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THRUST VECTORING ON THE NASA F-18 HIGH ALPHA RESEARCH VEHICLE

Albion H. Bowers
Joseph W. Pahle
NASA Dryden Flight Research Center
Edwards, CA

ABSTRACT

Investigations into a multiaxis thrust-vectoring system have been conducted on an F-18
configuration. These investigations include ground-based scale-model tests, ground-based full-
scale testing, and flight testing. This thrust-vectoring system has been tested on the NASA F-18
High Alpha Research Vehicle (HARV). The system provides thrust vectoring in pitch and yaw
axes. Ground-based subscale test data have been gathered as background to the flight phase of the
program. Tests investigated aerodynamic interaction and vane control effectiveness. The ground-
based full-scale data were gathered from static engine runs with image analysis to determine
relative thrust-yectoring effectiveness. Flight tests have been conducted at the NASA Dryden
Flight Research Center. Parameter identification input techniques have been developed.
Individual vanes were not directly controlled because of a mixer-predictor function built into the
flight control laws. Combined effects of the vanes have been measured in flight and compared to
combined effects of the vanes as predicted by the cold-jet test data. Very good agreement has
been found in the linearized effectiveness derivatives.

NOMENCLATURE
Axial total axial force, Ibf
b span, ft
c reference chord, ft
C dpv linearized pitch vane effectiveness
C dyv linearized yaw vane effectiveness
C A, aerodynamic axial force coefficient
C D,., aerodynamic drag force coefficient
C aerodynamic lift force coefficient
G, aerodynamic rolling moment coefficient
C, pitching moment
C,, aerodynamic pitching moment coefficient



Cy aerodynamic normal force coefficient

C aerodynamic yawing moment coefficient

G, - thrust force eoefficient

Cy aerodynamic side force coefficient

dl - upper left vane deflection, deg

d2 outer left vane deflection, deg

d3 lower left vane deflection, deg

d4 upper right vane deflection, deg

d5 outer right vane deflection, deg

dé lower right vane deflection, deg

dpv generalized average pitch vanes deflection, deg
dyv generalized average yaw vanes deflection, deg
F np net propulsive force, Ibf

S(x) arbitrary function of variable x

HARV High Alpha Research Vehicle

! length of moment arm from center of gravity to vanes, ft
Lift total lift force, Ibf

NASA National Aeronautics and Space Administration
Normal total normal force, 1bf

NPR nozzle pressure ratio, p, /p,,

P, jet total pressure, 1bf/ft2

p.. ambient pressure, Ibf/ft2

pitch total pitching moment, ft-1bf

RFCS research flight control system

roll total roll moment, ft/lbf

S reference area, ft?

Side total side force, Ibf

TVCS thrust-vectoring control system

v velocity, ft/sec

vane 2, gle radial vane angle for vane 2, deg

vane 3, gle  radial vane angle for vane 3, deg



yaw total yaw moment, ft/1bf

o angle of attack, deg

B angle of side slip, deg

3, aileron deflection, deg

3, elevator deflection, deg

) I jet-turning angle, deg

Slef : leading-edge flap deflection, deg
5, rudder deflection, deg

Stef trailing-edge flap deflection, deg
3, vane deflection, deg

p density of air, slug/ft3

INTRODUCTION

A strong interest in thrust vectoring!+? has led to many experiments designed to incorporate
thrust vectoring into current- and next-generation aircraft. Most of these studies have focused on
vectoring in the pitch plane to improve the pitch control power3* or in the yaw plane to improve
yaw control power. >~/ Some studies have examined vectoring in the pitch and yaw planes.8-10

To date, only a few research aircraft have flown with the capability of vectoring in both pitch
and yaw. Two of these aircraft have completed research programs using axisymmetric nozzles with
postexit vanes for thrust vectoring. These two aircraft are the U. S. Navy X-31A!! and the NASA
F-18 High Alpha Research Vehicle (HARV) with a thrust-vectoring control system (TVCS)
installed.!2-15 Based on previous developmental tests,8 both aircraft selected thrust-vectoring
systems that employed three postexit vanes radially displaced about their axisymmetric nozzles.

Early information was required to properly characterize an axisymmetric nozzle with postexit
exhaust vanes like that applied to the NASA F-18 HARV. These data were provided by testing
ground-based models of the F-18 HARV with the TVCS installed. Two aerodynamic interaction
tests were performed at the NASA Langley Research Center. The first test was conducted in the
Full-Scale Facility 30- by 60-ft wind tunnel. The test characterized the aerodynamic interaction
effects on a full-configuration, 16 percent—scale F/A-18 model that were caused by vectoring the
exhaust plume at low speeds.!® The second test was conducted in the 16-Ft Transonic Tunnel
using a wingtip-supported 10 percent-scale F/A-18 model. This test was conducted between
Mach 0.3 and 0.7 and angles of attack between 0° and 70°, with military-power and full-
afterburner nozzles at nozzle pressure ratios (NPRs) between 1.0 and 5.0,17 to further examine
aerodynamic interaction effects caused by vectoring the exhaust plume.

