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1 ABSTRACT

In-flight results from surface and off-surface flow vi-
sualizations and from extensive pressure distributions

document the vortical flow on the leading-edge exten-

sions (LEXs) and forebody of the NASA F-18 high alpha

research vehicle (HARV) for low speeds and angles of at-

tack up to 50 ° . Surface flow visualization data, obtained

using the emitted fluid technique, were used to define

separation lines and laminar separation bubbles (LSB).

Off-surface flow visualization data, obtained by smoke

injection, were used to document both the path of the vor-
tex cores and the location of vortex core breakdown. The

location of vortex core breakdown correlated well with

the loss of suction pressure on the LEX and with the flow

visualization results from ground facilities. Surface flow

separation lines on the LEX and forebody corresponded

well with the end of pressure recovery under the vorti-

cal flows. Correlation of the pressures with wind-tunnel

results show fair to good correlation.

2 INTRODUCTION

In recent years, more emphasis has been placed on

expanding the envelope of fighter aircraft to include con-

trolled flight at high angle of attack exceeding the maxi-

mum lift coefficient (Ct,). Fighters such as the F-18 and

F-16 use leading-edge extensions (LEXs) or wing body

strakes which provide additional lift caused by the vorti-

cal flow these devices develop at moderate to high angles

of attack (ref. 1). However, the prediction and control of

this vortical flow and the mutual interactions of the vor-

tices are not well understood. The combined effect of

the LEX and the forebody vortices on the vehicle aerody-

namics must be understood to avoid any adverse effects

such as buffet or a loss of stability and control, and to

take full advantage of the benefits that can be derived for

fighter aircraft.

Vortical flow interactions on scale models in wind

tunnels are not well understood at this time. Experimen-

tal data from different scale wind-tunnel F-18 models

have shown conflicting results even when tested at the

same Reynolds number (ref. 2). For example, the in-

teraction of the forebody and LEX vortices on 6- and

7-percent scale F-18 models typically resulted in appar-

ent lateral stability for all angles of attack, including stall

and post stall regions. However, airplane flight data and
wind-tunnel results for the large scale (16 percent) model

at low Reynolds numbers indicated a region of lateral in-

stability near maximum lift. This apparent scale effect

is still being investigated. Understanding such scale ef-
fects is essential for successful design of future fighters

intended to operate at high angles of attack.

NASA is currently conducting a High Alpha Tech-

nology Program (HATP) to (1) increase the understand-

ing of the high angle of attack aerodynamics, (2) improve

prediction techniques, (3) provide design guidelines, and

(4) investigate new concepts for vortex control on ad-

vanced highly maneuverable aircraft.

This program uses the F-18 configuration as a vali-

dation and demonstration tool. The HATP incorporates

wind-tunnel tests of subscale, (refs. 3 and 4), and full-

scale models and components, calibration and validation

information for computational fluid dynamics (CFD)

codes, (refs. 5-9), piloted simulations and full-scale flight

testing (refs. 10-17).



As partof thisprogram,the Ames-DrydenFlight
ResearchFacilityhasbeenconductingextensiveflowvi-
sualizationandpressuredistributionstudiesontheNASA LEX
F-18highalpharesearchvehicle(HARV)to document
thecharacteristicsof theforebodyandtheLEXvortices. LSB
Surfaceandoff-surfaceflow visualizationresultshave LSWT
beenreported in references 10 through 16. The off-surface

flow visualization results presented were performed us- Moo
ing smoke injection and are correlated to wind- and water-

m.a.c.
tunnel results. The surface flow visualization was per-

formed using the emitted fluid technique. Pressure dis- R

tribution results have been reported for the flight case in R_

reference 16. The surface pressure measurements were R2

made at five forebody stations and at three LEX stations
on the aircraft and are correlated with similar data from R3

a 6-percent wind-tunnel model and selected flow visual- Re_

ization data from flight.

This paper presents a selection of results from both Red

the flow visualization and the pressure measurement stud- Rea,
ies conducted at low speeds and for angles of attack up
to 50 ° .

3 NOMENCLATURE
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DTRC

ECM

ES.

FVF

HARV

HATP

El

aircraft span, fi $2

Basic Aerodynamics Research Tunnel, ,5'3
NASA Langley Research Center

x
lift coefficient

pressure coefficient

pressure coefficient corresponding to Y

local speed of _und,

C; = (7---_) { ((7-')M=+2'_35\7+ I ] -- 1 }

Y
diameter of fuselage forebody, in.

David Taylor Research Center 7 × 10 c_
transonic wind tunnel

electronic counter measures

fuselage station, in. (nose apex at o/
59.82 in.)

Flow Visualization Facility water tunnel,

NASA Ames-Dryden

high alpha research vehicle

High Alpha Technology Program

length of aircraft from nose apex to engine

exhaust plane, 54.4 ft

leading-edge extension

laminar separation bubble

low-speed wind tunnel, McDonncll

Aircraft Company

free stream Mach number

mean aerodynamic chord, 11.525 ft

reattachment line location

primary reattachment line location

secondary reattachment line location

tertiary reattachment line location

Reynolds number based on mean

aerodynamic chord

Reynolds number based on diameter

Reynolds number based on local maximum

fuselage diameter, corrected for angle of
attack using the method of reference 18.

local span distance from LEX-fuselage

junction to LEX leading edge, in.

primary separation line location

secondary separation line location

tertiary separation line location

measured location along aircraft

longitudinal axis, positive measured

aft from nose, ft

measured location along aircraft lateral

axis, positive measured from center line

out left wing, ft

distance along LEX local semispan,

positive measured out left wing, in.

