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INTRGDUCTION

Modern aircraft designed for supersonic fTight are often fitted
with thin, highly swept delta wings to take advantage of reduced super-
sonic wave drag. Af high subsonic speeds, where good maneuVerabi]ity
Erand highvacce1erations are desirable, thin delta wings provide added
g advantages. Theée include high drag dﬁvergence Mach number and high-g
5 maneuverability due to increéséd 1ift generated by stable Teéding—edgé
vortices. These vortices, which result from leading-edge flow separa-
tion; and subsequent flow reattachment on the upper surface produce the
added advantage of sustained performance capability at high angles of
attack. However, the large induced drag péna]ty characteristic of de1fa
wings in high-Tift flight Timits the aircraft's maneuver capability at
high subsonic and transonic speeds. This increase in the induced drag
is due to early leading-edge flow separation, which‘Causes a total loss
- of the Teading-edge suction associated with attached flow around a blunt
leading edge. Consequently, exéess engine thrust must be used to |
counteract the drag increaseé reducingvthe acceleration capability of
the aircraft. In addition to the drag bena1ty, the spread of vortex
origin from the tip to the apex of the wing wfth increasing angle of
attack produces severe longitudinal instability in thé mid-a range, as
the center of vortex 1ift moves ahead of the wing center of gravity
(ref. 1). | | o

One method bf alleviating the induced drag and stability problems

associated with highly swept delta wings is through leading-edge flow



control to delay the onset of leading-edge fTow separation. Attached
flow at a b1unt'1eadfng edge a]?dws for partial recovery of leading-
edge suétion; providing avreduction in drag and alleviation of the
1ong1tud1na1 1nstab111ty resu?t1ng from leading-edge vortices. The use
of a cambered 1ead1ﬂg edge has been one method of ma1n£;1n1ng attached
flow to h1gher angles of attack. However, severe drag penalties at
supersonic cruise speeds and the-added weight and mechanical complexity
involved with thé use bf a variable camber leading edge make this method
less desirable. Leading-edge devices such as flaps and slats have also
beenvused for the purpose of maintaining attached flow; however, they
have not been overly successful on highly swept wings (ref. 1). Fixed
_1eading?éage devices such as pylon vortex generators, fences, and chord-
wise slots (notches) have previously been used for alleviation of sta- |
bility problems of highly swept wings. However recent research has
~shown that these dev1ces also have potential for arag rediuction by
maintaining attached flow to higher angles of attack and,~thus, seem

to be a practical solution to the induced drég prQbTem‘(ref. 2).

Ah alternative to the conventional approach of drag reduction
through attached flow is accomplished through the use of leading-edge
vortex flaps and sharp leading-edge extensions (SLEE) (refs. 1, 2, 3,
and 4). These devices utilize the hatdra1 tendency toward separation by
forcing vortex formation and using the resulting suction forces for drag
reduction. The'downward-def1ected vortex flap géneratés a.coiled voriex

whose suction force actsbdirect1y on the forward face of the flap, pro-

ducing thrust and 1ift force components. The sharp 1eading—édge



extension makes use of the same type of induced vortex; however, hy:
keeping the vortex directly ahead of the leading edge, the suction
‘effect produces strictly a thrust component ahd,vthus, a reduction ‘in
drag. The fTow mechanisms of the vortex flap and sharp leading-edge

extension are shown below:

Leading-edge vortex fiap : Sharp leading-edge extension

Sketch A

This repokt presents the results of a wind-tunnel investigation
undertaken to examine the potential for further drag reductidﬁ through |
refined versions of devices such as fences, chordwise slots, ﬁy]on
vortex generators, leading-edge vortex flaps, and éharp leading-edge
extensions. Since previous research had established the effectiveness
~of these devices, the present investigation was primarily concerned with
modffications to overcome their limitations. Methods of reducing the
1ow—angle-of—attéck drag penalty while maintaining the effectiveness of
the devicgs at higher angles of attack were studied. Results of previ-
ous research (ref. 5) were uéed to design and fest certéin device com~

binations which were believed to have drag-reduction capabilities beyond



those of the individual devices. . In addition, several novel configura-

- tions were included to determine the fe&sibi]ity of concepts sUth/as the
use Of.py]Qn:vorteX'generafofs'as carriers of slender external stores
(such as air-to-air missiles) and leading-edge vortex f]aps-for roll

augmentatﬁon and as "drag" devices for landing purposes.

Use of commercial proddcts or names of manufacturers in this report
~ does, not constitute official endorsement of such products or manufac-
turers, either expressed or implied, by the Mational Aeronautics and

Space Administration.
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BACKGROUND

Th1s sect1on presents a brief d1§cuss1on of the basic flow
mechan1sms of the devices and results of previous resnarch which Ted to

the present 1nvest1gat1on.

Chordwise Slots

Typical high- angle of-attack performance improvements through the
use of chordw1se s}ots cut 1nto swept leading edges are presented in
reference 5. The siot flow mechanism results from the h1gh velocity jét
‘sheet emanating from thevSTOt due to the natural flow of air from the

Tower to the upper wing surface (sketch B). It is believed that the

Spanwise boundary
layer flow

Root o Leading Tip

/

Sketch B

vortex shed from the outboard edge of the slot acts to obstruct the
spanwise boundary layer flow on the upper surface, reducing boundary
layer buildup and, thus, separation tendencies near the wing tip. In

addition, the sense of rotation of the slot vortex opposés that of the



primary -vortex, thereby hindering its inboérd movement and growth. ,It
is this "compartmentation” effect of the chordwise s]ot'Which prompted
its use in cambfhaffdniwifh thé vortex flaps and sﬁarp’ieading—edge
extension in the present ihVéé%igatiOn.‘ The principal concern, however,
was'a11e91atidn of a sudden 105s of slot effectiveness at the higher .
angles of attack'én62a2}0w-q d&ag-penaity arising from presSure:drag on
fhe vérticé1“¥éce ahd‘frictﬁah“Onhthe:Tnterna1'wét%edfarEa of the slot.
Through interna1 contouringﬂof ﬁhe devite, an attempt was:made'to reduce
this‘low—a'drag and maintain slot effectiveriess to higher . TIn an
aftempt at further performance ‘improvements, a very Timited study of the

effects of slot depth and width was also included.

Fences

'The.use of fences on delta wings has traditiona11y been as a fix
for. longitudinal instability. Previous research, however, has shown
‘these devices to be?ef?ectiye in the role of drag reducers at high
angles of attack, aid&hg fn the alleviation «of severé 1ift-dependent
drag penalties. Typical perfofman;e improVemehts with single an&
multiple fences similar to those ﬁresehtiy tested are given in
reference 5.

Fence f10w‘mechanisms are described ih detail in reference 6 and
briefly 5ummarized here. ﬁFirst,'the fence forces the swept wing upper
surface isobéfs, normally pafa11e1>to the leading edge, to be unswept
locally, reducfng suction peaks and;pressure gradients outboard, with

opposite effects inboardﬂ: Subsequently, outboard staTl and loss of



leading-edge suction are de!ayed? The adverse ef%ects inbcard arelof :
minor concern due to lower prevailing upwash. The fence also acts as an
obstruction to the spanwiQe boundary layer flow on the upper wing sur—v
face, further delaying the onset of separation near the tip. However,

a loss of effectiveness 1is observed at high a,'possibiy due to an
accumulation of viscous fluid on the inboard side of the device. It

’ waé.be1ieyed that the flow through an adjacent inboard stot would “blow

of f" this viscous accumulation (sketéh C) and was, thus, tested here.-

Viscous .
~ accumulation 7 Boundary
. _ fayer -
PR ﬂr ) / \
e ——— b .——_’—‘ ~ N[ m——————
Root Leading Tip Root Tip
edge
nE
Fence only . Slot-Fence combination

Sketch C

Finally, the fence impedes the inboard movement and growth of the pri-
mary vortex, allowing for the formation of a second, undisturbed
leading-edge vortex inboard, with both acting primarily on the wing

Teading edge. For this reason, fences were also selected in the



present investigation for use in combination with the vortex flaps and
" sharp leading-edge extension.

Pylon Vortex Generators

The pylon vortexkgeherator relies on the formation of a vortex
originating at its sWept—forward upper edge as a fesu]t of the effective
angle df attack of the device relative to the wing 1eading—edge cross-
flow. Except at the Towest ang{es'of attack, this vbrtex travels over
the wing upper surface aﬁd rota%es in a sense so as to act as a barrier
to the spanwisévbdundary‘layer flow, while at the same time inducing a
- downwash ve]ocity outboard, with a subsequent delay in outboard stall

(sketch D). In addition, the rotating motion of the vortex-promotes a

Root

<323E){3”47 (ref. 5)

7/

Sketch D

certain‘degree of boundary layer energization through turbulent mixing

of vistUs‘boundafy Tayervf1uid with h%gh—momentum fluid from the



external stream. Again, the result is increased resistance to separa-
tion (ref! 7). However, a drag penalty is paid at Tow angles of attack
since the leading-edge cross~flow is not yet of sufficient magnitude to
cause vortex formation. The present investigation attempts to reduce
the vortex generator low-o drag through systematic size reductions
(basically, lower and aft edge removal), with minimal sacrifice of
high-o performance.  The constant 30° fofward sweep and 10° toe-in angle
of these devices were dbtimum values selected on the basis of previous
research (ref. 5). In addition, the characteristic pylon shape of the
vortex generators suggested their possible use also as carriers of
slender external stores (such as air-to-air missiles); therefore, the

effect of a simulated missile attached to the lower edge of a vortex

generator on its aerodynamic effectiveness was investigated.

Leading=Edge Vortex Flaps

Results of previous tests on leading-edge vortex flaps and detailed
descriptions of their aerbdynamic mechanisms are presented in réfer—
ences 1 and 3. In essence, the vortex flap relies on the prevailing
upWash ahead of the wing leading edge to force separation and formation
of a coiled vortex whose suction effect acts on tHe flap, producing 
aerodynamic thrust and 1ift components (see sketch A in INTRODUCTION).
By maintaining this sweep-stabilized vortex on the flap along its entire
spanwise extent, with fhe flow reattachment position ideally at the
wing-flap junction (knee), attachéd flow is maintained on the wing

upper surface. Flow entrainment and increasing upwash, however, cause
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- the fldeVOrfékifougrow and migréte onto the wing surface with increas-
ing angle»ofkattack‘and_outbqard distance. In an attempt to maintéin
the ideal f}ow_cqnditjon.qngg‘the gntire flap span, an inverse tapered
flap Was selected in the present—?ﬁmestigation for comparison -with a
constant chord flap, under the assumption that inereasing chord outboard
coqufbetter écé5ﬁmodate the conical flap vortex. Segmented flaps of
variouéip1énforﬁl§habésv(Edﬁ%tant‘éhord;-paraboTic, and inverse'tapered)”
were also included to further assist in thié matter through the forma-
tion of a dfstincf»voétex ondeacﬁ'seéﬁéht; each acting primarily on the
flap surface. The use of fences and chordwise slots in combination with
the vortex f]éps was based on ‘their éompartmenfa;ion_effect, again with
the segmentation of the primary vortex into two smaller, undisturbed

vortices (sketch E). The ability of the vortex flap to moéﬁfy the wing

A\

ﬁi

with slot
" for fence)

without slolt

Skéﬁch E  .
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spanwise 1iftfdi$tribution~suggested'that'sizab]e rolling moments might -
be obtained by means of'asymmetricvaép deflectioné at high angfesvof

| attack, when other control suffateé are degfadéd by flow separation.
This.contept was tested along with ﬁhe possibiiity of;adapting vo%tex"'
_flaps for aerodynamic braking at landing through éppropriéte control of

vortex suction forces.(sketch'F)f

Upwérd
deflection

Large downward
defiection

- . -
Suetion

Sketch F

Sharp Leading-Edge Extension

Results of preliminary reseiarch on a sharp leading-edge extension
are given in reference 5. This device,>operating on the same principle
of forced separation as the vortex flap, derives its drag-reduction

capabilities from a tightly coiled vortexvmaintéined ahead of a blunt
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.1ead1ng;edge, utilizing»itsvsuctiqneefﬁect te obtain a thrust force---.

(ref. 8). .Ideally, flow reattachment .occurs just aft of the wing

_Teadingaéqge curvature (see sketch A in. INTRODUCTION). = However, a down-

stream expansion of the vortex COFQ:dUE toff]éwventrainmeni leads to
eventua].migrafign of_the,réattachment,poiht~onto the wing upper surface
with increasing angle of attack and .outboard distance. The resulting
upper sQrfacevsepakatedgflow and associated drag fncrease act to
partially nullify the thrust derived fr6m the suction effect of the
device. The compartmentation effect of fences and chordwise slots
located at various positions along the.SLEE was utilized in the present
investigation er the'purposg of‘d¢1§y;né»this growth of the 1eading_

edge vortex. In addition, testsvwere performéd to determine the optimum

SLEE extension producing the ideal vortex size and position just

described.



RESEARCH MODEL AND LEADING-EDGE DEVICES

The following is a description of the research model and leading-
edge devices used in the investigation. Actual photographs of the

sting—mdunted model and selected devices appear in figure 1.

60-Deg Delta Wing Model

Figure 2 shows a drawing of the wooden, 60-deg cropped déTta wing
model used in the investigation. The fiat—p]ate wing has semi—e]]iptiﬁ
leading edges (ellipse ratio of 26.7 percent) with uniform 1eading—edge
radius of 0.231 cm.

The right-hand wing panel was equipped with six chordwise rows of
static preésure orifices around the Teading edge at approximately the
20, 33, 45, 57, 70, and 82 percent semispan nositions. Each station
consisted of four orifices on the upper surface, four on the lower

: +ha Taadin A Thintann Ai+dnmal Anifinnce
surface, and one near the 1€aGing eage. Thirteen adaitional orifices

weré providedralong the span at the leading edge (X = 0) and one on the
wing upper surface near the trailing edge. The pressure orifices were
fed by 0.10 cm outside diaméter meta1 tubing, which was protected by a
removabie metal base plate on the lower surface of the wing. The
orifice Tocations are given in Table I.

The research model also had six 5.08 cm long chordwise slots on
either leading edge at approximately the 25, 37.5, 50, 62.5, 75, and -
87.5 percent semispan positions. The slots were meant for holding the
.1eadiﬁg—edge deviceé but also used as "devices” themselves, .being sealed

when not in use.
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1 (a) .Basic wing.. -

(c) Vortex geherator.

Figure 1.- Photographs of research model and leading-edge devices.
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(e) Down-deflected leading-edge (f) Up-deflected leading-edge
vortex flap. vortex flap.

(g) SLEE w/fences, (h) SLEE w/slots.

Figure 1.- Concluded.



- N : CHORQW!".’SE.‘ SLOTS
A Cstor | e
T | 2640
. 2.7 | 3868
8,8 3 | -5L04
N v 4 | 63.3
S N - 5. | < 15.61 ¢
Slot ZV}>gp 6 | "87.89
0094 wide) N |
' 30% pressure 8.5
D, RS 76,38
B orifice ’ B o
4}\ ‘ - PRESSURE ORIFICES
2,00 | B L :
_ : reference 51\ CHORDWISE]- y .
center ' \ | R?W .%297-,‘
, 6 )\ |2 e
‘ Pressure 33.02 3 44,79 .
6 | orifice T A , 4 521
R 1 5 69. 64 .
4. 13. 87 . _.L_ | 9,45 6: 81,75
= 3,501
72,36 1.9
Z - RESEARCH MODEL
T Planform area....ccievevenvenenennnes 3263,9 cm®
_ 6-+22 l2.54 Aspect ratio............ vererscrssinens 1.60
F & = ] —= y Taper ratio...eesveessnenrererrnneneens 0.18
= 6o T Mean geometric chord.........cvvuven. 52.18 ¢m
\_j % Moment reference center.............. %=32.38 cm
L ’ (from wing apex). ' y=0

<8, 38> , 20

Figure 2.- Drawing of 60-deg delta wing research model. Dimensions in centimeters.
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110 -

109

- station 1 (STA 1)

. ‘ -
105 ‘ : O '
. 0 : ; :
103 . _ R

o a s e

_mz _ [Ai o
6
5234.
ORIFICE T | | —
. NUMBER X(cm) | y(em) | z{cm) | DESCRIPTION
101 ‘ 0 6.03 0 L.E.-1
102 2.07 | 7.29 | -0.96 | Bottom STA'1
103 2.38 N
104 1.41 ~0.61 l ]
105 | o.51 037 | o
106 10 0,02 |L.E.-2, STA 1
107 0.57 0.36 | Top STA 1
108 | 1.26 0.6l ,
109 2,45 0.78
110 438 | ¥ 0.98
11 0 8.38 0 L.E.-3
£ 112 o w9 | o L.E.-4
113 3.94 (11.95 | -0.97 | Bottom STA 2
112 2,04 o9
115 1.52 0.62°
116 0.69 -0.41
7 o 0.05 |L.E.-5, STA 2
118 0.56 111.94 | 0.44] Top STA 2




TABLE I.- Continued.