A static cold-jet test was also conducted at the NASA Langley 16-Ft Transonic Tunnel to
characterize the thrust-turning effectiveness of the postexit vanes on a 14.25 percent—scale nozzle



model.!819 This test was only of the nozzle and modeled only the internal flow of the nozzle and
the vanes.

A static ground test, called the “hot loads” test, was conducted with the aircraft after the
TVCS had been installed at the NASA Dryden Flight Research Center. The aircraft was secured
to the Edwards Air Force Base Universal Horizontal Thrust Stand. The thrust stand was only
capable of resolving forces in the axial direction, and comparisons of these results with the cold-
jet test axial thrust loss data were made.!? Infrared images of the exhaust flow were used to
estimate plume-deflection angles. Hot loads test plume-deflection infrared estimates were also
compared to cold-jet test results.

Flight tests were also conducted at NASA Dryden. In-flight plume deflection is difficult to
measure directly, so indirect methods to estimate thrust-vectoring effectiveness were used,20-22
Parameter identification input techniques were developed,23 both pilot-flown and preprogrammed
through the use of an on-board excitation system that controlled the postexit vanes. Individual
vanes were not directly controlled because of a mixer-predictor function built into the flight
control laws. As such, combined effects of the vanes were measured in flight and compared to
combined effects of the vanes as predicted by the cold-jet test data.

This paper presents an overview of the ground-based tests, results of the infrared data of the
hot loads test of the installed TVCS, and estimates of the effectiveness of the TVCS from in-flight
parameter identification. These full-scale results are compared to the subscale tests. All tests of
this system are now complete, and this report summarizes significant results of the full-scale tests
in comparison to predicted thrust-vectoring control effectiveness.

HIGH ALPHA RESEARCH VEHICLE DESCRIPTION

The F-18 HARY is a high-performance twin-turbofan jet engine fighter-attack airplane built
by McDonnell Douglas Aerospace (St. Louis, Missouri) (fig. 1).12-15 The HARYV has midwing-
configuration wings, twin vertical tails canted outwards at 20° from the vertical, midmounted
horizontal tailplanes, and leading-edge extensions that run forward along the fuselage to near the
canopy. The engines are General Electric (Lynn, Massachusetts) F404-GE-400 engines rated at
10,000 Ibf static thrust at sea level in the full military-power setting and 16,000 Ibf static thrust at
sea level in the maximum-afterburner setting.

The aircraft was modified by the addition of a rudimentary TVCS that uses three postexit
vanes around each engine. The geometry of the TVCS hardware uses three vanes mounted around
each engine of the F-18 airplane. Vanes replace the standard divergent section of the nozzle and
external flaps. The convergent section of the nozzle remains on the aircraft. The vanes were
designed to be stowed at -10°, out of the exhaust plume. During vectoring maneuvers, a
maximum of two vanes on any one engine were commanded in contact with the flow at one time,
helping to alleviate thermal and load constraints on the vane system.

The thrust-vectoring vanes were controlled through use of modified flight control computers
that allowed the basic flight control laws to be bypassed with research flight control laws in a
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Figure 1. Three-view drawing of the F-18 HARV.

portion of the flight control computers called the research flight control system (RFCS). The
RFCS envelope of the aircraft was Mach 0.2-0.7 and initial altitudes of 15,000—35,000 ft, which
was later expanded to 45,000 ft. The basic F-18 flight control laws resided in the 701E (General

Electric, Lynn, Massachusetts) portion of the flight control computers and passed data back and
forth to the RFCS.

The output of the control laws was a simple command of pitch or yaw vectoring moments. To
make use of these commanded moments from the thrust vectoring, a schedule was devised, called



the mixer-predictor or the mixer, where the pitch and yaw commands were converted into
individual vane deflections. Several releases of mixer software were made, and two were carried
to flight (Mixer 1 and Mixer 4.2). Mixer 1 was a cooperative effort between McDonnell Douglas
Aerospace, NASA Dryden, and NASA Langley.24 Mixer 4.2 was a cooperative design between
NASA Langley and NASA Dryden.25

The ability to use preprogrammed maneuvers by superimposing motions over the control
surface outputs, called the on-board excitation system, resided within one part of the RFCS.
The ability to separate the individual control surface motions through the on-board excitation
system allowed reduction in surface motion correlation and reduced uncertainty in the final
effectiveness estimates.

THRUST-VECTORING CONTROL SYSTEM DESCRIPTION

Figure 2 shows the vane configuration for the left engine only. The upper-vane centerline is
5° outboard of the vertical plane. The outboard-vane centerline is 118° counterclockwise from the
upper-vane centerline. The outboard-vane centerline to the lower-vane centerline measurement
1s 103.5° counterclockwise. The lower-vane centerline to the upper-vane centerline measurement
is 138.5° counterclockwise. The upper vane was larger than the outer or lower vanes (fig. 3)
because of the uneven radial spacing caused by structural considerations. The exhaust-plume side
of each vane is concave, with each vane forming part of a spherical surface of 36 in. radius axially
and laterally.

