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FOREWORD

This research was sponsored by the Air Force Wright Aeronautical
Laboratories, Air Force Systems Command, under Contract F33615-76-C-
3072, Work Unit 24030514, Mr. Gary K. Hellmann was the initial project
monitor. This responsibility was later transferred to Mr. Michael E.
Bise (AFWAL/FIGC). Support of the pilloted simulation was also provided
by the Naval Ailr Development Center where Mr. Mark Stifel served as
project monlitor. The analytic work was performed at Systems Technology,
Inc., Hawthorne, California. The work was performed during the period
13 May 1976 through 30 July 1980. The STI Technical Director was
Mr. I. L. Ashkenas. Mr. D. E. Johnston was Principal Investigator and
STI Project Engineer. The piloted simulation was accomplished at the
McDonnell Aircraft Co., St. Louls, Missouri. The report manuscript was
submitted in September 1980.

The duthors wish to expressg acknowledgment and thanks to their many
coworkers for contributions, both general and detailed, in the program:
at STL, Mr. G. L. Teper for invaluable aid in accomplishing the digital
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simulation. Mr. Hoh also served as one of the subject pilots. At
MCAIR, Mr. H. Passmore directed setup and operation of the piloted
simulation. Special thanks are due to Lt. Col. R. M. Cooper, Maj. J. A.
Fain, Jr., and Maj. J. Jannarone of the 6510th Test Wing and Maj. P.
Tackabury of the Test Pilot School, Edwards Ailr Force Base, for their
contribution in refining the high angle of attack flying quality rating

scale and their professional approach in accomplishing the sometimes
tedious simulation experiments.

Finally, appreciation 1s extended to Mr. P. Kelly of Grumman Air-
craft Co. and Mr. M. Humphreys of the Naval Air Test Center for support
in obtaining wmuch of the F-14 dats and information, to Mr. R. Wood of
the Air Force Flight Test Center for invaluable comments and suggestions
concerning the flying quality rating scale, and to Mr. R. Woodcock
(AFWAL/FIGC) for his careful critique and editorial refinement of this
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DEFINITION OF AXLS SYSTEMS

Unless otherwise indicated, all moment coefficients and derivatives
are referenced to the fuselage-centerline-oriented body system of axes.

All longitudinal force coefficlents and derivatives are referenced to
the flight path (or wind) system of axes. Thene axis systems are de~
fined in the sketch below.
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LIST OF SYMBOLS

Body-mounted lateral accelerometer signal, ft/sec2

Root locus gain of tranafer function numerator, N%
Angle of attack

Wing reference span, ft

Wing mean asrodynamic chord, ft

Cente. of gravity

Dimensionless drag coefficient

Aircraft fuselage centerline

Calibrated airspeed, kt

Dimensionless body axis rolling moment coefficient
Change in Cz with change in variable, 1

Dimensionless stability axis lift coefficient

Change in Cp with change in variable, 1

Dimensionless body axis pitching moment coefficient
Change in C, with change in variable, 1

Dimensionless body axis yawing moment coefficient
Change in C, with change in variable, 1

Stability axis dynamic directional stability parameter
defined as Cpg = Cp, CO8 G — (Iz/Ix)CIB sin a, with
coefficlents aHd"inertlas in body-centerline-oriented

axes

Dimensionless body or stability axis side force
coefficient

Change in C, with change in variable, i

y
Total drag, qSCp, 1b
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LIST OF SYMBOLS (Contimued)
i Frg Lateral stick force, 1b
Fp Rudder pedal force, 1lb
: g Gravitational acccleration, 32.2 ft:/eae.:2
H (or h) Reference altitude, ft
- HDD Head~down display
| : HUD Head-up display
tt. i Aircraft state variable, e.g., a, B, 8, ¢, Vp; or
1 control variable, §
g
1
5 Im It}ggingfy part of complex second-order mode,
; w/l = ¢, rad/sec, or imaginary axis
o Ioo Iys I Iy, Moments of inertia about x=, y-, and z-body
5 centerline~oriented axes, and produc& of inertia about
i x-z body axes, respectively, slug~ft
. K Root locus gain term
T
; Kyg Crossfeed gain for Sgpx + &, crossfeed, deg/in.
¢ Ksa Gain for §g. + 8, control, deg/in.
- ¥
’{ L Total 11ft, §SCp, 1b L b
- ]
: { £i, My, Ny Aerodynamic rolling, pitching, and yawing moment about j
- alrcraft I,., Iyy, I, principle axes due to variable, 1
: , ‘fi Total aerndynamic rolling moment about aircraft body
AR axis other than princigal axi.s2
t &i = [(‘i + IxgNy/Ix /(1 - Ixz/Isz]]
) xidyn L{ cos a + Nf sin a ) ,ﬁ
W
& Bo[2(£7)/a(8)8(a)] = B4(SB/Ix)Chy, i
/|
Ly Aileron command travel liwit for roll rate command
augmentation, deg
L, Command travel limit for 6. with §,¢x + 8, crosafeed,
deg
LCDP Lateral control divergence parameter,

CnB - CIB(CnG/CLG)
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LIST OF SYMBOLS (Contimuad)

Left half-plane
Alrcraft mass, slugs

Mach numbetr

Normal acceleration at center of wass, -a,, g units
N = [(Ni + Ixe ri/Iz)/(l = I?:z/Isz)]

N{ cos a - ii sin a

Bo[92(N")/3(B)3(a)] = Bo(d8b/I,)Chq,

Dimensionalized form of C“den‘ equivalent to Né in
stability axis

Numerator of state variable i to control variabla &
transfar function

Coupling numerator for effect of control variables
(51, 62) on state variables (i;, 1)

Roll rate command

Total inertial angular body axis roll, pitch, and yaw
velocity, respectively, rad/sec

Pilot-induced oscillations

Post=-stall gyrations

Dynamic pressure, (1/2)pV%, 1b/£t2

Real part of complex second~order mode, L
Right half-plane

Laplace operator

Reference wing area, ft2

Stick-rudder lntercounnect

Roll subsidernce time constant

xvi

N A Y
anod vy putmfpi.

o
v 4
i
]
.’s
v
e
b
"

]
f

- o S RO Y T i i e R CE TR SEIO, S SR DU T .




Te3 or Tg

T¢1

9 2

: u, v, w

LIST OF SYMBOLS (Contimued)

Time constant of rogt of the aerodynamically cross-
coupled numerator Nj correspouding to vroll mode
in A stab

Spiral time constant

Time counstant of rogt of the aerodynamically cross-
coupled numerator N tab corresponding to spiral mode
in A sta

¢

Time constant of non-minimum phase N§ root
¢

Time constant of minimum phase Nj root

Perturbation velocitles along the x, y, and z wind
axes, respectively, ft/sec

Total aircraft inertial translational velocity, ft/sec
Ailrcraft weight, 1b

Incremental change in wind-axis components of total
force (aerodynamic, gravity, and thrust) due to incre-
mental change in in state variable quantity 1

¥y /¥,

Transfer function for pilot model closing the piltch
loop

Tranefer function for pilot model cloaing the roll
loop

Kinematic roll coupling term in & equation, B, cos a,
Kinematic yaw coupling term in & equation, B, sin ag
Angle of attack, deg

Sideslip angle, deg

Longitudinal flight path angle, deg

Control deflection, e.g., Sgraps Sas Sr» Sgtks SD
Lateral stick deflection, 8.08 Ga + 11‘663p’ in.

Transfer function denominator

xvii
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LIST OF SYMBOLS (Comtinumed)

Damping ratio

Lateral flight path angle, deg

Wing sweep angle, deg

Thrust angle with respect to body centerline axis
Time regponse lag, sec

Euler angles between gravity-oriented inertial axis
and ailrcraft bedy axis,deg

Frequency, rad/sec; with subscript, modal undamped
natural frequency

Natural frequency of complex rogts of the aerodynami-
cally cross-coupled numerator N, otk corresponding to

wp in A

Natural frequency of complex roots of the aerodynami-
cally cross—coupled numerator N ek corresponding to
tgp 10 8 s

Alleron

Coupled laieral-longitudinal
Dutch roll

Differential atabilizer
Lateral

Longitudinal

Maximum

Trim or stcady state

Phugoid

Rudder
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1IST OF SYMBOLS (Concluded)

R Roll

RS (or SR) Coupled roll-gpiral

8 spiral (or gtabilator)

' 8p Short period (or spoiler)

stab Stabilator

l
L
F
l
f
i
/
"
\
I‘ .
!
N
k)
4
[
i , |
&t
K

AR A, 5 trtrals 5o Fom P

Bt

TSR s T

“l
3
5
%
E xix
‘i

|

i A T o7 € A A




s r—

SECTION I
IETRODUCTION

A. BACKGROUND

For modern military alrcratt, manageable flight at high, near-atall
angles of attack i8 a key effectiveness and safety factor. The safe
angles of attack and sideslip attainable in level and maneuvering flight
often repreaent the important differences iu both offensive/defensive
capability and accident histories of otherwise equivalent aircraft. In
the past generation of fighter aircraft, surprise loss of control depar—-
ture generally has been of concern as a key maneuver-limiting factor.
The mere recent generatlion has emphsized dasign for departute resistance
but not necessarily prevention. Many operational pllots desire the
capability to depart the aircraft on command as a last-ditch defensive
maneuver, since departure 1s generally violent with unpredictable
results from the attacker”s viewpoint. The key element then revolves
around departure resistance (or susceptibility), warning, severity, and
recoverability. Accordingly, the issue of improved utility and safety
at high angles of attack has been re=recognized as an area of fruitful
regearch and development.

The recent upsurge 1in interest has resulted in numerous studies
devoted to 1identifying the safety-related maneuver-limiting phenomena

inherent in:
® Buffet
® Pitchup or "dig-in"
® Roll reversal
® Wing rock
® Nose alice

¢ Rolling departure — 8nap roll
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Some of these phenomena are perturbations about a steady flight
condition (e.g., buffet, wing rock), which not only 1limit tracking
capability (as shown 1in Rnference 1) but also may serve as warning of
approaching “departure"” from controlled flight (e.g., nose slice, roll-
ing departure). The more interesting and mysterious of these phenomena
are the latter, and conaiderable effort has been expended in correlating
the angles of attack at which such behavior occurs with various aero-
dynamic stability and control parameters (e.g., References 2~4). Such
open~loop "“correlations,"” while useful, are not so satisfying or in-
structlve as the more positive identification of causal factors offered
by the methods developed in Reference 5.

The difficulty 1s in identifying causal relationships in the complex
interactive pllot/vehicle situation during uncoordinated flight, where
aarodynamic cross~coupling can compound vehicle dynamie characteris-
tice. The previous (Reference 5) analysis and pilot simulation showed
the static aerodynamic cross~coupling coefficients JC& and Ny to contri-
bute to closed-loop nose-slice departure susceptibility and severity in
the A-7 aircraft. It represented an initial successful and promising
new attack on an old problem. But configuration differences among atr-
craft types, uodels and even loadings have been observed to produce
gross differences in behavior through thanged aerodynamics and inertial
characteristics. Thus 1t is desirable that the same methods be applied
to additional high-performance fighter aircraft having widely differing
high AOA handling characteristics to see 1f further cause-effect rela-
tionships can be identified.

Accordingly, the stated or implied goals of this program are to:

® Identify key design parameters that limit high-
angle-of-attack maneuverability for contemporary
high-performance attack and fighter-type aircraft.

® DPostulate fundamental aevodynamic and control
aystem design methodologles that will alleviate
the limiting conditions.

® Formulate handling qualities requirements for high
AOA maneuverlng flight to be incorporated in MIL-
F-8785C, the military flying qualities epecifica-
tion for piloted airplanes.




B. TECINICAL AFPROACH

The research encompassed four major technical areas. The first was
devoted to development and validation of aerodynamic models for two
fighter aircraft having significantly different high AOA maneuvar-
limiting characteristics. The two aircraft selected, the F~4J and the
F~14A, were found to represent almost opposite extremes in thelr range
- ! of departure susceptibility and severity. Attention was then turned to
2 investigation of maneuver-limiting characteristice of each airframe and
identification of causal relationships based on quani-linear* analysis
3 at symmetric and asymmetric (B ¥ 0) flight conditions. The causal
i parameters were varied to alter the dynamic characterlstics of each
. airframe at high AOA. Predicted characteristics were checked utilizing
i complete sa8ix-degree~of-freedom (6 DOF) modals with nonlinear
] aerodynamics, and any differences between the quasi-linear frozen point
analytic predictions and the nonlinear model resulis were rescolved.

The second task involved development of methods, criteria, and an
asgociated pillot rating gcale, for evaluation of handling qualities when
approaching controllability limits. Previous analysis and simulation
(Reference 5) has demonstrated that the Cooper-Harper handling quality
rating scale is inapplicable for departure/recovery flight situations.
Therefore, a new pllot rating scale 1la required specifically for high

angles of attack.

The third task, pilot simulation, was performed to evaluate the
influence of 1intentionally varied maneuver-limiting characteristics
(wing rock, nose slice, etc.) under different normal flying situations
such as training flights and air combat tracking tasks; to identify key

>

i W

|I"It: is recognized that these linear analysis techniques are applied
to phenomena which may be nonlinear in nature. However, the intent of
the study 1s to investigate in an understandable manner the conditions
which can lead to or precipitate rapid changes in motion, as opposed to
analyzing the fully developed large angle phenomena. Therefore, plece-
wige linearity 1s appropriate — but care should be taken in attempting
to extrapolate the resulta.
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flying quality parameters Iin terms of departure resistance, warning,
A severity, and recovery for possible inclusion in the flying qualities
- gpecification; and to exercise and refine as necessary the new pillot
rating scale.

The fourth task involvaed assessment and correlation of results of

the simulation with other applicable ressults and data; and formulation
of high AOA maneuvering flight generalized design guides and flying
qualities criteria for incorporation into MIL-F-8785C.
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; SECTION 1I

AIRCRAFT HIGH ACA DYMAMIC CHARACTERISTICS

@ Thia section presents condensed results of an extensive analysis of
i the high AOA dynamic characteristics of the two example aircraft. The
% F~4J 18 treated first, followed by the I~14A. The high AOA character-
iatics of each aircraft are described as determined in flight test and
operational deployment. The analytical models are briefly summarized
and example comparisons shown to demonstrate the match obtained with the

e Al
ELt i st

actual aircraft.

Results of linear, frozen-point dynamic analysis at a series of
gynmetric and asymmetric (B ¥ 0) flight conditions are summarized. This
analysis provides ineight to potential causal factors behind undesirable
characteristics at high AOA, showing examples of advantages and limita-
tions of such analysis whan applied to situations in which aerodynamics
are obviously quite nonlinear. In particular, this section identified
lateral-directional static aerodynamic cross-coupling as a key factor in
determining high AOA stability and controllability characteristics.

Pichs: Gant e o2 s
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A. F~4J AMALYSIS .

The F~-4J model of the F-4 family was selected because a previously
validated aerodynamic model (Reference 6) was in hand. However, all
versiona of the aircraft with an unslatted leading edge wing are
reported to exhibit quite similar high AOA f£flying characteristics: g
increasing AOA produces buffet of increasing severity, increasingly
adverse yaw, wing rock, mild pitch-up, stall, and finally departure. A
representative trimmed lift curve with onset of these handling phenomena
is shown in Figure 1 from Reference 7. Above about 11 deg AOA, alleron
adverse yaw becomes significant and rudder is used for roll control.

e e Oy

Wing rock appears primarily as a rolling-sideslipping motion. It
is often described by pilots as a divergent dutch roll which is easily
5 ﬂ
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MODEL F-4 AIRCRAFT

Clipm

10 -

RUDDIR ONLY ROLL CONTROL o
34 poststalL

gy = GYAATIONS, SPINS

0l oirAdIUM

STAlL
HEAYY BLiY

o WING LOCH ONMY
RUBDER PIBAL SRR

OFHIMUM MANTUYIRING ANGIE OF ATTACK

BUFILT ONSTY

! l ! ] 1
(] \ ' u 1 2 n u

a = DEGREES

Figure 1. Basic F~4 Trimmed Lift Curve (from Ref. 7)

aggravated or caused by pilot lateral stick inputs. The angle of attack
for onget and the severity actually depend upon several facto.., includ-
ing c.g. location, roll inertia or loading (clean vs. external stores),
gear and flap settings, etc. It 1s generally more pronounced at light
weight, with low roll inertia, and at forward c.g. The vecillations
generally require 10 sec or more of sustained high AOA to develop.
Ampiitudes can be large enough (430 deg ¢ and t10 deg R) to interfere
with tracking performance, or to be highly uncomfortable when escorting
considcrably slower alrcraft.

The wjld pitch-up 1s alleviated by a pitch rate damper but does
result in some lightening of stick forcea. It has been described by
some pilots as a "dig-in" during slow turns. Possibly it is more of a
stall warning cue than a maneuver=limiting problem.

Departure 1s described variously as nose slice, roll departure, or
both. Its onset also appears to depend upon ¢.g. location and aircraft
inertia variations. Although shown in Figure 1 to occur at considerably
higher AOA than wing rock, departure is not nacessarily preceded by wing
rock —— especially if ADA 1s rapidly increased.
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l. Analytic Model

The F~4J aerodynamic model (Reference 6) was derived from three
excellent but separate data sources (References 8-10). It was assembled
to model as closely as possible the F-4J sub~- and transonically for a
moving-base simulation used to train U.S. Navy pilots 1in air combat
maneuvering. It therefore had to be a very good representation of the
complete aircraft in high AOA maneuvering up through stall. The instruc-
tor pilots pronounced the simulation “credible and realistic of actual
F~4J handling characteristics.”

The history of development of the complete aerodynamic model and the
data package 1s presented in Part IIL, Appendix I. In brief, the aero-
dynamic coefficients represent the following flight regime:

0 < a < +110 deg

=30 < B < +30 deg

For this analysis the look~up table data were restricted to low Mach
(<0.4) and & single altitude (h = 15,000). Weight and inertia charac-
teristics representative of partially full internal fuel tanks, an empty
600 gal centerline tank, and missile pylons on wing stations 2 and 8

have been assumed.

Conventional 6 DOF equations plus kinematic terms are amployed with
the moment equations 1ia body centerline axes, the force equations in
wind axcs, and alrcraft orientation angles in standard Euler axes. The
nonlinear equations of motion, aerodynamic forca and moment equatioas,

auxiliary equations, etc., are detailed in Appendix I (Part I1II).

A block diugram of the bLasic flight contrcl and augmentation wech~
anization 1s presented in Figure 2. Afrcraft control 18 exerted through
horizontal siabilator (3g..4), rudder (é.), alleron (5,), and spoiler
(Gsp) surfaces. The aileron and spoller systems are interconnected
such that lateral deflection of th2 coutrol stick produces downward
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deflection of one aileron and upward deflection of the opposite spoiler.
Stability augmentation is provided in all three axes, but it is common
practice for the pilot to turn the roll damper off during high AOA
maneuvering. The complex artificial feel system was not modeled in this
analysis and simulation.

2. Model Validation

As a part of the checkout and acceptance test, the simulation based
on the Reference 6 aerodynamic data was flown through various offensive
and defensive alr combat maneuvers, atalls, and departures by Navy in~
structor pilots, who indicated that it adequately represented the F-4J
handling and performance. This provided the first gross validation of
the aerodynamic model.

Actual flight test traces of F-4J high AOA dynamic responses are not
avallable to compare against those of the mathematical models., The
available high AOA flight traces are from an F-4E astall/post-~stall
flight test (Reference 1ll1). However, Reference 12 iIndicates that all
hard-wing models of the F~4 have approximately the same stall/departure
characteristics. The F-4F has a nose section approximately 5 ft longer
than the F~4J; this could cause gome difference in side force due to
asymmetric vortex shedding at high AOA (Reference 13). In addition the
flight test vehicle was equipped with a spin chute, had a reinforced aft
fuselage structure to handle the spin chute loads, and is presumed to
have offsetting ballast in the nose. Thus, its pitch and yaw inertia
characteristics are quite different from the F-4J, as ghown in Table 1.
This difference is assumed to have minor influence on the sequence of
stall/departure characteristics with increasing AOA., The larger yaw
inertia and longer nose (greater vortex shedding) of the F-4E could be
offsetting departure susceptibility factors. But the inertia differ-
enceg should produce measurable differences in dynamic response parame-
ters such as dutch roll frequency, response to control 1nputs, and
angular rates assoclated with departure. For example, scaling parame-
ters by the ratio of inertfas gives ratios of msp and wy of 1.11.




TABLE 1. COMPARISON OF F-4E AND F-~4J
WEIGHTS AND INERTIAS

F=4E (Reference ll) F=4J
¢ stores Empty tank Empty tank
Wing stores Pylons 1, 2, 8, 9 Pylons 2, 8
W (1b) 40,000 37,000
coge (X T) 28.1 29.3
I, (slug-ft?) 27,500 23,850
I, (slug=ft?) 157,000 127,400
I, (slug-ft?) 180,600 146,000
I, (slug-ft2) 5,500 2,210

Example comparisons between the F~4E test results and the nonlinear
6 DOF F-4J math model are shown in Figures 3-5. Figure 3 shows the F-4E
at a nearly steady AOA averaging about 23 deg. The rudder trace indi-
cates that the yaw damper is on. The wing rock starts as a divergent
duteh roll but then appears to limit at approximately 40-50 deg roll
amplitude with a ¢/8 ratio between 2 and 3. Also the divergence grows
linearly, instead of exponentially as it would at constant {. During
the large, constant—amplitude ¢ and B oscillation, the AOA trace shows &
small oscillation at twice the frequency of the lateral oscillation.

Figure 4 1s the F=4J simulation trimmed to a, = 23 deg and disturbed
by a lateral etick pulse. Here the dutch roll also diverges almost
linearly for about three cycles and then becomes limited in amplitude.
The ¢/B ratio is about 3 during the limit cycle. An oscillation devel-
ops in the AOA trace, again with a frequency double that of the lateral
oscillation. The characteristics are remarkably similar except for the
period of the oscillations. The higher frequency of the F-4E oscilla-
tions 18 most likely due to a higher dynamic pressure. In Figure 3 the
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F=4F Flight Test Pullup and Steady Wing Rock
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Figure 5. Departure During Left Turn

aircraft was pulled up to o * 23 deg within about 10 sec and then held
at this AOA for about 15 sec. The initial Mach number was not indi-
cated. In Figure 4 the model was trimmed at an initial speed corre-
sponding to a, = 23 deg. If all other factors were exactly the sawe,
the difference in frequency shown here would be accounted for with only

a 30 percent difference in speed.

The computer-generated images of Figure 5 show a comparison of the
F-4E aircraft and the F—-4J model departures from a wind-up turn to the
left. The departure onset is quite similar. Both depart with a nose
alice away from the turn accompanied by a roll oscillation. The F-4E
ends up with more of a rolling departure, while the F-4J ends with more
of a yaw departure (nose slice). This difference in final motion is
probahbly influenced greatly by the differences in inertias. The F-4FE
has 24 percent higher yaw inertia and 7.3 percent higher ratio of yaw to
roll inertfa. Thus it could be expected to be more resistant to yaw

departure and prone to roll departure.
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Since our main interest 1s in modeling and establishing causal rela-
tionships leading to high AOA maneuver-limiting factors rather than
modeling post-stall gyration and spin, the foregoing match of the non-
linear wing rock behavior and nose slice onset 1s considered to be one
validation of the aerodynamic model. Appendix I of Part III and por-
tions of the analysis and simulation to be presented later offer addi-
tional validation.

