and C:Fl = .011. Figures 88-89 show in a similar manner the smooth flow over

the TE flap at @& = 30° and Cy= -026.

POSSIBLE AREAS OF INVESTIGATION

Experimental observations and, also, original work performed in Refer-—
ences 2-7, suggest that sﬁanwise blowing could provide a means of direct 1lift
control, a method of improving flap effectiveness and the flow about horizontal

and vertical tails, improving directional stability, and a means of varying the
3

r

effective wing camber and thickness.. The simplicity of spanwise blowing is

attractive since blowing from the fuselage requires no wing ducting or wing

design modifications.

Due to vortex decay and breakdoﬁn at outboard stations, it appears neces-
sary to provide some means of enhancing the separated leading-edge flow out—.
board. Distributed blowing at two span stations has been investigated in
Reference 7, but wing ducting poses severe problems. A method of passively
inducing a spanwise flow would avoid the problems associated with wing ducting.
An alternative configuration might be a wing with a segmented leading-edge flap
system coupled with spanwise blowing from the wing root. Reattachment of the

separated LE flow by the highly effective jet inboard and maintainance of

12



attached flow at the LE by differential flap deflections outboard is a-possi-

ble configuration.

¥low test observations and results obtained in Reference 6 suggest that a
nominal amount of spanwise blowiné associated with a small leading-edge flap
deflection (e.g., 100) might induce positive lift increments and drag-due-to-
1ift reduction cbmparable to those induced by a Iargé amount of blowing on a
Wing‘with no LE flap deflection. Spanwise blowing near the LE may improve TE
flap effectiveness by maiptaining Bm;oth flo# over the TE. Thus, for a given
TE £lap éeflgction,:a'positive'incgemeqt in 1lift and drag-dug—to—lift reduction
may'result_and, furthermére, the eféective range df TE flap deflections might
be extended. -Blowing over a trai}ing-edge flap might alsc be a viable method

T

of improving flap effectiveness. A jet located in this region is shielded

from crossflow effects that influence spanﬁise blowing near the leading-edge

and necessarily acts over a smaller wing surface area.

Since the-spanwise jei acts essentially as a solid body in the flow,
location of a jet in the region of the LE and/or TE might induce the same
aeyodynamig éffects as a LE and/or TE flap. The necessity of physical LE and
TE flaps might thus become less significant. . The reduction of weight associ-

ated with physical flaps is an éppealing design consideration.

For low blowing rates at which LE vortex augmentation is nominal, spanwise
blowing might be a possible boundary layer control device by inducing favorable

spanwise flow gradients in the boundary layer.

Concentrated lateral blowing is a possible means of alleviating or delay-
ing buffet during maneuver. The latter phenomenon is related to leading-edge

separation and/or wing stall and creates serious problems for highly~-

i3



maneuverable aircraft.

The encouraging qualitative results obtained in the experiments illus-
trate the need for‘extensive quantitative evaluation of the applications of
leading-edge vortex enhancement by spanwise blowing. Investigation of the
effects of concentrated lateral blowing on maneuvering 1ift and stability and
control characteristics are necessary. Possible areas of investiggtion con-

cerning leading-edge vortex enhancement are:

1. Roll control by differential nozzle thrust.

2. TIncreased jet:vectoring to enable higher engine thrust recovery
'and maintain the beneficial effects of blowing.

3. Blowing over trailing-edge flaps and in the regions of horizontal
and vertical tails.

4. Blowing over canards and canard-wing configurations.

5. Spanwise blowing associated with strake-wing configurations.

6. Mach number.effects on blowing effectiveness.

14



CONCLUDING‘REMARKS

Flow visualization studies were conducted in a small pilot wind tunnel at

. the NASA Langley Research Center to determine gqualitative effects of blowing a
. . ‘ N o

discrete jet essentially parallel to the leading-edge of a 45  -—swept trape~

i

zoidal wing_featuring leading- and treiliﬁg—edge flaps. 'Results-of this inves-
tigation indicated that blow1ng from a reflectlon plane over the wing enhanced
the 1ead1ng—edge vortex and delayed vortex burstzng o hlgher angles —of-attack

and greater span dlstances. Increased blow1ng.rates decreased vortex size,

growth rate, and vertical dlsplacement above the Wlng surface at a given span

statlon and also extended the spanw1se effectlveness of lateral blowing.

