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Abstract

Pressure distributions were obtained at nearly identical fuselage stations
and wing chord butt lines in flight on the F-18 HARV at NASA Dryden Flight
Research Center and in the NASA Ames Research Center's 80- by 120-ft wind
tunnel on a full-scale F/A-18 aircraft. The static pressures were measured at
the identical five stations on the forebody, three stations on the left and right
leading-edge extensions, and three spanwise stations on the wing. Compari-
sons of the flight and wind-tunnel pressure distributions were made at (z = 30 °,
45 °, and 60°/59 °. In general, very good agreement was found. Minor
differences were noted at the forebody at o_= 45 ° and 60 ° in the magnitude of
the vortex footprints and a Mach-number effect was noted at the leading-edge
extension at (x= 30 °. The inboard leading-edge flap data from the wind tunnel at

= 59 ° showed a suction peak that did not appear in the flight data. This was
the result of a vortex from the corner of the leading-edge flap whose path was
altered by the lack of an engine simulation in the wind tunnel.
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Introduction

The High Alpha Technology Program (ref. 1), initiated in 1986, encom-
passes many research efforts within NASA combining wind-tunnel testing, ana-
lytical predictions, piloted simulation, and full-scale flight research. In the pro-
gram objectives (listed in the figure), full-scale flight validation was essential in
developing high-angle-of-attack (high-o¢) technology. The flight portion of the
program at NASA Dryden Flight Research Center focused on the F-18 High
Alpha Research Vehicle (HARV), a highly instrumented preproduction F/A-=18
aircraft. For the first objective, a new technology that was developed to im-
prove agility at high-(z and expand the usable high-(z envelope has been thrust
vectoring (ref. 2), which is currently being tested on the F-18 HARV. Actuated
forebody strakes, ref. 3, soon be tested in flight, may enhance the controllabil-
ity and maneuverability of the HARV even more. Other similar concepts such
as forebody slot blowing have only been tested in the wind tunnel (ref. 4).

The second objective was to "provide flight-validated prediction/analy-
sis methodology including experimental and computational methods that accu-
rately simulate high-angle-of-attack aerodynamics, flight dynamics, and flying
qualities" (ref. 1). Definitive surface and off-surface flow visualization (ref. 5)
and pressure distribution results from flight (ref. 6) have been used to validate
the three-dimensional Navier-Stokes computational fluid dynamics (CFD)
solutions obtained for the F/A-18 at high-o_ for both the steady (ref. 7) and
unsteady cases (ref. 8). New techniques in grid generation and flow modeling
were developed to simulate the flight results of the highly vortical and
separated flows.

Extensive ground testing of 0.06- and 0.16-scale models has been per-
formed at high-¢x and compared to full-scale flight results (ref. 9). One result of
this testing of subscale models is a new method of applying boundary-layer
transition strips to the model forebodies to simulate flight results at high-c_ (refs.
10 and 11). Full-scale tests of an F/A-18 aircraft in the NASA Ames Research
Center's 80- by 120-ft wind tunnel have focused on tail buffet, forebody con-
trols, and surface pressures (refs. 4,12, and 13). This paper compares the
pressure distributions obtained on the forebody, leading-edge extensions
(LEXs), and wings of a full-scale F/A-18 in the wind tunnel with corresponding
pressure distributions obtained on the F-18 HARV in 1-g flight. Unlike the sub-
scale model testing, the F/A-18 was tested at slightly higher Reynolds numbers
than are generated in flight, though at a slightly lower Mach number. One
would expect that these wind-tunnel results would show the best comparison
with flight results, especially for those effects for which Reynolds numbers are
important.



HAPT Objectives

• Enable expanded high-alpha maneuverability
and flight envelopes
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• Provide flight-validated high alpha prediction/
analysis methods for superior design methods

Ref. AGARD CP-465, paper #3
Gilbert, Nguyen, Gera



Test Conditions

Extensive pressure distributions were obtained on the F-18 HARV in
flight and on a full-scale F/A-18 in the NASA Ames 80- x 120-ft wind tunnel.
Data were obtained over a wide range of angles of attack and sideslip, both in
flight and in the wind tunnel. However, only data at e_= 30 °, 45 °, and 600 from
flight and (x= 30 °, 45 °, and 590 from the wind tunnel are presented. The data
from the F-18 HARV were obtained in flight at stabilized 1-g conditions between
20,000- and 30,000-ft altitude with the engines set at military power. The Mach
numbers (M) in flight ranged from 0.23 to 0.27, while the Reynolds numbers
based on wing mean aerodynamic chord ranged from 8.9 to 10 million. Data
from the atmospheric wind tunnel were obtained with the full-scale F/A-18 at M
=._0.15 and a Reynolds number of 12 million. The F/A-18 aircraft was mounted
on a three-strut configuration shown in the figure with a production radome,
both engines removed, and inlets and exhaust exits open.
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Test Conditions

