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Thomas D. Johnson, Jr. and Dhanvada M. Rao
0id Dominion University
SUMMARY

Future fighter aircraft requirements specify efficient supersonic
cruise and high-g maneuverability at high lift. The slender delts wing
meets the first requirement but has large lift-induced drag increments
at high 1ift. One method to alleviate the drag is to control the flow
gt the wing leading edge (LE) by means of small LE devices, so as to
maintain locally attached flow to higher angles of attack and thus
inerease the level of aerodynamic thrust.

The devices selected for evaluaticon were the fence, slot, pylon-
type vortex generator (VG), and sharp leading-edge extension (SLEE).
These devices were tested on a 60° flatplate delta (with blunt LE) in
the Langley Research Center (NASA) 7- by 10-Foot High-Speed Tunnel at
low speed and to angles of attack of 28°. Balance uud static pressure
measurements were taken.

The results indicate thét all the devices had significant drag
reduction capability and improved longitudinal stability while a slight

loss of 1lift and increased cruise drag cccurred,
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I. INTRODUCTION

This section presents a brief overview of the development and
characteristics of delta wing aircraft, a literature survey on drag
reduction devices that could possibly offset high levels of induced drag
(which is characteristic of this planform), and concludes with a
discussion of the present investigation.

1.1 DELTA WING CONCEPT

The delta wing concept evolved during the 1930's as aerodynamicists
began challenging the problems of supersonic flight (ref. 1l). German
efforts resulted in the production of the Messerschmitt ME-163 Komet
interceptor aircraft which had a tailless swept-wing configuration. In
1943, a German aeronautical scientist by the name of Lippisch designed
the Li Pl3a which was to bg a ramjet-powered supersonic aircraft having
a 60° swept true delta planform. A glider wes built in this con-
figur;tion and was to be used for low-speed manned flight tests;
however, American troops captured the glider in 1945 before it was
completed. It was redesignated DM=-1 and subsequently tested at the
Langley Research Center (refs. 2 and 3). The DM-1 will be discussed
further in the next section in regard to a wing leading-~edge modifica-
tion intended to improve maximum 1lift and stability.

In 1945, R. T. Jones of the then Langley Memorial Aeronautical
Laboratory published wind-tunnel test results on a slender delta wing
which indicated that compressibility effects would be less than for a
conventional wing (ref. 4). The following year Convair won the

1
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competition for the development of a supersonic interceptor aircraft.
Wind-tunnel tests indicated that the initial design (viz., 45° swept
wing) had poor low=speed characteristics. These problems were corrected
by filling in the trailing-edge gap until a true delta wing was formed.
Further study revealed that high-speed performance would be enhanced by
sweeping the wing leading edge further back to 60°. This research led
to the XF-92A testbed delta aircraft and eventually to the production of
the F-102, F-106, and B-58 aircraft.

The advantages of thin highly swept delta planforms are high drag
divergent Mach number, reduced supersonic wave drag, and the capability
to operate at high angles of attack due to increased lift generated by
wing leading~edge "vortex flow". The principal disadvantage is the
large drag-due-to-lift at angle of attack caused by the lous of leading-
edge suction due to flow separation. These characteristics limit high-g
transonic maneuver performance because the excess engine thrust
available must be used to balance the induced drag.

élture fighter aircraft requirements specify efficient supersonic
cruise for survivability and high-g maneuvering flight for air combat at
high subsonic/transonic speeds. The low aspect ratio delta wing is the
logical choice to meet these requirements if the lift induced drag could
be alleviated. One method to achieve drag reduction would be to control
the flow at the wing leading edge so as to maintain attached flow to
higher angles of attack and thus offget the lift induced d;ag by
increased levels of aerodynamic thrust, i.e., leading-edge suction. An

alternative method to generate aerodynamic thrust would be to have a
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small vortex act on the forward face of the wing leading edge with flow
reattachment further aft.

Pursuing the concept of leading-edge flow control, a literature
survey wasg conducted for devices that had potentiul for controlling flow
separation on highly swept leading edges.

1.2 LITERATURE SURVEY

Tiis survey was based on two characteristics of delta wings: aero-
dyﬁamic forces act primarily at the leading edge and wing leading-edge
flow separation occurs at low angles of attack. This eliminated
attached flow devices such as leading-~edge flaps and slots. The survey
did reveal *that considerable resa2arch had been conducted on "fixed"
leading~edge devices =~ principally to alleviate/correct longit .iinal
instability of swept-wing aircraft. The following paragraphs discuss
the devices selected for evaluation.

The bulk of the material surveyed pertained to fences specifically
des.gned as fixes for longitudinal problems and not for drag reduction,
aven though a lower drag was sometimes indicated at the higher angles of
attack. A typical report stated that longitudinal instability was
alleviated, but goes on to add that "“fences were also effective in
reducing the drag-due-~to-lift of the basic configuration" (ref. 5).
These were upper surface fences (evaluated on a F-102 delta scsaie model)
which were later modified by adding a wraparound projectiun at the wing
leading edge; thie configuration linearized the pitching moment and lift
curves, and also reduced the drag of the basic modei (ref. 6). These
fences were flight tested at transonic speeds on a JF-102A aircratt con-

figured with a conical cambered wing. Analysis of pressure measurements
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indicated that flow separation typical of L.:re delta wings was delayed
to higher angles of attack. 1In aadition, the cambered leading edge was
effective in distributing the low pressure over a greater frontal area
and thus increasing aerodynamic thrust (ref. 7).

From this survey, it appeared that fences in combination with a
blunt leading edge offered possibilities for achieving significant drag
reduction.

ﬁnother device, called underwing leading-edge vortex generator, was
evaluated at transonic speeds on a scale model of the TF-8A aircraft
{equipped with supercritical wings) to determine their effect on
longitudinal stabilify characteristics. It was reported that the vortex
generators delaycd pitch-up to higbhar angles of attack, and at the higher
lift levels, the drag was reduced (refs. 8 and 9). Similar results were
obtained in Sweden on a blunt 60° delta model at low speed using small
wraparound wing leading-edge vortex generators. In multiple
arrangements, these devices delayed pitch-up by 5° angle of actack and
reduced drag by 10 percent; however, lift was reduced slightly in the
mid angle-of-attack range (ref. 10).

Another type of pylon vortex generator, reported in reference 1l
and called “"vortilon", was positioned below the wing and aft of the
flow stagnation line so that its influence on leading-edge flow would be
delayed until approaching stall conditions. This device was effective
in improving the longitudinal characteristics of the DC-9 aircraft with

no detrimental effect on cruise performance.
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From this information, it was concluded that leading-edge vortex
generators had a potentisal for drag reduction at high angles of attack -
worthy of further investigation.

The notch (hereafter referred to a3 slot) is another rather novel
device that has been tried as a leading-edge flow manipulator to improve
longitudinal stability. Reference 12 reports that multiple slots, as
evaluated on a thin 45° swept~wing model, improved longitudinal stabi-
lity at roderate angles of attack and pravided a small reduction in
drag, although at the expense of some lift. It is interesting to note
that the pre-production F-106 aircraft had two pairs of fences (similar
to tha F-102) which were later replaced by a pair of slots and
appropriately called "aerodynamic fencas".

Baged on this scanty information, multiple slots were perceived as
having sufficient drag reduction potential to warrant testing.

The last device selected for this investigation was suggested by a
fix to the DM~l giider mentioned earlier (ref. 2). To increase maximum
1lift, the DM-1 researchers decided to force separation (to gain vortex
lift) by attaching a small sharp strip to the wing leading edge starting
at the apex and extending to the mid-semispan. This modification
increased the maximum lift coefficients of the OM-1 from 0.60 to 1.0}
and had negligible effect on the drag at low lift.

It was concludad from the test raport that this simple device had a
unique capability to contxol the leadinc-edge flow - and it was thought
that a sharp exteusion, if properly positioned, would have an equally

favorable effect on drag.
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Based on tha information gathered from the literature survey, an
asrodynamic research program was initiated to investigate certain basic
aspectas of the drag-reduction capability of fences, slots, vortex
generatoras, and sharp leading-edge extensions. The next section pre-
sents an overview of the factors influencing this program.

1.3 PRESENT INVESTIGATION

The purpose of this investigation was two-fold: (1) to generate
sufficient data to quantify the drag-reduction capabilities of fixed
leading-edge davices, and (2) to clarify their aerodynamic mechaniams.
Since the devices were expected to perform (and perhaps even to
function) differently when tested in multiples, with varying geometries
and spanwise positions, and also in combinaticns of different types of
devices, it was deemed desirable to conduct this study at low speed to
achieve economy of wind-tunnel time.

Several factors influenced the wind-tunnel model design. First,
the decision for low-3peed testing eliminated the need for an expensive
high-q qualified metal model. Secondly, since the primary interest was
in flow control at the wing leading edge, it was decide& that a simple
flat plate model would suffice, and thirdly, to achieve drag reduction
by controlling }qfding-odgo suction would reguire a blunt leading edge
for which little information is available. Based on these factors, a
wooden flat plate cropped delta with three sets of constant cross-
section wing leading edges (beveled, thin semi-elliptic, and thick semi-
elliptic with static preasure orifices) was designed and constructed.
loth the thin and thick semi-elliptic leading edges had chordwise slots

vhich served two purpoees: (1) to hold the fences and vortex generators



in position, and (2) to function as a device when open. The other three
devices were constructed of thin flat plate aluminum which facilitated
device design changes during testing, i.e., a new set of devices could
be constructed in about 2 hours. The beveled wing leading edge was
evaluated to establish a bhaseline for the thin semi-elliptic leading
edge.

Geometric variables for the fences and vortex generators were
liéited to a reasonable number for the ensuing parametrié studies. The
family of chordwise fences were symmetric with the wing leading edge and
had geometric parameters of height, length, and distance from the wing
leading edge. The family of vortex generators extended below and ahead
of the wing leading edge and had design parameters of sweep angle (down
from the plans of the wing) and toe-in angle (towards the wing apex).
The slot geometry was unaltered because of their secondary role of pro-
viding attachment for the thin flat plate fences and pylon-type vortex
generators.

In its original configuration, the DM-1 had a low maximum lift
coefficient which was partly attributed to attached flow, viz., the
largs thickness ratio and leading-edge radius prevented flow separation
at the wing leading edge, and consequently, the development of vortex
lift. In the present investigation, it was expected that flow separa-
tion would cccur naturally on the wind-tunnel model at moderate angles
of attack; however, it was thought that if a sharp extension would force
earlier separation - and was able to maintain the resulting vortex (low
pressure) along its length just ahead of the wing - then significant

drag reduction would be gained.



The chord of the sharp leading-adge extenslon (SLEE) was scaled to
that tested on the DM-l and was positioned further out the span where it
was expected to function at a lower angle of attack. The SLEE was
tested in the plane of wing symmetry (as was done on the DM~l) and also
in the plane of the wing lower surface - where it waa reasoneq that by
allowing the vortex to operate on more frontal area, additional asrody-~
namic thrust would be generated.

’The first phase of the test program involved an exploratory
investigation of the four types of devices on the thin semi-~elliptic
leading edge. Ninety test runs were made during this phase which
evaluated the geometries, positions, and multiplicity of devices and
established a data base. From this information, the best device in each
family was selected for phase two testing on the pressure instrumented
thick semi-elliptic leading edge. The balance and pressure data
collected during this phase added to the data base and was used to eval-
uate leading-edge radius effects and to gain a better understanding of
the aerodynamic mechanisms associated with the devices.

It must be emphasized that the present tnvestigation'waa a para-
metric study of simple fixed position leading-~edge devices and that no
attempt was made to optimize the design of the devices. However, this
study does provide the data base from which an optimization program
could be developed.

The data presented in this thesis are in graphical form - the

tabulated data are contained in reference 1l3.
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II. RESEARCH MODELS AND LEADING-EDGE DEVICES

Descriptions of the models and leading-edge levices used for this
investigation are presented in this section.

