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SUMMARY

The Navy/McDonnell Douglas/Northrop F/A~18 operating at high angles
of attack (&) is characterized by significant amounts of flow separation from
the fuselage forebody and leading-edge extension (LEX)-wing surfaces. Sheets
of distributed vorticity are shed from the slender forebody and LEXs, which
roll up 1into concentrated vortices. Due to the size of the LEXs and their
proximity to the forebody, a strong interaction can occur at high a's between
the forebody and LEX vortices. A consequence of the coupling of the forebody
and LEX flow fields is that LEX and/or frrebody geometry changee can promote
large changes in the vortex jnteractive behavior. Particularly, small dis-
turbances to the forebody flow development near the nose can be amplified
downstream by the more powerful LEX vortical motions. As a resulr, small
perturbations to the forebody vortex behavior can, ur ’er certain conditions,
dictate the wing stall and, hence, lateral stability characteristics near
stall angle of attack. Similarly, subtle differences in the flow behavior on
different F/A-1R test models can be responsible for large differences in
lateral stability levels determined in wind tunnel cests at high angles of
attack.

A detailed study has been made of the sensitivity of the F/A-18 vortex
flow field behavior and low-speed wind tunnel data trends to LEX-wing and
forebody geometry modifications. Flow field surveys in the Northrop 16x24-
inch Diagnostic Water Tunnel of a 0.025-gscale F/A-18 model and analyses of
0.06-, 0.07~, and 0.16-scale F/A-18 wind tunnel model data obtained in the
NASA Langley Research Center 30x60-foot facility were made to assess the
effects of (1) increased forward LEX boundary layer bleed slot width and
length, (2) forward LEX slot closure, (3) closure of all LEX slots, (4) LEX
lower surface fences located forward of the production break, (5) wing snag
and fence combination, (6) forebody strakes at several radial positions, (7)
flight test nose boom, and removal of (8) LEXs, (9) tw.n vertical tails, and
(10) forebody. Emphasis was placed on variations of forebody and LEX vortex
interactions and lateral-directional characteristics at low subsonir speeds
with sideslip angle at angles of attack from 30 to 40 degrees. Note is made
that the water tunnel and wind tunnel Reynolds numbers based on maximum body

width were all within the laminar regime.
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The quatitartive results ohtained in the water tunnel correlated reason-
ahbly well with 0.16-scale F/A-18 wind tunnel model data trends. Wing stall
patterns and the flow behavior about the forebody and twin vertical tails at
high 's were consistent with haseline (all LEX slots opan; dn/df-35°/0°;
6h=12°) longitudinal and lateral-directional aerodynamic data trends. The
F/A-18 haseline water tunnel model developed a highly—asymmetric forebody
vortex system 1In sideslip. The leeward body vortex was strongly entrained
into the leeward LEX vortex whereas the windward body vortex “sheared” away

from the fuselage with no apparent influence on the downstream flow behavior.

The flow fleld effects of increased forward LEX slot width and length
and LFYX lower surface fences, when considered in conjunction with the low-
speed wind tunnel data, indicated that such modifications reduced the "effec-
tive" generating length of the leading-edge extensions. The LEX modifications
limited the amount of shed vorticity at the leading-edge available for feeding
intn the primary vortex, rendering the forward portion of the LEX ineffective
as a vortex generator. The earlier wing stall and reduction of LEX vortex
treakdown asymmetcy in sideslip at high a's were in qualitative agreement with

reduced C (and angle of attack for C ) and increased levels of lateral

L
stab{lity ngar stall angle of attack,Mégspectivelv, determined in wind

tunnel tests.

Npen LEX bouudary laver bleed slots promoted the formation of two primat;
vortices on each LEX due primarily to forward slot flow entrainment which
caugsed a significant local reduction in vorticity ched at the LEX leading edge
near the production break. Forward LEX slot closure and closure of all slots
resulted in a single concentrated LEX vortex. The interactive behavior of the
forehody and LEX vortices at high a's was similar, however, regardless of

vhether the slots were open or closed.

A wing leading-edge snag and upper surface fence combination promoted
nearlv-symmetric burating of the LEX vortices in sideslip at high angles of
attack which appeared to contribute in large part to the improved late.al

stability characteristics obtained in wind tunnel tests.
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The sensitivity of the LEX-wing flow field behavior to changes in the
forebody geometry was vividly demonstrated 1in water tunnel studies of nose
strake effects. Depending on the radome strake radial position, enhancement
or disruption of the forebody vortices occurred, with a corresponding change
in the body vortex interactions with the wing flow field. Nose strakes located
40 Adegrees above the maximum half-breadth (MHB) were nearly coincident with the
primary boundarv layer separation lines along the radome and .ere immersed in a
rezginn of relatively low local angle of attack due to body vortex-induced
downwash. Strakes located in this manner were observed to promote symmetric
boundary layer separation lines within a limited range of sideslip and to shed
discrete vortices up to very high angles of attack which fed directly into the
bodv primary vortex system. As a consequence, the forebody vortices were highly
resistant to asymmetric orientation in sideslip and, furthermore, were strongly
coupled such that powerful 1induced sidewash effects cn the windward wing panel
occuried. Wing stall was thus delayed to higher angles of attack. The body
vortex hehavior observed bv colnred dve emissions In the water tunnel was
slightly oscillatory with nose strakes installed due to an apparent "hydro-
dynamic 1instability”™ phenomenon. The strake effects on forebody vortex beha-
vior, 1including the vortex oscillations, were also observed 1in smoke flow
visualization studies of the 0.16-scale F/A-18 model in the Langley wind tunnel.
The improved wing stall characteristics and the unsteady body vortex behavior
were reflected, resnectively, 1in improved lateral stability and modest wing rock

at high a's on the 0.16-scale model and full-scale flight tests of the F/A-18.

Nose strakes at 45 degrees below the MHB promoted flow field changes
similar to, but much less pronounced than, strakes at 40 degrees above the
MHB. Location of strakes along the MHB was found in the water tunnel studies
to completely disrupt the forebody primary vortices at high a's due to a
low-energy wake shed by the strakes and to a discontinuity in the vortex

sheets emanating from the forebody sides.

Installation of a flight test nose boom weakened the forebtody primary
vortex system due to the wake shed by the hboom. The fundamental structure of

the vortices was similar, however, whether the boom was on or off.
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Due to minor changes in the forebody and LEX geometries incurred during
model changes, a small variation in the baseline F/A-18 water tunnel model
forebody vortex orientation in sideslip occurred. This effect was magnified
downstream, however, such that the wing stall patterns in sideslip were
markedly different relative to previous baseline runs. A highly-favorable

forebody vortex—induced effect on the windward wing panel was evident.

To confirm that the latter effect emanated from the nose region, the
forebody was removed from the water tunnel model. The vortex—induced effects
on the wing panel with forebody on were noticeably ahsent with forebody
off.

Large differences in lateral stability levels near stall angle of attack
were revealed in wind tunnel studies of 0.06~, 0.07-, and 0.l6-scale F/A-18
models when tested in the Langley 30x60-foot facility at the same or different
Reynolds numbers. These trends were repeatable. Furthermore, a comparison of
wind tunnel data obtained at the NASA Ames Research Center 12-foot facility
and in the Langley facility on the 0.06-scale F/A-18 revealed excellent agree-
ment between the respective lateral stability levels. Inspection of the
models failed to reveal discernible differences in LEX geometry, position, and
incidence, horfzontal and vertical tail positions, and forebody contours, for
example, although the forebody contours were not inspected to the degree that
now . pnears warranted based on the present results. Furthermore, test data
obtatned in the Langley facility indicated that model support interference had
only a secondary effect on the wind-tunnel d-ta trends. Water tunnel flow
field observations of the 0.025~scale F/A-18 and analyses of 0.06-, 0.07-, and
N.16-scale F/A-18 wind tunnel data suggested that the apparent "model-scale”
effect was associated with subtle differences in the forebody contours which
promoted markedly different forebody-LEX vortex interactive behavior at high
a's. Assessment of the relative effects of removal of the LEXs and twin
vertical tails led in an indirect manner to the conclusion that the ..l6h-scale
F/A-18 model developed a more severe and persistent LEX vortex breakdown
asymmetry in sideslip. The latter phenomenon appeared attributable to fore-
body flow field differences, for a comparison of small- and large-scale model

data obtained with forebody off revealed excellent high-o data agreement.
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Additional evidence of different forebody vortex bhehavior on the sub-
scale haseline F/A-18 models was provided by data obtained with nose strakes
mounted 40 degrees above the maximum half-breadth. Strakes positioned in
this manner on the 0.07-scale model were destabilizing in roll whereas the

opposite was true for the 0.l6-scale model.

An excellent match of lateral-directionsl characteristics was obt . ned
for the 0.N06- and 0.16-scale models with nose strakes mounted at the MHB.
These results appeared attribupable to the disruptidﬁ of the forebody vortices
with strakes installed and, consequently, allesiation of the differences in
hodv vortex orientations and interactive behavior with the wings that were

evident on the baseline models.

The results of this study indicated that, for high angle-of-attack test-
ing of F~18-type aircraft featuring strongly-coupled forebody and LEX vortex
flows, model tolerances may have to be reduced to ensure sub-scale wind
tunnel model data correlation. However, until experiments are conducted in a

svstemaitic way, one cannot define what a reasonahle tolerance level is.

It has long been established 1in wind tunnel tests of slender bodies
that free-stream turbulence, model support rigidity, model contour variations,
Reynolds number, Mach number, etc. can all contribute to changes in body
vortex hehavior at high angles of attack. Accordingly, a wind tunnel test
program has been proposed for the NASA Langley Research Center VSTOL facility
using the 0.06-, 0.07-, and 0.l6~scale F/A-18 models. The proposed test
program would provide force and moment results with which to ccupare the
existing Langley data. The flow visualization capabilities availavle in the
VSTNL tunnel would enable an assessment of the flow behavior in the forebody
and wing regions of each model. The sensitivity of hixh angle-of-attack
ltateral stability to artificial turbulence induced by upstream screens, down-
stream obstacles, model support rigidity, slight misaligmment of the fuselage
forehody or small forehody contour variations, etc. could be addressed in this
facilitv. The National Transonic Facility (NTF) was suggested as a suitable
facility for longer-term studies to arsess Reynolds number and Macli number
effects on highly-coupled forehody-wing vortex flows in the extended angle-of-

attack regime,
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BACKGROUND

Current and future aircraft designs are characterized by expanded flight
envelopes within which. complex flow interactions are frequently encountered.
Significant increases in the maximum 1ift coefficient and reductions in
drseg at high 1ift can result from the separation-induced vortex flows shed
from slender fuselage forebodies, wings, canards, and wing leading-edge
extensions (LEXs). Concurrent with these longitudinal benefits, however, 1is
susceptibility to highly nonlinear lateral-directional characteristics at high

angles of attack.

The LEX vortex on the F/A-18 is 1llustrated in the flight photograph in
Figure 1 (from Reference 1) and in the water tunnel photograph in Figure 2.
The vortex flnw was made visible in flight and in the water tunnel by natural

condensation and dye injection, respectively.

The thrust of the present study pertains to forebody and LEX vortex
interactions at hipgh angles of attack on a "hybrid” fighter aircraft configu-
ration. The latter terminology applies to configurations such as the Northrop
F-5G and the Navy/McDonnell Douglas/Northrop F/A-18 which feature slender
forehodies and highly-swept wing leading-edge extensions. Distinctions must
he made, however, between F-5 and F-18-type aircraft in that the degree of
interaction between the forebody and LEX vortices at high angles of attacl

dif ers considerably.

The water tunnel photograph in Figure 3(a) illustrates the flow about an
F-5 model near stall angle of attack. Although the relatively strong forebody
vortices do influence the wing flow field to some extent, the body and LEX
vortices are essentially uncoupled. One reason for this is that the F-5 LEX
vortex cannot persist to very high angles of attack due to the low r=z=tio of
LEX exposed area-to-wing area (~~0.06). The dominant vortex flow on the F-5 at
stall and post-stall angles of attack 1s, therefore, developea along the
fuselage forehbody. The body vortex flow can also shed asymmetrically at zero
sideslip as shown in Figure 3(b). Furthermore, the LEX surface is not in
proximity to the forebody and the wing 1s in a lcw position, both factors
contributing to the relative ebsence of fordbody and LEX vortex interaction.
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Consequently, forebody geometry changes will influence, primarily, the
high- @ static directional stability with higher-order influence on static
lateral stability, the major contrihbutor to the latter being the wings.
Conversely, wing geometry changes will be reflected in the lateral stability
characteristics at stall/post-stall angles of attack with second-order

effects on directional stability.

This i{s not the case for the F-1R, however. Due to the relatively large
ratio of LEX exposed area-to-wing area (~0.14), the slight positive incidence
angle of the LEXs, and the proximity of the LEX surfaces to the forebody, the
LFX vortices persist to very high angles of attack and interact in a signifi-
cant manner with the forebody vortices. This flow phenomenon is illustrated
in the water tunnel photograph in Figure 4(a). The forebody vortlces shed in
a symmetric manner at zero sideslip. Due to the powerful vortex interactions,
however, the vortices assume a highlv asymmetric orientation at small side-
slip angles, as depicted in Figure 4(b). The forebody and LEX vortices are
stronglyv-coupled and, as a result, so are the lateral-directfonal character-
istics at high «a's. The F-18 flow field is characterized, then, by multiple
vortex interaction and vortex bhreakdown, both of which can occur in a sym—
metric or asymmetric maunner depending on the angles of attack and/or sideslip,
and highly-nonlinear lateral-directional characteristics. It is this class of
vortex flow interactions that is of primary concern in the present investiga-

tion.
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INTRODUCTION

On Decemher 21, 1978 the No. 1 F/A-18 alrcraft on Flight 16 experienced a

- mild vaw departure. The aircraft achieved an angle-of-attack in excess of 30
[‘ degrees and a sideslip angle of 15 degrees at M 0.7 while attempting a wind-up
. turn at M 0.9 at 40,000 feet to achieve 4.5 g's (Mil power throughout). An
l unbalanced rolling moment of approximately 1400 ft-1b due to a right wing fuel

i i{mbalance of some 200 pounds may have contributed to the initial sideslip
{ mot{on.

Six-degree-of-freedom studies were utilized to extract a band of yawing

I and rolling moment coefficients from the flight records. These were compared
with 0.06-scale model data obtained in the Arnold Engineering Development

! Center (AEDC) 16T wind tunnel facility. The results, shown in Figure 5,
fndicate the flight test vawing moment data exhibit an improvement over

{ the wind tunnel data to near-neutral stability and a signtificant reduction
in lateral stahilitv (again to a near-neutral level). These data are consis-

tent with the flight test results since the motion was characterised by a

g,

relativelv slow departure. Flight tests in Novemher 1980 repeated the slow

vaw departure at M 0.13.

IR
v

Onlv NASA Langley 0.16-scale model wind tunnel data showed levels of
lateral stab{litv similar to the flight test results, as shown {in Figure

-y
. .

. Accordingly, geometric modifications were investigated commencing in April
1879 on the 0.l6-scale model {n the NASA Langley Research Center 30x6J)-foot
wind tunnel to improve high-angle-of-attack ( a=30-40 deg) lateral stability.

o S gy
N 1

Mcdifications tested included increased leading-edge flap deflection to 35°

(from 25°): incorporation of nose strakes; widening of the forward LEX bound-

[

ary laver bleed slot; and incorporation of a LEX lower surface fence.

In addition to the lateral sensitivity, a "model-scale” effect was
evident which precluded model data correlation. Prior to the first flight
test incident, initial exploratory static force and moment tests in the
Langley I0x6I¥-foot wind tunnel using the 0.16-scale F/A-18 mod2l revealed

anomalies 1in the high-anple-of-attack lateral stabllity characteristics when

21
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the results were compared with 0,06-scale model data obtained at the NASA Ames
Research Center 12-foot transonic pressure tunnel. The directional stability
results obtained on the Langley 0.16-scale model were in agreement with the
Ames 0.06-scale results. However, disagreement was evident in the lateral
stability data near , that 1is, at a= 35° to 40°, the 0.l6-scale results
indicating a lateral seﬁgStivity.

A review of available literature on configurations similar both in size
and geometry to the 0.l6-scale model (e.g., the Northrop YF-17) revealed
comparahle levels of lateral stability.

The 0.06-scale high-Reynolds-number model was brought to Langley and
tested in the 30x60-foot wind tunnel at (1) the same chordal Reynolds number
as the 0.lé-scale model, (2) the same Reynolds number as tested in the Ames
12-foot tunnel, and (3) the same free-stream dynamic pressure as the 0.16-
scale model. The laterasli-directional stability results obtained on the
0.06-scale model in the Langley facility were found to agree with the data

obtained at Ames.

A 0,07-scale F/A-18 model was subsequently fabricated by Langley for
tests at the Virgiuia Polytechnic Institute (VPI) 6x6-foot curved flow wind
tunnel and in the Langiey 30x60-fcot facility. Results obtained on this model
were 1in agreemeat with the 0.06-scale data, that 1is, these results reveal
vastly different lateral stability levels relative to the 0.l6-scale model, as

can be seen in Figure 7.