The total amount of turning of the jet exhaust plume, or jet-turning angle, is defined as the
root mean square of the equivalent thrust-vector deflection angle in pitch and yaw as measured by
the resultant force (fig. 4). The axial thrust loss for the deflected flow is defined as the loss in the

Maximum afterburner
nozzle 348 in2

nellg

4

7 //
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Figure 2. Thrust-vectoring control system end-view of the left engine looking forward. Radial vane
included angles are displayed. All vanes shown fully extended into the plume. The right engine is
a mirror image of the left.
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Figure 3. Dimensions for flight vanes.
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Figure 4. Schematic of jet-turning angle and axial thrust loss definitions.

thrust of the axial force when compared to the undeflected thrust. The normalized axial thrust is
the absolute value of the axial force divided by the absolute value of the undeflected thrust.

TESTING AND MODELS

Several tests were conducted to characterize thrust vectoring on the F-18 HARV. These tests
were two subscale aerodynamic interaction tests, one of which is discussed here; a subscale
cold-jet test; a full-scale hot loads test; and the flight test (table 1).

The 16 percent—scale acrodynamic interaction model was tested in the 30- by 60-ft wind
tunnel at NASA Langley.!6 This particular F/A-18 model was used because, being a free-flight
model, it already had ducting for the inlets, exhausts, and high-pressure air built into the design.?



Table 1. Test matrix.

Test Model Scale Comments

Aero!6 F-18 HARV 16 percent External flow,
nonmetric nozzles

Aerol? F-18 HARV 10 percent Internal/external flow,
nonmetric wing

Cold jet!6.18 Left nozzle 14.25 percent Internal flow

Hot loads!? F-18 HARV Full Static ground engine
run test

Parameter identification
flight test

Flight parameter F-18 HARV Full

identification23-30

The model, designed for use in free-flight testing, was of very light construction, which resulted
in tests being conducted at low dynamic pressures to prevent structural damage. The radial
location of the vanes on the model was oriented in the same way as for the aircraft. The hinges
were located to allow correct vane position and deflection angles. A spin chute canister was also
included in the modifications to the model. The primary difference between the aircraft and the
aerodynamic interaction model configuration was the nozzle areas. The nozzles used in the
aerodynamic interaction test were 13.31 in? in area, which corresponds to a 520-in? nozzle area
on the full-size F-18 airplane. The tailpipe area nominally used during flight tests is 348 in2 in the
thrust-vectoring envelope. Differences between the aircraft and the low-speed aerodynamic
interaction model also included AIM-9 missiles (Raytheon, Bedford, Massachusetts) in place of
research airdata wingtip probes, the omission on the model of video camera fairings used on the
aircraft, and the lack of incorporation on the wind-tunnel model of the horizontal stabilizer area
reduction (1.6 percent in area) for thrust-vectoring fairing clearance used on the aircraft.

The 10 percent-scale test was.conducted at NPRs between 1.0 and 5.0, free-stream Mach
numbers between 0.3 and 0.7, and angles of attack between 0° and 70°.!7 This model was
wingtip-supported and differed from the flight vehicle configuration by having faired-over inlets,
nose strakes, and larger leading-edge extension slots. Significant modification was undertaken to
make the 10 percent-scale F/A-18 model metric aft fuselage area geometrically resemble
the HARYV configuration with postexit vanes and their associated actuator fairings and the spin
chute canister.

A 14.25 percent-scale model of the left exhaust nozzle with postexit vanes of the F-18 HARV
aircraft was tested.!9:18 The objective of this static test was to gather a comprehensive set of data
from direct jet-turning effectiveness of the postexit vanes. Data were gathered with a force and
moment balance. The cold-jet test was performed in the NASA Langley 16-ft Transonic Tunnel.
The comprehensive data set from the cold-jet test formed the baseline of comparison to all
subsequent tests. Two nozzle sizes were used in this test. These sizes corresponded to military-
power and maximum-afterburner nozzles at a nominal flight condition in the thrust-vectoring



envelope of the aircraft. The vane angles were measured with simple protractors, and their
positions varied from —10° to 30° deflection (approximately 0.5° accuracy). The NPR variations
were from 1.0 (no flow) to 6.0 for most test cases.

The static test of the TVCS installed on the aircraft with running engines was called the “hot
loads” test. The hot loads test was the first test of the F-18 HARV with the TVCS installed and
was conducted at NASA Dryden using the thrust stand at Edwards AFB. One research objective
of this portion of the study was to determine the feasibility of using digitized infrared imaging as
a technique to determine thrust-vectoring effectiveness. Infrared imaging provided an ability to
directly compare exhaust-plume deflections to the cold-jet test ground facility predictions. With
the inability to measure actual vectoring forces developed during the hot loads test, infrared
imaging could offer an alternative to validate the flight hardware implementation of thrust
vectoring. Test conditions of the hot loads tests included military-power, midafterburner-power
(with a nozzle exit area of 56 percent), and maximum-afterburner nozzles with all combinations
of single-vane and two-vane equal deflections. The aircraft was secured to the thrust stand, which
could directly measure thrust loss during the test.!®