aircraft angle of attack, right wingtip angle-

of-attack vane corrected for upwash and

angular rates, deg

angle of attack used in the determination of

Red,, deg. At F.S. 70, 85, and 107,
o_'= o_ - 5.6 ° because the nosecone

is depressed from the aircraft waterline

5.6 °. At F.S. 142 and 184, o/=



aircraft angle of sideslip, average of left

and right wingtip sideslip vanes cor-

rected for angle of attack, positive

nose left, deg

ratio for specific heats of air, 1.4

forebody cross section circumferential

angle (0 ° is bottom centerline, positive
is clockwise as seen from a front view,

0° to 360°), deg

4 VEHICLE DESCRIPTION

The NASA HARV (fig. 1) is a single-place prepro-

duction F-18 aircraft built by McDonnell Douglas and

Northrop and is powered by two General Electric F404-

GE-400 afterbuming turbofan engines. The aircraft fea-

tures a mid-wing with leading- and trailing-edge flaps

which operate on a schedule that is a function of angle

of attack and Mach number. For Moo _< 0.76 and oe >_

26% the leading-edge flap is down 33 ° (maximum) and

the trailing-edge flap is at zero. The LEXs are mounted

on each side of the fuselage from the wing roots to just

forward of the canopy. The aircraft has twin vertical sta-

bilizers canted out 20 ° from the vertical and differen-

tial all-moving horizontal tails. The NASA F-18 HARV,

with the current flight control computers and control laws

(8.3.3 programmed read only memory (PROM) set), is

flown by NASA in the fighter escort configuration with-
out stores. Tile aircraft carries no missiles and the wingtip

missile launch racks have been replaced with special cam-

era pods and wingtip airdata booms. The flight-test nose-
boom has been removed from the aircraft. The aircraft

has an unrestricted angle-of-attack flight envelope in this

configuration with the center of gravity between

17-percent and 25-percent mean aerodynamic chord

(m.a.c.) as defined by the Naval Air Training and Op-

erating Procedures Standardization (NATOPS) manual.

5 TEST TECHNIQUES, HARDWARE,

AND INSTRUMENTATION

5.1 Off-Surface Flow Visualization Technique

The vortex cores were visualized using smoke as the

tracer material as described in references 11 through 15

and similar to that described in reference 19. Smoke was

introduced into the flow field through flush ports on the

forebody at approximately 28 in. aft of the nose apex and

circumferential angles (0s) of 80 ° and 280 °. On the LEX,

the smoke was routed to ducts which exhaust slighdy be-

low and approximately 4 in. aft of the LEX apex.

At the desired test conditions, the smoke was en-

trained in the flow field vortices which were videotaped

and photographed with onboard cameras (fig. 1) or from

chase aircraft (ref. 15). Smoke duration was normally

30 sec. The upper surfaces of the airplane were painted

black to enhance visualization of the smoke traces.

5.2 Surface Flow Visualization Technique

The surface flow visualization technique used on the

F-18 HARV consists of emitting liquid dye from flush

orifices on the forebody and the LEX upper surface as

shown in figure 2. These orifices, which were also used to

gather pressure data, will be discussed in the next section.
The hardware for the surface flow visualization system is

described in detail in references 10 and 12 and is similar

to that described in reference 20. The liquid dye used

for this program consisted of a mixture of propylene gly-

col monomethyl ether (PGME) and a red toluene-based

dye. The dye is emitted from orifices on the forebody and

the LEX upper surface while the aircraft is at the desired

flight condition. Upon evaporation of the solvents within

the mixture, the dye is left on the surface of the aircraft

and traces the surface flow streamlines as can be seen in

figure 3. Photos are taken on the ground after the flight
to document the surface flow streamlines.

5.3 Static Pressure Orifice Locations

Pressure measurements were made on both the fore-

body and the LEXs of the F-18 HARV (ref. 16) at fuse-

lage locations selected to correspond with orifice loca-

tions on both the 0.06- and 0.16-scale wind-tunnel mod-

els (refs. 3 and 4).

Five rings of static pressure orifices were installed on

the forcbody forward of the canopy as shown in figure 2.
At the first two rows, fuselage station (ES.) 70 (x/t? =

0.015) and ES. 85 (x/e = 0.038), 32 static pressure ori-

rices were spaced about the forebody. While at the last

three rows, ES. 107 (x/e= 0.071), ES. 142 (z/e = 0.126)

and ES. 184 (z/£ = 0.190), 64 orifices were spaced about



theforebody.Forall the rows, the majority of the pres-

sure orifices were placed on the upper surface where the

greatest pressure gradients were expected.

Both the left and right LEXs were instrumented with

three rows of pressure orifices located at ES. 253 (a:/g =

0.295), F.S. 296 (x/e = 0.361) and ES. 357 (x/e = 0.454).

The number of orifices installed at each station on the

upper surface of each LEX varied from 13 to 20 and from
4 to 5 at each station on the lower surface.

Typical cross sections of the forebody and LEX ori-

fice stations and the orientation of the orifices are given

in figure 4. The view is looking aft on the aircraft with

the bottom fuselage centerline at 0 ° and the top centerline

fuselage at 180 °. At the LEX stations, !l/a = 0.0 is de-

fined as the LEX fuselage junction while y/s = 1.0 is the

leading edge of the LEX, + 1.0 for the left LEX leading

edge and - 1.0 for the right LEX leading edge.