One key aspect 1s that the aerodynamic model demonstrates both limit
cycle wing rock and nose slice departure without introducing artificial
hystereals in aerodynamic coefficlents (Reference 14), drastic changes
in roll damping (Reference 10), or contrived elevator control asymmetry
(Reference 15).

3. Dynamic Analysis

In high AOA maneuvering flight it is not uncommon for the aircraft
to be in asymmetric (B ¥ 0) flight ... either intentionally or uninten-
tionally. Previous satudies (e.g., References 5, 16-18) have shown that
statlc aerodynamic cross-coupling due to sideslip can have significant
influence on aircraft stability and dynamic characteristics and possibly
the departure characteristics., For example, Figures 6-8 reflect the
pitch, roll, and yaw aerodynamic moments, reapectively, for our F~4J
model as a function of o and 8. For simplicity the aerodynamic moments
were assumed symmetric with sideslip. Over the region 15 < a < 25 deg
pitching moment is significantly influenced by sideslip, and rolling and
yawing moments due to asideslip vary greatly with AOA. This 18 the same
AOA region in which the various maneuver-limiting characteristics of the
F-4 are exhibited. Thus, in the analysis to follow, attention will be
devoted to examining the possible influence of static aerodynamic cross-
coupling on high AOA maneuver-limiting factors. Aircraft npen-loop
stability characteristics will be analyzed first, and then closed-loop
piloted control aspects will be determined.
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Figure 8. F-4J Yaw Coefficient Variation
with a, B

A, Open~Loop Dynamic Characteristics

Figure 9 presents a locus of longitudinal short-period an! lateral
dutch roll root migrations with AOA in wings-level, symmetric, 1l-g
flight at an altitude of 15,000 ft. These dynamic parameters ceprasent
symmetric, linearized, fixed-operating=point conditions. wWith
increasing AOA the dutch roll wode 1s seen to progress from a lightly
damped stable mode to oacillatory divergence and, finally, to a pair of
aperiodic divergences while the longitudinal short period reumains

relatively unchanged.

Also shown in the figure 18 the AOA at which the dynamic stability

parameter C“den becomes zero. At lower AOA the parameter is posnitive,
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Figure 9, F=4J Lateral-longitudinal Short~Period Root
Migration with a; By ™ 0

indicating directional dynamic stability. At high AOA the parameter is
negative, indicating directional dynamic instability. The AOA regions
below and above Cngdyn = 0 are identified as wing-rock and nose-slice
regions, which correlate quite well with the AOA ranges identified with
these characteristics in the F=-4E flight test, Figure 10 (from Refer-—

ence 19).

The influence of non=-zero sideslip at trim on the dutch roll and
short~period frequencies and damping 1s reflected in Figure ll. The
6 DOF aircraft was trimmed to 1.5 and 5.5 deg sideslip and linearized
transfer function parameters obtained. These indicate that the dutch
roll is destabilized and the short-period stabilized by asteady sideslip.
Thus there 1is an apparent interchange of damping between tha two moden

while the overall sysatem damping remains essentially constant.

Unfortunately, comparison of dynamic characteristics predicted by
linear frozen-point analysis in Figures 9 and 11 with the actual €£light
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v 39,200 1.0 Yoy 39,700 20
. 4 39,000 .5 v 38,700 2.0
» 39,200 2.0 < 43,500 1.0
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Figure 10, F-4E Stall Approach Characteristics
(From Ref, 19)
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Dutch
Roll

Figure ll. F-4J 6 DOF Linearized Equation; Lateral=-
Longitudinal Root Migration with o and 8

traces of Figure 3 or nonlinear 6 DOF model” truces of Figure 4 shows
several aignificant differences. The wing rock linear analysis predicts
a dutch roll divergence of increasing amplitude as a, B, or bhoth are
increased, and a longitudinal short-period with a frequency quite close
to the dutch roll frequency, but heavily damped. The traces of
Figures 3 and 4 ghow the dutch roll divergence bounded in amplitude and
a low-damped longitudinal oscillation at about twice the dutch roll

frequency.

Figure 12 shows a similar set of nonlinear time response character-
istlcs for the open-loop 6 DOF nonlinear model trimmed to a, = 21 &eg
and B8, = 0 deg and excited with an alleron pulse. From Figure 12 it is
apparent that the longitudinal osecillation results from rectifying the
lateral oscillation and the sharp peaks of pitching acceleratlon
coincide with sideslip passing through zero. Thug, the nonlinear-type
behavior appedrs to be caused by lateral-longitudinal coupling due to
sideslip.

A nine-by-nine matrix of aerodynamic and kinematic terms for
coupled, non-gymmetric flight obtained from the partial derivative
expanaion of the nine equationa of motion iIs presented in Figure 13.
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The major derivatives and kinematic terms are identified in literal form
and, for comparison with Figure 12, have been evaluated at oy = 21 deg
and B, = 1.5 deg. The principal cross-coupling at this small sideslip
angle is seen to be due to Mg, X 5 and N3j. The influences of these
derivatives on actual vehicle dynamic response can best be seen through

the use of eigenvectors and vector polygons.

Figure 14 contailns the efigenvectors for the dutch roll and short-
period modes. These show both modes to be dominated by roll, side-
slip, and pitch, with the difference between the modes being primarily
motion phasing and damping. For example, in the dutch roll, q and B are
nearly 180 deg out of phase, while in the short-period they are nearly
1n phase. However, the short-period is sn well damped (%gp * 0.6) that
it would influence only the first second or two of the time responses
shown in Figure 12. Therefore, the obsurved time responges must be due
entirely to the dutch roll.

Vector polygons for the four principal motion equations are pre-~
sented in Figure 15. Each polygon repregents a force or moment equa-
tion. The polygon“s sides show the contributions of each motion varia-
ble to the total acceleration. Vector lengths are a product of the
appropriate stability derivatives and eigenvectors evaluated at the
dutch roll frequency. The predicted motion 1is mostly rolling (ﬁ), with
sideslip (B). and pitching (q) about the same magnitude, and with com-

paratively little yawing (r) The polygens for a and u are so emall
that they can be neglected. The vector polygons provide the first
insight to the causeu for the change 1n modal respunse characteris-
tics. The fs vector polygon shows phasing of the t&d vector opposite
to that for the t",p vector. Thus the aerodynmamic cross=coupling
coefficient, I&, in effect opposes the normal aerodynamic damping
term, il’,, and therefo.a increases the rolling tendency of the aircraft.
Since the aerodynamic cross—coupling coefficients increase in magnitude
as the trim sideslip increases, oue can readily visualize that at higher
sideslip angles, ia can actually become greater than t’l;' Then one
could expect the model to exzhibit a roll divergence for large o and B

perturbations.
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Figure 14, F=4J Elgenvectors; 0g = 21 deg, Bo = 1.5 deg
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p Equation

p=dpBrlga+rLir+Lop

rQﬁ FENSB+Nga +Njr+Npp
f

B Equation

B_—-B
r b B-Yvﬁ-r-vg?cbcuseo-rcosa°+psina°
q Equation °
P ¢

B GxiMg+MiZgla+(Mg+Mala+Ma|B|

Figura 15. F=4J Force Vector Folygons;
0o = 21 deg, B, = 1.5 deg

The é vactor pslygon indicates that this vehicla motion derives pri-
marily from the kinemuatic coupling of roll rate about the body center-
line axis at the elevated AOA.

In the ; vector polvgon the p vector is misaing because the aero-
dynemic coefficient N; is negligible at this flight condition. The
vector Nja has a relatively large component in phase with Nyr so that
tha aerodynaulc cross-coupling from longltudinal into lateral augments
the natural yaw damping and thus contributes to raducing body-axis
yawing motion. All of this contributes to the domirance of roll aud
#idealip in the Figure 12 wing rock.

Finally the & vector polygon shows that the MBB vector is of oppo-
sity phase and is larger in magnitude then the damping vector derived
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from the aerodynamic derivatives Mg + My. Thus the sideslip-induced
pitching moment overpowers the normal aerodynamic damping and forces the
double frequency oscillation observed in the time traces. MB changes
sign with B (Figure 6). Since pitch inertia is considerably larger than
roll inertia for this aircraft, a transfer of energy from the unstable
lateral mode into the stable longitudinal mode may be a contributing
factor in bounding the lateral-directional mode divergence. The influ-
ence of reduci~; CmB is shown in Figure 16. In this case, C“B is small
but not zero. Comparing these traces with those of Figure 12 demon-

strates the strong influence MB has in bounding the lateral divergence.

It 1s concluded for our model that the roll/sideslip oscillation
starts as a divergent dutch roll with small sideslip excursiona. As
s8ideslip ‘increases, coupling causes a nonlinear behavior which bounds
the divergence. Thus F=-4J wing rock, per se, is a nonlinear phenomenon
dominated by static aeruvdynamic lateral-longitudinal cross—coupling.
Further, the vector polygons show that except for xl‘, the damping
derivatives do not have a significant influence on high AOA dynamic
characterigtics.

This analysis has also shown that one must exercise caution in the
use or Iinterpretation of open-loop transfer functlion parameters even
when obtained from 6 DOF fixed operating point conditions. Such param~
eters are limited to relatively small sideslip conditions such as onaet
to wing rock or departure and hence better reflect susceptibility to
these wmaneuver-limiting factors rather than describing the resulting
vehicle motion.

b. Closed-Loop Dynamic Characteristics

The closed-loop dynamic characteristics of any system are strongly
influenced by transfer function numerator roots (zeros) in or near the
range of the desired bandwidth of control. When controlling any motion
variable with any countroller, the numerator zero¢ of that tranefer func-
tion attract denominator (open-loop) poles. Hence thease zeros alter
cloged~loop stability and modal response characteristics of the wvehicle
in preportion to the tightness (gain) of the loop closure. Thus certain
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zeros can become high AOA maneuver-limiting factors in that they cause
or influence closed-loop roll reversal, wing rock (lateral PIO), and
departure (nose slice or roll). This observation applies to loops
closed both by the pilot and by automatic feedback systems. The key
numerators for piloted control are Ngstk. Ngr. and Ngstab- The F-4J
augmentation systems are of little concern due to limited SAS authori-
ties and very low loop gains at high AOA and low dynamic pressure.

Lateral stick control of roll. Under normal low AOA flight
situations, the 3 DOF equationa produce a transfer function

$(8) . Nﬁstk
stkis a

sz = Ap[e® + 2p4u4s + 0]

A = (8 + 1/15)(s + 1/TR)(82 + 2zqugs + w%)

with values of Wy and :¢m¢ in the vicinity of those for the dutch roll
mode, Wy and Gqwq. With this loop closure the zeros attract (modify)
the dutch roll, causing the closed-loop root locus (with increasing
feedback gain K) to take on a form typified by the sketch below.

Jw 1
]
Pemd + . S8tk Pls) ¢ f
s "
A Sstk(s) K
wé ‘
K =
o et
-1 -l o
Tr Ts
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As ACA 18 increased, N% generally decreases and can become negative
in value. When this occurs, Ngatk is of the form

- 1 L

where one root s positive and one is negative. With the high AOA shift
in open-lony denominator roots, the root locus often takes on the form

shown below.

—O- e
L o e
Tée Tr Ts Te)

In this case the spiral root, -I/T.. is driven toward the right
half-plane (RHP) zero and a first-order instability (divergence) ra-
sults. The rate of divergence depaends upon how far the zero lies in the
RHP and how tightly the loop is closed.

Migration of the F-4J open-loop zeros with AOA at zero eideslip
18 reflected by the agolid lines in Figure 17, which indicate an almost
linear decrease {in N% (at conatant damping) with increase in AOA up to
a =18 deg. Above this angle, w% is negative and the RHP root location
is quite AOA-sensitive. Also noted on the figure are the regions asso-
clated with wing rock and nose slice from Figure 10. Wing rock occurs

28
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Figure 17. N‘satk Root Migratiuvn with AOA; F-4J
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in the region where wﬁ is small; nose slice occurs in the region where

L/T¢1 is large and negative.

Actually, negative m% reflects steady—-state roll opposite to that
commanded by stick deflection. This 1is generally due to large adverse

: alleron yaw, since (after Reference 20)

1 N

-

. 2 stk .
. wg & Np = 3= L
- $ 8 id B8

stk

where 8y;y = 83, + 11.68,,. At high AOA, Nz is small, £ fs large
negative, and Nastk determines the sign of Wy« Adverse (negative) Nsstk
3 then tends to produce negative w% and the RHP zero. In physical terms,
: adverse yaw produces sideslip and, ia turn, roll reversal due to 156.
!P It thue becomes apparent that the nose slice region identified in Fig-
4 ure 17 may be related to strong adverse aileron yaw and the magnitude of
1 the RHP zero.

3 The dashed 1lines of Figure 17 show the values of w% and 2C¢w¢ (or
) 1/T¢1, 1/T¢2) for B, ™ 5.5 deg. Whereas increasing AOA at B = 0 causes
' wy to decrease staadily and finally become negative, when B § O the

-gerodynamic cross-coupling causes wi to atay positive and close to *the

dutch roll mode but the damping ratio, C¢. becomes negative (see skatch
below).
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The promixity of m¢ and wy means low residue for the dutch roll mode
in roll control with stick when 8 ¥ O. Thus sideslip should reduce the
roll content of the unstable dutch roll mode; this is consistent with
the observed bounding of the roll oscillation divergence in Figures 4

and 16, .
g
. Rudder control of roll. When the region of adverse alleron yaw is I
reached, roll control is maintained via rudder. This produces yaw and [
. sideslip-induced voll in the same direction and thus much more rapid

turning than Jjust yawing moment and side force would produce. The

rudder-to~roll numerator, Ngr. is of the form

By

1 1 1
g Ay <s + T¢r1>(s + T¢rz) o 2

=

Oue root 1s always positive (RHP) as shown in Figure 18. The RHP zero
. results from adverse roll due to &Sr. It is apparent from Figure 18
f; that the zeros of Ngr are not greatly influenced by either AOA or seide~

< JR e A} 43

'11pt

Again this control structure portenda closed-loop instability since
some pole must be driven touward the RHP zaro. However, these zeros lie
at high frequencies relative to the low-frequency bandwidth normally
achieved with rudder control via the pllot”e legs. Rudder-to-roll con-
trol handling yualities are normally dominated by the low-frequency !
spiral and roll aubsidence modes, and at high AOA these rewain steble
and well bohaved. While this type of control is "unnatural,” it doas 1;‘
not result in roll stability problems at low gain closures.
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Figure 18. N§_ Root Migration with AOA; P-4J

Stabilator control of pitch. Closed-loop control of pitch attitude
becomes pertinent to maneuver-limiting 1if and when the numerator for

stabilator control of pitch, Ngatab. has zeros in the RHP.
sidealip the transfer function is of the form

Ne
8(s) - Sgtab
OgtablBs) a

9 1 1
—— +
Nsstab = Ao (‘ + Ty )(' Tg )

[ =4
]

[32 + Z;Pwpn + w%][a2 + Zc.pm.ps + w%p]
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On the F-4J, 1/Te2 decreases with increasing AOA and finally couples
with 1/T61 to form a complex pair which almost cancels the longitudinal
phugoid mode., Thus these =zeros remain well behaved. However, when
there 1is sideslip so that static serodynamic cross-coupling becomes
significant, the numerator contains additional zeros related to lateral-

directional modes.

It was discovered (Reference 5) that such coupling in the A~7 air-
craft produced an RHP zero, 1/Te3, and subsequent pilot control of pltch
attitude via the stabilator caused a closed=-loop directional divergence
which has the appearance of a nosec slice. A similar situation exists
in the F=4J aircraft. Figure 19 presents pole and zero locations for
A, = 23 deg and B, = 5.5 deg. The coupled 6 DOF equations (Figure 19a)
produce two real zeros (one RHP, one LHP), one complex pair which nearly
cancels the phugoid, and one higher~frequency complex pair.

The source of the low-frequency 2zeros can be determined by elimin-
ating the velocity equation, which should reduce the phugoid mode to
a firgt-order pole at the origin and eliminate the speed numerator zero,
1/Tg,+ It may be observed in Figure 19b that the only change is in the
phugoid dipole pair which became first-order as expected.

Next, as Iin Reference 5, the cross-coupling terms t; and N3 are get
to zero in the 6 DOF equations to identify the lateral~directional
modes. This is shown in Figure 19c where the pole-zero cancellations
ghow the two real zeros to be re}ated to the roll subsidence, 1/TR, and
apiral, l/T., modes and the highei—frequency complex zeros to be related
to the dutch roll.

Figure 20 is a system survey for closure of the pitch attitude loop
for the nugmented* (SAS on) airframe at this same trim condition. The
lower figure 18 a root locus and the upper figure 1s a Bode-siggie
(Reference 20)s The root locus shows the migration of roots from the

*The slight difference in airframe dynamic parameters between
Filgures 20 and 11 indicates the very minor influence of the SASs at high
AOA and low dynamic pressure conditions.

33

w .
TN S SR 5 0 S SSRGS LR i i e

o TF

LA

S R D A

™
aix

o R kit

B
=3



W

=

s o T e -

Jw Jw
CIP 1 Wep wgd 10 C‘p,w‘p 1O
X 0 X X 0 X
Srs+ way §drwg Gas 1Wrs 841wy
L X Loiwp i X
TRF TB;
__C ! ! OL_ .0___.., L - ¢
0 10 10 10
o) 6 DOF Coupled b) 5 DOF (Vy = 0) Coupled
X w
bapr¥p {10
cd 1wy
Spray x
! SR P
_'} 10 o ! | 1o
Ta T
¢) 6 DOF Coupled, Ny« &Ky 20
0
Figure 1Y, Effect of Lateral-Longitud inal Coupling om N§ /b Roots}
stab
0o = 23 deg, By, = 5.5 deg
34
b tppetid n'.'.-u\,_'u-m.m,mm. e i o an gty s rba i et £A e 1 o o s etk R i "U;“.‘n T “' -




: w and (o[ (rad/sec)
140

Amplitude (dB)

¢ . ~A0 e
: .

g

: 0

E+t+tttttie

-

=100 o

Phase (deg)

‘\, o o i A S o St
*,.; —ZUD —
4

t
: : - 2.

k.
k K *-20
9

J

Sser

- 4 -3, -2, -1

3 Yigure 20. Syetem Survey for 9 - 8 .. Closure;
g = 23 deg, By = 5.5 de

4 35

-

- . .
. B T T T N LT TR R AR L& v

h
Lty o .

—t —— - —— e e s " A D W T A > h P s S0 0

TR RS




TG
!!'nﬂwmnr T

PTITILN SISO 1Y SRRV ST

open~loop poles toward the open-loop zeros as gain 1is increased. It
provides information concerning closed~loop frequency and damping as a
funi-tion of gain but does not provide information concerning sensitivity
to gain change. The Bode-siggie presents the open-loop transfer func-
tion anplitude and phase as functions of frequency where the amplitude
is evaluated for s = jw (Bode) and 8 = ¢ (siggie), The -}-symbole iden-
tify migration of complex LHP closed-loop pole frequency with increasing
gain (Bode-root locus, Reference 20) and the <> symhols similar migra-
tion of closed-loop puies in the RHP, Closed-loop first-order roots
lie at the intersection of the gain closure iines and the ¢ amplitude
curves. Thus these survey plots allow identification >f closed-loop
roots at a specific gain ~i1lue, and sensitivity of root value to changaes
in gain.,

In order to provide any pitch attitude control whatscever, the loop
gain wust he sufficlently high that the closure line crosses the Bode
plot below the =20 dB low-frequency asymptote, i.e., with a gain 20 dB
or greater. Gawerally the crossover will be at or above the ghort—
period frequency .. again in the vicinity of =30 to -40 dB. The root
locus plot has tick marks showing closed-loop root locations for gains
of 20 and 32 dB. This shows that the root moving towaid 1/'1’33 has
alveady reached the RHP, and divergence, with the gain at 20 dB. By
32 dB the first-order divergence has a time constant of 4 sec. Thus any
attempted control of pitch attitude results in a divergence. This
divergence 1s due to lateral-longitudinal coupling and is avidenced in a
lateral motion.

Figure 21 sghows values for the real zeros 1/T93 and 1/Tg at B, =
5.5 deg and a, from 21 to 25 deg. These 1indicate that at non-zero
sideslip and AOA increasing above 20 deg 1/Te3 rapidly moves to negative
values which portend closed-loop first-order divergence time constants
as low as 1 sec. Again this coincides with the nose slice region
obaerved in flight test.
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Coupling numerators. When the aircraft is in aeymmetric,
¢ldeslipping £light, any control action 4in the longitudinal axis ‘
influences the lateral~directicnal numeratsr and vice versa. Thisc can
be 1llustrated as follows: ’
Airframe ,g:
Ot - Y Butab . . i
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The effective transfer function for each control loop becomes

8 8 9 .
+
Nograb . VSatap Y¢Nsstabgatk

A [
@
Ng:tk - Ngatk * Yiusstabzstk

‘: where Ng.t.bﬁ.tk is the numerator term due to cross—coupling effacts.*
Both the 6 and ¢ numerators are modified by the same coupling numerator;
the extent of the influence depends upon how tightly the other loop 1is
being closed. This influence can be determined by treating the
effaective numerator as a c¢losad-loop system and identifying the
migration of numerator roots as the loop gain (Y¢ or Y,) is varied,
e.g.,, the roots of the & numerator ares obtained from

v - w8 9
h%t:txb Nsstab + Y¢N63tab$stk -~ 0

0 \
—— At
NSatab
The uncoupled numerator roots become the poles of this system and

the coupling numerator roots are the zeros. The root migration is
controlled by the pilot gain, Y¢. For the Figure 20 axample case of

P e S

G, « 23 deg, B, = 5.5 deg, the transfer function is

(-]

8
: Y¢“6.t.b§,tk . =.0029(~1.35)(1.69)[.993; .102]Y

3 Sstab

T S

=
St E

e

o

& g AT

*The reader is referred to page 163 et seq. of Reference 20 for a
thorough development and treatise of multiloop control systems analysis.
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where first-order factoras (s + a) are represented by (a) and second-
order factors [sz+ 25uae + w%] by [¢; w,]. Assunming Y¢ to be a silmple
positive gain, this produces a root locus of the form shown in the
sketch below. Thus pilot control of the roll attitule loop via alleron
and cpoller causes the RHP zero of the pitch numerator to move further
into the RHP because the root of the coupling numerator lies beyond

l/Teat

jw
i 1.0
wd |
=L 9 ol
T R To,
O e

Similarly, pilot nontrol of pitch attitude via etabilator altere the

roll numerator as

veng ¢ -.0029(¢=1.35)(1.69).993; .102]Y
stabstk . ’ . Lo HI )
N |633E| czg,; . b} } . . H . .

stk

which, for Y, assumed a simple nagative gain, produces a root locus of
the form skatched below. This vesults in ihe RHP w¢ complex pair being
driven to the real axis with one root eventually moving further into the

RHP while thas other moves into the LHP. 'f
Jw ki

410 i

3
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Thuse in each instance the Influence of the coupling numerater is
definitely not beneficlal; the coupling can further degrade closed-loop
control in both axes. &

Since F=4 pilots are normally instructed to use rudder to roll at ?
b high AOA, the influence of this control taechnique may be observed from ﬁ
the transfer functions (again at a, = 23 deg, B = 5.5 deg): ’

T

: Y¢Na,t‘b2, ~.009(1.77)(~3.03)[.180; .148]Y

i} N8 gtab

3 8 i

] Ye“a,t.bgr i} =.009(1.77)(~3.04)[.180; .148]Yg j
‘ !