The closely~coupled forebody/wing/LEX arrangement on the F/A-18 1is
conducive to powerful interactions between the vortices shed from the forebody
and LEXs. 1In an effort to determine an explanation for the differences
between small- and large-scale model data, tests were conducted in Langley's
30xh0-foot wind tunnel using the 0.07- and 0.l6-scale models. Geometric
paraveters influencing the forebody/wing/LEX vortex development, interaction,
and stability were investigated. Among these parameters were forebody on/off,
LEXs on/off, LEX boundary layer bleed slots open/closed, and radome strakes
on/off.

The complex vortex interactions were not well-understood during the wind

tunnel tests due to a lack of adequate flow visualization capability. The
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FIGURE 7. YAWING MOMENT AND ROLLING MOMENT VARIATIONS WITH SIDESLIP

AT a = 359 ON 0.07 AND 0.16-SCALE F/A-18 MODELS TESTED IN

THE NASA LANGLEY 30 X 60 FOOT WIND TUNNEL.
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difficulty in visualizing in a vivid manner highly-three-dimensional vortical
motions is typical of low-speed wind tunnels at the present time. Conse-
quently, the Northrop water tunnel facility was chosen to provide detailed
flow visualization of the F-18 vortex flow field. At the angles of attack of
primary interest (a=30-40 degrees), significant regions of separated flow
exist on the forebody, LEX, and wing surfaces regardless of the value of
Reynolds number. Consequently, the fundamental structure of the vortices will
be similar whether the flow is developed at low Reynolds number in a low-speed
water tunnel or at higher Reynolds number in a wind tunnel (References 2 and
3). 1In this manner, the results obtained in the water tunnel can be applied
to obtain a qualitative understanding of the low-speed wind tunnel data

trends.
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SYMROLS

c mean aerodynamic chord
CB rolling moment coefficient
CL 1ift coefficient
CM pitching moment coefficient
) C, yawing moment coefficient
CN normal force coefficient
C2 lateral stability parameter
B
(‘.n directional stability parameter
CRB wing‘root chord measured along wing-fuseiage junction
CS section suction coefficient
D maximum body width
M free-stream Mach number
Rez Reynolds number based on mean aerodynamic chord
ReD Reynolds number based on maximum body width
X chordwise distance of vortex butst position

measured from wing trailing edge

Vs free-stream speed
qa, free~-stream dynamic pressure
a angle of attack

™

angle of sideslip

[«
=3

horizontal tail deflection angle
leading-edge flap deflection
trailing-edge flap deflection
leading—-edge sweep angle

forebody strake radial position

d'&->m0a=o’

dimensionless span station
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EXPERIMENTAL METHODS

Water Tunnel Facility

The Northrop water tunnel {8 a closed return tunnel used for high quality
flow visualization of complex three-dimensional flow fields. The water tunnel
is shown in Figure 8. The test section is 16 in, by 24 in. by 720 in. long
and has walls mad.: of transparent Plexiglas. The test section is oriented in
the vertical direction, which permits the model to be vieved from any angle.
A model 1s shown installed in the test section in Figure 9. The model {is
accessed through the top of the tunnel by means of suspensiorn cabies connected

to the model support system.

The model support system consists of a sting and auto pitch and
vaw mechanisms which are capable of pitch angles from ~10° to ~oncurrent

with sideslip range of -15° to 15°.
Test Procedure

The flow visualization in the water tunnel 1is obtained by injecting
colored food dyes having the same density as water. The density of water
is 800 times that of air, which gives the dye excellent light reflecting
characteristics relative to using smoke in air. The dye is introduced into
the flow field through small orifices and 'dye tubes distributed at selected
positions on the model as shown in figure 9, The dye can also be introduced
through a dye probe, which can be accurately positioned at any point in the
test section by means of a traversing mcchanism. This mechanism is utilized
for the sole purpose of determining proper dye port positions on models for
which the latter are not readily evident. Use of this external dye probe
appiratus necessitates removal of the honeycomb flow straightener which 1s
positioned directly above the vertical test section. Absence of the honeycomb
promotes undesirable flow characteristice in the trest section. Consequently,
it has become standard procedure to fully-instrument the test models for best

fiow visualization.

Inlet fiows are simulated in the water tunnel by applying suction to

tubes connected to the rear of the model's exhaust nozzles. The tubes are run
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to a water flow meter outside the tunnel. Flow meters are used to accurately
measure and =at the inlet flow rate and any jet blowing rates. The water
tunnel is operated at a test section velocity of 0.25 foot/second which has
been found to produce desirable flow visualization results. This velocity
corresponds to a Reynolds nuaber of 3 x loalfoot. The Reynolds number

based on mean aerodynamic chord for the 0.025-r~ale F/A-18 model 18 approxi-
mately 8700,

MODEL DESCRIPTION

The general layout of the F/A-18 1is depicted in Figure 10. A planview
photograph of the F/A~18 in flight is shown in Figure 10(a) which vividly
depicts the primary airframe components. A 0.025-scale F/A-18 mode). was used
for flow visualization tests in the water tunnel. The model was fully-instru-
mented with internal and external dye injection orifices. For exampie, the
fuselage forebody featured 24 internal dye ports: 4 longitudinal rows of 6
ports each with 2 rows on the top und bottom surfaces (the rows were posi-
tioned on either side of the model centerline). Additional ports (6) internal
to the fuselage were installed along the left aide below the leading-edge
extension (LEX). The left LEX was instrumented with 18 internal dye release
holes: 2 chordwise rows.of 6 each on the upper surface and a single row of 6
ports on the lower surface. Both left and right LEXs featured external dye
lines consisting cf small stainless steel subes extending up to the LEX apex
and the LEX planform break. The LEX planform break is depicted in Figure
10(b). Tae left wing featured 24 upper surface dye orifices: 6 chordwise
ports at each of the 4 span stations. With the model inatrumented in thi,
fashion, 1t was possible to provide detailed visualization of the forebody,
LEX and wing surface flows and the forebhody and LEX vortices throughout the
ranges of angle of attack and sideslip (0°s @<40°; -12°<8<12°). A pair of
suction tubes was inserted in the exhaust nozzles to provide inlet suction to

simulate a realistic inlet mass flow ratio.

The baseline model featus-4 all LFX slots open (se2 ¥igures 10(a) and
10(h)), leading-edge flaps deflected 35°, trailing-edge flaps undeflected,
horizontal tails deflected full trailing~edge up (-12°). Leading-edge flap
deflection angle of 25° was not aesessed since the associated flow field
changes in the water tunnel, operating at low Reynolds number, are virtually

undetectahle on a wing of such low sweep angle.
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FIGURE 8. NORTHROP 18 X 24-INCH DIAGNOSTIC WATER TUNNEL FACILITY

ORIGINAL PAGE
COLOR PHOTOGRAPMN

FIGURE 9. ADVANCED FIGHTER MODEL INSTALLED IN THE WATER TUNNEL
(DYE INJECTION THROUGH INTERNAL AND EXTERNAL PORTS)
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SECTION A-A

(C) LEX AND FOREBODY MODIFICATIONS (ALL DIMENSIONS ARE FULL-SCALE).
FIGURE 10. CONCLUDED.
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Several of the water tunnel moael geometry changes investigated in the
water tunnel test nrogram are illustrated in Figure 10(c). The model changes
include: double~width forward LEX bhleed slots (LEX 12}; double-width, in-
creased length forward slots (LEX 12A); LEX lower surface fences orlente 11 &
streamwise and oblique manner (Fence "A" and Fence "R", respectively); and

forehodv strakes mounted at radial positions of ¢ = +40°, 0°, and -45°.

Additional model variations fncluded: flight test nose boom; wing snag
and fence combination; removal of the LEXs; and remc.al of the forebodv. Tk~
point at which the forebudy was removed {is indicated in Figure 10(b). A
length of 8.85 ft. (full-scale) was removed and replaced with a hem?-~~herical

cap.

DISCUSSION OF RESULTS

WATER TUNNEL FLOW VISUALIZATION OF THE F/A-18

Raseline (dn/df-35°/0°;dh= -12°)

The significance of the leading-edge extension (LEX) slot flow iIs re-
vealed in Figure 11, which denicts the strcng curvature of the 0.025-scale
model fuselage surface flow near the LEX struts and slots at a=0° and ($=0°.
The entrainment of the boundary laver fluid into the slots is evident. The
water tunncl photographs in Figure 11 provide a pictorial description of the
purpose of the slots: to prevent ingestion of low-energy boundary layer fluid

into the side-mounted engine inlets.

It has been establigshed in Nortkrop water tunnel flow visualization
studies and in smoke flow visualization tests at NASA Langley Research
Center's 30x60-foot wind tunnel that the F/A-18 LEX planform with slots open
generates a dual leading-edge vortex system: one primary vortex originating
at the LEX apex and another near the production break (or inflection point) in
the LEX planform. This flow phenomenon 1s sketched in Figure 12. With bleed
slots closed, however, onlv one primary vortex, originating at the LEX apex,
is evident, as sketched in Figure 12. As a consequence of the slot flow,
which rolls up into a vortex on the LEX upper surface and rotates in a sense
opposite to the leading-edge vortices (see Figure 12), less lower surface flow
ts available for feeding finto the primarvy leading-edge vortex. Due to slot

entrainment effects, the angle and velocity at which the lower surface flow
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departs the leading edge are reduced, as depicted in Figure 12. The strength
of the leading edge vortex is dependent on the difference between the veloni-
ties at the outer edge of the lower and upper surface boundary lavers. The
srearer the velocity difference, the greater is the vortex strength, and vice
versa. Conseauently, in the vicinity of the forward LEX slot, the difference
in upper and lower velocitv components at a typical LEX cross-section {is
reduced, with a corresponding reduction in apex primary vortex strength in

this region.

An F/A-1R-tvpe LEX planform 1s characterized by a section suction dis-
tribution (see Reference 4) as sketched in Figure 13. 4 distinct break 1is
evident in this qualitative suction distribution near the inflection point.
1f the suction peak near the 1inflection point is sufficiently strong, the
generation of a vortex at the inflection noint may result (in the absence of a
bleed slot). Water tunnel studies at Northrop hkave confirmed a tendency of
such planforms to develop a second primary vortex. In the extreme, a double

delta wing 1is characterized bv a two-vortex system.

Consideration of the two factors just discussed, (1) reduced lower
surface flow near the forward LEX slot available for feeding into the lead-
fap—~edge vortex and (2) inflection point suction peak, leads to the follow-

ing conclusfons:

The proximity of the forward LEX slot to the planform inflection point
(in terms of both longitudinal and lateral spacing) promotes the formation
of two primarv vortices. Closure of the slot results 1n only one primary
vortex, since the F/A-1R8 LEX 1local sweep angle variation is unsufficient

hv itself to promote a second vortex (see Figure 2, for example).

LEX vortex behavior 1Is expected to be sensitive to bleed slot geometry
(which determines slot entrainment effects), LEX planform variations, and the
relative location of the slot to the LEX leading edge. It can be seen, then,
that anv modification of the forward LEX slot geometry or LEX planform, or

more generally, anv means by which the vorticitv-feeding mechanism is altered

-
. fn this region, will influence the F/A-18 LEX vortex system bhehavior.
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FIGURE 11. FUSELAGE SUHFACE FLOW PATTERNS AT o = §=0°
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FIGURE 12. SKETCHES OF LEX LOWER SURFACE FLOW PATTERNS.
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FIGURE 13. SKETCH OF SECTION SUCTION DISTRIBUTION ON F/A-18-TYPE
LEX PLLANFORM
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FIGURE 14. WATER TUNNEL PHOTOGRAPHS OF 0.025-SCALE F/A-18
BASELINE; 5,/6¢ = 36°/0°; by, = -12°
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The LEX vortices at a=10° and 15° ( 8= 0°) are depicted in the flow
visualization photographs in Figure l4. The first point of {nterest is that
the vortices apoear diffuse, with no distinct core being depicted. The vor-
tices are energetic but, due to the two-vortex system on the F/A-18 LEX, the
rotational flow is somewhat difficult to define in a vivid manner. At these
angles of attack, the two primary vortices : erge a short distance downstream
of the planform inflection point. Vortex bursting at the wing trailing edge
occurred at a¥15°, although this angle of attack is considered low relative to
the expected value at higher Reynolds numbers {n air. Laminar boundary layer
separation at the low Reynolds number conditions in the water tunnel promoted
a larger region of wing flow separation and, hence, premature bursting of the
LEX vortices. Review of NASA videotapes of smoke flow visualization on the
0.16-scale F/A-1R indicates vortex bursting at the wing trailing edge at
a®20% TIa sideslip, B=4° and 8°, for example, vortex breakdown asymmetry was
evident (photographs not shown), with the windward vortex breaking down near
the windward vertical tail leading edge and no evidence of leeward vortex
hreakdown over the leeward wing panel. There was also a noticeable inboard
and outboard displacement of the windward and leeward UEX vertices, respec-

tivelv.

The flow photograph (planview) in Figure 15 shows the LEX vortex atcx=262
B=0°, where vortex bursting is observed at approximately X/CR =0.3. Here, X
is defined as the dimensional distance of the burst point measured from the
wing trailing edge and CR is the wing chord measured along the wing-fuselage
junction extending from the trailing edge to the wing leading edge projected
to the fuselage. The determination of the vortex burst point is highly
subject to the individual observer's interpretation. Breakdown in this report
1s defined as the noint at which the first noticeable region of stagnated and

reversed flow along the vortex axis was observed.

The two primary vortices on the LEX are apparent in the sideview photo-
eraph in Figure 15. The point of origin of the second LEX primary vortex
is difficult to determine preciselv but is, approximately, slightly forward of

the planform inflection point.

PRECEDING PAGE BLANK NOT FILMED
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Note 1s made that the photographs in this report are inadequate in
providing a complete description of the nature of the vortex flows. For
example, the aft primary vortex on the LEX in Figure 15 appears a diffuse,
ill-organized mass of dye. Obgservation of this vortex in situ, however,
provides the full three-dimensional nature of the flow and an appreciation for
the significant rotation of the LEX vortex which greatly influences the wing

flow.

The results in Figure 16 show that at @=20° the LEX vortices do not
exhihit a large difference in burst positions in sideslip, although the
leeward vortex does burst farther aft. This may be due, in part, to the
nresence of the twin vertical tails. The twin verticals act as downstream
obstacles which impose¢ an adverse pressure field on the LEX vortices, thereby
reducing the potential for large asymmetry in burst positions. A second
reason is related to viscous effects. At 0*26? the LEX vortices are not
vet of sufficient strength to dominate the flow field at the low-Reynolds-
number conditions in the water tunnel. Consequently, laminar flow separation
on the cambered wing upper surface may tend to reduce vortex breakdown
asymmetry. The primary differences in the LEX vortex characteristics lie in
the core positions and the rotational energy of the respective vortices. The
leeward LEX vortex appeared more energetic (this assessment is based on the
"tightness"” of the helicoidal pattern depicted by the dye tracers) and was
displaced outbhoard. The flow photograph in Figure 16 shows that at higher
sideslip angle ( 8=8°) there is a greater difference in burst positions
relative to the B=4° result due to the displacement of the leeward LEX vortex
from the leeward vertical tail surface and/or reduced leeward wing flow
separction due to the higher sideslip angle. Strong vortex-induced sweeping
action is observed on the leeward wing panel. The outer extent of the dye
tracers entrained into the vortex defines, approximately, the spanwise extent
of this sweeping action. In contrast, the windward wing surface exhibits
significant flow separation without reattachment (no photograph available).
(Note: Surface flows will be discussed quite frequently. It is recognized
that surface flow characteristics at the low Reynolds number in the water
tunnel (Rezi8700) are not representative of the flow behavior at higher
Reynolds numbers. The trends observed in water, however, are insightful and,

as a result, will be utilized where appropriate.)
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WATER TUNNEL PHOTOGRAPHS OF 0.026-SCALE BASELINE
F/A-18 DUAL LEX VORTEX SYSTEM

- - ———




S ;
. " M 0Z = © 1V J171S3QIS b |
: 2] Ni 8L-v/4 INIT13SVE 40 SHAVHOOLOHd NOILZZITVASIA MO14 "Ci SHNOIA i m
3y .Hnt i i
el W “
3 X _
r 2 £ |
(e e] m |
Lt
m T
3
1 In
‘ E
: m
|
{
[
i
!
|
.w "
,_ bR
. . %
4
=
2
=%




e

PRECEDING PAGE BLANK NOT FILMED

In siderlip, the leeward LEX primsry vortices merge quite strongly a-
shown {n Figure 15 (the ape£ vortex exhihits a helical pattern about the
second primary vortex), whereas the windward LEX vortices tend to become
i{ndependent. A wing vortex 1s alsc developed (not discernible in Figure 16),
emanating from the leading-edge flap hingeline r:gion. This vortex vas
particularly evident on the leeward panel due to the "effective” sweep

increase associated with sideclip.