2.1 RESEARCH MODELS

2.1.1 60° Delta (Tests 47 and 51)

This woodsn model of cropped-delta planform was provided with two
pairs of leading edges of constant cross-gection: semi-elliptic and B
wedge. The semi-elliptic leading edges had six chordwise slots at tne
25, 37.5, 50, 62.5, 75, and 87.5 percent semispan positions tn hold the
devices (i.e., fences and pylon-type vortex generators). A balsa-wood
housing on top of the wing covered the six-component balance. A drawing
of the model is shown in figure 1 and other pertinent data are presented
in Table 1.

2.1.2 60° Delta (Test 63)

The model deacribed above was modified for Test 63. It had
thicker semi-elliptic leading edges (twice the thickness previously
tested) with slots at the 25, 37.5, 50, 62.5, and 75 percent semispan
positions. The right-hand leading edge was instrumented with chordwise
rows of static pressure orifices at the 20, 33, 45, 57, 70, and B2 per-
cent semispan positions (see ref. 13 for orifice coordinates). The
balance and scanivalve (zee Table 1 for limits) were mounted on the
upper and lower surfaces, rxespectively, and each covered with an alumi-
num fairing. An aluminum plate was attached to the lower surface to
cover the static pressure tubing. This model is presented in figure 2

with psrtinent data ocontained in Table 1.
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Figure 1. - Details of model used for Tests 47 and 5.
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Table 1

Model Characteristics, Test Conditions, and
Data Measurement Capabilities

Characteristics Thin Wing Thick Win
Test 47/51 Tast 63
Model
Swtop CHQIQooco-o-oo--oocooooooloooooo 600 60°
wlng Ared, (M seccscecesesvessssonsonse 2765 3254
Span, CMesesresesssscencrscsssnsocnnns 72.5 72.4
Reference Chotd' CMeceocvscncssosncoes 46.4 50.9
A'p‘ct tltio.........................- 1.90 1.61
T‘p‘r ratio, percentessccecesssacesens 9.87 18.16
Leading—.dqo radiua, CMeosssscccsnsscee 0.117 09231
Boundary-layer transition trip,
chordwise, cm (60 grit) (ref. 14).. 3.0 none
Moment reference center, om
x, from APBXevvon st secssncnsssnnse 32.38 32.38
z, from upper surfac@ccesssscsscses ~0.635 =-0.635

Test Conditions

Thin Wing Thick Wing

Mach numberooo.oooooooooot.ooooooooooooouoOozo 0.16
Reynolds number, based on
reference Chordooouoo.o.ooococoooo 23 x 106 2.0 x 106
Measurements
Balance
Normal force.......-................... 2669 i 13.34 N
Axial force.....-............-......... 222 : 1.11 N
Side forco...-......................... 1334 : 6.67 N
PitChlﬂg MOMONteecevsrssnnssessscsscnnn 113 1 0.56 J
Rolling MOMONEesscesssnnsseossnscasnnes k! | 1 0.17 o
Ylving Monont.-........................ 68 i 0.3d J
Pressure Transducer 35000 + 172 N/m?

1l
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Figure 2. - Detalls of model used for Test 3.
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2.2 LEADING-EDGE DEVICES

2.2.1 Open Slots
The wing leading-edge slots were nominally 5.1 cm in length

chordwise and 0.089 cm in width for all tests. These slots, the same as
used to hold the devices, were sealed when not in use.
2,2.2 Fences

Figure 3 presents the geometry and dimensions of the fences tested
oﬁ both sets of semi-elliptic wing leading edges. This family of
leading-edge devices was made from flat plate aluminum stock and held in
position by the slots.

2.2.3 Pylon-Type Vortex Generators (VG)

The geometry and dimensions of this family of @ sices are shown
in figure 4. The dimensions of these devices were kept constant for all
tests. With the exception of vortex generator (VG) number 3, these
devices were flush with the wing upper surface starting at the wing
leading-edge apex. VG 4 and VG 6 had a 10° inboard toe~in angle while
VG 5 had a 20° inboard toe-in angle (velative to the wing chord line).
These devices also were constructed of thin aluminum and held in posi-
tion by the slots.

2.2.4 Sharp Leading-Edge Extensions (SLEE)

When fagstened to the lower surface of the wing, these 0.l-cm
thick aluminum devices projected ahead of and parallel to the leading
edyes (figs S). The mid-position (M-SLEE) was symmetric with respect to
the wing leading edge while the low position (L-SLEE) was in the plane
ot the wing lower surface. Note that the fences when tested in com-
bination with the L~-SLEE were moved forward in the slots to match the

SLEE leading edge.
13
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Figure 3. - Drawing of fences tested.
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Figure 5. - Drawing of mid and low sharp leading edge extensions with
projections of 0.64 cm and 0.89 cm respectively.
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III. WIND-TUNNEL FACIIITY

The following paragraphs present a brief overview of the test
facility used for this investigation. Specific details can be found in
the references.

3.1 DESCRIPTION

This series of teats were conducted in the NASA langley Resear~h
Center's 7= by 10-foot high-speed tunnel. This is a continuous flow,
closed-circuit, atmospheric tunnel with test-section speeds varying from
very low to approximately Mach = 0.94. Reference 15 contains the
details on tunnel calibration and test capabilities.

3.2  DATA ACQUISITION AND OUTPUT

This facility is equipped with a dedicated on-site computer
system vhich operates a digitai data acquisition, display, and control
system. System output is recorded on a line printer and displayed on a
graphics terminal with hard copy capability. Reference 16 contains the
details on system capabilities and data reduction.

3.3 TEST SECTION AND MODEL SUTPORT SYSTEM

The walk-in test section is nominally 213 cm high and 305 am
wide, with 335 om of usable length. Figure 6 shows ths test section and
the vertical strut used to hold the sting support system. Both the
standard (Test S1) and high angle stability (Tests 47 and 63) stings

were used during this investigation.
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3.4 FLOW VISUALIZATION

Flow visualization studies, using smoke, oil, and tuft
techniques, were conducted during the course of this research and proved
useful during data analysis. Figure 7 shows a typical smoke setup in
which kercsene smoke is introduced ahead of the model by a hand-held
generator and the resulting flow streamlines observed and photographed.
Surface flow patterns were visualized at test Mach number using
flﬁoresccnt oil and tufts that would luminesce under ultraviclat light
(see ref. 17 for mini-tuft techniques). These techniques provided a
"footprint" of the separated vortex flow which were remotely pho-

tographed through top and side windows of the test section.
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IV. CALIBIATION AND DATA CORRECTION PROCEDURES

This section presents a brief ovarview of calibration procedures
and corrections to data. Further details can be found in the
references.

4.1 CALIBRATIONS

The six-component strain-gage balance was calibrated, both in the
laboratory and on the sting, 80 that measured forces and moments could
be converted to anginesring units. The accelerometer was calibrated :o
obtain true angle of attack. In addition, the pressure transducer used
in Test 63 was calibrated to obtain engineering units.

4.2 CORRECTIONS TO DATA

For the test conditions of this study, no correction for longitu-
dinal buoyancy was required (ref. 15). Reference 18 was used to compute
solid and wake blockages due to the model. Jet boundary corrections
were applied to angle of attack as derived from referance 19, as well as
corrections for aerodynamic loading of the sting support system.
Corrections for model weiqht were applied to force and noment data.
Chamber pressure measurumenis were used to sliminate housing drag in the

drag data.
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V. LCATA PRESENTATION

Before proceeding to the analysis of the data, the aerodynamic
coefficients selected to evaluate the characteristics and performance of
the devices will be introduced along with the methods of presentation.
Definitions for the coefficients can be found in the List of Symbols.
Bagsic wing data are presented in graphical form as a dashnd line for
comparison purposes. The following two subsections discuss the static
pressure and balance derived data.

5.1 BALANCE DATA

The diagiams in figure 8 ghow the orientation of the aerodynamic
coefficients with respect to the body axis and wind axis coordinate
systemgs. Angle of attack (which is alternately referred to as "a" or
*alpha" in the text) is the angle between the free-stream flow and the
wing. For a symmetric airroil at a = 02, the only nonzero force acting
is the profile drag (a combination of skin-friction and pressure/form
drag); however, with increasing angles of attack, an unbalance in other
aerodynamic forces develops. The normal force and axial force
coefficients (CN and CA) were selected to evaluate drag reduction per-

formance of the devices instead of the usual wind axis coefficients.

Symmetric Airfoll
=a> ¢
Uy _ch.. 0
a-0o 0 a>0
- >
C2” a0 wind Axls
Protiie Dray

Figure 8.- Diagram showing the orientat’ . of
asrodynamic coefficients.
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This was done because cA is a more mensitive indicator of changes in
drag.

A typical presentation of these coefficients is shown in figure
14. In the upper graph, two aspects of thin symmetcic airfoils can be
noted = C. = 0 at a = 02, and the data are linear to about 8°2 a, but
nonlinear beyond. The break in the data at 8° indicates the onset of
leading-edge {(LE) separation (ay = 8°) which is closely followed by the
development of a prim&ry vortex system which originates at the wing tip
and moves inboard along the LE to the wing apex. LE separation is also
evident in the center CA graph near 8° a by the departure of the curve
from an 1nit1§1 parabolic shape; the subsequent severe reversal in the
data near 10° a ind cates a significant thrust loss most likely caused
by flow separation at the wing trailing edge. The inherent ability of
the CA coefficient cto reflact changes in the aerodynamic thrust
(Cp = CAO = Cp) makes it a highly visible drag type coefficient that is
well suited for this investigation.

Figure 25 contains a typical comparison betweon LE devices and
the basic wing (dashed line). The CA data for the fenca-on cases
indicate greater negative values beyond ay = 8° which implies lower
drag. This is confirmed by the drag parametar (PD = Cp = co.aw/cn,aw)
in the center graph, viz., by adding three fences to the basic wing, a
drag reduction of 27 percent at 122 a ia possitle. Thus, CA was
selectad as the primary coefficient to compare the drag performance of |
the LE devices.

The pitching-moment coefficient (cm) was another important aero-

dynamic coefficient used to evaluate the LE devices. An example is at
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the bottom of figure 25 which shows that C  is negative at a = 0° - a
characterigtic typical of tailless planforms. The basic wing (dashed
line) has a gentle slope to about 6° a which is a favorable aspect;
however, the subsequent sharp downturn is an undesirable feature that
will cause serious control problems. Near 10° a, the basic wing becomes
longitudinally unstable (pitch-up) as indicated by the reversal in the
curve; the fence-on cases have improved the longitudinal characteristics
by réducing the slope beyond 8° angle of attack and delaying pitch-up by
geveral degrees a. (Note that the Cm data for the thin wing have been
modified from that reported in refarence 13 by moving the moment
reference center 5.1 cm further aft in order to magnify/illustrate
characteristic variations with a.)

Additionally, balance data for the thick wing is included with
pressure data in discussions of LE device flow mechanisms. (See example
in figure 26(b).) Note that the pitching moment is referenced to 47
percent of the root chord. The next section explains the method used to
convert the static pressure measurements into the wing leading-edge
thrust coefficient CT'

5.2 PRESSURE DATA

Pressure data were collected during Test 63 (thick wing) to
achieve a better understanding of the operation of the devices by means
of aerodynamic thrust distributions along the wing leading edge. Since
reference 20 established that aerodynamic forces on delta w. g occur
primarily along the leading edge, it was decided to instrument the right
leading edge with static pressure orifices. (See Section 2.1.2 for

model instrumentation.) Discussions follow on the integration of *he
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static pressure data to obtain the thrust coefficients,

Cr,1cL PrESS
o a
and CT,TOT PRESS’ and the presentation of these data. Also figure 9 is
included to assist in this discussion.
Figure 9.~ Drawing showing the parameters used in the computation
of the pressure derived thrust coefficient.
The local suction force
m
D, SF,
= B
developed around the leading edge of a station is defined to be
m
2 (p,, = B,) abz
o M ® i)
where p11 is the measured static pressure at the ith orifice of the
jth station, a is the measured distance along the leading edge of the
th

3 station (which is considered constant for the model tested), and

A'ij is the vertical distance that pij operates on. With the assump-

tion that the suction force per unit length of leading edge is a constant
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m
SF
?-:'1 T

thén the total suction force exerted on the wing by a station would be

m
(2r) 3 SF . /a
i 4

where 2r is the total distance along both leading edges. By using the

relations p = p, = q, Cp and Cp=C cosA (A being the wing sweep

s
angle), and dividing by the reference force q, sref' yields

m

cC_ . = z (2r) ¢ ,. Az <:os.l\/sre .

