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Abstract

Off-surface smoke flow visualization and extensive
pressure measurements were obtained on the
forebody ofthe NASA F-18 High Alpha Research
Vehicle equipped with actuated forebody strakes.
Test points at @ = 50° were examined in which
only one strake was deflected or in which both
strakes were deflected differentially. The forebody
pressures were integrated to obtain forebody
yawing moments. Results showed that small single
strake deflections can cause an undesirable
yvawing moment reversal. At o = 50°, this reversal
was corrected by deploying both strakes at 20°
initially, then differentially from 20° to createa
yvawing moment. The off-surface flow visualization
showed that in the case of the small single strake
deflection, the resulting forebody/strake vortex
remained close to the surface and caused
accelerated flow and increased suction pressures
on the deflected side. When both strakes were
deflected differentially, two forebody/strake
vortices were present. The forebody/strake vortex
from the larger deflection would lift from the
surface while the other would remain close to the
surface. The nearer forebody/strake vortex would
cause greater flow acceleration, higher suction
pressures and a yawing moment on that side of the
forebody. Flow visualization provided a clear
description of the strake vorticies fluid mechanics.

Contact author: David F. Fisher,' Daniel F. Murri’

'NASA Dryden Flight Research Center, Edwards, CA
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Nomenclature

forebody (F.S. = 60 to 190) yawing
moment at 3 = 0° from integrated

CnO, fb

pressures

G, pressure coefficient, ( p — py)/ q.,

F.S. fuselage station, in.

HARV High Alpha Research Vehicle

LEX leading edge extensions

M Mach number

P local pressure, 1b/ft?

Do free-stream static pressure, 1b/ft?

9o free-stream dynamic pressure, Ib/ft*

a aircraft angle of attack, deg, (from left
wingtip angle-of-attack vane
corrected for upwash and boom
bending)

B aircraft angle of sideslip, deg, (average of
left- and right-wingtip sideslip vanes
corrected for angle of attack, deg)

O 4 differential strake deflection, right strake
deflection minus left strake
deflection, deg

O, LR left and right strake deflection measured
from the retracted position, deg

0 forebody cross-section circumferential
angle, deg (0° is bottom centerline,
positive is clockwise as seen from a
front view, 0° to 360°)

Introduction

The NASA High Angle-of-Attack Technology
Program was initiated to increase understanding,
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improve prediction techniques, provide design
guidelines, and investigate new concepts for
controls effectors on advanced, highly
maneuverable aircraft at high angles of attack. The
F-18 High Alpha Research Vehicle (HARV) at
NASA Dryden Flight Research Center was a large
part of that program. References 1, 2 and 3

described on-surface and off-surface flow
visualization on the basic F-18 HARV
configuration = forebody  and  leading-edge

extensions vortical flow fields at high angles of
attack.[1, 2, 3] Recently, actuated forebody
strakes were installed on the F-18 HARV radome
and were designed to provide increased levels of
yaw control at high angles of attack where
conventional rudders become ineffective. This
paper describes and reports flight results from
off-surface flow visualization and forebody
pressure distributions of the F-18 HARV with
actuated forebody strakes at high angle of attack.
Reference 4 provides additional details of these
flight tests.[4]

Description

The F-18 HARYV (fig. 1) is a highly instrumented
F/A-18 aircraft that has been modified with thrust
vectoring and actuated forebody strakes for
maneuvering flight at high angles of attack.[5]
Forty-eight-inch-long (122 cm) hydraulically
operated forebody strakes were installed in the
radome and positioned longitudinally 120° up
from the bottom of the forebody, beginning 8 in.
(20 cm) aft of the nose apex. The strakes are
conformal with the forebody when retracted. A
sketch of the strakes is shown in figure 2.

On certain flights, smoke flow visualization
was used to mark and identify the off-surface
behavior of the forebody/strake vortices. White
smoke from a smoke generator system used
previously on the F-18 HARV [1, 6] was fed
from the smoke generator system through a single
1.5-in. diameter tube to the two 1.0-in. diameter
ports located symmetrically 60° up on the nose
cap. Figure 3 shows a closeup of the right smoke
port and radome after a flight.