ORIFICE ; o .
1 NUMBER~- ] X(em)zk y(cm) | z(cm) | DESCRIPTION .

127 1 0:B6 oo d 4o =0.40

one fisro o |oesal
120 voe | 2055 b o078
121 | 4.44 | |

122 | o 1288 | O L.E.-6
123 oo Jisios | 0 | L.E.-T

124 4,02 |16.28 | -0.99 | Bottom STA 3
o125 o 2.56 f -0.82
126 1.48 o |-0.64 | i ‘

128 o | % | oo4 |L.E.-8, STA3
129 1.16.32°]. 0.42 | Top STA 3

130 0.67
{:0.80" i
1

0
1
S 131 - 24
132 4
133 0 - 17.28 0 L.E.-9
* 134 0 1. 19.54 {0 L.E.-1

0

201 | 3,94 | 20.77:]-1.00 | Bottom STA 4 |
202 2.50 | - -0.82 | , Tl
203 | 1.50 I | -o66| ‘l
206 | 0.61 | | -0.42 v
o205 4 oo o} ¥ 7 -0.14 | L.E.-11, STA 4
206 ‘0.78 | 20.84 | 0.47 | Top STA 4
%.207 | 1.58 | -} | 0.67 i
208 2.42 ] 0.81 | i:
209 - la.320 j. v o 1.01

210 oo {2177 -0 o] L.E-12
211 | o |29 o | LE-13:

212 | 4.26 | 25.27 | -1.01 | Bottom STA'5

213 | 2.8 (-0.82 T |
214 | 1.47 | -0.64 |

215 0 » -0.40° v

216 | o | 0 | L.E.-14, STA 5|
217 + | 0.69 {+25.35 | ~0.45 | . Top STA 5

| 0.69
218 1 1.62 0.68
219 | 2.53" f»*vi- 0.82
220 4.08 ¥ | 1.00 oy

221 0 - 26.21 |

OO
m
[
[e2]

g22 L 0 | 28.447




TABLE I. - Conc]uded.

ORIFICE -

NUMBER X(em) § ylem) | z(cm) DESCRIPTION
223 4.23 [29.69 | -1.00 | Bottom STA 6
224 2.36 -0.80 | © . |
225 1.38 -0.61 l

226 0.51 -0.38 A
227 0 \ 0.04 | L.E.-17 STA 6
228 0.55 {29.79 | 0.39 Top STA 6
229 1.43 . 0.65
230 2.43 0.81
231 4.28 ¥ -1.01

232 | o 1 o L.E.-18"
233 0 |32.85 0 L.E.-19
234 36.07 {20.84 1.25 Upper Surface |

*mé}function suspected.

19
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The ba]ance (NASA-LRC model 846) used for force and moment measure-
‘ments was a six- component 1nterna11y mounted strain- gage balance, with
max1mum a]]owable 1eads as fol]ows (aocqraterto_w1th1n O.S-percent;of

these va]ues)

~ Component - | -~ Load
.~ Normal" 3113.6 N
-« Axial ~.378.1 N
~ Side : 1334.4 N
Pitch ' 197.8 N-m
RoTl - 36.2 N-m
Yaw | 84.8 N-m

The balance wasllocated on tne upper surface of the wﬁng and shielded by
a\Fuse]age-]ike aluminum housing to preventkwind'interference.

The two scani-valves used fonrpréssuré reedings were equipped with
3.45 N/sz-pressure'tnansdncers, accurate’to;within 0.017 N/cmz; and |
were;]oceted‘on theylower surface of the wing. They were also covered
by an aluminum housing 1dentica1'to the'ba]anee housing.

An acce]erometer, 1ocated 1ns1de the upper nose cone of the w1ng,

was used to measure ang1e of attack It was a pendulum—type strain-gage

unit, accurate to w1th1n 0. 2

Slot Contours (SC)

Details of the internal slot contours of the open slots are shown
in figure 3. With the exception of SC-4, the slot contours were made

from 0.079 cm thick aluminum stock and were inserted directly into the
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5.08

SC-1 8,26 X 3,00 ellipse

Leadihg edge

SC-2 8,89 X 2.39 ellipse

SC-3  8.89.X 5.13 ellipse

1°78 | : N\ ?"
I .
i |
\
Lo |

SC-4  flush with L.E

Figure 3.- Drawing of slot contours tested. Ellipse dimensions given
' - are length of major and minor axes. Dimensions in
centimeters, :
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chordwise slots. SC-4 was made by forcing 0.159 cm thick balsa wood

into the slots and sanding it flush with the leading edge.

Fences (F)
The fences used in the»ihvésﬁigation are shown in figure 4. They
were constructed from 0.079 ém thick flat=pTlate aluminum and were also

held in position by the chordiwise slots.

" Pylon Vortex Generators (VG)

The geometry and dimensioﬁs of the pylon vortex generators tested
are given in figure 5. Thesé f]at—p1ate devices were constructed’of
0.079 cm thick aluminum and were reinfofced'by an additional thickness
of 0.159 cm on the outboard side to prevent bending under air 1qéds. An
additional vortex generator, with aft eXtensioﬁ of fhe'1OWQr edge as a
possible externalbstokeecarrfer (ngisé),vwas tested with and without a
1.27 cm diameter wvodén dowel simulating a sidewinder missile scaled
from the F=4D aircraft. The vortex generators were held in position by

the chordwise slots. ;.

, Lééding-Edge‘Vortex Flaps (VF)

- UndefTected p]én,viéws of the vortex flaps, along with‘théir corre-
spohding p]anform éreaé, are shown in figure 7. The figure é]so indi-
cates thé deflection angles and the semispan coverage and position of
each flap test configbratibn; The flaps were bént from 0.159 cm thick
atuminum and had sharp tapered edges ﬁo inducé vortex formation. For

mounting, they were bolted directly onto the lower surface of the wing.
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6. 86 feemr — 5’ 97 =]

E ,

’ »

T

Figure 4.- Drawing of fences tested. Dimensions in centimeters..



.24

IOthe-in

2,61

3.81

L

! — 9.14

Figure 5.- Drawing of pylon vortex generators tested. Dimensions
in centimeters. )



Y4 / / A
4 E
I Yo / S L T L
3.‘81 VG-3 wi missile
VG-9 wlout missile i

1 . ‘ ' 0079

_ = /O

l : missile

e - 22.48

SIDE VI.EW

Figure 6.- Drawing of pylon vortex generator with missile tested.

Dimensions in centimeters.

FRONT VIEW

G2
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VE-1.

A ='374.00 cm

5 -

30- 100% sémispan
5 = 300\9

VF-3

- 25-100% semispan

VF-3 wl slot. at
62.5% semispan

530° 4% 6y

26

VE-2
A =36200 em’
30~-100% semispan
S =300y

11,00

V-4

A=358.81 cnl
"25-100%. semispan

8=30°, 45°

Figure 7.- Drawing of "Ieadj:ng}edgevA\'/‘orte"x;ﬂa‘ps tested. Planform
' areas given are for undeflected case and include both
right and left flaps. Dimensions in centimeters.



VF-5
A =312.52 cm

25A- 100% seniispan
5=30°, 45° 4

2

15,62

VE-T-
A= 329,29 cm?

25-100% . semrspan‘
8 = 30° f

3.33

Figure 7.-

15, VF-6
= S A= 206.45 cm®
25-100%  semispah
5=30°, 4%y
27.08
VF-1 through 6
P 2
’,I g
- ‘ }/
N
Vi
30% 4 VE-7
l«z 62
M /
5, os
Continued.
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L VES

Fap ‘Coordinates -
X’ Y’
0.00 0..00
0.94 0.79
2.92 . 185
1.29 3.00
13.26 3.50
18.90 3.68
‘ 27,08 3,81
2 27.08 .00
VS 28,45 1.07
- 3L 2,76
36.83 3.30
44,45 . 3,13
47,70 © 3,81
.15 | 000

Figure 7.- ‘Concluded.
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Sharp Leading-Edge Extension (SLEE)

The sharp 1eading«edge extension tested appears in'figure 8. The-
:SLEE had a variable extension ranging from 0 to 0.76 cm measured perpen-
dicular to the wing leading edge. This 0.101 cm thick aluminum device

had a sharp leading edge and was bolted d%rectly onto” the lower surface

of the wing.
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i

75,0+
) 15.'62 fS'LEE‘ . planform 20.0
I : 7 25-93% semispan area
| span | _ a 2,04
cm2 .
. A’, 0 ;. e L é'
0 - 0% 0.50 0.75 -

~ SLEE extension {ext.), cm

ext. v t" B

.-0-094 ‘ SLEE w/ Fence {fence extended

~ SLEE W/ Slot at to §LEE edge)
62.5% semispan ;

F1gure 8.-. Drawing of sharp leading-edge extension tested. Planform
area includes both right and left SLEE. Dimensions in
céntimeters.
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WIND-TUNNEL FACILITY

- The study was conducted in NASA—LangTey Research Center's 7- by
10-foot high-speed tunnel. This is a continuous-flow, closed-circuit,
subsonic-transonic atmospheric wind tunnel which operates at ambient
atmospheric conditions.

The drive system consists of a motor generator systemvwhich powers
a 10.5 megawatt fan motor. The fan motor drives an 18-blade, 9.14 m.
diamefer fan at a maximum speed of 485 rpm, producing a maximum test
section Mach number of approximately 0.94. .

The test section of the tunnel is 2.01 m high and 2.92 m wide, with
a usable length of 3.30 m. -

The model support system used in the test is referred to as the
standard angle-of-attack sting. It consisfs of é vertical strut with
a variable pitch angle sting support system wifh a range of approxi-
mately -1° to 23°. In addition to the pitch mode, the standard sting
also has a translation mode which allows the model to be translated
yertica]]y from floor to ceiling, keeping it near the center of the test
section thrdughout the angle-of-attack range. Reference 9 contains a
detailed description of the tunnel facility.

1 The data "acquisition, display, and control system for the 7- by
10-foot high-speed tunnel is controlled by a dedicated on-site computer.
The system includes a Xerox Sigma-3 computer, a data acquisition unit, a
Tine printer, and a Tektronix 4014 graphics ﬁerminai. Reference 10
contains a detailed description of the data reduction capabilities of

~ the system.



"Reynolds numbers of 0.16 and 2.0 x 10~

32.
EXPERIMENTAL - PROGRAM

The present investjgation was ﬁerformed at nominal Mach and
” 6 (based on a mean deometric chord
of 52.18 cm), respectively;" Force;,moment; and surface static pressure
data were taken at'ang1es.of attack.ranging from -1° to 23°. A summary
vof the test fs preéented in Table fI. The run number(s) corresponding
to each test configuration is the kéy to locating the test data pre-
sented in reference 11.

Surface flow visualization using a fluorescent tuft technique was
included in the investigation to aid in interpretation of balance and
pressure data. - This technique involved the use of 0.02 mm diameter miniQ

tufts made of a nylon monofilament material treated with a fluorescent

dye. Approximately 300 mini-tufts of 3.8 cm average length were mounted

on the upper surface of the right-hand wing panel and, in some cases, on -

the Teading-edge devices, using a mixture of three parts Duco cement and
one part lacquer thinner. The tufts were illuminated by ultraviolet
strobe and photographed through windows in the_top and side of the test
section at vafibus_angles of attack during a test run. fhis mini-tuft »
technique had been shown in preViQUS teéting'of this model (ref. 5) to
have é negligible effect on the flow field and, thus, could be performed
simultaneously with force and preséure tests.

In comparison with the model used in the investigation of refer-

ence b, the'present’mode1 was basically identical with a few minor

exceptions. The most obvious was a reduced fuselage housing in order to
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TABLE II.- TEST SUMMARY
Iy ; SEMISPAN POSITION (%)
DEVICE(S) 5 3 1 50 16251 75 3 ) RUN NUMBER
Basic Wing ' ' 3, 56
Open Slots {no_contour} ° ol d 4
SC-1 ({short semi-elliptic) : e 47
. SC-1 u @ (-] e 36
Slots  }sc-2  (long semi-elliptic) ;) o, ® 7
Sc-3 {quarter—ellipticl ) ) ® 8
§SC-4  ({flush with L.E.) ) Lad 9 ® 9
Double Slot Width(0.18 cm) w/SC-1 o 48
: F-3 - s 53 -
Slot/Fence §SC-1, £3 o 49, 50
combinations SC-1, F-4 © 51
SC-1, F-5 (.} 52
VG-1 (baseline) e 40
VG-1 I [ [ 54
VG-1 1 ) S e o 55
VG-2  (leading-edge length reduction) ) 43
VG-3 " ] 46
gerY:rratte;rs VG-4 {chord reduction) 6 41
VG-5 " [ 44
VG-6 (variable chord) e 42
VG-7 ’ " 8 45
VG-8  (extended chord w/ missile) ) 38
VG-9 (extended chord w/ out missile) ] 39
30y ve-1 tfull length, inverse tapered) e —0 10
300§ VF-2 v (tapered apex) | | & ry 12
30° ¢ VF-3 {full length, constant chord) o Y 11
457§ VE-3° v o . 31
60° 4 VE-3 " o- —e | 16
30° § vE-4 (segmented, constant chord) o- ® 14
Leading- {45° 4 VF-4 I o —e 15
edge 30° ¢ yE-5 (segmented, parabolic) 3 —® 17
vortex |45 VF-5 " : e —© 18, 19
flaps 30° § VE-6 (segmented, inverse tapered) o- B 22
45° § VF-6 " o 23
30°y VE-3, SC-1° sce € 29
30°y VE-3, F1 F@® - d 30
3094 VE-3. Slot{0.094 cm) in flap (S) o s ® 37
309} on left, 45° § on right VF-6 o ) 57
3094 vr=7 {tfull length, constant chord) | o- ® 21
0.71 cm ext. SLEE, F-2 F© *9‘ 24
0.48 cm ext, SLEE, F-2 Fo ® 25
Sharp §0.23 cm ext. SLEE, F-2 Fe —@ 26
leading- ]0.00-cm ext. SLEF, F-2 F © hd 27
edge  ]0.48 cm ext. SLFE, SC-1 Sce- T 28
-extensions}0.48 cm ext, SLEE, SC-1 - SCe SC hd 34, 35
© 10,48 cm ext, SLEE, F-2; SC-1 Fe SC @ 33
0.48 cm ext. SLEE, F2 - F e F © 32
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| m1n1ﬁ1ze dtsh1nf1uence on the\lead1ng edge flow deve]opment of the bas1c
dde1ta w1ng ‘ The accompany1ng reduct1on 1n prof11e drag acted to better
show up the effect of the ]ead1ng edge dev1ces on reduct1on of the Tift-
dependent drag Indeed the s1ze of the hous1ng was reduced to a
‘m1n1mum compatwb]e w1th the requ1rement to contaxn the ba]ance adabtor
and scanning-valves.

| In an effort towards ecohomizing wind-tunnel time per configuration,
- several pressure orifices on the original research model (ref. 5 investi-
gation) were omitted in the present investigation. The effect of
eliminating the four most aft pressure ordfices (two each on the upper
end lower surfaces at each of the six spanwise leading-edge pressu%e
stations of the original research mode]j on the accuracy of leading-edge
thrust cd]cu1ations by pressure integration was checked and found to be
within 5 pereent of the value obtained with all the original orifices in |
use w1th1n the a range of 1nterest This was considered acceptable
sxnce ‘the present 1nvestigat1on was malnly concerned with relative,
rather than absolute, Tevels of leading-edge thrust. In add1t10n,.a11
except one of the original upper surface orifices near the tfai]ing edge
‘were eliminated. However, 13 additional oriffces were added along the
wing Teading—édge interjacent existing orifices in ad attempt to better'
define the movement of Ieading—edge separation in the spanwiéevdfrec_
‘cizd'n”r It was estimated that, in this manner, the test. duratioh per run
~was reduced by approx1mate1y 20 percent without sacr1f1c1ng the prime

objective of the study



DATA REDUCTION

Forces and moments sensed by a wind—tuﬁne] balance must be cor- -+
- rected for eXtéfna] interféfentes unreajistic‘of actua]vflight. Ca]i—
'bration_of the wind-tunnel test section in reference 9 shows a constant
streamwise.static pressure diétribution at the test Mach number and, -
thus, ho cofrection was needed for longitudinal buoyancy effect. Jet"
boundary cokrections were applied to angle of attack to account for the
vertical velocity induced on the model by the test sectijon wallé
{ref. 12). To account for initial balance loads due to model weight,
wind-off weight tare ﬁeaéurements were taken at various balance atti-
tudes and used in the reduétfon of bafance daté (ref. 10). Balance
' axial force measurements weré also corrected to e1ihinéte housing pres#
'sufe drag using chamber (base) pressure measurements. Reference 13 was
used to calculate So]id and wake blockage corrections due.td the
presence of the model and wake 1ﬁ the test séction. ' Since the angle -
bf_attack was measured by means of an acce]erometér lTocated inside the
,mode1,.no'correction for sting bending due to .aerodynamic loading was
required. | |
Once.a11 neceséary corrections Had been applied to the balance
data, the final results were expressed in terms of force, moment, and
pressure coéfficients. Force and moment coefficients were computed
based on the basic wing (devices off) planform area. This is.quité
;Tegitimdte since any addition of planform area from a device is an

essential part of that particular concept. Lift and drag coefficients
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€CL* énd'~CD;¥régﬁéctﬁye1y3‘aﬁe:orﬁented;along'%he conventional wind
axﬁs-coqrdinate system, with the.axjal and normal force coéfficients

%CAH and CN,*ﬁespectjvelyﬁzaﬂbng the body axis system (sketch G).