F-18 HARV in flight F/A-18 in 18- x 120-ft
wind tunnel



Experiment Description

As shown in the figure, pressure distributions were obtained from five
circumferential rows of flush orifices on the forebody and three rows of flush
orifices on each LEX at identical stations both in flight and in the wind tunnel.
Pressure distributions were also obtained on the upper and lower surface of the

wings and at three span stations on the left and right wing in flight. In the wind
tunnel, pressure distributions were obtained at nearly identical span stations on
the left wing and at the midspan location only on the right wing. Flush orifices
were installed on the left wing for the wind-tunnel-tested F/A-18 and on the
leading-edge flaps of the flight-tested F-18 HARV. On the main wing box and
trailing-edge flaps of the F-18 HARV, orifices were drilled in externally installed
strip-of-tubing. At W.S. 129 on the left wing of the wind-tunnel experiment, strip-
of-tubing was used for data comparison.

Data from the wind tunnel have been corrected for blockage effects us-

ing the techniques described in reference 14. The correction for blockage
varied with angle of attack. For example, a measured pressure coefficient of
-1.0 at _ = 30 ° had a correction of 0.058; at (x = 45 °, a correction of 0.069; and
at oc= 59 °, a correction of 0.078.

Experiment Description

Wing pressure orifices -k._--zc:z_;_:=: j(Flight only)
LEX pressure 1_// ..... /_/-(Wind tunnel and flight)

o static orifices /-(Flight only)
p rSesure rings 1_//_'/ ............. /

F.S. 184 _/ / / '_"_"..... _\k-B.L. 86/88 (2y/b = 0.383/0.392)

F.S. 253 6- / B L 129 (2y/b = 0 575)

g4-280

Location of forebody, LEX and wing pressure
orifices for the F-18 HARV and F/A-18



Results and Discussion = _ _

Forebody, (x = 30 °

A comparison of the pressure distributions at (x = 30 ° on the forebodies of
the F-18 HARV in flight and the F/A-18 in the wind tunnel is shown above.
Pressure coefficients from the five rings of static-pressure orifices are plotted as
a function of circumferential angle. The points at 0 ° and 360 ° correspond with

the windward ray and 180 ° corresponds to the leeward ray. Note that the pres-
sure distribution for each station has been offset and that the arrow points to the

corresponding zero-pressure-coefficient axis.
At these conditions the data from flight and the wind tunnel show excel-

lent agreement. The suction peaks at e = 100 ° and 260 ° at F.S. 70 and moving
aft to F.S. 142 at e -= 700 and 290 ° are caused by the acceleration of the flow
around the highly curved surface of the forebody. The suction peaks at e = 95 °
and 265 ° at F.S. 142 are the result of an antenna fairing protrusion just forward

of the orifice ring. Footprints of the forebody vortex pair can be seen at e = 160 °
and 200 ° at F.S. 142. At this angle of attack the pressure distributions are very
symmetrical for all five stations.

Comparison of Forebody Pressures, = 30 °

180° 0

F. S. 142

90°-_ 270° Cp 0

0=0° 0
View looking aft
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Forebody, (z = 45 °

At 45 ° angle of attack the suction peaks at 0 -, 100 ° and 260 ° at F.S. 70
and the following stations are more negative for both the flight and wind-tunnel
data as compared with the results at (z = 30 °. At F.S. 70 and F.S. 85 the data
from the wind tunnel show slightly more negative pressure coefficients than
those from flight. At F.S. 107 the suction peaks resulting from the forebody vor-
tex pair from the wind tunneJ are sJgnificantJy more negative than those from
flight, while the rest of the pressure distribution shows good agreement. The
wind-tunnel data at F.S. 142 and F.S .184 show generally good agreement with
the flight data. A slight asymmetry is noted at F.S. 184 for both wind-tunnel and
flight data.