Several protrusions on the forebody should be noted.

Two small, elliptical shaped electronic counter measures

(ECM) antenna covers (fig. 4) were located on the sides

of the fuselage centered at F.S. 134, 0 = 85 ° and 275 °

and were approximately 9.5-in. long, 4-in. wide and pro-

truded approximately 1.7 in. Also, two aircraft produc-

tion pitot-static probes (fig. 4) were located on the lower

fuselage at ES. 164 to 177 and 0 = 35° and 325 °. The

LEX was virtually free of significant protrusions forward
of the orifice rows.

5.4 Airdata System

Airspeed, altitude, angle of attack (a), and angle of

sideslip (I3) were measured using airspeed booms shown

in figure 5, mounted on specially designed wingtip photo

pods as shown in figure 1. On the right wingtip a stan-

dard NACA noseboom (ref. 21), (fig. 5(a)), was installed

with the tip mounted 7.3 ft forward of the wingtip lead-

ing edge. On the left wingtip, a swiveling probe (ref. 16),

(fig. 5(b)), was similarly located. It is estimated that o_

and _ were accurate to +0.5 ° for o_up to 40 °, and +l °

for a up to 50°. It is also estimated that Moo is accurate

to +0.005 at a = 50 °, and +0.003 for o_< 30 ° (ref. 16).

6 FLIGHT-TEST PROCEDURES

The off-surface flow visualization data reported here-

in were obtained during 1-y flight conditions. The nom-
inal altitudes were between 20,000 and 30,000 fi and the

Mach numbers varied from approximately 0.2 to 0.4. An-

gles of attack ranged from 10 ° to approximately 54 ° over

the course of this flight-test program, however, this report

only presents results for o_= 15.8 ° to 47.7 °. Sideslip an-

gles ranged from 7.5 ° to -4.8 ° for the data in this report.

The on-surface flow visualization data were also ob-

tained in 1-9 stabilized flight. When the aircraft was at

the desired angle of attack, the PGME dye was emitted

through the flush orifices. The flight condition was held

for approximately 75 sec to allow the PGME-dye mix-

ture to set. One surface flow visualization test point was

obtained for each flight with this method (ref. 10). Re-

sults are presented for oL,-_ 300 and 47 °.

Surface pressure data presented were obtained in

quasi-stabilized, 1-9 flight maneuvers. Data were ob-

tained at nominal altitudes of 20,000 and 45,000 ft. At

the higher angles of attack, constant altitude could not be

maintained during the 1-9 maneuvers and data were ob-

tained in a descent. Time segments of 0.4-see duration

were used for data analysis purposes. The data presented

are for angles of attack from 10° to 50 ° with sideslip

angle 00.

A ground augmented guidance system similar to that

described in reference 22 was implemented on the heads

up display in the aircraft cockpit and used to assist the

pilot to fly the desired flight conditions precisely.

7 RESULTS AND DISCUSSION

7.1 Description of F-18 Flow Field

The F-18's flow field is substantially dominated by

vortices as seen in an example from a water-tunnel test

shown in figure 6 at o_= 30 °. The vortex cores noted on

the figure are generated by flow which separates at mod-

erate to high angles of attack from the forebody surface

and at the sharp leading edge of each LEX. The LEX vor-

tex cores are tightly wound and extend downstream until

experiencing vortex core breakdown. Visible evidence of

vortex core breakdown is a stagnation of flow in the core

with a sudden expansion in the core diameter. Similarly,

the forebody vortex cores extend downstream where they
can interact with the LEX vortices. Interaction results in

the forebody vortex cores being pulled beneath the LEX
vortices and then redirected outboard.
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8 EFFECT OF ANGLE OF ATTACK

ON LEX VORTICES

8.1 Off-Surface Flow Visualization

water tunnel (ref. 15) and several wind-tunnel studies

(refs. 4, 15). Even though there is a wide variation in

model scale and Reynolds number and different fluid medi-

ums, the plot shows reasonable agreement between data

from the different sources.

The occurrence of vortex core breakdown has been

reported to be particularly sensiti_e to an adverse pres-

sure gradient along the vortex (ref. 23). It follows then

that as angle of attack increases, thus moving the onset

of the adverse pressure gradient forward, the vortex core

breakdown location will move nearer the LEX apex. Ex-

amples of this trend are shown in figures 7(a-f). These

wingtip still photos show the path of the LEX vortex core
and its breakdown as photographed from the right wingtip

camera at ot = 15.8 °, 20 °, 24.2 °, 29.9 °, 35 °, and 42.5 °

with approximately 0°-sideslip.

At oe = 15.8 °, (fig. 7(a)), the LEX vortex is already

well developed with the core maintaining inboard and

close to the surface extending over the LEX and breaking

down aft of the wing trailing edge (not seen in photo). As

the angle of attack increases from 20° to 35 ° ,

(figs. 7(b-e)), the LEX vortex breakdown, which was

defined previously as the location where a stagnation of

flow in the core occurs accompanied by a sudden expan-

sion in the core diameter, moves forward from just in

front of the vertical stabilizers to near the aft end of the

canopy. At ol = 42.5 °, (fig. 7(0), the vortex core was not
observed and it is believed that the breakdown has moved

all the way to very near the LEX apex.