P Use of rudder to roll modifies the pitch numerator in much the same
u. manner as does use of aileron and apoiler. This can be sean by
comparing values of the coupling numerator terms. On the other hand,
pitch control hag little influente on the rudder roll numerator because

nearly all numerator and denominator roots cancel. Thus it appears that

this control strategy produces the most consistent closed~loop lateral-
i directional dynamic properties at high AOA and non-zero sideslip, which

aleo night be a reason pilots do not mind using this technique.

g Summery. This anslysis has shown several areas in which control-
B numerator dynamic parameters can become maneuver-limiting factors for
‘} the F-4J. Thesa limits arve generally associated with zeros migrating to
’ the RHP at high AOA in asymmetric (B ¥ 0) flight,

f The RHP rero of Ng'tk is dus to adverse "alleron" yaw (Ngltk nega-
tive) and rewults in roll reversal. The attendant sideslip causes the
W ¢ zuros to shift toward the dutch roll poles. This proximity reduces !
‘i the roll contribution in the dutch roll mode and produces a nonlinear

bouading of dutch roll (or wing rock) oscillation amplitude.

ﬁ One RHP rero exists in Ngr whether the aircraft is in asymmetric
flight or not. However, that root is at a frequency sufficiently above
the region in which rudder control is generally exarted that it does not
pose & closed-loop stability problem.
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An RHP zero can occur in Ngstab due to aerodynamic cross—coupling
with non-zero sideslip. This zero results in a first-order divergence

mode if stabilator control of pitch attitude ig attempted.

Asymmetric flight also produces lateral-longitudinal control cou-
pling that further aggravates these undesirable RHP zero locationa of

the key 8 and ¢ numerators.

Thus the aerodynamic cross-coupling assoclated with asideslip tends
to dominate the F-4J high AOA flying qualities. Values of the cross-—
coupling derivatives evaluated at B, = 5.5 deg and a range of AOA are
shown in Figure 22. Comparing these with the root migrations in
Figures 9 and 11 demonstrates thelr significance. The regions where
large shifts in dynamic parameters occur coincide with large magnitude
of cross-coupling derivatives. Also, it should be noted that the
nagnitude of the cross-coupling darivatives 1is directly proportional to
the magnitude of aideslip.

The foregoing analytic results muet be viewed with some caution
since it was ¢hown that linearized, fixed-operating-point dynaamic
paramaters do not necessarily reflect tha actual open—-loop dynanics of
the nonlinear airframe. On the other hand, the apparent correlation
batween bounaing of dutch roll divergence and movement of wy zeros with

4— ¢
La
2._
a (deg)
15 20 25 30 35
0 / — ?____..L:—
[ ..\ ————
-2t T‘

Figure 22. F=~4J Static Aerodynamic Cross~Coupling
Derivatives; B, = 5.5 deg
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aideslip, and the AOA region for nose slice observed in actual flight

with the region where the RHP zeros of Ng stab and Nﬂuk are large is
quite encouraging.

B. F-1AA ANALYSIS

The F-14A configuration does not have wing leading-edge slats. This
aircraft has variable wing sweep; at M < 0.5 the wings are in the full
forward (A = 22 deg) position. The unaugmented airframe 1s classified
ag departure resistant, but it can be departed (References 21 and 22).
It remains laterally stable and longitudinally controllable at full aft
stick (AOA approximately 50 deg with wings forward). It has a mild
duteh roll instabilicy starting at about 15 dey AOA. The oscillations
are aggravated if the pilot attempts to oppose the motion with either
lateral stick or rudder. The dutch roll mode becomes stable again at
about 23-25 deg AOA. Roll reversal due to adverse yaw from the ailleron
and differeuntial horizontal stabilizer also starts at about 18 deg
AOA. Prolonged deflection of the latetal stick at o > 2u deg will
result Iu a departure, characterized by a rapid increass in "adverse”
yaw rate, which may develop into a seriea of uncommanded rolls with the
appearance of snap rolls. At low speed, departure can occur at AOA as
low as 21 deg. The departure characterlstics are a function of wing
sweep, c.g. location, and Mach number. The airplane will spin and has a
non-recoverable flat epi~ moda.

1. Anoalytic Model

The F-14A aerodynamic model way derived from several asources (Rafer-
ences 23~27). The data base was taken from the NASA/Langlev Liffaeren-—

tial Maneuvering Simulator (DMS) report of Reference 23. This fixed-

base plloted simulation was considered by Grumman test pllots to vrovide
a valid representation of high AOA dynamic ciiaracteristics observed 1in
early flight tests. However, tine traces obtuined from ther: same aecro-~
dynamic data did not match available £flight test records. Therefore
the data were modified on the basie of iunformation ubtelned from other
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6 references, discussions with F-14 aerodynamicists at Grumman, and
’1' finally, as necessary to match available f£light test data.

The resulting aerodynamic model, tugether with supportive documenta-
b tion for each aerodynamic coefficient, is detalled in Part III, Appendix

II. The data cover the range:

i s

0 € o €55 deg; =20 < B < +20 deg

S at low Mach (0.2). At this low speed the variable-sweep wing 1is
ﬁ{é nominally in its full forward (A = 22 deg) position, mo wing sweep

influence 18 not included.

Based upon the F-4J analysls, the key high AOA aerodynamic woments
are Cy(a,B), Cu(u,B) and Cy(a,B). The roll moment (Figure 23) i{s seen
to remain essentially constant for a > 15 deg and B € 10 deg, as opposed
to the F~4J"s significant decrease in Gy(a,B) for o > 15 deg (Figure 7).
The yaw moment (Figure 24) is similar to the F-4J°¢ (Figure B8) for
o < 17 deg, but for a > 17 deg both the slopas with respect to o and the
maximum values with vespect to B ara approximately half those of the
F-4J. The combination of less negative C“B and larger negative Cig pro-
duces positive values of the dynamic stability parameter Q“den through=
out the 55 deg AOA range.

The pitch moment with sideslip (Figure 25) 1is also similar to that
of the F-4J over the range 10 < o < 25 deg, where it {s negative. How-
ever, above a = 35 deg, C“B becomes positive.

Weight, c.g., and moments and product of inertia for the clean (no
external stores) aircraft were provided by Grumman. These are shown in
Table 2 with Ff-4J values for comparison. All d4inertias are in the

~=

\ )
fuselage centerline reference axis system. Aircraft dimensions are also %
o
presented for comparison. L
j
¥
)
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j
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TABLE 2

COMPARISON OF F-14A AND F-4J WEIGHTS,
INERTIAS, AND DIMENSIONS

Parametetr F-14A F=4J
W (1b) 46,950 37,000
cege (% B) 16.0 29.3
I, (slug-£t2) 58,950 23,850
I, (slug-£t?) 225,600 127,400
I, (slug-£t?) 285,000 146,000
I, (slug=£t?)  -3030 2210
A (deg) 22 45
s (£t2) 565 530
b (£t) 64.1 38.67
& (£t) 9.8 16 .04

The inertia differences between the vehicles are large. Although
the P-14A 1s some 27 percent heavier than the F-4J with comparable
fuel loading, the inertias range from 77 to 147 percent higher and the
product of inertia is of opposite sign. This has considerable influence
on the ratios of aerodynamic to kinematic terms in the model and greatly
influences coupling effects, ag will be shown later.

Alrcraft control is exerted through & horizontal stabilizer (Sgpap),
twin rudders (Gr), gpoilera (Sap), and differential horizontal ($,) sur-
face deflections. Simplified block diagrams of the flight control and
augmentation @ystems are shown in Figures 26~28. The longitudinal sys-
tem contains a feel system (spring cartridge, variable gearing ratio,
bobweights), a limited-authority pitch rate SAS, and a aurface actuator.
However, the analysis and simulation are based on a simple fixed stick-
to-purface gain and pitch rate SAS.
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Eﬂ 04 25(0.28+]) q
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i
b Figure 26, F=-14A Longitudinal Control System
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F 4 Lateral 3n
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v | ST, J D55+
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Figure 27. F-14A Lateral Control System
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Figure 28. F=-14A Directional Conttol System

The lateral system (Figure 27) has a roll rate command augmentation
system (CAS) in parallel with a mechanical stick~surface link. At high
ADA the spoilers are ineffective and all roll control is obtained
through differential horfzontal, dp+ The roll rate CAS operates only
through the differential horizontal, and the electrical path gains are
varied with AOA seuch that the CAS command and feedback fades to zero
when 20 < a < 31 deg and, simultaneously, the alectric stick-surface
path fades in to cancel all but %2 deg of wmechanical path surface
command. Thus, for a > 31 deg there 18 no roll rate damping augmenta-
tion and the pilot can only command +2 deg of differential horizontal

surface.

The rudder system (Figure 28) contains a fixed gain mechanical link
from pedals to surface actuators, a conventional yaw damper with yaw
rate and lateral acceleration feedback, and a lateral stick-to-rudder
crossfeed (SRI)., At a > 10 deg the yaw SAS 1s cut out and the SRI faded
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in. The SRI signal, passed through a first-order lag filter (break
frequency 8 rad/sec), reaches full gain at a » 20 deg. Above a = 20 deg
full lateral stick deflection produces 19 deg of rudder deflection.

Thus for the AOA region of interest, a > 20 deg, the airframe 1is
essentially unaugmented in the lateral-directional axes and the control
stick effectively moves the stabllator for pltching and twin rudders for

rolling.

2. Model Validation

F~14A flight test data covering the appropriate AOA region were
provided by the alrcraft manufacturer (Reference 28). Unfortunately,
the data were extracted from tests of three aircraft having slightly
different welights, inertlias, flight cont:zol systems, and flight test
iustrumentation. Since the flight test goals involved flight control
and leading edge flap system development rather chan identification of
basic airframe dynamics, most runs were contaminated by SAS effects,
pilot control inputs, or configuration influences. The model validation
therefore was based on general response rotching of a few short time
"windows" of bare-~airframe response or rei«r* -:ly uncontaminated traces,
plus observation that the sequence of dynamic characteristic changes
with increasing AOA described previously was indeed achlieved.

Figure 29 pregants rasults of a atatic longitudinal validation check
bused upon a l1-g atall in which AOA 18 increased steadily from 10 deg to
almost 40 deg with a ramp horizontal stabilizer input. The circled
points reflect the excellent agreement for horizontal stabilizer inputs
required to achieve the noted AOA trim condition at 35,000 ft altitude

with the aerodynamic model.

Figure 30 1s & short time-slice of the divergent dutch roi. at
approximately 15 deg AOA. Motion 1is excited by a lateral stick doublet
which, through the SRI, produces both differential hori~ontal and rudder
doublets. Both the yaw and roll rate SA3s are then turned off, and the
subsequent oscillation represents the "bare” airframe in the lateral-
directional sense. As with the F-4J, the envelope of the oscillation
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seems to grow linearly rather than exponentially, which 1indicates
é: nonlinear damping. Also, the AOA trace shows an oscillation at twice
}

the dutch roll frequency, The motion on the § p trace indicates the

sta
- pitch SAS was on and responding to the longitudinal oscillation.

Figure 31 presents time traces for the F-14 aerodynamic model
trimmed at 15 deg AOA and excited by aileron and rudder doublets similar
to Figure 30. This also shows an almost linear, rather than

axponential, growth in dutch roll amplitude. The £frequency and cycles
to double amplitude are the same as in Figure 30. The small-amplitude
. AOA oscillation alsc is precisely twice the frequency of the dutch roll.

Figure 32 presents another sghort time-slice 1in which AOA s
meinctained at 18 + 2 deg. In this angle of attack region the SAS gain
schedule shows that the yaw SAS should be off and the roll SAS on.
However, comparison of the yaw rate and rudder poaition traces indicates
that the rudder is correlated with yaw rate at approximately the
magnitude and phase angle that would result from the yaw damper. Since

i the rudder pedal and iateral stick are both comstant and very small, the
aircraft rusponse 1le egsentially that of the controls-fixed augmented !
airframe. This duteh roll oscillation 18 essentislly the eanme,
indicating that the yaw SAS 18 quite ineffective at this AOA and
airepeed. .

Other comparisons which can be made among Figures 30, 31, and 32 are

summarized below:

* ok
B trace not avallable. r trace contaminated.

F=14A Model

Parameter Figure 32 Figure 30 Figure 31 :

Period ~f oscillation (sec) 4.5 4.5 4.5 *5
Cycles to double 2 2 2 %
$/8 (deg/deg) 2 * 2 1
p/r 25 i 22.5 3
o (deg) 18 + 2 15 15 z
i

i
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Taken together, the foregoing is considered an acceptable match between
actual and simulated airframe dynamics in the reglon of 15 deg AOA where
the dutch roll divergence and wing rock are most pronounced.

Figure 33 shows a pullup initilated from wings—level flight in which
AOA is steadily increased from 13 to 38 deg at about 0.75 deg/sec. A
lateral stick oscillation is introduced at about 15 deg AOA. The stick
is then centered and the SASs turned off at about 18 deg AOA. A small
rudder ramp is then introduced, possibly to counter the slow roll-off in
bank angle. Simulation traces for a matching pullup with similar stick
and rudder inputs are shown in Figure 34. Both Figures 33 and 34 show
a divergent dutch roll. However, the amplitude appears to 1increase
linearly rather than exponentially, again reflecting nonlinear damping.
Both sets of traces show the period of oscillation to increase from
about 4.5 sec to over 5.5 sec as AOA approaches 30 deg. Again there is
good agreement between the actual flight and simulation responses.

3. Dynami¢ Analysis

The principal shortcomings of the F-14A bare—airframe flight char-
acteristics at high AOA are wing rock (unstable dutch roll) and roll
reversal. Otherwise the airplane 1is quite docile. It 18 departure-
resistant, but can be departed if lateral control deflection 1is s&us-
tained without large accompanying rudder. Thus, the following discus-
sion will be devoted to identifying potential factors underlying these
key differences between the F-14A and F-4J.

a, Open-Loop Dynamic Characteristics

A survey plot of root migration with angle of attack for the range
15 { a < 30 deg and B = 0 is shown in Figure 35. This indicates excel-
lent lateral-directional agreement with the previously reported high ACA
flight characteristics and with the flight traces of Figures 30, 31, and
33. The dutch roll mode becomes divergent at just under 15 deg AOA and
stays unstable until approximately 22-23 deg AOA. This 1is the region of
reported wing rock. Above 23 deg AOA the dutch roll is stable and well
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Figure 35. F=14A Root Migrations with AOA

damped but the coupled roll-subsidence and spiral becomes oscillatory.
The AOCA at which Nden = 0 {8 not shown on this plot because it remains
positive (as shown in Figure 36).

The longitudinal short-period mode exhibits relatively low frequency
and high damping at 15 deg AOA. Frequency then increases and damping
decreases with increasing AOA until the dutch roll and short-period are
about equal at 30 deg AOA. Note that this is not in agreement with the
flight traces for 15 deg AOA (Figure 30), which showed a short-period
frequency twice that of the dutch roll.

Referring back to Figure 25, 15 deg AOA is where Cmg 1s a maximum.
Thus, crogs-coupling through Mg may again create pitch frequency cou-
pling and contribute to the nonlinear dutch roll damping, as was the
case with the F-4J. However for B ¥ O the shift in the Figure 35 root
locations 1s sov small as to be negligible, and this 1s not the same as
with the F-4J.
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Eigenvectors for the coupled dutch roll and short-period modes
of the 6 DOF airframe at o, = 20 deg and B, = 1.5 dag are shown in
Flgure 37. There is essentially no longitudinal coupling into the dutch
roll mode and only slight lateral coupling (mainly rolling motion) into
the short-period mode. These eigenvectors are noticeably different from
those for the F-4J (see Figure 14) at a similar flight condition.

Vector polygons for the dutch roll mode at this flight condition
are shown in Tigure 38. The p equation indicates that £ é and f{, com~
pletely dominate rolling motion. All damping derives from o(l‘,; there
18 no cross-coupling influence from I;. All terms in the ® equation
have been doubled to make this polygon legible. The relative slze
of the ; and ; polygons {andicates that in this AOA region static and
dynamic yawing force end moment terms are negligible in the dutch roll
mode. Howevey, the yawing moment that doea exist derives primarily from
Nﬁ' The { equation has significant magnitude compared to the P equa-

tion. The key 1s the dominance of the MBIBI term which, as with the
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Dutch Roll Mode Short.Period Mode

§q =-0553, wy = 1,39 rad/sec
L Longitudinal motions negligible

P §sp= 429, Wy, = 855 rad/sec
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F-4J, 1indicates that coupling from the lateral into the longitudinal
produces the frequency doubling effect.

Based upon the above argument, it 1is concluded that the F-14A wing
rock 18 due to a divergent dutch roll which derives from very low
damping in roll, xﬁ, rather than lateral-longitudinal cross—coupling
(since the open-loop lateral-directional dynamic characteristics are
relatively insensitive to sideslip). The principal static aeridynamic
cross—-coupling 1is a transfer of energy from rolling-sideslippiug motion
into pitch motion and this, as with the F-4J, results in frequency
doubling into pitch and may contribute to amplitude bounding of the wing
rock.

b. Closed=Loop Dynamic Characleristics

Lateral stick control of roll. Figure 39 presents the key

parameters for the numerator N%D- The lower plot indicates that the
movement of one zero into the RHP with increasing AOA 1is not as rapid
for this airframe as for the F-4J (see Figure 17). However, departure
can occur where one of the real roots is large negative. This plot also
demonstrates that the roll numerator zeros are quite insensitive to
sideslip when compared to the F-4J.

Rudder control of roll. Same Ngr characteristics as for the F-4J.

Stabilator control of pitch. The potential for divergence lies

with the RHP zero, 1/T93. in Ngstab- Figure 40 is a plot of 1/’1‘33 at
By ™ 4 deg over a range of AOA. Note that the parameter scale factor is
an order of magnitude less than the one used for the F~4J in Figure 21,
and the largest value (approximately =0.01) i1s two vrders of magnitude
less than for the F-4J (equal to -1.0), Thus, pilot control of pitch
attitude should have no noticeable coupling into the lateral—directional
mndes for the F-l4A.
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Figure 40. Ngstab First-Order Root Migration with AOA, F-14A

Coupling numerator. The lead coefficient (gain term) for the F-l4A

coupling numerator, Ngstabgn. is, for all practical purposes, zero.
Thus closure of either loop (pitch or roll) has essentially no influence

on the other.

Suomary. The F-14A exhibits somewhat better open-loop static and
dynamic stability than does the F-4J. It also has congiderably less
lateral-longitudinal static cross-coupling 1in asymmetric £light,
and hance little change or degradation in dynamic parameters with
sideelip. The static aerodynamic cross-coupling derivative values at
By, = 4 deg and 15 < a < 30 deg are presented in Figure 4l. Comparison

4
05 - 10

35 a(deg)

Figure 41. F-14A Static Aerodynamic Cross-Coupling
Derivatives
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of these values with those for the F-4J (Figure 22) shows a drastic ,"jh
difference between the two aircraft. 'i
!
The moat significant maneuver-limiting factor for the F-14A appears !;
to be roll reversal assoclated with movement of one root of the roll ¥
: numerator, N3D, into the RHP as AOA is increased. The F-14A exhibits a
\ more gradual shift of this root with AOA than does the F-4J. '
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SECTION III

AERODYNAMIC CROSS-COUPLING INFLUENCES

The previous section showed a significant migration of denominator
and numerator roots for the F-4J due to aerodynamic cross-coupling at
Bo ™ 5¢5 deg. 1n this section literal analytic expressions are devel-
oped to examine in gredater detalil the influences of specific cross-
coupling coefficients on the airframe characteristic (open-loop) modes

and the key plloted control numerators for roll due to lateral stick and
pitch due to stabilator deflections.

With lateral-longitudinal cross—-coupling, at least 5 DOF equations
of motion (e.g., Figura 13) must be used for analysis. As a result, the

wealth of existing knowledge on the dynamics of vehicles in three (or'

fewer) degrees of freedom 1s not adequate, and qualitative insight into
the motions of the ailrcraft 1s sacrificed.

The important cross—-coupiing terms in the equations of motion iden-
tified euwpirically by Porter and Loomis (Reference 29) and Johnston and
Hogge (Reference 5) are both aerodynamic and kinematic. Effects of
crogs—coupling on the characteristic aircraft modes were evaluated by

Hamel (Reference 16) by applying servo analysis techtniques to a 5 DOF
ajrcraft mathematical model.

The approach applied next will follow and expand upon that utilized
by Hamel.

A. CHARACTERISTICS MODES

Analyseis of an uncoupled (B 2 0) airframe is relatively straight-
forward. Approximations to the classical 3 DOF lateral or longitudinal

expresgions can be developed for a wide range of airframe and flight
conditions (e.g., Reference 20).

However, sideslip characteristically intvoduces crosg-coupling, both

kinematic and serodynamic. Then the only clear simpiification one can
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; apply 1s the assumption of constant forward velocity, thereby removing
of the veloeity equation and assoclated terms (see Figure 13). This can
. be justified since forward velocity changes comparatively slowly. No
4 significant coupling occurs due to velocity, and its effect is primarily
on the low-frequency characteristics (i.e., the phugoid mode). The
three kinematic equations of Figure 13 can be resolved and substituted
in the Z, M, and Y equations to reduce the number of equations to five.

SNEEAT, e

Hamel takes five-degree-of-freedom equations of motion "using body
axes which have the =x-axis initially aligned with the flight path";
from the context we interpret that for initial sideslip, the x—axis isa
aligned with the projection of the flight path vector onto the plane of
gymmetry. In expanding the characteristic determinant he separates out
the effects of the aerodynamic coupling terms I;, Ng and Mg (neglect~
ing any other coupling between the longitudinal set and the lateral-

TR T e T

directional set) thus:

TN S G T BT I g, W AT ) et T =

& = A1ongllat * K(Bo)hcoupl

The uncoupled (B, & 0) denominator terms are

Along - Bz + ZCBPNSPU + w%p
bat = (s + 1/Tq)(s + 1/Tg)(s? + Zgugs + w)

Hamel defines the classical longitudinal (short period) and lateral-
directional (spiral, roll subsidence, dutch roll) by approximate factors
(Reference 20). The coupling component, K(Bo)Acoupl' can be manipulated

to represent a sum of two terms: Y

K(BO)ACOUPI - I&BOS(' + I/To)(lz + ZCONOB + ‘Dg)

T S S

+ MgN3Bo(s + 1/T)(s + 1/T3)

The approximate factors for these coupling terms are reproduced (in the

notation of this report) in Table 3.
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TABLE 3. COUPLING NUMERATOR FACTORS
/Ty = =-Mq
2ou = =Yg - Np + (N3 X3) L
W = Ng+vpNp - (Ng/&g) (L5 + vaki)
1y = =&p o+ (La/mg) (%5 - e/u,)

1/1; = T/[ug(£4NG)(Ne = £5)]

The roots of the coupling component are evaluated by applying serve
analysis techniques for obtaining the roots of a characteristic equa-
tion, setting it into the form

- Mg(Ng/La)(s + 1/11) (s + 1/T3)
a(s + 1/Ty)[8° + 25 g8 + w2)

Figure 42 1is a root locus plot for this equation. 1In this instarnce
%o > 1 and m% < 0. The "clored-loop"” roots for this case are

K(Bo)lcoup1 ™ LaBo(s + +404)(s + .47)
x [82 4 2(-.48)(1.87)8 + (1.87)2)

This same technique can be applied on a larger ascale to find the
roots for the coupled characte '‘atic modes, i.e., the roots of the rela-

tionship

1 + K<Bo)‘5cougl - 0

long™lat
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Figure 42. Migration of Roots of K(Bo)Agoypl With
Increasing Mp (a, = 21 deg, By ® 5.5 deg)

Figure 43 1s a root locus plot for this expression showing the migration
of wg, and Wy with increasing £ 3B,.  Note that 1/T; and 1/Ty are
essentially cancelled by zeros obtained from the approximuate factors and

the preceding "closure,"”

The actual 6 DOF roots of the F-=4J a, = 21 deg, B, = 5.5 deg case
are shown by the dashed lines and A symbols in Figure 43. There is
fair agreement between the simplified and exact loci for the dutch roll
but not for the other modes. The problem, it appears, lies with the
location of the first-order coupling zeros. If these were to lie closer
to the origin, the “’sp and wy loei would be rotated counterclockwise and
1/Ts and 1/TR would be driven to the right. It is not surprising that
the approximate factors employed here do not precisely predict the F-4J ]
root shift aince they ware developed in Reference 16 for an airframe
' configuration considerably different from the F-4J. However, they do

e L o

e

demonstrate the trends and show specifically that:
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A Actual 6 DOF Roots
W X4 Bol404)47) 48,187 ]
42 (I/Ts)(llTR)[gd,wd] [gsp-“’sp]
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— g4 ' '
- | 2
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Figure 43. Migration of Roots of Characteristic
Modes as Cross=~Coupling Increases;

0y = 21 deg, B, = 3.5 deg

® The location of the roots of K(B,)A.,,,1 (Fig-
ure 42) and hence the direction of the root shift
in Figure 43, 1is contfolled by the sign and mag-
nitude of Mg(N3/&L3).