Figure 17 presents photographs taken at o=25°, 3=0° where vortex break-
down occurred at approxzimately X/CR =0.5. As vortex strength irncreased with
ar~le of attack, the breakdown position was somewhat more discernibl=s., Of
note is that the LEX apex vortex exhibits less tendency for merger with *he
second primary vcrtex and bi rakdown of the apex vonrtex cccurs. This is
depicted in the photographs in Figure 17. The primary differences in vortex
behavior at nonzero sideslip appear to be the vortex strength and core posi-
tians. The LEX vortex behavior observed in smoke flow visualization of a
0.15-scale F/A-18 model in the Langley 30x60-{oot wind tunnel was qu'te
similar to the water tunnel results. Examiuaation of NASA viaeotapes revealed
reasonable trend agreement of LEX wortex burst progression and vortex posi-

tions with the low-Reynolds—-number hydrodynamic flow wvieualtization.

A comparison of upper surface flow characteris._ie . sideslip at a-25°
is provided in Figure 1R. The leeward wing exhibi.., ,.e..ar vortex sweeping
action, indicated by the spanwise orieatation of the surface dye, re ative tc

the windward wir .

The forebody vortex patterrs at @=25° are shown i. Figure 19. The
vortices appear not to be a major factor in the flow field at this angle of
attack. The vortices are weak (no "tight” helicoidal pacvtern) and, upon
traversing the canopy, the vortical motions in sideslip exhibit a marked
fnstanility. The relative strength of a vertex 1s assessed in a highly
qualitative fashion in the water tunnel by observing the number of turus per
unit distance along the vortex. The vortex motion {n che water tunnel Jis so
slow (Qm ¥,25 ft/sec) that the path of a dye element can be tracked along the

vortex. The angles of attack of primary interest, however, in this study
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of F/A-1R vortex hehavior are a=30° to 40°, inclusive. At these angles of

attack notentially significant forebody—wing-LEX flow interactions can arise.

At a=30° 3=0° LEYX vortex breakdown occurred at approximately the
leading-edge flap hinzeline as shown In Figure 20. The results in Figure 20
isd{cate that differences still exist in the leeward and windward wing surface
flow chraracteristics in sideslip. The LEX apex vertex was obsered to break
down shortlv downstreanm of the second primary vortex point of originarion, as
depicred 1in Fieure 21. The forward slot vortex is also illustrated in tho

nhotog=anh in Figure 21.

Nualitative ohservatinns indicate that the body vortices at a=30°, shown

in Figure 22, are of {increased strength relative to the tesults obtained at
=25° {see Figure 19). The bodv vortices are fed bv vorticitv generated
within the fuselage forebodvy boundarv laver up to the point of intersection of
the LEY and fuseiage. The line of separation of the fuselage primary boundary
laver {s denoted in Figure 22, Thereafter, the bod- vortices exhibit essen-
tiallv constant svacing berween turns of the dye tracers, indicative of
épproximately coanstant vortex strength. The LEX vortices remain dominant and
the forebodvy vecrtices a*t zero sideslip are entrained into the wing flow as
shcwn in Ficure 22. The noint of entrainment of the hody vortices in Figure
22 is at aporoximatelv X/CR = 0.5 where the bodv vortices pass underneath
*he LEX vo ‘tices and exhibit a rapid diffusion as they enter the wing pressure

fFleld.

In a sideslio condition, the body vortices exhibit a strongly asymmetric
orientation. Figure 23 {is presented for 1llustrative purposes only which
shows the leeward hodv vorctex entrainment into the lceward LEX-wing flow and
the windward hodv vortex displacement upward and away from the windward wing
flow. This flow situation arises from such factors as the close coupling of
the LEX and forehodv and the forehodv cross—sectional shape (and, consequent-
lv, the manner {n which the forebodr primarv boundarv layers separate along
the fuselage sides). There is a significant rotation of the forebody primarv
senaration lines ~ue to sidesiip, the leeward separation line rotating down-
war” while the windward separation line rotates upward. Consegquently, the

body vortex trajectories will rotate so that the leeward body vortex is
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FIGURE 17. LEX VORTEX FLOW ON BASELINE F/A-18
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FIGURE 20. WATER TUNNEL PHOTOGRAPHS CF BASELINE F/A-18 FLOW
FIELD AT a = 30°
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FIGURE 21. DUAL LEX VORTEX SYSTEM AT a =30°; 3=0°

FOREBQODY VORTEX PAIR

BODY VORTEX SUCKDOWN

FIGURE 22. FOREBODY VORTEX PATTERN AT a=30",5=0"
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closer to the fuselage and, hence, subject to stronger interaction with the
leeward LEX vortex. In contrast, the windward body vortex-LEX vortex ianter-
action 1s reduced since the former is displaced away from the windward LEX and

wing.

At @=33°, the windward and leeward wing stall patterns are quite similar
(see Figure 24). Small sideslip changes produced no marked alteration of the

LEX vortex burst positions, which were observed near the LEX-wing junction.

The qualitative observations in the water tunnel reveal no apparent
influence of the forebody vortices on the wing flow field. The sideview and
planview photographs at &=33° {n Figure 25 show that at B=0° the body vortex
entrainment point is near the LEX-wing junction. In sideslip, the leeward
hody vortex is entrained forward of this point into the LEX vortex and dis-
sipates rapidly. The windward body vortices in Figure 25 are shifted so far
off the body that any 1induced effects on the windward wing are considered
small. Figure 25 also reveals the rotation of the primary separation lines

due to sideslip.

Qualitative assessment of the twin vertical tail region indicates that
the dynamic pressure at the tails 1is reduced relative to the free-stream
value. This can be inferred from the photographs in Figure 25 which reveal

the low energy wing wake which "blankets™ the tails.

At @=35° and 40°, the leeward wing exhibited a massive stall. This may
be due to the large angle of attack normal to the leeward LEX resulting from
the combination of high sweep-bhack, angle of attack, and sideslip. The
surface flow patterns in Figure 26 show at @=35°, $=46° that the windward wing

stall is somewha® less pronounced than the leeward panel.

Representative photographs of the baseline forebody vortices at @=40° are
presented in Figure 27. Flow field observations suggest that the leeward body
vortex effect on the downstream flow behavior is small, since it bursts
abruptly upon entering the leeward LEX wing flow field. The windward body
vortex may provide small beneficial effects on the windward wing. Dye en-
trained aft of the canopy into the windward body vortex was ohserved to flow

lownwards towards the fuselage and then spanwise over the windward wing. This
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effect was not pronounced, however. Because of the increased displacement of
the windward body vortex away from the fuselage with {increased angles of

attack and sideslip, this effect 1s expected to diminish accordingly.

Double-Width Forward LEX Slots (LEX 12)

The effects of the increased forward slot width are vividly illustrated
in Figure 28 at ®=20°., The double-width slot tends to decouple the LEX apex
and aft primary vortices, particularly at the higher sideslip angles in
Figpure 28. Also, the aft primary vortices are quite well-defined and appear
more concentrated relative to the baseline. A comparison of baseline and LEX

12 flows is provided in Figure 28.

The LEX lower surface flow patterns near the forward slot (photograpus
not available) reflect the increased slot flow entrainment with LEX 12 and,
in addition, suggest a flow situation similar to that developed on a LEX of
reduced generating length. By a purely qualitative argument, the changes in
the leading-edge suction coefficient distribution are shown in Figure 29 for
a representative LEX planform. Increased forward slot flow entrainment
produces a more marked break in the suction distribution. Sufficient widen-
ing of the slot results In a suction distribution similar to the variation

of section suction with LEX span exhibited by a smaller LEX. Due to the
smaller "effective™ generating length, it is expected that the LEX vortex

stahility will be reduced at a given angle of attack.

Although photographs are not presented, the progres.ion of LEX vortex
hreakdown was more rapid with angle or attack relative to the baseline. The
dve tracers at @=30° shown in Figure 30 reveal a more tightly-wrapped LEX aft
primarv vortex and no distinguishable asymmetry in burst positions in side-
slin. These results are representative of the flow field effects at higher
a's. The decoupling of the LEX apex and aft primary vortices is evident in
the sideview photographs in Figure 30.
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FIGURE 25. FOREBODY AND LEX VORTEX FLOWS ON BASELINE F/A-18 AT a = 33
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(B) PLANVIEW

FIGURE 25. CONCLUDED.
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FIGURE 28. LEX VORTEX FLOW CHARACTERISTICS WITH LEX 12 AT o = 20°
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The slot modification also alters the body vortex-LEX vortex 1{nter-
actions. The forward slot flow displaces the apex vortices upward, reduces
he stahilitv ~f the LEX vortex system, and thereby reduce< the body vortex
entrainment {into the wing flow. The flow visualization results in Figure
31 at a=40° indicate that the bodv vortex asymmetry in sideslip is reduced

relative to the baseline results.

NDouble-Width, Extended Length, Forward LEX Slot (LEX 12A)

The effects of double-width, {increased length forward LEX bleed slots
(LEX 12A) are similar to LEX 12 but considerably more pronounced. For ex-
ample, at a=25° LEX vortex hreakdown was observed at approximately the lead-
ng—edge flap hingeline, whereas breakdown at the same position on the base-
line configuration did not occur until a>30°. The forward slot modification,
therefore, oromotes earlier breakdown of the LEX vortex. Figure 32 presents
representative results at &@=40° which reveal the disruption of the LEX apex
vortex. The effective generating length of the LEX commences, essentially,

at the production hreak.

LEX 12A oromotes significant changes in the forebody vortex patterns and
vortex interactfons in sideslin. The planview and sideview results in Figure
33 indicate that the increased forward slot flecw at o= 40° restricts the
rotation of the bodv vortex paths in sideslip. The bodv vortices are highly-
resistant to asymmetric orientation at S=+4°. The forebody vortex patterns
are remarkably similar to the §=0° case and strong evidence of body vortex-
induced effects on the windward wing occurs (no photograph available). The
leeward and windward body vortex positions and rotational sense are such as to
provide strong spanwise flow toward the windward side, as sketched in . gure
34, The conjectured flow mechanism is such that the two vortice; act together
to {nduce strong sidewash on the windward wing. This effect diminishes
at higher ¢ values, since the asvmmetric body vortex orientation, shown in

Figure 33, becomes more pronounced.

The primary qualitative effects associated with LEX 12A are: (1) a
decoupling of the LEX dual vortex system, (2) reduction of vortex stability at

a given angle of attack, (3) decrease in vortex burst asymmetry due to side—
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slip, and (4) resistance of body primary vortices to asymmetric orientations
in sideslip. These results also provide preliminary indication of the poten-
tially-strong coupling of the F/A-18 forebody and LEX vortex flows at high

a's.

LEX Lower Surface Fence-Oblique (Fence "B")

The effects of a fence installed on the lower surface of each LEX near
the anex and oblique to the free-stream (Fence "B"), are very similar to the
vortex flow field changes associated with LEX 12 and LEX 12A. This similari.y
is not fortuitous, since the corresponding flow mechanisms observed in the

water tunnel reveal marked similarities, as discussed below.

Relative to the baseline, the progression of LEX vortex burst position is
slightly more rapid with LEX fences on, due to the reduced “effective"” LEX
generating length. At a@=25° and 30°, for example, vortex breakdown was
ohserved at approximately X/CR = 0.7 and 1.0, respectivelv, as opposed to

baseline results of X/CR = 0.5 and 0.8, respectivelv.

The photographs in Figure 35 reveal similar stall patterns on the wind-
ward and leeward wiags at @¢=25°, This can be attributed to the nearly-
svmmetric LEX vortex burst positions 1ii. ~ideslip due to the lower surface

fences. Note also in Figure 35 the better-delineated aft primary vortices.

At higher angles of attack (@=30°- 40°) the LEX apex vortex persists but,
in general, interaction with the aft primary vortex is minimal. This is
illustrated in Figure 36 at a= 30°, The fences, in a manner similar to the
effects due to LEX 12 and LEX 12A, promote a symmetry in LEX breakdown posi-
tions at high angles of attack, similar to the effects shown at @=25° in

Figure 35.

The flow fields associated with Fence "B", LEX 12, and LEX 12A are
dissimilar i{n certain respects. The LEX apex vortex behavior with Fence "B"
and LEX 12A at high angles of attack reveals a more corcentrated apex vortex
with the former. This can be attributed to the disproportionate amount of

forward slot flow with LEX 12A which disrupts the apex vortex flow.
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FIGURE 34. SKETCH OF FOREBODY VORTEX EFFECTS ON WINDWARD WING.
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FIGURE 3¢ LEX VORTEX BEHAVIOR IN SIDESLIP WITH LEX FENCE “B": a = 25°
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Fence "R" sliphtly alters the body vertex-LEX vortex interactive behavior
relative to the baseline vortex behavior. The rotation of the body vortex
paths at small siieslip angles 1s restricted, as depicted in Figure 37 at
@ x35°, The effects are not as pronounced, however, as the results shown in

Figure 33 with LEX 12A.

LEX Low r Surface Fence - Streamwise (Fence "A")

Flow field observations with LEX lower surface fences oriented ia a
streamwise manner (Fence "A") reveal the sensitivity of LEX fence effective-
ness to relatively small position changes. Typical results from the water
tunnel studies are shown in Figure 38 at @=30°. The streamwise LEX fence
reduces the coupling of the LEX vortex system, in a manner similar to LEX
Fence "B". However, marked differences do exist between the fence arrange-
ments. With Fence "A", the point of origin of the aft primary vortex is
difficult to ascertain in contrast to the fixed origin with Fence "B".
Part of the lower surface flow which separates at the leading edge feeds into
the LEX apex vortex while the remainder feeds into the aft vortex. Close
examination of dye tracers 1in the water tunnel reveal this quite clearly.
For example, dve emitted on the LEX lower surface near the leading edge
splits at the le Jing edge, thereby delineating the flow which goes into each
vortex. It was evident during the tests that LEX Fence "A" was less effective
in isolating the LEX dual-vortex system. In general, the aft primary vortex
was more concentrated relative to the baseline and vortex burst progression
was slizhtly moce rapid (similar to Fence "B" effects). However, the wing
flow field in sideslip near stall angle of attack suggested that Fence "A"

was 1< 35 effective than Fence "B" in promoting more symmetric stall patterns.

The flow mechanisms assoclated with LEX 12, LEX 12A, Fence "B” and Fence
"A" are similar. All modifications limit the amount of vorticity shed at the
LEX leading edge in the region of the production breax. LEX 12 and LEX 12A
promote a "fluid fence” phenomenon, diverting LEX lowe- surface toundary layer

fluid away from the leading edee ° 2 manner similar to a solid fence.
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Closure of Forward LEX Bleed Slots

Closure of the forward LEX bleed slots results in the development of a
single concentrated leading-edge vortex on each LEX surface, as shown in
Figure 39 at a=25°. Slot closure results in an increase in lower surface flow
avaflahble for feeding into the leading-edge veortex. The flow field observa-
tions Iindicate, then, that the gradual planform inflection point on the F/A-18
LEX is insufficient to promote a dual-vortex system. Also shown in Figure 39
is an accumulation of dve on the lower surface of the LEX. The dye tracers

are entrained into a vortex formed at the junction of the fuselage and LEX.

As far as can be determined in the water tunnel, the single-vortex system
exhibits slightly greater vortex burst asymmetry in sideslip relative to the
baseline. Recall, however, that it was difficult to determine precisely the

burst position on the baseline configuration due to the diffuse nature of the

Aual-vortex system.

The manner in which the body vortices interact with the LEX vortex flows
in sideslip is similar to the baseline results. The body vortex core trajec—
tories dep'cted in Figure 40 at ®=35° exhibit similar characteristics to the
slots-open case, although the leeward body vortex appeared somewhat better-
defined at small B-values as it enters the wing flow field. This is consistent
with the apparent increase in leeward LEX vortex stability due to forward siot
tlosure. In addition, the point of entrainment of the leeward body vortex

occurred somewha* farther downstream with slots closed.

Closure of All LEX Bleed Slots

Closure of all LEX boundary laver bleed slots results in no significant
changes in the high-a vortex flow field relative to closure of the forward
slots only. This appears reasonable since the forward slot, by virtue of
its large width-to-local LEX span ratio, is in a position to most affect the
LEX vortex behavior. Typical results with all slots closed are presented
in Figure 41 at @=30°. Fxamination of the LFX lower surface €low patterns
(photographs not available) near the 2{5 slots reveal only small variations

when the slots are closed. Furthermore, a qualitative assessment of the weak
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FIGURE 39. SINGLE LEX VORTEX SYSTEM AND LOWER SURFACE FLOW SEHAVICR
WITH FORWARD SLOTS CLOSED; a = 25°
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contra-rotating aft slot vortices which form on the LEX upper surface indi-
cates that the slot flow has little effect on LEX vortex behavior and, also,
hody vortex-LEX vortex interactions. A qualfitative perspective of the rela-
tive effects of the forward slot flow as opposed to the aft slot flows is as
follows. The “"size” of the forward slot flow and LEX vortex near the apex are
of the same order of magnitude. Consequently, changes to the forward slot
pgeometrv are likely to promote large changes in LEX vorcex behavior. Farther
downstream, however, the LEX vortex strength and size have increased to the
extent that the leading-edge vortex dominates the aft slot vortices. There-
fore, flow perturbations emanating from the aft slots are less likely to have

significant global effects.