“r,icL pRESS T Ty T & pij = 1] £

Averaging the sum of the local thrusts leads to

1 n
<13 ey
T,TOT PRESS n =1 T

C

The thrust distributions thus derived, along with balance data
and flow visualization pictures, have been used to establish LE device
flow mechanisms. Because of the volume of information involved, the
data for each device have been condensed and standardized into a two-
part figure ((a) and (b)). The following paragraphs describe the figure
layout and serve as a guide for all the devices.

In figure 26(a), the device and configuration is shown at the top
of the page with the relative position of the two pressure stations

selected for discussion shown by dots. The first two columns of graphs
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present the pressure coefficient around the leading edge in a chordwise
direction (Cp vs. X, in.) for three angles of attack. In the case of
the SLEE, the lower surface data are shown with square symbols. The
last column shows the thrust coefficient distribution along the semispan
(CT,LCL ve. n) for four angles of attack. The dashed lines represent
basic wing (no device) data which will be used as a baseline to compare
the devices. The arrows indicate the position of each device.

The last two columns in figure 26(b) show the CT,LCL distribu-
tions versus a for the six pressure stations. These distributions
were also used to determine the local onset of LE flow separation
defined as the first decrease in slope beyond the linear portion of the
curves. This established a boundary between attached and separated flow

as can be noted in the ng vs. a graph in ths lower left corner of

the figure.
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VI. DISCUSSION OF RESULTS

This section deals with analyses of the data and starts with a
discussion of the factors that could contribute to inaccurate or
misleading conclusions. The aerodynamic characteristics of the basic
wing are discussed first to establish a reference, followed by com=-
parisons of the leading-edge devices tested, and concludes with a sum-~
mary of the results. The best performing configuration within a family
of devices is compared with the basic wing and flow mechaniams per~

taining to the devices are suggested.
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6.1 FACTORS INFLUENCING TEST DATA

6.1.1 Balance Accuracy

The quoted instrument limit of error of the six-component
balance, which is presented in Table 1, would suggest that accuracy was
not a factor bearing on the results of this investigation, except
possibly in the axial direction when the absolute magnitude of the data
might fall below the threshold sensitivity of the balance. A graph of
th; uncorrected balance measured ixial force (AF) versus a is shown
in figure 10, where the dashed line represents the balance threshold
sensitivity and data system error. A comparison with the axial-force
coefficient data in the same figure shows that the AF curve is a minimum
near the departure angle of attack but has not entered the rasgion of
uncertainty. Therefore, the axial force data are considered accurate
for this study.

6.1.2 Sting Support Systems

A rule of thumb for minimizing sting interaction is that the base
of the model should be at least 5 to 6 balance housing diameters
upstream of the first tapered section of the sting. The standard sting
used during Test 51 meets this requirement and has been proven through
previous test experience to have nc significant influence on the data.
However, it should be renembered that blockage can result in mislnading
conclusions and that this effect is an important consideration in wind-
tunnel research. |
6.1.3 Data Repeatability

It is uneconomical to conduct comprehensive error analysis of

wind-tunnel data and was certainly not required for this investigation;
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however, a minimum check of the repeatability of the data collected was
made during the final test. Two sets of data were takan at a constant
a before proceeding to the next angle of attack. At the four a steps
thus investigated, the maximum difference in Ca balance (the most
critical) was 0.56 percent, and the prassure coefficients showed almost
identical distributiona at all stations. It was, therefore, concluded
that data repeatability was not a factor of concern in this
in§estigation.

6.1.4 Boundary-Layer Transition Trip

As a practical measure, in order to avoid the possibility of
disturbing the pressure measurements, it was decided that a transition
trip was not necessary for Test 63 because in the « range of interest,
the wing was under the influencs of LE separation, vi .., the flow would
separate prior to reaching the trip. To verify this de~ision, a com-
parative test was made of the basic wing with a 60 grit trip located in
a narrow band 3.3 an aft of and parallel to the wing LE on both the
upper and lower surfaces. Comparison of the longitudinal coefficient
data (fig. 1l1) showed that miror variations did occur. The Cy Versus
a data are seen to be almost identical as is the case for the CA data
except that the latter has a mincr devietion at a = 16°. The pitching-
moment coefficient (cm) data shows a small scatter at low angles ot
attack, but very close agreement in the a range of interest (beyond

a = 89)., On the evidence of this comparison, it was concluded that a

boundary-layer transition trip was unrecessary for this study.

1



1.2 —

Thick basic wing
O Trip on @@
cN b— 3 Trip off
G
0.3 Q
O
- (@]
O
0.4 - .
8
B Q2
q ©
0 1 1{) 1 z(; 1 _;)
UC] o
CA .02&
oY g
- B

-0 O

Cn B% 8-9 ©@ 1)
N @

____1___1__8_1_@5 B 1 J
-0l = B D@

Figure 1ll.~- Effect of boundary-layer transition trip on the
performance of the thick wing (Test 63).

32



o e ¥

ax’

6.1.5 PFluorescent Mini-Tufts

A novel experiment was conducted during the course of Test 63
that involved the simultaneous collaection of force and pressure data as
well as flow visualization pictures. Based on the information contained
in reference 17, very small (0.02 mm diameter) nylon monofilament
material, which has been treated with a fluorescent dye, will radiate in
the visible spectrum when illumirated with an ultraviolet light uource,
and hence, photographed without interfering significantly with the flow
fleld. An exampl3s can be seen in figure 18. Thias concept of distur-
bance free surface flow visualization which allows simultaneous
photographic-balance-pressure recording over a range of angles of attack
has potential for considerable economy of wind-tunnel test time.

A verification of this concept was attempted following the first
run (no tufts) when approximately 1000 mini-tufts nominally 3.2 om in
length were gylued to the wing upper surface using a mixture of three
parts Duco cement and one part lacquer thinner which, when dry, could
not be felt by the fingertips. The results are presented in figure l2.

The CA versus a data show close agreement except near
a = 12° which could be attributed to the condition of the leading edge
and will be discussed in the next subsection. At a = 11,59, the
pressure data at the 45 and 70 percent semispan positions show almost
identical pressures for both cases except for a slight deviation in the
upper pressures at n = 0.70.

On the basis of the foregoing data, the mini-tufts wers retained

for the duration of teasting.
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6.1.6 Wing Leading-Edge Surface Condition

It became apparent during Test 51 that tha L& was baing asrodyna-
mically degraded by the mndel chanye procedures, i.e., accumulation of
plaster on and near tha trangition trip and nicks in the wood surface in
the vicinity of the slota. To determine the influence of surface con-
dition on the data, a test was conducted in which the LE was covered
with a smooth skin material (Unicote). The first two testa (Runs 56 and
575 of this series were unsucLesaful due to peeling of tne Unicote
during the runs. The last test (Run 58) was conducted after the model
was completely reconditioned and a new transition trip applied as
before.

The primary variation in the data occurred with C, and is pre-

A
sented in figure 13. This comparison indicates a minor scatter in the
data bestween 8° and 13° angle of attack with the two Unicote runs
showing a more gradual loss of LE suction than the reconditioned wing.

A posuible explanation is contained in raference 10 which reported that
very sgmall steps at the LE that werea just barely noticeable to the touch
of the fingertip, could cause an effact similar to that of a vortex
generatuor, i.e., a more gradual LE separation. For this to occur in the
present atudy, the irregularities around the slots must have projected
through the Unicote material, thus altering the flow. This is believed

to he the case because after the model was reconditioned for the final

run.of this test, the slota could not be felt with the fingertip.
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From this discussion, it is concluded that the final test (Run
58) provided valid data for the purposes of this research. It is also
noted that IE surface condition can be an important factor in experi-~

ments concerned with LE flow separation.
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6.2 BASIC WING AERODYNAMIC CHARACTERISTICS

6.2.1 Delta Wing Flow Mechanisms

The general character of the flow over delta wings with blunt
leading edges will be discussed before presenting the results of this
study. There are two angles of attack (a) ranges to consider: the low
a range for which the flow is fully attached around the leading edge
(laminar and/or turbulent boundary layer), and a higher « range in
which LE flow separation predominates. The separated flow develops into
a gpiral vortex sheet that rolls up into a vortex core over the leading
edge. The vortex origin moves along the leading edge from the tip to
the wing apex with increasing a, following the inboard spreasd of
separated flow. The primary vortex will eventually burst causing a sud-
den reduction in rotational energy which dissipates into turbulence.

The complexity of the vortex system, with primary, secondary, and
perhaps tertiary vortices, is discussed in reference 21. The parameters
that influence the change from attached to separated flow are discussed
below.

The angle of attack at which the changes in the type of flow
(i.e., onset of sepa.ation and vortex formation) first become evident
in the overall aerodynamic characteristics of the wing (viz., normal
force, axial force, and pitching moment) is called the departure angle
of attack (aD), and is a function of LE radius, wing sweep angle, and

Reynolds riumber. LE blunting increases a_ by allowing attached flow

D
to persist to higher angles of attack, whereas increasing LE sweep for a
given radius causes earlier departure. It has been found that LE radius

and wing sweep effects may be combined into a single parameter, viz., LE
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radius Reynolds number (RLER) based on the free-stream velocity com-
ponent normal to the LE (ref. 22). Increasing RLER makes the LE boun-
dary layer (normally turbulent because of sweep~induced instability that
forces early.transition of the laminar boundary layer) relatively
thinner, ;nd therefore, more resistant to separation in the adverse
pressure gradient region startingAjust downstream of the LE - thus
increasing ane With further increase in a, additional (and more
dt;stic) changes in the overall force and moment characteristics can
occur as the point of vortex burst moves upstream from the wake region
onto the wing.

It should be clear from the above discussion that the flow over
delta wings is basically complex and that LE devices add to this
complexity. The mechanisms associated with the vortex system will be ..

discussed next using balance, pressure, and flow visualization.

6.2.2 Thin Basic Wing (Test 51, Run 58) N

Thé baaié wing (without devices) was tested to establish a base
line for comparative assessments of'the LE deviczg. Prior to the test,
the model was reconditioned by filling the LE slots with plaster,
sanding and painting the model, and applying a new transition trip to
the upper and lower surfaces. ‘The ,finish on the LE was such that the
slots could not be felt by fingertips. ‘'The following paragraphs discuss
the aerodynamic characteristics and oil flow visualizations and com=~
parison of data with theory.

The normal force, a¥1a1 force, and pitching-moment coefficients,

as shown in figure 14, indicate trends typical of a delta wing with

blunt 1E, i.e., fully attached IE flow at low angles of attack followed
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by LE separation at higher angles. For this wing, a, = 8° can be
recognized by the sudden increase in the CN slope curve and by the
simultaneous departure of CA from the initial parabolic curve (i.e.,
LE separation causing loss of LE suction). From these two curves, it is
apparent that vortex (or'nonlinear) lift has been generated at ihe

expenge of LE suction (or thrust). Note also that through the range of

the vortex lift has been maintained and that

angle of attack beyond %

cA shows a slight recovery. It is precisely this exchange between the

normal- and axial-force coefficients that causes the additional (vortex)

1ift on & delta wing to be necessarily accompanicd with a drag penalty.
The pitching-moment coefficient (cm) is also influenced by the

development of the vortex system. At ap = 8°, the curve shows a defi~

nite nose down trend which can be attributed to the vortex lift being

generated aft of the moment reference center. By 10°, the vortex system

appears to have progressed up the LE to a point where the forward moving

center of pressure causes a pitch-up moment. The pitch-up point can

also be recognized in the cA curve as the o for which the LE separa-

tion gradient is greatest - which produces increagsed vortex lift at the ;

expense of suction over most of the LE. i
Figure 15 shows oil flow visualization pictures of the right-hand

upper surface at angles of attack of approximately 4°, 9°, and 15°. At

49, the flow is fully attached over the wing exceét for a laminar

gseparation bubble along the LE. This bubble is a region of slowly

rotating low energy fluid, resulting from a local aseparation of the

laminar BL in an adverse pressure gradient followed by reattachment as

turbulent flow (inset “"a"). The apex of the primary vortex system
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appears to be near the 40 percent semispan poaition at approximately
90 when the wing is approaching the point of pitch up. The vortex core
trajectory in the plan view is indicated by the locus of inflexion
points in the herringbone-type pattern formed in the o0il flow. Inset
"ﬁ" shows a typical cross-section of the wortex system normal to the LE
and viewed from the rear. The large primary vortex rotates in a
counter-clockwise direction (clockwise on the left wing), with a smaller
secondary vortex rotating in the opposite sense (inset "c¢"). By

a = 159, the vortex system has progressed close to the wing apex; the
flow pattern then stabilizes with further increase in a as indicated
by the reqularity of the curves in figure 14.