Greater values of blowing were required to maintain a 'stablé vortex to a given

span statlon .as angle-ofuattack was’ 1ncreased ' Concentrated blowing associated
with deflectn.on of a 1ead1ng-edge flap also appeared effective in enhancing the
separated LE flow., Since deflectioq of a LE flap tendéd to maintain attached
flow at the_LE,‘spanﬁrSe blowing.effectivéness wee-delayed to higher Wing
angles-of—attack at which’ separatlon occurred elther at the LE or the flap

V-

shoulder. The results obtained for wing.configurations with and without LE

flap deflection'indicated_nd'discernible variation of LE vortex enhancement by
spanwise blowing for 2 small range of nozzle chordwise displacements. Deflec—
tion of a LE flap coupled with spanwise.bicwing behind the LE flap hinge-line

also appeared a viable method of improving TE flap effectiveness.

15
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Blowing Off
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Blowing On

Figure 8.- Spanwise blowing over the 45° swept trap
L e g T e 0
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Blowing On

F:gure 9 Spanw:se blawmg over the 45° swept trapezoudai wmg for
| _a=15° andcu 00578 o Gx!.c: 323







Blowing On

Streaklines Near Root

Figure 10.- Spanwise blowing over the 45° swept trapezoidal wing for

a-15° and Cy = 0.057; 8, = 8. = 0°; x e 0.2







Blowing On
Streaklines At Mid-Span

Figure 11.- Spanwise blowing over the 45° swept trapezoidal wing for
. = 0 R = = = 0, =
a= 15 .am% Cp :E)..OSY, SLE STE 0; Xnk‘r 0. 23,.
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. Blowing Off

Figure 12_ "-_Flo_w over the 45 swept trapezmdal wmg for a- 20 and

__.mewmg off; SLE By o







Blowing On

Figure 13.- Spanwise blowing over the 45° sWent_;trapézoid_éfj_Wiﬁﬁff“"u'
e - 0 ; ' = A < = 0- ' . : z
a _20_ _,and ,C# 0.01L; 3 - _‘0 'xgk’{o 23‘ :

g 'n







Blowing On




PAGE INTENTIONALLY BLANK



B

i

-~ Blowing On
Streaklines Near Root
i :

'- .'--Flgnm 15 - Sparsmse bfowmg over the 25° swept frapezozdai wing fm’".::f_.
: aZOandCu“GG%S =0;ch 0.2

- PAGE 13
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Blowing On

";'Sﬁamise blowing over the 45° swept trapezoidal wing for
a=20 and C, = 0,042 BLE BTE 0 ; xnlar 0.23,






Blowing On




MBIIGWEng On

Figure 19 - Spanwzse blowing over the 45  swept trapezoidaf wing f{l{;
a-20° and cﬂ~ 0.088; 8 . -8 = 0% x_lc =0.23,



Blowing On

Streaklines Near Root

Figurg' 20.- Spanwise blo:wi_ng_aver the 450'Swep.t .fra-be_zoida!f
| . : - - o
a= 20" and Cp 0.057; SLE STE 0 : xnlc




Blowing On
Streaklines At Mid-Span

thure 21 - Spanw:se b!owmg over the 45° swept trapezotdaf wing for'
aZGa{dep f}fjﬁ?s *8 xfcn@23

OPIGINAL
P
OF POoR QUAGE I3




Blowing On 8

{f;gure 22.- Spanwise blowing over the 45° swept trapezmdai wing for

a= 20° and C '8.057,8LE STE=O;x /(;‘023




Blowing Off




Blowing On




Figure 25.- Spanwise blowing over the 45°_swept trapezoidal wing for

el % : . - 9. .
a= 25 and C,u 0. 026; SLE STE 0 xﬁlcr 0. 23,




Blowing On
Streaklines At Mid-Span f&

Figure 26.- Spanwise blowing over the 45° swept trapezoidal wing for
8 = - = 5
é— 25 and C[J 0.026; SLE STE 0 '__%nlcr 0. 23..
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Blowing On

"?iguz‘éfz‘?.* Spanwise blowing over the 45° swept trapezoidal wing for
. L 0 ; = : . = - 0., : : =
q 25" and C; = 0,042, 8, =8 = 0 x_lc =0.23.

ORIGINAL P
FIVANTALN A2



~ . Blowing On
Streak!i__r}es Near Root

Flgure 28.- Spanw!se blowing over the 45 swept trapezoidal wing for

a= 25 and C; - 0.042, 8, =3, - 0 x /e = 0.23




Blowing On

" Figu re 29.- Spanwise blowing over the 45° swept trapezoidal wing for

= 0 = . = = O =
a=2 and C, O.OS?,SLE STE 0 ,xn/cr 0. 23,




_ Blowing On
Streaklines At Mid-S

= ‘Figure 30,- Spanwise blowing over the 45° swept trapezoidal wing for

A - : : PR S
a= 25 and Cu 0'057’815 S?E 0 O’ancr 0, 23.