The LEX vortex core breakdown location showed fore

and aft fluctuations at steady-state flight conditions. Av-

erage longitudinal LEX vortex core breakdown locations
were determined from onboard video cameras and are

plotted as a function of angle of attack in figure 8. For an-

gles of attack between 20 ° and 40 °, the LEX vortex core

breakdown position moved forward nearly linear with in-

creasing angle of attack. On average, a 5°-change in an-

gle of attack changes the longitudinal location 10 percent

of the fuselage length.

The vortex core breakdown location was observed to

fluctuate fore and aft more at lor_gitudinal locations aft

of x/g = .43. Due to the fore and aft fluctuations of the

vortex core breakdown, the flight results are approximate

to within +.04 x/L

In addition to the F-18 HARV flight results, figure 8

also includes results obtained with subscale models in

8.2 Surface Flow Visualization

Presented in figures 9 and 10 are photographs of sur-

face flow visualization on the LEX of the HARV using

the emitted fluid technique for ot ,_ 30 ° and 47 °, respec-

tively. The fluid emitted from the orifices marks the sur-
face streamlines. Where the streamlines merge, lines of

separation are defined and conversely, where the stream-

lines diverge, lines of reattachment are defined. Observed

in both figures 9 and 10, the secondary vortex line of sep-

aration ($2) is defined by the inboard edge of the wide

band of dye while the tertiary vortex line of separation

(8'3) is defined by the outboard edge of the band. A sche-

matic of the flow is shown in cross section in the inset of

figure 9.

Although shown by the surface flow visualization tech-

nique, the secondary and tertiary vortices as shown in the
schematic were not observed using smoke flow visualiza-

tion. This was probably because of their relative weak-

ness and small size as compared to the primary vortex

and the location of the smoke injection.

In comparing the surface flow visualization data at

c_ _ 30 ° and 47 °, the separation lines are observed to

be farther outboard for the ot -,_ 47 ° case, especially at

ES. 357. As noted in the previous section, at o_ _,, 47 °,

vortex core breakdown is very near the LEX apex. Even

though vortex breakdown has already occurred, the sec-

ondary and tertiary lines of separation are still evident in
the surface flow. While the flow appears highly unorga-

nized, it is in fact structured, though extremely turbulent.

8.3 Measured Pressures

The effects of angle of attack on the LEX surface

static pressure distribution are presented in figure 11 for

angles of attack from 10° to 50 ° at the low speed (0.2 <

Moo < 0.4), 1-g flight conditions. Pressure coefficients

are plotted from the LEX as a function of LEX span,

and s as defined previously in figure 4. As the aircraft

angle of attack increases from 10.0 ° to 25.8 °, (figs. ll(a)
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and(b)),theLEX maximumsuctionpressurepeaksin-
creaseinmagnitudeandmoveinboard.AtES.357,o_,_
30° and above (figs. 11(b) and (c)) the effect of the LEX

vortex core breakdown on the pressure distribution can

be seen. As shown in figure 8, at o_ = 30*, vortex core

breakdown occurs very near ES. 357 (x/g. = 0.454) and

moves forward as angle of attack is increased further.

This causes a decrease in the maximum suction pressure

and a flattening of the pressure distributions when vor-
tex core breakdown occurs at and moves forward of the

measurement station. Similar trends are noted at ES. 296

and ES. 253 for o_= 39.3 ° and 45.4 °, respectively. At the

highest angles of attack, (fig. ll(c)), the flow becomes

less symmetrical, particularly at ES. 253.

8.4 Correlation ,fLEX Pressure Distributions

with Flow Visualization

Surface flow features from the surface flow visual-

ization results previously presented in figures 9 and 10

for c_ --_ 30 ° and 47 ° have been correlated in figure 12

with the pressure distributions obtained on the LEX at

= 30.0° and 48.1". Surface flow visualization was ob-

tained only on the left LEX, however, the separation line

locations are shown on both sides for comparison with

the pressure distributions because they were obtained at

near zero sideslip. At o_ _ 30 °, (fig. 12(a)), the sec-

ondary separation lines, ,5'2, correspond well with the end

of pressure recovery outboard of the maximum suction

pressure peaks. The tertiary separation lines, ,5'3, seem to

correspond with the end of pressure recovery inboard of

the secondary suction peak near the LEX leading edge.

The lateral location of the primary vortex core on the
F- 18 HARV was determined with smoke visualization for

c_ -,_ 30 ° (refs. 15 and 16). The locations shown in fig-

ure 12(a) at ES. 296 and 357 are just inboard ofthe max-

imum suctio pressure peaks. This agrees well with the

lateral position of vortex cores on a sharp delta wing sug-
gested by Hummel and Redeker in reference 24 and ver-

ified by Seshadri and Biietefisch in reference 25, which

showed the lateral position of the vortex core coincided

closely with the maximum suction peak.

At o_ = 48.1 °, (fig. 12(b)), the LEX primary vortex
core breakdown occurred forward of ES. 253 and all three

stations experienced turbulent, buffeting vortical flow

while the aircraft was in a mild wing rock. At ES. 296

and 357 the pressure distributions were essentially fiat

and did not have distinct suction pressure peaks. At

F.S. 253, the pressure distribution was slightly asymmet-

rical and the end of pressure recovery did not correspond

as well with the separation lines caused in part by the un-

steadiness of the flow and the difficulty in locating the

separation lines at this condition.