A comparison of the present measurements with theory (ref. 23) is
contained in figure 16. The theory allows for intermediate values of LE
suction between 100 percent suction (fully attached or potential flow)
and 0 percent suction (fully separated flow). This comparison of drag-
due-to~-1lift (Cp =~ cDo) data for the blunt LE coafirms that the LE flow
is attached up to approximately 8° angle of attack as previously noted
in the C; and C, characteristics. Between 8% and 159, there is a
rapid loss of LE suction that finally settles along the 10 percent suc-
tion curve - which is expected of a blunted TE. The data for a wedge LE
also shows the expected (smaller) residual suction arising from the for-

ward sloping surface behind the sharp LE.

6.2.3 Thick Basic Wing (Test 63, Run 18)

This run provided the baseline data for evaluating the IE devices
tested on this wing. 12.e model was prepared in the same manner as

described in the previous section except that the LE slots were flush
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filled with shaped aluminum inserts. Balance and surface static
pressure measurements as well as mini=-tuft p?ctures were takcn at each
data point. The results are presented in figures 17 thrcugh 19.

Figure 17 presents the balance measurements. A negative CN and
positive C  at a = 0° is believed to result from asymmetry in the
trailing-edge bevel (see fig. 2). LE separation and pitch-down occurred
near 9° and pitch-up at approximately 16° as opposed to 8° and 10°,
regspectively for the thin delta wing. It was expected that the larger
LE radius of this wing would maintain attached flow to a higher a than
on the thin wing, but to delay the pitch-up angle by as much as 7°
requires additional~exp1anation.

The flow visualization pictures (fig. 18) for a = 16° show that
the primary vortex nas reached the vicinity of the wing apex. Although
the mini-tufts lack the degree of resolution afforded by the oii flow,
both the visualization techniques show the main features of the surface
flow pattern, e.g., attachment and separation lines, outflow under the
primary vortex, ard the position of the vortex system relative to the
LE. In addition, the oil pattern shows local ragions of high shear ont-
board of each LE slot location. Evidently, the disturbance pr.duced by
the slots (even though plugged flush) was sufficient to promote locally
separated flow with subsequent reattachment. This contention is sup-
pcrted in reference 10 which reported that seemingly minor LE disturban=-
cas had significant effect on the LE suction characteristics of a blunt
delta wing. Thus, the prouvress of LE separation towards the wing ape;
with increasing a 1is slowed resulting in a delayed pitch-up. More

importantly, the above effect would be expected to improve the high «a
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Figure 18.~ Flow visualization pictures for the
thick basic wing at a = 16°,
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drag characteristics of the basic wing, with the result that the
assessed periformance of LE devices would be conservative. To provide
more understanding of the LE thrust distribution, the surface static
pressures around the right LE were integrated as discussed in section
5.2,

In figure 19, the pressure derived LE thrust coefficients (local
and total, is compared with the balance axial force coefficient

(AC CA - CAO). The figure at the tow shows a typical thrust

A,BAL
distribution. Th re is generally close agreement between balance and
pressure data (lower two curves) to approximately a = 13° at which point
the balance data indicate an axial force increase that is not reflected
in the pressure data. This situation indicates that the balance sensed
a body-axis force that occurred other than at the LE and could be attri-
buted to the onset of trailing-edge separation. Thea pressure data show
a sudden loss of LE thrust near a = 19° which can also be noted in
CT,LCL PRESS at n = 0.45 and 0.70. The local thrust distribution high-
lights several irteresting aspects of the wing tested.

It can be noted that while Cr,TOT PRESS is zero at a = 09, the
local values show a scatter at the origin which continues to about a =
14°, An unrealistic negative thrust noted at n = 0.20 and 0.33 is
perhaps due to the limited number of orifices near the stagnation line.
The importance of this figure is that the best position for LE drag-
reduction devices can be determined, e.g., the departure of ACA,BAL
near a = 14° would probably be delayed by locating a device near

n = 0.82 (to decrease slope) and n = 0.45 (to increase slope).
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6.3 FENCES
65.3.1 Geometry

A total of seven differen fences worce valuatud with respect +o
variation in height and length. ({See {ig. 3 for fence dJdimensions.)
Compavisicns were made between the different geometries to determine the
capability of each fence to delay *the onse*, or reduce the severity, of
LE separation as indicated by *he departure of *he axial-force coef~
ficient curves from the initial parabolic shape and from the basic wing
data. The results are presented in figuves 20 and 21.

Figure 20 (upper CA graph) shows a heigh* rcomparison between
fences that are at the 75 and R7.5 percent semispan (1 = 0.75 and 0.875)
which project ahead of the thin wing LE. The Fl-fensce configuration
indircates slightly less drag than F2 (of *wice *the height) at angles of
attack below 10°. This would be expected from considerations of skin
friction drag of the fences. In the mid a range (10° to 20°), both

fences indicate a gradual LE separation starting at aD = 8%, the fence

-

Ve

with larger height appearing to have a sligh* drag advantage.

The last two CA graphs in figure 20 show heigh* comparisons
with fences (F3 and F4) that are flush with the winy LE. The data show
the same trends as in the previous graph.

The rvesults of the height romparisons would indicate that for the
fence geometries evaluated, *here was little or no effect noted in the
test a range and that the heigh* parame*er is not a driving design
congideration. A logical question would be, wha%t is the minimum height
required to produce an improvement over the basic wing characteristics?

The significant effects noted with filled-in slots in comparison with
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Figure 20.- Effect of fence height.
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clean leading edges (section 6.1.6) would suggest that the minimum
effective fence height may be very small indeed. However, the question
of minimum height and also a chordwise variation in height require
further study.

The second fence geometric variable evaluated was the chordwise
length downstream of the wing LE including projection ahead of the wing
LE. The upper CA graph in figure 21 shows a comparison between single
fences of four different lengths located at n = 0.625 on the thin delta
wing. Close agreement of data is found up to aD = 89, put differences
can be noted beyond. Near 129, the F2 fence (which projects ahead of
the LE) shows a relatively sudden loss of suction while the flush-
mounted F4 fence and its derivative F7 (uppetr surface only) indicates a
less severe loss of effectiveness. The longer flush-mounted Fé fence
delays this effect to approximately a = 16° and would appear to have the
best performance as can be seen by the relative magnitudes of the
curves. Note that a comparison of the F4 and F7 data ir .cates that
following the onset of separation, there is some advantage to having the
fence extend over both the upper and lower surfaces.

Figure 21 (center CA graph) presents a length comparison for
two fences of smaller height, Fl (projection ahead of wing) and F3
(flush nounted), which are located at n = 0.75 and 0.875. 1In the a
range 10° to 20°, the flush-mounted fences appear to have retained
slightly more LE suction. This advantage may be expected to improve
with the addition of a third fence at say n = 0.625. This expectation

is supported in the last graph.
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Figure 21.- Effect of fence chordwise length.
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The bottom CA graph in figure 21 contains data for three fences
of F2 and F4 type, located at n = 0.625, 0.75, and 0.875. It is readily
apparent that flush-mounted fences (r'4) (having less wetted area) pro-
duce less drag at low angles of attack and are more effective in main-
taining LE suction beyond ay than those which project ahead of the
wing (F2). This figure also emphasizes the effect of spanwise position
as well as multiplicity of devices as will be discussed in the next two
sections.

The above comparisons establish that fence length is an important
design parameter, although projection ahead of the LE appears
unwarranted. Fences that extend further aft on the wing seem to have
better drag reduction capabilities, as well as those that prcject both
above and below the LE. Since this study was concerned only with LE
flow control, no investigation was made of fences extending further
downstream on the wing surface which may have other advantages.

6.3.2 Spanwise Position

Two series of runs were conducted to evaluate a single fence at
different semispan positions. Of particular interest was the position
effect of specific fence shape on the onset of LE separation and the
axial-force departure characteristics following separation. Comparative
results of the F2 and F4 fences on the thin and thick wings,
respectively, are presented in the next figure.

Figure 22 (upper Ch graph) shows the position effect for the F2
fence which indicates only minor variations in drag at low angles of
attack and a gradual departure from the initial parabolic attached flow

curve (aD = 89), Near 12°, a severe loss of LE suction is noted for all
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spanwise positions of the fence except at n = 0.50. Between a = 12° and
18°, the n = 0.50 pesition retains the most suction which is relegated
to the n = 0.625 position beyond 18°.

The second comparisor of spanwise position effect was conducted
on the thick wing using the F4 fence (fig. 22, center CA graph). The
data indicate separation onset at a = 9° for all spanwise positions, and
that only for n = 0.75 does a severe suction loss occur (near 13°).
Beyond 15°, the fence appears to be equally effective at either
n = 0.375, 0.50, or 0.625.

To better appreciate the position effect, the last graph in
figure 22 shows CA data versus percent semispan at three selected
angles of attack. The horizontal dashed line represents the axial-force
coefficient for the thick basic wing (no devices) at the three angles of
attack. At a = 9° with attached LE flow, there is evidently no fence
effect, but at a = 189, the n = 0.375 position shows the best perfor-
mance (and at n = 0.50 at a = 23%). 1If the curves are assumed to be
smooth and continuous as shown in the figure, then the best position for
a single set of fences can be selected with respect to a, e.qg.,

n = 0,40 for a = 18°2 and n = 0.50 for a = 23°.

To summarize, a single pair of fences did improve the post-
separation aerodynamic pevformance of the wings tested. More
cpecifically, a single fence on a spanwise-uniform semi-elliptic LE and

a 60° delta planform, has the greatest drag-reduction capability when

located near the S50 percent semispan position.
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6.3.2 Multiple

Multiple fence arrangements, which have been alluded to in earlier
gsections, will naw be discussed. Two methods were used to evaluate the
impact of the number and distribution of devices alonq-the LE: (1) the
number of fences were gradually increased, starting with one fence near
the tip and adding fences one at a time progressively inboard; and (2)
by changing the semispan distribution of a fixed number of fences.
Axial-force comparisons were made to determine the best number and
distribution for the different fences.

Figure 23 presents CA data on one, three, and five pairs of
small F5 fences (upper graph). It can be noted that increasing the
number of devices increased the drag at angles of attack below ane but
the departure is more gradual for all the configurations. Also, with
increasing number of fences, there is a trend towards delayed loss of LE
suction to higher angles of attack, as may be inferred from the CA
data between 10° and 20°. Note that the single pair of fences at
n = 0.75 show more drag than the basic wing. Although not presented,
the pitching-moment data of the configuration with five pairs of fences
indicates pitching-type instability at the same u for which a severe
loss of LE suction occurs (i.e., 18°)., Beyond 20°, the data tend to
merge with each other as well as with basic wing data, which indicates
that with fences as small as the F5 type, the LE flow is no 1ong§r
influenced to any significant extent.

The center CA graph in figure 23 also shows that increasing the
number of fences (progressively inboard) improves the performance in a

progressive manner. It can be pointed out that when the third set of
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fences were added, the severe suction loss at 12% was eliminated,
leading to subhstantial gains. The intexaction between the multiple
fence effect and the position effect is shown by the improved perfor-
mance when the pair of fences were moved from n = 0.875 to n = 0.50, as
suggested in the previous section.