® The magnitude of root shift in Figure 43 1s con-

trolled by the sign and magnitude of && Bgo

B. N} NUMERATOR

The firat step in identifying the influences of cross-coupling terms
on the key numerator for lateral piloting control, Ngstk. require elimi-
nation of all insignificant terms. This 1s accomplished by a geries
of simplifying steps. The 6 DOF characteristic poles and the zeros
for the numerator Ngntk are ghown in Figure 44, again for the F-4J at
a4y 21 deg, Bo = 5.5 deg. Figure 44a represents a case for which the
cross-coupling terms are zero. At this high AOA the uncoupled numerator
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3 F-4J, a, = 21 deg, B, = 5.5 deg

congists of two real roots, 1/'I'¢1 and 1/T¢2, non-minimun phase and
minimum phase, respectively; and two complex pairs, w% and wgp, which
exactly cancel the uncoupled longitudinal poles. With cross-coupling
: (Figure 44b) the first-order zeros couple into a complex pair located
\ near the divergent dutch roll mode. In addition, the numerator counter-—
part to Wgp, wﬁp, has moved apart from the short-period poles. The
3 effects of coupling on the phugoid numerator term, wg. are neglible (see .
i Figure 44b). This indicates that the velocity eguation of Figure 13 may
: be eliminated. The phugoid then reduces tv a first-order pole-zero pair
A at the origin, but all other roots are affected only slightiy (Figure
' 44c). However, even with the Vp terms removed from Figure 13, and
recognizing that the equations for the Euler angles ¢ and 6 contribute
no significant kinematic coupling and can be deleted, a rather unwieldy

8ix-by-six matxrix stilli remains. .

S The matrix can be further reduced by use of time vectors evaluated
for the particular mode of Iinterest. Inspection of Figure 44b shows
that the anck zeros of greatest concern are the complex pair which lie
in the right half-plane, near the already divergent dutch roll poles.

Therefore further analysis of Ngntk will councentrate on this complex
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pair, and on the effects of cross—coupling in driving them off the real
axls, where Figure 44a places the corresponding zeros of the uncoupled
response.

For denominator roots the relative magnitude and phase of each

‘ motion variable in the mode corresponding to any particular real pole
; or pair of complex poles can be determined. The result can be expressed

numerically as an eigenvector or graphically as phasors. In order to
determine such characteristics for transfer function numerator roots, a
pole is driven into =ach zero to be examined. The poles are driven into
the zeros by closing a tight feedback loop, as shown in Figure 45, In
Figure 44c the real poles are driven into the right half-plane pair of
complex zeros., Actually the (p/s)dgy, transfer function is utilized
here rather than ¢/8,,, since the two are almost 1identical (compare

Figures &44c and 45).

Figure 46 presents the resulting phasors for the closed~loop roll-
spiral mode, méR.-which approximates the numerator "mnde" Wy Using
these phasors, vector polygona have been plotted for this mode (see
Figure 46) from the equations of motion, Figure 13. Minor vectors

Yd Loop Closure

Stk p/s

N P

S N |

ép Kp ..___J

-

o .l -]

T Ts

Figure 45, Closure of p/s + 85, to Obtain Time Vectors,
F-4J, a, = 2] deg, B, = 5.5 deg
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correspond to wnegligible terms; small polygons indicate little contri-
bution to the modal response. Examination of these vector polygons
leads to elimination of a number of terms from the equations of Fig-
ure 13. Specifically, the kinematic equations are no longer needed, and
80 the matrix for approximation of the coupled numerator Ngstk reduces

; ; to the form shown in Figure 47. The derivatives Y., N;s:k, and Z, are

o also minimal for this particular airframe and flight condition. How-
‘ ever, under other circumstances they can be quite large, so they have

been retained to obtain a more general expression for Ngstk'

The determinant of this matrix may be developed as a combination of

uncoupled longitudinal and lateral-directional terms plus cross=coupling

terma, as follows:

oy b Zhy {[sz - (2 + Mg + Hg)s = (Mg + 2,0)]

’

Ng Ng

stk ¢ ’ ’ tk .’

‘ x | 82 "'(xé &r - Nr-Yv)B +(NB "‘—3—5-— gﬁ.a) cos ag
1 stk stk

4
Ng
. ’ - stk ’
+ Yv(Nr T -‘Cr)
stk

N§ I
- stk ’ ’
+ MB cos uo ( Z'__ ‘ﬂ + NG)‘
Ssek

This 1is of the form

Ngatk . (N‘sstk)coupled + K, + Ky i

where (Ngﬂtk)uncoupled consists of two second-order terms: a longitu-
dinal term equivalent to the conventional short-period (denominator)
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Figure 47, Matrix for Approximation of Coupled Numerator Ngstk

approximation; and a lateral-directional term which is the 3 DOF Ngatk
{with Ygstk £ 0) (Reference 20)., The coupling "gain" terms are:

N5'
Ky = -uex;““k coB o,
and stk

Ky = MgNg cos ag

Servo analysis techniques can now be utilized to examine the influ-
ence of each of the cross=-coupling derivatives by writing the numerator
in characteristic-equation form, i.e.,

N, - (8 +Ry +Ky = 0

8tk yncoupled

and examining the migration of the roots as each of the "gainsg” ia

varled.

Setting the coupling term Ky to zero, the characteristic equation

may be written ase:

K
1+ £ = 0
(v
8tk’yacoupled
75
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Figure 48 is a system survey plot showing the effect of varying
positive -f& on the uncoupled numerator Nsatk‘ The upper plot is a root
locus and the lower plot a Bode-siggle (see Section II) showing the
influence of increasing (negative) gain. These indicate that the com-—
plex zero assoclated with the longitudinal short period, wﬁp. is driven
to higher frequencies parallel to the jw-axie; and the conventional roll
zZeros, 1/'1‘.,,1 and 1/T¢2, are driven apart. The influence of ,'C& is found
to be negligible in this case, but this is due to a very small value of
the ratio “3m/£3uk (at the flight condition being evaluated) which
ic & factor in the "gain" term.

The prime contributor to cross-coupling influence on the F-4J roll
numerator 1s Ky = MgNy cos a, as shown in Figure 49, which 1is a survey
for the equation

_ KN -
1+r 0

where primes have been used to denote that Ky has already heen ac-
counted for, and double primes indicate that both Kz and Ky have been
accounted for. Ky produces a locus opposite in direction to that of
Ky, since both are pure gains but have opposite sign. The root loca-
tion is much more sensltive to changes in Ky, as the relative Bode
amplitudes in Figures 48 and 49 show.

The "gains" K¢ and Ky are functions of f&, Ng» Mg, N&stk' and
xéstk' While f& and Nj have been stressed in the foregoing, it should
be obvious that the influence of changes in magnitude of any of these
derivatives can be equally represented by Figures 48 and 49. Changes
in sign of any of the derivatives would reverse the direction of root

migration in either case.

The results shown here represent the usual derlvative signs that
prevail as AOA increases toward stall, 1i.e., i& positive, N& negative,
and MB negative. However, MB depends upcn several configuration detalls
and can be elther poeltive or negative (Reference 30)., For the above
signe, uncoordinated (B # 0) flight results in reduced dutch roll
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stability (Figure 43 or 44) and a corresponding shift of the roll
numerator zeros. These shifts portend increasing closed—loop roll

control problems with sideslip (Figure 45).

The accuracy of the 5 DOF Ngatk approximation is evident fronm
Table 4: the coupled, 6 DOF numerator has been matched almost ideuti-

cally. With this validation of the approximation, the following simple
coupled approximate factors were developed for this flight condition ({t
must be stressed that these literal approximate factors apply to this
aircraft and flight condition only,and may not be accurate for other

situations). For the general form

Ngstk (a2 + 25 gugs + w%)(sz + chpwﬁps + mgp)

L3

2pgug = ~(Np + Yy) - /N3Mg cos a,

wg = Na cos ag + VN&MS cos ag

28 08, = -(Mg + My) + /NgMg cos a,

[ >4
[
e

~M., + Z + YN Mg cos o
o qu a'd o

Table 4 includes the values given by these approximate factors,

indicating that they also are accurate and therefore encompass the key
derivatives.

These literal factors clearly indicate that longitudinal-lateral
cross—coupling 1in Ngstk 1s primarily through the produet NgMp. 1If
elther derivative 1s zero, the cross—-coupling terms disappear and the
approximate factors become similar to the literal expreasions for un-

coupled lateral dut~h roll and longitudinal short-period (Reference 20).
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TABLE 4

N§ .. NUMERATOR APPROXIMATIONS

NUMERATOR gy | b, | b,
6 DOF coupled "'|531 .909 0778 10361
5 DOF (approximate) -+533 | .892 +766 | 1,370
coupled
Based on literal =374 | 4940 | .667 | 1.544

approximate factors

In addition, for non-zero N3 and MB the aircraft coupling is sensitive

to sideslip since

’ - QZN’ gﬂ -
Na = B 353 = Po T, mga

so that Figure 49 may be viewed as a locus of root migration with side~
slip for constant C“Ba'

From the standpoint of vehicle design, any ailrframe changes which
modify ¢1ither of these cross—coupling derivatives can be expected to
have a significant influence on high AOA flying qualities and departure

characteristics.
C. Ng NUMERATOR
stab

Analysis of the iInfluence of aerodynamic cross-coupling on the

nunerator for longitudinal control, Ngstab. uses an approach identical
to that taken with Ngatk. The first step 1s to make the development
tractable by eliminating insignificant terms in the nine-by-nine matrix.

It wag shown 1in Subsection I1.A.3.b (Figure 19) that constraining
velocity does little to change the zeros influenced by cross-coupling,
ieced, 1/T93, l/Tg. and mg- Additioually, we find from Figuve 50 that the
equations for the Euler angles ¢ and 6 can again be eliminated. This
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ROLLING MOMENT EQUATION

sp -o,p -¥ga
e e ]
i 7y
PITCHING MOMENT EQUATION YAWING MOMENT EQUATION
M3 \opSstab sr -Npr
el e i
8oy -(Mq +M¢d)g

_———e not vislble

.N.a -Ng
“(Mg+MgZyla -MgB ? p#
~Npp not visible

ANGLE -OF-ATTACK EQUATION SIDE FORCE EQUATION
(By cosaglp (Bgsinaglr
\ / cosagt
2 -
: \ _ _g__ / o \—4—‘ .
8¢ zya U, cos N -sinayp 88
ZV z S b Yu q
_-V—Ti v 79 -——V'::‘ Sg1ap Not visible -V}; a, e Bo c08 ¥, §,-Y, B not visible

ROLL ATTITUDE EQUATION

s

- -p = tan agqv
Closure: Xq =By, ;‘)'!.‘.,:
Mode: -/ {~ L Lee ~_ ‘4
Al Tﬂa) T/T= 327 (~-.398) :
Figure 50, Time Vectors for Closed-Loop Mode 1/T; ‘:
(Approximating 1/Tg3), F-4J; :
o= 21 dew, B = 5.5 deg )
b/
A
b
4
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still leaves a gix-by-six matrix which is too large and complex to work
with comfortably.

Applications of time vectors, as was done with Ngstk. is accom-
pliehed by closing a pitch rate loop with a feedback element of K/s
(to obtain body-axis 8). Modal response coefficients are then calcu-
lated for the closed-loop pole driven into 1/'1‘33, and the time vectors
for each equation constructed as shown in Figure 0. Except fur the
a equation, few terms are small enough to be eliminated hy inspection.
Further,it seems unwise to restrict the general applicability of the
results by eliminating the a equation. The maln benefit of the time
vectors is to demonstrate that the modal response for a root at 1/T33
contains considerably more lateral than longitudinal motion.

Thus, it 1s necessary to expand the complete six-by-six matrix of
Figure 51 in 1literal form, evaluate each of the terma, and eliminate
products of small numbers. The resulting polynomial 1is then separated
into uncoupled and coupled terms to form the approximation:

1
- (LpeNpey)ed 4 li;,(N;-+Yv)+N;;Yv+Nﬁdynlsz

9 . 2 4
Nourab * Mantnhl(“ AL

- l.f",nﬁ com g + LENLY, + V% Iédyn + (LaNg = LND sin ag e

t
Ng
u? -(N +V)s+ m]

|(;fBNr - Na&y) cow ag + L oNG sin “°l§ ESIAR

F 3 ' I' ' I"
+ Nylps [nz + (-ﬁ_niu—o =Yy - IP)" - TE\'EBG Yy (:p - t““l%)n

where in the "dynamic axis" system of Reference 18,

Nden 2 Ng cos ag = ZB sin a4

-té cos ugy + Né 8in a,

'f den

1 e VA g 0 ity el R0

emila gz -
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TET T e

aAr

Msgtap | MaMalw Mg q
Ms - — —

_Vﬂiik ~Zy Bo cos a, | B, sin a, a

To
SRR A oo - B U
4 - Ld - !

-fa s-xp ~ay 'ig P

=Ng s=Ng -Né r

~ain a cos o 8=y, | - Vg; cos a,|| B

| -1 ~tan agy 8 L¢

Figure 51. Matrix for Approximation of Coupled Ng b
(b = Yo = 0, 6 = a, B, Small) sta

The terms not contalning cross-coupling derivatives are seen to
gseparate into a flrst-order and quartic function of s, The first-
order is the conventional literal approximation for the longitudinal
zero I/Tez. i.es, =2, The quartic contains all lateral-directional
derivatives and, with the exception of the sin a, terms, is the same as

the conventional body=-axis uuccupled lateral characteristic eyuation:

(Reference 20), This polynomial thus factors into the parameters Wy,
1/Tg, and 1/T,.

The first cross—coupling term involves Ku as the "gain," a free s,
and a8 quadratic containing only yawing derivatives. The second cross~
coupling expression has Ng as a "gain,” a free 8, and a quadratic con-

taining only rolling derivatives.

The kinematic termg Z, and Z,. were negligible for Ngatk. but here
dictate the influence of the aerodynamle cross-coupling. As a result,
coupling in the 6 + Gstab numerator 18 an explicit function of eideslip.
It is interesting to note that MB does not appear in the approximation;

a quadratic coupling term involving MBz5stab/vTo was found to be negli-
gible.
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The influence of the individual cross-—coupling terms can again be

observed by servo analysis methods, setting

8 9 g 8
N = (N + (N + (N = 0
( Gstab)coupled ( Gstab)uncoupled (N8gean)y, * 6stab)Na

and performing system surveys. The survey for

(Ngstablta

1+

0
N
( Sstab uncoupled

is shown in Figure 52. The "poleg" l/Tg and l/Te2 couple to create a
'

second-order closed=loop root, wgg, which 1s on the juw-axis. The dutch

roll "pole" is moved to the left half=-plane, while l/Tg is moved slight-

ly to the left.

Figure 33 shows the additional movement when the cross-coupling due
to N; i{s included. The latter moves things further in the same direc-
tion. However, it can be determined that the first-order coupled zero
in the left half-plane comes from the roll subsidence mode and the zero
farthest into the right half-plane (previously called 1/T93) comes from
a coupling of the spiral mode and the conventlonale I/Tez. Since the
time vectors indicated this mode 1s dominated by lateral-directional
motion it 1s now labeled (I/Tg)"- The prime notation in Figures 352
and 53 18 used to keep track of the number of "loops" being closed
and the influence of each "closure." From here on the prime notation
will be dropped and the lateral-longitudinal coupled zeros identified
as wg. 1/1g, I/TS. etc.

Since each of the cross-coupling terms has similar 1influence on
the migration of zeros, no insight 1s lost by combining the two coupling
terms via the concept of the previously noted "dynamic" term z&dyn' Then
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T

0

(Ng

@ 0
Btab)coupled (Nastab);[a * (Ndstab)Na

. 1 -y
- iadynﬁos »sz + m {—Iu(Nr + Yy,) cos a,
+ N&[I; cos ag = ( IE, + Y,) sin aglfs

+r::" [ LoN - N &5 - ¥y L7 cos ap ~ L5 sin ag)]
yn

The system survey for the combined coupling influence on Ngatab is shown
in Figure 54; the coupled roots, of course, are the same.

Finally, it should be noted that aerodynamic cross-coupling in the
9
N . rd
numerator Ng . . 1;5 a direct function of sideslip squared. Since Lj is
proportional to czBa(B°) and Ng is proportional to CﬁBa(Bo), the "gain"

term is

Iadynso ~ (CEBQBO cos ag + Cﬁguao sin o,)8
~ (CEBO. cos ag + C;‘Ba sin ag )83

Thus the zero l/Tg is drastically 1influenced by static aerodynamic
cross-coupling and magnitude of sideslip.

D. SUMMARY

Literal analytic expressions have been developed to show the influ-
ence of static aerodynamic cross-coupling derivatives and asymmetric
flight on denominator and numerator roots. The analysis has shown that
the shift in denominator roots depends upon all three sgtatic cross-~
coupling derivatives, a» Ng, and Mg. The direction of root migration
1s controlled by the sign and magnitude of MgNg/ £G. The magnitude of
root migration is determined by ,f&Bo.
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For the F-4J the principal cross-coupling influence on the roll
numerator, Nguko is due to the term NgMg cos &,e The literal approxi-
mate factors which describe the coupled numerator roots are

-(Nz + ¥y) = YNgMg cos a,

2C¢w¢

w% = Ng cos ap + VRglg cos o

= -(Mg + Mg) + VNgMg cos ag

Wi = My + g Mg + /TZME <8 g

» 18 influenced by a more complicated

8
The pitch numerator, Nsstab
Existence of a first-

combination of kinematic and aerodynamic terms.

order RHP zero depends upon

f&Na- I'BN;- Yv(f; €08 Gy = J:; sin a.o) < 0
Ly cos a5 + Ny sin ag

The above approximations may not apply to configurations aignificantly

different from the F-=4J.

89

L

PP S

b ot St ST e i S

NP R

Thct




SECTION IV
CO4FIGURATIONS SELECTED FOR SIMULATION

The seven aerodynamic derivatives which have been shown to dominate
open— and closed-loop dynamic characteristics at high AOA are suumarized
in Table 5. These are comprised of six static stabllity and cross-
coupling derivatives and one dynamic ddmping derivative. Together they
limit the useful flight envelope via roll reversal and wing rock tenden-
cles, and they limit the safe flight envelope via departure suscepti-
bility. One goal of the piloted simulation was to demonstrate this

premise.

TABLE 5

KEY MANEUVER-LIMITING PARAMETERS

Negative Nga or NSD Roll reversal
Positive MB L Pitch up
Ié.f&.f; Wing rock

Ng, NG Nose slice

MB Roll divergence

This section presents the vehicle aerndynamic configurations se-
lected for the piloted simulation and the predicted high ACA dynamic

characteristics.

Four “configuratfons” were obtained by altering the key aerodynamic
coefficients of a baseline. The three altered configurations incor-

" porated changes in, respectively, Cp (a), Cg(a,B), and Cph(a,B) combined
lp & n

with a change in CmB, to provide specific alteration of key open— and
closed-loop parameters discussed in the preceding two sections. The
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attempt was to influence the denominator only, the numerator only, and
the combined denominator and unumerator, thereby to provide distinct
variations {in high AOA departure susceptibility, onset warning, and
motion severity. The influence of artificially altering aerocdynamic
coefficients via a lateral-dfrectional augmentation system was also

investigated with two of the configurations.
A. AERODYNAMIC CONFIGURATIONS

l. Configuratioa A

The baseline case is iden "“ied ae Configuration A. This F=i4J=-
based configuration has been thocoughly reviewed in the preceding sgec-—
tions. The key open~ and closed-loop dynamic parameters are summarized
in Figure 55 for comparison with the other configurations discussed
subsequently. Dutch roll and numerator root migrations are shown for
increasing a at zero B (solid lines) and at 5.5 deg B (dashed lines).
The solid triangle (A) indicates the AOA above which Cnsdyn becomes
negative at zero B. Recalling the discussion in Section II "about the
shortcomings of linearized frozen point dnalysis, the important aspects
to note here are:

® The low dutch roll damping at AOA below Cy, 0]

(wing rock). Bdyn

Y usz or 1/T¢, negative st AOA above 18 deg or at
small B (r&ll reversal).

® 1/Ts, and 1/'1’2 both large and negative when 8 # O
(nogé slice parameters).

® Dutch roll and roll numerator roots sensitive to
sideslip.

The plots in the lower left corner indicate the magnitude of the
aerodynamic coupling terms evaluated at 5.5 deg B. 1In the AOA rauge
from 20 to 30 deg, [,(a is of approximately the same magnitude as fé but
is of opposite sign. In this same AOA range, N3 18 of about the same
magnitude as Ng and of the same sign. For this relatively mild sideslip
condition (5.5 deg), the static cross~coupling derivatives are of equal

magnitude to the basic static derivatives.
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2, Configuratiom B

For Configuration B the roll rate damping coefficient, Czp, was made
large, negative and essentially invariant over the range 10 < a < 35 deg
(see Cp _, Figure 56). The object of this change 1s to increase the
dutch roll damping and hence reduce the wing rock tendency. Since all
other parameters remain unchanged, this should not alter the basic roll
reversal tendency or the nose slice departure characcsristics; but it
should eliminate or reduce wing rock as a warning of impending depar-
ture. However, note again in Figure 57 the aensitivity of the dutch
roll mode to sideslip. At 8 = 5.5 deg there is little difference
between Cunfigurationa A (Figure 55) and B (Figure 57), which indicates
that the influence of & p is small with respect to that of P g

@.0a a0 200 30,0 w29 £0.0 o
ALBHM  DICERECS
-0oK o
Cip

FER WMD)

018

-0ik

-n2n o

~0.28 W PR L

038

~03I8 -

Figure 56. Change in Czp for Configuration B
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3. Coofiguration C

; For Configuration C the roll due to sideslip coefficient, c"'ﬁ’ wag
altered (see Flgure 58) to approximate that of the F-14A over the range
15 < a < 45 deg, taking into account the difference in roll inertias of

i the two aircraft, i.e.,

* Ix
C & C R et 2
'8y *8p-14 Ixp-14

The

[ Figure 59 presents the parameter plots for Configuration C.
N upper left figure shows that the change introduced in °’~B and Cg, has
gshifted the dutch roll mode toward the left. It remains in the left

half~plane for B = O and only bulges into the right half-plane over a
A major difference in this configuration

small o range at 8 = 5.5 deg.
occurs in the roll subsidence and apiral modes, which in the previous

[=Neler i= R

[=N-1-}0 - B !.

