UNCLASSIFIED

AD NUMBER

ADB157529

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; APR 1991. Other requests shall
be referred to Wright Lab., WL/FIMT.
Wright-Patterson AFB, OH 45433-6503.

AUTHORITY

AFRL/WSC ltr, 1 Feb 2010

THIS PAGE IS UNCLASSIFIED



wonm
&

AD-B157
RN

0 AFFTC-TR-91-15

20

]
I
¥

"_'U’i
_"SJI

X-29 HIGH ANGLE-OF-ATTACK
FLYING QUALITIES

FREDRICK R. WEBSTER
Project Engineer

DANA PURIFOY, MAJOR, USAF
Project Pilot

JULY 1991

FINAL REPORT
CGRITICLL TECHNOLOCY

Distribution authorized to U.S. Government Agencles and their contractors (Feetand
~-Byaivation), April 1991. Other requests for this document shalli be referred to
WL/FIMT, Wright-Patterson AFB, Ohlo 45433-6523

CONTROLLING OFFICE: WL/FIMT, WRIGHT-PATTERSON AFB, OHIO 45433-6523

')&4

AIR FORCE FLIGHT TEST CENTER
EDVYARDS A!R FORCE BASE, CALIFORNIA
AIR FORCE SYSTEMS COMMAND mww
UNITED STATES AIR FORCE @ 1__{}961 ‘i
» 4 THETEN! :
. Lo i




This Technical Report (AFFTC-TR-91-15, X-29 High Angle-of-Attack Flying Qualities) was submitted under
Job Order Number A83007 by the Commander, 6510 Test Wing, Edwards Air Force Base, California, 93523-5000.

Foreign apnouncement and dissemination by the Defense Technical Information Center are not authorized
because of technology restnctions of the U.S. Export Control Acts as implemented by Air Force Regulation 400-10.

Prepared by:

4

Fédrick R. Webster

AFFTC Lead Engineer
-7 O . a
7 NS
:l‘y «//’(7$\J e \.0-—&//\,\, /
Dana Purifoy
Major, USAF
AFFTC Project Pilot

‘ //‘

David Rajczewski /
Captain, USAF
Project Engineer

(\K )@zza/ %zﬂ/,/&q

David L. Vanhoy
Project Engineer

/

This report has been reviewed and is approved
for publication: 09 July 1991

(,'C L’ /,‘
Robert D. Evans
Chief, Research Projects Division
6510 Test Wing

s E e

Chief Engineer, 6510 Test Wing

éf/%z/ ; 7 [ ;,/s:’///

Vemon P. Saxon, Jr. //
Colonel, USAF
Commander, 6510 Test Wing

[

" 1¢bn P. Schoeppner, Ir.
Major General, USAF
Commander, AFFTC




Qualified requestors may obtain copies of this report from the Defense Technical Information Center, Cameron
Station, Alexandria, Virginia 22314-6145. Department of Defense contractors must be established for DTIC
services, or have “need to know” certified by cognizant military agency for their project or contract.

DTIC release to NTIS is not authorized.

When U.S. Governmnent drawings, specifications, or any other data are used for any purpose other than a
definitely related government procurement operation, the govemment thereby incurs no responsibility nor any
obligation whatsoever; and the fact that the government may bave formulated, fumished, or in any way supplied
the said drawings, specifications, or any other data is not to be regarded by implication or otherwise, as in any
manner licensing the holder or any other person or corporation or conveying any rights or pemission (o
manufacture, use or sell any patented invention that may in any way be related thereto.

Do not return this copy; retain or destroy.
DRESTRUCTION NOTICE
For classified documents, follow the procedures in DD 5220.22.M, Industrial Security Manual, SectionI1-19

or DOD 5200.1-R, Information Security Program Regulation, Chapter IX. Forunclassified, limited documents,
destroy by any method that will prevent disclosure of contents or reconstruction of the document.

WARNING

This document contains technical data whose export is restricted by the Arms Export Control Act (Tutie 22,
U.S.C., Sec 2751, et seq.) or The Export Administration Act of 1979, as amended. Title 50, U.S.C., App. 2401,
gl seq. Violations of these export laws are subject to severe criminal penalties. Dissemninate in accordance with
the provisions of AFR 80.34.




O

Form Approved

REPORT DOCUMENTATION PAGE OMB No 0/04-0188

vublic 1eo g burgen for this coliectiun of Information 13 £stumated to averaye 1 hour per 2sporse including the time fur reqiewing instructions, searching ««sting data souices,
Gather 1 g 4 e oaetacing the data needed and wompicting and reviewing the L liertion ot formatun Send(ommenty rega ding this burden estimate or iny uther aspect of thyg
calletn of st maton, mduding suggestions tor reduairg this burden 10 Washington Heagauarters Services, Directurate for nigrmauon Operat ons and Reports, 1215 Jetferson
Davis Highveay, Suite 1204 "rlngton, JA 22202-4302, and 10 the Dffice 4f Mansgement and Budget, Paper~ork Peduction Proyect (0704 0188), Was ungton, DC 20503,

i. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
June 1991 Final, 23 May 1989 to 21 February 1991
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
X-29 High Angle-of-Attack Flying Qualities JON: A83007

6. AUTHOR(S)

Hebster, Fredrick R.
Purifoy, Dana, Major, USAF

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
AFFIC, 6510 Test Wing
Edwards AFB, California 93523-5000 AFFTC-TR-91-15
9 SPONSORING.MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER
Kl /FIMT

Wright-Patterson AFB, Ohio 45433-6503

1. SUPPLEMENTARY NOTES

12a DISTRIBUTION/AVAILABILITY STATEMENT CRITICAL TECHNULOGY 12b. DISTRIBUTION CODE
Distribution authorized to U.S. Government agencies and their
contractors (FwatpymmGuedwetdon), April 1991. Other requests for

this document shall be referred to WL/FIMT, Wright-Patterson AFB,
Ohio 45433-6503.

13, ABSTRACT (Msamum 200 words)

“This prugram was conducted to evaiuate the X-29 configuration at high angle of attack. The flight
test objectives were to evaluate the high angle of attack {AOA) flying qualities and to conduct a
Timited mslitary utility and agility metric test effort with the X-29 number two research aircraft
(USAF S/N 820049). These objectives were met. The X-29 was an advanced technology demonstrator
aircraft which incorporated a forward swept wing, a thin supercritical airfoil, an aeroelastically
tailored composite wing cover, fuli span flaperons providing variable camber, variable incidence
close coupled canards, high longitudinal static instability, a three surface longitudinal control
configuration, and a triplex digital flight control system.

-

14 SUBJECT TERMS . 15. NUMBER OF PAGES
‘j% research aircraft forward swept wing canard
- stability derivative - i 13
X-29 : static siability 16. PRICE CODE
. canard configuration control derivative . ’
high AOA flying qualities el
17. SECURITY CLASSIFICATION |18 SECURITY CLASSIFICATION ]19. SECURITY CLASSIFICATION {§20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED { UNCLASSIFIED SAR
NSM /540-01-280-5500 Standard Form 298 (Rev 2-89)
m—ssc;.goa by ANSI St3 7398
298 18




PREFACE

The X-29 lhugh angle-of-attack (ACA) program
was a research effort conducted to evaluate the X-29
arreraft at bigh AOA. Grumman Aecrospace
Cormporation (GAC) of Bethpage, New York, wis

contracted to design two X-29 aircraft. The second »f

these aircraft (X-29 USAF S/M 820049) was moditied
with a spin chute, subsystems upgrades, and a new
tlight control system for high AOA flight test. Oveiali
program management was the responsibility of the
Wright Laboratory Fhght Dynamics Duectorate,
Wright-Paiterson AFB., Ohio. The NASA
Ames-Dryden Flight Research Facility (ADFRFY was
responsible for flight test management and safety o1
flight. The Air Force Flight Test Center (AFFTC) was
a Paricipating Test Organization under Job: Oider
Number A83007. The program was conducted 1n
accordance with Program Management Directive 6024
(8/63245F) dated 22 March 1990.

Technical data vn stability, control, flight control
systems, and flying quaiities were obtained. Linuted

nulttary utility and agility metric tests were also
conducted. High AOA agility metnic results were
documented 1n AFFTC-TIM-91-02, X-29 Hthgh
Angle-of-Attack Agiliry Flight Test Results
{Keference 1).

Testing began on 23 May 1989 and ended 21
February 1991 at NASA ADFRF. Edwards AFB,
California. The aircraft«x-29 USAF S/N 820049) flew
85 fhights wtaling 70.9 flight hours.

The X-29 lugh AOA program was a result of a
tean ef’ort 1volving personnel from the AFFTC,
NASA, GAC and Honcywell. The authors wish (o
thank Paul Pellicano and Juseph Krummenacher of
GAC for their contributions to the test program and the
preparation of this report
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EAECUTIVE SUMMARY

This report documents the hugh angle-of-attack
(AOA) flying qualities of the X-29 aircraft The
program was conducted with the second X-29 aircralt
(USAF S/N 820049) between May 1989 and February
1991, Eighty-five flights totaling 70.9 fught hours were
conducted. The NASA Ames-Dryden Fught Research
Facility was responsible for tlight test management and
safety of flight. The air Force Flight Test Center was
a Participating Test Orgamzation. Overall program
management was the responstbihiy of the Wiight
Laboratory Flight Dynamics Directorate through the
X-29 Advanced Development System Program Office

The flight test objectives were to expand the
technical evatuations and to conduct miluary utihity
and agitity metric testing of the X-29 configuration
above 20 degrees AOA. The flight test objectives were
met. Technical evaluations consisted of stability.
control, aerodynamic analysis, and comparisons with
predictions. Military utdlity tests consisted of limited
gualtative evaluations of two representative types of
au-to-arr engagements utilizing hugh AOA. Agility
metnc tests were conducted at 206 KCAS above 15
dcgrees AOA

The X-29 exhubited good stability, control, and
maneuverability up to 45 degrees AOA for the
Lateral-directional axis and to 50 degrees AOA for the
longrtudinal axis. Arrciaft control was precise n all
it ee axes. As AOA mereased, the aireraft stability and
control degraded gradvally Slow but swell coordinated
velocity-vector rolls were demonstrated using
tull-lateral suck inputs with feet on the floor Full
pedal-rudder roi! cepability was also demonstrated.
Beneficial differences in aerodynamics from
predictions allowed increasing the roll rate by 4010 60
pereent below 35 degrees AOA wiamuse of the in flight
vartable gain capabidity. Predicted lfarge amphiude
wing rock above 30 degrees AOA did not matenahize
Milc wing rock was cncountered above 37 degrees
AOA but was considered inconseqential to

lateral-directional maneuvenng. Lateral-directional
mancuvering above 45 degrees AOA was not possible
due to insufficient rudder control power.

Acrodynamic full nosedown recovery moments
vere up to 50 percent less than predicted above 50
degrees AOA. No hung stalls accurred, hut nosedown
recovery capability from above 50 degrees AOA was
marginal at aft centers of gravity. Acrodynamic yaw
asymmetries and the lack of rudder control power
above 50) degrens AOA degraded the recovenes to
lower AOA. Repeated recovernies from approximately
55 degrees AOA were made ahead of 447 inches center
ot gravity; however, recovenies with centers of gravity
aft of 446 inches wers marginal

The AOA envelgpe was cleared to 50 degrees
AOA for all centers of gravity and to 55 degrees for
centers of gravity at or ahead of 446 inches, Full-lateral
stick or full-rudder pedal mputs were cleared. The
envelope was not cleaed for combined lateral-stick
and rudder-pedal inputs.

The pilots overall qualitative assessments of the
X-29 flying qualities mdicated that it flew better i the
25- 1o d5-degree AOA range than current operational
fighters. The wunprovements meluded precise AOA
traching, loaded rotling capabulity to 45 degrees AOA,
and gradual degradavon of wrcraft control as AOA
mereased. These charactenstics made the X-29 a
natural aircraft to fly up to 45 degrees AOA

Results trom the military utility maneuvers
indicated the need for cockpit disprays at high AOA
which would provide the attacking aireralt fight path
refative to the target as well as accurate target range
and closure rate. Limited nulitary utihity tests with the
mereased roll-rate wapability showed pronmse. The
miltary utihity tests accomphshed mdicated that the
mancuvers performed should provide a starting pomt
tor future high AOA mulitary utility evaluations.
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INTRODUCTION

GENERAL

This report presents results of the flying qualities
testing of the X-29 aircraft at high angle-of-attack
{AOA). The program was conducted with the second
X-29 aircraft (USAF Serial Number 820049) from
May 1989to February 1991. The NASA Ames-Dryden
Flight Research Facility (ADFRF) was responsible for
flight test management and safety of flight. The Air
Force Flight Test Center (AFFTC) was a Participating
Test Organization (PTO). The program consisted of an
intcgrated test team of AFFTC, NASA, Grumman, and
Honeywell engineers and technicians. The program
required &5 flights for a total of 70.9 flight h.urs. The
program consisted of high AOA envelope clearance,
stability, control, and flying qualities evaluations.
Limited military utility and agility metric tests werc
also performed. The agility metric test results are
documented in AFFTC TIM-91-02, X-29A High
Angle-of-Attack Agility Flight Test Results
(Reference 1).

BACKGROUND

The X-29 high AOA program was managed by the
Wright Laboratory X-29 Advance Devclcpment
Program Office (ADPO). Tests were conducted under
Program Management Directive 9024(8/63245F),
Advance Fighter Technology Integration which was
dated 22 March 1990. The high AOA program was the
last part of the X-29 follow-on program designed to
cvaluate the X-29 configuration which consisted of
eight technologies. The technologies were a forward
swept wing, variable incidence close coupled canards,
high static longitudinal instability, three surfare pitch
control, full span flaperons providing variable camber
capability, thin supercritncal airfoil, acroelasuc tailored
compostte wing cover, and a triplex digital flight
control system (FCS) with specific high AOA control
laws.

The planned test program was to be conducted
in two phases with differing airspeed regions. The
first phase was limited to 0.6 Mach number above
10 degrees AOA and would take place between
May 1989 and July 1990. The second phase would
include an upgraded control system capable of flight
10 0.9 Mach number above 10 degrees AOA. Flight
testing for the second phase was scheduled for late

summer of 1990. Program budget cuts precluded
completion of the 0.6 Mach number envelope
expansion in Iate spring of 1990 and resulted in a
restructuring of the program. Flight testing was halted
for the spring and early summer of 1990 as funds for
flight testing the aircraft were unavailable.

Limited funding was identified in Fiscal Year
1991 for resumption of high AOA flight testing. The
program was restructured to achieve .75 Mach
number above 10 degrees AOA and to conduct limited
military utility and agility metric tests within the
cleared envelope The FCS modifications with
airspeed capability above 0.6 Mach number and
flight-test defined upgrades were designed during the
summer of 1990. High AOA flight testing resumed in
October of 1990 with a reduced program aimed at
expanding the envelope to 0.75 Mach number above
27,000 feet pressure altitude and to 300 KCAS between
17,000 and 27,000 feet pressure altitude. Twelve
military utility and agility metric flights were planned
between 1 January and 15 February 1991, following
envelope expansion. Program funds for further flight
testing expired on 22 February 1991.

FLIGHT TEST OBJECTIVES

The restructured program flight test objectives
were:

1. Clear a maneuvering envelope to maximum
AOA within a 0.75 Mach number/300 KCAS envelope
between 17,000 and 40,000 feet pressure altitude;

2. Obtain technical data on stability, control, and
aerodynamics and perlorm comparisons with
predictions;

3. Obtain agility metric test data at 20,000 feet
pressure altitude; and

4. Obtain limited military utility test data from
perch set-up tracking and basic fighter maneuvers
(BFMs).

The X-29 high AOA flight test objectives were
met,




AIRCRAFT DESCRIPTION

The X-29 was a single scat, forward swept wing
(FSW) research aircraft with a takeoff gross weight of
approximately 18,000 pounds. The wings were thin
supercritical airfoils with o forward sweep of 34
degrees at the quarter chord and were covered with
aeroelastically tailored composite skins as means of
controlling structural divergence. The nearly
coplanar, vanable wncidencz close coupled canards
were the primary pitch control surfaces. The canards
provided the high lIevel of static instability
(approxsmately 35 percent unstable at low AOA and
high subsonic speed) as well as the means for
controlling the instability. Canard control power was
augmented by a two segment full span flaperon and an
aft body strake flap. All three surfaces acted in
conjunction to provide control of the highly unstable
configuration. The flaperon and strake also worked
uxlependently from the canard in a slow trim mode,
Automatic Camber Control (ACC), to minimize
induced drag at low AOA and maximize hift above 15
degree; AOA during steady-state conditions.

Lateral control was provided by full span
asymmetric deflection of the flaperon. Directional
control was provided by a conventional rudder.

The Grumman design incorporated existing
aircraft hardware (o reduce development costs. This
hardware included a modified F-5A nose section, F-16
main gear, emergency power unit (EPU) and surface
actuators, and F-14 flight sensors and Honeywell
HDPS301 fhght control computers. The X-29 was
powered by an F-18 General Electric (GE)
F-404-GE-400 afterburning engine with a maximum
thrust rating of 16,000 pounds at sea level static
conditions. The aircraft was equipped v ith three air
data probes; two fuselage-mounted side probes and a
aoschoom probe Three independent var2s mounted on
the noseboom were also used for AOA data.

A tnplex fly-by-wire flight control system was
used to provide the stability, control, handling
qualities, and optimal surface trim configuration. The
system had a primary digital mode (Normal Digital)
and a dissimilar analog backup mcde (Analog
Reversion) The control laws were specifically
redestgned for the high AOA program to provide good
fiying quainies, departure resistance, and spin
prevention. The design was accomplished to 0.75
Mach number above 10 degrees AOA. The X-29 with
the ligh AOA control laws had a limited airspeed

to

envelope above 10 degrees AOA compared to the low
AOA flight cont, ! system. However, the low AOA
control laws were himited to 20 degrees AOA.

The second X-29 (USAF S/N §20049) was also
equipped with a spin recovery parachute; enlarged
cockpit AOA; yaw rate and sideslip gauges; and
subsystems modifications designed for high AOA
flight. Appendix A contains a detailed aircraft
description. Appendix D contains a full detailed FCS
and control law description.

FLIGHT CONTROL SYSTEM
DESCRIPTION

The X-29 high AOA FCS was designed by a
combined AFFTC and NASA ADFRF team. The
design was added to an earhier low AOA version of the
aircraft control laws, the BLOCKVIII-AD software.
Modifications were implemented above 15 degrees
AOA which helped to mirumize the budget and time
requirements for verification and validation (V and V)
and low AOA envelope expansion. Control laws below
10 degrees AOA remained the same as the already
proven software from the previous low AQA X-29
flight test program. The new tugh AOA control laws
were faded in between 10 and 15 degrees AOA.

Three flight control system software releases were
flown during the test program. These were BLOCKIX-
AA (the original release), BLOCKIX-AAOI
(longitudinal command changes). and BLOCKIX-
AAQ2 (new gains and software to allow flight above
10 degrees AOA above 0.6 Mach number). Functional
descriptions of the high AOA FCS are contained in
Appendix D and References 2 and 3.

‘The longitudinal axis required litle modification
from the low AOA system originally designed by
Grumman. The hugh AOA control laws were a pitch
rate command system with a4 weak AOA feedback to
provide positive apparent speed stability to the pilot
above 15 degrees AOA. Gravity vector compensation
to the pitch rate command was removed above 15
degrees AOA due to redundancy management
concerns about nuisance failure idications with the
attitude and heading reference system (AHRS).
Negative AOA aud load factor limiters were added to
aid in preventing tumble entries Positive AOA Limiters
were noi used.