The last graph in figure 23 shows the CA data for the same F4
fence, but installed on the thick delta wing. In this case, one set of
fences at N = 0.50 is found to be almost as effective as three sets
lccated at n = 0.50, 0.625, and 0.75. From a comparison of the same
configuration on the thin wing (top CA graph in fig. 25), it would
appu.” that LE radius had little effect on the performance of multiple
fences.

Another factor that has a bearing on the effectiveness nf
multiple fences may be termed the proximity effect. This can be seen by
the CA data for three pairs of F4 fences at n = 1,50, 0,625, 0.75, and
n = 0.25, 0.50, and 0.75 with the latter distribution being more effec~-
tive (bottom graph in fig. 23). It is apparent that the dis’ ance bet-
ween adjacent fences is an important parameter; however, the present
data are insufficient to reach firm conclusions.

To summarize, the retention of LE suction and corresponding drag-
- eduction capabil‘ties of fences can be greatly enhanced by multiple
arrangements. The optimum number and distribution along the LE,
including the minimum distance between fences, are important parameters

which require further investigation.
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6.3.4 Leading~Edge (LE) Radius

The difference in thickness of the two leading edges tested
offered the opportunity to investigate the impact of LE radius on the
drag-reduction capabilities of the fences. The thick wing (which had
twice the LE radius of the thin -7ing) r-esented more forward facing sur-~
face area relative to tae wing reference area, and it would, therefore,

Le expected that beyond a the vortex induced suction would provide

D
greater thrust than on the thin wing. It also had a more gradual cur-
vature around the LE, and so it would be expected to retain LE attached
flcw to a higcher a. However, because of certa.u differences in the
models (figs. 1 and 2) and the facts covered in ser tion 6.1, the
followirg discussion offers, at best, a limited insight into the LE
radius effect.

The upper CA graph in figure 24 presents the data for a single
pair of F4 fences located at 50 percent semispan (n = 0.50). The dashed
and chain-J~t lines represent basic wing data. The thick wing shows a
larger drag at a = 0° which was due to increased housing drag and
trailing-~edge separation. Prior to the onset of LE flow separation, thne
two sets o data can be noted to diverge slightly which is probably an
aspect rat.io or geometric effect (AR = ..9 and 1.6 for the tnin and
thick wings, respectively). The opposite is true beyond % where the
data points ccnverge as the primary vortex system advances to the wing
apex. Jua the mid a range (129-220), both sets of data are relatively

constant and of nearly equal magnitudes on a AcA basis, thus the

effect of LE radius w...d not appear to be a factor in this case.
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The center CA graph in figure 24 presents the data on three
pairs of F4 fences located at n = 0.50, 0.625, and 0.75. While the
multiple effect is apparent (see previous section), the trends are the
same as for a single pair as can be noted in the last graph where the
data are presented with the a = 0° drag removed (ACp = Cp - CAD). The
same divergence and convergence near 9° a can be noted as well as a
crossover near 16° where the thick wing assumes a slight suction
advantage.

It would appear from the limited data presented that LE radius
had relatively little effect on the performance of the fences tested.
However, this conclusion can only be justified by additional research.

6.3.5 Best Performance and Flow Mechanisms

The F4 fence evaluated on the thin wing provided the best drag-
reduction capability of the fences tested. As previously discussed, a
stronger effect of the fence was to be expected on the thin wing which
experienced earlier LE separation and a greater loss of suction than the
thick wing. Fence configurations along with their respective perfor-
mance (PD and CA) at a = 12° and 15° are presented in Table 2. Two
configurations will be discussed; a single pair of F4 fences at n = 0.50
and three pairs at n = 0.50, 0.625, and 0.75. To further support the
discussion, static pressure data collected from the thick wing will be
presented.

The aerodynamic characteristics (CA and Cm) and the drag-
reduction parameter (PD) are presented in figure 25. The dashed line
repraesents the experimental data for the basic wing. As indicated in

the CA graph at the top, the multiple pairs have slightly more drag in
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the low a range as opposed to the single pair. Fc.lowing ap = 8° on
the basic wing, the data gradually converge to about 10°, and
subsequently, diverges with the multiple pairs showing greater drag
reduction. These trends can also b2 noted in the center PD graph
where the multiple pairs indicate almost 27 percent drag reduction at

a = 12°,

Table 2

Summary of Fences Tested on Thin Wing
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It was pointed out earlier that fences have be :raditionally
used as a fix for longitudinal instability. This effect can be noted in
tha Cm graph at the bottom of figure 25 where both fence con-
figurations have favorably chanqed the basic wing characteristics
(severe pitch-down between approximataly 6° and 10° o followed with
instability) by reducing the slope and delaying pitch-up by as much as
4°. It is interesting to note that the single pair delayed pitch-up the
most.
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It has been shown that multiple fences provide greater drag-
reduction capability than a single fence; however, the discussion of
flow mechanisms here will focus on a single fence (n = 0.50) positioned
on the thick wing with the understanding that each fence would produce
gimilar local effects in a multip}e configuration. Below a = 99, the LE
flow is fuily attached with or without a fence as can be noted by the
parabolic shape of the CA curves in figure 25 (thin wing) and figure
26(b) (thick wing), as well as by the linearity of the CN curve in the
latter figure.

By a = 16°, a major change in the flow has occurred ~ substantial
increase in thrust outboard of the fence is indicated in the CP and
CT,LCL PRESS distributions (fig. 26(a)). It is believed that the LE
region just outboard of the fence acts as a "pseudo apex" where both the
reduced suction peaks and pressure gradients allow the flow to
remain attached to the highest angles of attack. Therefore, the further
advance of LE separation is arrested. This shielding effect can be
noted downstream of the fence in the ns versus a plot (fig. 26(b))
where the onset of separation has been delayed by several degrees. The
same plot also suggests that the area inboard of the fence acts as a
"pseudo tip" in that the onset of flow separation occurs earlier due to
an increased pressure gradient. Tnis can be seen in the upper surface
cp distributions (n = 0.45) at a = 16° and also at 21° where the flow
tends to stagnate as indicated by a higher constant pressure level with
respect to the basic wing. The local thrust coefficient data at a = 16°
and beyond, demonstrate thrust enhancemént outboard of this single

device, while there is only a localized loss of thrust just inboard.
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These effects are confirmed in the oil flow visualization in figure 27
by the existence of two primary vortex systems, i.e., one emanating just
outboard of the fence and the other near the wing apex. The conclusion
is that the inboard movement of LE separation with increasing a is
stopped on the outboard side of the fence, while another region of
separation grows from the inboard side. The result is that the
downstream vortex system acts on the blunt LE to generate greater levels
of aerodynamic thrust as opposed to a single sheet vortex system which
would be further inboard in this region (see inset fig. 27). It follows
that the fence is effective in the compartmentation of the wing LE.
Another favoraole aspect of this small device is its ability to
improve longitudinal stability which is apparent in the Cm curve in
figure 26(b). With t"o addition of the fence to the basic wing, pitch-
up has been delayed by about 7° (a = 16° to 23°) which is believed to be
due to the interaction of the primary vortex system and the %tip vortex.
It is suggested that the primary vortex rotating in the same sense as
the tip vortex, initially enhances the tip region *thus creating addi-
tional lift augmentation leading to a pitch-down moment. As the angle
of attack increases, the stronger LE vortex moves inboard diminishing
the tip vortex and eventually displaces it from the tip region. The
fact that the pitch-up a has been delayed by 7° is attributed to a
slower rate of movement of the outboard primary vortex towards the fence

as compared to the primary vortex on the basic wing.
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F4 fence at the 50 percent semisp n position (a = 169).
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6.4 SLOTS
6.4.1 Multiple

This device was evaluated in increasing numbers by removing the
filler material, and thus exposing the slot to the LE flow. No attempt
was made to alter the slot geometry in this experi.nent because these
slots were also used to hold the fences and pylon-type vortex generators
in place.

Figure 28 presents the CA data‘(hppér graph) for multiple
arrangements of one, two, three, and six slots with the dashed lines
indicating thin basic wing data. As would be expected, increasing the
number of slots also increases drag at low angles of attack which can be
attributed tc the internal wetted surfaces of the slot and also pressure
drag on the vertical face at the rear of the slot. Beyond aD = 8°, a1l
of the slot configurations exhibit a more gradual loss of LE .hrust, and
by increasing numbers of active slots, better drag reduction performance
was achieved. It should be noted that all four configurations show a
sudden loss of effectiveness at about a = 16° followed by a convergence
to the basic wing near 21°, The next section will discuss this
characteristic.

6.4.2 Best Performance and Flow Mechanisms

It was pointed out in the preceding section that increasing the
number of slots improved the higher « performance. This can be noted
in Table 3 which contains information on slot configuration and

performance.
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Table 3

Summary of Slots Tested on Thin Winc
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Figure 28 contains the data for six slots in which the PD and
CA <urves support the low-high &« performance characteristics
discussed earlier. The ability of this simple device (which was in no
way optimized) to produce a 28 percent drag reducticn is remarkable.

The di.g penalty at low angles of attack could possibly be alleviated by
suitably shaping the internal contour of the slot, which might also
improve the high « performance.

Another feature of the slot can be noted in the Cm curve where
the pitch-up of the basic wing (at a = 10°) has been delayed to apprcxi-
mately 19° by the slots =~ however, the accentuated pitch~-up after 19° is
an undesirable feature. A fix for this problem will be discussed in
Section 6.7.2.

The flow mechanisms associated with the slots will be discussed

with reference to figure 29 where the data pertain to five slots on the

thick wing. 1In figure 29(a), the diagram shows that pressure stations at

- = 0.57 and 0.70 were selerted to present Cp data at a = 16°, 189,
and 21°. The close agreement of the CT distributions at a = 99
indicates that the slots had no significant influence below a = 99,
except of course, for a slight drag increase. Also, the flow is still
attached as can be seen in the C, and C, curves in figure 29(b).
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from the thick wing configqured wi 1 multiple slots.
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At angles of attack greater than 9°, the effect of the slot becomes evi-
dent as was the case for the fence.
By a = 169, a significant increase in thrust can be noted (fig.

29(a)) on both sides of the slot (Cp and C distributions) as com-

T
pared to the basic wing where the flow tends to stall. The same trends
hold to a = 189, but by 21°, the improvement in thrust outboard of

n = 0.50 diminishes and approaches that of the basic wing. This ten-
dency can also be noted in the CT versus o data in figure 29(b). It
is suggested that the flow mechanism associated with the slot is a jet

sheet resulting from the natural flow through the slot from the high

pressure lower surface to the upper surface (see fig. 30).

Wing upper surface

Separation lines

Y

Root

N

Figure 30.- Illustration of suggested slot flow mechanism.

The action of this sheet is to impede the spanwise flow of the boundary
layer at relatively low angles of attack and, consequently, delay the
onset of LE separation (say from 9° to 15°) which leads to vortex thrust
enhancement as was the case of the fence previously described. However,
when reparation does cccur, it spreads quite rapidly alor.g the LE. This
idea is supported by the ng versus a data in figure 29(b) where the
delay in the onset of separation can be noted.
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The oil flow visualization picture in figure 31 (a = 12°) shows
that a pair of discrete vortices are generated outboard of each slot as
indicated by the dark shear areas. This would suggest that the primary
vortex system has been segmented into a series of smaller systems that
act primarily on the blunt LE. The chordwise shear areas indicate the
presence of slot vortex systems, i.e., the jet sheets emanating from the
slots roll up into vortices due to upstream vorticity considerations.
Also the 3tagnated oil deposits along each side of the slots (light
areas) indicate that the flow separates on the upstream side and is
entrained in the vortex, whiie on the downstream side, the oil deposit
1results from an inboard flow due to reattachment. These visualizations
support the previously described mechanism and shows how the slots are
effective in compartmentation of the LE in a manner similar to a
multiple fence configuration which prompts the term fluid fence or as
expressed by F-106 fighter pilots - aerodynamic fen:e. Note that at
21° a, the slot vortices have appareutly left the surface and would
suggest.that slot effectiveness is nearing termination.