~ Sketch 6

Moment coefficients refer to ‘the ‘body axes. “Pitching moment coeffi-
cients *have been modified from those weported in reference 11 by moving

theﬁmomentﬂnenter further aft wsing ‘the ‘equation

'AXcm : . . .
=0.05 “for SLEE -and vortex ‘flaps

=
-
I3
o
=
o
[

Y

1t

0.165 for :other devices-

where Cmi 1S?compﬁted aBéut %hé‘okﬁgﬁnaﬂ»momentvrefekénce center {see
fig..Z), fDefinTng*eqUaiﬁOns ?arkforce, moment, and ‘pressure coeffi-
cient§ §sed'ihithewanaiysis’are*gﬁven n-the SYMBOLS 'section.

The effectﬁQenéss?of the‘déVﬁcésvunder consideration depends

ecruciéliy'dn Jeadihg~édge fﬂowfédntrol,:Which%in?tuwn’iSthStv0bserved
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through improvements in the ]eading-edge thrust characteristics. The
method of integration of the measured static pressures around ‘the wingl‘
 Iéading edge to:obtain the Tocal leading-edge thrust is described with

“the aid of the following sketch:

* leading-edge _ ,
“curvature. {ref. 5)

-,

Sketch H

The suction force developed at the jth spanwise pressure Station is

defined as
m
Fj ;(pis‘" Pola 424
i= :

where i denotes a specific drifice at the jth station and a 1is the

Tength and Az;. the height of the vertical i-jth pressure panel.
. ij _ v ‘

Assuming a constant suction force per unit length of the span (ref. 14),
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avg

3ﬁhe’tdtaW“sqétﬁbndefgéﬂéohtkﬁbUtedfby the jth pressure station is

Do ( ‘SSF.V o
SRy = (o)
J1oc S L

where 2% is*fhe?tctal'Teaﬂﬁngéedge'Wength'of'thelwing. ‘Using the.

definﬁtion’of;the:préésure CQefFiéient,

and nond1mens1ona]1z1ng us1ng the reference force (g Sref) y1e1ds the’

'suction force coeff1c1ent
SF
o _ ~ Jloc
Stne Q.8
Toc ~ Geovef

B L O o v e
oy S Py A%
[CP Ve s

TakingTthexthrust>compbhent'of the~suction force gives ‘the local Teading-
edge thrust coefficient
“m (Z-Q)Cnp .. Azj; cos A

ref




Averaging the sum of the local thrust contributions and noting that .-

(2%) cos A = b, the total ]eading-edge thrust coefficient becomes-

m  bC Az. .

’ n.
p .
Ttotz%JZ Z __A____i

ref

39
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CPRESENTATION OF DATA

The force; momént;’éhd“Stétic’bYéséufe gréphs used in support of
discussion of results arefbriéfﬂy Summarized in this section.

" Forcesin the body axis coordinate system (CA and CN) were the
fﬁain‘péféhéfé?é~Used for the initial-performance assessment of each
" Since the investigation was mainly concéerhed with drag reduc-

tion.through teading-edge flow coh%koT, axial force was particularTy
well-suited for this plirpose since it provides a sensitive and direct
indication of leading-edge thrust. -For demonstration of Tongitudinal
stability effects, the pifching;mOMéht data were transformed to a ref-
erence poSition dﬁf?eren% from that prevailing during the tests (see
DATA’REDUCTICN). This.héw,re$éfehté‘c9hfer was chosen so as to give
abﬁréximateTy neutral stability ati16W‘ahgTés of attack for a closer
approximation to the condition expected to prevail on an actual air-
créft. ‘Lﬁft—t0—dFag and drag polar (Cy vs Cp) curves, conventionaiiy
‘usedvfok"déscriptibh of the aerodynamic characteristics from a pérfor—
7mahcé,pbinf of view, were given secondary importance in the assessment
‘of the devites. An adVaﬁtage of using thé 1ift-to-drag parameter is
elimination of ‘planform area effects in case of devices such as the
vortex flaps ‘and sharﬁ'Teadihgéedge extension. Since the basic intent
of this investigation was alleviation of induced drag penalties, the
effect of each device on the induced drag of the wing was reflected in
plots of’an fﬁducéd drag parameter; K. Details on the céTcu]ation of

this parameter are given in the Basic Wing section of RESULTS AND



DISCUSSION. - Additiona]'force piots such as C CD’ and C, as func-

L
tﬁons of o wefe,a]so.inc1uded in support of discussion. It should be
noted, however, that_the ovgra!i force.data‘are representative‘of the
| wind-tunnel model rather than.of any actuallaircréft. Thereforg,
emphasis should be oﬁ the relative rather than thé absolute magnitudes
of forces and moments and also Qh the 1éading—edge'static pressure
measuremenfs. | | | |
Leading-edge pfessure déta were baéical?yvused as an aid in.iﬁter-
.pretation of treﬁdé in the balance dafa and also in assessing a device's
ability to favorably modify the 1éading—edge fiow field. Graphs of
~ leading-edge static prgssufe (CPLé) and‘inteérated thrﬁsﬁ (CT1oc> as
functions of o, at specific spanwisé>1ocations, were useful in detec-
tion of local leading-edge separation and déterminétion of the- Teading-
edge suction effectfveness of a device.thrbughoﬁt the ang1e-of-atta¢k
range. These figure§ Were a]sd used ‘to plot a boundary betwéen sepa—
rated and attached flow and; tﬁus, follow the 1nboard‘progke§sion of
lTeading-edge ;eparation. Theée same parameters (CpLE and CTToc)
plotted against spanwise position, at specific angles of attack, also
depiCted_the efféctiveness of a device along the.entire span. Static
pressure variations around the 1eadihg edgé (at the six chordwise rows
of pressure.orifices) provided added insight into thévspecific flow
<patterns-existing‘at the leading edge and also;refTected the relative

. thrust and normal force contributions from various positions on the
1eading—edge curvature. For comparison, basic wing (devices off) data

appear as a dashed line on seTected balance and pressure data plots.
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- RESULTS AND DISCUSSION

' 60 Deg DeTta Wing

The bas1c 60 deg deTta w1ng (dev1ces off) served as the baseTwne
Tconf1gurat1on throughout the 1nvest1gat10n for compar1son and perfor-
mance assessment of the var1ous Tead1ng edge dev1ces | Force and moment
data obta1ned for th1s bas1c w1ng conf1gurat1on are presented graphw- |
cally in f1gure 9 The negat1ve normal force and pos1t1ve p1tch1ng
moment at o Oo aré attr1buted to the negat1ve camber effect of an
' asymmetr1ca11y beveTTed w1ng tra111ng edge region (see f1g. 2), which
s1mu1ated an up- deflected tra111ng edge f]ap |

BeTow o = 80; the deTta wing is under the 1nf1uence of fuTTy :
‘attached flow w1th TOO percent Tead1ng edge suct10n, as ev1denced by the
cTose agreement of the ax1a1 and normal force curves (corrected for -
zero-1ift forces),thh potent1a1.f10w thesty (vortex lattice method with
Siiction analogy code (VLM-SA); vef. 15) in,%%gur’e 9. At ép‘ﬁr‘ox{mate]yr
a = 90; referred to as the departure aane of attack ( ap)s flow Separa-
t1on occurs at the streamw1se t1p, and the subsequent vortex format1on
spreads toward thé wing apex with 1ncreas1ng &. The low pressure pro-
duced TocaTTy on the w1ng upper surface by the h1gh rotat1ona1 veToc1-
ties w1th1n the vortex generates add1t10na1 T1ft which can bé noted in
the departure of the CN curve from the 1n1t1aTTy T1near theoret1ca1
100 percent suct1on curve. However there 1s an accomoany1ng reduct1on
v,1n 1ead1ng edge suct1on The deVTat1on of the Cp _curVé from the

paraboT1c theoret1ca1 potent1aT fTow curve at approx1mateTy 9
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characteristic of this gradual loss of’]eading%edge suction. This
trade—off between leading-edge suction and vortex-induced normal force
is the_basis for the Polhamus: suction ané]ogy theory (ref. 15) used in
~this paper for comparison with experimeﬁtal data. - In addition, the afi‘
posjtipn of the primary vortex at a = 9% locates the center'of vortex
l1ift aft of the wing moment reference cehter'(approximateTy af the cg),
“resuthng ih a strong pitch-down, as reflected by the sharp dowhtufn of
the C, curve (fig. 9). Although not presented~Here, it is'important
to note that the maximumATift-td—drag ratio for the basic wing is
attained at approximateTy a = 8%, This 1mp1ieé that the additional

- vortex 1ift is 1nsufficient to compensate for the 1o§siof Teading-edge
‘thrUSt (drag increase) following the onset of éeparation.

The inboard spread of 1eadihg-édge‘separation is. shown in figure 10
to occﬁr very rapidly with increasing o :Plots,of 1eading—edge pres-
sure as a function.of angle of attack at selected spanwise positions
indicate a buildup of 1eadfng—edge suction (negative Cp)_with increasihg
« up to the Tocal onset of separation, followed by a sharp collapse of
Vsuction at all but the inboard-most station. Plots of this type lead
to the angle for local onset of separation as a-function of spanwise
pbsition, shown in the same figufe. The 1bcus of data points, which is
effectively a boundary between separated and attached flow, indicates a
movement of leading-edge separation from approximately the 90 to the
30 percent semispan position within only 3% o increment (viz., 11°
to 14°). The corresponding pressﬁre dis{ributions around the leading

edge are presented in figure 11. At o = ]OQ, attached flow,
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characterized by a ]ocalnsuc;ionzpeakxnear~the teading edge, due to flow
acce]eratﬁpn, and subsequentvpressuke regoveryvonvthe upper surface,
persists at each spanwise station.considered. Flow visualization indi- .
cates separation’has beéun neaﬁlthﬁgtip;bUt apparently has not traversed
far enough to be detectedf, Atl,u_%;lzp, Iocalvseparation is indicated
at n = 0.82 (STA 6) by :the constant pressure, stagnated flow region
on the upber surface. bThe‘1eading-edge flow remains attached inboard.
An increase in a .to 14°,shows the rapid inboard movement of separa-
tion, as its apex‘now appears:to‘lie between ﬁ = 0.33 (STA 2) and
n=0.45 (STA 3).

| The rapid inboard spread_of'legding—edge‘séparation induces an
erratic wing rolling moment behavior between 9° and 15° a, as shown in
figuire 9. This so-ca11ed,”w1ng rock,” characteristic of. all highly

swept wings, results from asymmetrical spanwise movement of separation

along the two ?eadihg edges. In addition, the forward movement of the

primary vortex leads to pitch-up at approximately 11° o, as the center

of vortex 1ift moves ahead of the wing moment referente center.

The axial force reversal at a = 110_'15 best explained through
inspection of spanwise leading-edge thrust distributions in figure 12.
At Tow angles of attack, axial Force improvement with increasing o is
attributed to Tocal thrust gains all along. the span. - Increasing thrust
values- toward the tip are due to increasing upwash outboard, resulting
in higher local effective angles of attack and, consequently, greater
flow accelerations and suction forces around the leading edge. In the

mid-a range (110-]40),.however, a balance between thrust Toss at the
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Figure 12.- Basic wing spanwise leading-edge thrust distributions.
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outboard stations, due to 1Qca1 1eading-edgg‘separation, and continued
thrust gains inboard accouht‘for tﬁe relative insensitivity of the Cp
curve to angle o% attack! ’Aboye 'd‘= 14°, additional thrust gains
inboard with relatively mihor further losses outboard account for the
Cp recovery. Theséiéamé Tééding—edge thrust data are p]otted versus
ang1e ofléttack in figure 13.. Here, local thrust is compared with
ba]ance axia] force measurements corrétted f0r\proFi1e drag (CA - CAO),
which should represent strict1y leading-edge effects and, thus, an
approximate average leading-edge thrustﬂ;,Thé close agreément between
the Tocal thrust and balance data prior to separatibn adds credibility
to the pressure integrations. Again,‘as in figure 12, the axial force
recovery at high ~a is shown to result frbm continued thrust gains at
the inboard stations as the outboérd sta%i@ns settle at a constant value
below the balancé-derived'ave}agé.v_Note that in the mid-a range

(10O to 130), the balance data consistently fall below the integrated

thrust values. The balance 15} thus, senéing a source of drag other
than that accountable from loss of suction, possibly from trailing-edge
sepératidn or interfé%ence'%rom the housings. A

At high angles of attack, the rate of inboard spread of separatioﬁ
diminishes, as reercted by the JeVelfng off of the separation boundary
in figure 10. Continuéd axial fohce improvement is observed up to the
highest ang]es tested. ’Previous research has shown that further
increases %n angle of attack’wdu1d eventually lead to vortex burst,
spreading rapidly toward the wing apex with an accompanying loss of

leading-edge suction and pitch-up.
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It was previously stdted that severe induced drag penalties are
characteristic of deTta wings at high Tift. In order to see the’effect
of leading-edge separat1on on the tota] induced drag of the wing, a plot
of the 1nduced drag factor K, where

Cn - C
D D
K = 2mn( AR) 1

C, ¢ e
cL
is presented in figure 14. This formula is derived from the equation

for minimum induced drag,

CLZK

Cy=C |
D™ “Dpip AR

D
whére K=1 corresponds to fui]y attached flow and K>1 +to partiaT
leading-edge separation. Very Tow ang]es of attack were ignored since
low 1ift andvdrag coefficients result in sporddlc_ K values, Figure 14
depict$ attached flow at low o, followed by a rapid increase in induced
drag as Teading—gdgg separation spreads’inboard with its accompanying
Toss of Teadingeedge SUctiqn.' The reduction in the rate of spread of
teading-edge separation hear the,wing,apéx results in a reduction in
slope of the induced drag curve atvapproximate}y. a_:gIQO, Ip the case
of an actuél dirdraft; induced drag would continue to increase at
agproximately the mid-a rate since decreasing leading-edge radius toward
the tip”cqnnop retain the degree of residual suction of the unitorm

radius 1eading edge of the present research model.
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A comparison of fest data with theory is’preSented in figure 15 in
the form of a drag polar Corrécted for zero-1ift drag (CDi = Cb - CDo)'b
Experimental values are compared with theory for zero and full
(TOijercent) teading-edge suction. At'1oﬁ'ang1es of attack, wﬁere
fully attached flow prevails, 100 percent 1eading—edge suctionlis
'rea11zed.; At approximately -a = 9° (CL = 0.25), deviation-éf the
exﬁériméntal values from the theoretical 100 peﬁcent 5uctﬁonvcurve
signifies the onset of leading-edge separation. The loss of suction
continues with\increasing 1ift énd eventually seftles along a constant
| percent suction curve, indicating residual leading-edge suction charac-
teristic of b]unt"]eading edges. | »

The major cdntribution,to the integrated local leading-edge thrust
is developed by thosefo%iffces near the wing Teading edge (see DATA
REDUCTION). This suggests:thebposs?bflity'that a stngle Teading—edge
pressure orifice might suffiCéifbr a chordwise series of orifi;es around
the Teading edge -for leading-edge fhrust detefmination on wind-tunnef
models. If éo, it would result in sigﬁificant savings in model con-
struction costs and wind-tunnel test time.- Figure 16 presenté staggered
plots of CpLE versus CT}oc at the six spanwise pressure stations of
"~ the research model. 'The linearity of the'cufves is interpreted as
attached flow and the, departure from linearity as the local onset of
separation. This indicates that CT10C can be calculated from CPLE
only in the attached flow regime. No systematic relationship between

C and CT]oc ‘is apparent following the onset of local separation

PLE
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' theory.
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due to the significantly altered Cp distribution around the Teading
edge. Further discussion on this type of plotting will be presented in

conjunction with each leading-edge devfce.i
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- Chordwise Slots

Singie and multiple chordwise slots cut into swept leading edges
produce performanée impkoveméﬁté asﬁreported in reference 5. For refer-
" ence purposes, basic configurations of one and»three chordwise slots per
Teading edge were retesfed in the pfesent'invéétigation.