The lateral-directional control laws requiied
extensive modificat.on to meet flying qualities design




requirements above 15 degrees AOA. Modificavions
included:

{. Linear lateral stich command gearing:

2. Increased gain roll damper using roll rate
feedback;

3. Elimination of the lateral integrater,

4. Addition of washed-out stability axis yaw rate
to the rudder feedback path:

5. Aileron to rudder interconnect modifications in
the directpath and the addition of a washied-out paraliel
path;

6. AOA and airspeed gamn scheduling:

7. Simplification of lateral command and
feedback architecture. and

8. Spin prevention: logic above 49 degrees AOA
(later changed to 50 degrees) with pilot override
capability.

The lateral command system was designed to
provide velocity vector rolls with mmin 2l sideslip
using simple archstecture. Major modifications were
required to provide appropriate command and
feedback balance The low AOA control laws had a
complicated optimal control type structure where all
lateral-directional states were fed back to both aileron
and rudder. Optimal control theory was not used 1n the
design of the X-29 high AOA control laws.
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TEST AND EVALUATION

PREDICTED FLYiNG QUALITIES

Ground-based flying qualities predictions
included static and dynamic wind tunnel, spin tunnel,
free flight model, radio controlled drop model, and
rotary balance tests. An aerodypamic mathematical
model was developed from these tests for use in
6-degree of freedom (DOF) simulation. The expected
flying qualities were generated using simulation with
Ingh angic-of-attack (AGA) control laws, ‘ree flight,
ardl drop model tests.

The X-29 forward swept wing (FSW) design was
predicted to maintain low but effective aileron control
power up to 90 degrees ACA. Rudder power was
predicted to remain high to 25 degrees AOA and then
decrease to zero by approximately 45 degrees AOA.
Lateral static stability, or dihedral effect, was predicted
to he good above 10 degrees AOA and body axis
directional stability was predicted to be positive to
approximately 45 degrees AOA. The stable dihedral
effect acted through a large inetua ratio ([zz/Ixx = 10)
tu provide a stahble directional divergence parameter
(DDP or Cofidyn) to above 70 degrees AOA,
radicaing the configuration would be resistant to rapid
nose slice departures. Lateral dynamic stability, or rofl
damping, was predicted to be unstable between 20 and
S0 degrees AOA and to become stable above 60
degrees. Wind tunnel tests indicated that the source of
ihe roll instability was the nose vortex sysiem
generated by the modified F-5A forebody. Vortices
provided a rofl moment forcing function whick was
interpreted as a roll damping term for mathematical
modeling purposes.

Atlow AOA and subsonic airspeed, the X-29 was
predicted to be statically unstable in the longitudinal
axis, with an approxinate negative static margin of 35
pereent Static instabiiny was predicted to decrease
with AOA and become stable above approximately 60
degrees. The canard was predicted to provide ample
power for controlling both the instability and inertial
coupling.

Early design phase simulation, free flight, and
drop model tests indicated the need for a high gain
aiferon-based roll damper to tully suppress a predicted
divergent wing rock, which was a result of the unstable
aerodynamic roll damping. Low gains or the lack of a

roll damper could result in roll departures above 25
degrees AOA. The X-29 system could not incorporate
the gain level required for complete wing rock
suppression due o limited actuator bandwidth and rate
limits. The final control law design for the X-29 was
predicted to exhibit bounded wing rock above 30 to 35
degrees AOA, increasing in amplitude to a maximum
at approximately 45 degrees AOA and then damp out
by 60 degrees as aerodynamic roll damping became
stabie.

Real-time simulation using the predicted
aerodynamics indicated that lateral-directional
maneuvering capabulity exist2d to approximately 45
degrees AOA where rudder power was lost. High
levels of roll coordination were required to minimize
adverse sideslip and potential roll reversals aue to high
stable dihedral effect. The predicted high AOA roll
performance was limited by the coordinating power of
the rudder rather itan aileron control power. Wing
rock onset above 30 degrees AOA was predicted to
degrade roll maneuvering to the pont that littie useful
capability was available between 35 and 45 degrees
AOA, afthough hmited ability was present. Lack of
rudder power was predicted to preveni
latesal-directional maneuvering above 45 degrees
AOA.

Wind tunnel and drop model tests demonstrated
the potential for zero sideslip yawing moment
asymmetries above 45 degrees AOA. Predicted rudder
power was insufficient to counter yaw moments
generated by the asymmetries above 45 degrees AOA.
The magnitude of the asymmetries varied and could not
be accurately predicted. The impact on trim or
longitudinal mancuvering above 45 degrees AOA was
predicted to be dependent upon the magsnitude of the
asymmetrv.

Longitudinal control power w s predicted to be
sufficient for pitch stabilization and to counter noseup
inertial coupling generated during velocity vectorrolls.
Potential longitudinal trim to 70 degrees AOA was
predicted in the absence of yaw ..ymmetnes or
lateral-directional 1nstabilities. Positive AOA hung
stalls were not indicated by the predicted wind tunnel
aerodynamic data or simulation.




The vertesd spin tunnel predicted two upright and
one mverted spin mode (Reference 4):

1 Upnight fast flat (AOA = 85 degrees, 3 seconds
per rn),

<. Upright slow oscillatory (AOA = 54 to 100
degrees. 4 seconds per tum); and

3. Inverted (AOA = -75 degrees, 4 seconds per
turn).

Both upnght modes were predicted to have slow
to noneatstent acrodynamic recovery characteristics.
The inverted mode recovered quickly with neutral or
opposite rudder. Wind tunnel tests also indicated that
no sustained spin could be entered with full antispin
aileron and ruader, suggesting the possibility of a spin
prevention system (as opposed to recovery) which was
later meorporated mto the flight control system (FCS).

Wind tunnel tests al:o showed the ~ossible
existence of a nosedown autorotative pitch tumble
mcde as a result of the high longitudinal swtic
instabtlity. An active strake flap was predictad to
eventually -damp the mode but not necessarily preveant
rapid nosedown departures. Simulation with predicted
acrodynamics indicated that aggravated roll
aepartures, which generated negative AOA from
kinematic coupling, could result 1o severe nosedown
departures xu potential tumble entries.  Simulation
tumble entnes produced negative load f1ctors at initial
departure entry which ranged from 1 to 6 g’s,
depending on airspeed. The simulator a2rodynamic
model was only valid to -50 degrees AOA and
investigation of the tumble characteristics with the
simulation was n-t possible. Limited radio controlled
drop model tests to evaluate the mode and entry
condtions were nconclusive due to the lov/ number
of fhights attenipted, limuted mancuver types performed
and fack of center of gravity (cg) variation, No tumbles
or cvere nosedowr: departures similar to the simuiator
were encountered vith the drop model; however, no
attempts to kraematically couple to highnegative AOA
at aft cg were performed. The tumble mode was
investigated 1n the vertical wind tunnel with free to
pitch models (Reference 5). Lateral-directional
aerodynamic or couyiing affects on the tumble mode
were not predicted. The results of this study indicated

that the nosedown pitch rate was oscillatory and peaked
at 200 degices per second.

Full lateral stick or full rudder pedal maneuvering
was predicted to be possible without departure of the
aircraft below 45 degrees AOA. Lateral stick aileron
rolls were predicted to be well coordinated with
sideslips less than 5 degrees. Full pedal rudder rolls
were predicted to produce up to 8 degrees sideshp
without departures. Sideslip excursions above 30
degrees AOA and 5 degrees sideslip were predicted as
a result of body axis static directional instability. The
excursions were not considered uepartures since they
were slow and easily controlled with opposite rudder.
Rapid noseslice departure as a result of the body axis
yaw instability was prevented by predicted strong
stable dihedral effect.

Full cross-control inputs below 45 degrees AOA
produced little lateral-directional motion using the
simulation with predicted acrodynamics. Roll due to
dihedral and aileron essenually cancelled. The canard
countered inertial pitch coupling dunng full cross-
controlled rolling pullouts and no departure tendencies
were predicted.

Sustained full cross controls above 50 degrees
AOA were predicted to result in a flat spin which was
unrecoverable when fully developed. The spin
prevention logic prevented development of the spin
without full pilot cross-control input.

Ful! coordinated rudder and aileron inputs were
predicted to be the most likely maneuver for departures
to occur below 45 degree AOA. The aileron input and
dihedral effect combined to produce large roll and yaw
rates. Inertial coupling to ail three axes was severe and
recoveries were not consistent. Full nosedown stick
inputs phased properly with abrupt full coordinated
inputs were predicted to cause kinematic coupling to
negative AOA and could occasionally result in tumble
entries. Autoroll susceptibility was predicted with the
simulator using predicted aerodynamics. Autorolls
would usually self recover within two full rolls. Rudder
opposite yaw rate combined with slow neutralization
of longitudinal stick was predicted to be the most
effective recovery technique from any simulation
departure or autorol! condition.




TEST CONDUCT

General:

The flight test program was divided into two test
phases:

1. Envelope expansior; and

2. Military utility and agility metric tests within
the cleared envelope.

Each had different flight test philosophies,
requirements, and procedures.

Envelope expansion of AOA was conducted in a
careful buildup. Angle of attack, airspeed, and
mancuver restrictions were applied. Analysis of flight
data prior to the next expansion point was conducted.
The analysis provided an understanding of differences
from predictions and possible results for the next
expansion point. Identification of potential stability
problems and expected characteristics using a
simulator with flight updated aerodynamics was a
prumary tool for the process.

Military utility and agility metric maneuvers were
conducted within the cleared envelope. Extensive
safety analysis between fligiits was not required unless
uncxpected aircraft respease was encountered.
Postflight analysis bet veen flights was minimal and
consisted primarily of confirming maneuver quality.
Real-time monitoring consisted of maneuver quality
ana limit compliance checks. Higher flight rates were
possible during the evaluation flights compared to
expansion flights.

Envelope Expansion Maneuvers:

Envelope expansion maneuvers were divided into
mtegrated test blocks (ITBs) which defined the
mancuver buildup process at a given AOA and
arrspeed. The ITBs were desigred to progress from
rclatively benign to more aggressive maneuvers.
Shightly different ITBs were defined for 1-g flight and
accelcrated maneuvers.

Table | hists the various ITBs used during

rrn
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envelope expansion. The |
designed to provide limited aerodynamic and
controtlability infermation when at a test pomt for the
first time. The ITB-2 maneuvers expanded the

mancuvering to greater limits 'he 1TB-3 maneuvers

were designed for large amplitude and aggravated
inputs. The aggravated inputs (cross control and full
proverse inputs) were deleted from the ITB-3
maneuvers due to schedule constraints and were not
performed. Table 2 outlines the uses of the maneuvers
in postflight analysis and aerodynamic model
updating.

Integrated Test Block maneuvers were performed
in sequence at S-degree AOA intervals. When results
-warranted, the interval was reduced to 2 degrees AOA.
A limit of 10 degrees AOA expansion without
postflight analysis was impesed during the initial
expansion. Successful completion of the ITB-I
maneuvers was required prior to performing ITB-2
maneuvers and successful ITB-2 completion prior to
ITB-3 maneuvers. A 10-degree AOA buffer was
maintained between sequential ITB maneuvers. The
ITB-1 maneuvers had to be successfully completed at
10 degrees higher AOA prior to performing an ITB-2
at a given AOA. A similar AOA buffer was used
between ITB-2 and ITB-3 maneuvers. Rules
concemning AOA cxpans;on limits without postflight
analysis (10 degrees) were relaxed during lower
altitude expansion to AOAs already cleared at higher
altitude. Angle-of-attack intervals of 5 degrees and ITB
order were adhered to.

Figure | presents the initial expansion and data
analysis process. The simulator aerodynamic model
was updated with the most recent flight data and
extrapolated to the next expansion point. Both
expected and worst case extrapolations were made and
evaluated on the simulator prior to flight. Limits,
expected results, real-time stability and departure
susceptibility indicators, and maneuver sequence were
defined by the simulation process.

The process was shortened for the low altitude
expansion below 25,000 feet pressure altitude. The
aircraft characteristics at high AOA and an initial fligit
updated simulator aerodynamic model had been
defined from high AOA testing at altitude. Simulation
was still performed prior to flight, but postflight data
analysis and simulator updating were not required
unless unexpected adverse results occurred. The ITBs
were modified in accordance with Table 1.
Modifications were based on lessons learned during
the higher altitude cxpansion. The availability of a
flight updated simulation which more closely
represented the aircraft and a knowledge of
aerodynamic characteristics allowed the abbrevi~
expansion maneuvers and process.




Table 1

2. For expansion below 25,000 feet, ITB-3s were eliminated.

3 No abrupt entry coupled maneuvers were performed.

I .
Proverse and cross control wputs were not accomplished.

INTEGRATED TEST BLOCKS
(ITBs)
ONE-G MANEUVERING

ITB-1 ITB-2 IT8-3
Stabilized Points 0/90/0 Aileron Roll 360° Aileron Rolll
Push-Over 0/60/0 Rudder Roll (Full Input)
Fast/Slow Pitch Doublet Wings-Level Sideslip
Fast Lateral Pulse (10° By
Fast Rudder Pulse
Yaw/Roll Doublet
0/60/0 Aileron Roll
0/30/0 Rudder Roli

(1/2 Input)
Wings-Level Sideslip
(5°B)
WINDUP TURNS

ITB-1 1TB-2 ITB-3
Stabilized Points Stabilized Points 360° Aileron R(l)ll
Fast/Slow Pitch Doublet 0/60/0 Aileron Roll (Full Input)
Fast Lateral Pulse 0/30/0 Rudder Roll
Fast Rudder Pulse (Full Input)
0/60/0 Aileron Roll
0/30/0 Rudder Roll

(1/2 Input)
Nolcs I. Fer expz;nsion bc—loﬂw 25,000 feet, doublets and sideslips were eliminated from ITB-1s.




Table 2

MANEUVER USE
Post Flight
Maneuver Analyses Tools Answers
ITB-1
Stabilized Point {5 sec)
Push-Over/Pull-Up Total Coefllcient® | De monsirate nose-down recovery capability
Stabilized Point (60 sec) Real time check of longitudinal trim surfaces
Total Coefficient | Post flight calculation of ACy, Cno. Clo
INS Real time check of wing rock amplitude and freq.
Batch Sim Provide time history to match wing rock
Real time check of control surfaces limit cycles
Pitch Doublets MMLE Cma. Cmde
{slow/fast) Total Coefficient
...................................... R T e T T T T T T T
Yaw/Roll Doublets MMLE Cl. Clp. Cng. Cndy. Clda
Total Coeflicient
Lateral Raps (sm&lg) MMLE Cndp. Cldr. Clda, Cndy
Rudder Raps Total Coeflicient
Slow, Wings-Level Real time check of stability/linearity of
Stdeslips (£5 deg ) Cl&Cnvsp
Total Coefficlent | Crouss comparison & linearity determination of
Batch Sim Clda. CIg. Cldr. Cndr. Cng. Cndy
....................................... U
Alleron Roll (0/60/0) Total Coeflicient | Check/determination of derivatives
Rudder Roll (0/30/0) Batch Sim
(1/2 Amplitude, L&R)
ITB-2
Slow, Wings-Level Total Coefficient | Provides same data as small stdeslip but over
Sideslips (110 deg ) Batch Sim larger B range
Alleron Roll {(0/90/0) Total Coefficient Final check/determination of derivatives
Rudder Roll (0/60/0) Batch Sim
360 deg Rolls

{Full Amplitude)

* For an explanation of the Total Coefficient Matching Method see Appendices C and .

z
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Military Utility Piloted Evaluation
Maneuvers:

Tracking From A Perch Setup.

Tracking maneuvers were entered from a perch
setup with the attacking aircraft approximately 2,000
feetaft and SO0 feet laterally offset from the target. The
target anrcraft initiated a constant airspeed descending
tum between 25 and 40 degrees AQA. The attacking
arrcraft ucquired and tracked the target through various
maneuvers. The maneuvers included roll reversals
called by the attacker, random roll reversals initiated
by the target, straight ahead pull-ups to maximum
AOA, and roll to wings level followed by a pull to
maxmmum AOA. The attacking aircraft would attempt
to track the target during the maneuvers.

Both the X-29 and F-18 served as target and attack
arreraft to acquire qualitative comparative pilot
comments. Pilot ratings were not attempted since
desired and adequate performance levels were not
established. The X-29 did not have a head-up display
(HUD) or a gunsight installed. This limited the ability
to assess the tracking performance.

Neutral Basic Fighter
Maneuvering.

The neutral basic fighter mateuver (BFM) setup
was initiated with the X-29 and the opponent F-}8
laterally separated by 1,000 feet and flying on opposite
headings at approximately 250 KCAS. When the
aircraft passed, both aircraft initiated a one-circle fight
using a 25- to 40-degree AOA tum. Both aircrafi
attempted to maneuverto aslow speed firing advantage
or until maneuver termination.

AERODYNAMIC DATA
COMPARISONS

General:

This section compares the predicted and flight
updated simulation acrodynamic mathematical model
(Reference 6). The predicted model was continually
updated as a part of the envelope expansion program,
Updates were further refined during subsequent testing
and analysis. Methods for updating a nonlinear
acrodynamic model with linear and piece-wise iinear
flight data were developed. A description of the update
methods, parameters, application equations, model
validation, and limitations is contained in Appendix C

The model was updated beyond the limits of the flight
data by following predicted trends. Changes were
implemented in a manner which preserved the
predicted nonlinear characteristics by applying
increments to the predicted model. The predicted
model tables and functions were not modified.

The flight updated acrodynamic model was
generated using a variety of methods for extracting the
aeradynamics. Determination of the control power
derivatives from varying magnitude surface pulses was
the first step. Surface pulses of sufficiently high
frequency to provide state accelerations but small
changes in the actual states were the best maneuvers
for control power estimation. Varying the magnitude
of the pulses allowed estimation of nonlinear
characteristics. Linear parameter estimation of the
stability derivatives about a trim condition using
classical surface doublet inputs followed the
determination of the control denivatives. The combined
stability and control derivatives about the trim
condition were used as the firstindicator of the overall
trend for the nonlinear variation of the model. Aninitial
model update was derived using the linear parameter
estimation dataas the variation from predictions. Batch
simulation overplot comparisons with flight dynamics
using larger amplitude maneuvers than the doublets or
pulses were then used to further refine the flight
updated model. Valid linear parameter estimation data
about tim conditions were obtained in 5-degree AOA
intervals up to 45 degrees AOA; however, the quality
degraded above 35 degrees AOA. Two repeats of the
pulses and doublets were obtained at each expansion
AOA. Wings leve! sideslips, aileron and rudder rolls
were available for batch simulation comparisons in
5-degree AOA intervals up to 45 degrees AOA. These
maneuvers were performed for one-half and full pilot
control inputs. The flight mode) was consid~ .d valid
when a majority of the larger amplhiude batch
simulation overplots and real-time simulation
dynamics consistently matched flight results within
engineering judgment limits.