Blowing On

fﬁfgﬁ;r_e: 31- Spanwise blowing over the 45° swept trapezoidal wing for
4 | : e i
a= 25" and Cy = 0.075; BLE STE 0, ancr 0.2%




Blowing On §

Figure 32.- Spanwise blowing over the 45° swept trapezoidal wing for

azs and C, - 0.075; 3 -3 = 005 x fe = 0.23.

PIE



Blowing Off

":':;Figure 33 - Ffaw over the 25° swept tra;aezezdai wmg for a= 30° and

blowmg off; SLE BTEQ R




Blowing On

Figure ~ "S-pa;n:wiéé-"'b-i"Wi-i'%fg QVér the -O swept trapezoidal wing
= n° ! = . = =
~@=30" and C, - 0.026; B =0

of



S Blowing n

. Figure 35.- Spanwise blowing over the 45° swept trapezoidal wing for

- 0 = 1. = = 0. = 22
C_l 30" and le 0.011; SLE 3 £ = !Cr 0. 23.

T n
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Blowing On

Frgure 36.~ Spanwise biowmg over the dS swept trapezoidal wing far’

a30andC*0.042,8 TE’O;X/C“OZB

ORIGINAL: PAGE I®
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Blowing On

Figure 37.- Spanwise blowing over the 45° swept trapezoidal wing for

ca= 30" and Cy = 0,042, 5, = 3

a0 L
T 0; xnfcr 0.23.

TE




Blowing On

Helium u_bble Nozzle

Figure 38.- Spanwise blowing over the 45° swept trapezoidal wing for
. = 0 = . = = 8. =
a= 30 a.nd Cpl 0.057; SLE STE .0 . xnlcr 0.23.




Streaklines at Midspan

' 'Figure 39,- Spanwise blowing over the 45° swept trapezoidal wing for
0 0
a= d C =1, ’ = = 5 e )
30" and Cy = 0.057 SLE BTE 0; xnlcr 0. 23,




- Figure 40.- S-paﬁnwisé-'htawing over the 45° swept trapezoidal wing for
= 0 = 3 . = = 0. »
a= 30 -_a_n_d Cy = 0.057; SLE STE 0; xnicr .73




Blowing On
o ,

Figure 41.- Spanwise blowing over the 45° swept trapezoidal wing for
= 0 :. . = = 0- 58

-







Blowing On

_Flgu re 43 Spanw;se blowmg over the 45 swept trapezoidal wing for
as 35 andC“*OO% BLE-S xlc—023




FlgureM.- Spanwise blowing over the 45° swept trapezoidal wing for

o ae 35{’ and C, = 0.042; 81_[-: i BTE 4

0

¥

. x_nlcr= 0. 23.




Blowing On

B

..;_Figure 45 " Spanwrse blowing over the 25° swept trapezo:dal wing for
‘= 33 and Cy = 0.057; 8 ; =8 = 0% X fc - 0.23




Blowing On
Streaklines at Midspan

‘Figure 46.~ Spanwise blowing over the 4'5G swept trapezoidal wing for

e 35V o - 7. =00 % Ic *
=35 and Cy = 0.057; 5, =8, = 0% x [c ~0.23.

it 5
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Blowing On

Figure 47_':_.,__-.:_Spa_nwise: blowing over th_e_459 swept trapezoidal wing for

o amc“ e S_LE ) = ISy he
RIGINAL PAGE Iy




Blowing On

 Figure 48.'-"SpanWi§é b'lnwfﬁg over the 45° sWépt"'trafpézoidai wing for

o 0 i 00 - L i Q. . :'ﬁ_: Ba
L a* 35 and Cﬂ 0. 088: GLE BTE 0 xnlcr 0. 23.




Streaklines at 2y/b = 0.75

Fsgure 49 Spanwzse blawmg over the 45° swept trapezoidal wing for

a- 35 and C —G,OSS,SLE-STE O;xlc~023




Blowing On

%

Figure 30,- Spanwise blowing over the 45° swept trapezoidal wing for
. . : I 0 . - . - - 0_ =
a= 25 and Cu 0. 088; SLE STE 0 ><n/<;r D.23.