The pitching-moment characteristics of the thick wing with slots
(fig. 29(b)) are similar to the thin wing in that a severe pitch-up is
indicated at o = 19°. It is thought that the rapid spread of separation
(n5 Plot) causes a separation region near the wing tip that results in
an aft loss of lift and, consequently, longitudinal instability. This
can be noted in the visualization picture near the wing tip where the

accumulation of oil signifies separation.
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6.5 PYLON-TYPE VORTEX GENERATORS (VG)

6.5.1 Sweep Angle

This angle, as measured down from the horizontal plane of the
wing, was judged to be an important geometric parameter because it
determines the position of the VG ahead of and below the wing LE. The
effect of sweep angle on WG performance is preseated in figure 32,
{Refer to fig. 4 for VG dimensions.)

The upper CA graph in the figure shows the effect of varying
the sweep angle with two VGs (located at n = 0.75 and 0.875) on the thin
wing. The data indicate that a reduced sweep angle incurs a small drag
penalty in the mid-a range, and an equally small drag reduction at the
higher angles. From this comparison, the 30° sweep VG was selected for
further study.

The second CA graph in fioure 32 shows a comparison between VGs
with sweep angles of 30° (VG4) and 20° (VG6) located at n = 0.625 on the
thick wing. These VGs had toe-in angle of 10Y°. (Toe-in effect will be
discussed in the ne..t section.) At the lower angles of attack, both VG
sweep angles produce almost identical drag penalties which are minor
with respect to the basic wing. The effectiveness of these devices may
be judged by the elimination of axial force reversal and the subsequent
thrust gain bheyond about 12° « =~ right up to the highest o tested.
From this comparison, the VG6 was eliminated on account of its somewhat
lower performance and thus, tha 20° gweep angle was deemed to be a near-

optimum design.
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6.5.2 Toe-In

The pylon-type VG acts as a lifting surface in the sidswash
induced ahead of the LE of the wing. Thus, by aligning the VG with the
sidewash at low angles of attack, the vortex initiation may be delayed
so that the maximum effectiveaness of the device is retained in the high
o range. The results of varying toe-in angles are presented in the
last CA graph in figure 32.

This figure shows toe-in angles of ¢ = 0° (VG2), 10° (VG4), and
20° (VG5) with each device located at n = 0.625 on the thin wing. The
first notable effect is near a = 0° where 20° toe-in indicates a larger
drag penalty than the other two angles. Beyond an = 89, better perfor-
mance is provided by toe-in angles of 109 and 20°, but due to the
excessive a zero drag, the 20° toe-in angle was not tested further.

An uncertainty introduced into this evaluation was the sideways
deflection of the WGs under aerodynamic load. This was observed via a
TV monitor waere the 0° toe-in VG was actually operating at some toe-out
angle at hign angles of attack. Thus, although the qualitative effects
of VG toe-in have been noted, the present data are insufficieat to iden-
tify an optimum toe~in an,le. Also, the effect of wing sweep angle on
VG performance requires additional resears
6.5.3 Position

The spanwise position of a LT device has ulready been noted to be
an important parameter governing drag-reduction effectiveness. Figure
33 presents the data on three series of tests that wers conducted to

establish the best spanwise position for a single VG.
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The top CA graph in the figur contains the data for the W2
(0° toe-in) which was tested at three difference semispan positions
(n = 0,50, 0.625, and 0.875) on the thin wing. The low a charac-
teristics are similar to previous tests (minor drag penalty) with
increasing improvemert of high a drag as the VG is moved to inboard
stations. The severe thrust reversal observed with the W at n = 0.875
suggests that there exists an outer spanwise limit for this device.

The center CA graph in figure 33 presents the data on the VG3
successively positioned at n = 0.625, 0.75, and 0.875 on the thin wing.
Note that the VG3 was actually a "hybrid" device incorporating a fence
as well as a VWG (see fig. 4). Again, the most inboard of these posi-
tions shows the best performanée; however, a substantial thrust loss
occurs at about 12° a in all cases which is an undesirable aspect of
this VWG design. This device will be discussed in more depth in
Section 6.5.4.

The last CA graph in figure 33 shows the results with the VG4
(having a 10° toe~in) positioned successively at n = 0.50, 0.625, 0.75,
and 0.875 on the thin wing. The notable features derived from this
figure are that the two outer most spanwise positions (of the VG)
experience a thrust reversal at a = 12° and that the two inner positions
indicate better (and almost identical) performance.

To summarize the VG position effect, the best drag-reduction
capability occurs with the device near the n = 0.50 position. Lacking
test data with the VG inboard of n = 0.50 on the thin wing, the
following thick wing results are quoted to support this conclusion: at

a = 26° w!:h a single VG4 positioned at n = 0.25, 0.375, and 0.625,
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drag reduction (PD) of 8, 11, and 15 percent respectively, were
realized.
6.9.4 Lower Edge

It was initially presumed that the dr.aig-reduction mechanism of
the VG was based primarily on the induced effect of a streamwise vortex
emanating from the lower edge and that “he vortex strength would depend
on its sweep angle. This led to the development 0of a VG~-shape
designated VG3 (see fig. 4). In order tc provide sufficient rigidity
above the lateral plane, the shape was extended forward of and above the
LE. This resulted in what may be regarded as a hybrid device combining
the fence and VG effects.

The ugpper cA graph in figure 34 shows a comparison between the
VG2 ané VG3 positioned at n = 0.625 on the thin wing. The only appre-
ciable differences are at approximately 12° a, where the VG3 has
slightly Letter performance, and beyond 20° a, where the VG3 appears to
have lost effectiveness. These minor deviations would seem to indicate
that the inclination of the lower edge was not an important design
parameter. This subject will be discussed in depth in Section 6.5.7,
where it will be suggested that the drag-reduction potential of the VG

is based primarily on a vortex emanating from the forward facing edge.

6.5.5 Multiple
It has heen shown that high a drag reduction can be strongly
dependent on the multipiicity of a given type of device. This effect
was investigated with the VG4 in a series of tests on the thin wing.
The centor cA graph in figure 34 presents the resulus of three

arrangsments of the VG4 positioned at n = 0.625, 0.50, and 0,625, and
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0.375 and 0.625. At the lower angles of attack, two VGs sustain a
slightly higher drag penalty than the single VG, but in the a range of
4° +o 129, 1little difference can be noted. Beyond a = 12°, the addition
of a second VG can be seen to produce a relatively constant thrust
increment over the single VG, which is dependent on the gap between the
twin devices. These data suggest a more detailed investigation of
multiples of VGs is warranted, with the devices scaled down *o counter
the lower a drag penalty.

6.5.6 Leading~Edge (LE) Radius

The last CA graph in figure 34 shows a comparison between the
thin and thick wings with two VG4s at the n = 0,375 and 0,625 positions.
The dashed and chain-dot curves represent the data for the thin and
thick basic wings, respectively. The similarity of these data with that
contained in figure 24 is apparent with the exception that the VGs on
the thick wing generate a somewhat higher thust level as indicated by
the crossover in the data near 18° a. This would suggest that LE radius
nad an influence at the higher angles of attack, must likely due to the

vortices being shed from the VG.

6.5.7 Best Performance and Flow Mechanisms

Balance derived performan.2 data for two configurations of the
V54 are presented in figure 35. A single (n = 0.625) and multiple (n =
0.375 and 0.625) arrangement was selected becaus: of differing charac-
teristics in the low-high a range. The figure contains CA, PD, and

-

C_ data with the dashed line r:presenting the thin basic wing. A sum-

mary of the configurations testad is contained in Table 4.
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Table 4

Summary of Vortex Generators Tested on Thin Wing
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At the lower angles of attack, the C_ and PD grapas snow that 3

A

ti'o Vs have more drag and :that at about a = 4%, the single VG in the
PD graph indicates slight adv-antage over the basic wing. Onze LE

separation begins, the drag reduction capabilities (PD) of both cun-
figurations rapidly converge to a = 12° - coincidentally to tne same
value. Beyond 12° angle of attack, the inbhoard VG appe.rs to become

effective "3 indicated by the divergence of the dat~~» Ti.is would

ot

suggest that for a design angle of attack helow 129, & single VG would
suffice; whereas. for a higher ., a pair of VGs w#il) be needel if the
in.reased low a drag could be tolerated.

Tne last graph in figure 35 contains the pitching-moment data
where it can be seer that a single device becores longitudinally |
unstable when achieving maxi:is. Jrag reduction. Note that {ha use o! (
two VGs delays pitch-up to approximately 14° a.
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The flow mechanisms associated with the pylon-type VG will firs*
be discussed with respect to oil flow visualization on the thin wing at
angles of attack of 9° and 16°. The lower a is shown in figure 36(a)
where the VG4 is at n = 0.625. In the top view, two primary vortex
systems can be noted on both sides of the VG, which is a situation simi-
lar to the fence case. The oil deposit (line of separation) on the wing
LE immediately upstream of the VG would indicate that the VG was somehow
causinjy a localized region of stalled flow. In the side view, two vor-
tex fovmations can be noted on the VG - one along the lower edge and one
along the forward facing edge. Note also in the top view at 9° a, the
high shear area along the LE just outboard of the VG and the following
vortex system positioned further outboard. It is suggested that the
flow mechanisms originate as the result of the vortex shedding off the
forward facing edge of the VG which then becomes fixed on the upper sur-
face of the wing with a sense of rotation opposite to that of the pri-
mary vortex. This situation is depicted in figure 37 where the lower

edge vortex is shown to pass beneath the wing.

Wing upper surface
\loo' -~ % lmmwﬂu/
~N ~— \/

Figure 37.- Illustration of suggested VG flnw mechanism.
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figure 36(a).- 2il flow visualization pictures of thin wing with
VG4 at the 62.5 percent semispan position (a = 99 and 169) .,
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At a = 169, the visualization picture (fige. 36(b)) shows that
both LE vortex systems have moved further toward the wing apex; however,
the advancement of the downstream vortex is stil) being delayed by the
higher shear area that now extends inboard of the ¥G. It is believed
that the WG induced vortex persists under the influence of the two pri-
mary vortex systems and actually acts as a barrier by maintaining loca-
lized attached flow. Like the other devices already discussed, the VG
is effective in the compartmentation of the wing LE which allows the
primary vortex downstream of the VG to generate high levels of aarodyna-
mic thrust.

Realizing that the discussion above was based on the thin wing
visualizations, flow mechaniams will now be coversd with respect to the
thick wing. A comparison of balance and pressure data in figure 38 will
provide the basis for this analysis. Also note that the VG was rein-
forced to preclude bending under aerodynamic loading.

The diagram at the top of figure 38(a) provides the location of
VG4 and the relative position of the two pressure stations selected for
discussion. Below a = 9%, the WG has little effect on the LE flow as
can be noted in the Cr,icL prESs VeYSus N data at a = 9%, This is
probably due to the close alignment of the VG with the oncoming flow and
that any vortex shed from the device would pass beneath the wing, at
this low a. The evidence of this can be noted in the Cp distribu-
tions at n = 0.70 where a distinct low pressura moves towards the LE on
the lower surface between a = 13° and 21°. This C, distribution also

shcws that the thrust at the ILE continues to increase with o as

opposed to the basic wing. This would suggest that the vortex emanating
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from the lower edge of the WG eventually reaches the wing LE beyond
21° o and would subsequently pass completely over the upper surface.
This point vannot be confirmed because o insufficient data at the
higher angles of attack.

At the inboard station (n = 0.57), the CP distributions indi-~
cate trends similar to the basic wing but with somewhat higher pressure
levels of stagrated flow beyond « = 16°. This would tend to confirm the
earlier observation from the thin wing oil visualization pictures in
that the VG produced an increased upwash velocity inboard and, thus, a
higher pressure level, e.g., at a = 21°. The effectiveness of the VG

outboard can be noted in the distributions at o = 16° and

Cr,1cL PrESS
21° (fig. 38(a)).

The CT,LCL PRESS Versus a distribution just outboard of the
VG (at n = 0.70) indicates a slight loss of thrust in the a range of
SO to 14° (fig. 38(b)). It is thought that the vortex separating from
the forward facing edge of the VG induces a downwash in this area which
effectively reduces the angle of attack. Cp distributions 2l1so show
this at lower angles of attack (not presented) as well as at a = 13°.