Flight tests of the F-18 HARV were conducted at NASA Dryden. Parameter identification
maneuvers were used to determine stability and control coefficients using the error output
technique and pEst code.2%-22 One parameter extracted from the flight data was thrust-vectoring
control effectiveness, of which some results have been reported.23:26-28 This parameter
estimation technique does not differentiate between thrust-vectoring forces and moments and the
aerodynamic interactions caused by thrust vectoring. As a consequence, these two parameters are
inseparable and cannot be independently identified. During the F-18 HARYV flight testing of these
data, however, the aerodynamic interaction was considered to be very low because of the
low-dynamic pressures level-flight 1-g condition used during the parameter identification
maneuvers. As a result, the predominant characteristic estimated is that of the thrust-vectoring
effectiveness. The low—dynamic pressure data are a result of all test points being flown in 1-g
level flight and high angle of attack confining the aircraft to relatively slow flight. Further
complicating the issue is the mixer function in the flight control laws preventing individual vanes
from being controlled. As a result, a collective vane function is identified, and estimates of
vectoring control power from flight are made and then compared to equivalent collective vane
effectiveness from the cold-jet test data.

THRUST-VECTORING RESEARCH RESULTS

The research conducted was divided into four areas. These four areas are: aerodynamic
interaction tests, the static cold-jet test, the static engine run (“hot loads”) test of the installed
system on the aircraft, and the flight test of the aircraft.

Aerodynamic Interaction Tests

Aerodynamic interaction with thrust vectoring was an unknown; therefore, two tests were
conducted to investigate aerodynamic interaction. The tests were a 16 percent—scale low-speed
test with a subsonic ejector exhaust conducted in the NASA Langley 30- by 60-ft low-speed wind



tunnel and a 10 percent—scale test with a sonic nozzle conducted in the 16-ft Transonic Tunnel at
NASA Langley.

Aerodynamic forces and moments on the F-18 HARV with the installed TVCS are taken at
the 0.24-chord position. Vectoring direction definitions for plume deflections are as follows: up is
negative, down is positive, right is negative, and left is positive. When the thrust-vectoring vanes
are not installed, the nozzle configuration is defined as unvectored. For any one engine, when two
vanes are deflected into the exhaust, the third vane is retracted at —10° deflection and is referred to
as the retracted vane.

Significant findings of the low-speed test were that forces were mildly adverse and moments
were mildly proverse. For these aerodynamic interaction tests, the plume deflections were
—17° up, 14° down, and -9° right. A change in lift coefficient of approximately 0.1 caused by
vectoring in the pitch plane was found over the entire angle-of-attack range (fig. 5) for the tested
condition. A change in pitching moment of approximately 0.1 was found near 0° angle of attack,
decreasing to 0 increment in moment near 65° angle of attack with vectoring in the pitch
plane (fig. 6). Vectoring was intended primarily as a moment-producing effector, so vectoring the
plume up would cause a noseup pitching moment. But the exhaust plume vectored up would
decrease the lift coefficient in the adverse direction while increasing the pitching moment
coefficient in the proverse direction. This behavior is analogous to a blown flap.

The 10 percent—scale test!” was conducted to investigate aerodynamic interactions over a
representative configuration. The results of the 10 percent—scale test expanded the database and
supported previous conclusions of the 16 percent—scale test, in particular that substantial gains in
controllability are provided by a multiaxis thrust-vectoring capability.

25— Vector
direction

—O— Unvectored

I |

0 10 20 30 40 50 60 70
Angle of attack, deg

960708

Figure 5. Pitching moment coefficient as a function of angle of attack, with thrust vectoring varying
direction; 8, =-12°,8,=0°8,=0° and C,=0.8.
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Figure 6. Pitching moment coefficient as a function of angle of attack, with thrust vectoring varying
direction; Slef= 34°, Stefz 0°,8,=-12°8,=0°8,=0°and C,=08.

Thrust-Vectoring Effectiveness Tests

Although many tests were conducted to examine the effectiveness of thrust vectoring, three
tests in particular are examined here. The tests in this section are the cold-jet test, the hot loads
test, and the in-flight parameter identification tests.

Cold-Jet Test

The objective of the cold-jet test was to gather a comprehensive set of data of the direct
jet-turning effectiveness of the postexit vanes. Data were gathered with a force and moment
balance, and plume-turning angles were inferred from the force and moment data. Because of the
nonaxisymmetric installation of the vanes, pitch and yaw deflection angles are not discussed; the
total root mean square of the pitch and yaw vane deflections is used instead.

Control effectiveness is defined as the angle through which the exhaust plume is turned by the
vanes, regardless of the ultimate forces or moments produced. This effectiveness definition is an
important distinction, as the thrust available to be turned is much larger in maximum-afterburner
nozzle than in military-power nozzle.

The large upper vane produced greater plume deflection than the two small (lower and outer)
vanes did. In the military-power nozzle case, the large vane was 50 percent more effective than
the small vanes were; and in the maximum-afterburner nozzle case, the large vane was 25 percent
more effective than the small vanes. The vanes did not become effective until they impinged on
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the edge of the exhaust plume at approximately 15° vane deflection for military-power nozzle and
approximately 10° deflection for maximum-afterburner nozzle for the selected NPR. This vane
ineffectiveness results in larger dead band for the smaller military-power nozzle than for the
larger maximum-afterburner nozzle. The slopes of the vane deflection~to—plume deflection
curves are also close between the two tested nozzles, with the military-power nozzle having a
slightly larger slope than the maximum-afterburner nozzle.