Forebody Strakes (Radial Position: +40° )

Water tunnel results discussed thus far have revealed significant flow
field chtanges arising from modifications to, primarily, the LEX apex region.
Duz to the strong coupling of the F/A-18 forebody and LEX flow fields,
however, it 1s evident that forebody geometry variations are a potential
source of large glohal fiow field perturbations. The following discussions
will address the effects of forebody strakes on the high angle-of-attack
vortex flow hehavior. The results obtained in these flow visualization tests
will be shown in later sectfons to figure prominently in the major conclusions

of this study.

No significant flow changes are incurred with forebody strakes mounted at
40° above the maximum half breadth (¢= +40° ) up to angles of attack of
approximatelv 25° (photographs not shown). The forebody primary vortices are
weak within this g-range and, consequently, nose strakes are not expected to
have any global impact. The flow photographs in Figure 42 indicate that at a=
25° the windward wing is stalled whereas the leeward wing exhibits strong

vortex action. This trend 1is similar to the baseline flow field results.

Progression of LEX vortex breakdown position with angle of attack at
= 0° {s essentially identical to that observed on the baseline configura-
tion. For example, at @ = 25° and 306°, vortex burst occurred at approximately

Y/CR = 0.5 and 0.8, respectively.
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The water tunnel flow surveys indicated that the strakes cause an out-
board and downward displacement of the windward body vortex and a correspond-
ing inboard and upward displacement of the leeward body vortex. This altera-
tion of the bodv vortex paths in sideslip is of great import to the wing stall

patterns, as will now be discussed.

The most dramatic strake effects were observed at = 35° and 40°.
Utilizing the numerous internal dye ports, geveral regions on the model
were progressively investigated. For example, the wing upper surface flow
patterns Ilndicate that the leeward wing 1s completely stalled whereas vortex
action 1s present on tb. windward wing panel. This 1s 1illustrated in the

water tunnel photographs in Figure 43 at a= 40°.

The flow visualization photographs (planviews) in Figure 44 indicate that
the leeward LEX vortex breaks down at a more forward position on the LEX
relative to the windward LEX vortex. A very interesting feature of the
leeward flow field in Figure 44 1s that dye originally entrained into the
leeward LEX vortex is swept over the top of the fuselage and onto the windward

wing.

The latter phenomenon strongly suggested the presence of a powerful flow
mechanism emanating from the forebody. Observation of the forebody vortices,
depicted in Figures 45 and 46 at @ = 35° and 40°, respectively, shows that the
strakes promote a more symnetric shedding of the body vortices in sideslip and
create a vortex pattern featuring strong coupling of the windward and leeward
forebody vortex flows. At «@= 35° and 40° and B= 4°, for example (see
Figures 45 and 46), the forebody vortices in the sideviews remain symmetric.
In the planviews in Figures 45 and 46, however, the windward and leeward body
vortices are actuallv biased towards the windward side. The result of this
coupling 1s strong vortex-induced sidewash on the windward wing, as sketched
in Figure 47, and consequently improved windward LEX vortex behavior and
reduction in wing flow separation. The body vortex-induced sidewash accounts
for the flow phenomenon discussed in Figure 44. Note 1is made that strake
effectiveness decreases at higher sideslip angles since an asymmetric body

vortex pattern is once again evident (see Figures 45 and 46).

114

-

PSR
a

i




T e ——
P S Wi, s

T———— e

e

R

ORIGINAL PAGE
COLOR PHOTOGRAPH

NOLLYYV43S
MOT4 JAISNILXG

v (oY = )

NOILOV ONIdIIMS
X3LHOA ONOHILS




or="1Vv
( OV = ) SINVHLS AOE3HO4 HLIM SNHIL1Vd MOT4 3OV4HNS ONIM €% IHNODIL

T ——T T ——

T T T T —— R VR S—

”

i m ...l\h-.. - .\,f. »
/R '

o “ NOILOY ONIdIIMms

X3LHOA ‘
'y - '

INAL
P

P

TN TP TR | W Sy - —

i

ORIGINAL PAGE
COLOR PHOTOGRAPHM

)T FILWE

'.f'pll"lu ""‘J":‘ (,’[Jp‘:“" \.j,-

PR



ORIGINAL PAGE
COLOR PHOTOGRAPH

(0P = ?) SINVHLS
3ISON HLIM ,SE =2 1V dI1S3AIS NI MOTd X3LHOA X317 ‘v 3HNOIL

PRECEDING PAGE BLANK NOT FILMEP




PRECEDING PAGE BLANK NOT FILMLD

SGE =0 LV (0% = 9)
SINVHLS ISON HLIM HOIAVHIE X3LHOA AQO&3HO4L 8L-V/4 'S¥ 3HNDIY

M3IIAIAIS (V)

121




D

T

PRECEDING PAGE BLANK NOT FILM!

ORIGINAL PAGE
(o.0R PHOICGRAPN

i S -

‘G2ANTONODY . 3"HNOIA

MIIANVId (8)

o¥ =¥

3015 GHVYMANIM
SAHVMOL Q3sVIc
W LSAS X3ILHOA AQO€

AQOS n¢<tn:=s'.>no¢ quVYMITY
R R

_,

_

|

_




T ———T——

A S

nuq

PRECEDING PAGE Bpyres NUT

RIGINAL PG
O MOTOGRAPH

COLOR PHOT

O =0 0p = 9) SAINVHLS
3SON HLIM d17S3QIS NI HOIAYHIE X31LHOA AQOE3HO04 8L-V/4 9% 3HNOIL

M3IA3QK

(']

—




P N Y WSS

TN gy S

T R gy TR a—— | —

(B) PLANVIEW

FIGURE 48. CONCLUDED.

ORIGINAL PAGE
LOLOR PHOTDGRAMN




PRECEDING PAGE BLANK NOT FILMED

ORIGINAL PAGE IS
OF POOR QUALITY

i WINDWARD FOREBODY VORTEX

LEEWARD FOREBODY VORTEX

FIGURE 47. SKETCH OF WINDWARD AND LEEWARD FOREBODY VORTEX COUPLING.




gL B AR

e

PR PR N

A

LI T

TN - e

The present results indicate that nose strakes at ¢ = +40° promote a
bodvy vortex system which acts primarily to enhance the windward wing flow.
The qualitative studies in the water tunnel indicate that under certain “low
conditions the forebody vortices can be of great significance in influencing
the wing stall characteristics at high angles of attack. Depending on the
orientation of the body vortices relative to the LEX and wing surfaces, wing
flow separation (without reattachment) or vortex-induced attached flow may

nrevail.

Low-speed smoke flow visualization studies made in the NASA Langley
Research Center 30 x 60-foot wind tunnel of the 0.16-scale F/A-18 with strakes
at ¢= +40° have yielded results in excellent qualitative agreement with the
water tunnel observations. For example, observation of the smoke flow pat-—
terns from a position behind the 0.l6-scale model revealed the strong coupling
of the forebodvy primary vortices and the tendency of the leeward body vortex
to pass bYelow the windward vortex. The agreement between flow visualization
results in water at low Reynolds number and in air at higher Reinolds number
is due to the low local Reynolds number along the radome. The local cross—
section is sufficiently smwz.l in this region that the local Keynolds numbers
remain within the laminar range. Consequently, the boundary layer separation
characteristics will be similar on the respective test models. Furthermore,
the nose strake position is nearly coincident with the primarv separatiou line
and the strake vortex flows, which are reasonably insensitive to changes in
Reynolds number, feed directly into the body primary vortices. Therefore, the
flow field effects associated with Lhe nose strakes at ¢= +40° are not
strongly dependent on Reynolds number, within the range of test conditiouns

considered.

Forehody Strakes (Radial Position: 0°)

Alternate strake radial positions were investigated to assess the rela-
tive effects on hody vortex development, vortex trajectories, and inter-

actions.

At a= 35° and B= 0° the body flow field in the presence of rnsge strakes

at the MHB (¢ = 0°) is essentially an ill-organized wake-like tluw, as shown
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in Figure 48. Due to the high local angles of attack, the strakes at ¢= 0°
generate more of a wake-like, rather than vortex, flow. This is in contrast
to the ¢= +40° strake position where discrete vortices were observed even at
very high angles of attack. The latter phenomenon can be attributed in large
part to the body vortex-induced downwash which promotes lower local angles of

attack in this region.

In general, at a= 35% and 40° there is no qualitative evidence of favor-
able bodv vortex—induced effects on the wing stall behavior with strakes at
$ = 0°,

Foreboa. Strakes (Radial Position: -45°)

Typical i1esults obtained with nose strakes mounted at 45° below the MHB
(b = -45°) are shown in Fieure 49 at @@= 35°., The strake vortices are of
sufficient strength to 1induce fl'ow reattachment above the strakes. As =
result, a pair of hody primarv vortices form along the nose. These vortices
are reasonably symmetric at small sideslip and, consequently, create a flow
sitiation analogous to the ¢ = +40° case. The effects are less pronounced,
however, due to the weakened body vortex system. There is a slight bias at
small B -values of the body vortex system towards the windward side
which results {in downstream flow effects similar to the # = +40° results.
Due to an apparent transition of the leeward strake from a vortex—-generator
to a wake-generator at higher sideslip angles, as sketched in Figure 50, the

effectiveners of the nose strakes diminishes.

Flight Test Nose Boom

Representative results from water tunnel studies of fiight test nose boom
effects are presented in Figure 51 at a= 35°., The wake shed by the constant-
diame_er nose boom disrupts the body vortices to a certain extent. Although
the hody vortices are weaker relative to the bhaseline, the vorter paths are
very similar as depicted in Figure 51. At higher a's (approximately 40°} the
flow shed hy the nose boom and forebody combination ex .{bits a slightiy

oscillatery behavior.

131




B R - L T

=

P o NS Y

.

B TR

S 3 P

N
“ *"?

Wing Leading-Edge Snag and Upper Surface Fence

A 17-percent local wing chord extension, or snag, positioned at n=0.5
increased the wing camber near the leading edge and, as a result, delayed flow
separation. In combination with an upper surface wing fence (n=0.5), the most
significant effects observed during the flow studies were: (1) the upper
surface fence on the leeward wing precluded LEX vortex-induced sweeping
action at wing stations outboard of the fence (a weak wing vortex developed
outboard of the fence, emanating from the leading-edge flap hingeline), (2) an
inhoard displacement of the leeward LEX vortex path occurred, and (3) the
leeward LEX vortex stability appeared reduced. Representative results are
presented in Figure 52 at &= 30° which reveal comparable windward and leeward
wing flow flelds.

Wing Leading-Edge Extensions (LEXs) Off

The LEXs were removed in an effort to enhance the understanding of the

qualitative effects of the LEX surfaces on the F/A-18 flow field.

At a = 15°-20° both wing panels are stalled in sideslip (no photographs
available). The flow field with LEXs off is not vortex-dominated, hance the
water tunnel results are highly-qualitative (the massive wing flow separation
is unrealistic). The results with LEXs off do confirm, however, the signifi-
cant effects associated with the leading-edge extensions, particularly
sideslip. For example, at the same angles of attack with LEXs on, a large
disparity in the wing stall patterns in sideslip exists due to asymmetries in

LEX vortex breakdown position, vortex strength, and vortex core path.

Representative results at an angle of attack of 40° are shown in Figure
53 where body vortex asymmetry at = 0° is apparent. A multiple asymmetric
vortex system 1s shed along the body 1length. In an indirect manner, the
photographs in Figure 53 nrovide an appreciatlon for the significant influence

of the LEXs on the forebody vortex flow behavior.
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FIGURE 48. F/A-18 FOREBODY VORTEX FLOW BEHAVIOR WITH NOSE
STRAKES (¢ = 0°) AT o = 35°
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FIGURE 52. F/A-18 LEX VORTEX FLOW BEHAVIOR WITH LEADING EDGe SNAG ]
AND WING UPPER SURFACE FENCE; o = 30°
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FIGURE 53. F/A-18 BODY VORTEX BEKAVIOR WITH _EXs REMOVED; o = 40°
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Reinstallarion of Wing Leading-Edge Extensions

Repeat runs were made of the baseline F/A-18 model (LEXs reinstalled) to

assess any changes in the vortex flow field at high angles of attack.

The forebody-LEX vortex fiow fields at a=40° shown in Figure 54 exhibit
differences relative to the initial baseline runs. The primary change is in
the path of the windward body vortex: instead of shearing away from the
figselage foredody when the model is sides:‘'ppcd, the vortex remains in
proximity to the fuselage. As a consequence, the windward wing panel exhib-
its a surface flow pattern indicative of the presence of a vortical motion.
This effect is of particular significance at @= 35° - 40° where the windward

wing flow separation 1is less extensive when compared to the leeward panel.

The forebody vortex patterns prior to removal and reinstallation of
the ILEXs were very repeatable. The latter two model changes appeared to
produce small model geometry variations near the LEX apex and along the
fuselage forehody. Although the geometry changes were not sign.ficant in
terms of abhsolute dimensions, a large response was, nevaertheless, triggered

in the vortex flow interactions.

The differences ohserved in the frreboiy vortex patterns in the two
hagseline runs will be uiflized later in this report to provide a plausitble

explanation for the apparent F/A~18 "model-scale” effect.

These results serve to point out, in particular, the significance of the

F/A-1R windward forebody vortex and its proximity to the fuselage and wing

surfaces. Although the relative change in the windward body vortex path
between the respective baselines was not large, *he trajectory change is
sufficient to trigger a large response in the overail flow field. That is,
the windward body vortex was transformed from a decoupled vortical flow
("free” vortex) to a motion that 1s ~oupled to the F/A-18 multiple vortex
system. This flow sensitivity is analogrus to the sensitivity of : vortex to
minor perturbations outside the core. Such prerturbations are greatiy magni-

fied within the core tecause of the stiong coupling of swirl and axial velo~

city components.
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CORRELATION OF WATER TUNNEL FLOW VISUALIZATION RESULTS WITH 0.16-SCALE F/A-18

WIND TUNNEL UATA TRENDS

Baseline Configurations (6n/ df = 25°/0°; &,/ df = 35°/0°; &, = -12°)

Two baseline F/A-18 configurations will be discussed featuring leading-
edge flap deflection angles of 25° and 35°. As a result, discussions of

haseline < *a trends will also include effects of flap deflection angle.

Estimates of the angle of attack for LEX vortex breakdown at the wing

trailing edge ( @ ) are 16° and 20°, respectively, for §,= 25° and

BD-TE
35°. These estimates .re made from the initial local lift-curve slope reduc-
tions 1in Figure 55. 1n addition, estimates of angle of attack for vortex
-] -] = -]
BD—LWJ) are 36° and 40° for §,= 25

and 35°, respectively. Based on Northrop water tunnel correlations of thin,

bursting near the LEX-wing junction ( @&

flat-plate, sharn—-edged LEX-wing planforms with low-speed wind tunnel results

Lyax

(Reference 5), the angle of attack at which C is attained appears a

good approximation to Xpn1wr®

The current test model, however, departs from the thin, uncambered
1ifting surface assumed above. Water tunnel-determined values of aBD—TE

and with § = 35° were, approximately, 15° and 35°. The results

®pp-Lw
in the hydrodynamic facility, then, reveal vortex instability at a given wing
chord position at approximately 5 degrees lower angle of attack relative to

the wind tunnel estimates due to viscous effects.

A review of NASA vidertapes of smoke flow visualization studies of the

0.16-scale F/A-18 model confirm the similarity of LEX vortex behavior in water
and air but, also, reveal more stable vortices in the wind tunnel. These
trends are consistent with previous comparisons of water-to-air results
obtained on a LEX-wing planform with deflected leading- and trailing-edge
flaps. The water tunnel consistently underpredicted the flap effects on LEX

vortex stability, although the trends were the same (Reference 6).

C -2
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[t {s evident from these results that deflecting the leading-edge flaps
to 35° increases the 1ift at higher angles of attack relative to the dn' 25°
case. Thisa {is due to delaved LEX vortex breakdown and improved wing flow
separation characteristics. The reduction in posttive pressure gradient near
the wing leading edge enables the LEX vortex to penetrate somewhat farther
i{nto the wing flow fleld. Concurrent with increased flap angle, however, is a

reduction in vortex strength at a given angle of attack.

Figure S6é presents variations of 11ft and pitching moment coefficients
with sideslip at constant angle of attack. The data show little variation of
FL and €, with B at all angles of attack. This is in contrast to results
obtained on arrow-wing oplanforms 1in Reference 7, where, at high angles of
attack, large varlations 1in CL occurred. The latter planforms & conslder-
ahlv more vortex—dominated, however, at high @'s relative to the F/A-18. The
present 0O.lh~gcale F/A-18 data suggest, then, that the integrated 1lift and
nitching moments on the wing panels in sideslip are similar and relativelyv

{nsensitive to sideslip variations.