Parameter comparisons presented in this section
(and Appendix B) are betwcen the predicted
mathemat:cal aerodynamic model and the flight
updated version. Parameter comparisons are for a 1-g
trim condition presented in Figure 2, between 38,000
and 25,000 feet pressure altitude. The updated model
covers the full flight test envelope. Data presented are
representative of variations between predicted and
flight updated aerodynamics.
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Longitudinal Stability and Control
Parameters:

Figure 3 presents comparisons of linearized
longitudinal static instability (Cme) and Iongitudinal
contro! power (Cmgc) between the predicted and flight
updated models. Figure Bl presents a similar
comparison with the flight parameter cstimation data.
Parameter estimation data were generated using the
well known Modified Maximum Likelihood
methodology of Reference 7. Longitudinal parameter
estimation data were usually derived at trim conditions
which were different from those of Figure 2 due to the
unique longitudinal trim characteristics of the X-29.
See the Longitudinal Stability and Control section and
Figure 12 of this report for a description of the X-29
trim characteristics.

Longitudinal static instability was predicted to
decrease with AOA and to become stable between 55
and 65 degrees AOA, varying with canard position.
Both lungitudinal static instability and control power
were higher than predicted to 40 degrees AOA, The
trends with AOA were well predicted. Static instability
reduced with AOA and canard power remained
relatively constant. Parameter estimation data above 45
degrees AOA were not obtained. Estimation of control
power was limited to the canard since adequate
separate surface inputs were not available. As a
consequence, differences in longitudinal control power
were attributed to the canard. Estimated parameters
were denived from standard longitudinal pulses and
doublets.

Predicted longitudinal static instability and canard
power were nonlinear with canard deflection. The
model updating techniques held the predicted
nonlinear trend intact such that the updated model
would also reflect the nonlinear characteristics. Figure
3 also presents an example of the nonlinearity for both
the predicted and updated models at 35 degiees AOA.
In general, canard power and static instability
increased with trailing edge up (TEU) deflection. The
nonhincantes m control power and static nstabifity
with canard position made compasison of longitudinal
parameter data difficult. The X-29 trimmed differently
depending on multiple variables discussed in the
,onguudmal Stability 1nd Control section. The canard

....................................
oblamcd was often more TEU than that shown in
Figure 2. The nonlincar character of the predicted data
with canard position required an incremental update
method using the differences between flight and
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predictions at comparable canard trim conditions. The
nonlinearity also presented problems with updating
control power and static instability separately. Changes
in canard power would also modify static instability
since the update model used both canmd and AOA as
independent variables. The resulting flight updated
model had a higher linearized static instability below
25 degrees AOA than was indicated by the parameter
estimation data of Figure B1. The nonlinear vanation
of static instability with canard position was also
affected (Figure 3) and may not be representative of
actual values when far off the canard trim positions.
The flight update increment tables did not contain
sufficient canard break points (see Appendix C) to
model the characteristics at all conditions.

Figure 4 presents a time history comparison of
flight computed, predicted, and flight updated modcl
total pitching moment coefficient. Flight data were
computed and corrected for thrust and inlet affects as
described in Appendix E. Model data were generated
by driving both the predicted and flight updated
aerodynamic models with flight measured inputs. The
aircraft exhibited more noseup pitching moment at a
given AOA and surface position than was predicted.
Comparison of flight computed and predicted model
total aerodyna.nic pitching moment across the
envelope shows the trend.

Full Nosedown Pitchi.ig Moment:

Figure 5 presents a comparison of available {ull
nosedown aerodynamic pitching moment cocfficient
between the predicted and flight updated aerodynamic
models. Flight data for the cases where full nosedown
pitch control surface deflection was encountered are
also presented. Figure B2 presents an expanded
comparison of full nosedown pitching moment
coefficient between the predicted and flight updated
aerodynamic models.

The aircraft had no hung stall up to 67 degrees
AOA (limit of flight data), although the noseup
difference between the flight data and predictions
increased with AOA. Full nosedown acrodynamic
pitching moment was significantly reduced from
predictions. The minimum nosedown acrodynamic
pitching moment (Cm*) was approximately one-half

MNA Tt
of predictions between S5 and 67 degrees ACA. The

low Reynolds Number (RN of 0.6 x 106 per foot) wind
tunnel data more accurately reflected the flight value
for Cm* than did the high Reynolds Number (RN
above 1.4x 100 per foot) data. The reasons for the large
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difference were not determined but were attributed to
achange in basic pitching moment (Cmo) or Cmgy with
AOA. Flight data indicated a slight stable stope similar
to predictions between 60 and 67 degrees AOA. Data
beyond 67 degrees AOA were not obtained.
Differences between the flight and predicted pitching
moment above 67 degrees AOA were held constant for
the model updating process. Care should be exercised
when extrapolating the model results above the AOA
for accurate flight data. The shape and magnitude of
the pitching moment curve above stall AOA has
significant influence en spin, departure, and hung stall
susceptibulity.

Significant data scatter in full nosedown
aerodynamic pitching moment was evident between 39
and 50 degrees AOA. Maneuvers with full nosedown
commands generally resulted during yaw excursion
recoveries from above 45 degrees AOA. Yaw
excursions are discussed in detail in the
Lateral-Directional Stability and Control section of
this report. Significant sideslip, aerodynamic
nysteresis, or nose vortex effects may have been
present. Definition of the potential factors impacting
the data in this region was not accomplished.

Lift and Drag Characteristics:

Figure 6 presents a comparison of flight
computed, predicted, and flight updated aerudynamic
model lift and drag coefficients. Flight data were
computed using asimplified thrust model and ram drag
model (see Appendix E). The predicted and flight
updated model data were generated by driving the two
models with the appropriate flight measured data.

Anincrease inlift coefficient at a given AOA over
predictions was evident during 1 g maneuvers.
Difterences were less pronounced for airspeeds above
approximately 150 KCAS at similar AOA. The lift
cocfficient trends with AOA and the AOA for
maximum lift were close to predicticns. Flight
computed drag coefficients were close to predictions
at all airspeeds. Lift, and to a lesser extent drag, at high
AOA were strong functions of canard, symmetric
flaperon, and strake positions. The canard was
predicted to be a large contributor to total aircraft lift
duc to 1ts large surface arco which was 20 percent of
the wing area. The update to the aerodynamic model
only accouns for differences as a funciion vt AGA aud
airspeed

The lift and drag coefficients were derived using
a simplified thrust model which was estimated to be
accurate within 15 percent. The GE-F-404-400 engine
installed in the X-29 was not instrumented for accurate
in-flight thrust computations. The engine thrust model
also contained the predicted ram drag characteristics as
a function of flight condstion and power setting.
Angle-of-attack effects on engine power and ram drag
were not measured in flight nor predicted.

Lateral-Directional Stability and
Control Parameters:

Figure 7 presents a comparison between the
predicted and flight updated aerodynamic model for
linearized laieral-directional static stability
parameters. Figures B3 through Bil present the total
nonlinear vardation of yaw and rolling moment
coefficients with sideslip. All comparisons are for the
1-g trim condition of Figure 2. Flight values of sideslip
from which aerodynamic model updates were
determined ranged from approximately 15 degree« at
10 degrees AOA to 5 degrees at 45 degrees AOA. Data
above 45 degrees AOA were generated without benefit
of linear parameter estimation and the flight model
updates relied upon batch simulation overplotting of
flight and simulated dynamics.

The directional divergence parameter (DDP or
Cnfdyn) was lower than predicted but still stable
below 35 degrees AOA and higher than predicted
between 35 and 45 degrees AOA. Stable Cnfidyn is an
indicator of nose-slice departure resistance and
computed with a combination of body axis static
directional stability (Cnf) and dihedral effect (CIp).
The reduction in CnBdyn below 35 degrees AOA was
due to a combination of lower body axis directional
stability and dihedral effect. The lower dibedral ef(ect
pivvided the largest contiivution duc to a large inertia
ratio. The increase in Cnfldyn above 35 degrees AOA
was due to both an increase in body axis static
directional stability and stable dihedral effect.

Both dihedral effect and body axis static stability
were noalinear with sideslip. Figures B4 through B8
show that the reduction in linearized dibedral occurs
about sideslip angles less than 5 degrees. The slope of
rolling moment with sideslip was close to predicted
above approximately 5 degrees sideslip. The total

B T e D T R L T L D L Tk | DV e opuipage | e
vaiue oi folling moment was still lower than predicicd
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Figure 6 Lift and Drag Comparison
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at a given sideslip due to slope differences about zero
sidesiip.

Figure 8 presents a comparison of linearized
aileron and rudder power (Clga and Cudr,
respectively). Figures B3 through BLL present total
nonlinear yaw and rolling moment comparisons
between the predicted and flight updated aerodynamic
model as functions of surface deflection and AOA. All
comparisons are for the 1-g automatic camber control
(ACC) trim condition of Figure 2. Aileron and rudder
power were derived from lateral stick and rudder pedat
pulses ranging from one-haif to full input. Rudder and
atleron data were gathered across the deflection range
(30 and 17.5 degrees, respectively) up to 45 degrees
AOA. Linear parameter estimation data were not
available above 45 degrees AOA. The flight updates
abcve 45 degrees AOA relied upon batch simulation
overplot comparisons between flight and simulated
dynamics.

Aileron power was lower than predicted between
10 and 40 degrees AOA for deflections less than 5
degrees Aileron power was nonlinear with deflection,
ganing power at higher deflections. Fhight values for
aileron power followed the predicted trends with
deflection but also exhibited a higher degree of
nonlinearity.

Rudder power was higher than predicted between
10 and 35 degrees AOA. Rudder power was also higher
than predicted for deflections above 15 degrees (sce
Figures B8 through B11) between 35 and 50 degrees
AOA.

Both aileron and rudder power trends with AOA
were similar to predictions. Aileron power about zero
deflection remained low but constant above 30 degrees
AOA and rudder power was negligible above 45
degrees AOA.,

Figure 9 presents a comparison between the flight
updated and predicted roll damping (Clp) as a function
ol AOA and sideslip. The predicted values were
unstable between 20 and 50 degrees AOA withastrong
stabilizing influence due to sideslip. Flight data at zero
stdeslip was more unstable than predicted between 20
and 35 degrees AOA and less unstable above 35
degrees. The stabilizing influcace of sideslip was

larger than predicted.

Figure 10 presents the average zero sideslip yaw
asymmetry (Cno) encountered in flight. The potential
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presence of asymmetries as a consequence of the nose
vortex system was predicted above 45 degrees AOA.
The vortical und separated flow typically resulted in
inaccurate predictions for magnitude and direction,
although the potential presence of asymmetries was
predicted. Nose-right asymmetries were encountered
between approx mately 40 and 48 degrees AOA. By
50 degrees AOA the asymmetry had reversed,
becoming nose-left. The yaw asymmetry indicated in
Figure 10 for the flight updated aerodynamic model
represents an average of the characteristics which
produced the most consistent comparisons between
flight and batch simulation dynamics. The acymmetry
magnitudes, onset, and reversal AOA were not always
repeatable; however, the trend of nose-right between
40 and 48 degrees AOA and nose-left above 50 degrees
AQA was consistent.

Summary:

A nonlinear flight test based update of the X-29
high AOA simulation aerodynamic model was
accomplished. The update was successful in providing
characteristics closer to the actual aircraft than the
predicted model. Differences between flight and the
updated aerodynamic model exist. The difference was
greatest in the pitch axis above 45 degrees AOA. The
model shows greater nosedown recovery moment than
was encountered in flight. Uncertainty in the flight
pitching moment data between 40 and 50 degrees AOA
may be attributable to sideslip affects, aerodynanic
hysteresis, rate affects, and vortex asymmetry
uncertainties.

Significant differences between predicted and
actual aircraft aerodynamics were present. The
ground-based predictive methods adequately
determined the stability and control trends with AOA,
out the accuracy of individual aerodynamic parameter
predictions was low. High AOA aerodynamic
prediction had a higher degree of uncertainty compared
to low AOA prediction capability.

The lasgest difference from prediction was a large
reduction in full nosedown acrodynamic control power
above 45 degrees AOA. The minimum value of full
nosedown control power (Cm*) between 50 and 70
degrees AOA was 50 percent of prediction. The low
Reyniolds number wind tunmel daia mote accuraiely
reflected the correct value for Cm* than did the high
Reynolds number predicted data.
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The predicted aileron conirol power
characteristics for the FSW were confirmed to 45
degrees AOA. Differences from predictions existed.
but the general character and trends were as
anticipated

The predicted lngh canard control power below 45
degiees AOA was confirmed. Flight values of control
power were higher than predicted around trim
positions. Full nosedown recovery moments at -57
degrees traling edge up (TEU) canard were less than
predictions; however, this may have been the result of
changes 1n static instability (Cme) or basic pitching
moment (Cmo) rather than changes in surface control
power.

'The lift coefficient trends and maximum lift AOA
predicted for the configuration were confirmed. Lift
coefficients and slope with AOA were higher than
predicted during slow speed (1-g) maiicuvering near
the ACC tnm conditions and the maximum lift
coefficient was greater than 2.0. Lift was close to
predicted during higher speed (above 150 KCAS)
dynamic mancuvening. The drag was close to predicted
at all conditions tested

LONGITUDINAL STABILITY AND
CONTROL

Trim:

The X-29 extubsted unique longitudinal trim
charactenstics as a consequence of three-surfi.ce pitch
control, FCS control law interactions, and nonlinear
longitudinal stability and control parameters. The
three-surface pitch control provided a theoretical
infinite number of trim conditions at a given AOA and
arrspeed. The actual trim was dependent on the control
law architecture al acrodynamic nonlinearties

The ACC canard trim mode of the longiudinal
control laws took advantage of the multiple surfaces to
pusition the canard for maximum total aircraft lift,
while maintaining sufficient control power for
stabilizatton. The canard was slowly forced to a
predetermined trim position by integration of an error
signal to the symmetric flaperon until flaperon position
saturation (21.5 degrees trailing edgs down [TED]}
abuve 15 degices AGA). Canard posivoning
commands were then transferred to the strake. The
ACC worked through a slow outer-loop control law
and only achieved full scheduled canard trim dunng
sustaned steady-state conditions. Longitudinal

command and stabilization had prionty over ACC
commands and provided the initial surface trim based
on balancing commanded and actual pitch rate. The
imtial trim prior to full ACC canard schedule
implementation was dependent on the rate at which
AOA and airspeed were attained. Slow entry rates
provided initial trim closer to the ACC schedule than
did rapid entries. Flight test efficiency during high sink
rate conditions often required entering maneuvers prior
to achieving full ACC trim.

Figure 11 presents a comparison of flight, flight
updated simulation and predicted simulation ACC trim
surfuce positions during a slow 1-g deceleration to 45
degrees AOA. Figures B12 and B13 present similar
data for other cg conditions. Flight and simulation trim
data were obtained during descending (38,000 to
25,000 feet pressure altitude) slow decelerations in
military power.

The canard was maintained on the ACC schedule
by trimming of the strake since the flaperon was
saturated by 10 degrees AOA. Strake trim was more
TED compared to simulation predictions due to the
overall noseup aerodynamic pitching moment
differences from predictions discussed in the
Aerodynamic Data Comparison section of this report
{Figures 4 and 5).

Figure 12 presents a comparison of the fught ACC
trim canard from Figure 2 and the nitial canard trim
positions encountered during losigitudinal pulses and
doublets. The initial canard trim positions are for a
large range of cg. The initial canard trim (prior to full
ACC scheduling) averaged 5 degrees more TEU than
did the ACC trim conditions. The value of canard trim
impacted the parameter estimation results for static
instability and canard power as discussed in the
Aerodynamic Data Comparison section of this report.

Longitudinal Maneuvering:

General.

The X-29 high AGA longitudinal control laws
used a pitch rate command and stabilization system. A
low frequency, weak AOA feedback was implemented
to provide positive apparent speed stability to the pilot
throngh increased aft stick force with AC:A. [he AUA
feedback provided little short period siabilization. The
pure pitch rate command system required varying
degrees of aft stick force to maintain normal load factor
depending on aircraft atitude as well as arspeed.
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Active pilot controt of AOA was required during
lateral-directional maneuvering since automatic
compensation for kinematic couphing or gravity vector
orientation was not provided. The system was simple
and relattvely unmodified from the low AOA control
laws

Pitch Rate Capability.

Fagure 13 presents maximum pitch rates attained
during full aft stick pitch atrtude captures entered from
170 to 210 KCAS at 20,000 fect pressure altitude. The
maximum rates were comparable to other current
fighter type aircraft. High AOA basic fighter
mancuvers (BFMs) performed against an F-18 target
arreraft indicated that although maximum pitch rate
capability wes similar to current aircraft, increased
pitch tate would be desirable at high AOA for
nose-pointing purpose ;. The extent to which the X-29
pitch rate command could be increased was a function
of the longitudinal 1stability and canard actuator rate
capabibity. The high static mstability required rapid
posttioning of available control power to maintain
adequate stability. Although bigh aerodynamic control
power existed, maximum pitch rate ability (from a
stability maintenance point of view) was dictated by
the canard rate limit.

Figure 14 summarizes the results of a limited
stmulation effort to study the fezsibility of longitudinal
command gain increases below 200 KCAS. The study
was not exhaustive and only considered effects on
stability Handling characteristics or other pilot-in-the
foop sensitivity studies were not accomplished. The
data were gathered from abrupt aft stick inputs from
wings level at 150 and 200 KCAS, 20,000 feet pressure
alutude with an aft cg of 450 inches. Inputs were
neutralized at 41) degrees AOA. Maximum pitch rate,
TEU canard rates to stop pitchup, TEU canard position
saturation tme, and AUA overshoots beyond 40
degrees were measured ‘The study was performed with
the flight updated aerodynamic model. The results
indicated a 30-percent increase 1n pitch rate command
capability may have been feasible at 200 KCAS and
below. Canard rate limits, excessive ACA overshoots,
or prolonged canard position saturation after
Jongitudinal stick neutralizanon were not present with
the simutotion for a 30-percent command gain
increase.

Pitch Rate and AOA Control.

Figure B14 presents a time history of a pitch
attitude capture performed during agility metric studies
(Reference 1). The mancuver called for capturing a
pitch attitude within an error band of £2 degrees. Pitch
attitude was easily captured and maintained within the
specified limits. Figure 15 presents the times to capture
and pitch through various pitch attitudes during
maximum comraand inputs at 200 KCAS at
approximately 20,000 feet pressure altitude. The time
to pitch-through was close to the time to capture an
equal pitch attitude, demonstrating good control of
both pitch attitude and rate. Good pitch attitude and rate
control below 45 degrees AOA was accomplished
using a simple pitch rate command control law
architecture.

The pitch rate command system required pilot
compensation to maintain AOA as aircraft attitude and
corresponding gravity vector orientation changed.
Kinematic coupling of AOA and sideslip during
lateral-directional maneuvering could change AOA
without significant pitch rate changes. Hign pitch
attitude maneuvers at low airspeed could result in AOA
changes without large rate or attitude variations. Pilots
were aided in AOA control during expansion
maneuvers with an AOA error indication on the
attitude direction indicator (ADI) director bars. The
ADI error indicator was used in fine control of ACA
during critical data gathering and envelope expansion
maneuvers. Overall AOA control with or without the
ADI error indicator was considered good 10 45 degrees
AOA. Angle-of-attack control was considered better
than the simulation with cither the predicted or irutial
flight updated aerodynamic models. The final
simulation aerodynamic update model reflected some
increase in AOA control compared to previous
versions.

Pitch Inertial Coupling.