Comparison of Forebody Pressures, = 45 °
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Forebody, ¢x= 60°/59°

In the figure above, data from the wind tunnel at o_= 59 ° are compared
with flight data at (z -- 60 °. The angle-of-attack limit in the wind tunnel was 59 °.
Both the flight and wind-tunnel data show asymmetries in the pressure distribu-
tions. This could be the result of slight differences in the surface finish or con-
tour of the forebody between the F-18 HARV and F/A-18 and the presence of a
laminar separation bubble (ref. 5) and the difference in the boundary-layer
transition location. In reference 15 it was shown that symmetric longitudinal
transition strips can reduce forebody asymmetries. The effect of small changes
in radome contour was also described in reference 15.

Comparison of Forebody Pressures, = 600/59 °
-4
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Leading-Edge Extensions, (z= 30°

The figure shows comparisons of the static pressures from identical
stations on the LEXs of the F-18 HARV (in flight) and the F/A-18 (in the 80- by
120-ft wind tunnel). These pressure distributions represent only the pressures
on the LEXs and not on the fuselage. At this angle of attack the LEX vortex
breakdown occurs at approximately F.S. 340 (ref. 16), i.e., between the second
and third orifice stations. The static pressures measured below and behind
vortex core breakdown tend to be very unsteady, The data from flight are
shown with error bars that represent the minimum and maximum values of the 10
samples used to compute the mean. (See the following two figures to see the
error bars more clearly.) These pressure fluctuation values are biased in that
the transducers were not flush on the surface but sensed the pressures through
0.062-in. diameter tubing that was 1.5 ft long at F.S. 253 and 3.0 ft long at F.S.
357. At this angle of attack the pressure variations from minimum to maximum
are relatively small, generally within the size of the symbol. The large suction
peaks shown in pressure distributions result from the strong primary vortex shed
by the sharp edge of each LEX (ref. 5). The highest suction pressures are at
the forward stations and are reduced behind the vortex core breakdown
position. At F.S. 253 and 296 the suction peaks in the pressure distributions
from the wind tunnel are higher than those from flight. This difference results
from the lower Mach number in the wind tunnel, 0.15, as compared with flight,
0.27. This effect of Mach number was shown previously in reference 6 at this
angle of attack.
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Leading-Edge Extensions, a = 45 °

LEX pressure distributions at an angle of attack of 45 ° are shown above.
At this angle of attack, LEX vortex core breakdown occurs slightly forward of
the first orifice station at F.S. 253. Note the reduction and flattening of the suc-
tion peaks from the forward orifice station to the aft orifice stations. Also note the
large increase in the pressure fluctuations as noted by the length of the error
bars for the flight data at this angle of attack as compared with ec= 30 °. At this
angle of attack, the wind tunnel data show good agreement with the flight data,
even showing similar asymmetries. The effect of Mach number present at o_=
30 is not noted here.
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Leading-Edge Extensions, (x = 600/59 °

The comparison of the LEX pressure distributions at (z = 60 ° from flight
and (z = 59 ° from the wind tunnel is shown above. At this angle of attack the
LEX vortex cores are completely broken down at the LEX apex and the pres-
sure distributions are generally flat. The pressure fluctuations in the flight data
are greatest at the forward station. The wind-tunnel data generally fall well
within the band of pressure fluctuations. Some asymmetry is noted, especially
at the forward station for the flight data.
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Wing, (x= 30 °

Chordwise pressure distributions at o_= 30 ° obtained from the F-18

HARV in flight and F/A-18 in the wind tunnel are shown above. At this angle of
attack and higher the 20-percent chord leading-edge flaps are deflected down
33 ° while the trailing-edge flaps are undeflected. The trailing-edge flaps and
ailerons begin at 68-percent chord. Pressure distributions from both the left and
right wing are shown for the HARV at all three span stations, but not on the
ailerons at BL 191. Pressure distributions were obtained at all three span sta-
tions on the left wing and only at the midspan station on the right. In general the
data showed very good agreement. Suction peaks at the leading edge were
noted at the inboard station, indicating that the leading-edge flow is still at-
tached. At the outboard station the flat pressure distribution and trailing-edge
pressure deficit indicate extensive separated flow. This is in agreement with in-
flight flow visualization at c_= 30 °, in which tufts showed attached chordwise
flow near the inboard station on the leading-edge flap and reversed flow was
shown near the outboard station. The tufts also showed significant spanwise
flow near the two inboard stations over the main wing and reversed flow near
the outboard station. Similar flow visualization results were observed in the
wind-tunnel experiment using flow cones and tufts.