401
MEN DED

a.R0 60D snD aob. 2.2b.

ALMEHM  IEGREES

' ~0,0010

~o.o0a0 <

poc? 4

-D.00¥0 -

-0.00%0 4

em al BE gk ke F

Figure 58. Change in C"’B for Configuration C
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: cases have remained on the real axis and therefore have not been shown.

1 In this case, I/TR and 1/'1's couple to form a "lateral phugoid” mode,

Weps @8 AOA increases. At 36 deg AOA the frequency of this mode is

approximately twice that of the dutch roll, with approximately the same
damping. Comparison of Figures 35, 39, and 59 show this to be a valid
W representation of F=14A root locations, but mode identity may be differ-
ent.

{ Comparison indicates that increasing B shifts the wgp locus toward
, the right half-plane. However, both the dutch roll and lateral phugoid

modes are now relatively unaffected by 8.

W——er

The upper right-hand plot for wg is easentially the same for Con~
figuration C as that for Comfigurations A and B. While this configura-
tion has better open~loop stability, the closed-loop characteristics
should be little different from tha previous two conflgurations because
the roll numerator toots are essentially unchanged.

v

Absence of the solid triangle symbol indicates that Can is posi~

n

tive throughout the AOA range. y
The lower left-hand figure shows that the L term (which derives

from the wvariation of C"’B with a) is suwall and negative. Since this
configuration also has a large increase in ig (see Figure 58), the

o e AT NS  $ SE eTnd. S

e S i e A . iy g

aerodynamic cross—coupling derivative f,; is now much smaller than '-fé
' throughout the angle~of-attack range. Comparing the values of f& for
Configurations A and C with the differences in denominator root migra-
tions with B makes it apparent that -f& is the dominant purameter in
shifting the Configuration A dutch roll mode into the right half-plane
when B ¢ O. The lower right-hand plot of Figure 59 indicates that the
change in -(5 and -fg has decreased 1/TS at AOA above 20 deg. ®
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4. Configuration D

For the fourth case the yaw due to sideslip coefficlent, C“B’ was
modified to approximate that of the F-14 as shown by the dashed line in
Figure 60. In addition, for this case only, the sign of cmﬁ was re-
versed to provide positive pitch with sideslip., As predicted by the
approximate factors of Section III, the result 1s an airframe quite
insensitive to sideslip (Figure 61) and, most pertinently, having numer-
ator roots (1/T¢l and 1/T2) which do not penetrate as far into the right
half-plane.

Roll reversal is delayed until o > 20 deg and Can remains posi~
n
tive until o * 25 deg. y

00030 o
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Figure 60. Change in C"B tor Configuration D
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5. Anticipated High AOA Maneuver-
Limiting Characteristics

Review of the preceding four coufigurations should go a long way
toward sorting out the relative importance of denominator (open-loop)
vs. numerator (closed-loop) characteristics on high AOA departure susg-
ceptibility and severity, Configurations A, B, and C have nearly iden-
tical RHP numerator root locations and therefore should have similar
closed-loop divergence tendencies, although the motion (i.e., roll vs.
yaw) may differ somewhat due to Clp' Cga, and Cga changes. On the other
hand, the Configuration D numerator roots do not penetrate so far into
the RHP and are relatively insensitive to sidealip. Thus one might
expect this vehicle to appear less susceptible to or have less severe

departure.

4dlternately, if departure susceptibility or tendency should turn out
to be strongly influenced by dutch roll (open-loop) root location, then
one would expect Configurationse ¢ and D to be similar since both are
near neutral stablility and relatively 1insenasitive to sideslip. Any
differencas between Configurations A and B would be dependent upon side-
slip.

The dynamic setability parameter, cnﬂdyn' has been referred to pre-
viously. The AOA at which this parameter becomes negative was identi-
fied in Figures 55, 57, and 6l. Figure 62 presents plots of
Can vs. a for the four configurations. Based upon the criterion
anyn > 0.002 for departure resistance (Reference 31), then only
Configuration C should be resistant, Configurations & and B should be
quite departure prone, and Configuration D might be mildly departure

prone.

Another criterion, Reference 32, employs both open— and closed=loop
parameters, i.e.,

Cngall = (Cng Crgo/C 2
LCDP . ng[ ( ng, 4g léacnf;)] . E;
andyn CnB cos a ~ (szlijéis ein a Wi

100

LA




meewnd .;ﬂ:jgllgqgi

5}'“} Con(ig
AB

Lo T
©

0075 -

0050

.002:’)‘t

Cnﬁdyn
{1/deg) o

-0025 -

~0050
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yn

For a rmmber of years it has been recognized (Reference 33) that unde—-
sirable (W¢/Nd) ratios lead to roll reversal and pilot-aggravated wing
rock (PI0). However, in Reference 32 Welssman plots CnB ve, LCDP and

identifies four regions of increasing departure and spinyauacep:ibillty X
and severity (Figure 63) based upon experience with a number of alrframe ]
configurations. The loci of our unaugmented airframe parameter values 7
over the range of 16 < a < 35 deg are shown in Figure 63; circles repre-
sent Configurations A and B (since Cgp has no influence on either param—
ater), squares represent Configuration C, and triangles Configuration
D. The criteria predict high departure/spin susceptibility with strong
rolling departures for Conflgurations A and B, low spin susceptibility

and mild rolling departures for Configuration C, and no departures for o
Configuration D. Thus, all reglons of departure susceptiblity and

geverity are exercised with the aerodynamice selected.

The Figure 63 prediction that Configuration D should be less suscep-
tible to departure is in agreement with the first assessment above based

on numerator root locations.
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B. AUGMENTED CONFIGURATIONS

Lateral-directional augmentation was synthesized for Configuration A
(the most departure prone) and for Configuration C (CnB always posi-
tive). The augmented configurations are identified as A2 and Cp, re-
spectively, while the unaugmented configurations will be referred to as
A) and C;. The augmentation mechanization is representative of that
used in current high-performance fighters to improve both open~ and
closed~loop handling parameters, i.e., washed-out vaw rate and lateral
acceleration feedbacks to rudder to increase dutch roll damping; roll
rate feedback to differential stabllator to reduce or eliminate wing
rock and augment dutch roll damping; and lateral stick to rudder cross-
feed (SRI) to reduce or eliminate adverse aileron yaw for pilot inputs,
thereby providing a2 positive shift in the closed-loop parameters LCDP,
w%, and 1/T¢.

Undesirably, the roll damper also produces adverse yaw when opposing
uncommanded roll; 1t may iuncrease nose slice departure tendencies and
pro-spin surface deflections. A block diagram for the augmentation

mechanization 1s shown in Sectiomn V.

The root migratlon surveys for Configuration A, are shown in Fig-
ure 64, Comparison with Figure 55 stows that at B = O the dutch roll
damping is 1increased considerably; it does not go unstable until AOA
exceeds that for Canyn becoming negative ( & symbol). Also, the ADA at
which mg becomes negative has heen incrcased approximately 5 dcg and the
negative values of both 1/Ty, and 1/T8 have been reduced. ‘Thus, within
the augmentation system authority limits and near zero B, Configura=-
tion A, stability is increased and departure susceptibility decreised up
to about 23 deg AOA. However, for 8 # 0 the augmentatlion benefits are
overcome and the dynamlc paramaters revert back to alrfyrume-alone

values.

103

St 2




Dutch Roll

N
25\ 30 35 aldeg)
Rools =

L ) we o F——+— b N .
/

!
)
| [ 5 20 25 X

T Oferdg—gt——t—4—
¢ “O-0Omey’ 30 35 aldeq)
R,*55°

Figure 64. Key Parameters for Configuration A,

Root migration survey plots for Configuration C, are presented in
Figure 65. Comparison with Figure 57 again shows ijmprovement in dutch
roll stability. However, the most dramatic change 18 in w% which now
remains positive up to 35 deg AOA (but note LN is small and negative
beyond 31 deag AOA). Thua roll reversal problems are esgentially elimin-
ated and numerator root sengitivity to sideslip 18 decreased consider-

ably — again subject to augmentation system authority limits.

The change in departure and spin characteristice cannot be pre-
dicted for these configurations using the static aerodynamic parameters
of Figure 63 because the augmentation system influence 18 frequency
dependent. But a somewhat similar plot can be constructed using the

104

. g ot 4 RN e Y v” PR
St W A et DI L U et PERX LTI UE GNIARATE RERRAL NN FUNR. Py

izl b 2

PERNERIND .

P =Y.

L R L e



BB s

dpe g 3 ek

te
wy )
a=ll°*__._—,—-u,\ jw
) 2
Je] =55'C / w e A
o ey ¥ O 20 25 20 35 aldeg)
Ny
"
WsR
I L r 1 2F
2 -l 0 e .
2bguwy Bo
| arl o "5? aldeg)
T T EEN Pl o
¢‘ T¢2 l —2—50"
-r Bor 5.5°
'
[ 5 20 25 30 35 aldeq)
T O g
Ns Hot 35

Figure 65. Key Parameters for Configuration Cy

parameters w% and dedo* Such a plot i¢ presented in Figure 66 for
both unaugmented and augmented versilons of Configurations A and C. The
Intercept of the w% axls with 5404 has been arbitrarily shifted to en-
hance similarity for the unaugmented configurations with Figure 63,
Note that the root plots for the unaugmented Configurations Ay and C;
(solid 1lines) are quite similar to those of Figure 63, The plots
(Figure 66) for Configurations A, and Cy (dashed lines) are moved fur-
ther into the upper right quadrant, which is identified as departure
resistant in Figure 63. Similar interpretation would forecast Az to
be departure resistant up to about 24 deg AOA but to have moderate to
severe departure tendencies at higher AO0A, while C, should have no

departure tendencies.

*Despite the direct relationship between C“B and wg, it 1is move

. d
appropriate to plot Lquq because the changes 1in sfgh (or lack thereof)
of Cn and §q are in closer agreement.

dyn
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Figure 66. w? Versus Lq¥q for Augmented and Unaugmented
$ d"d
Configurations A and C

C. SUMMARY OF CONFIGURATIONS AND
PREDICTED HIGH a CHARACTERISTICS

Table 6 summarizes the six-configuration matrix employed 1in the
piloted simulation. For A; a sequence of roll reversal, wing rock, nose
glice, and finally strong rolling departure with high spin suscepti=-
bility is predicted with increasing AOA. For A, the augmentation system
and crossfeed are expected to minimize or eliminate the roll reversal
and wing rock predeparture warnings. The predicted characteristics are
nose slice followed by moderate rolling departure. For B, predicted
characteristics are roll reversal, nose slice, and strong rolling depar=
ture. Warning in the form of wing rock should not be present due to the
large roll damping of this configuration. Note that Configurations A,
and B allow comparison of high AOA stall/departure characteristics with
high aerodynamic roll damping (Configuration B) and with aevtificially
augmented roll damping (Configuration Az).

The unagumented Configuration Cy i¢ predicted to exhibit roll vever-
sal, wing rock, and mild rolling divergence with increasing AOA but to
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TABLE 6. CONFIGURATION MATRIX

CONFIGU~ PREDICTED

P RATION FCS AERODYNAMIC VARIANT CHARACTERISTIC
ij]' ]
! A Basic Bagic F-4J Wing rock
Roll reversal
Nose slice

Rull departure

TR v

i

£ N Ay Augmented Nose slice

g Roll departure

ﬁ' B Basic Increused Cp Roll taversal

ot P Nose slice

i Roll departure

! PSR O -

JR Cy Basic Increased Cp Wing rock

| B 115 <a < 45| Roll reversal

! Decreased Cy Roll departure

a4 Cy Augmented Cag, >0

& None dya

b LcoP > 0

3 D Basic Increased CnB Wing rock

g a > 15 Roll reversal
Decreased Cy Pitch up

Positive c”B

ﬁf have no nose slice. Augmentation is employed with C; to improve maneu-
y vering control and to determine if it will degrade the departure resis-
Vi .’ tanca of thias configuration. On the basis of Canyn and mﬁ (or LCDP),
no departure tendency should be anticipated for Cy. Finally, D should
exhibit roll reversal and wing rock warnings but little lateral=direc-
i tional departure tendency. However, the change in sign of CmS to pro-
7-’ vide positive pitching moment with sideslip should rvesult in pitch-up,
- which would be expected to aggravate any high AOA departure tendency.
All other configurations have negative CmB’ should pitch down with
increasing sideslip, and heuce should require more effort of the pilot

to maintain high AOA (longitudinel stick cue).

ﬁ&}%#?.
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SECTION V
PILOTED SIMUOLATION

The purposea of the piloted simulation were to validate the influ-
key aerodynamic coefficients in determining departure

ences of the
evaluate the influences of varied maneuver limiting

characteristics,
factors on high ADA maneuvering control, and identify potential flying
qualities criteria. While aircraft wmotion is highly desirable for such
validation and assessment, departure and post-stall gyration (PSG)
severity obtained with the 6 DOF analytic models indicated that a
moving-base simulation would offer very little benefit. Nose slice
motion was so rapid that 130 deg/sec yaw rate could be reached within

two seconds after departure onset; peak angular accelerations as large

as
p = 500 deg/sec?
§ = 200 deg/sec?
$ = 150 deg/sec?

Washout requirements to prevent hitting displacement

were obtained.
There~

y stops would have to be go rapid as to negete motion benefits.

, fore, a fixed-base simulation was selected having an unrestricted out-
The

of-cockpit horizon display capable of such rates and accelerations.
also expanded to accommodate inverted £flight

\

aerodynamic model was
maneuvers.

This section presents an overview of the simulator, including dis-
plays, airframe, and flight control system modeling, cockpit, and force

and momwent squations.
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A. SINULATOR

The simulation was performed in the McDonnell Aircraft Company”s
fixed-base Manned Air Combat Simulator dome, a 20 ft hemisphere identi-
fied as MACS-1. Physical aspects of the simulation are summarized in
Figure 67. The horizon and target are projected on the inside of the
hemisphere. The cockpit is located at the center of the dome. The out-
the~window, head-up (HUD) and head-down (HDD) displays, and cockpit
layou: are as indicataed in Figure 67. Seat cues conaisted of normal
acceleration and buffet motion provided through an inflatable seat
bladder. The frequency and amplitude of the buffet oscillation varied
as the aircraft angle of attack increased, starting at about 14 deg.

A TV, projection of a gimballed model target aircraft provided a
naneuvering tracking task. Target motion equations provided realistic
maneuvers while allowing the aircraft to fly well beyond the departure
region for the test aircraft. The target was controlled by the computer
operator via a special control panel.

B. HEAD-UP DISPLAY

The head-up display (HUD) provided information on aircraft attitude,
heading, airspeed, altitude, and trim conditions. Figure 68 1llugtrates
the HUD presentation as originally installed. Display of normal accel-
eration provided a reference for trimming longitudinal control to 1 g
prior to the start of a run, Trim thrust was set by adjusting throttles
until change from trim thrust registered near zero. The Flight Path
Angle Ladder displayed both flight path elevation angle and roll atti-
tude. Orientation of the total velocity vector was provided through
the Velocity Vector Indicator; when the velocity vector was outside the
HUD field of view, the Indicator remained at the edge of the HUD and
blinked.

At pilot request, the HUD was simplified late in the simulation
program. Alrspeed, Heading, and Altitude bar displays were removed.

The fixed reticle tracking gunsight was a part of the HUD.
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MCDONNELL AIRCRAFT COMPANY

Legend

1 Beam Splitter

2 Spherical Mot

3 Multiplexing Beam Sphitter

4 Virtual Image Beam Splittar

6 Crew Station

6 Real Horizon and Missile Projector

e

7 Real Target Focus Lenses
i 8 Real Target Mirrors
3 9 Real Target Projector
10 Sound and Electronic Equipment
; 11 Pit Area
y
k
ﬂ
Qr76.0297-4
; Displays: Horizon = 360 deg ¢, 8, ¢
} HUD - CAS, h, y, velocity vector
? HDD - ¢, 6, ¢, a, M, etc.

Sight - fixed reticle

3 Cockpit: Basic F-4
j , Seat Cues: Load factor, buffet

Target: Gimballed modei TV projection

Figure 67. Manned Air Combat Simulator I
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Figure 68, Head~Up Display (HUD) Used in Simulation
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C. FLIGHT CONTROL SYSTEM

The manual flight control mechanization (stick, pedals, surface de-

flections and rates, etc.) represented the basic F-4 aircraft (e.g., see

Flgure 2). x!

A special lateral—-directional stability and command augmentation
system (SCAS) was mechanized as shown in Figure 69. The SCAS feedback
gains are production F-4 values. The setick-to~rudder crossfeed pgain
and shaping were optimized for 10 < a < 20 deg and faded to zero at u

o € 10 deg to prevent adversely influencing the low AOA handling quali- [‘:
”

ties. ;’
D. EQUATIONS OF MOTION ﬁ
.’;‘

Slightly modified versions of the standard McDonnell Aircraft Com- ?

pany plloted simulation equations of motion were used. These are essen-

tially the same as those presented in Appendix I, Part III, {i.e., moment
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equations in body centerline axes, force equations in wind axes, and
aircraft orientation in standard Euler axes. The only change required
was to expand the small angle o and B assumptions and to eliminate
the tan B and cos™! B expressions of the 4 gquation which gave discon-
tinuity problems as B approached 90 deg. This required substituting
the %~equation for &, {,e.,

4 = q = tan B(p cos a + r sin a) + Z /(aVy cos B)
% = qVp cos B = Vp sin B(p cos o + r sin a) + Z /m

and using the slmple expressions a = sin™! (w/Vy) and B = sin~1 (v/Vq)
for entry.into the aerodynamic look-up tables.

E«. AERODYNAMIC MODELS

Since the major interast in the simulation was the analysis of
departure onset, particular attention was given to realistically model-
ing aerodynamic data for the range of 0 < a < 45 deg and B < 130 deg.
The basic aerodynamic coefficients were selected with the goal of pro-
viding a reasonably accurate dynamic model cf the F-4J over this o and #
range. To allow greater alrcraft motion freedom typical of Bsevere
departures, post-stall gyrations, and spins without encountering unreal-
istic discontinuities in the data, certain approximations were made for
a > 45 deg, o < O deg, and B > +30 deg, i.e.,

® For a > 45 deg the coefficlents were faired to
110 deg, then extended to 180 deg by either wmain-

taining the value at 110 deg or fading the coef-
ficlent to zero at a = 180 deg.

® The coefflcients were assumed to be similar in
value for positive and negative AOA so that all
derivatives were taken to be even functions of AOA
(i.e., mirror images about a = 0) and the coeffi-
cients Cp and C, to be odd functions of AOA.

¢ Variation of the coefficionts with B was assumed
to be linear for B > 30 deg.

The resulting aerodynamic coefficients are shown in Figure 70.
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Figure 70, Coefficients ag Extended for |a| < 180 deg
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It is recognized that the assumptions made above could result in
considerable error for extreme angles of attack and sideslip; however,
the use of full-ranged data allowed the simulation to be operated
throughout a violent departure without demanding an immediate return to
initial conditions when lower aerodynamic data limits were reached.

The aerodynamic data were stored in the digital computer as look-up
tables. Total forces and moments were computed digitally and fed to the
analog systems of the simulator fo drive the cockpit displays.

Physical dimensions of the airplane were based upon the ¥-4J, Iner~

tias and weights are summarized in Section I1.

F. DATA RECORDED

Parametric data were recorded via three eight-channel Brush record-
ers. All Euler angles, body axis rates, aud control deflections were
recorded, as well as accelerations, altitude, velocity, and thrust set~

tings.

For a limited number of runs the total body axis accelerations
(p» 4, T) were rvecorded and dinertial and aerodynamic components of 4

were also recorded separately.
G. TASKS AND MANEUVERS

Pilloting tasks were selected which exercised the open- and closed:
loop departure parameters of interest. These were divided into two
phases. The firast consisted of familiarization maneuvers typical of
“feeling out" stall/departure motions, warning, etc., of a uew airframe.
These are modeled after the suggested test matrix of Reference 34 plus
an additional aggravated input maneuver for determining departure sus-
ceptibility, proposed in Reference 35. The sgecond phase consisted ot

tracking tasks and maneuvexs as suggested in Reference 36,
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l. Handling Familisrization and Asaessment

Five bagic familiarization (F) maneuvers were employed:

; ® Straight—ahead stall (Fl): 1 g , fixed thrust,
8 longitudinal stick pull to produce 4 * 1 deg/sec
3 until stall departure.

¢ ® Constant attitude stalli (F,): 1 g, wings level,
> holding constant pitch att%tude while slowly ra=
\ diucing thrust until etail/departure.

® dank-to-bauk turns (F3): Constant altitude,
160 deg bank=to=bank turns at increasing AOA until
2 departure; rudder coordination optional.

A ® Wind-up turn (Fa): Cunstant thrust, wind-up turn
- to stall depiarcure.

3 ® Fullwgtick-deflection maneuvar (Fu): From 60 deg
- bank, rapidly ramp full aft lofigitudinal stick
a followed by full lateral stick out of the bank.
2 After 8 sec neutrallze controls.

) With the exception of aancuver Fg there was no restriction on the
,Q type or magnitude of controls used by the pilots. In fact, pllots were
X advised to investigate various cuntrol techniques just as they would in

b a stall evaluation of a new aircraft. Maneuver Fs (from Reference 35)
vas evaluated as an indicator of departure susceptibility.

1. Precfsion Trackiug Evaluation

The target aircraft (a TV picture of a model airplane, projected

onto the dome at vrhe proper aspect and gize) wus programmed to perform

three basic maneuvers durfing a slow pull-up. Target climb rate was

- fixed to produce & * | deg/sec to gulde the subject pllote into repeat-— i
u% able tracking runs of approximately 30 sec minimum duration before ™

P TRt LT

b departure. The tasks started wlth the subject aircraft trimmed at
. = 12 d2g, essentiully in trail. The pilot attempted to stay in the
% target’s 6 o’rlock position as 1if trying tc overextend a firing

g =, 2oy

solvtion. The tracking (T) mianeuvers were:

——
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o ® Straight-ahead pullup (Ty): Constant-thrust,
straight-ahead pullup keeping pipper on target
until aircraft no longer controllable.

Ehe

Climbing roll-reversals (Ty): Track target air-
: craft through series of climbing roll rever-
m sals (¢ * +40 deg) until aircraft no longer con-
\ trollable. Constant thruat,

L e

® Wind-up turn (Ta): Starting wings-level, track
target into condrant-thrust 60 deg bank wind=-up
turn until aircruit no longer controllable.

3. Dapariure Recovery

3 Recovery techniques employed were at the discretion of the pilots,
based upon their experiences in fighter alrcraft. Recoveries were ini-
o tiated either:

- ® Impediately upon positive indication of uncom-
" manded motion (RI)' or

® After about a 3 sec delay (Rjp).