Also as expected, the NPR largely affects effectiveness. As the exhaust plume expansion
increases with increased NPR, the vanes become effective at decreased vane deflections (fig. 9).
The slope of the various curves are relatively insensitive to NPR variation in the 15°-20° vane
deflection region. These data are for all single-vane deflections with the military-power nozzle at
an NPR of 2.

Two vanes used simultaneously show greater effectiveness (fig. 10) for the same deflection
when compared with single vanes (fig. 7). Effectiveness increased to approximately 100 percent
in this case. Also, two vanes radially spaced closer together (fig. 3) show greater effectiveness
than vanes spaced further apart. This difference could be explained by flow “leaking” through the
gap between vanes, and a smaller gap will leak less. The lower and upper vanes (138.5° radial
spacing (fig. 3)) were less effective than the lower and outer vanes (118° radial spacing (fig. 3)).
Cold-jet test results determined that vane spacing is a very strong and important parameter, more
important than vane size. These data are for the military-power nozzle at an NPR of 2.

Axial force loss was another measurement of the cold-jet test. Axial force loss data
are normalized axial thrust. In all cases, increases in vane deflection caused greater axial force
loss (fig. 11). In this sample case of single-vane deflections, the large upper vane caused the
lowest normalized axial force (0.82) at 30° vane deflection, with the two equally sized vanes
producing equal amounts of thrust loss (0.87) within experimental error. These results are for the
military-power nozzle case with an NPR of 2.

The extreme edge of the plume-deflection envelope in pitch and yaw is shown with variation
in NPR (fig. 12) for the maximum-afterburner nozzle for vane deflections of 30°. The extreme
envelope is found by holding at least one vane at 30° deflection and at least one other vane
at -10°. Retracted vane interference effects can be observed at three of the corners, near pitch and
yaw coordinates (11, 9), (25, -3), and (16, —20). The loss of turning effectiveness caused by
increasing NPR is most evident near these corners, especially near coordinate (11, 9) in pitch and
yaw. The other three corners, (18, -3), (=7, -10) and (-9, 9), are single-vane deflection corners
and show no retracted vane interference effects. The data shown are for the left engine only and
display the actual pitch and yaw plume-deflection angles, not the plume-deflection angle to the
centerline as previously shown (figs. 7 to 11).

Full-Scale Static Thrust Test Infrared Data

Infrared imaging can visualize the hot exhaust plume of a jet engine. Infrared intensity is
related to temperature, although in a nonlinear function. The infrared representation of the
exhaust plumes, however, could be digitized and treated mathematically to calculate plume
deflections. Reducing the data obtained during hot loads testing to simple digital values with no
mention of infrared intensity or wavelength and circumventing classification of the results was
possible. The fundamental assumption is that the infrared intensity and the plume profiles
are equivalent.

12
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Figure 7. Jet-turning angle as a function of single-vane deflection for all three vanes with the
military-power nozzle and NPR = 2.
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Figure 8. Jet-turning angle as a function of single-vane deflection for all three vanes with the
maximum-afterburner nozzle and NPR = 2.

13



35 — Upper vane NPR

30 [—

vane vane

- 2

= 3

Outer Lower -Q— 4
- —A— 5
25 B 6

Left engine

960712

Figure 9. Jet-turning angle as a function of single-vane deflection (upper) and varying NPR with
the military-power nozzle.
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Figure 10. Jet-turning angle as a function of two-angle equal deflections for all two-vane
combinations with the military-power nozzle and NPR = 2.
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Figure 11. Normalized axial force thrust loss as a function of vane deflection angle for all single-
vane deflections with the military-power nozzle and NPR = 2.
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Figure 12. Maximum jet-turning angle envelope, in pitch and yaw, where at least one vane is
deflected 30°. Maximum-afterburner nozzle and varying NPR showing retracted vane interference
near corners with two-vane equal deflections. Symbols omitted for clarity.
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Limitations of this technique are that the data are only two-dimensional. Geometric setup of
the camera was carefully aligned with the plane of the exhaust nozzles and the exhaust plumes so
that metric data could be made from the infrared data. An additional limitation is that in cases
where multiple plumes exist, reconciling the resultant from the individual plumes is difficult.

Five test conditions were selected. These test conditions were: lower-vane deflection
variations in military power, lower-vane deflection variations in midafterburner power (a nozzle
exit area of 56 percent), upper-vane deflection variations at maximum afterburner, equal lower-
and outer-vane deflection variations at military power, and equal lower- and outer-vane deflection
variations at midafterburner power.

The process to gather data and analyze each test condition was as follows: only one engine was
active in each test, and the other engine was at idle. The idle condition resulted in no significant
signature in the final images, so no attempt was made to subtract the idle plume from the image.
Some background data did exist, however, which tended to bias results to the middle of the image.
This background was removed by simply setting an artificially high threshold just above the level
of the background. This background is actual signal and not noise in the data. Noise within the
infrared data was not a problem. Typical variations that could be ascribed to noise were much
lower than the level of the signal, with the signal-to-noise ratio being approximately 50:1.
Approximately 5 sec of stabilized data were recorded at each test point, resulting in approximately
63 frames of data. These 63 data sets were averaged for the final analysis.