The variations of rolling moment, yawing moment, and side force coeffi-
clents with angle of attack at JB= -4° are presented in Figure 57. Rolling
moment coefficient {s increasingly stable up to O= 20° after which occurs an
unstable "hreak”™ in the CY vs. a curve. The latter can be attributed to the
appearance of LFX vortex breakdown over the wing panel. The flow visualiza-
tion photograph in Figure S8 illustrates this effect at a= 20° and 8=10° (all
LEX slots are closed in this photograph). The unstable break in Cn vs. @ 1is
also the result of vortex bursting. However, this effect is evident at a
lower angle of attack (a#¥ 15°) since vortex burst occurs at the windward
vertical tail prior to advancing forward over the wing panel (see Figure 58).
A reduction in side force coefficient also reflects the decrease {n tail
effectiveness commencing at about Q= }5°. Increasing vortex burst asymmetry
promotes unstahle variations of rolling moment and yawing moment up to &% 30°
and 25°, rvespectively. A further increase in angle of attack produces de-
creased vortex hreakdown asymmetry and, consequently, stable variations of %

and C, witha. The stable increments in C, and C.. commencing at aF 25° may

Y
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FIGURE 58. WINDWARD LEX VORTEX BREAKDOWN NEAR VERTICAL |
TAIL AT a=20°, = 10° (NORTHROP WATER TUNNEL)
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be due to a reductifon in adverse sidewash on the leeward vertical tail assoc-
{ated with a forward progression of leeward LEX vortex burst point. A second
unstable break occurs in the yawing moment curve at &= 30” which is apparent-
ly the result of immersion of the twin verticals in an increasingly larger
wake as the wings approach stall. In general, the angles of attack at which
larese changes in the wind tunnel data arise are about 5° higher than the

corresnonding angles for major flow field changes in the water tunnel.

Figure S9 presents rolling moment variation with sideslip at a= 30°,
35°, and 40° for 6, = 25° and 35°. Increased deflection of the wing leading-
edge flaps from &,= 25° to 4,= 35° results in large stable rolling moment
increments at @ = 30° and 35° as a result of delayed wing flow separation.
Flap effects are negligible at @@= 40°, however, since the angle of attack is

too high to effectively alleviate flow separation near the flap hingeline.

Note is mads in Figure 59 of the relative insensitivity of rolling moment
coefficient to small variations about g= 0° at the higher angles of attack
( a= 35° and 40°). At these model attitudes LEX vortex breakdown occurs near
the LEX-wing junction. In addition to the F/A-18 water tunnel observations,
water tunnel tests of LEX-wing planforms, arrow wings, and delta wings have
indicated thar, near stall angle of attack, the vortices are resistant to
changes in burst position due to smell B- variations. These trends may be
reflected in the 0.l6-scale F/A-18 rolling moment invariance at a= 35° and
40° hetween f= + 6°. Further supportive evidence is available from Northrop
water tunnel and wind tunnel tests (Reference 8) and NASA wind tunnel studies
(Reference 7), which have shown that at sngles of attack where LEX vortex
hreakdown occurs well forward on the wing panels, the burst positions are
insensitive to variations in sideslip. At high-a conditions, extensive wing
flow separation occurs and small sideslip perturbations do not alter the wing

pressure field sufficiently to affect the stahility of the LEX vortices.

Double-Width Forward LEX Slots (LEX 12)

LEX 12 reduces CLMA from about 1.79 to 1.77 and, 1in addition, lowers
X

PRECEDING PAGE BLANK NOT FILMED
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the stall angle of attack from 40° to 38°, approximately, as shown in Figure
60. Water tunnel flow field observations suggest this effect is due to the
increased forward slot flow entraiament which limits the amount of lower
surface boundary layer flow available for feeding into the LEX vortex system.
The result is a reduction in the effective LZX generating length, slightly

faster progression of vortex breakdown, and earlier stall.

Figure 61 presents rolling moment and yvawing momeant variation with
sideslip at a@= 35° and 40°. The slot modification induces, in general, stable
rolling moment 1increments and unstable yawing moment coefficient increments.
Rased on water tunnel observations, the former effect can be attributed to a
more symmetric breakdown of the LEX vortex in sideslip, whereas the latter
effect is associated with a reduction in dynamic pressure at the vertical
tails due to the larger wake shed from the wings. It is noted that, as was the
case with the baseline data, the water tunnel results tend to reveal flow
field changes due to the LEX mods at about S5 degrees lower angle of attack

than the corresponding a's at which effects are evident in the wind tunnel

data.

It is interesting to observe that reducing the leading-edge flap deflec—
tion angle to 25° eliminates much of the favorable LEX 12 effects at a= 35°
and 40°, as shown in Figure 62. ©Extensive wing flow separation occurs at
these angles of attack and the downstream influence of the LEX forward slot
mod is correspondingly decreased. This situation is analogous to spanwise
blowing effectiveness at high angles of attack. Blowing effectiveness re-
quires leading-edge flow separation. However, if the degree of separation is
too extensive, considerably higher blowing rates are required to achieve
flow reattachment to the wing surface. Similar results have been provided in
flow visualization tests of LEX vortex enhancement by blowing. At high angles
of attack, a slight forward shift of the vortex burst point due, say, to
decreased leading-edge flap deflection angle, requires disproportionately

hisher blowing rates to provide the same enhancement of the vortex achieved

with a greater flap angle.
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FIGURE 60. EFFECT OF LEX 12ON LIFT COEFFICIENT; 0.13-SCALE F/A-18;
5, = 359; 5y, = -129; Reg = 1.1 (106),
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Double-WidAth, Increased Length Forward LEX Slots (LEX 12A)

The effects of forward LEX slot modifications are more vividly illus-
trated with LEX 12A, or the double-width, increased length forward slots. The
flow phenomena associated with LEX 12A are similar to the corresponding flow
situation uwith LEX 12. However, the effects c¢n longitudinal and lateral-
directional characteristics are evident over a broader angle of attack range

and to a greater degree.

Lift losses relative to the bas- ine data arc apparent beginning at
a¥ 20° ag shown in Figure 63, In addition, C (1.70 with LEX 12A as
opposea to 1.79 for the baseline) 1s achieved §§ a¥ 34.5° relative to

a = 40° for the haseline.

Variation of CPJand C, with g at a= 35° and 40° in Figure 64 reveal
similar effects due to LEX 12A. The earlier stall due to LEX 12A is reflected
in nose-down pltching moment {increments. Thus, the premature bursting of the
LFEX vortices due to LEX 12A observed in the water tunnel is borne out

in the wind tunnel data.

The wind tunnel data in Figure 65, which show rolling and yawing moment
variation with sideslip at a= 35° and 40°, indicate that LEX 12A promotes a
more symmetric stall pattern in sideslip. Consequently, large, stable Cz—
increments are achieved at these angleas of attack. The unstable yawing
moment incremencs assoclated with LEX 12A car be perceived from a qualitative
standpoint by water tunnel test results. Dve entrained into the massive wake
shed the wing surfaces traverses aft to the vertical tail region. The
reduction in local "q" at the tails was evident by comparison with the free~

stream flow.

The results discussed to this point serve to illustrate the significant
influence of the LEX flow forward of the production break. Large improvements
in lateral stability are achievable by judicious manipulation of the vortex
feeding mechanism in this region. For example, LEX 12 and LEX 12A reduce the
available lower surface vorticity which is shed at the LEX leading edge and
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jeeds into the LEX vortex system. Concurrently, however, maximum lift cap~
ahility 1is compromised depending on the extent to which vhe vortex feeding
nechanism is restricted. It has also been observed in the water tunnel that
tne body vortex behavior 1is subject to perturbations due to LEX apex flow

variations.

The following discussions pertain to wind tunnel data trends associated

with altermate means of affecting the LEX apex flow field.

LEX Lower Surface Fence (Fence "B")

LEX Fence "B" is oriented oblique to the free-stream, terminating at the
yroduction break. This lower surface boundary layer fence limits the amount
cf shed vorticity along the LEX and, consequently, reduces the strength of the
LEX vortex in the high angle—of-attack range. Examination of the 1lift charac-
teristics in Figure 66 reveals a reduction in C from 1.79 (baseline;
8, = 35°) to 1.75 as well as a decrease in stall akgig of attack to 37° from
4¢:°, The water tunnel tests revealed the LEX vortex system with Fence "B”
to be similar to the flow situation associated with LEX 12A. The latter, by
way of flow entrainment into the forward slot, acts as a “"fluid fence, "
diverting much of the lower surface spanwise flow in the region of interest to
¢ (hordwise .irection. Similarly, the fence serves the same purpose, although
with less 1lift loss since LEX eurface area has not been removed and the LEX

apex vortices are somewhat stronger.

The generating Ilength of the LEX apex vortex is confined to the small
region from the first point of intersection of the fence with the leading
ed;je to the TEX apex. Interaction of the apex vortex with the aft primary
vortex 1~ limited and the former acts as a "free vortex.” An analogous flow
situat ..n 1is leading-edge vortices shed from co-plamnar close-coupled canard-
wi~g surfaces. The fences “fix" the point of origin of the aft primary

ortices even in sideslip conditions. This 18 in contrast to the baseline
configuration where, during water tunnel studies, it appeared that the leeward
LEX vortex was fed by fluid from the LEX epex region which, at zero sideslip,
was en%iained into the apex vortex. This flow situation was not evident on
the windward LEX.
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The LEX feuces result in favorable rolling moment increments at a= 35°
and 40° as seen in Figure 67. The Cy-increments associated with Fence "B" are
comparable to the LEX 12A results. However, wing stall 1s less prounsunced
with the fences and, accordingly, the unfavorable yawing moment increments in
Figure 67 are less. Consequently, LEX Fence "B" appears more desirable in
terms of an acceptable compromise between 92 improvements and C reduction.

Laax

LEX Lower Surface Fence (Fence "A™)

The effectiveness of LEX lower surface fences in improving lateral
stability is sensitive to fence orientation. The data in Figure 68 indicate
that fences oriented in a streamwise manner (Fence "A") are less favorable
relative to Fence "B". A plausible explanation can be derived from water
tunnel tests in terms of the effectiveness of the fence in decoupling the LEX
aft primary vortex from the apex vortex. The streamwise fence does not
provide a distinct break in the vorticity shed along the leading edge which
will effectively isolate the aft primary vortex from the apex flow. The
streamwise fence does, however, delineate the lower surface flow entrained
into the forward slot from the fluid which proceeds spanwise to separate at
the leading edge. Because the point of origin of the aft primary vortex is
free to move with changes in aungle of attack and sideslip, however, the
streamwise fence is not as effective in promoting symmetric LEX vortex break-

down in sideslip.

LEX Planform Modifications

The LEX mods discussed up to this point -~ LEX 12, LEX 12A, Fence "A,"
Fence "B" - promote similar changes in the LEX vortex flow field at high
angles of attack. Specifically, the LEX primary vortex developed in the
presence of these mods exhibits stability characteristics similar to a vortex
developed on a LEX with reduced generating lemngth. To corroborate this
conclusion, low-speed wind tunnel data are now presented that feature removal,
to varying degrees, of LEX area near the apex. It will be shown that the
effects on lateral stability at high angles of attack associated with LEX 12,
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FIGURE 68. COMPARISON OF ROLLING MOMENT VARIATION WITH SIDESLIP FOR THE
0.16-SCALE F/A-18 WITH LEX FENCES “A” AND “B"”;5,=359;5, = -129; Reg = 1.1 (106),
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LEX 12A, Fence "A,” and Fence "B" are similar to the effects arising from
removal of LEX area that corresponds approximately to the region of influence
of LEX 12, etc. This is shown schematically in Figure 69.

Truncating approximately 88" (full-scale) of the LEX back to the pro-
duction break as shown in Figure 69 greatly improves the rolling moment
characteristics at «= 35° and 40° as shown in Figure 70. At these angles of
attack, the vortices shed from the smaller LEXs (designated LEX 2) are burst-
ing over the LEX surfaces and vortex behavior is relatively insensitive to
changes in sideslip. Both wiugs have passed through C and the variation
of rolling moment with sideslip in Figure 70 is highly stable.

Since the wings stall at lower ¢'s with LEX 2, the vertical tails are
accordingly exposed to a larger wing wake relative to the baseline configur
ation. As a result, unstable yawing moment increments (data not shown) are

developed at the higher angles of attack.

The trends associated with LEX 2 are quite similar to the effects ob-
served with LEX 12, LEX 12A, Fence "A" and Fence "B."” Since LEX 2 involves
removal of 1lifting surface forward of the production break, the LEX modi-
fication which is expected to promote the most similar effects is LEX 12A.
(The latter produced a significant 1lift loss at high @'s due to disruption
of the LEX apex flow field.) A comparison of the rolling moment and yawing
moment variations with sideslip at « = 35° and 40° are shown in Figure 71.
Note is made that the leading-edge flap deflection angles are not the same.
The data trends are in good agreement, however. Consequently, the conclusion
that LEX 12, LEX 12A, Fence "A,"” and Fence "B" are, in essence, different
means (of varying effectiveness) of shortening the LEX "run length” appears

substantiatred.

Similar, but 1less favorable, effects are attained with LEX 7 and LEX
3 planforms, shown in Figures 72 and 73, respectively. LEX 7 features a
69-inch (full-scale) truncation of the LEX forward area and a 55°-swept-
forward apex. LEX 3 reduces the baseline LEX area to a lesser extent and
features & "gothic” or YF-17-type planform. Despite the planform differences,
the effects on C and C, variations with sideslip at a= 30°, 35°, and 40° are
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very similar. These results are, thus, consistent with the trend that has
emerged from the flow visualization studies aud wind tunnel dats analyses:
shortening the LEX promotes a shed vortex system of reduced stability but

greater resistauce to asymmetric bursting in sideslip at «= 30°-40°.

By way of contrast, results obtained with LEX 10, which has a forward
extension of the baseline LEX, are presented in Figure 74. The wind tunuel
data show unstabile rolling moment =2nd stable yawing wmoment increments at
o = 2° 35° and 40° for [B] <6°, approximately. Incressing the LEX generat-
ing length causes a more persistent vortex at high angles of attack. Vortex
burst asymmetry due to sideslip is an undesirable fall-out, however. The
more nonlinear variation of Cg and G, with B apprears due to the sensitivity of
the longer LEX lu vortex burst positions to small sicdeslip chauges. At
sideslip angles generally greater than :§° the stable rolling moment coeffi-
cients can be attributed to the reduction in leeward LEX vortex stability, a
characteristic inherent to slender planforms at high angles of attack and

large sideslip.

The effects of LEX generating length on the aerodynamic characteristics
can be summarized briefly in terms of the sketches in Figure 75. Maximum
1ift and stall sugle cf attack iucrease with increased LEX area. Although
the trends associated with vortex breakdown asymmetry end rolling moment
vartation with sideslip are similar regardless «~ LEX size, the angles of
attsck at which major flow field changes occur are quite different. 1In the
high angle of attack regime, the small LEX exhibits a recovery of 1lateral
stability due to a reduction in vortex breakdown asymmetry. The curves for
the large LEX, however, display a shift to higher angles of attack. Accord-
ingly, significant vortex breakdcwn asymmetrv and low levels of lateral

stability prevail.

Wing Leading-Fdge Snag and Upper Surface Fence

Results cobtained with wing snag and fence combinations warrant discus=-
sion siunce the ben.ficlal effects on lateral stability in certain cases are

significant.
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SN1 and SN3 snags shown in Figures 76 and 77 are flat~plate, 17% local
chord extensions fairing linearly to 0% at the wing tips, positioned at
50% and 35% semi-span, respectively. The Fl and F3 upper surface fences,
corresponding to the SN1 and SN3 snags, respectively, extend from the wing
lezding edge to the trailing-edge flap hingeline and are 8" (full-scale) in
height. The favorable rolling moment increments in Figures 76 and 77 due to
the snag-fence combinations can be attributed to (1) increased leading-edge
camber due to the large snags extending along the deflectel leading-edge flaps
and (2) symmetry or LEX vortex behav'or ‘1 sideslip. The latter factor is the
result of the presence of upper surface fences, the greacer effect of which is
on tre leeward LEX vortex. Water tunnel flow studies reveal a noticeable
relucticn in the stability of the leeward LEX vortex. The fence restricts
the vortex—induced spanwise flow on the wing, shifts the vortex inboard, and
promotes a forward movement of the burst position relative to the baseline

configuration.

It is noted that the beneficial effects in roll of the snag (SN1) and
fence (Fl) combination are greater than the additive effects of a snag or
fence in isolation. The data in Figure 78 indi-ate that the fence-alone is
effective only at o= 30°. At &= 35° and 40° the fence is submerged in the
separated wing flow and, consequently, the favorable fence effects are lost.
The large snag, analogous to iuncreased leading-edge flap deflection, is
favorable at all angles (see Figure 78) but with diminishing effectiveness
with Iincreased @. By reducing the separated flow region near the wing leading
edge by addition of the snag, the fence is now able to effect a favorable flow
field change at a= 35° and 40°. These effects are similar to the trends
associated with LEX mods (LEX 12, etc.). Extensive flow separation on the
wings was shown to 1limit the effectiveness, in terms of improved CE , of the
modifications. However, the combination of increased flap deflection and LEX

mods was very effective, in general, up to and beyond stall angle of attack.