The X-29 FCS was designed to roll about the
velocity vector at high AOA. Velocity vector rolls
required combined roll and yaw rates in the same
direction which imparted a noseup inertial couphing
moment. Figure B15 presents a tme history of typical
X-29 longuudmal inertial coupling charactenstics
duri.s a 1-g velocity vector roll at 30 degrees AQA.
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Inertial coupling was controlled with small canard
inputs. Canard unload (TEU movetwent) produced the
required nosedown aerodynamic control of velocity
vector roll induced mertial coupling. Unloading the
canard allowed for maintaining high control power by
avoiding local surface stall.

Directional asymmetries above 45 degrees AOA
produced yaw rates (see Lateral-Directional Stability
and Control section) which were not controllable with
available rudder power. Longitudinal inertial coupling
was generated by uncontrolled rates above 50 degrees
AOA and was usually noseup. The impact of the
incriad coupling on recovery from above 50 degrees
AOA was cg sensitive. Figure 16 prescents a
comparison between a forward cg (445 inches) pitchup
maneuver to 67 degrees AOA and a similar maneuver
to 55 degrees AOA at a farther aft cg (447 inches).
Figures B16 and B17 present full time histories of the
two mancuvers. Both maneuveis encountered full
nosedown aerodynamic surface positions during
recovery to below 40 degrees AOA. Inertial coupling
with the forward cg case was controlled with the
available nosedown aerodynamic pitching moment.
The mancuver at the farther aft cg location encountered
a minor AOA haogup during recovery. Inertial
coupling induced noseup pitching moments were
sufficient to momentarily overcome full nosedown
acrodynamic capability. Phasing of the inertial
coupling component between the two mancuvers
varied, although both encountered maximum inertial
coupling moments between 40 and 45 degrees AOA.

The susceptibility to pitch inertial coupling was
due to the low aerodynamic nosedown recovery
moment above 45 degrees AOA. Low full nosedown
aerodynamic moments degraded recovery
characteristics in the presence of noseup inertial
coupling. Consistent recoveries from above 55 degrees
AOA were not demonstrated as only one mansuver was
performed. Recovery from the single maneuver was
excellent, however, different phasing of inertial
coupling could have resulted in a less satisfactory
recovery. Multiple recoveries from maneuvers
between 50 and 55 degrees AOA were demonstrated
for ¢g locations ahead of 447 nches; however,
mancuvers aft of 446 inches cg demenstrated marginal
recovery ability.

Frgure 17 presents a comparison of the X-29 flight
value of Cm* at 65 degrees AOA and the proposed
minimum Cm* criteria of Reference §. The X-29 flight
value of Cm* occurred at 65 degrees AOA. Pitch
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recovery was marginal above 50 degrees AOA ad aft
of 446 inches cg in the presence of noseup inertial
coupling. The full nosedown flight value of pitching
moment coefficient at 50 degrees AOA is also
indicated in Figure 17. The value of the pitching
moment coefficient at 50 degrees AOA was more
nosedown than the value of Cm* taken at 65 degrees
AOA. The data indicate that the proposed criteria was
not conservative for the X-29 in the presence of noseup
inertial coupling.

Figure 18 presents the required nosedown
aerodynamic pitching moment coefficient to control
noseup inertial coupling moments. The wnrque roll and
yaw ratec combination for stability axis or velocity
vector rolls produced noseup inertial moments. The
nosedown aerodynamic moment (-Cric) required 1o
control the inertial coupling due to velocity vector rolls
is presented in the first part of the figure as a function
of stability axis roll rate, AOA, and airspeed. The
inertial coupling control requirements are also
compared to the . . lable aircraft nosedown moments
as a function of AQA and cg. The second part of Figure
18 presents similar data for the general inertial
coupling case where yaw and roll rate products (PR) of
the same sign were used to compute tte required
nosedown aerodynamic control (-Cmic) for noseup
inertial coupling. The majority of the maneuvers with
the X-29 encountered noscup inertial coupling.

The first part of Figure 18 shows that the available
aerodynamic nosedown priching moment for control
ol noseup inertial coupling between 30 and 45 degrees
AOA exceeds the available stability axis roll rate
capability of the aircraft. The maximum stability axis
roll rate reduced from 40 degrees per second at 30
degrees AOA to approximately 10 degrees per second
between 40 and 45 degrees AOA (see Figures 20
through 23 of the Lateral-Directional Stability and
Control section of thus report). No velocity vector rolls
above 45 degrees AOA were possible due to lack of
rudder power. Even with yaw control, however, little
capability would bave existed due to low ncsedown
aerodynamic recovery moments, Stability axis roll
rates beyond 20 degrees per second across the cg range
would not have been possible above S0 degrees AOA
due to the low nosedown pitching moment capability.

,
Tho cornend navt oF
CRCHECOBE PAn G

Figure 18 showing the geiicial
inertial coupling characteristics indicates that a
combined roll and yaw rate product above 800
degrecs2 per second? (28.3 degrees per second? ) at 60

degrees AOA would exceed available nosedown
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Steady Sideslip and Static Stability:

Figure 19 presents a comparison between flight,
original, and updated simulation of full pedal, 1-g
wings-level sideslips. Aileron and rudder ratios with
sideship were taken at 2 degrees positive (left pedal)
sideslip. Figures B8 through B24 present a full
comparison between flight, predicted, and the updated
simulation of rudder and aileron deflection during
sideslips.

Rudder per sideslip was less than predicted below
40 degrees AOA due to the increase in rudder power
and reduced body axis static stability and dihedral
effect. Rudder with sideslip was stable with small
sideslips below 40 degrees AOA. Static instability
above 4 degrees positive sideslip (left pedal) was
indicated between 30 and 35 degrees AOA. The
instability was due to destabilization of body axis
yawing moment (see Figure B7). Opposite rudder
countered the momentary sideslip excursion.
Departures in regions with low body axis stability were
prevented by high stable dihedral effect and rudder
control power.

Aileron per sideslip was less than predicted below
4() degrees AOA and close to predicted at 40 degrees.
The differences from prediction were due to reduced
stable dihedral effect and increased aileron power for
deflections above approximately 5 degrees aileron.
Dihedral effect at 10 degrees AOA was neutral 1o
stightly unstable (see Figure B3).

Stable aileron deflection with sideslip increased
with AOA as dihedral effect became more stable.

Maximum sideslip during wings-level sideslips
was higher than predicted due to an increase in rudder
power and a decrease in stable dihedral effect and body
axis staue stability. Maximum sideslip was limited by
lateral command authority above 25 degrees AOA,
since strong dihedral effect resulted in high aileron
requirements

Maximum sideslip during wings-level or steady-
heading sideslips should not be confused with overall
maximum sideslip. The high stable dibedral effect

M asln ivston ricd vnlion mbenaca 18Y B v ALY A
:"\‘({:::.'Cd asleron into SiICs1ip GOOVE v ulgieds AIA

to maintain steady conditions. The control laws had a
large aileron to rudder interconnect (ARI) gain which
detracted from the rudder pedal command during
steady sideslips. Maximum sideskip at or below 25
degrees AOA during steady sideslips was less than 10

degrees and decreased with AOA above 30 degrees.
Sideslips of 15 degrees or greater were possible with
pure rudder pedal commands such as those during a
rudder roll.

Lateral-Directional Maneuvering:

General,

Flight control system modifications were made
during the course of the program which affected the
roll capability of the aircraft. The FCC software
releases were tested at differing altitudes and airspeeds
which also affected roll perfornance. The initial FCS
software releases (BLOCKIX-AA and BLOCKIX-
AAOQ1) were tested above 25,000 feet pressure altitude.
The second release (BLOCKIX-AAOQL) contained a
pitch command gain increase and affected the roll
performance by obtaining a given AOA at higner
airspeed. The third release (BLOCKIX-AA(?)
contained toll rate feedback gain reductions and
variable command gain capability (lateral and ARD
The BLOCKIX-AAQ2 release was tested above 17.000
feet pressure altitude to 300 KCAS and 0.75 Mach
number. Envelog: expansion of the BLOCKIX-AA(2
releasc performad full stick bank-to-bank rolls and
reversals. The BLOCKIX-AA and BLOCKIX-AAO!
releases tested full stick 360-degree and bank-to-bank
rolls.

The X-29 control laws were designed to provide
velocity vector rolls with lateral stick commands only.
The control law architecture was simple but
appropriately gain scheduled with AOA and airspeed.
Rudder rolls were possible with pure pedal inputs as a
result of stable dihedral effect. Velocity vector rolls
were required to prevent Jarge adverse sideslip which
could cause roll hesitation or reversal through strong
stable dihedral effect. Roll coordination was supplied
for aileron rolls through a high gain ARI and
washed-out stability axis yaw rate feedback to the
rudder.

Initial FCS Releases (BLOCKIX-
AA and BLOCKIX-AA01).

Figure 20 presents steady-state stability axis toll
raivs (PCusiu) + RSinfey) for the BLLOCKIX-AAUI
software releases. The BLOCKIX-AA data were only
obtamned to 160 KCAS and are not presented. Data for
Figure 20 are fairings from Figures B25 through B27
for full stick 360-degree rolls. Coordination data are
also presented in Figures B25 through B27. Figures
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B41 and B42 present representative time histories of
aileron roll maneuvers with the BLOCKIX-AA01

soltwate telease.

The X-2Y initial software releases exhibited slow
but well coordinated aileron rolls to 40 degrees AOA.
AL 45 degrees AOA, nild Lateral maneuvering was
possible while maintaining full left rudder pedal to
offset directional yaw asymmetries which are
discussed further i the Directional Asymmetry sectioa
of thes report Lateral-directional maneuvering above
45 degrees AOA was not possible duce to lack of rudder
power and the presence of yaw asymmetries. An
increase inthe utility of the 35 to 45 degree AOA range
for lateral-directional mancuvering compared to
simulations with the predicted aerodynamic modet was
noted Wing rock was predicted to degrade
lateral-directional mancuvering above approximately
35 degrees AOA. Muld wing rock was present above
37 degrees AOA but was of smaller magaitude than
predicted and was not considered detrimental o
lateral-directional maneuvenng,

Aileron rolls were well coordinated with less than
S degrees of stdeship below 40 degrees AGA. Roll
conrdination degraded above 30 degrees AOA. Severe
roll hesitations or reversals were not present. Mild roll
hesttations were encountered above 35 degrees AOA
as aeonsequence of wing rock andd low nudder powet.,
The nuld roll hesitations were not constdered
sigmifrcantly detnimental (o lateral-disectional
maneuvering,

Lateral maneuvering about the full left pedal
condition at 45 degrees AOA during {-g flight was
himited to bank-to-bank rolls  Coordmation was
dependent on the directiun of mtial stick input. Left
lateral stick input while mamntaining left rudder pedal
followed by a right stick revensal allowed for mild
bank to-bank rolls (130 degrees bank), Right lateral
stick mputs while mamtannng left rudders pedal
followed by leftstick reversals generated large adverse
sideships but did not result i depanure. Maneuver
transtents between 40 and 45 degrees AOA durmg
higher wrspeed mancuvers showed increased
Tateral-directional maneuvering ability compared to
the |-g cases

Active privivoniiol ot AGA duiiig ol dicuavers
was required  Control requirements were minmal and
the workload was not considered excessive. Well
coordinated rolls Iinmted kinematic coupling of
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sideslip and AOA. Ptlot compensation to maintain
AOA was primarily due to changing aircraft atiitude
and airspeed.

Upgraded FCS Release
(BLOCKIX-AAQ2).

Figure 21 presents peak stability axis roll rates for
the BLOCKIX-AAOQ2 software release between 17,000
and 25,000 feet pressure altitude up to 300 KCAS. Data
tor Figure 21 we fairings from Figures B28 through
B 32 for fuli stick 60-degree roll attitude bank-to-bank
rolls. Coordination data are also presented in Figures
B28 through B32. Figures B43 and B44 present
representative time histories of bank-to-bank rolls. The
BLOCKIX-AA(02 software release contained roll rate
feedback gain reductions and an increased airspeed
envelope compared to BLOCKIX-AACL. The
BLOCKIX-AAOQ!I software also moved the spin
prevention logic onset AOA from 40 to 50 degrees.

Stability axis roll rates were increased 10 to 15
percent above 160 KCAS compared to the
BLOCKIX-AA0I release. The increase was due to
reduced roll rate feedback gains compared to the
BLOCKIX-AAOI release. Gain reductions were made
to increase stability axis roll rates and reduce the
potential for lateral limit cycles above 200 KCAS Roll
coordination remained good. Control of the yvaw
asymmetry and mild maneuvering at 45 degrees AOA
was more consistent with the absence of spin
prevention logic inputs.

Command Gain Changes.

The BLOCKIX-AAQ2 software release had
vanable fateral command (K13)yand ARI (K27) gains.
Gain combinations were preselected and initiated by
the pilot with thumbwheel (TW) inputs on the cockpit
FCS control panel Flight tests were accomplished for
two principal combinattons:

1. 50 percent K13 and 40 percent K27 increase
(TW47)

2 75 percent K13 and 80 percent K27 increase
(TWS3)

Buili combinations weic Jdesigned to increasc
stabthty axis roll rates. Tests and clearance were
performed between 17,000 and 25,000 foot pressure
altitude 1o 250 KCAS.
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Momentary aileron and rudder position saturation
were encousntered with both TW combinations above
10 degrees AOA below 200 KCAS. Saturation times
varied and were more often encountered during the roll
reversal than with the initial inputs. Saturation times
for tae TW47 combination ranged from 0.5 to 1.5
seconds and from 10 to 2.0 seconds with the TWS3
combination. Position saturation duration was
dependent upon the timie to achieve 60 degrees of bank
angle change and thus tended to increase as roll rates
decreased with AOA,

Frgures 22 and 23 present the maximum stability
axis roll rate for the TW47 and TWS53 variations,
respectively, Data for Figures 22 and 23 are data
fairmgs from Figures B33 through B40 for full stick
60-de gree roll attitude bank-to-bank rolls. Figures B33
thiough B40 also present roll coordination data.
Figures B4S through B49 present representative time
histonies of bank-to-bank rolls with the TW
combinations

The TW47 combination provided a 40- to
60)-pereent merease in stabihity axis roll rate over the
basehne gams a1 25 degrees AOA for airspeeds of 160
KCAS or greater One-g rates were comparable to the
bascline gains Thumbwheel 47 encountered
uncommanded roll reversal above 30 degrees AOA
during 1-g maneuvering. Uncommanded roll reversals
above 3 degrees AOA with airspeeds of 140 KCAS
o1 above were not encountered with the TW47
combination. Higher airspeed maneuvers were
performed from noselow windup tums at higher true
auspeeds which requced the total force contribution
(acrodynamic and gravity) 10 adverse sideslip and
corresponding uncommanded roll reversal tendencies.

The TWS53 combination provided stability axis
roll tate increases of 80 to 100 pereent over the baseline
gaine at 25 degrees AOA o aispeeds of 160 KCAS
o gicaler The T-g rates were comparable 1o the
bascline gains at 25 degrees AOA The TWS3
combination experienced uncommanded roll reversal
at 30 degrees AOA during 1-g maneuvers.
Uncommanded roll reversal tendencies reduced with
airspeed. However. the TW53 combination
experienced midd uncommanded roll reversals above
30 degrees AOA for airspeeds above 140 KCAS. The
tugher command gaing of the TWS2 configuration
produced prolonged aileron saturation at 30 degrees
AOA and above. The rudder was not able to provide
sufhicient coordinating yaw rates to combat adverse
sideslip
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The TW53 combination produced higher stability
axis roll rates than did the TWA47 combination.
Degradation in coordination capability led to increased
susceptibility to uncommanded roll reversal or
hesitation. The TW47 combination was considered the
better of the two, providing . significant increase in
stability axis roll rate with minimal degradation due to
adverse sideslip and roll reversal.

Angle-of-attack control with both thumbwheel
combinations was degraded from the baseline gain
systems. Kinematic coupling of AOA and sideslip
occusred with less precise roll coordination. Pilot
workload to maintain AOA during roll maneuvers was
higher than with the bascline gain systems. The
increased workload was not considered objectionable
and did not detract from the increased roll rate
performance of the TW47 combination.

Figure 24 illustrates the differences between
predicted and flight acrodynamic roll coordination
ability. Increased stability axis roll rate and
conrdination capability compared to predictions were
duc to a more favorable aerodynamic yaw to roll
coutrol power ratio ard reduced dihedral effect. The
more favorable ratio reduced adverse sideslip above 23
degrees AOA. The lower dihedral effect reduced
uncommanded roll reversal tendencies below 37
degrees AOA and made the aircraft more tolerant of
adverse sideslip. The strong roll damping stabilizing
influence of sideslip prevented roll departures in the
absence of roll damping augmentation with position
saturated ailerons. Uncommanded roll reversal and
hesitation at or above 30 degrees AOA were a
consequence of the inability of the rudder to provide
sufficient control power for coordination of available
10l rates.

The abihity to control sideslip buildup during high
AOA rolls was dependent on roll 1o yaw inertias and
the acrodynanuc ratio of rudder to aileron power. The
magnitude of aerodynamic rudder to aleron power
ratio required for coordination increased as the tangent
of AOA. Uncommanded roll reversals or hesitations as
a consequence of adverse sideslip were dependent on
aileron power, dihedral effect and roll damping.
Sideslip generatioi: potential was estumated by the
indicated computations and assumptions shown 1n
Figure 24, using the yaw 10 101l acrodynamic invineni
ratio (Co/Ch for full atleron and rudder deflection.
Aerodynamic yaw to roll ratios falling below the
tangent of AGA line indicate adverse sideshp potential.
Ratios above the line imply proverse potential Exact
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Figure 22 BLOCKIX-AA02 TW47 Roll Performance Summary
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For perfect coordination, sideslip buildup from kinematic coupling must be minimized:

B=psin(a) - rcos(o) (A)
assume B=B=0=00 (B)
differentiating (A) and applying (B) :
0.0 =psin (o) -rcos (o)
p= Clqs%(x and r= qus%zz
substituting :

.r/b = tan(a) and C%I = [l%x] tan(a)

Figure 24 Roll Reversal and Coordination Potential
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sideslip generaion cannet be determined with this
analysts, but the relative location compared (o the
tangent AON Line can compare capabibity,
Computation of sidesitp potenteal fos tull X-29 aiteron
and rudder deflection indicaied o more favorble
acrodynanue yaw to roll ratio for the aireraft than with
predicted wiodyoanues Uncommanded roll reversal
tendencies can be corapared by the wount of adverse
sideshp requued o overcone retling moments from
full wleron deflecuon The second part of Frgure 24
shows @ compunson between the predicted and flight
updated acrody nanue niodel ol the sedeshp required to
overcome full wileren deflecuon The anciaft bad
tgher reatance 1o vncommanded roll tevensal onset
compried e prediction, doeo 3 reduction m dihedral
eHect Inorea ad adverse sedeship compared o
piedictiogs o sedgaared te overcome rolling mosient
due 1o full aleron

Kuider Rolls.