The results with aﬁéiHQWé'slot.were used to iTlustrate the éffects
of the’device on tﬁeiWihg.Yeadfng-edge flow pattern and overall perfor-
mance. To investidate the DOSsibiTity of further perforﬁance imprové-v
ments, the slot.was modified with an internal contour (SC-1), which will
be discussed later. Figure 17'presehts results of force and moﬁent
., MeaSurements-on a configiiration utiiizing a single siot at n = 0.625.
The Cp qﬁrve shbws the expected Towfa drag penalty discussed previously
(BACKGROUND section). However, the slot acts to delay the onset of

separation and vorteéx 1ift, as indicated by the slight loss of normal

orce in the mid=a rangé. The result is enhanced leading-edge suction

f
and, thus,; Cp Tmprcvémeﬁt beyond 11° a. However, a sudden loss of
slot effectivéﬁess at Hiéh; a' is ihdicated‘by the convergence of thé
stot and bésic wing curves, beginning at approximately o = 17°.
Longitudinal stability éffects of a single slot (C, curve in fig. 17)
can be noted as a s1ight,mpderation_of the initial pitch-down, as well
as a de]ay of pitch—upito apprbxiﬁéte1y 12° . From a performance
standpoint,va penalty in maximum :L/D' Va1ue'occurs, but a substantial
improvement is obtained at mid a as a result of the drag reduction.
Static pressure distributions around the leading edge at adjacent

stitions on either side of the slot, in figure 18 (o = 16°), illustrate
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the effects in the vicinity of the device. While 1ittle influence is
detected inboard, the slot compartmentation-effect (see BACKGROUND
section) acts tb reta%n/étiébhéd fibw'at thé’1eading edge on-the out-
board side,-where the basic wing is stalled. The resulting effects on
leading-edge suction are depicted,in figure 19, where sizable increases
in negative leading-edge pressure (1eading-edge suction) are indicated
on tbe outboard side beyond 13% a.  The spanwise variation of CPLE at
o = 160, in figure 20, reflects these basic trends on either side of
the slot.

While the local leading-edge flow field seems to have been
favdrab]y.modifjed by the slot, an overall performance improvement
depends on the devibe's ability to increase the total leading-edge
thrustfv Figure 21 presents Tocé] thrust Q;riations with angle of attack.
The Tocal onset of separation at the two pressure stations outboard of
the single slot (STA“S 5 and 6) has been delayed by appréximate1y 10 o,
resulting in large thrust impfovements beyg@d o= 119, Tﬁe loss of
axial force at high «, discussed previousiy, is shown to start at the
outboard stations as the Tocal thrust and basic winé'data converge.
This is believed to result ffom a ‘breakdown of attééhed flow on the
uppef wing surface, which beéins at the tip in view of"fhe higher pre-
vailing upwash. The compartmentatioh éffect of tﬁe slot is, thus, lost
and the brimary vortex allowed to spread inboard. The inboard effect

of the slot results in a minor penalty in Tocal thrust between 14° and

20° o. However, this unfavorable effect is highly localized, as
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Figure 19.- Local suction effects of the chordwise slot.
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stations inboard of "n'= 0.57 remaih'unaffe;ted"'The'favorable out-
board'effect iS‘more*wfdéspreadiw*ﬂf“f

A multiple s]otbébﬁfjéﬁ};tfégfﬁa; fé%%gd in an attempt to spread
the slot benefit over a']érger portion of the span and to délay, or
eliminate, the 1p§suof effectiveness at}hfghi &. The slots were Tocated
af the’25; 50, égéafé percent semispan positions and were again inter-
nally contodred with SC-1. The result was further delays in local onset
of séparqugnnandﬁsignffitant]y higher Tocal thrust values in the mid-
and higﬁ—afrange4ét all but the most inboard pressure stétion (fig. 21).
Appareﬁﬁly;‘the fév§}5b1e influence of the Tupstreah“ slot acts to
nm,my the adverse inboard effect of a $ingle slot, rééu]ti’ng’in thrust
enhancément along a 1ar§e portion 6f the spari. The lack of a slot
inboard of STAll‘ieads to early seﬁaratfon and 16ss 6f fhrust near the
apex. Comparison of spanwise leading-edge pressure variations at

o= 169, in figure 20, also reflects stction improvements outboard of

n=0.25 with”muTtiplé sfots. Based on these results, it is believed
that SeVera1 s1otS;Tocated along the leading edge have the ability to
redirect the spanwise boundary<1ayef fwa in the chordwise direction
before it builds up in‘magnitude; Again, however, loss of efféctivéne35'
begins near the ‘tip, a§ éhé‘cdrFéSﬁdndﬁhg“ CpLE"data ét o = ZZQ

(fig. 20) converge .to the baSit wing curve. For a ready assessment of
the 1ead1ng-edgé effecfS-of multiple Siofé; the fo]]owing‘tab?e presents
a combarison of total leadingAedge thrust values for single and mu]tip]e

slot configurations:
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o = 14° a = 18° o = 22°
Cr Percent |Ct Percent | Ct Percent
tot Jover BW | tot jover BW | tol |over BW
Basic Wing (BW) | 0.0439 - 0.0466 - 0.0534 | - |
1 x SC-1 .0486 | 10.7 .0512 9.9 .0555 | 3.9
3 x SC-1 - .0584 | 33.0 -0656 | 40.8 .0645 | 20.8"

Thése data {ndicate that high—a thrust improvements of over 40 percent
(relative to the basic wing) are obtained with a triplé's1ot
configuration. | |

Figuré 17 compares force data for single and multiple chordwise
sTot configurations. The" Cp »curve indicates that multiple slots pro-
vide a substantial drag advantage beyond 12° o with a more Qradual Ca
reversal which is delayed from 12° to 19° . Multiple slots also pro-

duce a smoother C.. curve, delaying pitch-up tob19O o. The additional

m
foss of 1ift beyond 12° d with the use of multiple slots is attributed
to the retention of attached flow (and, therefore, loss of vortex-
induced 1ift) over a greater portion of the Teading”edge. Maximum
1ift-to-drag is unchanged from the single slot case; but additional
~improvements are indicated beyond 10% o before the final convergence to
the basic wing data at higher a. »

The ability of chbrdwise sTots to delay the local onset of separa-
tion is reflected by the extension of the linear pdrtions of the CpLE
versus CT]oc curves in figure 22. Delays of up to 2% o are indicated

juét outboard of each slot in the triple slot configuration. The

extension of the curves along their initial slope suggests that attached
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flow has been extended to higher o without modifying the local effec-
tive upwaéh._ This suggests that the slot action is more due to compart-
mentation rather_than to any vortex mechanism.

As mentioned in the BACKGROUND section, the iject of internal con-
touring of -the chordwise slots was to reduce the low-o drag penalty
while improving the high-a performance. The low-o drag effects will be
discussed firsﬁ. The following table compares zero-a draé measurements
on a triple slot configuration utilizing the various slot contour shapes

tested (fig. 3):

3 C Percent

Device Dy over BH
Basic wing 0.01261 -
3 x open slots: .01318 4.52
3 x SC-1 .01321 4.76
3 x SC-2 .01293 2.54
3 x SC~3 .01296 2.78.
3 x SC-4 .01307 3.65

Comparison of open (uncontoured) slots with thosé making use o% SC-1
shows relatively insignificant effects of contouring on low-o drag.
Therefore, stagnation pressure on the back face of the slot appears not
to be the primary cause of the low-a drag penalty. This is not sur-
prising considerihg the relatively small area of this vertical face.
Two additional contour shapes tested, SC-2 and SC-3, effectively

reduced the depth of the slots. Zero-o drag measurements for.configura-
tioné utilizing these contour shapes indicate a reduction of almost

50 percent of the drag penalty associated with the slots, with a
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re]atiyéfj:ﬁiBOFidﬁfferencgwpetwéén the two. Since these contours
dfffef“6h1y”1%'Shaée:wahd H6t:Tgﬁdth; these data further support the
conclusion that preséuré'én the vertical face at the end of the slot is
not the primary sourie of ]ow;a;&rag penalty. Comparison of Zerd-a drag
for SC-1 and SC-2, which differ ih Tength but have basically the same
.'contouF'éﬁape, suggests that‘sTat depth is'the determinihg'?actdr>fdr
low-a drag. The reduction-iindrag penalty with SC-2 and SC-3, there-
fore; results from reduced frictiOn_drag_actfng-On the slot side
surféces. ” |

Comparisons of overall performance for the slot configurations juSt
deécribed appear in figure 23. Axial force shows a slight suction
advantage beyond 12° o and deiayed'Toss of effectiveness with the use of
SC-] relative to the.shdrier slots utilizing SC-2 and SC=3. Minor dif-
ferences exist beeren_SC—Zfénd SC-3. FSince a slight high-o suction A
advantage is realized With the use of SC-1 relative to the uncontoured
sTots,.high—a perforhance méy be'somewhaf dependent on the shape of the
back face of the slots. However; sTot depth is again the primary factor
determining high-a'ﬁerformance. Improved performance wifh increasing
slot depth is exp]afhéd‘aé follows: Since the postulated slot flow

1

mechanism is baftTaTTy that of a "fluid fence,' increasing slot depth

is analogous to increase in the cho%dsze Tength of a fence. Reéu]ts of
-previous research'(Fe?,‘S)Zindicate fﬁéf incéreasing fence length results
in improved‘high—a drég berformante and delayed loss of efféctiveness,.

the same trends observed here.
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Slotfdepth is a1sd of?pfihé 5m§okéaﬁcévfo the 1ongitudinai sta- |
bility of'thevconttguration The most notab1e effect is accelerated
" high-a pltch up wwth reduct1on in s]ot deoth (f?g 23) Fffects of slot
depth and- contour1ng on’ norma] force and ro111ng moment are neg11g1b1e

! An add1t1ona1 s]ot contour SC- 4 “Was tested in an attempt to

reduce the 1ow—a drag pena1ty by contour1ng the foriward port1on of theé
s]ot as shown in f1gure 3 Howeyer, static pressure data 1nd1cate that
the contour may have obstructed thé’fTow'through the slot, resulting in
pract1ca11y a nonex1stent effect on drag performance (ftg éé) In
addition, 1ong1tud1na] stab111ty is severe1y degraded w1th accentuated
pttch—up and pitch-down throughout the ang]e-of-attack range. Param-_
eters such as normal force and 11ft to- drag ratio, not presented, also
agree c]ose]y with bas1c wing data, 1nd1cat1ng that 4 slot start1ng
behind the Teading edge is 1neffect1ve

S1ot width was 1nvest1gated as another parameter through which
further performance 1mprovements m1ght be rea]xzed Comparison of
slots with widths of 0.25 and 0.50 percent of the semtspanrshowed;
however, that this. is not 4 éighﬁfigahf sizing consideration within the
range tested. | | |

In summary, the chordw1se s]ot dev1ce POSSESSEes drag reduction
potent1a] in add1t1on to 1ts ab111ty to 1mprove the 1ong1tud1na1 sta-
bility character1st1cs of the delta wing. Mu1ttp1e_s1ots spaced along
the Span.produce further performahce improvemehts by bringing more of
the Teading edge under attached f1owvapd by eliminating the adverse

effects inboard of a single slot. The slot effectiveness is primarily
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through compartmentation of the leading edge fto remove the 3-D effect -
which causes earlier separation on swept Teading edges, rather than from
any vortex action. The low-o drag penalty associated with this device
results from friction acting on the side surfaces inside the slot; the
pressure drag on the vertical face at the end of the slot is of secon-
dary importance. Likewise, high-o performance is primarily depehdent

on slot depth rather than the shape (contour) of the back face.
Increasing slot depth produces progressively higher low-a drag penality

but improved high-o performance.
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. Fences .

As ﬁoted jn_thekBACKGROUNDt§ection,'fenceé have previously been
used on'highTy swept. Teading edges prihar1Ty for improving longitudinal
stability characteristics. The. Cp. curve in figure 24 shows that addi-
‘tion of a single F-3 fence at n = 0.625 improves the 1inearity of the;
pitch curve, with,reduped,pitchrdown,ét a = 8% and generally a more
stable configuration throughout the .angle-of-attack range. The. CA A
curve in figure 24 shows that.fences also have drag-reduction capability
at mid and high «, although some drag peha]ty at lTow « 1is incurred
due to friction drag on the fence. The advantage of the device is first
seen as a slight delay in the onset of separation to a = 10°. Beyond
approximately 1i0 a, a sighificant suction advantage.is indicated with
the’fenée, with no sfgn of loss of effectiveness to the hfghest angles
tested; The reduction in Cy relative to the basic wingAat angles of
attack»greater‘thaﬁfat separation onset also indicates delayed separa-
tion and vortex formation with the fence attached. Tﬁis is Further
supported by static pressufe distributiéns around the leading edge on
efther side of the fence (fig. 25). Inboard of the device,fthe flow
remains stalled at o = 16bﬂ However, outboard, where Teadﬁné-edge
separation haé c]early occurred on the baéic wing (as ev}denced’by
nearly uniforh uppek sﬁrface pressures); attached flow is maintaiﬁed by
the fence. As shown bytthe‘ C,. curve in figure 24,'by de?aying
separation, the fence also redﬁces the)severity of the wing rock char-

acteristic of this delta planform.
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Figure 24.- Force and moment characteristics of single fence and
slot-fence configurations.
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The separation boundary’ in: figure:26 shows the effect of the F-3
fence on the inboard‘movement of leading-edge separation. The compart-
- mentation effect of the device (see BACKGROUND section) s seen to delay

" the thetféf1%ebér&tf0h_oniitS;outbeard side-by:approximate]yr3o a.
This reduction ‘in the rate'of inboard movement of separation accounts
far the elimination:of severe pitch-up, as the forward moveﬁent of
the centerrof Vortex Tift is also delayed. ~This effeﬁt also diminishes
the asymmetry=in the spanwise 1ift distribution, responsible for the
erratic rolling moment behavior of the basic wing.

Local leading-edge thrust variations with a single F-3 fence at
n = 0.625 are presented in figure 27. At Tow .a, where the basic wing'
flow remains attached, the fence has no influence on the leading-edge
flow conditions. However, beyond the local onsef of separation for
the basic wing, substantial thrust improvements are evident outboard
- of the device due to'the deiay in local stall and subsequent retention
of leading-edge suction. This effect can be attributed to the unsweep-

ing of the upper surface isobars in the vicinity of the fence, as

sketched below:
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F1gure 26.- Effects of the fence and slot-fence combination on
leading-edge separation (C derived).
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! /

basic delta . .
wing with fence i |
' ( Qutboard

Sketch 1

On fhe outboard side of the fence, suction peaké are reduced and occur
furthef aft of the leading edge. This reduces the tendency toward
separation by providing a more gradual pressure recovefy on the upper
surface. The opposite effects inboard faci]itate earlier separation
and loss of thrust. However, this édverse effect is dnTy'locaTized, as
Tittle influence of the fence 1is evident further inboérd.

The effect of a sinQ]e‘fence on the induced drag of the basic wing
is  shown in figure 28. At low a, before leading-edge separation has
‘spread to the fence location, the indicated 1ncfease in K. résu]ts from
the fri;tion drag on the fence. Beyond 10° a, however, the fence pro-

vides an induced drag reduction by delaying leading-edge separation and
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Figure 28.- Induced drag characteristics of single fence and slot-fence
configurations. : :
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Toss of suction. This benefit is visible up to the highest angles
tested, although the maximum feTative improvement occurs between 11°
and 13° q.

Figure 29 presents graphs of Cp versus Ct at the six span-

LE loc

wise pressure stations of the research model. Local separation is shown
to have been delayed by 59, to o = 16°, at the station just outboard of
the fence, with a delay of approximately 30, tb' o =.14O, at the station
nearest the tip. inboard effects are minor. The extension of the
, odtboard curves along their initial slope agaih indicates flow modifi-
cation without alteration of the Tocal angle of attack. As discussed
‘previously, the fence fiéw mechanism is rather one of isobar unsweeping_
and Teading-edge compartmentation. |

Recall that thrust data in figure 27 indicated an eariy loss of
effectiveness just inboard of the fencé; This was believed to:be

e inboard

viscous fluid on t!