Comparison of Wing Pressures, = 30 °
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Wing, (_= 45°

At c¢= 45 ° the pressure distributions from both flight and wind tunnel
show very good agreement. The flat pressure distributions and trailing-edge
deficits indicate extensively separated flow over the entire wing. A comparison
of the externally mounted pressure orifices on the starboard wing with the flush
orifices on the port wing of the F/A-18 was made. The root-mean-square of the
difference between the flush-measured pressure coefficients and the externally
measured coefficients was approximately 0.1, with the externally measured
pressure coefficients tending to be slightly more negative than those for the
flush orifices. This is in good agreement with reference 17 for a similar installa-
tion at Mach numbers of 0.5, 0.9, and 0.97.

Comparison of Wing Pressures, = 45 °
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Wing, c¢= 600/59 ° -

Wing pressure distributions shown in the figure were obtained in flight at
c_= 60 ° and in the wind tunnel at c¢= 59 °. The flight and wind-tunnel results
show very good agreement at the two outboard stations with very flat pressure
distributions and an average pressure coefficient of = -0.6. At BL 88, the wind-
tunnel data show a suction peak on the leading-edge flap that the flight data do
not show. The wind-tunnel data were obtained without engines allowing airflow
through the inlets and through the exhaust while the flight data were obtained
with the engines at military power setting. To further examine the effects of no
engines, these conditions were simulated in the NASA Dryden water tunnel.
For the wind-tunnel simulation with flow through inlets and open exhaust, a
vortex emanating from the inboard corner of the leading-edge flap traveled
spanwise across the orifice station. In the flight simulation, with the mass flow of
the engines simulated, the leading-edge flap vortex was much more chordwise
and farther from the flap surface.

Comparison of Wing Pressures, = 600/59 °
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Summary

Pressure distributions obtained from the forebody, leading-edge exten-
sions (LEXs) and wings obtained in flight from the F-18 HARV at NASA Dryden
Flight Research Center were correlated with similar pressure distributions ob-
tained on an F/A-18 in the NASA Ames Research Center's 80- x 120-ft wind

tunnel. Pressure distributions were obtained at five circumferential rings on the
forebodies and spanwise rows at three fuselage stations on both the LEXs.
Pressure distributions were also obtained at three span stations on both wings
in flight while pressure distributions were obtained at the nearly identical station
on the left wing but only the midspan station on the right wing. The following re-
sults were observed.

At o¢= 30 ° the pressure distributions obtained on the forebody and wings
in the wind tunnel were in excellent agreement with those obtained in flight. The
pressure distributions obtained on the LEX, however, were not in agreement
because of an effect of Mach number.

At ¢z= 45 ° the forebody pressure distributions from the wind tunnel had
larger suction peaks than those from flight. The pressure distributions for the
LEX from both wind tunnel and flight were in good agreement with the flight data
indicating unsteady pressures at the aft station. Data from the wing were in very
good agreement and indicated extensive separated flow by the flat pressure
distributions and pressure deficit at the trailing edge.

At (z = 60 ° the asymmetries were noted in the pressure distributions from
both the wind tunnel and flight. On the LEX large pressure fluctuations were
observed in the flight data, and the wind-tunnel data generally fell within those
bounds. The pressure distributions from the wings were flat and extensively
separated except for the leading-edge flap at the inboard station for the wind
tunnel. It is postulated that because of the difference in inlet flow between wind
tunnel and flight, a vortex from the corner of the leading-edge flap sweeps over
this location causing a suction peak in the wind-tunnel case.



Summary

• At (_ = 30 °, forebody and wing pressure distributions in
excellent agreement; effect of Mach number present
at LEX

• At (x = 45 °, suction peaks in the forebody pressure dis-
tribution were larger than in flight; LEX and wing
pressure distributions in good agreement; extensive
separated flow on wings

g4-2g0

• At o_ = 600/59 °, forebody asymmetries were noted for both
flight and wind-tunnel pressure distributions; unsteady
pressures noted in flight; lack of simulated engine flow
affected flow over inboard leading edge flap in wind
tunnel
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