Body s roil rtes dunng tull pedal radder rotls
were stintlar o those obtamed dunng aileron tolls with
the basehne guns Y ow rates and sideslip generated
were higher than ssmulation piedictions due to the
mereascd tadder power and reduced statie stabihty. No
tudder roll capabiity was present at 10 degrees AOA
ductothe Lah of dibedral etfect Stable dihedral effedt
rapidly marewed with AOA and rudder rolls were
posstble above approxumately 12 degrees AOA. No
pudder toll abuhity exasted dbove 45 degrees AOA due
to the Jack of mddes power Yau mstabihities were
present between 30 and 39 dogrees AOA for sideslips
abuve approaimatety 3 derees Sideslip would
macase witll no nciease morudder mput due to
unstable hody cars static stabity The mstabiliy was
not netreeable w the pilot unul approximately 8
degrees sidesip due to the siow natwie of the
dvergence The mstability did not interfere with
transient mancuvernmnyg throngh the tegion. Sideshp
excursions were moie prevalent wath lefi pedal ioputs
due to acrodynamic asymmetrics with odeship
bxcursions were sensed by the plot and controlled
with opposite yudder Figuie B5O presesss a
repiesentatzve qune story of aradder ot

No depateres woauied dunne the full pedal
tiddor 1ol menenvers pestormed below 5 degrees
AOA Tadd 1ol mmaner, wese aouelly aboited 1t
1 degree oranore sideslip o weie enconntered
frareaent snd g Boae Iy dopiees e posable

(A TR T TRUNRITE (4 (R INTH NI

Angle-of-attack control duning rudder rolls was
mote difficult than with aileron rolls. The aircraft
rolled using a combination of proverse sideshp and
stable dihedral etfect which produced an AOA increase
through kinematic coupling. Higher pilot workloxd
was required to maintain AOA during rudder rolls
compared to aileron rolls. The workload was not
constdered objectionable, but caution was required
when performing rudder rolls above 35 degrees AOA
to avord AOA increases to above 45 degrees.

Aileron saturation from the high gain roll damper
system was commea during full pedal rudder rolls.
Momentaiy 1oll rate increases occurred during
saturation since the aileron was no longer providing
roll damping and high sideslip was present. No ruil
departures were encountered with aileron saturation
due to the large stabilizang influence of sidesip on
aetodynamic roll damping. The overall rudder roll
ability of the X-29 was consideted good below 40
degices AUA.

Wing Drop:

High frequency (2 to 3 hertz) low magnitude,
rdom bank angle disturbances were encountered
between 20 and 30 degrees AOA and were most
noticeable durmg §-g thght. The high gain roll damper
could not respond with sufficient magnitude to oppose
the moments. The phenomena was termed wing drop
(o differentiate from the wing rock mode which would
be present without the lugh gan roll damper. Wing
sock with X-29 USAF S/N 820003 without the high
AOA FCS was encountered above IS degrees AOA
and was cychical ata frequency of 0 5 heriz [ncontrast,
wing drop encountered with X 29 USAF §/N 820049
with the high AOA FCS above 20 degrees AOCA was
randonm and at higher frequencies

‘The wing drop was noticeable mn the cockpit and
degraded the ability 1o acuurately hold bank angic
wlule between 20 and 30 degrees AGA. The magnnude
of the wing drop reduced by 25 degiees AOA, although
some random rothng moments continued to a lesser
Jegree at all AOAs. The wing drop was considered
objectionable within the 20- to 25-degree AOA region,
but did not severely impact mancuverng

Wing drop was attnbuted to random flow
separation Increasing the rolt rate feedback gain to
counter the wing diop was not feasible due to the
trequency of the wing diop “The wing drop frequency




was at the outer range of the actuator bandwidth
(3 hertz). The gain levels required to damp the wing
drop would have created lateral limit cycle
susceptibility. Increase in the already high roll rate
feedback gain would also have reduced steady roll
fates.

Wing Rock:

Wing rock onset occurred at approximately 37
degrees AOA. Magnitude increased to a peak value of
16 degrees bank angle between 50 and 55 degrees
AOA. Mild cyclic roll oscillations of 2 degrees bank
angle were present as low as 30 degrees AOA but were
of msufficient magnitude to be considered sustained
wing rock by the pilot. The small random wing drop
was also noticeable at 30 degrees AOA. The wing rock
damped out with as little as 2 degrees of sideslip due
1o the large stabilizing influence of sideslip on
acrodynamic roll damping. Aileron inputs larger than
10 degrees also damped wing rock as aileron power
mcreased with deflection. The damping influence of
increased aileron deflection was more pronounced
with right (positive) than with left (negative) aileron.

Figure 25 presents a comparison of flight and
predicted wing rock characteristics. Figure B51
prescats a representative time history example of wing
rock The magnitude of the wing rock was less than
predicted. Preflight predictions indicated that the wing
rock would severely degrade lateral-directional
maneuvering above approximately 35 degrees AOA.
The flight wing rock magnitude was considered a
minor annoyance and did not significantly impact
lateral-directional maneuvering ability.

The reduction in wing rock magnitude from
predictions was due to a lower level of unstable roll
damping above 30 degrees AOA. Zero sideship
magnitudes of acrodynamic roll damping were less
unstable than predicted The strong stabilizing
influese of sideslip produced a net increase from
predicted roll damping since sideslip from kinematic
coupling was present during wing rock. Differences in
aileron power from predictions did not significantly
alfect the wing rock onset characteristics Aileron
power was close to or equal to predicted for deflections
less than 5 degrees above 35 degrees AOA. Aileron
powcr increased from predictions with deflection
ahove 35 degrees AOA. The increase in aileron power
may have contributed to the decreased magnitude of
the developed wing rock as higher aileron deflections
were commanded with the higher oscillatory roll rates.

hR!

Prediction and mathematical modeling of wing
rock characteristics for the X-29 were difficult due to
the source of the roll instability. The modified F-5A
nose section was predicted to produce a cyclical rolling
moment which was mathematically modeled for
simulation as an unstable roll damping term. Wind
tunnel forced oscillation tests indicated that roll
damping magnitudes were a strong function of both rotl
rate and frequency which were not possible to
adequately model. Predicted sideslip effects on roll
damping were derived empirically from time history
matching of free flight and drop model tests. The
preflight predictions contained a wide range of sources
beyond simulation, including free flight and drop
model tests. All prediction sources indicated that
substantial wing rock would be present above 30 to 35
degrees AOA.

Directional Asymmetries:

Yaw asymmetrics were encountered above
approximately 40 degrees AOA (Figure 10).
Asymmetries were nose-right between 40 and 48
degrees AOA. The asymmetry changed to nose-left
above approximately 48 degrees AOA. The asymmetry
remained nose-left up to 67 degrees AOA, which was
the timit of flight test data. The magnitude above 50
degrees AOA was higher than below 50 degrees AOA.
Onset AOA and magnitude were not always consistent;
however, the nose-right acymmetry was well
established by 45 degrees AOA and nose-left by 50
degrees. The asymmetries were attributed to an
asymmetric vortex system generated by the modified
F-5A forebody section.

Full left rudder at 45 degrees AOA could control
the asymmatry if applied prior to reaching 5 degrees
per second yaw rate. Combined yaw and roll rates of
15 to 20 degrees per second could be reached without
early application of opposing rudder. Delaying rudder
input to beyord 5 degrees per second yaw rate provided
insufficient opposing moment for complete control but
did prevent further rate increase. Limited control of the
asymmetries between 45 and 50 degrees AOA was
possible using aleron, rudder, and asymmetry reversal
to control yaw rates. Control was not as consistent as
with the 45 degree AOA case. Figures B52 through
B54 present time history examples of the control of the
asymmetry between 40 and 50 degrees AOA.

The asymmetry was well esablished m the
nose-Jeft direction above 50 degrees AOA. Full rudder
or full wi~ron were insufficient to prevent left yaw rates
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{rom developing Combin.d yaw rates and sideslip-
induced roll rates of 25 to 30 degrees per second were
touttnely eacountered. Recoverntes to AOA below 40
degiees were miitated at 15 degrees per second yaw
rate Rates continued to increase or hold constant until
significantly below 40 degrees AOA. Peak yaw rates
were sensitive to recovery technique. Fuil right rudder
opposing the yaw rate above 50 degrees AOA did little
to stop the onset due to Jack of rudder pow.r, however,
holding full nght rudder until lower AQA enhanced
recovery s rudder power was regamned Pilot pitch
mputs could also affect the speed and ease of recovery.
Rapid stk neatradizatton or inputs forward of neutral
could produce sufficient nosedown pitch rates to
umeetidly couple to the yaw axis and momentarily
mcrease yaw 1ate and sideslip. Slow neutralization of
longitudinal control, combined with holding full nght
rudder until AOA. yaw rate, and sideslip were reduced,
was the most effective recovery technique.

Summary:

The lateral-directional mancuvering envelope was
Jeared for full separate lateral stick or rudder pedal
mputs below 45 degrees AOA. Combined lateral stick
and rudder pedal inputs to test aggravated input
depanture suscepubility were not accomplished. The
envelope was not cleared for combined
lateral-chrectional inputs.

The X-29 exhibiied good lateral-directional
mancuvertng and stability characteristics up to 45
degrees AOA. The lateral directional maneuvering
capability below 45 degrees AOA was better than
predicted. The maneuvering characteristics were
achieved with a simple FCS control law architecture
which was appropnately gam scheduled. The addition
of vartable in-flight gan feature allowed the test
program to take advantage of beneficial aerodynanns
ared to maximisze the roll perfoanance of the wreraft
between 25 andd 35 degrec, AOA

Stow, but well coordimated, Jateral stick only roli
mancuvers were demonstrated to 40 degrees AOA.
Mild bank-to-bank rolls were possible while holding
full fett rudder pedal at 45 degrees AOA. Rudder rolls
prosided 1oll rates comparable to lateril sitck only
maieuvers No departures were encountered dunng
erther lateral stick or radder roll maneuvers performed
below 45 degrees AUA - Fuall rudder inputs between 30
and 35 degiees AOA required caution as mild

58

dicectional instability was encountered. The instability
was ¢ .ollable with opposite rudder. No
lateral-airectional maneuvering capability existed
above 45 degrees AOA due to lack of rudder power and
directional acrodynamic asymmetries.

Significant increases (40 to 60 percent with TW47
and 80 10 100 percent with TWS53 at 25 degrees AOA)
in stabiiity axis roll rate between 15 and 35 degrees
AOA were demonstrated with the variable gain feature.
The TW47 increase in lateral command and ARI gains
was considered the best combination tested, providing
increased roll rate with minimal degradation of
coordination. Beneficial aerodynamic changes from
predictrons below 45 degrees AOA allowed the FCS
m ification to achieve significant performance
increases.

Mild wing rock was encountered hbetween 37 and
55 degrees AOA. Predicted degradation of
lateral-directional maneuvering above 30 degrees
AOA due to large amplitude wing rock did not occur.
Wing rock was present but of sufficiently smail
amplitude tc be considered little more than an
annoyance. Wing rock quickly damped with small
sideslip angles, large aileron inputs. or during
maneuvering

Directional asymmetries were encountered above
40) degrees AOA. Asymmetries were initially
nose-right between 40 and 48 degrees AOA and
became nose-left above 50 degrees. Full left rudder
could controf asymmetries at 45 degrees AOA. Control
of the asymmetnies between 45 and 50 degrees AOA
was marginal. Asymmetries were uncontrollable
above 50 degrees AOA and resulted in combined left
yaw and roll rates of 25 to 30 degrees per second.
Maintaining full right rudder and slow neutralization
of longitudinal stick was the most effective recovery
technique

ENERGY MANEUVERABILITY AND
INSTANTAMEQGUS TURN
PERFORMANCE

Figure 26 presents specific excess energy and
maximum nstantaneous tum performance at 20,000
feet pressure altitude. Data were fortest day conditions.
Low speed tum rate and radius were comparable to
current ftghter aircraft. Large negative specific excess
energy was present due to high drag above 25 degrees
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AOA and relatively low thrust to weight (0.97 static
sea level, tuel weight of 16,500 pounds).

The poteatial command increases mentioned n
the Longitudinal Stability and Contrel section of this
report would mcerease the available normal load factor
below 40 degrees AOA and enhance tum rate and
radius above approximately 120 KCAS. However, the
enhancement would be achieved at the cost of
mcreased  negative specific excess energy due to
aclueving hugher AOA and associated drag at a given
arspeed

QUALITATIVE FLYING QUALITIES
ASSESSMENT

Longitudinal:

Longitudmal coatrol appeared positive and
prease up to 67 degrees ACA. The low aerodynamic
1ecovery capability trom above 55 degrees AOA atmud
Lg was not evident from the cockpit. The momentary
AOA hangup during the mid-cg mancuver to 55
degrecs AGA was not apparent to the pilot. Recovery
tolow AOA trom mancuvers above 50 degrees did not
appeat questionable from the cockprt.

I ongitudinal control was goud during
maneuvering below 45 {0 S0 degrees AOA There were
no natural or pilot induced oscilations noted. Light
arrframe buffet began at approximately 15 oegrees
AOA and retnained nearly constant with ACA duning
[-g flight Anincrease i bulfet level was noted duung
accelerated mancuvering Heavy buifet was
envountered when flying above {90 KCAS and 30
degrees AOA: however, at no time was the pilot able
to use buffet intenssty as a method to judge AUA.

Accurate AOA contiol was possible by using the
cronsdhcaton on the ADTdiector bars The prlot was
able to easly attain the target AJA and subsequently
tack within | degree The onset of a small lateral
acccleration was an dication that AGA greater than
45 degrees had been awhieved Longitudinal control
was precase enough to reduce AOA when this cue was
encountered Overall, the arcraft had no undesirable
longrtudinal Hy g qualities below 50 degrees AOA

Lateral-Directional:
Lateral control was available throughout the flight

envelope anu permatted maneuvers up to 45 degrees
AOA Koll was slow but precise, with good
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coordination. The aircraft was generally flown without
rudder pedal inputs. Roll onset and steady rate
capability were slow for the BLOCKIX-AAOQ! and
-AAQ2 sofiware releases without the command gain
changes. The command gain increases (TW47 and
TW53) produced significant rate and onset
improvements below approximately 35 degrees ACA.
The TW47 configuration was considered the best
overall combination.

The rudder roll ability was good to 35 degrees
AGA. Roll rates were comparable to those during
lateral stick only velocity vector rolls. At 30 degrees
AOA the small yaw divergence which was apparent in
the data was not visible to the pilot until approximately
8 degrees sideslip. The divergence was not rapid and
did not affect transient maneuvering through the 30 to
40 degree AOA region. The divergence was
controllable with opposite rudder.

At 20 to 30 degrees AOA in I-g flight, small
random bank angle variations of 2 to 3 degrees
occurred. The bank angle variations appeared to be a
combination of the previously mentioned wing drops
and small cyclic beginmings of wing rock. Damping the
motion with lateral inputs was not pezsible, The wing
drop did not interfere with overall aircraft control duc
to the small magnitude. The motion was not apparent
during maneuvering.

Small amphitude wing rock (14 degrees bank) was
encountered at approximately 40 degrees AOA. The
wing rock presented some minor problems in
stabthizing AOA, but disappeared during mancuvering.
The wing rock had no significant adverse impact on the
laterai-dtrectional flying qualities.

At 45 degrees AOA, a nose-right yaw motion
developed which required full left rudder and
approximately onc-third left Tateral stick to control.
The onset of the motion was predictable and a good
indication ot AQA. By 50 degrees AOA the motion
reversed and could nut be controlied, which resulted in
a slow nose-left yaw as thie AOA wes increas~1 apove
50 degrees.

Lateral-directional control degraded gracefully
with AOA. No sudden loss of control was encountered.
Aircralt control and maneuverability degradation with
ACA wo prediciable and repeaiabie. Gveradl, i
arreraft bad no undesirable lateral-directional flying
qualities up to 45 to 50 degrees ADA.




Summary:

The pilot’s overall quabtative assessment of the
X-29 was that it flew better in the 25 to 45 degree AOA
range than any current operauonal fighter. The
improvements included precise AOA tracking, good
loaded rolling capability with the FCS command gain
mcreases, and gradual degradation of aircraft control
as AOA increased. These characteristics made the
X-29 anatural aircraft to fly up to 45 degrees AQA.

MILITARY UTILITY

Background:

The military utlity evaluation for the X-29
consisted of:

1. Agility metric maneuvers
2. Tracking from a perch setup
3. Basic fighter mancuvers (BFM)

The majority of the military utility flights were
dedicated to agility metric maneuvers. Six flights were
devoted to agility metrics. Limited agility metric data
were gathered for 200 KCAS entries at 20,000 feet
pressure altitude. The results of the evaluation are
reported separately in Reference 1.

An initial attempr was made to define a set of
offensive and defensive high AOA tracking maneuvers
which would provide qualitative military utilsty
evaluattons of the X-29. Portions of five flights with
the airspeed limited BLOCKIX-AAOQ!I software
release were dedicated to tracking exercise
expenmients The sofltware was limited to 200 KCAS
above 10 degrees AOA and 25,000 feet pressure
altitude.

The extcnded airspeed and altitude envelope of the
BLOCKIX AA02 software release allowed revisiing
the piloted evaluation issue. Project pilots defined
BFM ecvaluations to bz performed against an F-18.
Portions of three flights were flown with the baseline
BIL.OCKIX-AA02 software and one flight with the
lateral command gain increases.

Maneuvering Limitations:

The X-29 was limited to 6.5 g equivalent load
factor below 20 degrees AOA and 5.0 gequivalent load
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factor above 20 degiees AOA. Equivalent load factor
was defined as actual load factor for a 15,000 pound
aircraft, which was the original midfuel design weight.
The X-29 USAF S/N 820049 weighed 16,500 pounds
at midfuel weight. Equivalent load factor was reached
at lower actual load factor for aircraft weights above
15,000 pounds. The FCS longitudinal command
system was capable of exceeding the equivalent load
factor limits above approximately 250 KCAS. Limits
were maintained by pilot control as opposed to
automatic FCS limiting.

Envelope expansion results produced BFM
limitations of 40 degrees AOA and 10 degrees sideslip.
Stricter maneuvering limitations were set for BFM to
allow sufficient safety margin for overshoots while
mancuvering "head out of the cockpit”. Airspeed
limitations were 300 KCAS or 0.75 Mach number
above 10 degrees AOA. Maneuvers were limited to
aileron or rudder only inputs since combined inputs
were not cleared during envelope expansion.

Tail fin fatigue life considerations did not play a
role in the envelope limitations except in defining
maneuver buildup requirements. Some maneuvers
which used large amcunts of tail fatigue life were not
attempted.

Tracking From A Perch Setup.

During high AOA tracking, the X-29 pilot often
had difficulty determining overtake on the target. The
visual cues for angular overtake normally used at low
AOA were not sufficient at high AOA. Specifically.
the larger angular difference between the nose of the
aircraft and the velocity vector would cause the pilot to
misjudge the aircraft flightpath relative to the target.
The pilot falsely believed that the flightpath was
directed towards the target, when actually it was
directed behind the target. As a result, the attacker
would often unnecessarly lag the target during
reversals. It was not generally possible o regain nose
position for a weapons deployment following the lag
The tendency to excessively lag was increased by the
lack of positive target information when the target
passed out of sight under the attacker’s nose.
Appropriate displays showing the attacker's fughtpath
and the target state were required to avoid the problem.
The X-29 did not have such displays.

The slant range between the target and the
attacking arrcraft was more critical in determining the
nature of the engagement than at low AOA.



Conventional ttacking mancuvers (attacker behind
targets needed to be intiated with less than 2,000 feet
scparaion AL greater tanges, the target was able to
generate sufficient heading changes during a high
AUA wmto preclude a conventional tracking solution.
Howe.er, the lngh AOA defensive tum by the target
stopped angolar movement relative to the attacker and
allowed an exceltem coportunaty for the attacking
aiscraft to point aad shoot. The attacker could continue
10 pownt until mumuny gun range A high AOA
defensive (in was only effective if the attacker was
mside 2000 feer stant range.