After capturing the digital data, the data were converted to an alphanumeric format that could
be easily manipulated. The format corresponded to rows and columns of the pixels from the
captured data (fig. 13). (“Row” and “column” refer to the alphanumeric representation of the data
manipulation and not to the physical geometric presentation of the pixels if the data were
reassembled to make a photographic image as in the figure.) By examining each column and row

l——» A
280
columns
Screen has 1:1 aspect ratio
Pixel has 2:1 aspect ratio
/
}f 140 rows -
960716

Figure 13. The layout of the rows and columns in one frame of infrared data.
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individually, curves of infrared intensity were generated. Routines were constructed to integrate
the areas under the curves and provide weighted averages of the curves. Simple calculations
provided the centroid of each area corresponding to the representative column. Plotting these
columns gives a graphical representation of the exhaust plume infrared intensity curves and the
plume distribution (fig. 14). Comparing centroids of individual plume curves with vane deflection
to centroids of undeflected plumes provides a direct measurement of the plume-deflection angle.
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2000
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Figure 14. Typical distributions of infrared intensity in vertical sections of one frame of data.

A trapezoidal integration was applied to each column of pixels to find the area under each
curve. The area of each trapezoid is given as:

i+l . f(x,')+f(x,'+1)
2

IO (ax) = (4 £, ) (1)

Because each vertical column of pixels is exactly the same width, the calculation is given as:

x n
Jofee = 3 Tt s @

i=1

When the centroid of each area is found, it is stored as the centroid of that column. Each
column is treated likewise, and the complete figure of geometric plume centroids can be plotted
for each vane deflection case (fig. 15). The low or negative vane deflections with small variations
in plume deflection show little or no potential effectiveness.
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Figure 15. Typical plot of the loci of the centroids of vertical sections of data, or calculated
plume centerlines.

Assuming the locus of centroids is equal to the theoretical plume centerline gives the
deflection angles. Using the raw loci in such a manner and plotting them was referred to as the
one-region technique.

The one-region technique was modified by considering the area above and below the
centerline of the nondeflected plume as separate areas. Weighted averages of the two areas were
made to determine the mean plume centerline when the plume was split, as in two-vane deflection
cases. This second method was called the two-region technique. The two-region technique was
developed to handle the complex flow structures resulting from two-vane equal deflections into
the flow. In these cases, large secondary jets were found, and the results of the one-region
technique were poor. As the geometric setup of the infrared system could only measure angles in
pitch only, the plume was assumed to move in the line of action directly opposite to the vane
radial angle. By using this assumption, the angle of the plume could be estimated in yaw.

Comparison of hot loads test infrared data with the NASA Langley cold-jet test data shows
varying correlations for many conditions. Examples are for the lower-vane deflection with
military-power nozzle (fig. 16), lower-vane deflection with midafterburner-power nozzle
(fig. 17), upper-vane deflection with maximum-afterburner nozzle (fig. 18), lower- and outer-
vane deflections with military-power nozzle (fig. 19), and lower- and outer-vane deflections with
midafterburner-power nozzle (fig. 20).

Differences between the two analysis techniques, one-region and two-region, were small for

lower-vane deflection in military-power setting (fig. 16) and were larger for midafterburner-power
setting (fig. 17). The two techniques did produce varying results. Military-power setting and
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single-vane deflection worked well with the one-region method when compared to the cold-jet test
results (fig. 16). In the midafterburner-power with two-vane deflection case, the one-region
method also seemed to match the cold-jet test data better, within 2° for most of the range (fig. 20).
The two-region method seemed to match cold-jet test data best with the midafterburner-power
setting and single-vane deflection (fig. 17), although not as well as a single vane in military power.
And in the case of military power with two vanes, most of the operating region of the cold-jet test
data is matched better by the two-region technique (fig. 19). Trends in each of these cases are well
defined and correlate well, but absolute values of plume turning—effectiveness results are mixed.

—O6— One ro:glon . .
—E— Two region : :
—~E— Cold je
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Plume
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Vane deflection, deg 960719

Figure 16. Lower vane deflection with nozzle in military power for one-region and two-region
infrared compared with cold-jet test data.

12 . -

Plume
deflection,

Vane deflection, deg

Figure 17. Lower vane deflection with nozzle in midafterburner for one-region and two-region
infrared compared with cold-jet test data.
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Figure 18. Upper vane deflection with nozzle in maximum afterburner for one-region infrared
compared to cold-jet test data.
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Figure 19. Lower and outer vanes deflected together with military-power nozzle for one- and two-
region infrared compared with cold-jet test data.
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Figure 20. Lower and outer vanes deflected together with midafterburner nozzle for one- and two-
region infrared compared to cold-jet test data.