Blowing On

~ Figure 5L.- Spanwise blowing over the 45° swept trapezoidal wing for
: - . = 0 = % = = O. =
| a=25 and Cp 0, 088; SLE S 0; xn/cr 0. 32.

it




Blowing On

;:f:?ij.i't_j'ur'e' 52,'.'?'_"Spanwise b'lowilng over the 45° swept trapezoidal wing for
| - 0 = - = = 0. =
a= 30" and Cy = 0.088; SLE STE 0; xn/cr 0. 23,




Blowing On

o Y

Helium Bubble Nozzle —="%

-:-;Figu_re 53,-"- S_panwiise_blcwing. over the 45° swept trapezoidal wing for
= 0 = - = N = o. &
a 30_ and C, = 0.088; BLE STE 0; xﬂ/cr 0. 32,




F:gure 54 - Fiow over the 45° swept trapezosda! wing with deflected LE flap for

o°
a- 2() and blowing off; 3LE - 20°% STE .




Blowing Off }

dal wing with deflected LE flap for
a-= 30° and blowmg off; BLE 20°; STE 0°.

Figure 55 Flow over the 4’5 swept trapezm

ORIGINAL PAGE
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Blowing On

Helium Bubble

e

= Nozzle—~

=% Nozzle

o

 Figure 56.- Spanwise blowing over the 45° swept trapezoidal wing with
deflected LE flap for @- 30° and C - 0.057; 8 = 20"

. s o
8TE ' xnlcr 0.08.




Blowing On

o

Flgure 57 - Spanwase blowing over the 45 swept trapezo:dal wing with
deflected LE flap for a= 30° and C = ,075; SLE 20°.

STE 0 x!c 008

(JILU INAL PA(JE IS
QI' POOR QUALITY{




Blowing On

Streaklines Near Root

thu re 58 Spanwnse blowmg over the 45 swept trapezmdal wing with
deflected LE ﬂap for a= 30° and C = (0, 057; S 20

STE i 0 5 an{:rz 0;0843
ORIGINAL PA

'1‘ DY )y 3 -- =
LF POOI v QUALILTTY




Blowing On

Streaklines at Midspan

Figure 59.- Spanwise blowing over the 45° swept trapezoidal wing with
deflected LE flap for = 30° and C,, = 0.057; 5o 20°.
- 0_ -
STE =0 xnfcr 0. 08,




Blowing On

Nozzle!

_Figure 60 Spanw:se blowmg over the 45 swept trapezoidal wing with
deflected LE flap for a- 30° and C = 0.057; B2

_STE 0 X lc~0 23.




Blowing On

Figure 61.- Spanwise blowing over the 45° swept trapezoidal wing with
deflected LE flap for o= 30° and Cy = 0.075; 8 - 2°.

= 0. =
STE 0 xnlcr 0. 23.

ORIGINAL PAGE IS
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Blowing On

Streaklines Near Root

Figure 62. - Spanwise blbwing over the 45'0' swept tra'pe'zoidal wing with
deflected LE flap for = 30° and Cy, = 0.057; 8 - 20°.

. =0% x_/c =0.23.
nt

TE




Blowing On
Streaklines at Midspan

Fsgu re 63.- Spanmse blowmg ever the 45 swept trapezc;da wmg with
deflected LE flap fm' a= 30 and C# = 0.057; SLE 20°.

STE _6»--)( i(: {}23
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B!L Nif g Oft

2P 40
LE ;STE 0~

flap fer a- 35 and blowing off: B




e - = - Blowing On

deﬂected 13 ﬂap" for a- 35 and c,_L 0. 957 sLE - o,
" -o° 1 ic 0 03




Blowing On

F:gure 66, - Spanw:se blowing over the dS swept trapezoidal wing with
0

deflected LE ﬂap for a= 35 and Cy = 0.075; 8

- e X fc = 0.08.




Blowing On

treaklines Near Root

Figure 67.- Spanwise blowing over the 45° swept trapezoidal wing with
deflected LE flap for @ = 35° and Cy, = 0.057; 3, = 20°;

= 0- =
STE 0 ., xnfcr 0. 08,

ORIGINAF,
PAG o




Blowing On

Streaklines at Midspan

Flgure 68.- Spanwise blowing over the 45° swept trapezoidal wing with
o deflected LE flap for a = 35 and Cy = 0.057; 8 - 20°;

= 0. =
By O xle 0.8

OPR71
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Blowing On

-m'e.éﬂ Spanwrse bluwmg over the 45° swept trapezoidal wmg with
~ deflected LE ftaa for a- 35° and cu— 0.057; 8, 0

BTE=0 xlc 023

ORIGINAL PAGE IS
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Blowing On

'Figure 70.- Spanwise blowing over the 45° swept trapezoidal wing with
a0
deflected LE flap for a- 35° and C, = 0.075 8 = 4
: .= 0. .
BTE -0 xnlcr _0.23.
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Blowing On

Figure 71.- Spanmse blowmg over the 45° swept trapezmdal wing with
deflected  LE flap for @ - 35° and C,, = 0.088; 8 - 20

- n9. %
STE 0.'.xnkr--~0‘ 23,




Blowing On

 Fiqure 72.- Spanwise blowing over the 45° swept trapezoidal wing with
deflected LE flap for a= 35° and Cy = 0.10; 8, - 20°

= 0. =
STE 0 5 Xn/cr 0.23.