Figure 1. F-18 HARV aircraft with forebody strakes, a = 30°, & s, L/R = 0°/90°.
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Figure 2. Sketch of forebody strakes on the F-18 HARV.

Smoke port

Figure 3. Close-up of right smoke port and strake on the F-18 HARV radome.

The fuselage forward of the cockpit was
extensively instrumented with surface pressure
measurements (fig. 4). Five circumferential rings
of pressure orifices were installed on the surface
of the radome, strakes, and forward fuselage,
forward of the cockpit canopy at fuselage station
(F.S.) 70, F.S. 85, F.S. 107, F.S. 142, and F.S.
184. More detailed information of the

instrumentation can be found in references 4
and7.[4, 7]

Flight Test Conditions

Data presented in this paper were obtained from
quasi-stabilized 1-g flight maneuvers at a nominal
altitude of 25,000 ft and M = 0.25 for a = 50°.
The pressure distribution data and the smoke
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Figure 4. Location of pressure orifices on F-18 HARV forebody.

flow visualization data were obtained on separate
flights because the smoke residue would cover
some of the pressure orifices near the nose apex.

Results

During development in wind-tunnel tests [8],
deflecting one strake at a time (fig 5(a)) at high
angles of attack could result in a small but
undesirable control reversal at small strake
deflections. To overcome this undesirable
characteristic for closed-loop control, a solution
was developed that deploys both strakes
symmetrically as angle of attack increases. Using
the dual strake schedule (fig. 5(b)) at a = 50° both
strakes would be open initially at 20°. When a
yawing moment is desired under these conditions,
the strakes are deflected differentially about the
20° strake position as shown in figure 5(b). For
example, with this strake schedule, a differential
strake deflection of 30°, (right strake deflection
minus left strake deflection), 8,, = 30° would

correspond to & ,x = 5°/35°. For d,, = 40°, the

— Left strake
- == Right strake

90 T T T T T
: : : : v 7
1 1 1 1 I//
60f--- N
s, 3ol---- Nl
deg : : R :
1 1 1 / 1 1
0 e e =
(a) Single strake deployment
_30 1 1 1 1 1
90 T T T T T
: : : : v 7
1 1 1 1 I/
60 [---
: ; : A
65: 30F---- TR _J->.A1____L____
deg L ok
1 [ 1 1 1
0 p—mdmm e e - T
(b) Dual strake deployment
7290 —60 -30 O 30 60 90

s, d, deg
980208

Figure 5. Strake deployment schedules.
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left strake would be closed and the right strake
would be open 40°. For increasing yawing
moment, the right strake would continue to open,
such that for all angles of attack, the maximum
yaw control deflection would always consist of
one strake fully deployed (90°) and the other
strake fully retracted (0°).

Figure 6 shows the forebody yawing
moments from flight as a function of differential
strake deflection, &; 4 at a = 50°. The forebody
yawing moments were obtained by integrating the
pressures measured on the forebody and strakes
at the five forebody fuselage stations (fig. 4). Data
for the single strake deployment show a large
undesirable control reversal at §;, < 30°. In this
case, as the strakes begin to open, the yawing
moment is opposite to the desired direction. The
dual strake deployment eliminates the control
reversal and results in a desirable, nearly linear,
variation of forebody yawing moment for
differential strake deflections.

Flow visualization of the forebody strake
vortices were obtained by emitting smoke out of

5

Strake
deployment
—o0—  Single
— L —

Dual

.04
-90 -60 -30 O 30 60 90

O, d, deg
980209

Figure 6. Forebody yawing moments as a function of
differential strake position, o = 50°, 3 = 0°.

the orifices at the nose apex and documenting the
vortical flows with a still camera on the right
wingtip and with video cameras on the left
wingtip, heads-up display, and vertical tails.
Figure 7 is a photo from the right wingtip of the

980210

Fig. 7. Forebody/strake vortex flow visualization for a = 50°, d s,d = 19°, and & s, L/R = 0°/19°.
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forebody/strake vortices at o = 49.1° and 9 ; =
0°/19° (the left strake is retracted and the right
strake is open 19°). This corresponds to point A
on figure6 near the occurrence of the maximum
yawing moment reversal. At this point a yawing
moment to the right occurs instead of the desired
yawing moment to the left. In this photo (fig.7),
only the right vortex can be seen and it is low and
close to the forebody surface. A dashed line is
added to the figure to enhance the visibility of the
vortex in the photo. The left vortex is apparently
weaker and did not entrap any of the smoke.