™

- T7.,
pay i1

tially t
side of the device from the spanwise boundary layer flow. It was,
consequently, thought that by opening an adjacent s]ot»inboard of the -
fence, this viscous accumulation could be "blown off" by the siot jet
stream (see sketch in BACKGROUND .section). Tﬁe concept was tested on
the F-3 fehce with the inboard slot contoured with SC-1. Results of
force and momenf measurements are shown in figure 24. Although there
is an additional low-o drag penalty as expected, definite axial force
improvements are indicated beyond 13° 4. For instance, at o = 14.30,

an 8.6 percent reduction in axial force is realized with addition of

the slot. The general nature of the pitching moment curve is
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Figure 29.- Effect of the fence on leading-edge static pressure-thrust relationship.
Selected high-a data points have been omitted for clarity. Angles in
parentheses refer to basic wing data (see fig. 16).
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unaffected, but the configuration appears to be slightly more stable
beyond o = 119, No significant effects are evident in no}ma] force
and rolling moment. Figure 28 shows that a slight improvement in
induced drag also results from addition of the adjacent inboard slot.
This advantage, however, dissipates by 19° o as the fence and slot-fence
data conVerge. |

The reduction in drag with an adjacent slot inboard of the fence
is shown in figure 30 to result from thrust improvements outboard of
the device, rather than inboard as was expected. In fact, no influence
is evident inboard. The spanwise Teading-edge pressure variation at
o = ]60,_in figure 31, shows the same trend. This leads to the con-
-c1usion that the inboard loss of fence effectiveneés at high o 1is not
- hastened by a viscous fluid accumulation, but rather is totally a result
of inviscid effects. As noted earlier, the unsweeping of the upper
surface 1sobars'1eads to increased suction peaks occurring closer to the
leading edge on the inboard side of the device. This results in a
steeper upper surface pressure fecovery behind the 'suction peak and.
consequently, earlier separation. Comparison with a single slot at
n = 0.625, in figure 31, indicates that the additional 1mbrovement dut-
board is primarily a fence effect. It is believed that the spanwise
flow being Tifted over the fence by the slot airstream results in the
formation of a vortex off the upper edge of the fence. Thi; vortex Ties
on the outboard side of the device and rotates in a sense so as to

induce a downwash velocity outboard. The resulting outboard reduction
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Figure 30.- Effects of slot-fence combinations on leading-edge thrust.
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Figure 31.- Effects of slot-fence combinations on spanwise 1ead1ng edge
static pressure distribution at a = 16°.



90

in Tocal effective.anéie of attack delays separation (see fig. 26),
with aecompanying 1mbroveﬁente ih leading-edge suction and thrust.

In order to determine the role that the upper and lower edges of
the fence play in’the‘f1owfmechenism of the slot-fence combination,
tests were run with each edge a1ternate1y removed Results of pressure
measurements and thrust 1ntegrat1ons appear in f1gures 31 and 30,
respectively. Remova] of the lower edge of the fence (F—4) results in
Tittle effect inboard but substantial high-a Tosses of leading-edge
suction outboard. The;1ower edge efithe fence, therefore, may have
been helpful in guidihg the Tower surface flow through the slot (see
BACKGROUND sectjon). Removal of the upper portion of the fence (F-5)
also resd]ts in outboerd losses of leading-edge suction and thrust.
This is most leely attr1buted to elimination of the upper surface
vortex tripped by the upper edge of the fence, a1ong with its accompany-
ing-downwash've1ocity outboard. The upper surface f]ow characteristics,
therefore, revert back te tﬁese of a sing1e slot, with the character-
1st1c h1gh a loss of 1ead1ng edge suct1on and thrust.

In summary, the fence possesses s1gn1f1cant drag-reduction poteﬁ-
: tial, in addition to 1ts ab111ty to 1mprove the longitudinal stability
characteristics of the delta p]anform The high-o Toss of leading-edge
thrust occurr1ng,1nboard of the dev1ce was found to be an inviscid
effect (viz., isobar>dnsweebing), rather than due to viscous accumula-
tion inboard as originally thought. Finally, addition of an adjacent
fnboafd slot resﬁ]ted in a s]ight performance improvement, possibly
through the formatfoﬁ.of a favorably rotating vortex outboard of the

fence.
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Pylon Vortex Generators

The function of the pylon vortex ggnerator relies on the formation
of a streamwise vortex at the sharp upper edge of a vertical blade
extending ahead of and below the wing leading edge (see BACKGROUND
section). Figure 32 summarizes the capabilities of this device (VG-T)
in single and multiple configurations. The VG-] had a leading-edge
-sweepback angle of_30° and toe-in angle of 10° (see fig. 5). These
values were found in previous research (réf. 5) to produce the best
comprbmise between low- and high-a performance. The axial force and
percent drag reduction (PD)curves show the expected low-a drag penalty
with a single VG-1 at n = 0.50. This penalty continues to a = 8°
(which is the éng]e for separation onset on the basic wing), at which
point the device begjns to show a favorablé effect. Beyond 10° o, a
single.VGji provides substantial drag reduction, with a maximum improve-
menf of approximately 15 percent (PD curve) at o = 14°. In addition,
the mid-a C, reversal characteristic of the basic wing is eliminated. .
A constant CA increment at Highef o accounts:for the tapering off
of the relative drag improvement seen in the PD curve.

The longitudinal stability effects of a single VG-1 Tocated at
'n = 0.50 are reflected by improved linearity of the pitching mbment
curve in figure 32. Alleviation of the initial pitch-down and a 20
delay in pitch-up, to o = 13°, are indicated. The pitch-up with the
VG is also véry mild in comparison with the basic wing. The normal
force curve shows a loss of Tift beyond 10° a, implying a reduction -

of vortex Tift contribution due to delayed separation. In addition,
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F1gure 32.- Force and moment characteristics of single and multiple
pylon vortex generator configurations.
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Figure 32.- Continued.
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the magnitude of the fluctuations in the C, curve of the basic wing
are significantly reduced, indicating a more gradual and symmetric
gkowth of separation.

The performance of the vortex generator can be further enhanced
through its use in multiple arrangements. rResths of balance measure-
- ments on double (n = 0.25, 0.50) and triple (n = 0.25, 0.50, 0.75) VG-1
configurations are presented fn figure 32. Génera11y, an increasing-
number of VG's results in progressively higher low-o drag penalty (PD
and CA curveg andvTab1e ITI) but improved high-a performance. Drag
reductions of 17 percent with two and 24 percent with three VG-1's
(relative to the basic wing) are obtained at « c‘ﬁ4o. However, further
losses of normal force are found, as expected, due‘to improved suppres-
sion éf flow separatioﬁ and vortex 1ift. TheVTOngitudina1 stabitity is
simi]ar]y improved progressively with increasing number of VG's, as
shown by the ihprovéd 1inéarity of the Cp, curve. Two VG-1's have no
further influence on the pitch-up%at o =A130 but produce a‘more stable
Aconfiguration at higher o than a single VG—]. Three VG-1's result in
a more gradual initial pitch-down together with complete elimination of
ingtabilify.» This is signfficant'since the point of maximum percent
drag reduction now Ties in a longitudinally stable o range. 'In
general, all VG arrangements eliminate the wing rock of the basic wing
in the intermediate « range.

As briefly noted in the BACKGROUND section, the formation of a
vortex ét the swept-forward ?eading edge of the vortex generator is a

result of the prevailing sidewash velocity ahead of the wing leading
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edge. At Tow o, this sidewash ve]ocﬁty is not of sufficient magnitude
to cause vortex formation due to the toe-in angle of the device (see
fig} 5). When the sidewash is less than the toe-in ang1e of the VG, a
preESUré drag is producéd in'addﬁtibn to the skin friction drag of the
“device. This accounts for the low-o dfag penalty noted in the PD and
Cp curves. Iﬁcreasing o accompanied by increasing sidewash velocity,
evéntua]]y.1eads to voftex'forﬁétfon‘at the VG 1eéding-ed§e. This
vortek travels over the-wing'ﬁpper'surféce aﬁd rotates in a sense so as
Fo induce a downwash velocity on its outboard side.v Due to,fhe pre-

: vailing sidewash velocity, the upper sﬁrface péth fo]fowed by this
vortex is.angled toward the wing tip; Therefore, it shbu]d be noted
that any reference to inboard or outboardjéffects of the VG applies to
either side of this vortex rather than the device itself.

As shown by the separation boundary in figure 33, the vortex action
of a single VG-1 at n = 0.50j results in substantial delays in local
separation on the ouﬁboard side. The extehsive de1ay adjacénﬁ to fhe
QG is attributed to fhe exponential variation of the vortex tangential
velocity and, thus, the in&uced downwash. - Stight delays of separation
inboard are attributed to the compartmentation effect of the device.

The sense of'rotatiOn of the VG vortex is opposite tﬁat of the primary
vortex, thereby reducing its strength and obstructing its inboard move-
ment;' Static pressure variationsAafound the wing leading edge, in
figure 34, indicate that once inboakd separation does occur (between 14°

and 16° o at STA 3), the upper surface flow eventually stagnates at a
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Figure 34.- Local static pressure effects of the pylon vortex‘generator.
' Shaded regions indicate lower vortex contribution.
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higher constant préssure than on the basic wing (see o = 180.and 230
plots). This results in a smaller contribution to leading-edge suction.

An aspect of the VG flow mechanism not yet discussed is the forma-
tion of a vertex at the 16wer edgelof the device, AS shown in sketch D
_6f the BACKGROUND section. ;At the,ibwest angles df>attack, this vortex
passes beneath the.wing,,uhdétected.by.the_leadﬁng edge. At higher a,

' theVer; the_vortex begins to-émpinge on the lower surface of the wing,
as indicated by the minor suction peak in thé:deer surface pressures

at STA 4 at o = 140 j(fig. 34); This suction peak moves progressively
closer to the leading edge with incféasing @, suggesting that at angles
higher than those considered here, this lower-edge vortex would pass.
comp1ete1y over the wing. Once this occurs, its own contribution to the‘
wiﬁg leading-edge thfust (groéS—hat;hed in.fig; 34) is lost. In addi-

’ tioﬁ, this vortex may act té degrade the Qpper VG vortex.

Local thrust variations for single and'mu1tip3e VG-1 configurations
appear in figure 35. ,The_higﬁ;d-'CA improvements noted in figuré’32>4
éfe shown to result from thrust enhancement outboard of each VG.  The |
figure,éiso demonstrétes'thé abiiity of multiple VGis;to'effectiveiy
~ eliminate the adverse inboard effect of the single device. Note that

at Tow o (attached flow on the basic wihg), local fhrust values just
outboard of each VG (for all VG-1 configurations) fall below those of
the basic wing. This is attrﬁbuted‘to the induced downwash in these
regions, which effeétiveiy;keduces the lecal éng?e of attack and, thus,

~ the suction forces around the leading edge. At higher a, however, this
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effect acts to delay separation and;'thgs;‘retain Teading-edge suctfon
to the highest angles tested.

The spanwise leading-edge pressure distributions at a = 14°
(where the maximum percent drag reduction occurs) for single and
mUTtiple VG-1 configurations are pfeSéntéd’in figuré 36. The single
'V6=1 curve shows only a localized ineffectiveness on the inboard side of
'the‘device; In additiqn, the pldts'showvhow the mutual interaction of
multiple VG's acts to enhance the leading-edge suction altong the span.
The wavelike shape of the curves just outboard of each device is
attributed to the outboard drift of the VG vortex, discussed previocusly.
'gompar3$on'of the curves findicates that the VG has a more pronounced .
effect near the tip, where the flow has a tendency toward early separa-
tioﬁ. This accounts for the substantial drag and longitudinal stability
ihp?dvemehts%with the addition of a VG;T at n = 0.75 (triple VG-1
configuration). It is believed that two VG-1's located at n = 0.50
and ‘0.75 would provide almost the same Teading-edge thrust enhancement
of the triple VG-1 configuration tested here.

‘Plots of C ~versus CT]OCA at various spanwise positions for

PLE
the single VG-1 configuration are preseﬁted in figure 37(a). The
Tinearity of the STA 4 curVé at high o s consistent witﬁ an attached
flow condition. The rédUction in slope bf ihe curve from its initial
value is attributed to the suction peak prbduced by the lower VG vortex,
which additionally contributes to the leading-edge thrust but is not

déteCtedAin the CPLE measurements unti] it has passed over the leading

edge at higher o. Without the suction contribution of this Tower VG
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Figure 36.- Spanwise leading-edge static pressure distributions for
single ang multiple pylon vortex generator configurations
at a = 14~,
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vortex, therefore, the CPLE versus ‘CTiéc curve would continue along
its initial slope. To check this'hypothésis; the influence of the Tower
surface suction was removed by reintegraiing to obtain leading-edge
thrust using Tower surface pressures measured on the basic wing at STA 4
for d'= 18° and 23°. The resulting défa boints are plotted in fig-

uré 37(b), along with a replotting of the STA 4 data from part (a).
Indeed, these recomputed points are found to shift much closer to the
linear extension of the low-o portioh of the curve, reflecting the sig-
nificant thrust contfibution from the 10Wek—edge vortex.

In an attempt to alleviate the Tow-o drag penalty associated With
vortex generators, pbssib]e reduction of the VG size without adversely:
affecting high-a performance was investigéted; The size reductions were
in the form of progressive Tower-edge cut-off, which effectively reduced
the ]eadiﬁg—edge length of the VG, and back-edge cut-off, which reduced
the chord of the device. 1In addition, avdfagona1 cutback {in effect
removing the chordwise tip) was included as,ahother means of VG size
reduction. Geometric details of these size modifications are presented
in -figure 5.

Zero-a draé data for single VG configurations uti]izinglthe various
geometries tested appear in Table III. As expected, lower-edge (VG-1
to VG-2, 3) and diagonal cutbacks (Vé—1}to VG-6, 7) resulted in sub-
stantial zero-a drag reductions. The iﬁitia] chord reduction (VG-2 to
VG-4) also produced a Tow-a drag improvemént; hbwever, further cutback
(fb VG-5) resulted in a drag increase. This anomalous result may be due

to the construction method used. As previously noted, an additional
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thickness was used on the outboard side of the VG for added stiffness to
avoid excessive def]ection. As sketched below, cutback to VG-5, thus,
resulted in a thick base, with the additional pressure (base) drag

appearing in the overall zero-a drag of the configuration.

—

VG-2 Added
thickness

Sketch J

Figure 38 shows the overall drag and longitudinal stability effects
of variations in VG leading-edge length (lower-edge cutback). A 30 per-
cent reddction from VG-1 (to VG—Z) resuTts in the appearance of a (Cp
re;ersa1 at o = 13°%. In addition, szstantiaT drag increase and severe

pitch-up are indicated at high «o. Further reductfon in leading-edge
Tength (to VG-3; 60 percent reduction from VG—T) results in Tittle
further effect on drag up to 16° o but a loss of effectiveness at
higher a.- This is also reflected by increased severity of pitch-up at

o = 190.
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Figure 38.- Performance éffeéts of pylon vortex generator leading-edge

“length reduction.
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The pfimary function of the VG leading edge is to provide a sharp
edge along which the VG vortex may form and build in strength before

passing over the wing. A decrease in the Tength of this edge, there-

fore, would be expected, to reduce the vortex strength. The accompanying

reduction in downwash on the outboard side then results in earlier
separation. This effect is evident in the static pressure distribu-
tions around the wing leading edge at o = 14° (STA's 5 and 6); in
figure 39(a). Figure 39(b) presents pressure distribufions just out--
board of the V6 (STA 4) at o = 16° and 19°. With VG-3, there is no
evidence of the 1owér-edge vortex suction on the lower surface pressures
as was the case with VG-1. The Tower vortex may, thus, be passing over
the wing leading edge at a lower a«. The opposite sense of rotation of
this lower vortex would induce an upwash velocity outboard, leading to |
earlier separafion; in addition, the associated suction peak on the »
Tower surface and its contribuﬁion to the leading-edge thrust (shaded in
fig. 39(b)) is lost. A second advantage of a long VG leading-edge '
blength may, thus, be ifs ability to keep the Tower VG vortéx below the
wing and acting near the leading edge to higher o. |

The effects of VG chord reduction on drag and longitudinal sta-
binty are shown in figure 40. Fbr structura]>reasons, VG-2 (30 percent
leading-edge length reduction from VG-1) was used as the baseline geome-
try for analyzing this parameter. Axial force indicates that a:25 per-
cent reduction in VG-2 chord (to VG-4) produces a drag improvement
beyond 129 &, in addition to the low-o drag reduction noted earlier.

In addition, the severe pitch-up at o = 19° of the VG-2 has been
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Figure 39.- Outboard static pressure effects of pylon vortex generator
Teading-edge Tength reduction. :
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e]iminafed. Further chord reduction {to VG-5; 50 percent reduction from
VG-2), however, results in increased highQa drag and reappeérance of
pitch-up at o = 19°. Local thrust variations in figure 41 indicate
that these trends result primarily from flow modifications outboard of
the device. Substantial high-a thrust enhancement is indicated at |
STA's 5 and 6 with the initial chord-reduction (VG-2 to VG-4), but this
improvement is iost with further cutback (to VG-5). Therefore, there is
a specific VG chord within the range tested which will produce the
optimum combination of Tow- and high-a performance.