8.5 Correlation of Flight and Wind-Tunnel
Pressure Distributions on LEX

The LEX pressure distribution results from a 6-percent

scale F-18 model (ref. 4) are correlated with flight data at

oe ,-_ 30 ° at Moo -,_ 0.3 and at c_ = 50° at Moo _ 0.2

in figure 13. Wind-tunnel data was available from only

the upper surface of the LEX. At oe -,_ 30°, (fig. 13(a)),

the wind tunnel tends to underpredict slightly the suc-

tion pressures at F.S. 253 and 296. The suction pressure

peaks are predicted better at F.S. 357. Both the flight and

wind-tunnel results indicate some asymmetry in the LEX

pressure distributions at o_= 50*, (fig. 13(b)).

9 EFFECT OF ANGLE OF ATTACK

ON FOREBODY VORTICES

9.1 Off-Surface Flow Visualization

Two photographs of smoke entrained in the right fore-

body vortex core, taken from the right wingtip camera,

are shown in figures 14(a and b) for oe= 29.5 ° and 47.7 °,

and fl ,-_ 00. At both angles of attack, the right forebody

vortex core is well defined. At 29.5 °, (fig. 14(a)), the

forebody vortex stays very close to the aircraft surface as

it moves over the top of the canopy and aft over the fuse-

lage. In contrast, the forebody vortex core at oe = 47.7 °,

(fig. 14(b)), lies farther away from the surface of the air-

craft from its point of origin and continues to a location

aft of the canopy where it appears to be drawn down

into the region directly above the LEX. Additionally, the

forebody vortex core at 47.7 ° appears to have a larger
diameter.

The forebody vortices do not appear to be as strong as

the LEX vortices because of the lack of persistence and

uniformity in the core definition. In fact, over the course

of the 100-flight series, natural flow visualization of the

forebody vortices caused by condensation was observed

by the pilot only once whereas the LEX vortices were

observed frequently.



7

9.2 Surface Flow Visualization

Surface flow visualization on tile forebody of the

HARV using the emitted fluid technique is presented in

the photos of figures 15 and 16 for oe _ 30 ° and 47 °,

respectively. Noted in the figures arc the primary vortex

separation lines ($1), secondary separation lines ($2), the

lines of reattachment (R), and the lain inar separation bub-

bles (LSBs). A cross section view of the flow about the

forebody is shown in the inset (fig. 15). Again, the sep-
aration and reattachment lines are defined as they were

for the LEX. An LSB was observed on the forebody, ap-

pearing as a kink in the surface flow streamlines. This

is confirmed by noting that this only occurred near the

nose apex and that at o__ 47 °, (fig. 16(b)), the turbulent

boundary layer from the screwheads shown on the fore-

body do not create a kink in the surface
streamlines.

A comparison of the forebody surface flow visualiza-
tion at o_ ,-_ 30 ° with that obtained al 47 ° shows that the

separation lines at o_,_ 47 ° have moved much nearer the

nose apex. This indicates a stronger, more fully devel-

oped vortex system at oL ,_ 47 °. In _,th cases, the separa-

tion lines appear to be nearl2, symmetrical for

/3~0 ° .

9.3 Measured Pressures

The effects of angle of attack oft the forebody pres-

sure distribution are presented in figure 17 for angles of

attack from 10° to 50 ° at low speed, 1-9 flight condi-

tions. Pressure coefficients are presented as a function

of circumferential angle, 0, and for cach of the five fore-

body stations. Note the change in scale from the LEX re-

sults. The maximum suction pressures are much greater

in magnitude for the LEX (fig. 11) than for the forebody

at the same angle of attack (fig. 17).

At ES. 70, ES. 85 and ES. 107, and starting at a =

19.7 °, (fig. 17(a)), the flow accelerating around the fore-

body induces a pair of maximum suction pressure peaks

on the sides of the fuselage at 0 _-. 100 ° to 120 ° and

240 ° to 260 ° . As the angle of attack was increased, these

maximum suction peaks became much more pronounced,

(figs. 17(b) and (c)). AtE& 85 and 11)7, the forebodypri-

mary vortex pair footprints (ref. 4), indicated by suction

pressure peaks at 0 = 168 ° and 192:', first become evi-

dent at o_= 34.3 ° (fig. 17(b)). As the angle of attack is

increased, these footprints become more negative and in-

dicate the presence of the primary vortex cores above the
surface (ref. 26). It should be noted that at these fuselage

stations the pressure distributions in all cases are sym-

metrical about 0 = 180 ° for/3 -,_ 0 for angles of attack up

to 50° .

At F.S. 142, sharp peaks at 0 = 90 ° and 270 ° in the

pressure coefficient curve starting at c_= 19.7 ° (fig. 17(a)),

are the result of local separation behind the two small, el-

liptical shaped ECM antenna covers described previously

under Experiment Description. As the angle of attack is

incrcascd to 50 ° (fig. 17(c)), these peaks move up around

the fuselage to 0 = 108 ° and 252 °.

At ES. 142, the forebody cross section has become

elliptical in shape. The magnitude of the maximum suc-

tion pressure peaks at this location have become some-

what diminished above a ,_ 25° or 30 °, (figs. 17(b) and

(c)), compared to the three forward stations. Distinct

footprints of the primary vortex are present near 0 ,-_ 160 °

and 200 ° beginning around a = 25 ° (fig. 17(b)). These

footprint peaks are less distinct at 0 _ 160 ° than at 0

200 ° because this area of the aircraft contains the doors

for the in-llight refueling probe and is not as smooth and
tlush as the left side where there are no doors, joints,

or other discontinuities. These footprints have a maxi-

mum magnitude at a = 45 ° diminishing significantly at

= 50 °, probably indicating that the vortices have be-

gun to lift from the surface. Again, the pressure distri-

butions are generally symmetrical about 0 = 180 ° with

the differences accountcd for by local protuberances or

discontinuities.