The trackmg execicises provided uscful lessons
learned and limited quaditative mformation on the
nthty atihity of the X-29 at high AOA. The low
aisspeed tos entry 1200 KCAS or less) and lack of
appropriate displays limsted the utility of the
maneusers

Neutral BEM Maneuvering

‘The BFM 1o an mita) firing solution aganst an
F 1% showed promigse for piloted evaluations of both
the envelope and the X-29 withun the envelope. Three
pattial  lights with the basic BLOCKIX-AAG2
command gamns and one flight with the thumbwheet
wicteases were perfotmed Liunited nuditary utidity data
were obtamed with the BFM maneuvers

Although hiile fime was avwlable for evaluation,
imttal comments mdicated that the roll performance
avatlable with the increased lateral command gams
eould prove o significant advantage athigh AOA Fhe
X 29 was able to perform a Joaded roll at a sufficiently
high 1ate to obtam mproved angular position on the
F-18 which had to unload to roll The X-29 was able to
continue forolf and tam a. the F- 18 had to reduce AOA
and turn capabithity to change the plane of the
mancus i

Summary:

Lonated military utility tests were accomplhished
using tracking exetoises fromaperch setup and neutral
BEM cngagements Both evaluations used an F-18
adversany arraradt Results indicated the need tor
cochpit displiys talued for lugh AOA which would
provude both attaching and taiget aireradt information,
Droplavs snoutd include the altacking atcralt firght
path telabve to the target as well as accurate target
range and closuse raie mfoimation

Flight control system in-flight gain changes
provided an tnitial Took at an increased roll rate
capability which showed promise for further
evaluativn, however, the program was ended before a
tull evaluation was accomphshed. The military utility
tests accomplished indicated that the maneuvers
performed should provide a starting point for future
high AOA mulitary utility evaluations.

OTHER FLIGHT TEST
CONSIDERATIONS

Spin Chute:

The second X-29, USAF S/N 820049, was
equipped with a mortar deployed, 19-foot diuneter,
ribbon type spin recovery parachute. Spin chute
jettison was accomplished with a mechanical primary
and a pyrotechnic backup system. The chute was sized
for fully developed spin recovenes in the NASA
Langley Research Center vertical spin tunnel.
Appendix A contains adetailed description of the chute
and operating mechamsms,

Three test deployments, following extensive
contractor ground tests, were accomplished. A high
speed taxi deployment and jettison were performed at
90 KEAS. Two m-flight deployments and jettisons at
180 and 120 KEAS were performed. No emergency
jettison system deployment tests were conducted by
the 1est team due to potential hardware damage from
using the pyrotechnic jettison system. The contractor
performed extensive ground tests of the emeigency
jetuson system prior to aircraft delivery.

The taxi test provided data for engine plume
effects on the chute loads during deployment. Chute
loads during the taxi deployment were twice the
anticipated acrodynamic loads. The test was performed
at military powerand the additional load was attributed
to engine plume effects on the chute.

The first in flight deployment was at 180 KEAS.
20,000 feet pressure altitude The jettison at 10 degrees
AOA produced an unanticipated nosedown transient to
- degree AOA. Jettison at 10 degrees AOA was
perlormed to minimize transients, assuming the chute
was aligned with the velocity vector. The jettison was
performed at military power. Postflight analysis
indicated that the chute was captured by the engine
plume, which realigned the nsers away from the
velocity vectos in a ditectron to produce a significant




noseup pitching moment. The transient upon jettison
wasdue to the sudden release of the large chute induced
moment. The magnitude of the moment was larger than
anticipated due to the entrapment in the exhaust plume.

The second deployment and jettison were
performed at 120 KEAS and 20,000 feet pressure
altitude. The jettison was performed with flight idle
power at 10 degrees AOA. Flight idle power was used
to avoid chute entrapment in the exhaust plume and
subsequent jettison transients. The jettison was
successtully completed without any major pitch
transients, Jettison procedures were modified to release
n-flight idle power only.

Engine Operation:

The X-29 F404-GE-400 (F404)! engine
demonstrated excellent performance during the
program Initial expansion was performed at military
power with fixed throttle to avoid engine stall or
stagnation. Military power did not provide the
maximum stall margin but was required to provide
maxmmum hydraulic flow rates. High flow rates were
desired to maintain surface actuator rate capability in
case of departure.

Throttle transients and atterburner (AB) use were
cleared throughout the AOA and sideslip envelope
after the initial AOA expansion. Afterbumer clearance
was conducted with throttle ca..cellations to military
ard flight 1dle power to 45 degrees AOA. Full dry
power throttle transients were performed to similar
conditions. No engine stalls or safety of tight
anomalies were encountered during the test program.

Afterburner light would not occur above 12
degrees AOA below 150 KCAS. The suspected cause
was an out of tolerance afterbumer flame holder.
Failure of afterburner light with the F404 was not a
dangerous condition since the engine control unit
would shut oft AB fuel flow if no light was detected.

Vertical Tail Buffet:

High tevels of vertical tail buffet (120 g's
aceeleration) were encountered above 25 degrees AOA
and 150 KCAS. The source of the buffet was attributed
10 the forebody or canad vortex system impinging on

the vertical tail. Buffet intensity increased with AGA
and airspeed. The buffet magnitude required the
initiation of a fin fatigue analysis and a corresponding
fatigue tracking mechanisi,

The high levels of vertical tail buffet produced a
high frequency (approximately 16 hentz) feedback to
the roll axis. The roll rate combined with high gains
produced large aileron commands which affected the
left outboard flaperon actuator hydrologic redundancy
management. Initial nuisance trip; of the primary
system were encountered routinely above 150 KCAS
and 25 degrees AOA. When a primary trip was
declared, the remaining two servos were monitored
with a simplified actuatormodel in the FCS computers.
The high aileron commands generated by the tail buffet
occasionally exceeded the rate limit of the simplified
model and declared a secondary trip of the actuator.
The actuator was still operational with the third servo.
Either primary or secondary nuisance trips were reset
after maneuver recovery o restore full operational and
failure detection capability. All trips occurred on the
left outboard flaperon actuator. Other actuators were
not affected. The trips occurred with several actuator
combinations installed at the left outboard station,
indicating that the condition was environmentally
generated.

The BLOCKIX-AA02 software contained a roll
axis analog notch filter and roll rate feedback gain
reductions to solve the nuisance trp problem. The
simplified FCS actuator model was also modified to
more accurately represent the true rate capability. The
initial model contained a low rate limit which was not
representative of the actual limit. Only one primary trip
at approximately 160 KCAS was encountered after the
modifications. No secondary trips were experienced.

Air Data System:

The X-29 was equipped with a National Advisory
Commuttee for Aeronautics (NACA) noseboom and
two side fuselage-mounted pitot probes. Consideration
of the potential for pitot stall at high AOA was given
in the design of the FCS control laws. The FCS gains
did not vary below 100 KCAS. The noseboom was
anticipated to provide the least stall susceptibility. All
FCS airspeed data were taken from the noseboom

Ihe X 29 FA04-GE 400 engine will be referred to as F404 throughout this report.




soutce above §5 degrees AOA for the BLOCKIX-AA
and AAQ!L software releases.

Figure 27 presents a comparison of the noseboom
and mertial navigation system (INS) computed
mcompiensthle dynamie pressure: The noseboom pitot
stalt be gaitat approsimately 3o 40 degrees ACA and
was completely statled by SO degrees AOA. The side
mountd tuselage probes followed simalar patterns
with il stall beginning at approxmnately 30 degrees
AOA The BLOCKIX-AAO2 software raised the AOA
for sole use of the noseboom in the FCS to 40 degrees
AOA The differences between the side probes and the
uosthoum were msufficient o aesult in nuisance air
data redundancy management trips.

The stall of the prtot probes also affected post-
tlight data analysis  Accurate dynamic pressure was
tequiied to determine aerodynamic characteristics.
The INS computed dynanuc pressure (Appendix E)
was ased foi postilight data processing above 30
degrees AOA.

The noseboom sideslip vane encountered an
mstability at approxunately 63 degrees AOA. The
instability can be seen in Figure R16. The INS sideslip
was more accutate for thus region.

LESSONS LEARNED
Flight Test Related:

The spin chute was trapped 1 the exhaust plume
duning -thight jettisons m military power The
entrapment realigred the parachute risers and
produced a sigmiticant «nanticipated nosedown
transient ot jettison Jetusons n flight idle power did
not entrap the chute and jettisons were essentially
transeent free at 10 degrees AOA

Pitot wbe stall began at moderate AOA, 30 (0 35
degrees, atd developed into o tull stall by 50 degrees.
Valid dynamisc pressure and aispeed are reqrired for
dervation of aerodynamie coetficients Efrors 1n
dynamre prossure can result ain o sigmficant fhght
densed actodynamite coetficient enrors The INS was
msed todenve Hoth true arspeed and dynamic pressure
foruse when the prot tube bezan to stall The INS gave
mare consistent and behievable airspeed results above
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Sideslip vane instabilities were encountered at
approximately 65 degrees AOA. The instabilities
produced large errors in vane measured sideslip.

Real-time and batch simulation for pilot and
engineer training, flight planning, and aerodynamic
model updating was an invaluable tool. Extrapolation
of the derived flight aerodynamics to the nexttest point
allowed the preparation of expected and worst case
scenarios and pertinent critical parameters prior to
flying a new test point.

Simulation was used as another engincering tool
and should not be considered an answer in and of itself.
Simulation results can give valuable as well as
erroncous information. The simulation results must be
integzrated with other test results and used as part of the
deciston making process.

Variable gan capabiliiy with the FCS allowed the
rapud evaluation of various gain combinations with a
single soltware release. The capability teduced the
required test and evaluation iime for gain changes. A
significant increase in roll performance withoeut
resorting to another software release was realized with
the variable gain feature

Aerodynamic Modeling Related:

Nonlinear and complicated aerodynamic models
can be updated from flight test results i a tmely
manner. The X-29 flew two expansion flighits per week
onasingle fly day The simulation was usually updated
with the best available results prior to the next fly day
the following week The ability to rapidly update a
stmulation model relied heavily on flight data turn-
around. The X-29 usually had postflight second
geuneration data within 24 hours after the flight.

Nonlnear acridynanuice thight test data requiied
more elfort than linear estimation. Developing a
nonlinear flight update proceduic required an intimate
knowledge of the nonlincar niture of the predicted
acrodynamic model Sumply analyzing local stability
and control derivatives was wisufficient. A knowledge
of predicted tonbinear trends was requited 1o order to
cstablish extrapolations of localized results across a
broader range of flighi conditions.
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Updaung a nonlinear data base with pure linear
ight test results should not be attempted across large
vartations from trim. Applying pure linear
muodtfications to a nonbeear model can unreasonably
distort results. Updates should be made in a picce-wise
hnea fashion and forced to follow predicted trends
where flight data are not available.

The best resuits for the initial flight derivative
estinmations were obtained by developing appropsiate
suneuvers Adding hugh trequency control raps to the
cdassic doublets proved an excellent maneuver for
estmating stability and controt denivatives. The raps
added mtormation which simplified sorting out
potcatal tiwdeoffs between stability and control
parameters Varying the magmtude of the raps aided in
identity ing control power nonhneantes. Using larger
amplitude maneuvers (sideshps. rudder rolls, ailleron
rolls, cte ) provided information for acrodynamics
beyond the lingarestimation tange Another useful tool
was computing total flight actodynamic force and
moment coelficients for companison with predicted
resulls Predicted aerodynamics were easily generated
from the simulation acrodynamic model drven with
flight 1t measured mputs. A direct compaiison of the
totad Hlight and predicted cocfficents couid be made
and arge differences readily dentified.

A farge npdate matrig withe appropriate
uidependeat vauable break points was required. Even
with the Large size of the matnix developed forthe X-29,
modeling could have improved with additional break
pomts The number of break ponts required was a
function of ihe degree of nonlineanty for the updated
vartabie: Numerous modifications to the breakpomnts
were made dunng the counse of the program  Early
wenuficattonof predicted tegions of bigh aerodynamic
nonhincanty helped esiathish the imtial set ot break
pomms, however, time would have been saved by
mdduding more ponts than were nrtially thought
NCLESHY

Flight Control System Related:

Good high AOA stability, control, and
wancuvering capanihity was demonstrated with simple
control Taw aichitecture combined with appropriate
gan scheduling A fnowledge »f high AOA flight
mechanics and dlassical control Taw design were used

with extensive 6 degree of freedom (DOF) simulation
for the control law design. Initial gains were
established and then appropriately tuned with the
sumulator. Extenstve linear analysis was not used as the
gh AOA region was hghly nonlinear. Modem or
optumal control theory was not applied nor required.
The structure of the control laws were dictated by flight
mechanics requirements and not by restrictions
imposed by questionable linearization.

Series gains with common independent variables
should be collapsed to a single gain. Assumptions of
Linear variations of the gains when multiplied together
are valid only at common break points. Multiplication
of gans at conditions in between break points will not
give anticipated results. Assumed linear variations
will, in fact, be a polynonual vanation. The order of the
polynoruial will be the number of series gans
multiplied together. Vanations from the lincar
assumption can be large and have significant impacton
desired characteristics.

A parailel washed-out ART circuit was useful in
the X-29 for improving coordination dunng rapid
reversals as well as steady-state roling. The wash-out
circunt provided an additional rudder input to imtiate,
stop, or reverse a maneuver. The additional rudder
command aided in overcomng the large yaw to roll
inertia of the X-29. Less rudder was required to
coordinated steady rolls due to propeiling rotational
acrodynamics The washed-out ARI circutt also
allowed the use of lower R-Pa feedback gans wiuch
was desirable in lowering autorcll susceptibility.

Six DOF simulation was mvaluable in the high
AOA control law process. The simulntion allowed
rapid adjustment of initi 2l gains and structure based on
the full nonltnear nature of the aercdynamics and
equations of motion. Anunderstanding of the nonlinear
selattonstup was felt to be essential for a successtul
design.

Attention must be pad 1 the design process to
sensor performance, especially at high AOA waere air
data probes and vane values of flow angles can be
erroneous. Sensors which operate reasonably well at
low AOA muy; become unrehiable at high AOA. This
will have mmplications for both redundancy
management logie as well as control law perfonnance.
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CONCLUSIONS

AERODYNAMICS

A nonlinear {hight test based update ol the
stmulatton acrodynamic model was successful in
providing charactenstics closer te the actual aircraft
than the original predicted model.

The ground-based predictive methods adequately
determined the stability and control trends with angle
of attack (ACA), but the accuracy of individual
aerodynamic parameter predictions was low. The
greatest difference was noted in the longitudinal axis.
High AOA aerodynamic prediction methods had a
higher degree of uncertainty compared to low ACA
prediction capability.

STABILITY AND CONTROL

Good longitudinal stability, control, and
maneuvering characteristics below 50 degree< ACA
(55 degrees ahead of 446 inches center of gravity) were
achieved with a simple pitch rate command flight
control system. he maximum pitchrate capability was
comparable to other modem fighter type aircraft.
Angle-of-attack control during 3-axis maneuvering
was considered good, with acceptable pilot workload.

Good lateral-directional stability, control, and
maneuvering characteristics up to 45 degrees AOA
were achieved with a simple flight control system
architecture which was appropriately gain scheduled
The addstion of a variable in-flight gain feature allowed
the test program to marimize the roll performance of
the aircraft between 25 and 35 degrer AOA

The AOA cenvelope was cleared to 50 degrees for
all centers of grovity and 1o S5 degrees for centers of
gravily at or ahead of 446 mches Clearance above 55
degrees AOA would 1equure further testing since only
one mancuver above 5§ degrees was accomplished.
The lateral-directional mancuvering cnvelope was
cleared for full separate lateral stick or rudder pedal
inputs below 45 degrees AOA. The envelope was not
cleared for combined lateral stick and rudder pedal
nputs

The proposed minimum nosedown acrodynannc
pitching momeat (Cin*) cnitensa of Reference § was not
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conservative for the X-29 in the presence of noseup
inertial couphng. Margmnal recovery was encountered
above 50 degrees AOA, which had a more nosedown
recovery pitching moment than the Cm* value taken at
65 degrees AOA.

Future programs designed to provide the X-29
with lateral-directional maneuvering above 45 degrees
AOA vill have to address the low longitudinal
recovery capability. Stability axis roll rates above 20
degrees per second across the center of gravity range
will not be possible above 50 degrees AOA without
providing increased nosedown pitching moment
capability.

FLYING QUALITIES

The pilot’s overall qualitative assessment of the
X-29 indicated that it flew better in the 25 to 45 degree
AOA range than current operational fighters. The
improvements included precise AOA tracking, loaded
rolling capability to 45 degrees AOA, and gradual
degradation of aircraft control as AOA increased.
These characteristics made the X-29 a natural aircraft
to tly up to 45 degrees ADA.

MILITARY UTILITY

Results from the military utility maneuvers
indicated the need for cockpit chsplays at huigh AOA
which would provide the attacking arrcraft fughtpath
relative to the target, as well as accurate target range
and closure rate.

Flight controi systerv in-flight gamn changes
provided an mtial look at an mcreased roll rate
capability which showed promise, however, the
program was ended before a full evaluation was
accomplished. Limited military utlity tests were
accomplished with the increased roll rate capability.
The nulitary utdity tests accomplished indicated that
the maneuvers performed should provide a starting
point for future high AOA military utility evaluations.
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AIRCRAFT DESCRIPTION

GENERAL

To reduce technical risks and investment costs, the
design of the X-29 used light-proven, “off-the-shelf”
cquipment wherever possible. The aircraft used a
modified F-5A forebody and cockpit; main landing
gear, an emergency power unit, jet fuel starter, and
actuators from a USAF F-16; and U.S. Navy F-14 rate
gyros. A \light-proven General Electric F404-GE-400
engine with afterburner provided approximately
16,000 pounds of thrust at sea level.

The second X-29, USAF S/N 820049, was
1dentical to the first X-29, USAF S/N 820003, except
for modifications incorporated to permit safe operation
in the high angle-of-attack (AOA) flight envelope. The
following changes were implemented:

1. Two additional noseboom angle-of-attack
vanes were added aft the existing vane for air data
redundancy.

2. A spin-recovery parachute system (spin chute)
was installed.

3. A Litton LN-39 inertial navigation system was
installed for reliable angle of attack, sideslip, and air
data at high AOA.

4. Two modifications were made to the
environmental contrel system to increase operating
efficiency during high angle-of-attack flight; an
cxternal exhaust scoop was installed at the
prinary/secondary heat exchanger ram outlet to
mantain proper pressure differential; and the precooler
ejectors were nodified to permit operationin flight and
maintain a lavorable bleed air flow.

5. The emergency power unit circuitry was
revisedd to permit operation tn the bleed air mode. The
maodification was incorporated to decrcase startup time
at high altitude flight conditions.

6. The wing surface pressure ports and wing
deflection instrumentation were not installed on the
second X-29.
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7 Additional cockpit instrumentation was
instatied to decrease pilot workload including:

a. Large AOA and yaw rate indicators in the
center of the main instrument panel.

b. A single-needle gross-scale altimeter to
complement the primary altimeter.

c. Spin recovery lights to indicate proper
rudder pedal and lateral stick directions in the event of
pilot disorientation during a spin.

d. The attitude director indicator (ADI) was
modified so that its needles could be controlled from
the ground via the remote augmented vehicle (RAV)
facility. The needles were modulated to aid the pilot in
holding conditions and perfonning maneuvers.

A more comprehensive description of the design
a..u ground testing of these modifications is contained
in Gumman Report No. 712/CDM-M90-001, Final
Report: X-29A-2 High Aipha Modification Design And
Analysis.