Blowing On
Streaklines Near Root

Figure 73.- Spanwise blowing over the 45 swept trapezoidal wing with
deflected LE flap for o= 35° and Cy, = 0.057; 8, - 20°;

= nP. g
STF 0; xn/cr 0.23,




Blowing On

Streaklines at Midspan

| Figure 74.- Spanwise 'biow_ing over the 45° swept trapezoidal wing with
| deflected LE flap for @ = 35° and C, = 0.057; 5 = 20°;
S = 00 x lc = 0.23,
et

TE
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Blowing Off

Flgure 75 Flow over the 45° swept trapezoidal wing with deﬂected LE
flap for a- 40° and blowing off; 8 ~ 20°; 8 :




Blowing On

--Flgure 76. Spanw;se blnwmg over the 45 swept trapezmdal wmg with

 deflected LE flap for a-=4° and c#a 0.057; 8y 2°;

n f‘.;.“_ 2 ’ ._‘3 -




Blowing On

deflected LE ap for cz tiﬂ and C#=- 8 6175 8 = 20




=2l Blowing On
Streakhnes Near Root

Figure 78 Spanwise blcwmg over the 45° swept trapezoidal wing with
| deﬂeded LE flap for a = 40° and C = 0,075; SLE - 20°.

L Lo




Blowing On
~ Streaklines at Midspan

Figu re 79 Spanmse b!ewmg over ths 45° swept trapezmdal wing with
 deflected LE flap for a = 40° and C, = 0.075; 8, - 20

8TE_ D xlc 008




Blowing On

. Streaklines at 2y/b = 0.75

ngure 80.- Saanwzse blowing over the 45° swept trapezofdal wing with
0 _

defiected LE fiap for a-= 4{) and C = 0,075; SLE



Blowing On

th
deflected LE flap for @< 40° and C,, = 0.057; 8, - 20°,

= o. : = |
. _STE =0 xn_lcr 0..?3.

Figure 81.- Spanwise__ blowing over the 45’0_ swept trapezoidal wing wi




M

Blowing On

thure 82 ‘Spanwise bmwmg over the 45° swept trapezmdal wing with
deflected LE flap for @-= 40° and Cu 0,075; 8 20°;

STE - ¢° : xnlcr= 0.23.




Blowing On
I Streakiines Near Root

Figure 83.- Spanwise blowing over the 45° swept trapezoidal wing with
. A o '
- dﬁf'ecff_-’.g LE flap for @~ 40" and C, - 0,075; 8, - 20°;
8. = 0% x_Ic =0.23,




Blowing On

Streaklines at Midspan

- Figure 84,- Spanwise biowi'h"g' over the 45° swept trapezoidal wfng with
' deflected LE flap for a - 40° and C, = 0.075; 8, = 20°;

= 0. =
STE 0 xn{cr 0523‘,




Blowing On

Figure 85,- Spanwise blowing over the 45° swept trapezoidal wing with

deflected LE flap for a - 40° and C, - 0.075; 5, - 20"
« 02 =
8 = 0% x fc - 0.23,
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Blowing On
Streaklines Near Root

Figure 86.- Spanwise blowing'over the 450 swept trapezoidal wing with
deflected LE and TE flaps for a = 25° and C, = 0.011;

s 0. = O. =
SUE 20 'STE 30°; xnfcr 0.23.




Figure 87.- Spanwise blowing over the 45° swept trapezoidal wing with
deflected LE and TE flaps for @ = 25° and C,, = 0.011;

- a0, . a0, =
AR TS R




Blowing On
3 Streaklines Near Root

Figure 88.- Spanwise blowing over the 45" swept trapezoidal wing with
deflected LE and TE flaps for a = 30° and C,, = 0.026;

; & 0 = O. =
S £ 20 ’STE 30°; )(ﬂfcr 0.23,

L




Blowing On
Streaklines At Mid-Span

" Figure 89.- Spanwise blowing over the 45 swept trapezoidal wing with
deﬂeded LE and TE flaps for a- 30° and Cu 0. 026;

SLE 20 STE xlc-023