The original design of the vortex generator presumed that the flow
mechanism depended totally on the vorfex formed at 1ts']eading.edge and .
passing over the wing upper surface. However, it now appears'that the
vortices formed at the lower and back edges of the device may be of
importance. As the VG chord is reduced, the proximity of these edges to
the VG leading edge eventually becomes such so as to cause interference
between corresponding vortices. In addition, at a high enough o, these
lower- and back-edge vortices may pass completely over the wing leading
edge and 1nterfefe with the upper surface flow. Speéific effects on
performance would seemingly depend on the strength of these vortices,
which depends partially on the length of the corresponding edges. How-
ever, at this stage there are insufficient data to provide definite con-
clusions on the VG flow méchanisms producing the trends observed with
VG chord reduction. The geometries tested, however, did provide a

general idea of the VG proportions required for optimum performance.
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F1gure 41.- Effects of pylon vortex generator chord reduct10n on
1ead1ng edge thrust. '
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Performance effects of simultaneous cutbacks of the Tower and back
edges of the VG, in the form of diagonal cuts (see fig. 5), will now be
~considered. Figure 42 presents force and moment data for single VG-1,
6, and 7 configurations. Axial force indicates a reduction in suction
effectiveness beyond 13° o with increasing cutback. In addition, the
initial cutback (VG-1 to VG-6) results in pitch-up at o = 19°, which
becomes more seQere with fufther reduction (to VG-7). Inspection of
Tocal thrust variations, in figure 43, reveals that these effects on
high-o performance are again attributed to outboard flow mbdifications.

The losses resulting from cutback to VG-6 are most likely attrib-
.uted to an effective elimination of the lower edge of the VG. This
eliminates the Tower surface suction peak produced by the Tower-edge
vortex and, thus, its contribution to the leading-edge thrust. Another
possibility is that the proxfmity of the leading and back edges near the
tip of the VG-6 may cause a Weakening of the VG Teading-edge voriex as a
result of interference with the counter-rotating back-edge vortex. The
additional Toss of effectiveness with cutback to VG-7 is believed to be
primarily the result of leading-edge length reduction. As previously
noted, this reduces the étrength of the VG leading-edge vortex'by
reducing the distance over Which it forms.

The possible use of pylon vortex generators also as carriers of
slender external-stores (such as air-to-air missiles) will now be con-
sidered.k The VG tested was similar to VG-1 but had an extended chord
in order to provide a mounting position for the wooden dowel sirulating

the external store (see fig. 6). This device was tested with (VG-8).
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Figure 42.- Performance effects of pylon vortex generator diagonal
cutback.
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and w1thout (VG-9) the store 1n s1ngTe VG conf1gurat1ons (at n = 0.50).
| TabTe III 1nd1cates a Tow—a drag penaTty due to the chord extension and
:store addition; however, th1s 1s not-of concern s1nce a drag increase
iwou]d in any case be: obta1ned w1th a py]on SeTected resu1ts of force
and. moment measurements on VG 8 and VG 9 conflgurat1ons are presented

V‘and compared with the base]1ne VG- 1 conf1gurat1on (at n‘= 0.50). 1
“f1gure:44; The- CA curve 1nd1cates a 1oss of drag performance beyond.
12% o with VG-8 as compared w1th VG 1 Stat1c pressure data, not pre-
sented, indicate that the external store prevents the formation of a
vortex at the lower edge of the VG thereby reducing the lower surface
contr1but10n to the wing 1ead1ng=edge'thrust However, a significant
h1gh a drag advantage over the basic w1ng is st111 rea11zed In add1—
t1on,:VG-8 de]ays the p1tch—upﬁof the baswc wing by‘approx7mate1y_20,
to =130 B o | |

| Figure 44. shows tnat once tne SIenaer external store has been
re]eased the. extended chord VG 9 cont1nues to perform as a drag
reducer However, the drag reduct1on effect1veness of the device
appears to have been hampered by. the chord extension (from VG-1).
Surface pressure-data 1ndjcate;that this may be a result of the per-

“ sistence of the 1ower—edge:vortex}atong'the extended edge,.eliminating
v1ts suction effect on the wing 1ead1ng edge reg1on However, the
resu1t1ng drag reduction wou]d st111 be an 1mprovement over a conven-
tional pylon configuration, which would continue to produce a drag
pena]ty even at higher a. Further research shou]d be performed. on

modifications that will a]]ow,for the realization. of a greater portion
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Figure 44.- Performance of an extended chord pylon vortex generator
utilized as a carrier of slender external stores.
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‘:_of the VG drag-reduction potent1a1 both w1th and without the externa]
.store Variations in VG chord 1ength and chordw1se 10cat1on of the
»store a]ong the 1ower edge of the VG may be 1n1t1a1 steps

In summary, the pylon vortex generator produces substantial
‘:1mbrovements in h1gh -a drag and 10ng1tud1na1 stab111ty when ut111zed on
; h1gh1y swept leading edges The lower VG vortex apparent]y plays an
1mportant role through 1ts own contr1but1on to the 1ead1ng edge thrust
and thus, should be cons1dered in the des1gn of the VG shape The
.mutua] interaction of mu1t1p}e VG's acts to further enhance the leading-
edge suction along the span. Howerer, a low-o drag penalty is charac-
teristic of the vortex generator; VG sizevreductions in the form of
’ 1ead1ng—edge length and diagonal cutbacks reduce the 10@-@ drag penalty
but also result in a loss of performance at high a. Reduction in VG
chord to a certa1n degree produces performance 1mprovements at both Tow
and_hjgh a. The vortex generator has potential also as a carrier of
s]ender external stores. ATthough the performance of the extended chord
: VG is not as efficient as thaf‘of'the baseline VG-1, substanfdal drag
'and iongitudina] stability‘improvements over'the basic wing are'produced

~ both with and without the external store.
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Sharp Leading-Edge Extension

The ¢common basis of the devices discussed thus far has been that of
maintaining attached flow at the wing leading edge in order to retain
Iéading—edge suction to higher o. An alternative to this conveﬁtionai
approach of drag\reduction is provided by the shakp Teading-edge exten-
sion (SLEE); or vortex plate, which manipulates the natural tendency |
toward flow separation and vortex forhation at a swept leading edge.

A sharp-edged pTate lying in the plane of the wing lower surface and
projecting ahead of the wing leading edge forces separation along its
leading edge and subseguent vortex formétion. Ideally, this vortex is
maintained just ahead of the wing leading edge along the entire span,
with its associated suction acting on the leading-edge thickness to
generate a thrust force. Flow reattachment just aft of the Teading-
edge curvature helps to maintain attached chordwise flow on the wing

Balance data for a SLEE configuration utilizing an 0.71 cm exten-
sion (see fig. 8) is presented in figure 45. This device had a spanwise
coverage of n ; 0.25 to 0.93 and was tesfed with an F-2 fence at its
inboard edge (n = 0.25). The fence was intended to obstruct the span-
wise boundary Tayer flow originating between the wing apex énd the
inboard edge of the SLEE, to allow the formation of a clean SLEE vortex.
This fenée was shown in previous testing (ref. 5) to delay a mid-a
Tongitudinal instability produced by the SLEE and to maintain Cp
improvement to significantly higher «. At low o, the vortex suction

is insufficient to offset the additional drag of the SLEE, accounting
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Figure 45.- Force and moment characteristics of a sharp leading-edge
extension configuration. -
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Figure 45.- Continued.
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for the net C, dncrease. Therefore, to avoid a cruise drag penalty,
the SLEE:shou1d be designed as a retractable device. Beyond o = 129,
the vortex strength and its optimuh position produce substantial Cp
improvements over the basic wing. The ability of the SLEE to maintain
its vortex ahead of the leading edge is also reflected in delayed onset
of vortex 1ift, reducing the Cy beyond o = 100.) From a performance
standpoint, the low-o drag increase results in severe lTosses in . L/D.
Beyond 12° o, however, substantial improvements are noted, with the L/D
increment tapering off gradually with increasing a. In addition, the
rol1ing moment instability of the basic wing’between 8% and 14° a is
eliminated. The longitudinal stability of the configuration is stightly
reduced from that of the bésic wing, but the Tinearity of the Cp curQe
is significantly improved. Here, the moment reference center has once
again been selected to better éhow up the effects of the device. The
aft of the original moment reference center given in figure 2.

Static pressure distributions around the wing leading edge for the
0.71 cm ext. SLEE configuration at o = 12° are presented in fig-
ure 46. Attached leading-edge flow 1ﬁboard of STA 6 on the basic wing
results jn high suction peaks near the leading edge'with subsequent
pressure recovery on the upper surface. However, the vortex-induced
reattachment due to the SLEE produces a stagnated flow condition, with
elimination of the peak negative pressures near the leading edge, but
with high negative pressures over a greater portion of the Teading-edge

curvature. Note, especially, the high negative C, on the Tower
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Figure 46.- Effects of the sharp leading-edge extension on static o
pressure distributions around the leading edge at o = 12°.



127

surface in contrast with the positive values measured on the basic wing.
With- the basic wihg at a Tifting condition, the stagnation point occurs
just below the Teading-edge curvature. The associated positive pressure
actinglon the forward sloping surface (see sketch K, below) contributes
a positive axial force and, theréfore, drag. On the other hand, when
the stagnation point lies on the Tower surface of the SLEE, the positive
pressure produces no axial force (sketch K). In addition, the high flow
velocity at the SLEE edge develops a high sucfion Tevel to generate a

thrust force.

Basic wing w/ SLEE

Sketch K

Leading-edge pressure variations, in figure 47, indicate that at
Tow o the 1ead1ng;edge suction‘produced by the SLEE vortex is sub-
stantially less than the potential flow suction of the basic wing.
However, once potential flow is lost, the SLEE eventually provideé an
improvement over the basic wing (beyond o = 15° at n = 0.724,

o =19 at g = 0.416).. Static pressure distributions around the wing
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Figure 47.- Leading-edge suction effects of the sharp leading-edge
_ extension. _ -
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leading edge at &= 22° (fig; 48)'indicate that the greatest contribu-
tion to the leading-edge thrust iMprovement comes from the Tow pressUres
induced on the lower surface. The acce]érated 1053 of thrust at STA 1
may be attributed to the unsweeping of the upper surface isobars by the
fence (see Fence section). The spanwise CT]oc distributions, in.'
_figure 49, are éonéiétént with the CpLE data just pkesented. At

a = 129, the leading-edge thrust produced along the SLEE falls below
that of the basic wing; however, by 23° a, substantial improvements are
noted along the entire tength of the device. Decreasing thrust incre-
ment toward the tip suggests an expansion or diffusion of the SLEE
vortek core due to increasing upwash and entrainment effects. Means. to
alleviate the loss of SLEE effectiveness due to vortex diff&sion will

be discussed later.

Optimizing the SLEE extensioh will now be considered as a possible
means of further performance improvements. The possibility of such
improvements is suggested by the fact that over-extension of the SLEE
would result in reattachment on the device itself, with local suction
peaks and the possibility of separation near the wing leading edge. 1In
addition, the vortex suction would mainly act in the normal direction,
with Tittle effect on axial force. This condition is depicted in

sketch L, below:
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pressure distributions around the leading edge at o = 22°.
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Sketch L

waever; considering the range of extensions tested here, the over-
extended condition is unlikely to be a facfor except in a very narrow

a. range. Nevertheless, this condition does pkovide a conceptual upper
bound for the SLEE extensien. On the othef hand, under-extension of the
SLEE may‘not allow the stagnation point to move to the SLEE even at

high «q, ]eadihg to a large drag contribution, as discussed previoué?y
(see sketch L). Therefore, the minimum requirement for the SLEE exten-
sion would appear to be that it project ahead of the stagnation point at
the higheét o« of {nterest.

Selected balance data for cohfiguretiensﬁutiTizing SLEE extensions

ranging from 0.71 to 0 cm (with an adjacent F-2 fence at the SLEE apex)
are presented in. figure Sb. Little effect from SLEE extension is evident

in Cp up to «a = 16°. At higher o, however, decreasing extension

results in progressively improved axial force characteristics, with the
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improvements continuing down to zero extension. In addition, the longi-
tudinal stability of the configuration is s1ight1y»1mproved. Although
not presented here, effects on_norma1 force and Tift-tofdrag are minor.

Comparison of static pressure distriputions around the wing leading
edge for the 0.71 and O cm SLEE»extensionsr(figf 51) dindicates a delay
in onset of vortex suction on the leading edge as the SLEE extension
is reduced. Aﬁ, a = 129, the 0.71 cm ext. SLEE configufatioﬁ is
characterized by stagnated lTeading-edge flow; whereas with the 0 cm
extension, attached flow still persists on the upper éurface. Appar-
ently, the vortex size with zero extension is such so as to produce a
stagnated condition only on the lower portion of the Teading-edge region
(see_STA 5 inset sketches). This de]éy is shOWnbin figure 52 to pay off
in improved leading-edge thrust at highér oa. At thé highest angles
tested, a distinct advantage with reduced SLEE extension appears only
at STA's 5 and 6. However, at higher aﬁg1‘s, thrust improvements would
also be expected at the remaining spanwise stations, as the SLEE vortex
moves inboard. While the adverse inboard éffect of the fence is again
seen at STA 1, the favorable outboard effect at STA 2 allows for con-
tinued thrust improvement to the highestrang1es tested.

As already noted, the purpose of locating a fence inboard of the

SLEE waé to aid in the formation of a clean SLEE vortex. The possi-
bility of. substituting a chordwise slot (w/SC-1) for the fence was
investigated on the 0.48 cm ext. SLEE configuration. Selected
results appear in figure 53. Axial force is slightly improved in the

mid-o range with the use of the slot; however, early loss of slot
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effectiveness (see Chordwise Slots section) results in a sudden loss of
SLEE performance beyond o = 16°. The same tfends are evident in 1ift-
to-drag. Although not presented, no significant effects are noted in
pitching moment. The chordwise s1ot,itherefore, seems to be slightly
more effective than the fence ih obstructing the spanwise flow near the
wing apex up to approximafe]y 16Ova. However, highly maneuverable air-
craft encounter a wide range of angles of attack and, thus, the high-o
perfeormance capability with the fence may be well worth the small
penalty at mid a.

As noted previously, the tendency of the SLEE Qortex to expand and
migrate onto the wing surface will ultimately 1imit the drag-reduction.
effectiveness of the device. The previous success of fences and chord-.
wise slots in compartmentation of the wing leading edge suggested that
their‘use along the SLEE would 1imit the growth of the SLEE vortex and,
thus, improve its outboard effectiveness. Each device (F-2 and siot
w/SC-1) was, thus, alternately tested at n = 0.625 (midpoint of SLEE)
on a 0.48 cm ext. SLEE configuration also utilizing an F-2 fence
at n = 0.25. Selected force and moment data appear in figure 54.
Mhi]e the additional F-2 fence at n = 0.625 produces the expected
Tow-a drag (or Cp) penalty, substantial improvement in SLEE suction
effectiveness is indicated beyond a = 16°, with no adverse effects on
Tongitudinal stability. Tuft photographs in figure 55 support the view
that this improvement is due to a compartmentation of the SLEE. 1In
interpfetation of these photographs, a herringbone tuft pattern repre-

sents a vortex core (shown as a dashed 1ine), whereas a divergence of
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Figure 55.- Upper surface tuft photographs of 0.48 cm ext. SLEE with F-2 at n = 0,25
configuration with and without an F-2 fence at n = 0.625 (o = 149),
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adjacent tufts indicates a flow reaftachment line (solid line). In the
absence of the outboard fence, the SLEE vortex is free to expand, having.
migrated comp]ete]y onto the wing surface at o = 14%. A fence at

n = 0.625, howeQer, splits the SLEE vortex into tWo smaller vortices;

one emanating just outboard of the fence and the other near the wing
apex. This 1imits the growth of the outboard vor%ex ana keeps'the
leading-edge region near the tip under the influence of vortex suction
to higher o. The inboard vortex is, subsequently, forced onto the wing
surface by the fence and acts as a barrier to the ;treamwise migration
of the outboard vortex.

The effect of this additional F-2 fence at n = 0.625 on the
1eading—edge suctien is depjcted in figure 56. At a = 160, a slightA
suction improvement outboard of the fence roughly balances the charac-
teristic loss of suction on the inboard side. However, at o = 23°, a
substantial increase in t thrust increment accounts for the
net improvement noted in the Cp curve. |

The chordwise slot, on the otﬁer hand, is shown in figure 54 to be
ineffective in the4r01e of SLEE .compartmentation. The spanwise Tocal
thrust distribution at o = 16°, in figure 56, shows signs of compart-
mentatidn through a slight thrust increment just outboard of the sfot.
However, by 239 o, this improvement has vanished due to loss of slot
éffeétiveness.“This stot at n = 0.625 was also tested-in‘combination

with a slot (as opposed to F-2) at n = 0.25 on the 0.48 cm ext.