SPIN CHUTE

A spinrecovery parachute system was installed on
the X-29 USAF S/N 820049. The system was intended
for use in the event of an inadvertent, uncontrollable
spin. Many of the X-29 spin chute system components
were similar to those on spin chute systems used on
other aircraft test programs. The mortar fired parachute
system was pa  of a standardized family of parachute
systems used on more than a dozen flight test wrcraft.
‘The spin chute arming mechamsm was schematically
identical to that used on the Grumman F-14 aircraft.
Simularly, the cockpit arrangement was also based on
the F-14 configuration.

The spin chute consisted of a mortar ejected spin
recovery parachute, an arming and jettison linkage, a
pyrotechnic emergency jettison system, a passive
jettison system, a structural support truss. and an




clectieal sysiem which provided pyro initiatton,
cockprt mdication, and w-fhght system readioess test
features The arrangenient of the spin chute
modifications on the aft portion of the aircraft is shown
i Figure AL, Additional detail is shown is Figure A2.
Cockpst meditications are shown in Figure A3,

Based onspin tunnel tests at NASA Langley, a 19-
{ootnominal diameter parachute with a 75-foot towhine
was selected. Drag coefficient of this parachute, based
on the 19-foot laid-out-flat diameter. was 0.508. The
design conditions were: a dynamie pressure of 110 psf.
an equivatent airspeed of 180 knots, and a total force
of 19 000 pounds The configuration is shownin Figure
A+ The mortar deployed spin chute system chosen was
the Mitsubistn XT-2 spin chute manufactured by Irvin
Industries ine It was modified n accordance with
Grumman Speafication No 712DCV025 and used on
the X-24

The puachute was deployed from e aneratt via
the parachute mortar asserbly  The primary mortar
assembly components were the mortar be 'v, the
breech, two mortar deploy ment cartridges, the sabot,
amd the extended cover The arrangement of these
componetts 1s shown in Figure AS

Reltabihty ot function was the foremost design
constderation. To enhance reliatnlity, the dual-port
breech had two sdentical cartndges, each containing
ane-hall of the totad propebait. 1gnition of one would
reliobly gmite the other Each cartndge contained two
bndgewires, either of which would 1gaite 1t.

The Lpm chute clectrical system was redundant
and controlled he firing of the chute deploy pyros and
the back-up Jetuson pyros There were two bridge wires
i cach pyro and there were two nyros in the deploy
atawt and twoan the jetison arant When the pyro-
an sl tocated on the spi chate status panel, was
i the sceeure postion, the pyto bndgewires were
shorted to ground This was to prevent electromagnetic
mterterence (EMI) from supplying the energy to tire
the mittators. When the switch was placed i the arm
position, the grounding was removed and the pyros
were connected to the pyro-test switch, the deploy
switch, and the jettison switch

When the pyro-test switch was selectel, v .age
wxenre cerevestoinbalie covmdi i lintie eirrnet Tiovaitton s - ~e
Y \\l""ll' AYRILIA) lll{llll ll&lll, asuserean llllll|lllbl PRI N Y
and the same circurt used for the actual finng The
cutrent i this test was honted to fess than 40

mudbamps  In addition, all spin chute status panels
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hghted when the pyro-test switch was selected. This
allowed check out of the pyro circuits and the status
panel lights from the cockpit.

When the chute deploy button was pressed,
voltage from two independent circuit breakers was
supphed through four different circuits o the four
bridgewires in the two deploy pyros. The chute jettison
crreunt operated in the same way except it was activated
by the emergency jettison switch located on the throttle
quadrant. Normal jettison and emergency jettison
functions are 1flustrated in Figure A6.

EMERGENCY POWER UNIT

The emergency power umt (EPU) was a
self-contained, stored energy system that provided for
simultaneous generatun of emergency hydraulic and
electrical power. It was designed for the F-16 and
installed in both X-29 arrcratt. The EPU was used to
maintain contsot of the aircraft in case of failure of the
mam electrical system generator, fallure of the mam
hydraulic system pumps, loss of engine power. or
powet takeoff (PTO) shalt failure. Power for dmving
the 23-gpm hydraulic pump and the S-kw electrical
generator was derived by converting monopropellant
fuel (70 percent hydrazine and 30 percent water) and/or
by engine bleed air The monopropellant automatically
augmented the engine bleed air mode whenever the
EPU output power demand exceeded the bleed air
capability. The EPU would provide power for about 7
minutes using monopropellant only, and would
provide power for an unlimited duration on engine
bleed air.

Concern was raised that EPU start-up time, which
was critical due to the high degree of longitudmal
instability, would be increased by EPU oil chuming
tcduced by extreme attitudes mherent w a high AOA
program To mimnuze this disk, EPU cucmtry was
moditied on X-29 USAF S/N §20049. The
modification allowed the EPU to run in bleed air mode
duning ligh AOA maneuvenng. If a failure occurred,
the monopropellant augmentation mode would be
initiated immediately and no EPU spin-up time would
be required.

ENVIRONMENTAL CONTROL
SYSTEM

Review of the X-29 USAF S/N 820003 flight data
at sustained AOA ab’ ve 1) degrees showed a nise in
environmental control system (ECS ) turbine speed and




degraded cooling to the flight control computers. This
was attributed to the lack of ram air to the two heat
cxchangers, degrading their capacity to cool the engine
bleed air. Further impacting the ECS performance at
high AOA was the EPU, which would be extracting 45
pereent of the total bleed air. Studies of ECS operation
indicated that modification was required to eaable the
ECS to operate at higher angles of attack. These
changes made for the X-29 USAF S/N 820049 were:

1 Cockpit switches were incorporated to tum on
the ejectors of both heat exchangers in flight to induce
additional flow through the heat exchangers.

2. An exhaust fairing was installed for the
prin:ary/secondary heat exchanger ram air outlet.

3. Four additional temperature sensors were
added for ECS monitoring and data analysis.

DESCRIPTION COMMON TO BOTH
X-29 USAF S/Ns 820049 AND 82003

Figure A7 presenis a schematic drawing of the
X-29 research aircraft. Further aircraft information is
presented in Table Al. A dezailed description of the
X-29 flight control system is contain- | in Appendix D.
Figure A8 presents the X-29 sign convention.

The X-29 fuselage structure consisted of a
modified F-5A forward section which ircluded the
avionics compartment, cockpit, and nose landing gear
doors. New aspects of the structure included the
canards, the forward engine wlet duct section, the mid
and aft fuselage sections, the main landing gear doors,
the fuselage strakes, the vertical tail, and the forward
swept wing. Sufficient fuselage strength was provided
to permit the addition of a spin chute. The wing
structural box had hard points for attaching two
external stores pylons under each wing and a
sidewinder missile launcher udapter at each wing tip.
External stores were not camried during any flight
testing.

The F-5A forward fuselage had several structural
modifications to adapt it fc - use on the X-29. The nose
cap v as replaced with one incorporaling nose strakes
ane a flight test nosebooni. Forward engine inlet duct
supports were also added. The side pancls were
modified tor the inlet diverter ramps. The cockpit floor
war modified to accommodate new control devices,
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The forward duct section consisted of
conventional aluminum alloy skin, frame, and
longeron. Xey elements were the duct lip and splitter,
the canard support and actuator access, fuselage side
mounting points, diverter inlet ducts, and diverter
support struts and attachments.

Each of the canards was a one piece assembly that
included formed aluminum alloy covers and ribs,
machined aluminum alloy leading and trailing edges,
and a machined titanium torque shaft/spar. The
canards were the primary pitch control surfaces and
were driven by two F-16A flaperon integrated servo
actuators (ISAs).

The forward swept wing consisted of a continuous,
tip-to-tip, 26-foot span main box structure. The wing
featured a primary box comprised of aeroelastically
tailored graphite-epoxy composite covers which were
bolted to a titanium front spar and five aluminum
in ermediate and aft spars. The wing leading edge was
fixed and made of detachable alumim m segments
Dual-hinged, trailing-edge flaperons provided high lift
during takeoff and lanaing, lateral control, and variable
camber to maximize the lift over drag. The tip caps.
gloves, leading edges, trailing edges, and flaperons
were attached to the main box structure. The main box
upper and lower structure covers consisied ol
conventional 0/90/+4S degree, laminated assemblies
made from graphite-epoxy tape. Primary
graphite-epoxy tape plies outboard of wing station 64
were oriented 9 degrees forward of the wing box
centerline axis to provide the required beneficial
aeroelastic coupling between bending and twist
deflections of the wing. Plies were arranged to provide
linear stress and strain behavior and eliminate complex
splicing due to ply direction changes across the aircraft
centerline and at the sweep-change station (wing
station 64). The main box structure supported the other
wing components and transmitted applied loads to the
fuselage. The main substructure consisted af 6 spars
and 12 nbs.

The dual-hingcd full spax: faperon flap-tab system
consisted of three flaps a.id three tab segments perside.
The flaperons were actuated by four F-16A rudder
ISAs at wing stations 58 and 127.

Each fuselage strake included an integral fucl tank
and a hinged trading edge flap. The strakes used a
burlt-up construction with a formed sheet of aluminum




alloy and machied paits using conventional
channel « ol techmques to assure tank integrity. The
strake (laps were used symmetrically as Jongitudinal
control surtaces These flaps were driven by two
actuators designed and produced specifically for the
X 29 aucralt,

The verneal it consisted of the fin box, the
leang cdge and actuator support structure, the rudder,
the actudtor famnngs, and a tip cap. The rudder was
supported by hinges and by a bearing below the
adctuator The rudder was driven by an F-16A rudder
nte grated servo actuator.

The arreratt was powered by a single
0L GE-100 wibotan engine with an aftetbummer
which provided approxamately 16,000 pounds of sea
leve!l uninstalled static thrust. Engine airflow was
provided through two simple-fixed geometry inlets
mtegrated nto each side of the fuselage aft of the
cockpit The nlets had luge radius edges which
permitied a wide range of acceptable angles of free
strcam flow mcidence, The exhaust noszle was the
same as used with the F404 engine onthe F- 18 arcraft
Fngine startig and secondary power systems used the
sanme arrerdt mounted accessory drive (AMAD) unt
as used on the F-16 aireraft The AMAD umt way
doven by a PTO shaft made of composite matenals. In
the vvent of o farlure causing the loss of aurcraft power,
an F-16 EPU was mstalled to supply power to the
atrerait

I'he landing gear of the X-29 was a conventional
triey le configuratton consisting of right and left
pricudraudic shock stiut main gear and a single-wheel
pncudraulic shock strut nose gear. All major
components within the landing gear system were flight
qualthed off-the-shelf humdware. The landing gew
atrangement provided a turnover angle of 55 degrees,
sty pood pround stabthity for dwe areraft. The
mun pear usd the Lody moonted side articulating
FoToA mamn gear assembly  The 2xisting nose gear
installed aa the FFSA nose sectton was used without
change “The nose wheel steering actuator was
mtegral part of this assembly The existing F-5A
steering contrel systene was used without change, A
new main gear wheel was mstalled that was compatible
with the existing main landing gear axle and the Ply
Rating tubeless tire The brakes were operated by the
conventional toe-1y pe brake pedals from the exisiing
F-5A nose section usig transducers and electric brake
valves to meier the hydraulic pressure to the brakes
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The hydraulic power supply consisted of two
F-16A 3.000 pst type II hydraulic pumps supplying
separate flight and combined hydraulic systems. The
flight hydraulic system powered the primary flight
control surfaces. The combined hydraulic system also
supplied power to the primary flight control
dual-tandem actuators and, in addition, supplied all
utilty subsystems such as the landing gear, wheel
brakes, nose wheel steertng, and jet fuel starter motor,
All utility subsystems were isolated during
"wheels-up" flight to protect the integrity of the
primary flight control systems. Altemate power for
emergency main landing gear extension was supplied
by stored pneumatic energy. The alternate mechanical
release system tor the F-3A nose gear was retained
without change. Accumulators provided alternate
power for park and emergency wheel brakes. In the
event of hydraulic system fatlure (pump, AMAD, gear
box, geartran, PTO shaft, or engine falure), hydraulic
power to the flight hydraulic system would have been
provided by a 22-gallon per minute Vickers pump
powered by the F-16A EPU.

The aircraft fuel system employed a pyvmber of
components which were in current production. Fuel
was contamned 1 four interconnected fuselage tanks,
Two tanks were light weight bladder cells and were
located m the man landing gear wheel well. Two tanks
were mtemal types located i the strakes. The bladder
tanks used for engine feed were subdivided for
negative g operation. An automatic interal fue! system
management scheme, which employed electric boot
pump transfer, engine feed, and a gravity incerconnect
betweentanks, required no pilot attention during flight.
Pressure tueling was provided through asingle fueling
and defueling adapter located in the marn landing gear
well.

The X-29 electrical system <onsisted of three
power sources. an F-16A 40/50 hw integrated drive
generator driven duectly from the AMAD as the
primary generating system: an emergency § kw
alternating current (acy geoerator powered by an F-16
EPU, and the battenes. The ac sources fed two buses.
The main and essential direct current (dc) power was
dertved from the ac through two transformer rectifiers
(TRs). The TRs fed the main and essential dc buses
while the battery enerpized the battery bus. The
electrical system provided a fail-safe capability
through the use of the EPU gencrator. The battery
provided an addiuonal backup source of electrical
power 1o the FCS in case of a dual generacor falure,




' The X-29 environmental control system used the
F-SA air conditioning and pressurization system as it
was installed in the forward fuselage secvion. The
system was modified to accommodate the higher bleed
air supply pressure and temperature available from the
F4(4 engine and the forced air cooling required by the
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FCCs. The breathing oxygen system of the X-29 used
the F-5A system as it was installed in the forward
fuselage section.

The standard F-5A ejection seat was replaced with
an F-5A qualified MKGRQ7A ejection seat.



Table Al

GENERAL X-29 NUMBER TWO INFORMATION

Wing
Reference Area 185.00 ft2
Exposed Area 188.84 ft2
Span 27.20 ft
Mean Aerodynamic Chord (MAC) 7.22 ft
Lspect Ratio 4.0
Leading Edge Sweep -29.27 deg
1/4 Chord Sweep -33.73 deg
Taper Ratio 0.40
Dihedral Angle . 0.0 deg
"laperon Area 14.32 ft2
Flaperon Deflection 25 deg TED (+)

10 deg TEU (-)
Strake Flap Area 5.21 ft2
strake Flap Deflection 30 deg TED (+)

30 deg TEU (~)

TIERE!

Retference Area 37.00 ft2
Lrposed Area 35.96 ft2
Span {1 Canard) 3.69 ft
MAC 5.46 ft
Aspect Rati 1.47
Leading Edge Sweep 42.00 deg
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Table Al (CONTINUED)

GENERAL X-29 NUMBER TWO INFORMATION

1/4 Chord Sweep 23.08 deg
Taper Ratio 0.318
Deflection 30 deg TED (+)

60 deg TEU (-)

Vertical Tail

Reference Area 33.75 ft2
Exposed Area 32.51 ft2
Span €.67 ft

‘ MAC 5.54 ft
Aspect Ratio 2.64
Leading Edge Sweep 47.00 deg
1/4 Chord Sweep 41.05 deg
Taper Ratio 0.306
Rudder Area 7.31 ft2
Rudder Deflection 30 deg TEL (+)

30 deg TER (-)

Engine F404-GE-400
Inlet
Capture Area 650 in2
Throat Area 473.5 in2

Jp-5




Table Al (CONCLUDED)

GENERAL X-29 NUMBER TWO INFORMATION

Zzro Fuel Weight and Balance

Gross Weight 14,583 1b

Xcg Fuselage Station 451.6 in (-8.9% MAC)
Ixx 4,541 slug - ft2
Iyy 51,746 slug - ft2
Iz2 56,931 slug - ft2
Ixz 2,559 slug - ft2

Fuel Tank Capacities

Feed Tank 1,830 1b
Forward Tank 1,810 1b
Strake Tank 340 1b

Total 3,980 1b
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CHUTE DEPLQOY CONTROL

CHUTE LOCK/
JETTISON HANOLE
(PRIMARY)

o
o

CHUTE STATUS PANEL

CHUTE JETTISON —/

SWITCH (SECONDARY)

Figure A3 Cockpit Modifications
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CHUTE
JETT
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LOCK

HAMMER

SET

SPIN CHUTE
MORTAR PYROS

DEPLOY JETT
| 2 | 2
AIBIIIA|B] IHA|B]|lIIA|B
TEST
PYROS/LAMP
ARM ON

SECURE

10 o

O

Spin Chute Status Panel

Figure A3 Cockpit Modifications (Concluded)
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Figure A8 x.29 Sign Convention
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APPENDIX B
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X-29 USAF S/N 820049
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Figure B1  Longitudinal Parameter Estimation Data
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FULL NOSE OO0OUWN CM

X-29 USAF S/N 820049
POWER OFF

CANARD= -57 deg SYM FLAP= 21.5deg STRAKE= 30deg

AERO MODEL COMPARISON

FLIGHT UPORTED AERO MDDEL

Figure B2

40. 45, 50. 56. 80. 85. 70.
ANGLE OFf ATTACK (DEG)

Fuli Nose Down Pitching Moment Comparison
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Figure B3 Updated Lateral-Directional Aerodynamics at 10 Degrees AOA
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Figure B3 Updated Lateral-Directional Aerodynamics
at 10 Degrees AOA (Continued)

98

o] 2 4. L] 8. 10. 12, 14, 18.

18.




CN

YANING MOMENT COEFFICIENT.

cL

ROLLING MOMENTY COEFFICIENT.

-.08

RUDDER DEFLECTION (DEG)

~30. =25. -=20. =18. -10. =5 (o] S, 10. 1S, 20.

Figure B3 Updated Lateral-Directional Aerodynamics
at 10 Degrees AOA (Concluded)

9

-30. =25, =20. -5 =10, -5, [=} 5. 10. 18, 20.
RUDDER DEFLECTION (DfZG)

28. 30.
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1 G ACC TRIM XCG=449 in
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Figure B4 Updated Lateral-Directional Aerodynamics at 15 Degrees AOA
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Figure B4 Updated Laterai-Diractional Aerodynamics
at 15 Degress AOA (Continued)
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X-29 USAF S/N 82004
1 G ACC TRIM XCG=449 In
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Figure B5 Updated Laterai-Directional Aerodynamics at 20 Degrees AOA
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Figure B5 Updated Lateral-Directional Aerodynamics
at 20 Degrees AOA (Continued)
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Figure B6 Updated Lateral-Directional Aerodynamics at 25 Degrees AOA
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at 25 Degrees AOA (Continued)

107

o] 2. 4. [-B 8. 10. 12. 14, 18.

18.




CN

YAWING MOMENT COEFFICIENT.

CL

ZENT.

ROLL ING MOMENT COEFFIC

.020

-25. =20. =15, -10, -85. [o] S. 10. 18, 20, 25.
RUDDER DEFLECTION (DEG)

015

010

005

-.005

-.010

-.015

-.020

-30.

-25. —-20. ~15. ~10. =5 [+] S 10. 185. <0. 25,

RUDDER DEFLECTION (DEG)

Figure B6 Updated Lateral-Directional Aerodynamics

at 25 Degrees AOA (Concluded)

108

30.