The balance data in figure 38(b) show trends typicul of this
study, e.g., a slight reduction in vortex lift (CN) and a more gradual
pitch=down without subsequent pitch-up (CmD. The Ng data indicate
that the VG induced the onset of LE ssparation to occur simultaneously
from n = 0.57 to 0.82 (at about 11° a), which caused a serious thrust
decay near 15° a over the mid-section of the LE, viz., n = 0.40 to 0.€0,

which has been shown to have the greatest thrust potential. A fix for

this problem is presented in Section 6.7.2.
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6.6 SHARP LEADING-EDGE EXTENSIONS (SLEE)

6.6.1 Length and Position

These effects were considered to be the two most practical ways
of alleviating the excessive drag that was expected to be incurred by
the SLEE in the low & range. It was assumed that (1) shortening the
SLEE would reduce profile drag, and (2) lowering the SLEE might create
additional LE thrust, viz., exposing more of the wing forward facing
area to the action of the SLEE induced vortex. SLEE length reductions
along the wing LE were accomplished by progressively removing inboard
portions of the SLEE. SLEE performance and characteristics are
discussed next.

The upper cA graph in figuve 39 contains the data on four
length variations of the mid-SLEE (see fig. 5 for SLEE dimensions) in
which three trends can be noted: (1) the magnitude of CA,O is lowered
somewhat with length reductions; (2) in the a range of approximately
2° to 99, severe drag penalties arise with increased lengths, and (3)
the shortest length provided the best drag reduction for all angles of
attack. This latter trend was surprising because the longest SLEE would
be expected tc yield the most drag reduction. In view of this result,
the evaluation was continued with the SLEE positioned in the plane of
the wing's lower surface.

The center CA graph in figure 39 presents two length variations
of the low SLEE. This position of the SLEE eliminated the poor lower
a drag performance of the mid-position and also showed significant
gains beyond a = 8°, but at the expense of the 0° a drag. The length

effect can be noted beyond approximately a = 16 where the full-span
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low-SLEE continues to diverge from the basic wing data while the half-
span device suffers a severe thrust loss. This is consistent with the
fact that the primary vortex system nears the apex of the thin wing at
this a and, therefore, the continuance of thrust can be attributed to
the inboard 50 percent of the low SLEE. Since the original contention
(that length effect should be an impo-tant performance parameter) has
been shown, it follows that the SLEE position is also significant.

To illustrate the effect of position, the last CA graph in
figure 39 presents a comparison of the half-span SLEE (n = 0.50 to 1.00)
in the mid and low positions. Because the only differences in the two
configurations was the amount of foward facing wing LE area and vertical
position, it can be assumed from the data that the low SLEE was able to
maintain the vortex in front of the LE; whereas, the vortex emanating
from the mid SLEE is most probably lost to the upper surface. This sub-
ject will be discussed in detail in the following subsection.

6.6.2 Best Performance and Flow Mechanisms

As the result of the data just presented, the half- and full=-span
low SLEE ware selected for further analysis to include discussion of flow
mechanisms. Aerodynamic characteristics are shown in figure 40 and a
summary of the configurations tested, along with drag-reduction perfor-
mance at selected angles of attack, are contained in Table S.

Table 5.- Summary of Sharp Leading-Edge Extensions
Tested on Thin Wing
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The ability of the SLEE to maintain the flow at the LE is
illustrated in the cA graph at the top of figure 40 wherxe the gradual
departure characteristics yield a significant drag reduction in the mid
a range. The fact that the half-span low SLEE (cixcle symbol) loses
effectiveness at a = 17° (while the full-span low SLEE continues to
function) can be attributed to the vortex moving onto the wing upper
surface in the outboard region. These performance trends are confirmed
by the drag parameter (PD) (center graph) wherxe the half-span SLEE deve-
lops a 27 percent reduction in drag at 129 angle of attack and the full-
span SLEE shows a sudden decrease in drag starting at about 17° a as
indicated by the sharp reduction in slope.

The pitching-moment data at the bottom of figure 40 indicate that
boti devices are longitudinally unstable except in the & range of
approximately 8° to 129, viz., between the onset of LE separation and
the a for maximum drag reduction. While it is possible to improve the
low a pitching charactevistics (by moving the center of gravity
further forward of the aerodynamic center), the severe pitch-up at 12°
angle of attack would still be present - in fact, this shift in CG would
actually reduce the controllability and theveby add to the maneuverabi-
lity design problem.

The drag-reduction capzhility of the SLEE in the low position is
quite remarkable in that a gain of 27 percent was achieved by such a
small device (approximately 2 percent of the wing area for the half-span

SLEE). It is recognized that the high C values and longitudinal

A,0
instability detract from the SLEE effectiveness; however, a fix for the

latter problem will be covered in the section on combination of devices.
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This section will now be concluded with a discussion of the flow mecha-
nisms associated with the SLEE.

The key feature common to the fence, slot, and pylon-type VG is
the ability to maintain attached flow at the LE near the device anéd
thereby allowing increased LE tlirust levels to develop. On the other
hand, the SLEE (sometimes referred to as a vortex plate) operates on the
principle ot forced separation at its LE which results in the formation
of a tightly coiled vortex just in front of the wing's blunt LE. This

situation is depicted in figure 41l.

Figure 4l.~- Illustration of suggested SLEE
flow mechanism.

With the vortex locked in this positicon, the low pressure will act on
the forward facing area of “he wing to create an additional suction
force and, thus, higher levels of drag reduction will be achieved. This
can be noted in fiqure 42(a) by comparing the Cp distributions around
the thick wing LE for the low SLEE (n = (.25 to 0.93) and the basic wing.
At a * 119, the lower surface pressure ccefficients (square symbols)
show high negative values as opposed to the positive values for the
basic wing ~ this cordition is also present at angles of attack of 16°
and 21°. This pressure trend is evident in the CT versus n distri-

bution at the higher angles. This informa*tion suggests that bslow

119, the vortex strength is only sufficient to offset the additional
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drag of the SLEE; however, beyond 16°, the magnitude increases sharply
yielding significant drag reduction. This tendency can also be noted in
the Cp Versus « distributions in figure 42(b).

The balance derived aerodynamic characteristics set forth in
figure 42(b) show that the onset of wing LE separation occurs at a = 9°
as indicated by the nonlinearity in the normal force (increase in lift)
and the departure of the axial force from a parabolic shape (decrease in
the rate of thrust development). The pitching-moment data show other
favorable aspects of the SLEE, e.g., a more gradual pitch-down near
10° a and a subsquent delay in pitch-up. The ns versus a data
would appear to indicate that LE separation has been delayed by about
2° a; however, the interpretation of these data is complicated by the
presence of the SLEE vortex along the LE. In this case, it is suggested i
that nB actually represents a transition boundary which establishes
the position of the SLEE vortex as being either on the SLEE (to the left

of the curve) or on the wing upper surface (to the right).

o

It can be concluded that the low SLEE is a unique drag-reduction

device well suited for blunt wings of relatively high sweep operating at

high angles of attack. The flow mechanism has been established as a
trapped vortex acting primarily on the chin of the wing LE. The ten-
dency for the vortex to move streamwise onto the wing upper surface will
ultimately limit the SLEE effectiveness =~ as shown by the thrust loss at
the three outboard stations at about a = 20° (C, v a in fig. 42(b)).
Methods to delay this vortex jump and thus improve SLEE performance will

he discussed in the next section.
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6.7 COMBINATIONS OF DEVICES

6.7.1 SLEE with Fence

6.7.1.1 Length and position.=- It is evident that SLEE drag-reduction

performance is based primarily on the ability to maintain the induced
vortex along its length. This was noted in the last ssction vhere
marginal performance was indicated in the mid a range due to the vor-
tex moving onto the wing's upper surface. To combat this situation, the
characteristics of the fence were suggested as a possible solution,
i.e., to delay ssparation outboard and thus the compartmentation of that
portion of the wing under the influence of the SLEE. Therefore, a study
was conducted to evaluate the drag-reduction performance of the SLEE
fence combination. The dimensions of these devices are shown in

figure S.

The top cA graph in figure 43 presaents the results of four
length variations of the mid SLEE in combination with the F2 fence. It
is apparent that the addition of the fence had very little effect as can
be noted by a comparison of the fence-off data (at the top of fig. 39).
From these data, it was concluded that the mid position of the SLEE was
an ineffective drag-reduction device and therefore testing was ter-
minated in favor of the more promiasing low position.

As shown in the center cA graph in figure 43, the addition of
the F4 fence to the low SLEE configuration demonstrvated marked improve-
ment in drag-reduction performance for all lengths in the higher a
range. In the lower a range, there is a slight drag penalty irrespec-
tive of length except near a = 0° where the data diverge in a parallel

manner. This would appear to indicate that the fence did isolate the
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SLEE and, thus, was able to maintain the vortex in front of the wing LE
to the highest angles tested. This point is more vividly shown in the
last CA graph where a comparison between fence on and off is made.
Another interesting observation is that the full-span SLEF without fence
{cente: graph in fig. 39) has almost identical CA characteristics as
the half-span SLEE with fence.

From these results, it can be concluded that the addition of
the fence to the low SLEE configuration enhanced drag-reduction
performance. The ability of this combination to "lock" the vortex at
the wing LE is self-avident and suggests other arrangements that might be
more successful, e.g., a length extending from n = 0.25 o 0.75 with F4
fences at n = 0.25, 0.50, and 0.75, and a full-span SLEE with F4 fence
at n = 0.50.

6.7.1.2 Best performance and flow mechanisms.~ From a comparison of the

tabulated performance data in Table 6, the half~span low SLEE with F4
fence was chosen for further discussions of performance and flow

mechanisms.

Table 6.~ Summary of Shavrp Leading~Edge Extensions With
Fences Tested on Thin Wing

sl e o tans ool can 15° pp & 1% Run #
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To illustrate the contributions made by the addition of the
fence, the performance characteristics presented in figure 44 also con-
tain the data for the fence-off case (squave aymbol). The CA data at
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the top of the figure show almost identical performance to about a = 14°
which is reflected by the PD curves in the center graph. However,
beyond 14° a, the fence characteristics take effect to yield additional
drag reduction which is similar to the performance achieved when the
half-span SLEE (fence off) was extended to a full span, viz., the drag-
reduction performance of a half-span low SLEE can be significantly
improved by either adding a fence or extending the device to full span.
The pitching-moment data in the last graph indicate that the fence has
delayed the pitch-up phenomenon by about 4° «, although the strong
pitch-down is still present.

The ability of the fence to improve the SLEE drag-reduction
performance at the higher angles is noteworthy, especially in the pre~
sence of the SLEE induced vortex. This section will, therefore, be
concluded with a discussion of the interaction between these two devices
and a rationale for the flow mechanism.

To support this analysis, a SLEE fence combination was eva-
luated on the pressure instrumented thick LE. The pressure derived
coefficients (Cp and CT) and balance data are presented in figure 45
along with a drawing of the test configuration. A comparison of the
Cp and CT distributions for the fence off (fig. 42(a)) and fence on
(fig. 45(a)) at angles of attack of 99, 112, and 16° show almost iden-
tical performance. This would seem logical in that the primary vortex
systom has not advanced sufficiently upstream for the fance charac-
teristics to have a significant downstream effect. Alsoc note in the
n. versus a plot (fig. 45(b)) that the fence has induced early LE

separation inboard due to the "pseudd tip" effect which causes a
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subsequent loss in thrust at about 18° a. (See C,

T data at n = 0.20

in the same fig.)

As the advancing vortex system approaches the fence, the
"pseudo apex" effect takes place causing a delay in LE separation out-
board along the blunt LE and, as a consequence, thrust levels continue
to grow. These trends can be seen in the Cp distributions at n =
0.33, 0.45, and 0.57 in figure 45(b) at angles of attack greater than
16°. Also note that the fence has little effect at the two farthest
downstream stations. This evidence supports the contention that the
influence of the fence has been to lock the vortex on the SLEE which is
also illustrated by the high negative CP coefficients (fig. 45(a))
above and below the wing LE at 21° a.