SLEE configurafion, but with the same results (not presented).
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In summary, the sharp leading-edge extension is effective in drag
reduction and rolling moment stabilization at high o, with no adverse
effects on longitudinal stability. The drag reduction is insensitive
to SLEE extension at low and mid o5 howevgr,'there is a distinct
advantagevto having a shorter extension at high «, assuming the exten-
sion is beyond the stagnation point. When utilized at the apex of the
SLEE, the chordwise slot is slightly more effective than the fence in
obstructing the spanwise flow near the wing apex at mid o. However,
far better performance at high « makes the fence more desirable for
use on highly maneuverable aircraft. Unlike the chordwise slot, the
fence also possesses the ability to compartment the SLEE when used along

its length, thereby retaining Teading-edge suction to higher o.
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"LeadiWQ—Edge Yortex Flaps

As an extens1on of the SLEE concept 1ead1ng edge vortex flaps were
tested as a possible means of obta1n1ng further 1mprovements in leading-
edge thrust at high «. This device is s1m11ar in appearance to a con-
ventional 1ééding-edge flap which is deflected to align it with the
Tocal upwash ih order to bfovide a smooth onflow at the wing leading
edge and, thus, avd%d;§eparation. The vortéX flap, however, relies upon
a separation vortex foféedﬁpy underdeflection relative to the oncoming
flow to generate a suction‘fbrce on the flap and, thus, provide a thrust
component. Ideally, this vortex induces reattachment just aft of the
leading-edge curvature,'thereby allowing attached flow on the upper .
su%face. ‘The thrust componentfgenerated‘on the vortex flap, thus, leads
] fo'aﬁieviation of‘the 1ift-dependent drag (see sketch A in
INTRODUCTION).

The flow mechanism of the vortex flap will now be discussed in
detai]-With respééé to the 30° downward-deflected (+) VF-3. This was a
constant'éhorq;f1ap (flap chord 7.3 percent of mean geometric chord)
beginning at noi 5.25~ and extending out to the wing tip (see fig. 7).
Elimination of the first 25,percent of the flap near the wing apex
(n =0 to 0.25) was based dn its relative ineffectiveness due to Tow
prevailing upwash in that region (ref. 3). Figure 57 presents wing
Weading—edge'étatic pkéésure variations at selected spanwise positions
for a configuration utilizing a.30% ¥ VF-3. As an aid in the discussion,
a qué]itafﬁve summary of the various stages of leading-edge flow

deveiopment with increasing a, at constant deflection ang1e, is also
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Figure 57.- Leading-edge static pressure variation and flow development
’ on a 30° ¢ VF-3 configuration. Stages of flow development
are arbitrarily indicated on the orifice 117 curve.
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included. Due fo entrainmeht effects and the spanwise upwash distrﬁbu—
tion ahead of the'Téadihg\edgé,'these §uccessive stages of flow develop-
ment will also be found with increasing outboard distaﬁce for constant
flap deflection and angle of‘éttack.' At Tow o (stage A), the vortex
flap is éffective1y overdeflected relative to the small upwash and,
thus, induces Vortex formation on its lower side. The resulting orien-
tation of the flap nOrhé] force Veétdr produces a drag increase and loss
of 1ift. . Eventually, a smooth onflow at the flap edge (stage B) occurs,
as the flap angTe matches the upwash. Note that to this stage, CPLE
has become more negative with increasing o due to the rapid develop-
ment of potential flow suction around the leading edge. Therefore,
separation at the knee is Tikely dug to the high degree of leading-edge
curvature. Af stage C, thevupWash angle nominally exceeds the flap
angle; resulting in vortex formation and reattachment on the flap upper
surface. Tuft photographs (fig. 58) indicate that the transition of
the f]ow.pattern from over- to under-deflection occurs between o = 6°
and 10° for the 30° + VF-3. At ‘a = 69, tufts near‘the flap leading
edge afe hidden, 1ndfcating sepafatidn:on the Tower side. At o E'TOO,
however, these‘tufts Tie on the face of the flap, indicating favorable
separation. With further increases ih 'a, or outboard distance,
reattachment movés toward the leading edge, eventually coinciding with
the 1eadihg edge at stage D. The relatively high pressure at the
reatta;hment position corresponds to the Tow point on the —CpLE dip
in figure 57. This may be regarded as the "design" point since the full

chord of the flap is under vortex suction. The locus of the minimum
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-C points_along the span may, thus, be used as a guide to design an -

PLE
optimum twisted f]ap for a inen average.deflection angle (see next
paragraph). As_the f1ow reattachment pasition énd, subsequently, the
flap vortex move onto thevwihg upper. surface (stage E), the flap thrust
effectiveness _diminiéhes. 5 |
The Tocus of Cpp deriyédydesjgn-pojnts along the 300_¢ VF-3 is

plotted in figure 59. As previously noted, the ideal flow condition is
'first met near the wing tip and moves, inboard with increasing a. This
curve also provides a general idea of the relative flap twist necessary
to produce the ideal flow condition simultanecusly along the entire
flap. Howevgr,,this twisted flap? apart from'being impractical, may not.
be desirabTerince 1oss\of effectiveness would also occur at once along
_the entire span.

 Figure 59 also presents the 1ch§ of the initial relative haximum
hchE poiﬁfs (sée fig. 57) atong the 30° ¢ VF-3. This curve‘may be
thought of ‘as a boundary between over- and under—deflectibn_of the flap
relative to the oncoming flow. Again, due to the spanwise upwash dis-
tribution, vortex formation initially occurs near the tip and spreads
inboard with increasfng o. This is also evident in the tuft photo-
graphs in figure 60. Although these weré taken of the 609 + VF-3, the
same basic trends would be expected with a 30° ¥ deflection but at
Tower ang]es_of attack. The chordwise orientation of the tufts on the
flap at a = 14° is indicative of attached flow. By 16° &, however,

the flap vortex has formed and advanced to approximately the midpoint

of the flap (position 'b'). Due to expansion of the vortex core
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Figure 60.- Side tuft photographs of 60° + VF-3 configuration at
o = 149, 160, 189, and 23°.
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toward the tip, reattachment between positibns 'b' and ‘'c' occurs on the
flap face (indicated by the diverging tufts on the flap), with nearly
“an ideal flow condition aft of position ‘c'. Further increases in a
are:accompanied by continued inboard movement of the vortex, with its
apex lying near the flap apex at o = 239, At this stage, reattachment .
aft of positidn 'c! occurs: on the'wing upper surface, as evidenced by
éhe realignment of the tuffs along the 1éngth of the flap.

Leading-edge thrust variations for the 30° ¢ VF-3 cdnfiguration are .
presented in figure 61. No effect is evident on the leading-edge thrust
at Tow o since separation occurs on the Tower side 6f the flap. At
mid a, however, the flap induces a thrust loss outboard of STA 1, cor-

‘ responding to the 1eadihg-édge éuction Ios§ noted in figure 57. However,
as the ideal flow condition is feached near‘the‘tip, thé flap effective-
ness begins to appear as a éubstantia] thrust imprbvement. At angles of
attack higher than those considered here, further inboard movement of
the ideal flow condition would result in thrust improvements also at

the inboard stations.

The effects of the 30° + VF-3 on the overall performance character-
istics of the configuration are given in figure 62. A large axial force
impfovement over the basic wing is found at high o and is sustained to
the highest angles tested. The severe low-o drag penalty is not of con-
cern since at cruise the flap would be undefleétéd or retracted; as is
the loss of hormal_force at Tow o, which is attributed to the effective
negative camber induced by the downward flap def]éction. The migration

of the priﬁary vortex onto the wing upper surface leads to onset of
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Figure 61.- Effects of _300__ + VF-3 on wing leading-edge thrust.
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vortex;lift af approximately o = 149, accounting'%or the convergence éf
the Cy curve toward the basic wing data at higher a. The resulting
efféct on L/D 1is a loss of pérformance at Tow o but substantial
improvement beyond Cp = 0.3. The C, ‘data indicate that the vortex
flap also eliminates the seVeré mid-a rolling momeht instability of the
‘basic wing. A |
‘Longitudinal stability effects of the 30° ¢ VF-3 are debjcted in
- figure 63. The moment réference cent??:has once again been mbved to the
same poéition used with the SLEE data_(é.SZ cm aft of the original ref-
erence center ihdicated in fig. 2) to better show up the effects of the
device. The 30° + VF—3‘produCé§;a slight reduction in 1ongitud1haT
stability at mid and high -g but eliminates the non]inearities'bf thé
-basic wing at o = 89. The chordwise location of the center of preSsQre
for this same configuraﬁion,(derived from Cp and Cy data) is plofted
as a function of o 1in figu}e'63. The forward-movement of xcé rela-
tive to the basic wing beyond «o = 6° (the angle at which vortex forma-
’tion is initiated on the flap face) is attributeé to a forward movement
of the center of pressure along tﬁe flap. Whereas attached flow on. the
basic wing positions the suction peak near the Teading edge, the vortex
sucfion.effect on the flap moves this suction peak forward onto the flap
surface {(sketch M). Since pitch-up is the result of a forward movement |
of the center of pressure, those flap configurations producing the most
aft center of presshre will be considered the most desirab]e as far as

longitudinal stability is concerned.
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Figure 63.- Effects of vortex flap deflection angle on longitudinal
stability characteristics.
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Basic wing _ / w/ Vortex flap

" Sketch M

Comparison of experimental resulfs with theory (ref. 15) for the
30° v vF-3 configuraiion appears.in figure 64. The downward shift in
the experimental 1ift data as compared with theory is attributed to the
effective>néqative camber induced by the asymmétric traiiiﬁg—edge region
(see fig. 2). Otherwiée, the experimental 1ift and drag data show
relatively good agreement with theory throughout thé angle-of-attack
range. | |

For a more basic assessment of the aerodynamic effectiveness of the
various flap configufations tested, an‘anaiyéis on a per unit flap area
basis will a]sé be used. This wil]_provide'an indication of the effi-
ciency with which the surface area of a particular flap configuration
is being utilized for drag reduction. Figure 65 presents balance and
leading-edge pressure-integrated thrust data for the 30° ¢ VF-3 configu-

ration. The axial force curve has been shifted downward to zero to
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Figure 64.- Comparison of 30° ¥ VF-3 experimental data with VLM-3A
theory.
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eliminate the profile drag component. 1CTtot represents the contribu-
tion of the wing leading-edge suction to the axial force obtained by a’
spanwise summation of CT]oc' The difference in the two curves, there-
fore, represents directly the thrust contribution of the flap. This
difference is divided by the total flap surface area and plotted in fig-
ure 65. The curve indicates an improvement inrf1ap efficiency with
increasing «a. The sudden reduction in slope at o = 16° indicates

the onset of loss of flap thrust effectiveness due to vortex migration
onfo the wing upper surface. This is consistent with the onset of vor-
tex 1ift noted in the Cp curve (fig. 62) at approximately the same «.
Additional évidence is provided by the photographs in figure 66. At

o = 140, the mini-tufts near the wing Teading edge are generally chord-
wise, implying reattachment either on the flap or at the knee, with
attached flow prevailing on the wing upper surface. At a = 179,
however, these same tufts are angled toward the wing tip, suggesting
vortex action and reattachment on the upper surface.

The effects of flap deflection on overall performance are shown in
figures 62 and 63. Axial force shows an {mprovemént at high o with an
increase in downward deflection of VF-3 from 30° to 45°, but a loss of
performance with further deflection to 60°. The effective increase in
negative camber with increasing flap deflection results in a reduction
of normal force at low a. The same trends are evident at higher o
due to a delay in vortex migration onto the wing upper surface. Lift-
to-drag appears relatively insensitive to flap deflection beyond

€L = 0.4. This is attributed to the self-compensating for thrust effect
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Fi - _ . .
igure 66 Qpper surface tuft photographs of 30‘O ¥ VF-3 configuration at o = 14° and 17°.
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A major concern of the aircraft design engineer is that of produc-
ing adequate 1ift to reduce the landing speed. 1In addition, decelera-
tion of the aircraft from cruise to landing speed has been a prbb]em
requiring the use of speed brakes and high approach angles of attack.
An up-deflected (4) vortex flap was tested in the present investigation
as a possible aid in alleviation of these problems (ref. 17). It was
believed that the suction effect of a vortex formed on the lee side of.
the f]ap (see sketch F in BACKGROUND) would produce both 1ift and drag
~increments ideal for the landing approach. The vortex flow induced on
the wing upper surface would provide additional Tift.

Results of balance measurements on a 30° 4 VF-7 configuration (see
fig. 7) are presented in figure 67. Normal force indicates onset of
vortex 1ift almost simultaneously with departure from o = 0°. The
strong spanwise inclination of the tufts near the wing leading edge at
a = 6%, in figure 68, is indicative of this upper surface vortex flow.
Note the well-defined reattachment line with chordwise flow downstream.
The resulting improvement in Cy implies that the required 1ift at
Tandfng may bevobtained at a Tower flight spéed. The rolling distance
after touch-down, which is proportional to the square of the Tanding
speed, can thereby be significantly reduced. At a = OO, the 30° + VF-7
produces a relatively small increase in axial force since there is no
addition of frontal area (see fig. 7). However, at mid and high «,
large increases in drag are available for deceleration of the aircraft
during the Tanding approach. In addition, the linearity of the pitching

moment curve is significantly improved over that of the basic wing. The
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rolling moment characteristics are excellent up to approximately

o = 160, at which point a mfnor instability appears. However, thé
severe wing rock of the basic wing between 8% and 14° o is eliminated.
Thése characteristics are significant since any unstable behavior at
near—sfaTT landing conditions may be critical.

An 1nverse tapered vortex flap was a1sortested in the present
investigation to take advéntage of certain flow phenomena characteristic
of the device. It was reasoned that increésingvthe flap chord toward
the wing tip would better accommodate the expanding vortex core and,
a@cording]y, produce a more efficient drag reducer. This inverse
tépered flap (VF-2) was designed with approximately the same surface
area as. the constant chord VF-3 (see fig. 7)., allowing for direct per-
formance comparison. Balance data for the 300 ¥ VF-2 and VF-3 configu-
rations are presented in figure 69. The axial force data indicate a
slight improvement in drag-reduction effectiveness beyond o = 169 with
the inQerse tapered VF-2. However, there is a slight loss of normal
force within this same o range. The longitudinal stability character-
istics (hbt presented) are not significantiy different from those of the
constant chord flap.

| Static pressure distributions around the wing leading edge
(fig. 70) confirm that drag performance improvements with the inverse
tapered VF-2 are indeed attributable to its ability to better maintain
"the vortex on the flap and delay its migration onto the upber surface
in the outboard region. Stagnated pressures at n = 0.70 and 0.82 with

the constant chord VF-3 at o = 12° suggest that reattachment has moved
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Fxgure 69.- Effects of inverse tapered flap chord distribution and
apex shape on vortex flap performance.
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to the wing surface. The inverse tapered VF-2, however, has retained
attached flow at the leading e&gé,‘with>réattachment still on the flap.
Tuft photogréphs'taken at a = 16° (fig. 71) indicate the same trends.
Thevchordwise orientation of the tufts near the wing leading edge with
the VF-ZAjndicates attached upper surface flow, whereas the spanwise
inc]inedvtufts with the VF-3 configuration are the result of vortekv
spillover. The delay in onset of vortex 1ift with the VF-2 accounts
for the reduced normal -force noted in figure 69.

A comparison of the CPLE derived locus of design points along the
30° ¥ VF-2 and VF-3 appears in figure 72. The relatively smaller flap
chord near the apex of the VF-2, as compared with the VF-3, reduces
the o at which the design point is met. The opposite effect is evi-
dent outboard of n = 0.60. Delays in vortex spillover of up to 3° o
at these outboard stations with the VF-2 account for the high-a improve-
‘ments noted in the Cp characteristics.

Comparison on a per unit flap area basis, in figure 73, indicates

. that the inverse tapered flap area distribution is somewhat more effi-
cient thén the'cohstant chord variation up to o = 16O.V'More pronoﬁnced
improvements are indicated at higher «, as the VF-3 begins to lose out-
board suction effectiveness. An implication of this result is that
savings in system weight are possible through appropriate'geometric
design of the vortex flap.

An additional inverse tapered vortex flap (VF-1), characterized by
a chordwise-cut apex, as opposed to the sweptback apex of the VF-2, was

tested to determine the importance of flap apex shape. It was thought
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Figure 71.- Upper surface tuft photographs of 30° ¢ VF=2 and VF-3 configurations at o = 16°,
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that a counterfrotating,yortex formed at this chordwise edge would
interfere.WTth*théﬁfbfﬁ&fioﬁféf’%héﬁpfimary flap vortex. Balance data
1nvfiguré 69, howevef; fndicate that this particular .apex modification
has insignificant effecfs on overald performance. The close agreement
of the flap. thrust cdéfficient data in figure 73 provides added support.

As evidenced by thebvoéfe&”f1ap data presented thus far, streamwise
migration of the flap:vortex with increasing outboard distance is the
primary limitation to efficient f]ap'pérformance at high o. Segmenta-
tion of the flap was suggested as one method of alleviating thfs problem
through the formation of an independent vortex on the outboard segment,
thereby delaying thrust Toss near the tip. The geometries of the seg-
mented flaps tested appear in figure 7. VF-4 was derived from VF-3
simply by segmenting the flapgat ?tsAmidpoint and, thus, afforded the
opportunity to isolate the performarice effects attributed solely to seg-
mentation. VF-5 and VF—6'Were intfuded to investigate the possibility
of further performance 1mprovéménts through variations in f]ap chord
distribution.