The corresponding pressure distribution on
the forebody at these conditions is shown in
figure 8. This figure shows the forebody pressure
distributions as a function of the forebody cross-
section circumferential angle, 6, and includes a
sketch of the vortical flow structure concept.
Negative or suction pressure coefficients are
plotted above C, = 0 while positive pressure
coefficients are plotted below C, = 0. The vertical
scales for each measurement station are offset by
C, = 1 from the previous measurement station.

5 Left Right
1 O 1 1 1 : ‘e
360 300 240 180 120 60 0
0, deg
980211

The scale for the circumferential angle is reversed,
so that the pressure distributions can be viewed
from the pilot’s perspective. The 6 = 0° and 360°
are on the lower centerline; 8 = 180° is on the top
centerline; @ = 90° is on the right side of the
fuselage; and O 270° is on the left. This
convention was established in previous papers.
[4,7] The cove region is the area on the fuselage
exposed when the strake opens. Pressures were
not available at F.S. 70 but were obtained at
F.S.85 and F.S. 107. The large suction peaks at
0 =160 ° for F.S. 85 and F.S. 107 are caused by
the right forebody/strake vortex. The right vortex
footprints can also be seen at F.S. 142 and
F.S.184. At a = 50°, vortices naturally form on
the forebody.[7] The left vortex suction peaks can
be seen at F.S. 85, F.S. 107 and F.S. 142 at
0 =200 ° and the smaller suction peaks suggest a
weaker vortex than the right vortex. At F.S. 184,
the right vortex has moved inboard and is centered
over the forebody at 8 = 180°, as marked by its
suction footprint at that point, while the left

F.S. 184
Strake .
" Yawing
position
moment
X°F.S. 142 >
F.S. 142
F.S. 107 F.S. 107
F.S. 85 Vortical flow
structure concept
F.S. 70

Figure 8. Forebody pressure distribution for o = 49.1°, 3 =2.1°, 8 s,d = 20°, and &, L/R = 0°/20°.



FOREBODY FLOW VISUALIZATION ON THE F-18 HARV WITH ACTUATED FOREBODY STRAKES

vortex has lifted from the surface, noted by the
absence of a suction peak. With the right
forebody/strake vortex close to the surface (see
schematic), the flow on the right side is
accelerated around the right side causing suction
pressures that are higher than on the left side.
Note the overall increased suction levels at
0=60 °to 120° (right side) at F.S. 142 and 184 as
compared with 8 = 240° to 300° (left side). The
overall suction pressures are higher on the right
side of the forebody than the left, hence, a yawing
moment to the right.

Contrast the vortical flow shown previously
in figure 8 with the vortical flow in figure 9 taken
at o =47.1° and &, ;r = 5°/35°. In this case, both
strakes opened initially to 20°, then, to create a
yawing moment, the right strake opened 15°
further to a deflection of 35° while the left strake
closed 15° to a deflection of 5°. The differential
strake deflection is (35° minus 5° or) 30° and this
corresponds with point B on figure 6 with a
yawing moment to the left, the desired direction.

7

In the figure 9 photo, two forebody/strake
vortices are present. The right strake, which is
deflected 35°, created a strong vortex that can be
seen lifted from the surface, and although not
shown here, remains coherent past the end of the
aircraft. The left strake, deflected at 5°, created a
weaker vortex that is low and close to the surface,
eventually getting pulled down into the left LEX
vortex.