Axial force, or thrust, was the only parameter for which direct measurement could be made
during the hot loads tests. The thrust stand at Edwards AFB is a single-component stand and
measures axial force only. These axial force results showed excellent prediction (fig. 21) and very
close agreement of absolute values of thrust loss, with less than 4-percent error in thrust between
the cold-jet test and the thrust-stand test data.!? These data are for the maximum-afterburner nozzle.
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Figure 21. Thrust-vectoring axial force comparison between hot loads thrust-stand and cold-jet test
data for vanes 2 and 3 equal deflections.
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The cold-jet test data were found to have good correlation of trends with the hot loads test data
from thrust vectoring, although the comparison varied in absolute levels with complex jet
structures. The infrared results show some promise in being able to characterize thrust-vectoring
effectiveness, especially with simple jet structures.

Thrust-Vectoring Flight Tests

Parameter estimation techniques from flight test data produce linearized estimates of stability
and control derivatives. Other complications arise because of the mixer of the control law
preventing individual vane motions. In this case, an average deflection of the vanes is made based
on the measured vane deflections.

In pitch, the upper vanes act in opposition to the lower and outer vanes. A generalized pitch
deflection of the vanes is made:

(dl_d2;d3)+(d4_d5;d6)

dpv = 3 (3)

where the vane deflections are defined as follows: d/ is the upper left vane, d2 is the outer left vane,
d3 is the lower left vane, d4 is the upper right vane, d5 is the outer right vane, and d6 is the lower
right vane.

Likewise in yaw, the left vanes of each engine act in opposition to the right vanes of each
engine. In this case, the upper vanes do not act strongly in this axis, and deflections of the upper
vanes are ignored in yaw. The generalized yaw deflection is then defined as:

(d2-d3) + (d6-d5)

T2 2
dyv = 3 (4)

Estimates of the generalized pitch and yaw deflection vane control power are made in a
similar manner. These generalized pitch and yaw control power estimates from the cold-jet test
data are used as the baseline to which the flight data are compared. The linearized terms are made
from the cold-jet test data in the 15°-20° vane deflection range with military-power nozzle. This
range of vane deflections corresponds to the operational area, away from the effects of the plume
boundary and nonlinearities near the extreme vectoring envelopes (fig. 12). Referring to the cold-
jet test results for single-vane deflections (fig. 7) results in an upper-vane effectiveness of
approximately 0.92° of plume deflection for each degree of vane deflection. Doing the same for a
two-vane deflection (fig. 10) for the lower and outer vanes gives a slope of approximately
0.97 deg/deg; the generalized average of these is approximately 0.94 deg/deg.

dy dl = 20+dy d2,d3 = 20
C _dx d] =15 dx d2,d3 =15 5
dpv ~ 2 )
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0.92 +0.97
Cdpv = -—2—-— (6)

Cypy = 0.94 ™

Doing the same in yaw for the lower and outer vanes (fig. 7) requires rotating the axes to the
yaw plane by multiplying the cosine of each vane angle to the yaw axis (0.73 and 0.84,
respectively) to their slopes of 0.72 deg/deg (the lower and outer vanes are identical in size and
control power). Following this procedure, the generalized yaw vane effectiveness of
approximately 0.56 deg/deg is found.

dy dv = 20 Ei_z dv =
Ix dv = 15cos(vane Zangle)+dx dv = 15cos(vane 3angle) .
Cyy = 5 (8)
0.72cos(5+ 118 -90) + 0.84cos(138.5-5-90)
Cayy = 5 ©)

Cgyy = 0.56 (10)

In the generalized pitch and yaw effectiveness terms, only the slopes of the control power
curves remain. The slopes were relatively insensitive to nozzle size or NPR in the operational
region of the vanes (figs. 7 to 9), so these values of vane effectiveness from the cold-jet test data
did not vary much for the operating envelope of the aircraft with the engines in military-power to
maximum-afterburner settings.

An estimate coefficient was added to the summation of forces and moments equations in the
pEst program to model the flight data. The nondimensionalizing parameters for the vane
effectiveness coefficients are different than the aerodynamic parameters, so these equations were
split into two parts.

1 2
Normal = ipv S(CN“’O)+an(Cdpv dpv) an
. 1 2
Axial = ipv S(CA“m) (12)
ch = 1 2S
pitch = ipv c(Cma"o)+anl Cdpv dpv (13)
Side = Lpv? F
ide = Epv S(CYa"o)+ np(cdyv dyv) (14)
_1 2
roll = ipv Sb(C)p (15)
= Lovisu(c
yaw = ipv ( nam)+an I(Cdyv dyv) (16)
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These summed forces and moments are implemented in the equations of motion just as
conventional aerodynamic forces and moments would be added to the equations of motion. An
estimate of the net propulsive force, F, , is required for this technique to work, and a simplified
gross thrust method was used.??

Several maneuvers were executed for parameter identification during the flight test program
of the F-18 HARYV. Three different sets are examined here: traditional pilot-flown doublets, 1
optimal programmed set of inputs,30 and a series of individual doublets commanded to separate
control surfaces.23:26-28 Conventional doublets resulted in excessive levels of correlation
between control surfaces, and transient motions were entirely nonexistent. The use of
conventional pilot-input doublets, with their large surface correlations, created large Cramer-Rao
uncertainty bounds on the estimates and little confidence in the estimates produced. The optimal
maneuvers and the series of individual doublets produced low surface correlations with low
Cramer-Rao bounds, improving confidence in the estimates produced.