X-29 USAF S/N 82004
1 G ACC TRIM XCG=449 In
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Figure B7 Updated Lateral-Directional Aerodynamics at 30 Degrees AOA
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1 G ACC TRIM XCG=449 in
AOA=35 deg MACH=0.3 ALT=30K ft
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Figure B8 Updated Lateral-Directional Aerodynamics
at 35 Degrees AOA (Continued)
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Figure B9 Updated Lateral-Directional Aerodynamics at 40 Degrees AOA
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Figure B10 Updated Lateral-Directional Aerodynamics at 45 Degrees AOA
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Figure B10 Updated Lateral-Directional Aerodynamics
at 45 Degrees AOA (Continued)
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Figure B11 Updated Lateral-Directional Aerodynamics at 50 Degrees AOA
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AILERON POSITION (DEG)

RUDDER POSITION (DEG)

X-29 USAF S/N 820049
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Figure B18 Wings-Levei Sideslip at 10 Degrees AOA
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AILERCON POSITION (DEG)

RUDDER POSITION (DEG)

MIL POWER XCG=446 In

X-29 USAF S/N 820049
1 G ACC TRIM

AOA=15 deg ALT=38K TO 25K ft

20.

10.

30.

-4, -2. (] 2. 4. 6.
ANGL.E OF SIDESLIP (DEG)

20, b

. SINULRY “HeTH. AL
= <+ SIMULRY mN':ﬂIm'
c FUIGHT IDATA (o

10.

- 10.

Figure B19

—4, -2. o 2. 4. 6.
ANGLE OF SIOESLIP (DEG)

Wings-Level Sideslip at 15 Degrees AOA
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RILERON POSITION (DEG)
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Figure B20 Wings-Level Sideslip at 20 Degrees AQOA
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AILERON POSITION (DEG)
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Figure B21 Wings-Level Sideslip at 25 Degrees AOA
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o X-29 USAF S/N 820049
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Figure B22 Wings-Level Sideslip at 30 Degrees AOA
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AILERON POSITION (OEG)

RUDOER POSITION (DEG)
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Figure B23 Wings-Level Sideslip at 35 Degrees AOA
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AILERON POSITION (DEG)

RUDOER POSITION (DEG)

X-29 USAF S/N 820049
MIL POWER XCG=451in 1 G ACC TRIM
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Figure B24  Wings-Level Sideslip at 40 Degrees AOA
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MAX ANGLE OF SIDESLIP (DEG)
PROVERSE
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Figure B26 BLOCKIX-AAO01 160 KCAS Roll Performance
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STABILITY AXIS ROLL RATE (DEG/SEC)
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Figure B27 BLOCKIX-AAO01 200 KCAo .{ofl Performance
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. X-29 USAF S/N 820049
MIL POWER ALT=25K TO 17K ft
BLOCKIX-AAO2 CONTROL LAWS
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‘ Figure B28 BLOCKIX-AA02 1-G Roll Performance
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STABILITY AXIS ROLL RATE (DEG/SEC)
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Figure B29 BLOCKIX-AAO2 160 V.CAS Roll Performance
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Figure B30 BLOCKIX-AAO2 200 KCAS Roll Performance
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BLOCKIX-AAO2 250 XCAS Roli Performance
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160

o ° | rLzéwT loATA.

140.

~t MIRST QRDER: CU

RVE FIY

120, e e e

100.

60, =

40,

STRBILITY AXIS ROLL RATE (DEG/SEC)

20.

S. 10. 15, 20. 25. 30. 35.
ANGLE OF RTT .CcK (DEG)

45,

® ADVERSE . STOHSLIP

PROVERSE
>

-2.

—-.

MAX ANGLE OF SIDESLIF (DEG)
]

ADVERS3E
e BN S5 S

S. 10. 18. 20, 25. 30. 35.
ANGLE CF ATTACK (DEG)

‘ Figure B32 BLOCKIX-AAO2 300 KCAS Roll Performance
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Figure B33 BLOCKIX-AAQ2 TW47 1-G Roll Pertormance ‘
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Figure B36 BLOCKIX-AAQ2 TW47 250 KCAS Roll
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MAX ANGLE OF SIDESLIP (DEG)

PROVERSE

ROVERSE
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Figure B37 BLOCKIX-AA02 TW53 1-G Roll Performance
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Figure B38 BLOCKIX-AAO2 TW53 160 KCAS Roll Performance
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Figure B4t One-G Roll With BLOCKIX-AAO1 at 25 Degrees AOA  (Continued)
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Figure B41 One-G Roll With BLOCKIX-AAU1 at 25 Degrees AOA  (Continued)
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AERODYNAMIC MODEL UPDATE PROCESS AND VALIDATION

INTRODUCTION

The X-29 high angle-of-attack (AOA) predicted
aerodynamic mathematical model, AERQ9B,
contained the integrated results from eight static wind
tunne} tests plus forced oscillation and rotary balance
tests. The integration of this wind tunnel data into a
FORTRAN mathematical model was completed intwo
parts. Grumman developed the longitudinal portion
and NASA Langley developed the lateral-directional
portion. The longitudinal and lateral-directional
portions were integrated by Grumman into a single
model which was labeled AERO9B. This was the
version used to support the high AOA envelope
expansion and served as the basis for all of the
flight-based aerodynamic updates. The range of
validity of the AERO9B model is shown in Table C1.
See Reference 6 for details of the AERO9B model and
the updates.

A method to update the nonlinear predicted model
with flight data was developed. A point by point update
of the predicted model was not practical due to the size
and complexity of the AERO9B model. The method
developed used the addition of flight derived
aerodynamic increments ‘deltas) to the predicted total
force and moment coeffirients.

The update deltas, which were functions of Mach
number, AOA, and surface position were applied in a
piece-wise iinear fashion by using multiple
breakpoints. Breakpoints were functions of angle of
attack, angle of sideslip, and surface position. This
method allowed the basic nonlinearities of the
predicted data base to be preserved.

The predicted nonlinear model was used to
determine the predicted aerodynamics at the flight test
conditions {Mach number, pressure altitude, dynamic
pressure, cg, AOA, sideslip, surface positions, etc.).
Plots of predicted total coefficients at flight test
conditions served as the starting point for calculating
the deltas between the predicted and flight
aerodynamics. The final model was updated to the
limits of the flight data. Beyond this point predicted
trends in the predicted model were followed. See
Reference 6 for a complete listing of the FORTRAN
code and for the final values of the aero deltas.

The longitudinal and lateral-directional update
models had different formats, The basic format of each

model and a brief description of the validation process
are discussed separately in the following sections.

LONGITUDINAL UPDATES

General:

Two problems were encountered while updating
the predicted longitudinal data base. First, the
simultaneous movement of all three pitch control
surfaces made it impossible to obtain separate surface
deri—atives. Second, locally linearized derivatives
determined from flight data had to be converted into
total delta pitching moments in order to be applied to
the update model. The process required a trial and error
approach.

During the initial envelope expansion, only
pitching moment variations with ADA were modeled.
This allowed the flight trimmed surface positions to be
matched. Later, these pitching moment deltas were
expanded to obtain a better balance between control
power, basic pitching moment and static instability
(Cmgc, Cmo, and Cmer, respectively).

Model Format:

The format of the longitudinal update model is
shown in Figure C1. The update was applied after the
predicted aerodynamics were computed at the wind
tunnel reference cg of 454 inches.

Data Analysis:

A FORTRAN program was developed which
computed the total predicted force and moment
coefficients by driving the predicted aerodynamic
model with appropriate flight measured inputs (Mach
number, AOA, sideslip, surface positions etc.). The
resultant predicted data were compared to the flight
computed total force and moment coefficients (see
Appendix E) to determine regions of major difference.
A simplified engine model was used to subtract thrust
and ram drag effects from the flight data. The pitching
moment due to ram drag was large at high angles of
attack ana vould not be ignored (see Figure C2). The
total coefficient mztching method along with tracking
trimmed surface positions were the primary




longitudinal aerodynamic analysis tools used to
expand the flight envelope.

Additional analysis of both slow and fast pitch
doublets and stick pulses resulted in local linear (about
trim) longitudinal static stability and canard power.
The strake and flap control powers were assumed to be
equal to their predicted values and the control power
delta was attributed to the canard.

Update Process:

The procedure used to update the longitudinal
aerodynamic model is outlined below. See Figure C3
for a flowchart of the longitudinal update process.

A linearization routine used measured flight
conditions and surface positions to determine predicted
values of Cmg, and Cmdc about trim. The total
cocfficient matching method and pEst (Reference 7), a
parameter estimation program which utilized a
Modified Maximum Likelihood technique, were used
to analyze flight data and estimate local values of Cmqy,
and Cm§c which were then compared to the predicted
values (see Figures C4 and C5).

The variation intotal pitching moment coefficient
with AOA term (ACm[M,a]) in the update model had
breakpoints at every 5 degrees angle of attack. A value
of ACmg, was chosen midway between the breakpoints
(see Figure C4) and was applied to the S-degree AOA
interval in order 1o evaluate a total change in pitching
moment coefficient (ACm) at the next breakpoint. An
example of the results are shown in Figure C6.

The ACM§c(M,c,5¢) in the update model had
breakpoints at every 5 degrees AOA and also had
separate tables for each canard breakpoint (-60, -40),
-20, zero degrees). This complicated determining a
ACm forihe canard breakpoints. Local linear data were
usually derived at trim conditions which were well
away from the canard breakpoints. The longitudinal
parameters were also nonlinear with casard position.
For a given AOA, the ACmgc was applied at the trim
canard position on a total Cm versus c plot, and the
slope was extrapolated to the nearest canard
breakpoints. The total ACm was the difference between
the new Cm and the predicted value at the canard
breakpoints (see Figure C7). The large gap between the
canard breakpoints and nonlinearities introduced
errors from extrapolating over Jarge canard ranges.
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Both ACmg, and ACm§c had to be manipulated
simultaneously. Since changing ACmgc¢ (which was a
function of M, o, and 8¢) would also effect the local
Cmgq, results, an iterative process involving
comparison of local linearized derivatives, total
moment overplots, and 1-g surface trims was used to
define a solution The process was concluded when an
acceptable match with flight data was obtained from
all three sources.

Limitations and Deficiencies:

The large intervals between canard position
breakpoints required extrapolating measured control
power deltas over ranges beyond their validity. This
made fine tuning of the model difficult and resulted in
having to sacrifice good values at off trim conditions,
in order to model the trim points accurately.
Inaccuracies occurred when the canard moved
substantialiy away from its trimmed position.

The normal force coefficient was not updated.
Pitching moment variations were included in the model
as pure delta pitching moments. The moment
increment when transferring across a cg range used the
predicted normal force. Moment variations due to
differences between predict«d and flight normal force
were not accounted for. The model included lift and
drag coefficient updates which were not transferred to
nommnal or axial force coefficients. The model could be
improved by the addition of the appropriate normal and
axial force coefficient deltas.

LATERAL-DIRECTIONAL UPDATES
General:

Piece-wise linear deltas between flight and
prediction were used to update the nonlinear
lateral-directional model. The deltas were functions of
Mach number, angle of attack, angle of sideslip, aileron
deflection, and rudder deflection. Appropriate
breakpoints for eact independent variable were
required to add the deltasin a piece-wise linear fashion.

An early version of the update model used deltas
which were functions of Mach number, angle of attack,
and surface position with two fixed breakpoints for
sideslip and aileron deflection and one fixed
breakpoint for rudder deflection. Additional
breakpeints for sideslip and aileron deflection atevery




5 degrees AOA were added later to model the high
degree of nonlinearity. The sideslip breakpoints were
expanded into positive and negative values to account
for the asymmetries in both in the predicted model and
in the flight test results. Breakpoints were also added
so that the total roll and yaw moment coefficients (Cl
and Cn, respectively) would have separate sets of
sideslip breakpoints.

Model Format:

The final format for updating the Cl and Cn
equations involved table lookups with four sideslip
breakpoints (two for positive and two for negative
sideslip) each. This allowed application of a six slope
correction to predicted values of Cn and Cl with
sideslip at a given angle of attack. Two aileron position
breakpoints allowed a three slope correction at a given
angle of attack. The nonlinearity of rudder control
power with deflection was not strong and a single
rudder position breakpoint was sufficient.

Early versions of the update model only used AOA
and Mach number as breakpoints for the roll damping
update (AClp). The update model was later modified to
include three sideslip values for AClp at each AOA.
This was required for modeling wing rock and dynamic
maneuvers.

The final format for the lateral-directional update
model is shown in Figure C8.

Data Analysis:

Total coefficient, linear pEst results, and hand
computation methods were used to d2termine control
power derivatives from lateral stick a1d rudder pedal
pulses for both sma'l and large amplitude inputs, Hand
computations of total moment coefficients with surface
deflection aided in determining the nonlinear control
power with deflection. Linear pEst results would oniy
give an average control power over the deflection
range. Hand computations provided a total moment
produced by a given deflection.

Initial stability derivatives (Cnf, CIf, and Clp)
were determined from lateral-directional doublets
using linear results from pEst. Lateral-directional
stability and control derivatives were obtained to
approximately 45 degrees AOA using pEst and other
methods. The quality of the data reduced above 35
degrees AOA as dynamic pressure became low. The
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reduced quality often required multiple repeats of the
maneuvers to obtain reasonable data.

The linear derivative data were used to define an
initial nonlinear update. The update was generated to
match the results to the limits of the linear flight data.
The trend indicated by the flight data was extrapclated
to larger sideslips and surface deflections beyond the
predicted trends with the independent variable in
question. The extrapolated nonlinear update was
modified as more flight data became available from
larger amplitude maneuvers, which involved time
history matching of wings level sideslips, aileron, and
rudder rolls through batch simulations using both the
predicted and flight updated aerodynamic models.

Update Process:

The processes used to update each separate
coefficient were similar. An explanation of how Cn
was modified with sideslip will be used to detail the

updated process.

Analysis using pEst produced linearized flight
values of Cof about zero sideslip. These values were
compared to the predicted data in order to evaluate the
differences and develop deltas (ACng). Figure C9
illustrates the determination of ACnp. The local ACnf
was applied to the total predicted Cn versus sideslip
plot at zero sideslip and extrapolated to higher sideslips
by following the predicted trends. The ACn between
predicted and the updated model was then plotted
versus sideslip. The ACnf} and sideslip breakpoints
were determined from this plot as shown in Figure C10.
The updated model was then evaluated against flight
maneuvers run through a batch simulation.
Comparison of the simulated and actual flight
dynamics was used to refine the model in an iterative
process.

Several versiops of the batch simulation were usad
to accomplish the matching:

Version 1:
fuil 6 degrees-of-freedom {DOF)
nonlinear aerodynamic model

closed loop, flight control system (FCS) in the
loop




Version 2:

variable DOF (lateral or directional or
fateral-directional)

nonlinear acrodynamic model

open loop, FCS out of the loop

flight values in longitudinal axis

flight values in appropriate lateral-directional axis
biases added to integrated values (p, r, B)

Version 3:

3 DOF lateral-directional simulation (p, r, B )
nonlinear aerodynamic model

closed loop, lateral-directional FCS in the loop
flight values in longitudinal axis

The full 6 DOF simulation (Version 1) was rarely
used because the simulation would not remain on
condition long enough to extract any useful
information. Version 2 allowed the true airframe
lateral-directional axis to be analyzed without the FCS
in the loop. However, above 20 degrees AOA, the
unstable roll damping required the stabilizing
influence of the control system to prevent divergences.
The Version 3 simulation solved this problem by
including the lateral-directional FCS in the loop but
used flight measured longitudinal states for the
equations of motion. The addition of tire FCS in the
loop added the surface positions as matching states.

Variations to other lateral-directional parameters
were made in a similar fashion and incorporated ir.o
the updated model. Time history matching of larger
amplitude maneuvers using the Version 3 simulation
was then used to modiiy the update model to obtain
acceptable matches. As a final step, quantitative and
qualitative data were obtained in the real time simulator
with the updated aero model.

Limitations and Deficiencies:

The major drawback with early versions of the
lateral-directional update model was the lack of
sufficient breakpeints to correctly model the
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nonlinearities and asymmetries. This resulted in
distortions of the nonlinearity of the predicted model
and was solved by increasing the number of
breakpoints for parameter updates. The need for
multiple bieakpoints and piece-wise linear update of
the nonlinear model is demonstrated in Figure Ci1.
The predicted and final updated values for total Cn
versus sideslip at 30 degrees AOA using multiple
ACnp and sideslip breakpoints are compared to the
result where a single ACnf was used in the update
model. The single linear ACnp provided erroneous
results. The initial low sideslip ACnB was correct, but
the deltas changed with sideslip and, using the single
value, no longer provided acceptable simulated flight
dynamics time history matches. The number of
breakpoints required was proportional to the degree of
nonlinearity in both the predicted and flight updated
models.

AEROMODEL VALIDATION

Longitudii.al Aerodynamics:

The updated longitudinal aerodynamics were
validated through three primary methods:

1. Comparisons of the trimmed surface positions
from the real time simulator using both the updated and
predicted aerodynamic madels with trim values from
flight. A comparison of flight and updated simulation
trim surface positions can be found in Appendix B
(Figures B12 and B13) and the Test and Evaluation
sectic (Figure 11).

2. Comparison of linearized coefficients about
trim conditions using updated aerodynamic mode] and
the flight determined values from pEst linear parameter
estimation. Plots of the linear model and flight
estimated derivatives can be found in Appendix B
(Figure B1).

3. Total moment coefficient overplots between
the flight values and the updated model. Figures C12
through C14 show some of these results for various
pitch doublets, 2 windup turn, and a I-g pitch-up to 55
degrees AOA,

The surface trims, linear coefficient comparisons,
and the total moment matches using the updated
longitudinal model generally matched flight better than
the original model below 40 degrees AOA. Above 40
degrees AOA, the model was not conservative since it
has a greater nosedown recovery capability than was



encountered in flight, but was usually closer to flight
than the predicted model. The fidelity of the flight
updated model could have been improved by
increasing the number of canard breakpoints and more
in depth balancing of Cmq, and Cmgc.

Lateral-Directional Aerodynamics:

The updated lateral-directional aerodynamics
were validated through two primary methods:

1. Real time simulator response characteristics of
sideslips and wing rock. Steady-state sideslip
comparisons between flight and the simulation using
the updated aerodynamic model are shown in
Appendix B (Figures B18 through B24).

2. Version 3 lateral-directional batch simulation
flight dynamics comparisons between flight data,
predicted and updated aerodynamics. Examples of
representative time history overplots comparing flight
to predicted and updated simulation are shown in
Figures C15 through C21. Included are stabilized
points, aileron and rudder rolls, and wings level
sideslips at varicus angles of attack and airspeeds.

The real time and batch simulation results showed
that the updated lateral-directional model matched
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flight results better than when the predicted
aerodynamics were used.

A matching problem between the batch and
updated real-time simulation was encountered when
trying to maich wing rock characteristics. Roll
damping derivatives generated to match batch
simulation wing rock did not provide acceptable real-
time simulation characteristics. The real-time
simulation wing rock had alarger magnitude than both
flight or the batch simulation. Roll damping derivatives
were adjusted to provide the best real-time simulation
matches following initial development with the batch
simulation. Time delays with the real-time simulation
were credited with the difference although full tests to
verify this were not accomplished.

Conclusion:

The updated aerodynamics produced responses
that were more characteristic of the observed flight
responses than did the predicted aero-model. This was
supported by several analysis methods inciuding a
large number of batch simulation overplots and real-
time simulation studies using the updated aero and
covering the range of angle of attack, sideslip, and

airspeed tested.




Table C1 AERO9B Validity Range

Mach Number Regfon

0