Forward LEX Slots Closed

Closure of the forward LE¥ boundary layer bleed slots alters the struc-
ture of the LEX vortex system but does not alter in any substantial manner the

high~« characteristics. Closure of the slots produces a single primary vortex

182



|
%

"g01) L't =204 ‘o21- = Y90G = Ve
‘8L-¥/4 31VIS-91°0 'dI1S3AIS HLIM NOILVIHVA LNIWOW ONIMVA ANV
LNIWOW DNITTOH NO NOLLYNIGWOD 3ON34 ANV DYNS 40 193443 9L JHNOIS

35 \ -
0 \ m

.
5
.H U
A Oy
)

3 5
S8
x

S

i LI TIDN TR L NG OUNS o =~
INITISYE
S /
~
LNS OVNS \\A./
t
80 =U
‘HE Dk Tan Tk Tk AR TR P R e e
o Lo :tl.ﬁhﬁm&.ﬁ%l‘.,.:.,._..ri_.u:v.,v.,.Aw,, P N T

LA tet e P
DT ] N A At

o

’ -



(gOL) 1L =20y ozL- = o ogz = Yo
‘8L-V/4 31VIS-81°0 'dI1S3QIS HLIM NOILYIHYA LNIWOW DNIMVA ANV
AN3IWOW DNIT10H NO NOILYNISWOD 3ONI4 ANV DYNS 30 193443 '£L 3HNOIL

€0 £0'-

ORiGINAL PASE 19
OF POCR QUALITY.

3 ITNZH RENS OYNS @ ew =

INIT3SY Y eeeme————

184

pp——

T By T o o



—— e

"(g0L) L'L =20y !oZL- =900z = "¢ 81-v/4 3TvIS-91'0 ‘d1S3qIS

HLIM NOLLVIHVYA LANJWOW DNITTOH NO JONId ANV DVYNS 40 103443 "8 3HNOIL

€0

. ﬂc.-

€0

L4 30ON3d ===

ANITISVE e

A%

€0’

L NS OUNS o= == -

IN| 73SV Y e

185

bory  Geewp S GRS AR

Rt #s L



For

rather than the two-vortex system characteristic of the slots-open case. At
= 25°-30°, slots closed actuallv results in a lift loss relative to the
haseline as shown 1n Figure 79. This mav be due to the greater local upwash
along the LEX anex region with slots open, thereby promoting a stronger vortex
system. At higher angles of attack, the slots-closed configuration exhibits
more persistent vortices and, as a result, 1ift increases are evident at o=

0

357 and Ad)(w{th concurrent nose-up pitching moment increments (not shown)).

Water tunnel results indicated that the LEX vortices with slots closed
burst in a slightlv more asymmetric fashion at high a's, thereby suggesting
unfavorahle rolling moment effects. The wind tunnel data shown in Figure 80
do not, in general, bear this out. Comparison with baseline results reveals
little changes in CQ and Cn varfation with f associated with slot closure at

o= 30°-40°

Forebodv Strakes (Radial Location: +40°)

F/A-1R modifications discussed to this point have featured changes to the
LEX or wing geometrv which directlv affect the LEX vortex and wing flow
hehavior. The forebody vortex system is also affected in an indirect manner
due to changes 1n LEX vortex path and stability characteristics and changes in
the wing pressure field. The 1interaction of the forebody vortices with the
LFX~wing flow field fs a potential source of significant lateral stahility
effects. The strengths and trajectories of the body vortices can, under
certain conditicons, plavy a prominant role in the stall characteristics of the
wings., The modifications to be Aiscussed in the following sections describe
the effects associfated with thin, highly-swept surfaces positioned along the
radome, i.e. forebodv strakes. It will be shown that the forebody vortices
can be a kev to understanding the complex nature of the F/A-18 flow field at

hieh o's.

Strakes of approximately 55-inch length and 2.34-inch maximum height
ffull-scale dimensions) were mounted along the forebody at 40° above the
maximum half hreadth. Strakes mounted in this manner produce insignificant
rhanges in the varifation of normal fo.ce coefficient with sideslip at

2= 30%°t0 40°, as depicted in Figure 81, Water tunnel flow visualization
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results suggested that the strakes increased the bcdy vortex strengths and,
hence, body normal force. The incremental body vortex strength Induces a
corresponding downwash increment on the wings, however, thereby resulting in
negligible effect on net normat force. Evident in Figure 81, however, are

-

nogse-up pltching moment increments, which reflect the 1g moment arm of the

strake 11ft.

Examination of the haseline and nose strake C, vs.a curves in Figure

L
R2 indicates that maximum lift and stall angle of attack are essentially the

same.

The wind tunnel results in Figure 83 indicate that the nose strakes
induce large stable rolling moment increments at = 35° and 49° and prcmote a
more linear variation of Cg with 8. The F/A-18 baseline configuration is
characterized by a strongly asymmetric forebody vortex orientation in side-
slip: the leeward hody vortex 1is entrained intc the leeward LEX vortical
flow while the windward hody vortex is relatively uncoupled. Theo body primary
vortex paths with nose strakes on, however, are extremely resistant to this
asymmetric orientation in sicdeslip. Water tunnel and wind tunnel flow visual-
ization have confirmed that the foret 1y vortices exhibit a mutual interaction
such that the primary vortex-induced effects are experienced on the windward
wing. As a consequence, stall of the latter is delayed while premature stall
of t!.2 leeward wing {s promoted. These results confirm that under certain
flow conditions the forebody vortices can {interact in a highly-favorable

manner with the wing flow.

As sideslip angle is increased, test results in Figure 83 indicate
reduced strake effectiveness. At the higher sideslip angles the water tunnel
flow sarveys revealed farchody primary boindary layer separation line rotation
to such an extent that the strakes are less able to induce symmetric vortex
shedding along the nose region. The wind tunnel deta in Figure 83 exhibit a
corresponding reduction in local slopes (Cgﬁ ) at the higher sideslip angles.

Increasing the length of the strakes produces a somewhat more stable

variation of rolling moment with sideslip. Results at &=40° are shown
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in Figure 83. Comparison of the long- * short-strake data indicate, how—
ever, the sigunificance of the forward portion of the strakes. That is,

affecting the initial body vortex development is a ~ritical factor.

Concurrent with the beneficial strake effects on rolling moment are
destsbilizing yawing moment increments, shown aleo in Figure 83. The leeward
strake vortex induces very low local pressures and can be perceived as a fluid
boundary layer control device which delays boundary layer separation on the
leeward fuselage side. This is depicted in the sketch in Figure 84. Without
the strake, the primary boundary layer separates below the maximum half
breadth. The increased suction pressures due to strake-induced attached flow
along the leeward fuselage side result in unstable yawing moment increments.
The sign of the side force coefficient increments in Figures 83 and 84 due to
the strakes 1is cousistent with increased suction pressures on the leeward

forebody surface.

Forebody Strakes (Radial Location: +60°)

The data in Figure 85 show that radome strakes located at ¢= +60° result
in, relative to the ¢é= +40° case, increasingly stable variation of rolling
moment with sideslip at small sideslip angles. Within the approximate raunge
-4° <P <4° the strakes inc:ease the strong mutual interaction of the body
vortices with a corresponding increase in the favorable vortex—induced effects
on the windward wing panel. Strake effectiveness drops off rapidly, however,
at higher sideslip angles due to rotation of the boundary layer seperationm
lines. In brief, the higher strake position compresses the sideslip range
within which symmetric (or nearly so) vortex development near the nose can be

achieved.

Forebody Strakes (Radial Location: +30°)

The effectiveness with which the strakes promote a discrete pair cf body
vortices which are less prone to asymmetry in sideslip is highly sensitive to
strake radial positfon. With ¢= +30° much of the beneficial strake effect on
iateral stability 1is lost, as shown in Figure 86 at a= 35° and 40°. The

results in Figure 86 suggest an aporoximate band of strake radial positicns
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above the maximum half breadth 1line within which favorable lateral stability

effects are achieved: 30°<db<60°.

Forebody Strakes (Radial Location: 0°)

Strakes located along the MHB, approximately 80" in length and 3" maximum
width (full-scale dimensions) are generally destabilizing in roll, as shown in
Figure 87 ata= 35° and 40°. Water tunnel flow visualization tests revealed a
disruption of the forebody vortex flow field due to strakes mounted in this
mauner. The strakes presented a discontinuity in the body vortex—-feeding
mechanism and the strakes shed a wake-like, rather than vortex, flow which

impeded the development of a body primary vortex pair.

The highly nonlinear rolling moment variation with sideslip in Figure 87
(unstable slope at small 8's; stable slope at higher g8's) is similar to the
CQ vs. 3 variation at high augle of attack on a slender wing. Vortex burst
asymmetry 1is the source of such variations on a cranked wing, for example.
Water tunnel flow surveys of the ¢$=0° strake position were inconclusive

however, due to the diffuse nature of the body flow field.

Nose strakes along the maximum half-breadth have generally been applied
to improve directional stahbility, utilizing the windward strake flow to
generate stable yawing moment increments. Accordingly, the wind tummnel test
results in Figure 87 show a stabilizing nose-strake coutribution to yawing

moment at &= 35%and 40°.

Forebody Strakes (Radial Locations: =15° and -30°)

Radome strakes positioned 15° below the MHB (¢= -15°) generally show no
improvement in high angle-of-attack rolling moment characteristics. As shown
in Figure 88, however, radome strakes atd= -30° provide a lateral stability
increase at «a=40°, for example. Since the flow mechanism associated with
strakes mounted in this manner is expected to differ from the top-mounted

strake positions, a more detailed discussion is presented below.
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Forebody Strakes (Radial Location: =45°)

Strakes S45, S47, and 548, characterized by lengths of approximately
164", 102", and 56" (full~scale), respectively, were mounted along the 0.16-
scale model forebody at 45° below the MHB. Each strake was 3.13" (full-

scale) maximum width tapering to zero at the nose.

The wind tunnel results in Figure 89 show large increases in lateral
stability at high angle of attack (Note: a=40°, §,=40°), particularly for
the longer strake lengths. Results at negative sideslip show little effect
due to the S48 strake, yet at positive sideslip angles the same strakes induce
a highly-stable variation of rolling moment with sideslip. Factors such as
strake geometry and position asymmetries and different primary boundary layer
separation characteristics aft of the short strakes are possibie sources of

the anomaly.

Visualization studies in the water tumnnel suggested a plausible flow
mechanism assoclated with the given strakes. The strake vortices are of
sufficient strength to induce flow reattachment above the strakes. As a
result, the body primary vortex pair tends to develop in a more symmetric
manner in sideslip. The flow'studies revealed a weakening of the body primary
voirtices relative to the ¢= +40° case since the strakes promote a discontin-
uous boundary layer separation line pattern. Although the strake vortices do
not feed directly into the body primaries, the strakes serve much the same
purpose in limiting the rotation of the separc ion lines in sideslip. At
higher s: leslip angles, the leeward strake appears to shed a wake instead of a
discrete vortex., Consequently, the flow mechanism described above begins to
break down with a resulting unstable variation of rolling moment with side-

slip.

The increase 1in directional 1instability at high angles of attack 1is
associated with the increased suction pressures along the leeward fuselage

side, in much the same manner as the ¢ = +40° case.

In summavry, water tunnel flow visualization and wind tunnel test data

analyses 1indicate that the flow mechanisms and effects on high~-« lateral-
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directinonal stabhilitv of forebody strakes are dependent on strake radial
location and, to a somewhat lesser degree, on strake length. In terms of
lateral gtability improvements, locating the radone strakes in a region of low
local angle of attack, at ¢= +40° or ¢ = ~45°, for example, is an effective
means of generating discrete strake vortices which serve to enhance the body
vortex strengths and/or 1imit the change in body vortex core paths due to
sideslip. Strakes mounted at the MHB are immersed in a higher local angle of
attack flow. The strake vortices are, therefore, less stable at high a's and,

in general, promote a less-defined forebody flow field.

It should be noted that, in an overall assessment, the strake-induced
lateral stability improvements may be overridden by the concurrent yaw insta-
bility at high a's. 1In addition, excessive lateral stability 1s undesirable
stnce the aircraft will be sluggish to control input. Possible degradation of
radar performance and ingestion of the strake vortices into engine inlets (at

low «'s) are additional considerations.

Flight Test Nose Boom

Low-speed wind tunnel test results at a= 35° obtatned on the 0.l6-scale
¥/A-18 model with flight test nose boom, shown {n Figure 90, reveal siuall
unstable effects In roll at small sideslip relative to the baseline. Water
tunnel flow visualization i1~dicated that the wake shed by the nosz boom
impeded the formation of the body primary vortices, although the vortex

orientation relative to the haseline appeared not to be affected.

Flight Test Nose Boom and Forebody Strakes ( = +40°)

Installation of the flight test nose boom 1in conjunction with radome
atrakes mounted at 40° ahove the MHB provides additional insight into the
powerful forehody flow mechanism associated with thic strake position. It was
observed that the ¢ = +40° strakes are extremely effective In enhancing the
body vortices and, also, in dictating the body vortex interactive behavior
with the wing flow. Despite the nose boom wake, the strake effects are
essentially unchanged at a=35° and 40° within the sideslip angle range of
about -6°< B = 6°, as shown in Figure 91. At higher sideslip angles the nose
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boom flow field effects are evidenced by a reduction in body vortex stability

aud a corresponding unstable variation of rolling moment with sideslip.

‘Wing Rock” Phenomena

Analysis of the water tunnel results obtained on the 0.025-scale F/A-18
model have revealed several correlations of the vortex flow behavior with the
trends observed in low-speed wind tunnel tests. The water—to—air correlations
have even extended to "wing rock"” phenomena. Studies made at NASA Langley
Research Center of the 0.l6-scale F/A-18 model unconstrained in roll revealed
the following: No "wing rock” was evident for the baseline (§,=25°, 35°) or
with LEX modifications (LEX fences, increased forward slot width and length,
etc.). With nose strakes mounted 40 degrees above the MHB, however, modest
"wing rock” was observed at a=35° to 40° with a waximum amplitude of approxi-

mately +10°).

Northrop water tunnel sgtudies of the U.025-scale F/A-18 indicated that
the nose strakes promoted a slightly oscillatory body vortex pattern at
¢ =35-40 degrees. This appeared due to a “hydrodynamic instability” phenom-
enon asscciated with two vortex cores in proximity to one another. As the
bodr vortices traversed the wing flow field, the leeward body vortex showed a
tendency to pass under the windward body vortex in a periodic manner. The

baseline and LEX mods revealed only steady body vortex patterms.

ANALYSIS OF SCALE-MODEL F/A-18 WIND TUNNEL DATA

During the course of the low~speed wind tunnel tests commencing in 1979
in tue NASA Langley Research Center 30x60-foot facility, comparisons of 0.06-,
0.07-, and 0.16-scale F/A-18 model data revealed lerge differences in lateral
stability levels at high angles of attack (@=30°-40°), Specifically, the
0.06~ and 0.07-scale baseline models exhibited highly-stable variatious of
rolling mowent with sideslip. Conversely, the 0.16-scale F/A-18 revealed a
lateral sensitivity at stall and post—stall angles of attack. The discussions

to follow will address this anomaly.

207



L A B

PRt

Baseline Configurations — Longitudinal Characteristics

Longitudinal aerodynamic data are available only for the 0.06- and
0.16-scale F/A~18 models. (The 0.07-scale model was originally fabricated for
three-component (lateral-directional) tests at the ‘irginia Polytechnic
Institute 6x6-foot wind tunnel.)

A comparison of lift characteristics of the 0.06— and 0.16-scale models
obtained at approximately the ssme Reynolds number based on respective mean
aerodyunamic chords (~0.7(106)) is presented In Figure 92. The results
with flaps retracted (6n/6f=0°/0°) at $=0° indicate an earlier stall of the
large-scale model. This effect diminishes considerably, however, with lead-
ing-edge flaps deflected to 25°., Although the 1lift data in a sideslip condi-
tion (3= -4°) are similar, the large model does exhibit a tendency to stall at
a slightly lower angle of attack. This is reflected in the pitching moment
data at 3= =4° in Figure 93. The large model shows ¢ stable stall at a lower

1ift coefficient relative to the small-scale F/A-18 model.

The results suggest that the LEX vortex burst progression on the 0.16-
scale model is sligntly more rapid relative to the 0.06-scale F/A-18. Com-
ments by NASA Langley researchers involved in the F/A-18 test program indi-
cated that during smoke flow visualization studies the swmall-scale model
LEX voriices appeared slightly more concentrated at a given anglc of attack.
Although these observations are highly qualitative, they are cousistent with

the data trends.

The data differences are greatest in the stall angle-of-attack regime
where small perturbations in the external flow field aund slight differences in
model contours can greatly affect stall behavior. As the analyses pvogress, a
plausible flow mechanism will emerge which accounts for the model Jifferences

at high angles of attack.

Baseline Configurations — Lateral/Directional Characteristics

The variation of rolling moment with angle of attack at 3=—4°, shown in
Figure 94, 1s similar for the 0.06~ and 0.l6-scale models. These results
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indicate that the aerodynamic flow phenomena are similar, although the degree
to which flowfield changes occur and the augles of attack at which the latter
are evident differ. An unstable "break” in rolling moment coefficient occurs
at an angle of attack of about 20° for the 0,16- and 0.06-scale models.
At angles of attack generally greater than 20 degrees, the rate at which
rolling moment coefficient decreases with increased angle of attack is greater
for the 0.l6-scale model. Furthermore, the onset angle of attack at which
rolling momeunt coefficient again exhibits a stable variation with angle of
attack is approximately 5° higher (@¥ 35°) for the large model. These trends
are i1ndicative of a more pronounced and persistent LEX vortex breakdown
asymmetry on the 0.,16-scale F/A-18 in the angle of attack range of about 20°
to 40°.