Recoveries were alsc attempted in the SCAS-on configurations (Cases Az
and Cy) by turning the SCAS off upon departure (Rg).

H. FLYING QUALXTY RATING SCALES

Previous stall/departure simulations for flyiug quality aseessmert
(e.g,, Reference 5) have ghown the familiar Cocper-Harper scale (Fig-
.*@ 71) to be inadequate because departure is centered on the first step
i\ the decision tree, i.e., controllability instead of performance. 1t
was preordained for this simulation that concrol would be lost (CH = 10) ;
because the configurations were spocifically selected to provide differ-

=

EF-TE

ing departure warning, severity, and recovery in order to identify gra-
dations in these¢ attributes., Therefore, cue requirement of this program
was to develop and validate a more appropriate stall/departure flying
quality rating scale.

RS S VTR Ty |

The Referunce 37 experimental program succeeded in developing rating

STE- RO

scales for a similar loss-of-contvol and recovery situation induced

by flying into a very strong wake vortex. This experience indicated
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that each attribute must be evaluated individually and then the overall
hazard assessed. Figure 72 is a tentative departure rating scale adapt-
ed from the wake vortex experience. Here the stall/departure attributes
are divided into four open-ended scales. The first 1s departure onset
warning — clarity or lack of warning. Next, the attitude and attitude
rate excursions are evaluated. Recovery characteristics are separately
avaluated (whether the recovery was rapid and achieved by simple control
application or whether it degraded down to the point of no recovery).
Finally, an overall assessment of hazard is rated.

In anticipation that overall hazard assessment (acceptability) might
vary with aircraft primary mission, provision is made for indicating
scalar differences betwaen training and operational squadron usage. For
example, an operational aircraft might have very clear warning of depar-
ture onset and extreme excursions if the pilot persisted, and be diffi-
cult to recover, but be given a relatively good hazard rating, L.e., a
2, on the basis of the very clear and consistent warning. Similarly, a
training aircraft might have little warning of departure onset and rela-
tively large attitude excursions, but recover very easlly and quickly by
merely releasing the controle, and again might have & relatively good
overall hazard rating, such as a 2, on the basis of recovery.

As an adjunct to the rating scales, the pilot is also asked to pro=~
vide qualitative information as to the nature of the aircraft motions

obsarved.

Although the rating scale of Figure 72 was conceived to cover both
open- and closed-~loup situstions and specifically is not spln oriented,
it was employed in a weparate departure/spin susceptibility piloted
simulation (Reference 38) to obtain an early assessment of ite useful-
ness. Results were somewhat inconclusive since the Reference 38 task
involved preprogrammed, open=-loop pilot inputs to assess the departure/
spin susceptibility of an airframe having variations in surface author-
ity and actuator rate limiting characteristics. Nevertheless, valuable
comments were obtained (Reference 39) along with a recommended expansion
and restructuring of the pilots” qualitative assessment to provide
greater flexibility and provoke additional commentary to identify what

123

.
[ P R SN £« |

-2

3

4
!
!
il
i

- FLNE -

N S S

.

i



Jauipi] e
ybij e
S
o
om
(2]
-
1]
& v
2
[ *]
>
[2]
(2]
[+
=3
s | ¢
<
-~
[«
-
=
= -2
@,
o
>
1

SILSIUILIVHVYHI
FuN1dvd3d
40 IN3IWS3SSVY
TJIVH3A0

a

aTess Burjey sInjaedeq I4ATILIW]

i SUOISIMOX3 apnjilD Of
30 azuabianip yiod o o} anp
Aj1apwid s50] IpRIYID SDM @

[ 3181SS0dHI =

( A.v:v :.7 th ..m ‘g) ; 3iqoliDA
1npmndap Kipwisd SDM |DYM @

°ZL 2andrg

dn yaid v
asnpiodap buijjoy ¢
201 Bbuim 2

a3 3IsON |

dauanbas 3injiodap aquaIsage

SILVAVHOSY ALNINDIYS
1¥0433 1071d

ONILN3i¥O0SIa
!SNoISYNIX3 3IK3N1X3

jl.

JNIL FAISSIOX3
‘a3yIind3iy 130443
TOMANOD 3ITI8VYIQISNOD

NOLLVIITddY
T0HLINOD 3IdNIS
A€ 33103443 "MmOS

NOLLY It 1ddV
JOH1INOD II4NIS
A8 Q3153443 "QIdVY

JUN1yvd30 WOyl
AH3A003Y

0

318ISSOINI
NSVYL AUVAIND
SNOISHNIX3 39UV

SNOIS¥RIX3
318191193N

SNOISHNIX3 3ivy

3001111y GNV 30NliLllv

2]

 WUaIX3 joym
o{ ‘os ) ; wso} Kipuind
yiim 3i9ga3iul Suiom pige

Bijuipm 2qlidsag e

-
ETTI o

124

31VH3QON <

1
N

ONINHYM
3¥NLYvd3a

v

willigs

A reie v iy

.k .




e S

the pilot is rating. Accordingly, a loss-of-control/departure/recovery
debriefing guide was prepared, Table 7, to augment the rating chart.
This gulde addresses the four topice of the Figure 72 rating scale plus
an additional section devoted to post stall gyrations (PSG) characteris-
tics and severity. Provision is made under each topic for the numerical
rating (STI) from the Filgure 72 scale. The pilot ls requested to auswer
those questions 'apptoprinte for the maneuver flown. Moet questions per-
tain to characteristics of the vehicle motion and are constructed to
ancourage simple yes/no, multiple choice, or short written answers.
Cooper~Harper (CH) ratings are also requesated for the two tasks which
involve pilot effort to exert control on the vehicle (i.e., prevent
departura and accomplish recovery). Finally, it should be noted that
the questlonnaire was preparesd for use in flight as well as simulation.
Thus, some queutions are not appropriate for fixed~base simulation
(erg., assessment of vehicle acceleration).




TABLE 7, LOSS OF CONTROL/DEPARTURE/RECOVERY
DEBRIEFING GUIDE'

L tons nr cenerol/manyrtirn Soanyuze hspiafin. e ] bate
(SnswuE thopd Queclions tiJL 4F0 APPEOPTLJLE (OF WU idnguver e ————— et
Clown) Clirale snawsrs wherever possivie, | oidae
fun No.
% stneiifmlty wt Warn
b a) Ly warniny clearsunclear/nonexistent? $TI !

2 b) Whae ks the nature ol ¢l warning? [Alrerate motions,
V. vibrations, fnstrbment indlegeions, vieual cues, metfun cuus, contiel
systum {ewl Quus)
g)

1s warnlng masked hy ‘vm other alrevafe civatactorsstic? Y N
d) I the warning such Lhat it allows the airaraft to b

fluwn closar to the Limit of the ‘envelope? Yy N
4} Doas the warning Intefere with the primity tasc or
' raduck miamion affeccivenans? hd N
t) Do the altcralt motiopy/vibratlond uonatitule J miising
hazard worthy of & flight eawtrictiont? y N
¢} lu the wvarnihy so inadequdty Shat a4 (Llight rosttiction
would bs necusxary to prevent losy of vontrol? Yy K
Ll Daogrsure (Seu HiL-5-83691 delfinition and dincunntion)
t 4) Did depiceure occur? Y N
| b)) What were the afrcraft wotfons? (Wing roek, aude wisce,
piteh up, rolling deparsure, divergent omclliatinng)
; <) What wvan the severity of the dlrerait mssion? Srd
R NMld « Mibd Acenlaration wuew
' Inturmediate = Rapid motdon or acculeratiuu in vue vr
" mord anis.
" Bevare« Vary rapid motion op goceleration in vne oF more
. anise
i

; 1) How large vers the changos th abrerafl wlbitude?
' 2) How fast ware the rates?

i3 J) Itew large were the accelerativnn?
v d)  Were the aiveeals motions apd attibudas rovugn.aablul,

K 4} Were the aircralfe mocionw disurtanting andzor uuhllu.\uml___z_‘___u__
: 1) Adeorilng to MIL-8-BJ691 definitiony, huw would the ros s=

§ sdnge/puscepeibility to dapareurs be doueribud fov this manvuver!

’ %) Should pllot actlon prawne av delay departure? {10 wo

Y : pllot action caken wo mtato) YN
! 1) Whae pilot actions wuiw takun?

I3 2)  Wiiat werd/would be the dumante on tha piled tw 0

L praveat deparcura?  (Refat to Cooper-Harpur Scale) i

{ Ofd pliot actions agyravaty departute’ Y N
] It Foye Dapnrtyre/Mapuvne Beriodre

o 4)  What wara the Alrerait mutions! n

b b) ihat waw the severity of the atrovaft motion? 371§

Mild « HiLd encalarotions end rates

Intarmuciate = Rapld motion ur accelavativn in one or
| mare aniae
- Savere ~ Vary rapld wution or aveelsrat{ct 4n wuu or .
L mare axis, i
1) Were cha changes in alreraft attitude large? e N i
g 2) Wece the rates lost? Y N q
] 3) Ware the aceelaracions large? Y M N
3 €} Wure the aircraft woutons digortenting and/or Jibili- Yy M
3 tating?
B L _Recovers
- ) How rdpid was the vecovery?
| Immediate
. Sluw o Aftat a4 period of time, short anouge tu pravant
doubt cuncarning avential recuugry
Gncessive = Aftar a purfod of clme, Jong encugl to pra-
duce sorioun doubey cougerning evantual rucuvery
b)  What recovery contiols wory uscdl i
e) Wera ctha recovery conkra) applic.teiunut
Simple ~ Onw, twa, ar three actlons that do wot ruquiee b
PLiut practice to he effyctiva, R
Hatutul = Cuncvel applications that would he considered 'y
nutnal pllat procedure,
Compllivatad « Mera eBan thres setlone abd/ur actions I
cenuite aensidersbly polot prackico to be wilactive, "
Unnaturdd = contesl appllcativns that sre unigue o ehile A\
vut-nl=conerol Favovary and/or wauld ot he congideted roral puut y
provodura, o
Aggravatiag - £a the uleaf seont rol condilion, |
d} What ware the dnmands oo the pilot to seewmaliah K
tecovory?  (Rofwr e Covput=Ratpor Scile whure apitosriecu fnr 1
words das ribing demands on plioty Mot orde 4 Lo eRsary 1
considoring that this tash began with an aut=ot-canersl abrerdft,) ‘\‘4
vV fearall Hazar Fochuer _ iruner ‘
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SECTION VI
HIGH AOA FLYING QUALITIES ASSESSMENTS

Effects of the maneuver-limiting factors on high~angle~of=-attack
flying qualities were assessed by three pllots utilizing the prescribed
set of non~tracking and tracking maneuvers. The two principal pilots
ware highly qualified U.S. Air Porce fighter test pilots, graduates of
the Alr Force Test Pilot School at Edwards AFB, with a broad range of
practical experience. The first pilot, RC, has flown a varied selection
of alrcraft, from the F=4 to the B~52; the second pilot, JF, was experi-
enced in operational fighter and attack aircraft, including the A-9
stall/spin evaluation, and is a former instructor at the Test Pilot
School responsible for stall/spin curricula. The third pilot, RH, was a
handling quality englneer/general aviation pilot who also accomplished
all of the fnitial simulation debugging, procedural checkout, ptimary
pilot briefings and debriefings, ete.

The combination of airframe configurations, familiarization and
tracking maneuvers, and recoveries resultad in the 98-cell matrix of
Table 8., This matrix was flown first as a cequence of rune progressing
horizontally across the various maneuvers for a given alrframe. After
the complete matrix had been accomplished once, a second series was per=—
formed progressing vertically through the airframe configurstions for
each tracking task.

A total of 1088 focwal runs were conducted. Thesae were falirly
evenly divided between the various configurations and pilcts, as indi-
cated by Table 9.

One of the Eirst tasks of the simulation was to validate or modify
the ratings scale and debriefing questicnnaire to the satisfaction of
the evaluation pilots. The final versiona were used throughouvt the
temainder of the simulation. Accordingly, this section starts with the
rating acale assessment and then presenty the alrframe contiguration

assesgments.
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TABLE 9. NUMBER OF RUNS

CONFIGU- PILOT OTAL

RATION iy o -
A 59 79 79 217
A 68 48 79 195
B 61 94 58 213
¢y 44 77 40 161
¢y 53 62 58 173
D 35 62 32 129

TOTAL 320 422 346 1088

A. RATINGS SCALE AND QUESTIOMNAIRE ASSESSMENT

The debriefing questionnaire was answered at the completion of the
familiarization runs and again at the completion of the first set of
tracking runs. During this period modifications were worked out for the
rating scale. The wodified scale was then used for the final set of
tracking runs.

l. Questionnairs

The debriefing_quentionnaire proved essential to obcaining a conasis-
tent set of information for interpretation of results. However, the
simple yes or no answers requested did not suffice. The tasks and
resulting aircraft motions were so complex as to require considerable
axplanation. For example, more than a single mode of departure or spiv
was observed in some cases. Departurs warning and severity also varied
with rate of stall onset (&) and pilot ﬁaage of controls. Thus accom-
plishment of the questionnaire often became quite time-consuming, with
aeveral pages of accompanying explanation. This was augmented by tape
recordings made, on-line, of pilot commentary while performing the simu-

lation runs. As a consequence, pilot responses were so lengthy —— and
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in 8o many cases repetitive —— that 1t is not practical to incorporate

them in this report.

However, the basic conclusion reached by both pllots and experi-
mentors was that such a questionnaire 1s highly desirable for stall/
departure/recovery investigation. The only change in format deemed

necessdry 1s provision of more space to accommodate lengthy answers.
2. Rating Scales

As in the previous simulation (Reference 5), the pllots felt that
the Cooper~Harper rating scale was inappropriate for stall/departure/
recovery evaluation where aircraft characteristics rather than task
performance are being assessed. On the other hand, the overall concept
of the Figure 72 departure ratings scale was appreciated, although som.
alterations were required before this scale met with full approval. In
particular, the pilots did not like the open-ended aspects of the scales
(the scale extends beyond the first and last descriptors). This clearly
gave problems, and they preferred that the scale be bounded with a
simple descriptor at each end. Second, the time required to recover and
the control application necessary to effect recovery needed to be sepa-
rateds Recovery controls also deserved a4 further breakdown, with one
rating for required control complexity and a second rating for control
application timing. Finally, it was decided that an assessment of
hazard was difficult to make because this changes with situations such
as low versus high altitude. The pilots preferred to provide an overall
assessment based upon the acceptability of the flying characteristics at

high angles of attack. The end point descriptors selected by ihe pillots
were, iIn their jargon, "Sierra Hotel,' meaning they would like to fly
the aircraft at high AOA and "Delta Sierra," meaning unacceptable flying
characteristica. The resulting rating scale i1s shown 1in Figure 73,
Both test pllots were happy with this Einal form and considered that it
covered all key factors, minimized the descriptor conflicts, and did not

constrain the pilot’s quantitative evaluation.

The rating scale of Figure 73 was employed in the final set of

tracking tasks. Resulting characteristic assessments for the six
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vehicle configurzations are summarized in Figure 74. The numerical
i ratinge shown for each pllot are the averagas of separate ratings given
Pl for each of the three tracking tasks (T, through Tg). Considering the
- small statistical run sampling and the fact that all configurations were
A intended to have baslic handling deficiencies, the results are considered

b to be very gocds It is to be expected that all ratings would tend
toward the poor (high numerical value) end of th: scales and they gener-
. ally acre. Most importantly, they also reflect the specific dynamic and
handling variations intended to be ¢xhibited between configurations and,
in most instances, the ratings of RC and JF demonstrate agreement in
variational differences {f not in absolute levels. The ratings of pilot
§ RH tend to vaclillate between those of RC and JF and also (except for
recovery control tining) tend to agiue with the poorer rating. This
i downrating probably reflects pilot RH"s relative inexperience in depar-
' ture/:pin/recovery and the violent PSGs which high-performance fighters
often exhibit. Thus the ratings of RC and JF are considered the more
significant.

The separation between RC and JF ratings on warning and motiou
3 severity 1s consistent with differences in piloting techniques. Gener-
ally JF 1s about one rating point harsher than KC becausa of a more
rapid pull intn departure and spin. This will be discussed in more
detail later.

Recovery control timing assessment shows very good agreement betwean
the pllots except for Configuration C,. This primariiy reflects timing
of control release. The differentiul is about one rating point or less
except Configuration C, where RC had difficulty with the two different
span modes the aircraft could have. Timing of control release deter-
mined whether an oscilletory (recoverable) or flat (unrecoverable} spin

was obtained.

Time to recover and overail rating show almost {dentical trends and
thue reflect predominant concern for loss of altitude in any departure/
spin situation. Configuration C; had an oscillatory, recoverable
spin. Configuration D did not sapin but could end up with appreciable
altitude loss if the pilot kept fighting the "wallowing"” departure mode
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(described in Subsectien IL.B). All other configurations had flat spin
modes that were difficult if not 1mpossible to stop. The significant
disapproval of the Configuravion D pitch-up is also evident for pilot RC
on both of these ratings.

The rating scale for recovery control complexity may need add{tional
refinement., Pilot JF rated all configurations at 1 because he merely
releaged controls to initiate recovery and, by definition, this is as
simple as things can be. Pilot RC, with less severe departures, was
able to discern some influence of the stick and rudder in effecting
recovery and this wvae also reflected in his beiny more critical of

-racovery control timing.

However, espents pertalining to recovery (control usage and recovery
time) for configurationa other than D are not necessarily significant
becuuse the seimulation cannot be considered valid for spin and spin
recovery.  The motlons were generally so violent and the out-the~
windscreen sky/earth display so featurel.ss that the pilots had to
resort to the all-attltude ball for recovery. This 18 not completely

unnatural for the military pilots, but did wake the task more diffi-

cult. Additionally, the aerodynamic coefficients employed 1in the
simuiation dc not represent stemady spin conditions. Probably the most
that can be attributed to recovery evaluations is that they exercised
the rating scdles.

In summary, the departure rating scales of Figure 73 were daccepted
and suppurted by the pilots and, based upon this small statistical
sampls, the numericel ratings given reflect characteristics “"designed
into” the vehicle configurations. The gpread in ratings between the Alr
Forze test pilots (generally about .5 on a 5=point scale) is consisteat
with spreads normually expected in Cooper~Harper ratings (about 1.C on a
10-point scale). Greater s8preads generally rcflect sensitivity to

piloting technique; that sensitivity itself may be an attribute of the
scales.

Since vehicle attributes rather than a task performance level

are being rated, use of the rating scales must bLe accompenied by a
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qualitative assessment/description. The qualitative information should

include, as a minimum, the following:

® Warning

- Type
- Clarity
= Margin

® Departutre
»  Resistance (susceptibility)
~ Type
~  Severity
- Ability of pilot to delay or prevent
e Control action taken
e Demands on the pilot
® Pogt-Departure Motion
- Type of alrcraft motion

~  Severity

®  Recovery
=  Rapidity
-  Recovary controls

- Demands
e Ability to recognize
e Ability to perform necessary control action

B. CONFLIGURATION ASSESSMFN1S

As notad previously, the goals were to validate the Inrluence of the
key aerodynamic coefficients in determining departute charactaristics;
evaluate the influence of veried maneuver-limicing factors on high AOA
saneuvering control; and identify potential flying quality criteria
in terms of departure resistance, warning, and severity for poesible
application to the ¥#lying auality sepecification. In thie subsection,
predicted wvs. observed characteriscics aie reviewed ond demonsirate
that the above goals have been achieved, although theru were scac sur-
prices in the process. The unaugmented airi:-eme configurations will be

asgessed firot, and then the augmented cases.
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It 1s necessary to rely heavily on qualitative statements contained
in the debriefing questionnaire and commentary taped on-line as the
pilots talked themselves through the runs. The queationnaires were
filled in only during the initial progression through the test matrix,
At that tine the pilots were "feeling out" the various configurations
and produced voluminous commentary on each, covering the primary obser-
vations plus variations due to different control applications, tech-
niques, rates of onset, tracking maneuvers, aetc. The assessments
reported in the following paragraphs have been distilled to the simplest
possible factors consilstent with the goals of the simulation.

Only ausessments of the fighter test pilots are reported because RC
and JF are most experienced in stall/departure/spin testing and were
more observant of differences between configurations. It became
apparent early ian the data analysis that the two test pllots were
employing almost opposite approaches to stall/departure. RC employed a
cautious, slow increase in AOA and generally was able to detect subtle
changes in vehicle stability or response characteristics. JF uged an
aggrassive, rapid AOA increase which did not give time to detact such
warnings. A4 a consequence, he genearally pulled to a higher AOA with
less wpead bleedoff and obtained more severe post—stall gyrations
(P3G). Thus, differences in pilot closed-loop control techniques pro=-
duced a confounding influence which must be recognized before delving
into other details: departure waraing and severity are a function of
pull-up rate and lateral-directional controls application lumediately
preceding departura.

l. Unaugmsated Airframe

a. Configuration A

Predicted versus observed pre- and post-departure characteristics
are shown in Table 10: The warning Pilot RC observed with increasing
AOA 1is consistent with the graceful (gradual) dngradation suggested
by the open-loop dutch roll and roll numerator root migrations of
Figure 55. It appears the negative CmB contribution was observed as a
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i TABLE 10. CONFIGURATION A; MANEUVER~LIMITING FACTORS

J
Vi OBSERVED
v B PREDICTED
L E RC J¥
;-? Warning:
o Wing rock Wing rock low ampli- None
5ok (16 < a < 22 deg) tude, high frequency
T
E % Roll reversal Roll reversal None; g-bresak
bt (e > 18 deg) (a > 20 dag); g-break
b p (20~22 deg a)
| A
by Wing rock large ampli-
b tude, low frequency
b
. Rating: 2.8 4.8
{‘; Departure:
", § Nose slice Nose slice followed by | Nose slice and roll
F E (o > 22 deg) roll
-3 -4
: Post stall gyrations Large yaw, plitch, roll | Violent oscillations
oscillation and spin and spin
N s
- Severity Rating: 2.2 4.6
Departura/Spin
; EulcogtIS!IEtx
(Weissman criterion):
o € 21 deg: mild or Release o = 20 deg;
no departure yaw initially slow,
builds rapidly
21 < o < 24 deg: Release o = 23 deg; ;
moderate rolling abrupt nose slice, .
departure builds exponentially -
o > 24 degt strong Y
rolling departure, .
high spin suscepti- “i;\
bility ‘ N
——— — st S - A ——— l‘
Rating: Registant Extremely Susceptible i
. e temmms s f e | bt eaia e+ o an e ot b <1 ot th < v emees o st e e 3
Comments Maneuvars tend to mask | Moat violent post 3
T warning; not masked if stall gyration oscil- 1
pay attention lations of any con- !
figuration ;
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; "g~break."” The nose slice departure is as predicted, but the onset is
}v noticed prior to Can I becoming negative. Thus onset might be influ-
i enced by pilot controf. and thus assoclated with negative 1/T¢1. Pilot
. RC considered the configuration departure resistant (R) because of ample
i warning and his tendency tc initiate recovery at a * 20 deg where the
Weissman criterion predicts mild or no departure. Pillot RC therefore
gave fairly good high AOA ratings.

v Pilot JF saw no warning except the "g~breuk.” He obtained an abrupt
ﬁgi nose Blice and violent post-stall gyration (PSG). The tendency to flat
f ' spin may be due to the large negzative an and small CgB at his recovery

‘ initiation point and the further destabilizing influence of sideslip on
the denominator and numerator roots, all of which portend high body-axis
yaw rate and little roll. Inertia effects would tend to raise the nose
b and align the yuw rotational axis with the velocity vector —. & flat
gpin.