" From this information, it is suggested that the flow interac-
tion between the two devices involves a two-fold mechanism. First, it
is suspected that without the fence, a center-rotating vortex (due to
SLEE apex geometry) acts to diffuse the vortex being generated along the
LE of the SLEE, but with the fence installed, this adverse vortex is
unable to form and, thus a stronger vortex is generated from the SLEE

apex. This situation is depicted in figure 46.

fence - oft fonce - on

Figure 46.~ Illustrations of suggested SLEE apex
flow mechanism.
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The second mechanism is manifested in the shielding effect of
the fence downstream along the wing LE, i.e., once the primary vortex is

formed upstream of the fence (approximately 16° a), it is forced

inboard allowing the SLEE vortex to maintain effectiveness along the LE

to higher angies of attack.

This effect is also reflected in the balance data (fig. 45(b)).
Prior to 12° angle of attack, there is close agreement for the fence on
and off cases; however, at higher angles, the fence-on data show less
lift and drag (cN and CA) which implies that the vortex is acting pri-
marily on the LE, and not on the upper surface of the wing. The Cm
data indicated no pitch-up mode for the fence-on configuration and also
a reduction in the severity of the pitch-down beyond 10° a.

To summarize, by positioning the fence at the SLEE apex, addi-
tional drag reduction was achieved as the result of the interaction of
the SLEE fence flow mechanisms. ‘ine fact that this effect did not take
place until the primary vortex system approached n = 0.25 (position of
the fence), suggests that better results could be gained by positioning
a second fence at n = 0.50, i.e., drag reduction should develop at a
lower ae. The success of this limited evaluation suggegts that
increased levels of LE thrust might be pogsible by combininc the SLEE
with the other devices tested, and perhaps, spanwise blowing.

6.7.2 Slots with VG

6.7.2.1 Performance and flow mechanisms.- In Section 6.4, it was shown

that the slot devices on the thick wing had good drag-reduction perfor-
mance up to approximately 19° angle of attack, at which point LE separa-

tion occurred outboard of the 50 percent semispan position. This
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resulted in longitudinal instability and, therefore, was considered a
limiting characteristic for the multi-slot configuration. The cause of
this problem was thought to be flow separation in the outboard region of
thae wing - which suggested the use of the pylon~type W. It will be
shown in the following paragraphs that the individual shortcomings of
the slots and VG are alleviated when used in combination, i.e., through
the interaction of the individual flow mechanisms.

Figure 47 presents the data for: (1) four slots at n = 0.25,
0.375, 0.50, and 0.75 in combination with the ¥4 at n = 0,625 (circle
symbol); (2) the WG4 at n = 0.625 (square symbol); and (3) five slots
{diamond symbol). The influence of the slot just inboard of the VG can
be noted in the Qp distributions at n = 0.57 where the stalled flow
condition for the "VG only" case (square symbol) has been delayed to
approximately 21° angle of attack. This would indicate that the vortex
emanating from the upstream slot (at n = 0.50) has created sufficient
downwash to alleviate the early LE separation inboard of the W and
thus, additional thrust is developed.

At n = 0.70, a comparison of the Cp distributions for the
slots with and without the VWG (circle and diamond symbols, respectively)
indicates that the presence of the VG degrades the thrust up to approxi-
mately 18° a (fig. 47(a)). This can also be noted in the CT versus
n distribution and in the CT versus o distribution in figure
47(%), but at 21° angle of attack and above, the slot VG configuration
develops significaatly high thrust levels at the two outboard pressure

stations. It is believed that the WG induced vortex positioned on the

upper surface of the wing establishes a barrier to the spanwiae flow and
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thus, isolates the cutboard portion of the wing from the influence of
the inboard primary vortex. A comparison of the oil flow visualization
picture in figure 48 (slots with VG) and in figure 31 (without the WG)
supports this contention. This interaction of the flow mechanisms
allows the outboard slots to remain effective, and in combination with
the VG, the flow near the wing tip remains attached as opposed to the
"slots alone" case whern the flow becomes stalled.

The balance data in figure 47(b) also show this effect by the
elimination of pitch-up av approximately 19° angle of attack (Ch vs a),
i.a., the addition of the pylon-type VG has improved the longitudinal
stability of the configuratioa. Also, the thrust gains beyond 19° «
are confirmed in the CA graph (circle versus diamond symbols), and
consequsntly, the CN data indicate a slight luss at the higher angles -
as would be expected. The Ng veraus a graph indicates that this com-
bination of devices causes a slight delay in LE separation which does
not really reflect the flow situa‘tion in the tip region, viz., beyond
the 82 parcent semispan position.

The conclusions of thris test are that the "slots VG" con-
figuration did improve the longitudinal stability as well as the drag-
reduction performance. This was achieved through the interaction of the
device flow mechanisms and the primary vortex system. “ascause of the
success and limited scope of thls test, it is suggested that an investi-
gation of slots be conducted in combination with VG located at n = 0.50
and then two VGs at n = 0.375 and 0.625. In addition, the relative
position of the slot upstream of the VG may very \ell have a strong

impact on the effectiveness of the VG.
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6.8 SUMMARY OF PERFORMANCE

Thie analysis will now be concluded with a summary of the best
performing configuration within a family of devices. The parameters
selected for this comparison are the lift coefficient (CL)' the lift-
drayg rxatio (L/D), and the suction parameter (s), all plotted versus
angle of attack.

At the top of figure 49, the CL data show close agreement for
all of the devices below e * 80 - note that (1) the SLEE data have been
area corrected, and (2) the solid line is an extension of the linear
portion of the curve which represents attached flow. Beyond 8° a, the
devices show a more gradual increase in lift than the basic wing (dashed
line) which is the result of the devices modifying the LE flow, i.e.,
the devices establish more LE thrust in lieu of additional vortaex lift.
To gain a better appreciation of the egfectiveness of these devices, the
characteristics at a cL of 0.50 have been selected for discussion.

In figure 49, the cL versus @ plot indicates that the devices
require approximately 1° more a to generate the same lift, but
dvopping vertically, the other two graphs show a 12 percent increase in
L/D and a 44 percent increase in suction (slightly less for the VG). At
the higher angles of attack, the data tend to merge, with the SLEE
showing a slightly higher suction level. It can be stated from this
information that in the a range of intevest, the drag-veduction poten-
tial of these davices are real and can be achieved without significant

lorses in life,
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VII. CONCLUSIONS AND RECOMMENDATIONS

The findings of this experimental investigation are based on analy-
ses of force and pressure measurements taken at low speed on a
60° cropped delta model in the Iangley 7~ by 10-foot high-speed tunnrel.
The purpose of this research was to evaluate che drag-reduction effec-
tiveness of four types of devices in controlling ILE flow at moderate to
high angles of attack. The application of this research would be to
enhance the maneuverability of high performance tactical aircraft. The
results of this study indicate that the devices tested are able to
favorably manipulate the flo- at the wing LE and, as a consequence, will
provide significant reduction in drag - as well as improving pitching-
moment characteristics at higl.sc angles of attack. It is believed that
the data base established and the conclusions/recommendations reached
will be a useful starting point for those aerodynamicists concerned with

the problem of drag reduction for highly swept wings at high a.
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7.1 GENERAL

This investigation has demonstrated that multiple arrangements of
slots, fences, and pylon-type VGs were effective in delaying :Z separa-
tion by compartmentation of wing LE, thus allowing discrete vortices
(acting on the blunt LE) to generate aerodynamic thrust to high angles
of attack. The SLEE, on the other hand, generated aerodynamic thrust by
forcing LE separation that resulted in the formation of a coiled vortex
just ahead of the wing LE. All four types of devices had several simi-
lar characteristics with respect to the basic wing: the onset of vortex
1ift was delayed; a small amount of 1ift was lost when significant drag
reduction was achieved; drag reduction occurred following the formation
of the primary vortex system; pitch-up was either alleviated or
eliminated; and cruise drag was increased. Also, better drag-reduction
performance was obtained on the thin wing which had earlier LE flow
separation and a subsequent greater loss of LE suction, as compared with

the thick wing.
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7.2 FENCES

Analysis of the fence data indicated that height had relatively
little affect on drag-reduction performance, and that fences flush with
the IE performed better than those projecting forward. In addition,
drag reduction was improved progressively by increasing the number of
fences.

Further studies toward minimizing/tapering fence height, reducing
the length of the fence on the underside of the wing, and optimizing .
fence spacing in multiple arrangements, should prove worthwhile. From
this, it is thought that the cruise-drag penalty may be alleviated along

with better high a performance.
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7.3 SLOTS

This inveatigation showed that multiple chordwise slots effectively
delayed IE separation by compartmentation of the wing IF; however, their
effectiveness terminated rather suddenly causing a simultaneous abrupt
increase in drag and strong pitch-down - followed by a severe pitch-up.
Recall that this longitudinal instability was eliminated when one of the
slots was fitted with a VG.

It is believed that the full drag-reduction potential of the slot
can be gained by varying the slot geometry (i.e., width an& length),
determining the opéimum spanwise spacing between multiple slots, and
aligning the slot with the oncoming flow. Further the low « drag
penalty, which is thought to arise from the positive pressure acting at ’
the rear of the slot, may be relieved by internal contouring of the slot

as shown in figure 50.

Figure 50.- Illustration of possible ways to internally
contour slot to reduce low a drag.

An alternate solution would be to seal the slots during cruise flight.

It should be added that the slot offers the advantages of simple

desisn and eagy retrofit for existing airframes, e.g., F-106 aircraft.
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7.4 PYLON-TYPE VORTEX GENERATORS (VGj

From the family of VWGs, this study revealed that one set of
30° swapt WGs with 10° of toe-in provided the best overall drag-
reduction performance when positioned near the mid-semispan of the wing.
Also, two sets of VGs increased performance at the higher angles of
attack, but at the expense of increased low o drag. It is believed
that the application of this concept would be quite attractive if the
VGs also served as pylons for air-to-air and/or air-to-ground weapons -
where the additional cruise drag created by the VGs would be
jinconsequential in comparison to the érag of the weapons.

It is believed that there is ample justification for further eva-
luation of the WG concept. Of primary interest would be reduction in
size, spacing, and variable toe-in angle of multiple VGs, and the effect
of wing sweep angle on VG performance. Also, data have been presented
that showed that a slot inboard of the VG improved drag reduction by
delaying inboard separation, and therefore, the slot VG combination

should be investigated.
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7.5 SHARP LEADING-EDGE EXTENSIONS (SLEE)

The SLEE was found to have little capability in the mid-position;
however, in the low position, the half semispan SLEE showed significant
drag-reduction performance which was increased by either extending the
SLEE to full semispan or by adding an inboard fence at n = 0.50. At the
higher angles of attack, the drag-reduction effectiveness of the SLEE
diminished as the result of the vortex moving off the SLEE cnto the wing
upper surface. Also, the SLEE exhibited increased low a drag as was
the case with the other devices in multiple arrangements.

It is firmly beiieved that the SLEE concept has extensive drag-
reduction potential that warrants further investigation. The principal
research effort should be toward developing ways of maintaining the vor-
tex in front -7 we LE to higher angles of attack. Posaible methods
would include: tapering/twisting the SLEE; sey ‘enting the SLEE with
fences or slots; and selective spanwise blowing on the SLEZ; or com=
binations of the foregoing. Further, it is felt that to fully exploit
the potential of the SLEE, it should be developed as a retractable

device to eliminate cruise drag.

125




3 e e armesis swh——————

s - . L 5

7.6 CONCLUDING REMARKS

Since this research was conducted on a 60° flat plate mcdel, it is
recommended that future investigations use scale models of rwal con-
figurations so that the effects of wing sweep and camber can be
evaluated. It is thought that cambered/twisted wings may reduce the
effectivensss of the devices which could be inferred to mean that the
problems of designing and constructing this type of wing might not be
necessary, viz., the performance ol a simple flat plate wing with devi-
ces might perform as well as a more complicated wing. Also, tests
should be run using realistic Mach numbers and sideslip angles.

Lastly, from unreported data collected during this study, there are
strong indications that the devices tested will have a favorable effect
04 lateral stability and control characteristics; therefore, it is
recommended that future research also include lateral

characteristics.
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