It should be unoted that the diffevence in LEX vortex burst asymmetry
between the models need not be great to promote significant variation in
rolling moment characteristics. For example, a difference of windward
vortex burst location of just a few per cent chord can greatly alter the wing
stall behavior. Northrop low-speed wind tunnel tests of a 0.10-scale F-5E
(Reference 9) provide a good example of this effect. Slightly below stall
angle of attack (~26°) it is known from water tunnel tests and wind tunnel
water vapor results that the LEX vortex core _- cistinguishable only near the
LEX apex. Despite the fact that windward LEX vortex breakdown is so far
forward on the LEX surface, the vortex—induced effects are sufficient to delay
wing stall. Should the burst position shift forward slightly, the windward
wing passes through and the abrupt wing stall promotes substantial
reduction in lateral sta {ity.

The violent nature of this lateral stability loss associated with
asymmetric vortex breakdown has also been witnessed in Northrop wind tunnel
tests during the development of the YF-17 (Reference 8). A sting-mounted
model was observed to oscillate violently about the body axis under the

inf luence of differential LEX vortex breakdown positions.

As angle of attack increases from 30°, the F/A-18 LEX vortex burst point
at 3=0° approaches the LEX-wing junction, a conditicn which can be interpreted
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as approximating C . It is of interest to note that vortex breakdown
at high angles of :??E%k has been detected by F/A-18 pilots by an increase in
noise level outside the cockpit. This 1is due to the highly turbulent nature
of the burst vortex system. In sideslip, phenomena similar to that described

for the F-5E can occur. Due to small perturbations in LEX vortex burst

Laax

The “"pitch sweeps” have been shown in order to reveal important force and

position the wings traverse C at different angles of attack.

moment data trends and to highlight areas of sensitivity. The fundamental
question, however, concerns the scale-model data differences at angles of
attack from approximately 30° - 40°, where the full-scale aircraft during
flight tests has experienced a lateral semsitivity. Consequently, emphasis
will be made during this report of "sideslip-sweeps™ at constant angle of

attack.

It is noted that the analyses contained within this report are not
intended to determine which model data are more credible. Indeed, the only
model which has shown consistent agreement with the high-« lateral stability
trends observed in flight is the O.l6-scale configuration. The intent of the
analyses 1s to provide an understanding of potential fluid flow variatioms
which will be of aid in future test programs designed to assess this problem
in detail.

Rolling moment variation with sideslip on the 0.06-, 0.07-, and 0.16-
scale models are presented in Figure 95 at « =25°, 30°, and 35° with leading-
edge flaps undeflected. Horizontal tail deflection angles vary from 0° to
-12°, but the tail effects on rolling moment are small enough at these angles
of attack that the comparisons are valid. At @=25°, all models exhibit
unstable rolling moment variations with sideslip at small sideslip angles,
although the smaller models are characterized by less unstable values of
rclling moment coefficient. For comparison, 0.08-scale Northrop F-18L data
obtained in the Northrop 7x10-foot wind tunnel are shown, indicating reason-
able agreement with the large F/A~18 model at «a=25°., At =30°, the small
F/A-18 models (and the 0.08-scale F-18L) are in faii agreement, while the
0.16-scale model still exhibitr an unstable variation of qa with 8 st sideslip

angles of about -6°<f<+6°. The trend continues at «a=35° where the lateral

213



PAGE 15
UALITY

ORIGINA-

Lo b f Sle ity ]

-0 = Y¢!d17S3QIS HLIM NOILVIHYA
LNIWOW ONITT0Y 8L-V/4 3TVIS-9L°0 ANV '~ £0'0 - 90°0 40 NOSIHVYJWOD ‘G6 IHNOI

oL- (g04) OF'L  I8i-4 ITVI-BER - - - - .

% (gOtL) L¥'0 FIVIS-LOL ' = = =

o (gOL) 0L0 FIVIG-QO 0 = wrmmemne]

0 A.Os 0 FIVIH 91 () ~mm—mmmm
o3aag ‘ ¢ 20y

214



Gt TAUE

¥

et

T

L R TN R VNN S e ey Gmad Qe dnend Gmeny el Baeg  Sediy Gum) Siay ey Suy

g KA

sensitivity at small sideslip of the 0.l6-scale F/A-18 is in marked coutrast

to the highly-stable 90 vs.3 variations exhibited by the small mod:1s.

Rolling moment characteristics at @=30°, 35°, and 40° with 41‘250 are
presented in Figure 96 for the 0.06-, 0.07-, and 0.l6-scale models. The data
trends tend to be cousistent with the §,=0° results. Consequently, the model
data ditterences cannot be attributed to leading-edge flap effects (although
account must be made of possible slight leading-edge flap angle differences
between each model and, also, on the same model). In general, the 0.06- &aund
0.07-scale F/A-18 models exhibit highly stable rolling moment variations at
each angle of attack while the 0.l6-scale F/A-18 generally shows a recuc-
tion in lateral stability to a near-neutral level. The wind tunnel cata
provide no indication that Reynolds number plays a prominent role in the
apparent "model-scale” effect. It is noted, though, that the Reynolds numbers
based on maximum body width all lie within the laminar range, according to the
procedure defined in Refereunce 10. Consequently, without corresponding data
in the transitional and fully~turbulent Revnolds number regimes, no con:lu-
sions can be made regarding Reynolds number efforts on the high-«& forebody-LEX

vortex interactions.

The lateral sensitivity at high angles of attack is not confined to the
F/A-18, however. For comparison, Northrop 0.12-scale P-530 and 0.08-scale
F-18L data are presented in Figure 97. (The P-530 was a precursor of the
Northrop YF-17.) Any advanced fighter configuration which develops large
amounts of vortex 1lift 1s prone to nonlinear behavior near stall. For exam~
ple, results from Reierence 11 show similar levels of lateral stability at
high a's on a 3-surface canard~derivative of the F-15 and, also, on an F-16
fighter model, both of which were characterized by powerful vortex flows and

vortex interactiouns.

The nature of vortices is such that their behavior may not necessarily be
consistent from model-to-model or even on the same model during repeat runms.
For example, wind tumnel data from Reference 12 shown in Figure 98 reveal
"model~scale” effects, indepeudent of Reynolds number, on the YF-17. The
0.03- and 0.08-scale models, both of which were built for high-speed testing
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in the Northrop 2x2-foot transonic tunnel, develop different stall patterns
near a=30°. Consequently, the rolling moment variations with sideslip are

quite different.

It 1s interesting to note that fighter pilots will often refer to a
snecific airrlane within a fighter squadron since its behavior is distinguish-
ahle from that exhibited by identical aircraft operating under the same flight
conditions. This phenomenon appears similar to the "model-scale” effect and
may he attributable to subtle differences in aircraft geometry. For example,
it has heen established in flight tests of the Northrop F-5F that minute
peometrv Aifferences in the nose region can, at very high angles of attack,
cause one alrcraft to nose slice right while another will slice left on a
consistent basis. Furthermore, comments in Reference 13 1indicate that a
0.10-inch "nick"™ (full-scale dimensions) in the LEX leading edge on an F-5E
was the apparent source of large differences in lateral stabilitv near stall
angle of attack in flight relative to the behavior of another F-5E. These
examples reveal the sensitivity of the forebody and LEX vortices at high

angles of attack to seemingly innocuous geometrv differences.

The F/A-1R yawing moment characteristics at a=35° presented in Figure
99 generally show reasonable agreement of all model data. 1In addition,
the side force coefficient variations with sideslip at @ =35° in Figure 99

are similar.

The wind tunne! data comparisons show the "model-scale” sensitivity is
isolated to the rolling morent behavior with sideslip. The primary airframe
contributor to static lareral stability is the wing. A check of the F/A-18
models at the NASA Langley model shop using standard procedures revealed nc
discernible differences in LEX-wing positions and geometries. The remaining
sections will provide evidence to support the conjecture that very subtle
differences in the forebody geometries are the source of model data disparity
due to the potentially~-strong coupling of the F/A-18 forebody and LEX vor-
tices. The model {nspection cited above included an assessment of the fore-
body contours. However, the iaspection was not geared towards the identifica-

tion of extremelv small model differences.
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The discussions to follow pertain to the effects of removing the twin
vertical tails, the wing leading-edge extensions (LEXs), the fuselage fore-
bodv, and addition of forebody strakes. Since the 0.07-scale F/A-18 was
in consistent agreement with the 0.,06-scale model, the former was tested along
with the 0.l16-scale F/A-18 to provide ccmparative results to address the

"model-scale” effect.

Vertical Tail Effects

For 1illustrative purposes, 0.07-scale F/A-18 rolling moment variation
with angle of attack at B=-5° is presented In Figure 100. O0.16-scale data
were not available at the same sideslip angle. The trends, however, were
similar. Figure 100 indicates that removal of the vertical tails generally
promotes laree unstable rolling moment increments at high a's. The tail
contribution to rolling moment at low angles of attack is of a direct nature.
The tail resultant lift acts at a point above the moment reference center and,
hence, contributes stable, rollineg moment increments. The 9& decrements at
high a's are associated primarily with an upstream influence on the wing flow
hehavior due to removal of the verticals. 1In the absence of the tails, the
LEX vortices are somewhat more stable, although the vortices burst more
asvmmetricallv in sideslip. Removal of the vertical tails removes the adverse
pressure gradient imposed on the flow field by these downstream obstacles. As
A result, the potential for vortex burst asymmetry in sideslip increases.
Although the vertical tails are not the source of model aata differences, the
results nonetheless reveal the sensitivity of the F/A-18 LEX vortex behavior

to downstream flow variations.

Recause the twin vertical tails impose a positive pressure gradient in
the flow field, the F/A-18 vortex flow behavior mav be somevhat more resistant
to support interference effects. The results in Reference 14 have shown after
vortex breakdown had been established over a delta wing by installing a
flat-plate obstacle downstream, vortex stability was insensitive to the
introduction of a pressure probe into the vortex core. Indeed, 0.l6-scale
F/A-1R tests conducted in the Langley 30x60-foot tunnel using two very Aiffer-—
ent sup}p 't arrangements suggest such effects are, at most, recond order on

the F/A-18,
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FIGURE 100. ROLLING MOMENT VARIATION WITH ANGLE OF ATTACK; VERTICAL
TAILS ON AND OFF; 0.07-SCALE F/A-18; 5, = 25°; 5, = -12°; Rez = 0.47 (108); g = -5°
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Variations of rolling moment with sideslip were not available for the
large model without vertical tails. The available 0.07-scale model results
shown in Figure 101, however, provide interesting trends. At @=30°, 35°, and
40° the model with tails removed is characterized by an unstable variation of
ralling moment with sideslip at small slideslip angles. 1Indeed, the levels of
lateral stahilitvy are remarkably similar to the taseline 0.l6-scale model
behavior. These results support in an indirect manner the conjecture that the
haseline 0.16-~scale model develops slightly more asymmetric vortex bursting in

sideslip relative to the baseline 0.06-~ and 0.07-scale F/A-18 models.

It will be shown that the differences in LEX vortex burst asymmetry in
sfideslip can be attributed not to downstream flow variations but, instead, to

different forebody-LEX vortex coupling mechanisms.

Wing Leading-Edge Extension (LEX) Effects

Removal of the wing leading-edge extensions results in large lift reduc-
tions, particularly at the higher angles of attack where the wings without T.EX
have stalled. This effect is illustrated for the 0.16é-scale model in Figure
102. Fven though LEX vortex bursting at ®=30° -40° has advanced far upstream
on the wing, the LEX vortex—induced 1lift {ncrements are very large. The LEX
vortex flow field greatlv alters the wing spanwise 1lift distribution. Con-
sequently, disturbances 1in the vortex behavior due, say, to sideslip ecan
promote potentiallv-large changes in the spanwise 1lift distribution and,

hence, rolling moment ~haracceristics.

The wind tunnel rtesults suggest, again in an indirect fashion, that the
N.16~scale model with LEXs on develops a more asymmetric LEX vortex bdurst
pattern relative to the J.07-scale F/A-18. Figures 103 and 104 present
rolli{ng moment and vawing moment coefficient variations with sidesli, for the
0,16~ and N.N7-gcale models, respectively, at a@=30°, 35°, and 40°. |Larg:
stable rolling moment inc~ements arise due to LEX removal on the large-scale
F/A-1R (sce Figure 103). However, as shown 1n Figure 104, the 0.07-scale
model shows onlv s all variation with LEXs off. Furthermore, very good data

aereerent 1s obtained for the 0.07- and 0.l6-scale models with LEXs off.
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Therefore, removal of the LFX vortices from the flow field and, h nce, elimi-
nation of forebody LEX vortex interaction, promotes scale-model data corr2] -

tion.

Forebody Effects

To this point {1 the analvses, it hes become evident that & fundamental
flow field difference exlsts hetween the small (0.06~ and 0.07-scale) and
large (N.1h-gcale) models causiug a substantial variation in lateral stabili.y

levels near <+all angle of arttack.

Removal of the fusezage forebody 1is expe~ted to provide a realistic
assessment of the incremental forebody effects nn lat¢ 11 stadbility ar high
angles of attack (36°~ 40°). The F/A~18 forebody geometry (cross-sectional
shape, fineness ratio, etr.) 13 sucr that at high @'s the contribution to
vawing moment is small (destabilizing)., Furthermore, forehody vortex interac-
tions with the vertical tail surfac:s are minimal according to 1low visualliza-
tion studies in the water tunnel. Absence of the fuselage forebody houndary
laver should not atfect the LFY vortex behavior to any significant extent.
¥or example, Northrop water tunnel studies of full-span and half-span delta
wings have indicated that th¢ reflention plane toundary layer on the half-span
wing model nad no observable effect on the vor:er stability characteristics
when compared to the full-span win, vortex hehavior. Tite primary effect to be
revealed by removal of the forebndy, then, is rhe degree orf coupling bhetween
the forebody and LEX-wiag flow fields and, hence, the contributior of (he

forebodv vortices to lateral stahility.

Rolling moment and yawing moment variations with sideslip at a=3C° to 40°
are presented in Figure 105 for the 0.l6-scale F/A-18. Minimal effects
are evident due to absence of the forebody. From these results it can b~
concluded that the forebody vortex intevactlions with the wire flow field
high angles of attack are not significant on the large-scale mcdel., These
trends are consistent with the initial water tunnei studies of the 0.025~scale
baseline model which did not exhibit discernible, strong body-LEX vo tex

interacttions.
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Data ohtained oa the 0.N7-scale model with forebody on and off indicate a
measurable difference in lateral stability levels at a=30° to 40°, as shown
in Figure 106. Removal of the forebody promotes large unstable rolling moment
increments. These data stronglv suggest that the 0.07-scale model with
forahodv on develops a favorahle flow interaction beiween the body and LEX
vortices similar to the €flow characteristics observed during repeat flow
visualization runs of the baseline water tunrel model (after reinstallation of
the LEXs). The latter 1low surveys snowed significant flow field changes,
particularly in regards tc the windward wing stall behavior, associated with a
smail change in the forebody vortex pair orientation. Furthermcre, when the
forebodv was removed, it was obsarved that the vortex—induced effects on tha
windward wing with forebodv on were noticeably absent. This is consistent
with the results obtained on the 00.N7-scale model. 1In addition, it is conjec-
tured that similar flow phenomena are developed on the 0.06-scale F/A-18

model, <li.ce the smali-scale wind tunnel data were in ccasistent agreeaent.

The results shown {n Figures 105 and 106 support the hypothesis that the
vortices develoned orn the forebodv arz a key to urnderstanding the high-¢"scale”
offects. For examnle, comparison of the forebodv-off rolling moment and
vawing moment variaticns with sideslip at @=307, 35°, and 40° indicates
verv go0o¢ agreemant or the 0.07- and 9d.16-scale model data. In a manner
simitar to the LEXs-of{ case, elimination of forebodv-LEX vortex coupling at
hish 2iples of artack prometes good ccrrelation of the sub-scale wind tunnel
madel Aata. This agreement {s an indication of different body vortex behav-
inr an vhe haseiine F/A-1R models resultine from such factors as slight
forehsdy misalipnment, subtle forehedy cross-sectional _hape variations, model
support rigidictv, etc. Plausible flow mechanfsms are sketched in Figure 107.
The different forebodvy vortex patternc mav be due to a slight difference in
leewar? and windward primary boundary layer semaration line locatiors along
the rvespective fuselage forebody sides. The 0.07-gscale model may feature a
rotation of the fore'nav vortex system towards the windward side as sketched
in Figuce 107. Tkis rotation of the vortex valfr resuits In Ircreased i:terac-
tion with the windwar? wing and, consequently, stable rolling moment incre-~
ments. [n contrast, .ae 9.lh-scale F/A-13 develops a relatively uncoupled

windward and leewa-d hody vortex peir, the former shearing away from the
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fuselage. As a result, no flow mechanism exists that would provide favorable

spanwise flow components on the windward wing.