; This configuration also exhibited violent oscillatory spin charac-
teristics which could be reduced if a large nose-down pitch rate devel-
oped as the nose was slicing. This could be produced via forward stick
ﬁ coinciding with the "g=break.” The resulting rq inertia cross~coupling
o produced a large roll acceleration and quite wild gyrations (s.g.,
L Figure 75). Pilot JF noted this configuration to have the most violant
PSG characteristics of any configuration and rated it extremely suscep-
a tible (ES) to departure.

While the Weissman criterion corvectly predicted the aspin suscep-
tibility, the initial departure was In yaw rather than roll. The
maneuver-limiting factora are the strong noge slice and spin character-
istics., The cauesal factors are coubined opan—- and closed-loop (roll) y

1)
)"‘[

instabilities accompanied by signifcant negative cmB' ‘

b. Configuration B

As predicted, this configuration is similar to Configuration A, but
with less departure warning (see Table 11). The low-frequency yaw/roll
oscillation that Pilot RC observed gbove 21 deg AOA is consistent with
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TABLE 11, CONFIGURATION B MANEUVER-LIMITING FACTORS

OBSERVED
PREDICTED
RC JF

Warning:
Roll reversal Resiets roll command; No warning
(a0 > 18 deg) g~break

Low frequency yaw/roll

21 deg a
Rating: 4.2 4.8
Departuice:
Nose slice Nose slice Nose slice
(o > 22 deg)

Poat stall gyrations

Violent roll reversal
or epin

Severe and violant
oscillation

b e e

Severity Rating:

247

bo5

Departure/Spin
Susce tIEIIEt
(Welsamwan Critarion)

¢ < 21 deg: mild or
no departure

Raleass & * 21 dag;
yaw followed by roll
and pitch down

21 < a < 24 deg:
moderate rolling
departure

Relesse a * 24 deg

a > 24 deg: strong
noss slice, high spin

——m

Nose drift followed by
roll; prone to flat

susceptibility epin
Rating: Susceptible Extramely Susceptible
(Comments: Cnnn;} discern onset Low acceleration in

of departure; insldi-
oud

nose slice

T
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open-loop dutch voll dynamics (see Figure 57). The lower frequency
resulted in less acceleration intc the noss slice. Coupled with roll
raversal, this apparently masks the departure onset. Althcugh he ini-
tiated recovery at about the same AOA and thought the departure severity
(pilot rating = 2.7) is about the same as Configuration Ay, he consid-
ered Configuration B to be departure susceptible (S8) because of the poor
warning (PR = 4,2)., Pilot JF could see little difference batween A and
B except the increased tendency to flat spin due to the combined high
asrodynanic roll rate dauping and strong directional divergence. He
again rated it extremsly susceptible (ES).

This configuration exhibited all anticipated £lying charactaris~
tics, The Welssuman criterion correctly identified departure and spin
severity but not type. Again, the uaneuver-limiting factors are the
ssvere noss slice and flat spin tendencies. The causal factors ara the
open- and closed-loop directional instabilities aggruvated by high

negative c;p.

¢. Configuration C,

Configuration C; (Table 12) with positive dynamic stability (due to
large negative CQB) had a much greater tendency to develop roll oscilla-
tions. Both pilots noted that any lateral control input excited wiang
rock and produced a tendency to lateral PI0O. Sinca this sensitivitcy
persisted over a wide AOA range, it was not considered a warning but
actually a masking of daeparture onsaet. Both pilots considered the
warning to be poor (PR » 4).

This configuration is stable open-loop and driven unstable and into
departure by closing the attitude locps. Departure characteristics are
less consistent (predictable) because the nature of depsrture depends
apon pilot control activity. It exhibited &t least two and possibly
threes different types of departure onset, which further sggravatad the
poor warning. The lateral phugoid mode could contribute the additional
departure mode (see Figure 59). One pilot detected more tendency tov yaw
and the other more tendency to roll. However, they generally werc in
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TABLE 12. CONFIGURATION C; MANEUVER~LIMITING FACTORS

(16 < a < 26 deg)

OBSERVED
PREDICTED
RC J¥
Warning:
Wing rock Wing rock: any Wing rock: tendency

disturbance

to low frequency
pllot=induced
oszillation

Roll revarsal

Low frequency, high

(a > 18 deg) anplitude oscillation
masks departure
},_.__ — bt w——
R.tin“ 403 4.0
Depurture:
Rnll departure Nose slice Two disutinect types:
a) roll, little yaw;
Pust-stall gyrations Roll b) yaw, followed by
roll
—_— —
Sevarity Rating: 1.6 3.7

Departure/Spin
ﬁuocqptIBIIEtz:
(Welssman Criterion)

a € 21 deg: no depar-
ture

—t— i

a > 21 dag: wmild
rolling departure, low
spin susceptibility

Releage o & 32.5 deg,
nose slice and roll

-~ ——

——— ———— ) i ————

Release o * 25,5 deg,
milder departure,
oncillatory spin

N Y Y-

is not going to stop

[ e —— ]
Rating: Susceptible Susceptible
Couments: Takes time to see yaw Not prone to flat spin
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closer agreement for this configuration concerning warning, nature, and
severity of and susceptibility to departure, probably due to the posi-
tive dynamic stebility which prolonged the time period the airplane
could be maintained under semi-control. Thus, both pilots had suffi-
clent time to observe its high AOA characteristics fully before closed-
loop instability predominated.

Both pllots considered the departure and PSG severity to be somewhat
less than for either A; or B. The configuration was spin-prone, but
spins were generally highly ocillatory with some possibility of recov-
ery., It was not prone to flat spins. Departure and spln characteris-—
tics and susceptibility are in agreement with the Welssman criterion.

The initial or basic maneuver-limiting factor is the strong wing
rock tendency which extends from relatively low AOA through departure
and is aggravated by closed~loop instability (roll PIO). Departure is5 a
secondary factor. Warning may also be adversely influenced by the low-
frequency, large-amplitude, lateral phugoid oscillation.

d, Configuration D

This configuration (Table 13) had less directional instability but
did have sideslip-induced pitch=up. The expected wing-rock tendency
from a lightly damped dutch roll wae not observed by either pilot. Both
noted departure onset as a slow, perslatent yaw (nose slice) accompanied
by mild roll reversal and pitch~up. The onset was sufficiently mild
that departure was semi-controllable throughout the achievable AOA
range. A poor departure warning rating (PR > 3.5) resulted.

Open~ an! closed~loop 4instabllity parameters (wﬁ and w% or Cnadyn
and LCDP) are small for this configuration and lead to sloppy control
and low-frequency wallowing which masks departure. At the same time,
the wallowing does not generates sufficiently rapld motion to excite
inertia cross-coupling and PSG. All pilots tended to continue fighting
to maintain control well past full stall, incurring excesgive altitude
loss. However, 1if controls were released at any time the aircraft would
immediately go into « nose~low spiral and recover by itself.
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TABLE 13.

CONFIGURATION D MANEUVER-LIMITING FACTORS

PREDICIFD

OBSERVED

RC

JP

Warning:

Wing rock
(16 < a < 26 deg)

Roll reversal

Yaw, roll reversal,

Large definite yaw

(¢ > 20 deg) piteh up followed by reversal
Sloppy control, large snd pitch up
6 and ¢ overshoots
maek departure
Rating: 4.0 3.5
Departure:
Pitch up Nose slice/pitch up Nosa slice/pitch up

Post stall gyration

None, never spin

Mild, no spin

Departure/Spin
TosceptIbillty
Zw.innman Criterion):
All a: no departure

Release o * 27.6 deg,
slow noss slice, pitch
up, soms roll

—

Relesse o * 27.6 deg;
slow consistent nose
slice, roll, departure
nose high

—— s —— p————

Rating: Resistant Resistant
Comments: Do not like pitch up Always recoverable if

at departure; cannot
get nose down

release controls




Departure warning was considered povr (e.g., 4.0) by RC because of
the wallowing, but at the same time the configuration was considered
departure resistant (R), Pllot JF assessed it as resistant primarily
because it would not sepin. Pilot RC”s principal objection to this
configuration was the positive C“B' Even though it eliminated the
severc pitch-down in nose slice and the resulting inertia-coupled PSG
exhibited by other configurations, hs did not like the nose rising, no
natter how rildly, when in or near departure conditicnse.

The maneuver-liuiting factor for this configuration 1is the wallow-
ing -— a general insensitivity to or sloppiness of response to pilot
control inputs prior to the departure AOA. The key causal fantors are
consldered to be the relatively small w% (due to small CnB and C‘B)
which produces very low DC gain in the roll frequency (Bode) domain and
positive C“B whizh apparently contributed to overcontrol in pitch,

e. Summary

The intendad high AOA departure characterietics were obtained in the
four unaugmented ailrframe vonfigurations., The results demonstrated the
infivences that changes in the six key aerodynamic coefficients cin have
on departure warning, severity, and susceptibility. The sueceptibility
of Configuration C; to departure was somewhat revealing: the open-loop
parameter C“Bd "y by itaelf, 1s not a sufficient indicator of departure
reslstance. ﬂ%wever, when combined with the closed-loop parameter LCDP
(or w%), the two are quite accurate Iindicaturs of departure suscepti-
bility and aseverity ae advanced by Weissman.,

Depaurrure ueverity also appears infiuenced by tha static cross-
coupling devivatives af:-;, Ny, and Mg, Severe departurs and PSG were
ottained for the twe configurations iIn which combinations of these
derivatives chifted lateral-directional denocuinator und numerator ronts
iuco the right half-plane of the root locus plot with B ¥ U (Figures 55
aid 57). Less severe departuve was obtained for combinations which
prirarily ghifted numerator roots into the right half-plane (Figure 39),
and the mildest departure was obtained for combinations which produced
very little shift of lateral denominator and numerator roots with
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gideslip (Figure 61). The literal approximate factors developed in
Section III indicate that the small shifting is due to the combined
influence of small Nj and positive Mg. However, the nose rise asso-
clated with large positive MB was disconcerting to ona pilot.

The simulation results also demonstrated that wing rock or lateral
PIO 1s not a satisfactory warning of impending departure 1f *~here 1s
sufficlent elevator power to pull through the warning region rapidly or
if the AOA range in which it occurs 1z too wide.

2. Augmented Airframe

a. Configuration A2

The flight control augmentation was configured to provide a high
level of roll rate damping, and to improve roll maneuvering reaponse via
roll rate command (Pc) and reduced adversc aileron yaw (SRI). This
augmentation was also expected toc eliminate all cues of ilmpending depar=-
ture. The departure was anticipated to be a strong nose glice due to
increasingly negative C“B as AOA increased and, once sideslip started to
build, it was expected that the characteristice would be very similar to
those of Configuration A,.

Results summarized in Table 14 for Pilot JF are very much as antici-
pated. However, Pilot RC detected a pre-nosa—slice resistance to roll
commands (at AOA above approximately 21 deg) when attempting to track
the maneuvering target. This registance was observed only during the
initial tracking sets and resulted in the pilot“s neutralizing all con-
trols before the directional inastability became severe (rating 1.8).
The second set of tracking runs were done mure hurriedly, the warning
was not obtained (rating 4.3), and more severe departures ensued (rating
3.7). The susceptibility assessment as resistant (R) by Pilot RC was
given only on the initial set of ruas.

The nmaneuver-limiting factor for this configuration is the uose
slica. But, since there is no warning, an AOA limit wculd have to be
set to provide a vafety margin sgainst inadvertent departurea. The kay
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TABLE l4. CONFIGURATION A, MANEUVER-LIMLTING FACTORS

OBSERVED
PREDICTED -
RC J¥
Rarning:
None Resists ¢, above None
2]l deg o
Claar warning with
target
Rating: 2.8 ‘008
(4.3 on reruns)
Departure:
Nose slice Nose slice Nose slice
Roll and severe PSG
Severity Rating 1.8 4.5

(3.7 on reruns)

Departure/Spin
Susceptibility

a < 23 deg: mno depar-
ture

a > 23 deg: nose
sllce and revert to
Configuration A

Release o & 25 deg;
smooth, slow yaw
followed by roll

Release a % 32 deg;
exponential yaw diver-
gence tendency to flat

S—

characteristics spin
Rating: Resigtant Extremely Susceptible
Comments : Depart without pilot Easiler to fly

awatre; only cue is
resistance to ¢
against target

Kute of yaw dependent
dpou & or g
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causal factors are the strong static directional divergence and the

elimination of departure warning by the augmentation systeu.

Time traces of a Configuration Ap departure from a wings~level pull-
up are shown in Figure 76. The lateral stick trace reflects about the
same activity prior to departure as in Figure 75 but far less sideslip
and roll oscillation. After pilot neutralization of controls, the aug-~
mentation loops continue to deflect the lateral and directional control

‘ surfaces and apparently aid recovery (again compare with Figurxe 75).
;_ Interestingly, the actual departure and PSG motions of Figure 76 are
' remarkably similar to Reference 38 flight traces for the F-4E wlith
augmentation systems on (Figure 77). Prior to departure the traces of
the two figures are not comparable because the stick to rudder intercon-
nect in the simulation reduced sideslip excitation and provided better
¢ roll attitude control.

b. Configuration C;

] Based orn the positive andyn and improved m% (or LCDP), this aug-
mented configuration was expected to have the best high AOA flight
characteristics and 1little or no departure tendency. It did allow
both pliots to consistently maintain control to higher AOA than did any
other configuration, though abrupt nose slice departures were common
(Table 15;. In this case the roll damper countered che CgB dynamic
stability contribution and allowed the large negative C“B otatic insta-
bility to predominate. The aircraft responses by themselveg provided no

- i = agerres, = e

i warning of impending departure, although Pilot RC was able to extract
3 some low~frequency PIO cues with respect to the target aircraft. He
rated the configuration departure resistant (R) because of this cue and
4 the mild (to him) nose clice wotion. Without ths target he rated the
E’ configuration departure susceptible (8), as did Pilot JF.

This configuration was also spin-prone end, siuilar to C;, exkibited

two distinct spin modes as noted in Table 15. It appuared to be more

prone to spin flat than was the unaugmented configuration (C;), bdecause
the roll rate CAS automatically opposed any uncommandad roll.
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TABLE 15,

CONFIGURATION C, MANEUVER-LIMITING FACTORS

roll and pitch down

Severity Rating:

———— ———

1.5

OBSERVED
PREDICTED
RC JF

Warning:
None Low frequency pilot—- None, very steady

induced oscillation;

g-break

e v ——

Rating: 3.2 4.8
Departure:
None Nose slice followed by | Abrupt nose slice

3.8

Daparture/Spin
EuncepcIEIIggz:

Registant

Ratlng:

Release a * 31 dag;
alow nose slice;
almost always spin

— . G—— e e —— (——

Release o * 30 deg;

abrupt nose slice; two

spin modes:

a) oscillatory
(recovarable)

b) flat (nonrecover=~
able)

Reslstant

Comments:

Reaistant because tar-
get gives cue; without
target is Susceptible

Susceptible

ranen e B e .

Better flying quali-

ties prior to depar-
ture

Av g
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The maneuver-limiting factor for thls configuration i1s <(he nose
slice departures The positive Can . and mg throughout the achievable
AOA range did allow it to be controlled to considerably higher ADA than
the other configuratione. In this respect it was less susceptible to
departure. However, at the higher AOA directional instability even~
tually required full opposing rudder deflection, which was immediately
followed by departure. '

¢» Overall Assessment

The augmented flight control system designed to enhance character=-
istics in normal flight dimproved pre~departure control precision,
reduced departure warning, and increased the tendency to flat spin., The
roll rate CAS and the SRI together improved lateral-directional control,
which allowed higher AOA to be reached before sideslip tecame signifi-
cant. The major portion of this benefit derived from the SRI. For
Configuration C, the roll rate damper suppressed the 'Iés contribution
to dynamic stability and thus increased the nose=slice departure and
flat sapin tendencles. Thus, this augmentation function actually
degraded high AOA characteristices.

C. SUMMARY

The intended high AOA departure characteristics were obtained in the
four bare-airframe and two augmented configurations. The results demon=-
strate the strong influence changes in the six key aerodynamic coeffi-
cients (L4, ;é, otr’,, Ng, NB, and Mg) can have on departure warning,
severity, and susceptibility. The simulation plus literal approximate
factors of Section III ehow:

® The most violent departure characteristice and
flat spin tenden {es to be associuted with large
uegative Ng, Na, and Mg.

® The least violent departure characteristics and
greatest spin resistance to be associated with

small to moderate negative N and Ng and positive
Ma -
8
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® The tendency t¢ inconsistent departure/spin char-
acteristics (possibly several modes) to he asso~
ciated with positive C“den brought about by

large negative Cy, and continued large adverse

yaw (mg, LCDP).

However, the observed high AOA stall, departure, and spin dynamic char-
acteristics also depended significantly on pilot control technique.
This 1is consistent with actual flight experience in which it has been
obgerved, for erample, that spin characteristics and recovery techniques
can be quite different, depending upon the maneuver from which the spin
occurred.

The final high ACA departure/epin rating scale of Figure 73 was
accepted and supported by the pilots. Results of this first application
showed consistent reflection of botch the airframe dynamic characteris-
tics and any sensitivity to differance in piloting technique. However,
the ratings must be accompanied by detailed qualitative description of
the characteristics observed, i.e., what is being rated.

In this wvein, it might be noted that there are some differasnces
between ratings for the initial familiarization and tracking runs
reported in Subsaction B and for the final tracking runs reportad in
Subsection A. Thesa are due to several factors. First, Pilot RU was
working with the original open-ended ascale (Figure 72) during the ini-
tial runs and the closed~ended acale (Figure 73) during the reruns;
Pilot JF used the close-ended scale for both sets of rung. Second,
during the first sequence of runs Pilot RC was unhurried in investi-
gating the characteristica of each configuration. However, for the
repeat runs he was under some pressure to complete the series of maneu~-
vers and configurations within time congtraints. Thus, the rate at
which he approached stall/departure was more rapid and this iufluenced
his assessment of warning and motion sgeverity, as demuanstrated 1in
Table 16. The greatest differences are for the augmented £light control
configurations, where RC saw considerably less warning and more severe
departure during the reruna. Results for JF, sghown for comparison,
reflect quite conslatent ratings between the sets, since he always used
a rapid pullup technique.
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TABLE 10

COMPARISON OF PILOT RATINGS,
INITIAL VS. RERUNS

RC JF

Cgﬂgigg' WARNING MOTION SEVERLTY WARNING MOTION SEVERITY

INITIAL | RERUN| INITIAL | RERUN | INITIAL | RERUN | INITIAL | RERUN

Ay 2.8 | 2.9 | 2.2 | 3.0 | 4.8 | 5.0 | 4.6 | 4.3
B 42 | 3.9 | 27 | 31 | 48 | 46 | 4.5 | 4.8
¢y 63 | 3.6 | 1.6 | 2.0 | 4.0 | 46 | 3.7 | 3.9
D 40 | 3.8 | 3.5 | 3.0 | 3.5 | 37| 1.5 | 29
Ay 2.8 | 4.3 | 1.8 | 3.7 | 48 | 5.0 | 46 | 45
Cy 3.2 | 42| 15 | 27 | 48 | 4l | 3.8 | 3.9
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SECTION VII

DEPARTURE SUSCEPTIBLITY CRITERION

Pitch control techniques and aggrassiveness had obvious influencus
on the departure warning and susceptibility assessuents shown in the
praviocus section. When asked about epecific cues and personal criteria
which would prompt the pilot to acknowledge departure and therefore
to initiste recovery, vague answers wera obtained, e.g., "persistent
or continued uncommanded roll or yaw" or "eudd2n, rapid uncommgnded
wotion —. somewhere around 20-30 deg/sec.” However, detailed scrutiny
of the time traces failed to reveal correlation between ralease of pack
stick and various motion quentities (p, r, 5. &» B, atce). Thase quan-
titles were always changing rapidly and timing became s big factor.
Deviations of fractions of a second in initiating recovery (or reading
the traces) produced a large variation in the motion amplitudes (e.g.,
see Figures 57 and 58). The greatest correlation wase found in AOA
itself — possibly because 1its rate of change was the slowaest of all and
therefore could be read and correlated with the greatest accuracy with
what the pilots saw.

Since the piloting task requlrad closed=loop attitude control, and
there was considerable evidence of LCDP or w% being a key parameter,
attention was turned to the possibility of a closed~loop critericn. A
simple analysis of theoretical roll loop stability was found to agree
quits well with frequencies, damping ratios, and divergences obtained
from the time traces. Furthermore, the results corroborated the differ-
ences in pilot techniques and observed warning reported in the previous
gection.

This section gummarirc: the rvelationship obtained between the
closed-lo0op analysis and the pilotaed uimulation time traces and presents
a closed-loop criterion which 1s censistent with and explaine the seenm-
ingly diverse departure susceptiblility assessments given by the two Afr
Force test pilots.

155

et AT e 2 oA e

T

e

N

¢
4
w
;

[




A. CLOSED-LOOFP AMALYSIS

The lateral stick time trace of Figure 57 (Configuration A;) is
typical of most runs for Pilot RC. The phaaing batween ¢ excursions and
stick deflections indicates little, if any, lead being generated during
the PIO at a = 16 deg and above. Therefore, the simple block disgram of
Pigure 78 was chosen to model the unaugmented airframe, control system,
and pilot. A Bode~root locus closed~loop survaey plot for Configuration
Ay at o = 16 deg and 8 = O deg is presented in Figure 79. Closed-loop
gains and frequencies obtained from strip chart recordings of simulation
ruas for Pilot RC are shown on the Bode amplitude plot by the several
horizontal lines (K¢) and tic marks (~-)s [For example, at 16 dag AOA
the traces of Figure 57 show a pilot gain Ky & = 4.5 (13 dB) and fre-
quency W # 1.8 rad/sec.] The frequency of the undamped oscillation
obtained from the strip chart is in remarkable agreement with the fre-
quency for 180 deg phase of the analytical predictions, validating the
assumptions that this pilot is adopting neither lead nor lag in attempt-
ing to control roll attitude. Rather, he is merely reacting with a
normal time delay with stick proportional and opposite to bank angle
excursions.

8q(deg)
r 7
l il 8.08 f———mn
Pilot Actuator {in) | (deg)
é- Koo Sstk 20 I l Vehicle )
¢ (in) |(s+20) I | Dynamics | (rad)
8 3
R L
T=03: Kge' M Kg (s-1333) I " I(d")

(n +13,33)2
) L

FPigure 78, Assumed Pilot Lateral Loop Closure; ¢ + Sg¢q
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The measured gaina range from about 10 to 20 dB. This ariation,
identified on the root locus plot of Figure 79, indicates but small
influence on dutch roll divergence. The 13 dB gain point indicates a
mild divergence which 1s also in agreement with the traces of Figure 57

at 16 dez AQA.

As AOA 1s 1increased in Figure 57, the lateral stick amplitude
remains fairly comstant but the ¢ excursions increase. Thus, the loop
gain (K¢) decreases slightly, the oscillation period increases to about
6 aeconds (w % 1 rad/sec), and a yaw rate divergence develops. Again, a
closed~-loop survey plot for o = 23 deg (Figure 80) shows excellent
agreement, i.e., wa % 1 rad/sec and a first-order spiral divergence
of Ty & 2 gac which results from the spiral mode being driven toward the
RHP zero 1/T¢1.