At ES. 184, the maximum suction pressure peaks

have moved up to 0 _ 120 ° and 240 °, (figs. 17(b) and

(c)), caused by the local influence of the LEX. At this

station, the apex of the LEXs is only 13 in. aft, (fig. 4),
and is located at 0 _ 123 ° and 237 °. As can be seen in

figure 4, file surface flow visualization shows the stream-

lines pulled up and over the LEX for a _ 26 ° . The

maximum suction peaks for ot > 25 ° are further reduced

in magnilude compared to ES. 142 because the primary

vortices are lifted farther from the surface. The primary

vortex footprints at 0 _ 165 ° and 195 ° can still be ob-

served at a > 25 °, (figs. 17(b) and (c)), but are more

diminishcd in magnitude compared to those at ES. 142.

For ot = 34.3 ° and greater, the peaks in the pressure co-
efficient curves at 0 ,_ 48 ° to 60 ° and 300 ° to 312 ° are

due to local separation caused by the aircraft production



pitot-staticprobesmentionedpreviously.Again,at this
location,thepressuredistributionsarenearlysymmet-
rical about0 = 180 ° with only small differences in the

primary vortex footprint due to discontinuities caused by

the refueling probe doors.

The general trend in the data from the forebody is

for the maximum suction pressure peaks to first appear

at _ -,_ 20 ° and increase in magnitude as angle of attack

is increased. In addition, the footprints of the primary

vortex first appear at t_ ,,o 25 ° at ES. 142 and F.S. 184

and progress forward toward the nose apex as the angle
of attack is increased.

9.4 Correlation of Forebody Pressure and Flow
Visualization Results

Surface flow visualization results for oe ,_ 30° and

47 ° (figs. 15 and 16) are correlated with forebody flight

pressure distributions at ot = 30.0 ° and 48.1 ° in figure 18.

The surface flow visualization and the forebody pressure

measurements were obtained on separate flights. Some

differences in the results can therefore be expected be-
cause of slightly different test conditions and test

techniques.

In figure 18(a) at ES. 70 and for a ,_ 30°, and in fig-
ure 18(b) at ES. 70, ES. 85, and ES. 107 and for t_ ,_

47 °, LSBs were identified in the surface flow visualiza-

tion (ref. 13). Laminar separation bubbles are more closely

identified with the critical Reynolds number range (2 ×

105 < Red < 4 × 105) than the supercritical range

(4 × 105 < Rea < 6 x 106) (ref. 24). The Rece values

for the flight data are given in the figures. At F.S. 107,

(fig. 18(b)), the LSB located by the surface flow visual-
ization at 0 = 113 ° and 247 ° correlates well with the kinks

in the pressure distribution at 0 = 108 ° to 114 ° and 246 ° to

252 ° . This is consistent with the discussion in reference

27 where the kink or flattening in the pressure distribution

was correlated with an LSB for a tangent-ogive cylinder.
Laminar separation kinks in the pressure distribution are

also noted for the data at oe = 30 ° at ES. 107, (fig. 18(a)),

though laminar separation was only noted in the surface

flow visualization near ES. 70. Unfortunately, the ori-

rices were not dense enough to define the kinks in the

pressure distribution caused by the LSB at ES. 70 and
ES. 85. The kinks on the windward side of the maxi-

mum suction pressure peaks at F.S. 107 for 0 = 84 ° to

90 ° and 270 ° to 276 ° are not explained at this time. No

deviation in the surface streamlines was detected in the

flow visualization at these circumferential locations.

The peaks in the pressure distributions for ES. 142

at 0 _ 95 ° and 265 °, (rig. 18(a)), are caused by the ECM
antenna covers as noted earlier.

The primary separation lines, Sl, as identified by the

surface flow visualization in figures 15 and 16, correlated

well with the end of pressure recovery on the lee side

of the forebody. This can be seen most clearly in fig-

ure 18(b) at F.S. 85 to 184 and in figure 18(a) at F.S. 142

and 184. This correlation also agrees well with the data

of references 26 and 27 for a cone and an ogive. Also

shown in figure 18, the secondary vortex separation line,

,5'2, occurs slightly outboard of the footprints of the pri-

mary vortex pairs at F.S. 142 and F.S. 184 in figure 18(a)

and at F.S. 107 to 184 in figure 18(b).

9.5 Correlation of Flight and Wind-Tunnel

Pressure Distributions on Forebody

Forebody pressure distribution results from a

6-percent scale F-18 model (ref. 4) are correlated with

flight data at a ,_ 30 ° at Moo '-_ 0.3 and at oe = 50° at

Moo _ 0.2 in figure 19. Wind-tunnel data were available

at only three forebody fuselage stations, F.S. 107, 142,
and 184.

In figure 19(a), flight and wind-tunnel data are pre-

sented for oe = 30.0 ° and Moo _ 0.3. At these conditions,

the comparisons are good with the exception at F.S. 142
where the wind-tunnel data does not indicate the foot-

prints of the primary vortex pair at 0 ,_ 160 ° and 200 °.

The wind-tunnel model did not simulate the protuber-

ances caused by the ECM antenna covers, the production

probes, and the refueling doors and hence, these effects

are not present. At ES. 107, there appears to be a kink in

the wind-tunnel pressure distribution caused by an LSB

at 0 ,,_ 120° to 132 °, which is slightly more leeward than

the flight values. The model and flight Reynolds num-

bers, Rea,, for all three stations are all in the supercritical

range though the flight values are almost an order of mag-
nitude greater.