Forebody Strake Effects

Further corroboration of the significance of the forebody vortex flow
field in influencing the high angle-of-attack lateral stability characteris-
tics is provided by comparisons of nose strake effects or the 0.06-, 0.07-,
and 0.16-scale F/A-18 models. Direct comparisons are generally not possible
dce to, for exampie, different leading-edge flap deflection angles. Conclu-
sions can still be made, however, regarding the relative effects of radome

strakes mounted at varying radial positioms.

Addition of nose strakes at ¢ =+40° to the 0.07-scale model ( 6n=25°)
promotes unstable rolling moment increments at a=30°, 35°, and 40°, as shown
fn Figure 108. The adverse effect of the strakes mounted in this position
at i h «'s is indicative of a disturbance of the favorable forebody vortex
inte actions with the wing flow field. With strakes off, the body primary
vortices assume an orientation in sideslip which results in strong vortex-
indued effects on the windward wing panel. The vortices shed by the nose
str kes are not optimally positioned, and as a result, tend to oppose the
vortices formed by flow separation along t..: “w.selage sides. The stabilicy
and traijectories of the body vortices are a..ered such that the windward wing

exhihits more pronounced flow separation.

Differences in the primary boundary layer separation line locations on
the N.77- and N.lb-scale models are vvidenced Ly the highly-favorable effects
shown {iu Figu e 109 on the 0.l6-scale model rolling moment variation with
sideslip associated with strales mounted at ¢=+40°. The radome strakes are
more nearly-aligned wi-h the separation lines in this region of the large
model and tend to enhance, rather than disrupt, the forebody vortices. The
vortex behavior with strakes on becomes comparable to the flow about the small
model without strakes. This is apparent in the respective variations of
rolling moment with sideslip at high angles of attack. Conversely, the
variations of rolling moment with sideslip for the small model with strkes
and the large model with strakes off are similar, which also suggests similar

torebody vortex flow fieid characteristics.
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Another example to supnort the contertion of dissimilar boundary layer
separation characteristics on the small and large models 1s provided by data
obtained on the 0.06-scale F/A-1R (tested in the NASA Ames Research Center
19-foot tunnel) and 0.16-scale model (testec at NASA Langley) with YF-17-type
nose strakes mounted alsng the maximum half breadth. Recall that water tunnel
flow visualization resutts revealed a disruption of the body vortices due to
strakes mounted at the MHK. Hence, 1f diFfferences exist in the body vortex
structure on the sub-scale bhaseline inr-jels, strakes at the MiIB shc 1 reduce
the flow anomalies. This, in turn »{1l decresse the Aifferences in bodv-LEX-
wing flow interactions and, concejuently, the rolling moment characteristics.
"olling moment and yawing moment variation with sideslip at @=35° in Figure
110 shea excellent agreement between the 0.06-scale Ames data and the 0.16-~

scale lLanglev results.

As a final example ot the forebody flow sensitivity to disturbances along
the radome, 0.N8~scale North~op F-18l data are prescnted in Figure 111 which
show the effects of rose grit (#45 corborundum grit) and wire trips (0.0625"
diameter (uodel-scale)) mouu.ed at ?20° above the maximum half breadth. At
0 =35°, for example, nose grit promotes a significant 1increase 1in stable
rcl1ing moment coefficient at all sideslip angles, whereas wire trips are
highlv-destahilizing. The respective flow mechanisms are dissimilar, the
former tending to enhance the forebody-wing interactions by promoting a more
svmmetric body vortex pair in sideslip and the latter causing a decoupling of

the forebodv and wing flow fields by disrupting the forebody vortex flows.
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CONCLUSIONS

The F/A-18 operating at high angles of attack develops powerful vortices
shed from the fusclage forebody and wing leading—-edge exteasions (LEXs).
Recause of the close-coupling of the forebody and LEX surfaces the flow
field i{s characterized by strong interactions between the multiple vortices
and the occurrence of vortex breakdown. Furthermore, the global flow field
hecomes mcre complex in sideslip due to the asymmetric manner in which the

forehcuy  .rtices interact with the LEX vortical motions.

Results obtained in this study contract have revealed the sensitivity
of the F/A-1R forebody-LEX vortex interactions and vortex breakdown charac-
teristics at high angles of attack to relacively small variations in model

geometry.

LEX geometry changes near the apex have been shown in the water tunnel
flow visualization studies of a 0.025-scale F/A-18 model to promote differen—
ces in LEX vortex bhehavior sufficient to alter the wing stall patternms, in
some cases, and the manner {n which the forebody vortices interact with the
lifting surfaces. Specifically, the primary LEX modifications considered in
this investigation were, in everv case, means by which the available vorticity
shed at the LEX leading edge was reduced at high angles of attack. As a
consequence, LEX vortex stability and vortex breakdown asymmetry in sideslip

were decreased.

The flow field observations in the hydrodynamic facility were consistent
with the premature wing stall and ioncreased levels of lateral stability
near stall associated with the LEX mods determined in low-speed wind tunnel
tests in the NASA Langley Research Center 30x60-foot facility. A compromise
appears required in terms of maximum attainable 11ft and lateral stability at
high angles of attack. The former varies directly with LEX area whereas the

latter appears to vary inversely with LEX size.

The sensitivity of vortices shed from slender forebodies at high atti-

tudes to virtually undetectable model distortions, Reynolds number, Mach

C- >
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numher, freestream conditilons, model support fnterference and support rigid-
ftv, among other factors, has been investigated in detail bv many researchers.
In wind tunnel tests of axisymmetric bodies where the above factors were
carefullv controlled, virtually i{mperceptible model distortions near the

nose tip promote large variations in forces and moments.

Consistent with these studies, results obtained in the present research
effort have revealed the vortices shed from the F/A-1R forebody to be sensi-
tive to small model distortioms. As a consequence of the highly-coupled
nature of the forebody and LIX vortices on the F/A-18, slight changes in body
vortex orfientati{on can dictate the manner in which the wing panels stall at

high anpgles of attack and {n sideslip conditi{ons.

Corroborative evidence of the powerful mechanism assoclated with fore-
bodv-L,FX vortex {interactions was provided in water tunnel flow visualization
tests of the baseline F/A-1R which indicated that the extent to which flow
separstion occurs on the winduward wing panel i{s directly related to the manner
in which the forehodv vortices orient themselves in sideslip and, particular-

lv, to the proximity of the windward forebody vortex. The F/A-18 forebody--LEX

reometrv s such that the windward body vertex {8 not as strongly—-coupled with
the LFX-wing flow field as its leeward counterpart. However, small forehodv
contour distortions can promote a windward body vortex that is considerably
more coupled with the wing flow. In the latter situation, a greatly-magnified

response can be triggered 11 the downstream flow field characteristics.

Add{tional surportive data was obtained in flow visualization studies
of small strakes symmetrically-deploved along the radome. A direct relation-
ship was ohserved hetween the strength and orientation of the body vortex
flows (dependent on strake radlal position) and the degree of flow separation

from the wing surfaces.

The quulitative dsata obtained on forebodv vortex behavior in the hydro-
Avnamic factlitv are {n consistent agreement with smoke flow visualization
and low-sneed wind tunnel data trends obtained in the Langley 30x60-foot

factlity uzing the 0.lh~scale F/A-1R model. Furthermore, the water tunnel
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results used in parallel with analyses of 0.06-, 0.07-, and 0.l6-scale F/A-18
data, provide a better understanding of the uwonlinear behavior of the statlc
aerodynamic characteristics at high angles of attack. Results indicate
that generation of forebody vortexn flows registant to asymmetric orieuta-

tion iu sideslip is conducive to high levels of lateral stability near CLMA .
X

Previous Northrop and NASA studies of the F-5 have shown that the mauner
in which the forebody vortices orient themselves in sideslip can be correlated
with the high level of directional stability exhibited by the aircraft at high
angles of attack. The vortex flow situation 1is illustrated in the water
tumel photograph in Figure 112, Results from the present investigation
indicate that the F/A-]8 forebody vortex orientation at high a's is consistent
with the lateral stability behavior due to the coupled natre of the F-18
forebody and wing flew fields. The flow phenomenon is depicted in Figure 113.
The increased complexity of the F-18 vortex flow field relative to the F-5 {s

also evident from a comparison of Figures 112 and 113.

Evidence compiled within this report strongly suggests that the apparent
model-scale sensitivity encountered in the Langley F/A-18 wind tunuel tests
is associasted with different primary boundary layer separation line locatious
aloug the fuselage forebcdy sides resulting from small variations in forebody
cross-sectional shape. As a cousequence, the wmanner in which the forebody
rrimary vortices interact with the LEX-wing flow field at high angles of
attack is different on the small and large models. An as yet uunresolved and
conflicting anomaly is that the 0.06— and 0.07-scale F/A-18 models, which were
fabricated at different sites and using different materials, yilelded consis-

tent agreezent throughout the test program.

The low-speed wind tuunel data suggest that the body vortex-induced
effecis on the windward wing panels of the 0.06— and 0.07-scale F/A-18 models
are greater than the corresponding effects on the 0.l16-scale model. The
small-scale wind tunnel models are characterized by windward body vortices

»

less prome to "shearing away” from the fuselage. As a result, the windward

wing experiences favorable vortex—induced sidewash near stall angle of attack.
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Netailed examination of the flow field about the 0.025-scale water
tunnel model 1{indicates that removal of the forebody provides a realistic
assessment of the direct forebody vortex-induced effects on the LEX-wing flow
characteristics. This is significant in that superfluous flow changes are not
introduced that would, otherwise, preclude such an assessment. The same logic
was applied to analysis of the low-gpeed wind tunnel data which revealed an
excellent match of small- and large-scale F/A-18 model rolling moment varia-
tion with sideslip with forebodies removed. This correlation supports the
hvpothesis that a key to understanding the apparent model-scale effect {is
the forebodv vortex behavior. Furthermore, addition of YF-17-type nose strakes
also promoted an excellent match. Flow field surveys indicate that this strake
arrangement {mpedes development of the body vortices and, consequently, will
significantlv reduce any differences that exist in the scale-model bodv vortex

hehavior.

Rased on the present results, it appears necessary to reduce the model
tolerances on F/A-18-type configurations for high angle-of-attack testing
due tc the sensitivity of closely-coupled forebody and LEX wvortex flows.
A large model is then more desirahle for such testing since model tolerances
can be more easily satisfied. Until experiments are conducted in a systematic
manner, however, one cannot define what a reasonable tolera.ce level {s or,

indeed, whether this 1is the pivotal problem irn the apparent scale-effect.
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RECOMMENDATIONS FOR FUTURE WIND TUNNEL TESTS

Tt 1s recommended that, prior to further testing of the F/A-18 models,
a verv detalled Inspection be made of the 0.Ns-, 0,07-, and O0.16-scale
models. Specifically, ingnection 18 recommended of: LEX, wing, horizontal
and vertical tall locations on the fuselage to assure that symmetry exists
and, also, that LEX incidence angle, wing dihedrai, vertical tail cant angles,
etc. are correct; wing leading-edge radius, wiag camber and thickness, and
wing flap deflection angles are consistent; LEX boundary layer bleed slot
peometrv, LEX thickness and camber, znd leadiig-edge sharpness are the same

on all models. Particular attention should ne paid to the fuselaze forebody

contours, surface finish, and forebody alignment.

Emphasis shovld be placed on 1dentifyving even very subtle variations
in model lines since such differences car trigger greatly magnified effects
on bodv vortex hehavior. Any discrepancies in mo .el geometries uncovered
during the model 1inspection should be resolved before conducting further wind

tunnel tests.

Contingent on determination of even small model distortions and their
subsequent elimination, it 1s recommended that the baseline F/A-18 models bhe
retested in the Langley 30x60-foot wind tunnel. Agreement c¢f the 0.06-,
N.N7-, and 0,16-scale model rolling moment variations with sideslip would
conftrm that very small mod~1 tolerances are necessary for high angle-of-

attack testing of a‘rcraft models which develop powerful vortex flows.

If the apparent model-scale effect persists, however, then the following

discussion applies.

To address the sensitivity of high angle-of-attack lateral stability
characteristics to model scale, a suitable alternat: wind tunnel facility
r 15t be 1dentifi:d. This facility must feature: accommodation of the small-
.1 iarge~scale F/A-18 models without prohibitive blockage; operation at

a sufficient range of free—stream dynamic pressure to enable force and moment

256

r—

’
R )

& &
roveclt

.

r
eyt

r——— T

p

[t o BT S

B e T R e RV



7 ————

[T

[ p—

i
|

ORIGINAL PAGE IS
OF POOR QUALITY

data to be ohtained on each model at the same Reynold number; flow visuali-
zation capabilities enabling a qualitative determination of forebody and
LEX vortex core stability and trajectory characteristics and surface flow
patterns; and capability, as required, of 1nvestigating more subtle flow

details involving the hehavior of the houndary layer flow.

The proposed facility {s the NASA Langley Research Center VSTOL wind
tunnel. Force and moment data should be obtained on the 0.06-, 0.07-, and
N.16-scale F/A-1% models with which to compare the existing data obtained
in the Langlevy 30x60-foot facility. Should the 0.06-scale model not be
available from McDonnell-Douglas, then it is mandatory that the 0.07-scale
TLangley model be capable of accommodating a six~component balance. A proper
assessment of the high- & characteristics necessitates acquisition of all

six force and moment components on the 0.07- and 0,06-scale F/A-18 models.

Baseline data trends obtained in the VSTOL tunnel consistent with
existing results would require assessment of the effects of forebody geometry
changes on rolling moment variations with sideslip to confirm that the source
of data discrepancies lies in the forebody region. It is recommended that
studies be made of the effects of radome strakes (including asymmetric strake
deployment) a.d removal of the fuselage forebody on the high~a character-
istics, augmented by flow visualization. Fuselage forebody and wing suv-face
pressure instrumentation would be helpful in assessing pressure distributions
along the forebody, boundary layer separation on the forebody, and wing
spanwise 11ft distributions associated with the presenze of the forebody and
LEX vortex flows. Alternacte forebody geometries are desirable, particularly
forehody shapes which limit the primary boundary layer separation degree of
freedom. Nose and aft strain gage balances are recommenaed in order to assess

the influence of the forebody on vertical tail loads.

Flow visualization techniques 1involving helium-filled bubbles, tuft
crids, laser vapor screen, and surface oil flow visualization would provide
valuable information regarding the overall flow characteristics. The helium-
bubble method, tuft grids suspended above the models, or laser vapor screen

would enable an assessment of forebody and LEX vortex positions. Detailed
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surface oil or napthalene flow visualization along the fuselage forebodies
will provide information on primary houndary layer separation line locations,
regions of boundary layer transition (characterized by a "kink" in the separa-
tion line), areas of vortex-induced reattached fiow, and positions of second-
arv bhoundary layer separation lines. Any differences in the surface flow
characteristics on each model would be {indicative of variations in the body

vortex paths.

NDetailed forebody becundary layer measurements are required if the data
differences are vet unresolved. The extensive data base on slender missile
cenfigurations has shown that subtleties in the boundary laver separation
characteristics are the source of large global flow field variations.
Netermination of such “itferences on the small and large F/A-18 models does
not hode well for future testing of such configurations since extremely
small model tolerances are, in general, unrealistic in wind tunnel investiga-
tions. Only when a sallent edge of separation exists along the forebodv will

the confi{dence level with which sub-scale model data are correlated increase.

Should the VSTOL facility baseline data do not concur with previous test
results but, instead, exhibit scale-model correlation, it {s recommended that
investigation be made of the effects of such factors as free-stream turbu-
lence, model support rigidity, and support interference. It 1Is noted, how-
ever, that parameters which have been shown to be of major import to the
hehavior of slender body vortices at high angles of attack may not be so on
the F/A-18. The reason for this being the F/A-18 forebody vortex hehavior 1is
influenced 1n large part by the powerful LEX vortices. The latter are shed
from relatively thin, slender, sharp-edged surfac~ s and are less sensitive
relative to vortices developed on surfaces with boundary 1layer separation

1{ne degree of freedom.

The National Transonic Facility (NTF) at Larzley Research Center is a
suitable facility in which to assess Reynolds number and Mach number effects

on the behavior of highly-coupied body and wing vortex flows.
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A fundamental study of forebody and wing vortex interactions 1is desira-
hle. Results from the present study indicate that knowledge of the proper
integration of forebody and wing geometries to ensure desirable high angle-of-
attack stability and control characteristics remains lacking. A definitive
data base on the effects of forebody length, cross-sectional shape, wing
planform, aspect ratio, location, etc. on vortex development and interactive
hehavior at high a's would assist in the design process of highly-maneuverable
fighter aircraft. The advent of supersonic-cruise fighter designs, inherent to
which are more slender wing planforms, requires a knowledge of the flow be-
havior at off-design conditions where flow separation in the form of concen-
trated vortices occurs. Use of diagnostic hydrodynamic flow visualization and
low-speed wind tunnel facilities (featuring six-component force and moment
capability and high-quality smoke flow visualization to complement the dye-
tracer method in water) prior to more sophisticated and costly wind tunnel
testing is one means of enhancing the understanding of effective utilization

of organized serarated flows (vortex flowz).
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