Similar trends were obvious from Pilot RC run traces for moat con-
figurations. He appeared to be following the neutral atability boundary
of the oscillatory mode and initiating recovery when the first-order
divergence mode excseded some as yet unidentified divergence rate.
Therefore, using the same pllot model, the maximum K¢ boundary for
stable modes was calculated and plotted as shown in Figure 8l. This
shows two boundaries. The upper is the gain not to be exceeded at B w O
and the lower is the reduced limit gain for 8 = 5.5 deg. 'To the right
(higher AOA) of either boundary a lateral or directional instability
exists and if AOA 1s increased K¢ must be decreased to maintain sta-

bilith

The roll loop gains employed by both pilote were determined from the
time tracas and located on similar stability boundary plots drawn for
each vehicle configuration. Figure 82 is the plot for Configuration A
again, but now showing gain bands for each pilot. The band for RC ahows
that he tended to keep his gain within 10 dB above tha maximuu stable
boundary and to decrease his gain as AOA was increased. On the other
hand, JF started with a lower gain and tended to keep it conastant during

the pull-up.
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Figure 82. Roll Loop Closure Gains Employed with
Configuration A
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Figure 83 is the gain plot for Configuration Ay. Again JF uged a
lower, constant gain while RC tended to follow the stability boundary
until the sudden drop. Figure 84 is the plot for Configuration Cy»
showing results similar to those for Configuration A;+ Thise configura-
tion {s somewhat unusual Iin that a second stable region exists for 8 £ 0
at very high AOA. Figure 85 for Configuration C, 18 similar to Configu-
ration A, except there 1s no dropoff in stability boundary at high
AOA. The results for Configuration D (Figure B86) are conasistent: Pilot
RC followed the stability boundary and hence should detect departure
onset; Pilot JF used a lower, constant gain which suddenly crosges the
boundaries as AOA is increased. He therefore obtained little warning.
The plot for Configuration B is presented in Figure 87. This vehicle is
so well damped in roll that {t was difficult to obtain the necessary

data from time traces except for one run by RC,

At the bottom of Figures 82-87 negative values of the open-loop roll
numerater root 1/T¢1 are plotted versus ¢ (at 8 = 0), Figure 85 does
not show this extra plot because w% 1is positive to a > 35 deg for this

configuration. Alsc identified on each plot is the average AOA at which
recovery was initiated by Pilota RC ( ¢ symbol) and JF (Q)¢ It will be
noted that:

¢ In most instances a decresse in the K¢ boundary
is related to 1/T¢1 becoming negative (RHP zero).

® In all but one case recovery 1is initiated by both
pilots after exceeding the K, boundary and exper-~
fencing negative 1/T¢ (the only exception 1is
Configuration C, for kwhich the numerator roots
always 1ie in the LHP and thera 1s no dropoff in

K¢)u

® Pilot RC always employs higher roll loop gain,
always follows the K, boundary, and generally
initiates recovery at lower AOA. However, for
Contigurations C; and C; he did explore higher
AOAs before recovery.

® Pilot JF tended to adopt a lower roll loop gain
and kept 1t constant during his more rapid
(aggressive) pull-up. He generally saw little or
no warning and penetrated further into {nstab{li-~
ty regions befora initiating recovery.
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Figure 87, Roll Loop Closure Gain Employed
with Configuration B

The foregoing observationy appear to form the basis for each pilot”s
definition of departure susceptibility (cf. Section VI):
RC: Departure resistant (R) if warning is clear and
conglstent
Departure susceptible (S) i1if warning 1s unclear,
masked, or inconsistent
JF: Departure resistant (R) if always recovered
Daparture susceptible (5) 1f sometimes recovered
Departure extremely susceptible (ES) i1f never
recovered
Thus each pilot is viewing different aspects of the departure. Fortu-—
nately, this difference srerves to increase the information potential of
the simulation program. This {is probably typical of flight test, and
indicative of why such stall/spin programs should be flown by more than

one pllot.
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B, POSSINLE DEPARTURE SUSCEFTIRILITY CRITERIA

A comparison between departure/spin susceptibility predicted by the
Weissman criterion and the assessments provided by the two pilots is
shown is Table 17. Assessments substantially in agreement with predic-
tion are shown in boxes. Obviously the aggresaive pilot observed the
worst possible characteristics of each unaugmented configuration as
predicted by the criterion. The less aggressive pilot experienced
something quite different. As noted previously, the criterion does not
lend itself to prediction of the frequency-dependent augmented airframe
charcteristics, but these configurations were expected to be lest sus-
ceptible to departure. This influence was oaobserved only by the less
aggrassive pllot.

TABLE 17

COMPARISON OF PREDICTED AND ACTUAL DEPARTURE
SUSCEPTIBILITY ASSESSMENTS

DEPARTURE SUSCEPTIBILITY '
CONFIGU-
ATION PREDICTED RC JF
A ES R
B ES s
1 S E
n | D | O
A NA R ES
Cz NA R S
R = Raesistant ES = Extremely susceptible

8§ = Susceptible NA = Not applicadle
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One importent differeuce between prediction and simulation was the
nature of departure, Flgure 63 predicts predominantly rolling departure
with no indication of yaw departure. Our Configurations A, B, and D
exhibited initial yaw excursions sometimes followed by roll. Configura-
tion C exhibited two or even three different departure modes which were
dependent upon control application at onset of departure. However, a
rolling type motion did predominate. Thus, the Weissman criterion was
not as useful in predicting the nature of departure observed by the
pllot.

The closed-loop analysis to i1dentify causal factors behind the
widely differing pilot ratings for departure/spin susceptibility pro-
duced a strong relationship batween pilot ratings for both pilots and
penetration of the roll numerator intoe the RHP. Flgure 88 shows the
value of the real part of the numerator root at the instant the pillot
decided he had departed, or was about to depart, and initiated recovery.
These values are plotted against the AOA at which recovery was started.
(Note this is not the usual root locus ju axis.) The points represent
all six vehicle configurations as evaluated by both pillots.

The division between departure-resistant (R) and susceptible (8)
ratings is sgeen to lie at roughly =0.5 rad/sec. This correeponds to a
time to double amplitude of approximately l.4 sec, Zeros which lie to
the left of this line apparently 1limit the first-order divergence to a
rate slow enough for pilots to respond and recover. Zeros to the right
of the line apparently allow divergence rates so fast that the pilots
cannot pravent departure. Again this 18 consistent with the previoualy
noted definition of departure whereby both pilots indicated a threshould
on rate of motion; however, the pllots were vague as to the valug (e.g.,
"maybe 20 or 30 deg/sec"). One data point in Figure 88 violates the
boundary. This ls the augmented Configuration Cy. In this case the SRI
eliminated adverse yaw and thus made the vehicle more departure resis-
tunt (as viewed by RC). Howaver, it could be departed; and then the
augmentation produced pro-spin control. Pilot JF rated spin suscepti-
bility (and recovery) and apparently rated this configuration accord-

ingly.
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The ifmplicatioan is that {f the combined aserodynamics and flight

control gystem design 1s such that 1/T¢1 never exceeds -0.3 throughout
the achievable AOA range, the airplane will be departure-resistant. It

should be noted that this criterion places no restriction on open-loop

atability. For example, C“B can be negative and, in fact, 1is nega-
n

tive for Configuration D (.&Z Figure 62) which is vated dep..rture-

o

resistant (see Table 13) by both pilots.

Since w% is the dimensional form of LCDP and aince, in general,

B

ms wam o

|1/T¢1|2 ) Imil, then one can relate the above l/T¢l boundary to an
equivalent LCDP. For the flight conditions, inertias, etc., employed

in this simulation, 1/r¢1 of -0.5 corresponds to LCDP of —-0.001. This
coincides with Weissman’s boundary between Ragions A and B for positive

167

i M i e

_,._
£
L
i
r
-
I
&
F
«
L‘. i AT 2t




B

TrEma o

T

C“B y see Figure 89; however, it 1s a little more conservative at
negative C“Qdyn' Thus, the results of our simulation are compatible
with and support Weissman”s empirically derived LCDP boundary. The key
difference in the criterion 1s that 1/T¢1 is not restricted to airframe
leteral-directional statlic coefficients but can be applied to the com-
pletely coupled 6 DOF airframe with a full complement of augmentation,
stick-to-rudder crossefeed, atc., throughout the aircraft development
cycle.

In addition, results of our simulation tend to indicate that another
boundary might be appropriate in the upper left quadrant of Figure 89 to
create two additlional regions, E and F, as suggested in Refarence 40.
Region E would be claseified as mild directional divergence and moderate
spin tendency. Region F might be clasgified as severe directional
divergence and strong spin tendency. Note from Figure 63 that our air-
craft Configuration D, which had mild departure characteristics but
little or no spin tendency, would extend into Region E,
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Figure 89. Possible Modifications to Weissman Criterion
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Additional support for the limit on 1/T¢,l can be drawn from the
current MIL-F-8785C spiral divergence limit. The Level 3,* Category A
and C Flight Phases requirement is that time to double amplitude be not
lees than 4 sec, This limit came, in part, from the Reference 41 inves-
tigation in which aircraft configurations having various spiral diver-
gence rates were rated by twelve pilots in a landing approach task.
Regults of that investigation, shown in Figure 90, indicate that diver-
gences having a time to double amplitude of less than 2.4 sec were
congidered intolerable. The time to double amplitude (Tz) can be
converted to an equivalent first-order time constant (T) by the rela-
tionship

T, & 0.74T

A plot of pilot rating versus spiral-mode inverse time constant (1/T) is
presented in Figure 91. The current =3785C Level 3 spiral limit is
shown along with the proposed 1/T¢1 limit,

The two limits are in good agreement when it 18 remembered that
1/T° repregents a pole (modal response) while 1/T¢l represents a zero.
Under closed-loop roll control the migration of an airframe pole to-
ward 1/'1‘¢1 would be dependeant upon pilot gain; infinite loop gain would
be required to obtain a closed-loop pole wuxractly at the zere location.
A more realistic situation 13 shown in Figure 92, which is a Bode-siggle
plot for Configuration A; at o = 21 deg, B ~ O deg. The dashed line

terminating at 1/'1‘4,1 = =0.,6 is the locus of the closed-loop first-order
divergence root for increasing gain, K¢. Two typical gain lines for

Pilot RC extracted from eimulation traces at a = 21 % 1 deg are shown.
These closures result in closed-loop roots at =0.2 and ~0.33 rad/sec.
Referring bLack to Figure 91, it may be observed that these straddle the

*Level 3: "Flying qualities such that the airplane can be con~
trolled safely, but pilot workload is excessive or mission effectivenees
is 1inadequate, or both. Category A Flight Phases can be terminated
safely, and Category B and C Flight Phoses can be completed.”
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l/'l?B boundary and are consistent with the Reference 40 dJdivision between
tolerable and intolerable handling. Again, our Pilot RC considered
Configuration A, to be departure-resistant (R).

The above discussion tends to show that the l/'1‘¢1 limit selected i
(-0.5) may not be conservative, since a very tight roll loop closure
could result in closed-loop roots in the intolerable range of Figure
91. Further investigation will be required to determine 1f the limit
should be reduced.

EEE Ny AR

C. SUMMARY

Analysis and piloted simulation have shown that:

® The pilot’s perception of departure suscepti- \

bility was found to be correlated with movement )
] of one root of the roll numerator for lataeral
: stick control into the RHP of the root locus,
E i.e., a nonminimum-phase zero. If pilots could
fly the aircraft to such AQAs, they rated high
AOA configurations which produced a zero, 1/T,. ,
more negative than =0.5 departure-susceptib%.
If this boundary was not or could not be ex-~
ceeded, the alrcraft was consldered departure-
resistant. This rating i3 not a function of the
sign or magnitude of the dynamic stability param-

® A value of 1/Ty, = =0.5 corresponds for the air-

frame tested ttl an effective LCDP of ~0.001 and
‘ thus 1s consistent with and supports the eupiri-~
\ cally derived LCDP departure boundary developed
by Welgsman. However, results of the simulation
3 were not in agreement with the types of departure
1 predicted by Welseman in that negative Can n re-
; glons produced yaw or nose-slice type depar!urea.

1 ® A value of 1/T¢ = =0,5 also is compatible with
- the current MILJF-8785C Level 3 limit for spiral

divergence in Category A and C Flight Phases.

It is suggested that as the afrcraft deaign/development cycle pro-
gresses past the static wind tunnel phase the Welasman criterion for

departure/spin susceptibility be replaced by a negative ”Tﬂ limit.
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SECTTION VILI
CONCLUSIONS ARD RECOMMENDATIONS

The goalas of this reswarch program were to!

® Identify key design parameters that limit high-
angle-of-attack maneuverability for contemporary
high-performance attack and fighter-type air-
craft.

® Postulate fundamental aerodynamic and control
system design methodologies that will alleviate

the limiting conditions.

¢ TFormulate handling qualities requirements for
high=angle~of~attack maneuvering flight to be
incorporated in MIL-F-8785C, "Flying (ualities of
Piloted Airplanes.,"

It should be borne in mind that the results are based on variations on a
single nonlinear aerodynamic model representing a region dominated by
phenomena that are highly configuration-depcudent. Therefore, the gen—~
eralizations drawn are in need of further substantiation.

A. KEY MANEUVER-LIMITING FACTORS

The most crucial factors pertain to limiting the safe flight enve~-

lope, i.e,, departure {rom controlled flight. By varying static aerody-
namic coupling and cross—coupling coefficlents, the nature of high AOA
characteristics and susceptibility to departure were changed to reflect

nose slice, rolling, and pitch~up departures.

Nose slice (yaw) departures predominated for configurations having ",
C“den large, negative. Analysis and prior simulation have sghown that :
nose slice can be aggravated once sideslip starts by the static aerody-

namic coefficients Czu and C“a' These aerodynamic coupling terms can ;
cauge a cross—-coupled RHP zero to appear in the pitch numerator, Ngstab'
Any simultaneous attempt to control pitch attitude then produces or fur-
ther aggravates directional divergence. The large negative Cnedyn con=

;
figurations were ptone to flat spins. g
1
1
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Rolling departures predominated when a large CzB component made
C“den positive. These configurations also were prone to wing rock and
lateral PIO. They exhibited at least two different PSG and spin modes,

and were sensitive to maneuver and pilof activity at departure onset.

Pitch due to sideslip, CmB’ of either positive or negative sign
can adversely influence departure and handling characteristics. Posi-
tive CmB can produce pitch-up which tends to mask a "g=-break" stall
warning cue and oppose pilot attempts to prevent stall/departure via
Zorward stick. Negative CmB tends *o augment '"g-break" stall watning
but reinforces pilot-commanded recovery pitching moment to the point
that pitch~roll-yaw coupling may produce violent PSG. The presence of
appreciable CmB can be detected from flight traces of motion about a
nominal zero sideslip via a longitudinal oscillation at twice the dutch

roll frequency.

Unstable open-loop characteristic modes (poles) alone were not found
to limit the safe flight envelope. If the pertinent control numerator
zeros were favorably located (LHP), the pillot could prevert divergence.
1f the zeros were unfsavorably located (RHP) divergence could not be pre-
vented; 1in this case the presence of open-loop instability increased
departure severity. Taus, pole-zero locations had influence on depar-
ture susceptibility and severity. In turn, pole-zero locations were
shifted by static aerodynamic cross-coupling derivatives (ot&, Ng» MB)
when the magnitudes of these coefficients approached those of the common

static stability derivatives(lzé, Né, My):
° ‘zc'u Ng» and Mg, in combination, influence the

high=-frequency modes of both the lateral and
longitudinal denominators.

® Ng and Mg, in combination, influence the zeros of

N .
8stk
® N and J:&, in combination, influence the zeros

of Ng .
stab
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B. ADDITIOMAL PINDINGS AMD CONCLUSICHS

One major contribution has been identification and validation that
pilot perception of lateral-directional departure susceptibility is
related to one zero of the numerator Ngsck becoming negative. Root
magnitudes more negative than ~0.5 rad/sec were consistently ruted as
depariure-susceptible, while those less negative (or positive) are rated
as departure-registant. Thie criterion reflects a closed-loop diver-
gence rate limit related to the pllot“s threshold for uncommanded motion
or ability to cope. As such it 1is a pilot-centered criterion which
should be applicable for any flight situation, although it has been
identified in a low-Mach-number, fixed-base simulation. It is consis-

tent with the empirically established airframe-alone departure/spin

criterion boundaries of Weissman and extends applicability of that
criterion to highly augmented airframe cases. It is also consistent
with previous in-flight simulation of maximum controllable aperiodic
divergence ratea, Finally, it serves as both a design guide and a
flying quality specification item.

The "unstable" (RHP) zero generally results from negative (adverse)
Cng and Cnggeye It therefore can be alleviated by aircraft configura-
tion and flight control system modifications which principally alter
those coefficients. Ae noted above, the zero aleso can be highly influ-
enced by the static aerodynamic cross-coupling coefficients Gna and C“B'

A second major contribution has been the development and partial
validation of a flying quality rating scale applicable to the stall/
departure/recovary flight regime. It is believed thu:t the scale has
potential for defining the aircraft permissible flight envelope in much
the gsame manner as the Cooper-Harper scale 1s now used in defining
flying quality bounds.

The simulation demonstrated the {importance of loss~-of-conttol
warning in pilot assessment of high AOA flying qualities and departure
susceptibilicy. A gradual and cousistent degradatfon in stability and
controllability was found to provide the best warning; however, the
realization of such warning can be highly dependent upon pitch control
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power. Oscillations such as wing rock or lateral PIO cannot be counted
on for departure warning in air combat If the aircraft can be pulled
through the "warning" region before the osci{llation becomes apparent to
the pilot.

Low=frequency dutch roll or lateral phugoid oscillation was found to
mask departure omset. Roll about the velocity vector at high AOA pro-
duces significant "nose" yaw. The pillot has considerable difficulty
differentiating between nose slice onset and low=-frequency roll oscilla-
tion about the velocity vector. High roll rate damping (natural or
augmented) was also found to reduce high AOA departure warning and
increase flat spin tendency.

A flight control or augmentation system mechanization which improves
and extends the aircraft controllability range by removing natural
warning can actually be a detriment if the alrcraft can still reach gome
departure AOA. To be of real benefit such a flight control system must
also prevent departure.

A stick-to-rudder interconnect (SRI) can be beneficlal in reducing
adverse "aileron" yaw, thereby providing wmore favorable LCDP or 1/T¢
values. However, 1f static aerodynamic cross—=coupling is strong, the
analysis of Configuration Az has shown that even small asideslip can
shift the numerator roots in a manner to negate the SRI contribution.
These results also imply that a finite-authority B-limiter may be of
little henefit as a departure preventer if one or more RHP zeros occur
in control loops the pllot is closing. That 1s, pilot control can drive
the vehicle into a divergence which may exceed the f-limiter’s capa-
bility.

Results of this study demonstrate that 1linear or quasi-linear
frozen~point analysis is applicable to high AOA situations, but consid-
erable caution must be exercised in the interpretation of results where
aerodynamice are strong functions of angles of attack and sideslip. Any
analysis pertaining to such regiona must be based on a 6 DOF model with
aerodynamic and kinematic cross=coupling terms, wmust include non-zero-
sideslip trim points, must view transfer-function numerator as well as
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characterlstic-equation parameters, and must be supported by nonlinear
dimulations.

In particular, the regults demonstrated the power of vector polygon
and closed-loop root extraction analytic techniquea for identifying
cauge—effact relationships in highly coupled dynamic eystems. The tech-
niques facilitated development of transfer-function literal approximate
factors for the F-4 in high AOA, non-zero-sideslip flight conditions.

C. PROPOSED MIL-F-8785C MODIFICATIOWMS

Based upon results of this program it is recommended that modifica-
tiong to MIL-F-8785C requirements be considered in three areas.

1. Departure from Comtrolled Flight

The current paragraph (3.4.2.2,1) simply requires that “all Classes
of alrcraft be extremely resistant to departure from countrolled flight,
post-stall gyrations and sepins....The aircraft shall exhibit no uncom-
nanded motion which cannot be arrested promptly by simple application of

pilot control."

The "uncommanded wmotio" requirement should be strengthensd to
require that, for roll control input within the service flight envelope
(SFE) the following stability axis parameter values shall  be no more

B - e > e

negative than:

cn

8

o Unsugmented airframe: LCDP = C, =--—&¢, > -0.01
P ng C!,s a 8

i
3 Augmented airframe: 1/T¢l > =0.5

An alternate requirement might be that the aircraft should exhibit

no aperiodic uncommanded motion which exceeds 20 deg/sec and cannot be
arrested promptly by simple application of pilot control. [The value
selected here 1s based on a rough average of the simulation pilots”
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commentary as to their definitions of departure, the spiral divergence
mode limit of Reference 40, and the 1/'1‘4,1 limit abave.]

Since the SFE specifically excludes stall and departure, the above
criteria would automatically cover high AQA, pre-stall flight. Other
potential locations for such wording are paragraphs 3.4.2.1.1, Stall
Approach, and 3.4.2,1.2, Stall Characteristics.

2, Stall Definition

The current paragraph (3.4.2.1) allows definition of stall to be
based on chax; abrupt uncontrollable pitching, rolling, or yawing; or
intolerable buffet. The results of our piloted simulation indicate that
any abrupt aperiodic rolling or yawing motion which occurs without being
preceded by noticeable "g=break" 1is considered to be a departure, not
a stall, and results in severely downgraded flying qualities. Thus,
abrupt roll or yaw motion should be deleted as an allowable definition
of stall and should not occur prior to stall. If such characteristics
cannot be achieved with the airframe alone, then the flight control
gystem should prevent reaching the ACA at which the abrupt rolling or
yawing motion 18 obtained.

3. Departure Warning

The current paragraphs (3.4.1.1, 3.4.2.1.1.1, and 3.4,2.1.1.2)
covering warning pertain mainly to stall., But, since abrupt uncommanded
roll or yaw 1s also considered to define stall, the Paras. 3.4.2.1.l1.1
and 3.4.2,1.1.2 requirements, in effect, define departure warning.

These requirements are based upon fixed margins of Vg, ., or cLstall and
do not take into account the severity of any post-stall/departure mo-

tion, uncontrolled altitude loss, or mission phase.

Results of this simulation indicated that stall/departure warning
margin should be related to the severity of any uncommanded motion or
PSG. Time and altitude loss prior to recovery were heavily dependent
upon the 1initial departure severity; pilot commentary indicated the
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overall departure ratings obtained were heavily influenced by alti-
tude loss and mission phase. Quite obviously, consequences of stall/
departure in a ground attack phase can be more catsstrophic than in
high-altitude alr combat. Unfortunately, insufficien: data ware ob-
tained to establish a specific departure warning crit-:ion,

4. Compliance Demonatration

The current specification (Para. 4.l1) allows compliance with all
requirements of Section 3 to be demonstrated through analysis. Although
compliance with many of the requirements will be demonstrated by simula-
tion, test, or both, this analysis and simulation program has demon-
strated that linearized, frozen-point analytic results may be midleading
or extemely difficult to interpret for flight regione where the airframe
way exhibit large static aerodynamic cross—coupling moments. Therefore,
it 1is recommended that the requirement be changed so that compliance
with paragraphs pertaining to atall/departure must be demonstrated via
simulation and/or flight.
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