Across the range of angles of attack, little variation was found in the vectoring effectiveness
terms (figs. 22 and 23). Uncertainties in the parameter identification estimated thrust-vectoring
effectiveness may be from several areas, such as aerodynamic interaction between the thrust
vectoring and the external aerodynamics of the F-18 HARYV aircraft, possible measurement
errors, and residual correlation of control surfaces. The external aerodynamics errors can be
thought of as modeling error caused by the model having insufficient degrees of freedom. The
residual control surface correlations may be thought of as a deficiency in maneuver design.
However, comparison of this vectoring effectiveness, between flight and linearized cold-jet test
effectiveness terms, shows an excellent agreement between the two different data sets.

! ! ! — Cold jet data
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Figure 22. Pitch-vectoring effectiveness comparison between flight data parameter identification
estimates and cold-jet test data using vane average positions.
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Figure 23. Yaw-vectoring effectiveness comparison between flight data parameter identification
estimates and cold-jet test data using vane average positions.

In pitch effectiveness, the parameter identification results show a slight reduction in
effectiveness in the 25°—40° angle-of-attack range (fig. 22). Because the pitch effectiveness of the
thrust vectoring is independent of angle of attack, little or no sensitivity to this parameter is
expected. The slight sensitivity that is found could be caused by the effects of the entrained air
around the exhaust plume influencing the aerodynamics around the aircraft, which is a direct
result of a modeling error. In addition, it is possible that the large error at low angles of attack in
pitch are also caused by aerodynamic interaction. At low angles of attack, the dynamic pressure is
elevated in the 1-g flight condition, which makes the moment increment caused by aerodynamics
large. The results of the cold-jet test data are also shown along with the in-flight estimates, and the
correlation is extremely good. The cold-jet test data value of 0.94 deg/deg is also shown. This
agreement is extremely good.

In yaw effectiveness, similar results are found with respect to angle of attack in the parameter
identification results (fig. 23). A similar reduction in effectiveness, as seen in the pitch
effectiveness, is also evident in the yaw effectiveness for the same angle-of-attack region. The
yaw vane effectiveness from the cold-jet test data is 0.56 deg/deg, which is also extremely close
to the in-flight parameter identification data.

CONCLUDING REMARKS

Data from ground-test investigations and a flight-test investigation of axisymmetric nozzles
with postexit vanes that were used to vector the thrust on the NASA F-18 High Alpha
Research Vehicle (HARV) aircraft have been presented and compared. Results of these tests
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were used to assist in the evaluation of an operational research system that was installed on
the NASA F-18 HARV.

Aerodynamic interaction tests were conducted. Aerodynamic interaction test data show the
plume deflection to have a mild effect in forces and moments with vectoring. The vectored plume
tended to behave similar to a blown flap.

The cold-jet test was used to predict the thrust-vectoring system plume-turning effectiveness.
The results of the cold-jet test were that larger vanes are more effective by as much as 50 percent
with the maximume-afterburner nozzle, and as much as 25 percent with the military-power nozzle,
at a nozzle pressure ratio (NPR) of 2 when compared to the smaller vanes. Increases in NPR
(NPR = 6) can result in as much as 5° more turning of the exhaust plume than at lower NPRs
(NPR = 2) with the military-power nozzle, although slopes of the vane~to—plume deflection
curves were relatively insensitive to NPR. Two-vane equal deflections can produce as much as
100 percent more plume deflection at an NPR of 2 for the military-power nozzle when compared
to single-vane deflection results. Military-power nozzle results show slightly more plume-turning
control power than maximum-afterburner nozzle results, although slopes are close between the
two cases. Axial force loss results from the cold-jet test showed increased losses at increased vane
deflections. The vanes are stowed out of the plumes in the —10° deflection position and showed no
effectiveness until deflected approximately 10° into the plume for maximum-afterburner and
approximately 15° for military-power nozzle at low NPRs.

A ground test of the installed thrust-vectoring system on the F-18 HARYV aircraft was
conducted. An infrared data technique to measure physical exhaust-plume deflection was used
and showed good correlation with the cold-jet test data trends, but also showed mixed results in
absolute values. Static-load thrust loss was also measured during this test, and the cold-jet and
thrust-stand test data were within 4 percent agreement. '

The flight test of thrust-vectoring effectiveness of the vanes was made with parameter
identification techniques. Maneuvers were designed and implemented using an on-board
excitation system, and pilot-flown maneuvers were analyzed. Because of control system
scheduling of the vanes, individual vane effectiveness could not be directly measured, but overall
combined effects could be compared between the cold-jet and flight test data. Flight data
estimates of pitch-vectoring effectiveness show approximately 0.9° plume deflection for each
degree generalized pitch vane deflection, and 0.6° plume deflection for each degree of
generalized yaw vane deflection in yaw. This pitch and yaw vane effectiveness showed extremely
good correlation between cold-jet test data and flight parameter identification techniques.
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