Results from flight and wind-tunnel data at a = 50.0 °

and Moo "_ 0.2 are presented in figure 19(b). At these

conditions, the comparison of the results is mixed. The

model Reynolds numbers, Red,, in this case are critical

whereas the flight values are supercritical. The footprints
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of theprimaryvortexareevidentfor boththeflightand
wind-tunneldata. At ES.107,the wind-tunnelmaxi-
mumsuctionpressurecoefficientsare approximately 0.2

lower in magnitude than the flight values, however the

location of the LSBs and the presst_re distributions at the

primary vortex footprints agree well. At F.S. 142 the data
at the maximum suction pressure peaks compare well but

the comparison is not as good at the primary vortex foot-

prints. At ES. 184, there appears to be an asymmetry in

the wind-tunnel pressure distribution that does not appear

in the flight data.

10 FOREBODY-LEXVORTEXASYM"

METRIES AND INTERACTIONS

The effects of angle of attack on the LEX and fore-

body flows have been shown in the previous sections us-

ing both off-surface and surface flow visualization tech-

niques as well as surface pressure measurements. In this

section, the effect of sideslip and the forebody-LEX vor-

tex interactions will be discussed using only the off-

surface flow visualization technique.

10.1 Effect of Sideslip on LEX Vortices

The effect of angle of sideslip on the vortex core break-

down position is illustrated in figures 20(a-c) as photo-

graphed from the right wingtip camera during a wings

level sideslip maneuver at c_ --_25 __.The right LEX vor-

tex core breakdown position can _ seen moving aft as

sideslip angle is decreased from 4.5 ° (right LEX vortex

on windward side) to -3.4 ° (right LEX vortex on lee-

ward side) where positive angle of sideslip is flow from

the right or nose left as viewed by the pilot.

The following trends were observed from studying
the onboard video data as well as from the wingtip still

photos. With sideslip, the windward vortex core moves
inboard and down closer to the st_rface with breakdown

occurring much farther forward than at 0° sideslip. Con-

versely, the leeward vortex core was observed to move

outboard and away from the surface with the vortex core

breaking down farther aft than at I)° sideslip.

The breakdown location was determined using on-

board video data, and plotted in figure 21 for c_ ,,_ 20 °,

25 °, and 30° . In this figure, the lateral location of the

vortex core breakdown was plotted against longitudinal

location of the vortex core breakdown for positive, neg-

ative, and 0°-sideslip conditions.

Figure 21 shows that at c_ -,_20 °, for the small sideslip

angles of this study, the vortex breakdown moves more

along the longitudinal direction than in the lateral direc-
tion, however, this effect is reduced as angle of attack

increases.

10.2 Forebody-LEX Vortex Interactions

10.2.1 Angle of Attack Effects

Shown in figures 22(a-c) is a series of photos of the

right forebody vortex taken with the right wingtip camera
for c_ = 29.5 ° to 42.5 ° at --_0°-sideslip. In the photos it

can bc observed that an interaction between the forebody

and LEX vortex cores exists (inset sketches which have

been reconstructed from other flight data are shown for

clarity). At a = 29.5 ° (fig. 22(a)), the forebody vortex

core is pulled down beneath the LEX vortex just aft of

the LEX/wing leading-edge flap hinge junction. As the

angle of attack increases, (figs. 22(b--c)), the location of
this interaction moves forward. The longitudinal location

of this interaction is plotted in figure 23 as a function of

angle of attack. Accuracy of the data is z/£ = +.04.

Also plotted in figure 23 is the location of the LEX

vortcx core breakdown taken from figure 8. It should

be noted that the forebody-LEX vortex interaction, for

the presented c_s in 0°-sideslip cases, occurs aft of the

LEX vortex core breakdown position. Since the diameter
of the LEX vortex structure increases significantly after

breakdown as seen previously from wingtip photographs,

it is not surprising that the forebody vortex core might be

pullcd under the LEX vortex core because of the down-
ward action of the LEX vortex which is now closer to it

because of its suddenly increased diameter.

The forebody-LEX interaction locations gathered
from a water-tunnel test on a 3-percent scale F-18 model

(ref. 15) are also plotted on figure 23. Good correlation

betwecn the flight and the model data is found in spite of

a large difference in Reynolds number and fluid medium.

10.2.2 Sideslip Effects

Sideslip has a significant effect on the forebody vor-
tices. Forward of the canopy, the two forebody vortices
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arenearlysymmetricalat B ,._ 0 °, for the angles of at-

tack presented. With sideslip, these vortices are rotated

about the forebody to an asymmetrical location similar to

the schematic of figure 24. The rotation of the forebody

vortices due to sideslip was also illustrated in a report

by Erickson (ref. 12) where F/A-18 water-tunnel flow

visualization photos showed the leeward primary sepa-
ration line rotated down and that of the windward side

rotated up.

At the higher angles of attack, the effect of sideslip

causes the windward forebody vortex to travel up and

over the top of the canopy. In some cases, this wind-

ward forebody vortex core has been observed to cross

the aircraft centerline and interact with the leeward LEX

vortex near the vertical tails. At the same time, the lee-

ward forebody vortex moves along the side of the canopy

to interact and merge with the leeward LEX vortex near

the canopy. The location of this forebody-LEX inter-

action as determined from onboard video and still pho-

tos is shown in figure 25 as a function of sideslip for an
oe ,-_ 33 °.