Results of balance measurements oﬁ:configurations utilizing the
segmented vortex flaps at»3Q§'downward deflections are presented in fig-
ure 74. Comparison of VF—é.énd'VFf4 aXfal force data indicates little
overall effect from segmentgtion. pHowever, slight reductions in normal
force and Tongitudinal stabiTﬁty result at high «. Comparison with
VF-5 and VF-6 data suggests that a substantial amount of flap area may
be eliminatgd with Tittle sacrifice of-kcA.‘performance up to o = 18°.

Beyond o = 18°, the inverse tapered V?%6; with 42 percent less surface
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Figure 74.- Effects of segmentation and flap geometry on vortex flap
performance (8 = 30°).
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area than the constant chord VF-4, Toses effectiveness, while the para-
bo1ic'VF—5y(13 percent reduction in area) continues to perform on par
with the VF-4. Reduction in flap area actually results in an improve-
ment 1in ]ongitpdina1 stabi1ity beyond o = 80, with little effect on
normal force. Bafancé Aata for 45° downward deflections of these seg- -
mented flaps (figi 75) indicates the same trends. However, the 30°

deflections will be used for description of the underlying fiow

. mechanisms.

The performance of the varjous segmented vortex flaps on a per unit
flap area basis is summarized in figure 76. As previously noted, the
flap thrust coefficient, Cy, provides an indication of Cp effects
attributed solely to vortex suction on the flap surface. Segmentation
of the full Tength VF-3 into VF-4 results in substantial improvement 1in
flap area efficiency beyond. a;: 160, as loss df flap suction has A
apparently been delayed. The parabolic (VF-5) and inverse tapered
(VF-6) segmented flaps provide further improvements at lower a, but
with earlier loss of effectiveness with decreasing flap area. Each
particular segmented flap geometry seems to be the most efficient of
those considered within a specific a vrange, implying that the actual
geometry selected would depend on the design angle of attack.

Tuft photographs in figure 77 confirm that C, improvements
'resu1ting from segmentation are indeed attributed to retention of vortex
suction on the outboard flap segment. The mini-tuft pattern and static
pressure distribution at STA 6 with the full Tength VF-3 suggest flow

~reattachment on the upper surface. However, the aft portion of the
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Figure 77.- Side tuft photographs of 30° ¢ VF-3, VF-4, VF-5, and VF-6
configurations at a = 140,
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Figure 77.- Concluded.
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segmented VF-4 appears to still be fully under the 1nf1uence-of vortex
suction (as shown by the mini;tufts on the flap slanting away from the
wing 1eading edgé) with reattachment in the vicinity of the knee
(attached flow indicéted on the wing leading edge). The flow through
the break haé_apparent]y forced the vortex on the forward flap segment
.tovpee] off and, most 1ike1y,‘trave1 over the upper wing surface. The.
parabolic VF-5 and inverse tapéred VF-6 show the same basic trends-but,
wifh accelerated forward movemént of the outboard vortex. Comparison
with static-pressure distributions at STA 3, where segmentation wou]d
appear to have little influence, suggests that this is purely a geo-
metric effect. As a result, the tuft photographs in figuré 78_indicate
~a Feductﬁon in upper.surface vortex flow in the outboard region upon .
'segmentation.of VF43’(to VF-4), but with the oppOéité‘effeet wfth cut-
back from VF-4 to VF-5 and, SQbsequentTy, VF-6. As noted in previous
séctions, an increase in uppér'sufface vortex %1ow tends to_incfease the
overall iift of the wing but also the severity'df thé 11ft-débendent
drag. : -

- .Figure 79 presehtg'the anLE derived Tocus-o%vdésign poinfS'aTong
each of the 30° down-deflected segmented F1aps. A]though'the déta
pofnts are scattered, certain trends are consistent with thosebobserved'
in the tuft photographs. Since effects inboard of nvi 0.625. are-
purely geometric, the VYF-3 and VF-4 data pgints approximafe]y coincjde.
_RedUCtiOn in fTap chord with VF-5 and VF-6 results in satisfaction @f
the design condition at progressively Tower o a1ohg;this forward

segment. The convergence of the data in the vicinity of the break
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Figure 78.- Upper surface tuf%fpﬁotographs of 30° ¢ VF-3, VF-4, VF-5,
s and VF-6 configurations at o« = 189,
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(n = 0.625) is attributed to the equality of the respective flap chords
(see fig. 7). The effect of segmentation (VF-3 to VF-4)bis evident
along the outboard segment in the form of akde1ay of several degrees in
vortex migratioﬁ onto the upper surface. The effects of chord reduction
noted on the inboard flap segment are also evident here; , |

The utilization of vortex flaps for roll augﬁentation was briefly
investigated using the inverse taperea segmented VF-6. It was antici-
pated that asymmetric flap deflections would alter the spahWise 1ift
distribution so as to produce adequate rolling moments at high 11f£,
when conventional control surfaces, such as ailerons, are degraded by
flow separation. Rolling moment data for arconfiguration utilizing a
30° ¢ VF-6 on the left-hand and 45° v VF-6 on the right-hand wing panel
are presented in figure 80. The positive shift in the C, curve as com-
pared ‘with the basic wing is purely a planform effect. The imbalance of
planform area addition produces an additional 1ift increment on the -
\1eft, with a resulting right-wing-down rolling moment. Beyond o = 16°,
" the flap deflection effect becomes evident. The strong positive rolling
moment initiated ét this «o. s due to the earlier migrat%on'gf the
30° ¢ flap vortex onto the left wing panel as compared with the vortex
emanating from the 45° 4 VF-6 on the right. The'additional vortex 1ift
on the left produces a maximum positive rolling moment of 0.0041 at
o = 18°%. The subsequent migration of the 45° + VF-6 vortex onfo the
right wing panel, with its 11f£ acting at an n value greater than that
of the left-hand vortex, produces a reversal in the rolling moment at

'higheﬁ a. The fact that strong positive and negative rolling moments
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Figure 80.- Effect of differential vortex ﬂap deflection on rolling
' moment characteristics.
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are separated by only 49 or 50 o may produce undesirable handling
qualities at high 1ift. 1In addition, the magnitudes of tﬁekf0i1ing
moments produced by the configuration tested here are inadequate to be
“of practiéa] value on an actual aircraft._ However, a greater differen-
tial in flap deflections may provide the required roliling momeﬁts.

Based on the previous performance of fences and chordwise slots,
individually and in combinatjon with the SLEE, their potential for
improving the performancé of the vortex flaps was alsb‘inVestigated.
The 30° ¢ VF-3 was tested with a single slot (w/SC-1) and then with a
single F-3 fence at its apex (n = 0.25), again fn an attempt to aid in
the formation of an undisturbed flap vortex by blocking the leading-edge
cross-flow near the wing apex. An additional test run was made with a
single chordwise slot cut into the flap itself (S') at ﬁ = 0.625, with
the slot in the wing leading edge remaining sealed (see fig. 7). As
with segmentation, the flow through the slot was expected to aerody-
namically compartment the flap and, thus, induce the formation of an
independent primary vbrtex on its outboard side. Ideally, the entire
" flap surface woﬁ]d thereby remaih under the influence of vortex suctfon
to higher «a.

Axial and normal force data for the vorﬁex flap-siot/fence con-
figurations just described are presented in figure 81. Both graphs
indicate the overall ineffectiveness of each concept. Effects on pitch-
ing and rolling moment, not presented, are also negligible. Static
pressure data for the configurations with either a slot or fence at

n = 0.25 show no evidence of a local effect from the additional device.
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Figure 81.- Performance effects of the fence and chordwise slot in
combination with the vortex flap.
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The fact that these devices did not extend out ahead of the wing leading
edge, where the formation of thekf1ap vortex occurs, may be responsible.
- In that case, the chordwise slot cut into the flap at n = 0.625 would
be expected to perform effectively, assuming the fiow through the slot
is sufficient for compartmentation. Indeed, the tuft photographsbin
figure782 show evidence of a second flap vortex outboard of the slot.

As depicted by the static pressure distributions in the same figure, the
wing 1eading—edge flow at STA 5 (n = 0.70) in the casé of the VF-3 with-
out a slot has already reached a stagnated condition, implying reattach-
ment on- the upper wing surface. The additional vortex.formed‘as‘a
result of the slot at n = 0.625, however, retains attached flow at the
wing -1eading edge, with the ideal flow condition to be met at\higher Q,
as indicated in figure 83.  Apparent]y, however, the sum of the suction
effects from the two sma]jer flap vortices (with a slot at n = 0.625)
is approximately equal to the suction produced by the single expanded
‘vorfex.(without a slot), since no Cp effect is evident. Additional
support is provided in figure 84, which shows that on a per unit flap
area basis, the Suction effectiveness of the flap surfaces are
equivalent.

Fiha]ly, since the SLEE and vortex flap make use of basically the
same flow mechanism, a brief comparison o% their suction effectiveneés
is appropriate. Comparison of axial force data for the 45° ¢ VF-3 and
0 cm ext. SLEE (each found as the most effective in its respective
class), in figure 85, shows a significant advantage beyond o = 10°

with the vortex flap. However, on a ACp (relative to the basic wing)
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Figure 82.- Side tuft photographs of 30° + VF-3 configuration with and
without a slot in the flap at n = 0.625 (o = 14°).
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_and frontal areg;bgsjs,'the two,dgyﬁceg perform identically. Therefére,
a]thoughvthe_highfuidrag performancg of the vortex flap is significantly
bgtter than that of the SLEE, the gdditiogg? weight of the vortex fTap
and the fact that_the,SLEE‘hay”be rapid]y,@ep]oygd must be considered.
In summary, the vortex f?ap'provjdes_substantia] 1eading-edge
thrust 1mproyements,,resu1ting_j§ §§zab1e.§xia1 force and 1ift-to-drag
increments at high o and e1im1nation of the severe mid;a rolling
moment instabi]ity of the basic wjng, In Qrder to eliminate the charac-
teristic Tow-a. drag pena}ty,vhowever, the vortex flap would have to be
retracted or undeflected at cruise. Fortyifive degrees appears to be
the optimum flap deflection éngie baSedv§ﬁrict1y on drag-reduction per-
formance; however, Iift-tojdrag is re]ativg]y‘insensitive to flap
deflection in the range CL = 0.4 to 0.9. An upward def]ected vortex
flap, by producing aerodynamic drag and vortex 1ift increments, is also
effective as a deceleration and high-iiftvdevice for approach and land-
ing. Av1arge downward def1ection of the_vorfex flap upon touch-down can

provide continued aerodynamic braking, with the added advantage of

"~ increased downpressure on the wheels. High-a performance may be.

improved through the use of an inverse tapered, as opposed to a constant,
fTap chord distribution, which js better able to accommodate the expand-
ing vortex core_and,:thus, delay vortex spillover in the outboard

region. AAtwo—segmen§ constant chord flap improves the flap thrust
efficiency at high o through the formation of a separate vortex on

the outboard segment, which delays the outboard loss of leading-edge

suction. Eiimination of the relatively ineffective portions of the
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constant chord flap, leading to the parabolic (13 percent area reduction)
and inverse tapered (42 percent reduction) segmented flap configurations,
results in little or no Toss of drag-reduction performance except at the
highest test ba. Therefore, on a per unit area basis, these segmented
flap geometries are more efficient than the constant chord flap. Dif-
ferential dép?oyment of the vortex flap appears to alsoc have roll aug-
meﬁtation pofential at high Tift. The use of a chordwise siot cut into
a full length flap at its midpoint generates an aerodynamic. segmentation

effect by splitting the primary vortex into two smallter vortices but

with nolsignificant influence on the total leading-edge thrust.
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CONCLUSIONS

Thfs report hasvpresented tﬁe fe§ﬁ1%s éf a wind-tunnel investiga-
“ tion undertaken tofexamine the potential for further drag reduction
through refined versioﬁs of leading-edge devices such as chordwise
slots, fences, pylon vortex generators, sharp leading-edge extensions,
and leading-edge vorteX'fiaps. The results were based on low-speed

~ balance and static pressufe measurements taken on a 60-deg cropped delta
wing model in the NASA—Langley Rgseaﬁch Cenfer 7- by 10-foot high-speed
tunnel. The intended use of théhdeviceéﬁtested would be to reduce the
severe lift-dependent drag pehaTties associated with'highly swept wings
at high 1ift. This section highjights what are believed to be the most
significant findings of the invest{gation.

The chordwise slot, fence, and vortex generator devicés produce
substantial high-a drag and longitudinal Stability-improvements when
utilized on highly swebt 1eadingiedges. The use of these devices 1in
multiple arrangements further eﬁhénéés the leading-edge suction along
the span by a?1eviat1ng the adverse inboard effect of each particular
deviée; Howevér,-éaéh.éevfce fs éhafaéte?izedrby a']oW—a'drag'penalty.'
In the case of the chordwise slot, the main contribution to this drag
increase is from friction acting on the internal side surfaces, with the
pressﬁre drag acting‘on the vertical face at the end of the slot of |
secondary importance. Sealing the slot at cruise would be one method of
avoiding this drag penalty. Likewise, high-a performance is improved
“with increasing slot depth, but with no effect from the contour of the

back face.
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In the case of the fence, the characteristic high-a loss.of
leading-edge thrust on the inboard side of the device is attributed to
its unsweeping of the upper surface isobars, rather than to any viscous
accumulation on the inboard side.

Vortex generator size reduction in the form of leading-edge length
and diagonal cutbacks reduce the low-o drag of the device but also
adversely affect high-a performance. Reduction in VG chord to a certain
extent results in performance imﬁrovements throughout the o range;
however, further reduction actually produces an increase in low-a drag.
The utilization of variable VG toe-in along the span to match the pre-
vailing sidewash ahead of the leading edge may be one method of simul-
taneously reducing the low-a drag and improving high-o performance. The
lTower VG vortex apparently plays an imbortant role through its own con-
tribution to the leading-edge thrust and, thus, should also be con-
sidered in the design of the VG shape. An extended chord VG provides
the added advantage of possible use also as a carrier of slender exter-
nal stores, providing substantial drag and Tongitudinal stability
improvements both with and without the external- store.

The vortex §uction effect of the sharp leading-edge extension and
leading-edge vortex flap devices produces substantial 1ift-to-drag
increments at high o, in addition to improving the Tinearity of the
pitching and rolling moment curves. The drag-reduction effectiveness
of the SLEE is insensitive to extension at low and mid «; however,
there is a distinct advantage to having'a shorter extention at high o,

as long as the device extends at least beyond -the stagnation point.
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The performance of the SLEE is enhénced by the utilization of either a
fence or chordwise slot at its apex to obstruct the spanwise flow
-originating near the wing apex,ahd a]1ow'for the formation of an undis-
turbed primary vortex. Theqfehééiéjsﬁ possesses the ability to compart-
ment the SLEE when ﬁéed_é?bng its length, delaying outboard Tloss of
effectiveness. o -

In the case of the vorte% flap, the 1ift-to-drag is insensitive to
deflection angie in the range (| = 0.4 to 0.9. High-a drag-reduction
effectiveness is improved through the uti]izatioh_of an inverse tapered,
as opposed to a constant, flap chord distfﬁbution to better accommodate
_the expanding vortex core. In addition, segmentation of the vortex flap
improves the high-a performanéé of thé'device on a per unit flap area
basis through fhe formation of a separate vortex on the outboard segment.
% chordwise slot in the vortex flap has the same aerodynamic effect
éut has no influence on the tota]'ieading;edge thrust. Paraboiic and
.%nverse tapered segmented;f1ap chord dfstfﬁbutions provide further
fmprovements in flap area’e%ficieﬁcy.. The performance of these flaps
%uggest that -similar variations in SLEE extension may improve the
device's ability to hold the primary vortex ahead of the leading edge.
Twisting the SLEE and vortex flap in future tests may also aid in that
respect.

By means of an upwa;d aef1ec£%on; fhé vortex flap is also effective
as a deceleration and high-11ft device for approach and Tanding. Large
downward deflection upon touch-down provides continued aerodynamic

braking, along with the added'advahtége of downpressure on-the wheels.
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In addition, differentiai deployment of the vortex flap apﬁears to pro-
vide roll augmentation at high «.

Finally, it should be noted that the devices tested here are still
in the early stages of development and, therefore, futuré tests must be
performed on scale models of actual aircraft to determine the effects of
parameters such as camber, sweep, twist, and fuselage interference prior
to-makfng any final decisions on their effectiveness. ‘In addition, it
is recommended that future research include testing of the Tateral/
difectiona] characteristics of the devices to complete a data base to ~

be used in the final design.
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