Figure 10 shows the forebody pressure
distributions corresponding to the dual strake
deflections of Oyr = 5°/35° and vortex
formations in figure 9. At F.S. 85, with the right
strake open 35°, there is a large suction peak at
0 =160 ° caused by the right forebody strake
vortex. However, the suction peak diminishes
moving aft to F.S. 107, then to F.S. 142, and is
not present at all at F.S. 184. The suction peaks
diminished because the right vortex had lifted
from the surfaces, as shown in figure 9. At these
conditions, the left forebody/strake vortex stayed
close to the surface (as shown by the progressing

Right forebody
strake vortex .‘

Figure 9. Forebody/strake vortex flow visualization for o = 50°, 8 s,d = 30°, and & s, L/R = 5°/35°.
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Figure 10. Forebody pressure distribution for a = 50°, 8 s,d = 30°, and & s, L/R = 5°/35°.

increase in the suction peaks on the left side)
reaching a maximum at F.S. 142. At F.S. 184, the
left forebody/strake vortex is centered over the
forebody at @ = 180°, as noted by the suction
peak. The right forebody/strake vortex is farther
from the surface and has less influence on the
forebody pressures than the left forebody/strake
vortex (which remained close to the surface).
Consequently, the flow is accelerated around the
left side creating higher suction pressures than on
the right and resulting in a yawing moment to the
left, as shown in the sketch (fig. 10).

Figure 11 shows the forebody vortex flow
field at a = 47° and &, ;» = 0°/90°, the left strake
is closed and the right strake fully open. In this
figure, both the left and right forebody vortices
are clearly visible. The right vortex is lifted from
the surface and remains coherent beyond the end
of the aircraft while the left vortex remains close
to the surface of the forebody and lifts at the
canopy. The corresponding pressure distributions

are shown in figure 12 with a sketch of
thevortical flow. There is a  large right
forebody/strake vortex footprint at F.S. 85, but it
diminishes moving aft. The left forebody vortex
footprints are clearly visible at F.S. 85 through
F.S. 184. The right strake at 90° retarded the flow
about the right side of the forebody. For example,
at F.S. 107 (fig. 12), the maximum suction
pressure coefficient on the right side at 8 = 80°

was about C, = —0.6. In figure 8, for &,z =
0°/20°, the maximum suction pressure coefficient
at 8 = 90° was about C, = —1.5. The left forebody
vortex at & ;z = 0°/90° accelerated the flow about
the left side and resulted in much higher suction
pressures on the left side than on the right and a
large yawing moment to the left.

For all three cases shown, flow visualization
provided a clear description of the fluid mechanics
of the strake vortices and their effect on the
forebody forces.
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Figure 11. Forebody/strake vortex flow visualization for o = 47.2°, 3 =3.9° and d s, L/R = 0°/90°.

F.S. 184
vawin Strake
9 position
moment
F.S. 142
F.S. 107 F.S. 107
F.S. 85 Vortical flow
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Figure 12. Forebody pressure distribution for a = 50°, 8 5,d = 90°, and d s, L/R = 0°/90°.
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Concluding Remarks

Off-surface smoke flow visualization and
extensive pressure measurements were obtained
on the forebody of the NASA F-18 High Alpha
Research Vehicle equipped with actuated
forebody strakes. Test points at a = 50° were
examined, in which only one strake was deflected
or in which both strakes were deflected
differentially. The forebody pressures were
integrated to obtain forebody yawing moments,
and showed that small single strake deflections
can cause an undesirable yawing moment reversal.
At a = 50° this reversal was corrected by
deploying both strakes initially at 20°, then
differentially from that point to create a yawing
moment. The off-surface flow visualization
showed that in the case of the small single strake
deflection, the resulting forebody/strake vortex
remained close to the surface and caused
accelerated flow and higher suction pressures on
that side. When both strakes were deflected
differentially, two forebody/strake vortices were
present. The forebody/strake vortex with the
larger deflection would lift from the surface while
the other would remain close to the surface. The
nearer forebody/strake vortex would cause greater
flow acceleration, increased suction pressures and
a yawing moment on that side of the forebody.
Flow visualization provided a clear description of
the strake vortices fluid mechanics.
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