From figure 25 it can be seen that as the aircraft ex-

periences greater sideslip angles, the interaction of the

leeward forebody vortex core with the LEX vortex core

occurs farther forward, and the windward forebody vor-

tex core does so farther aft. This appears to be caused by

the location of the forebody vortices as affected by angle

of sideslip. With sideslip, the windward forebody vortex

is moved up and over toward the top of the canopy and

away from the corresponding LEX vortex. Conversely,

at the same time, the leeward forebody vortex is moved

down along the side of the canopy and closer to the cor-

responding LEX vortex.

Upon comparing the effect of sideslip on the longitu-

dinal movement of the forebody-LEX vortex core inter-

action and the longitudinal movement of the LEX vortex

cores, it was noted that the trends opposed each other. As

sideslip increased, the breakdown location of the wind-

ward LEX vortex core moved forward while the loca-

tion of the windward forebody-LEX vortex interaction

moved aft. The inverse was true on the leeward side.

11 CONCLUDING REMARKS

A low-speed correlation of in-flight flow visualiza-

tion, surface pressure measurements, water-tunnel, and

wind-tunnel results for the vortical flows on the forebody

and leading-edge extensions of an F-18 aircraft have been

reported for angles of attack up to 50 ° . Both off-surface

flow visualization using smoke injection and surface flow

visualization using the emitted liquid dye technique were

used to obtain photographic data from flight. In-flight

surface pressure measurements were made at live fore-

body stations and at three LEX stations on the aircraft

and were correlated with similar data from a 6-percent
scale wind-tunnel model.

The off-surface flow visualization showed a strong
vortical field above the LEX and that the LEX vortex

core breakdown location moved forward with increas-

ing angle of attack. The LEX vortex core breakdown

from wind-tunnel and water-tunnel tests correlated rea-

sonably well with the flight results. In general, as an-

gle of attack increased, the LEX pressure distributions

experienced an increase in the magnitude of the max-

imum suction pressure peaks as the vortex core break-

down approached them and then a decrease and the gen-

eral flattening of the pressure distribution as the vortex

core breakdown progressed forward of them. The LEX

secondary separation, as determined from surface flow

visualization, corresponded well with the end of pres-

sure recovery outboard of the maximum suction pressure

peaks. The wind-tunnel data tended to underpredict the

suction pressures at some locations at o_= 30 °. Both flight

and wind-tunnel results showed asymmetries at c_ = 50 °.

Vortical flow was also observed on the forebody us-

ing flow visualization starting at o_ ,-_ 25 °. The gen-

eral trend for the forebody pressure distributions was for

the maximum suction pressure peaks to first appear at

o_ ,-, 19° and increase in magnitude as the angle of attack

was increased. Footprints of the primary vortex pairs

first appeared at oL ,-_ 25 ° on the aft portion of the fore-

body and progressed forward as the angle of attack in-

creased. The forebody primary separation lines, as iden-

tified by surface flow visualization, correlated well with

the end of pressure recovery leeward of the maximum

suction peak. Both the surface pressure C'p levels and
the off-surface flow visualization indicated that the fore-

body vortex system is weaker than the LEX vortex sys-

tem. At c_ = 30 °, the comparison of the flight and wind-

tunnel pressure distributions were in general, good, but

the wind-tunnel data did not show the presence of the

vortex footprints and also exhibited some asymmetry not

present in the flight data.
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Interactionswereobservedbetweentheforebodyand
LEX vorticalflow fields.Theseinteractionswerebotha
functionof angleof attackandsideslip.Theeffectof
angleof sideslipwasto causeasymmetricalforebody-
LEX interactionsaswell asasymmetricalLEX vortex
corebreakdown.
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Figure 1. The F-18 HARV.

Nose static
pressure rings

LEX pressure
orifices

F.S. 70 (x/,t = 0.015)

F.S. 85 (x/l = 0.038)

F.S. 107 (x/,_ = 0.071)

F.S. 142 (x/,t = 0.126)

F.S. 184 (x/,t = 0.190)

F.S. 253 (x/l = 0.295)

F.S. 296 (x/,t = 0.361)

F.S. 357 (x/,_ = 0.454)

Figure 2. Forebody and LEX pressure measurement stations.
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Figure 3. Locations of protrusions near forebody pressure measurement stations. Surface flow streamlines marked

using emitted fluid techniques (shown for c_ = 26°).
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(a) Forebody circumferential angle.
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(b) LEX spanwise position.

Typical cross sections of pressure measurement stations and orifice orientation, looking aft.
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(a) NACA airdata probe, right wingtip, (ref. 21).
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(b) Swiveling-head airdata probe, left wingtip.

Figure 5. Airdata probes mounted on F- 18 HARV wingtips.
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Figurc 6. Vortex flow on a 3-pcrccnt modcl o[thc F-18 airplanc in a watcr tunncl, _ = 30 °, _ = 0% (rcf. 15).
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(a) a = 15.8 ° and/3 = 0.2 °.
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(c) e_ = 24.2 ° and/3 = -0.8 °.

Figure 7. Right wingtip view showi_lg effects of increased angle of attack on LEX vortex core and breakdown point.
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Figure 8. Comparison of F-18 LEX vortex core breakdown between flight and ground facilities.
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Figure 9. Surface flow visualization on left LEX ofF-18 HARV for o_,_ 30 °.
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Figure 10. Surface flow visualization on left LEX of F- 18 HARV for ot ,_ 47 °.
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