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FOREWORD

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

The authors wish to expresu acknowledgment and thanks to their many
coworkers for contributions, both general and detailed, in the program:
at STI, Mr. G. L., Teper for invaluable aild in accomplishing the digital
simulation, Mr. T. T. Myers for development and validation of the F-4
and F-14 aerodynamic models and for most of the initial analytic sup-
port, and Mr. R. H. Hoh for checkout and accomplishment of the piloted
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. 4.
Fain, Jr., and Maj. J. Jannarone of the 6510th Test Wing and Maj. P.
Tackabury of the Test Pilot School, Edwards Air Force Base, for their
contribution in refining the high angle of attack flying quality rating
scale and theilr professional approach in accomplishing the sometimes
tedlous simulation experiments.

Finally, appreciation is extended to Mr. P. Kelly of Grumman Alir-
craft Co., and Mr. M. Humphreys of the Naval Alr Test Center for support
in obtaining much of the F-l14 data and information, to Mr. R. Wood of
the Alr 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
final report.
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g NOMENCLATURE
!

: AOA Angle of attack

Body=-mount * accelerometer signals at center of gravity
for linear longitudinal, lateral, and normal acceler-

Axcg B¥eg Bzcog
ation, respectively, ft/sec

- ak 5 af , at Body-mounted accelerometer signals at any arbitrary
? ‘ point for linear longitudinal, lateral, and ncrmal
: acceleration, respectively, ft/sec?
f b Wing Reference span, ft
5 3 Wing mean aerodynamic chord, ft
P
‘ Cege Center of gravity
, Cp Dimensionless drag coefficlent
8 CD( ) Change in CD wj%h change in state variable
k quantity, ( )i 7T‘7
: ¢ Dimengionless stubility-axis lift coefficient
CL( ) Change in OL with change 1in state variable
quantity, ( ) i%_j. f
i
: Cy Dimensionless body-axis rolling i
3 moment coefficient
'
4 Cz< ) Change in Cg with changa\in state
- variable quantity, ( ):
l‘ It )
{2 Cm Dimensionless body-axis pitching
1 moment coefficient
i . Cm< ) Change in Cy with changealn state X
; variable quantity, ( ): .
. Y@D)
4 Cn Dimensionless body-axis yawing
A moment coefficient
i .
J Cn< ) Change in C ’n with rhangeagn astate .

variable quantity, ( ): ~ru7
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NOMENCLATURE (cont'd)

Dimensionless body-axis longitudinal
force coefficient

Dimensionless body-or stability=-axis
side force coefficient

Change in C, with cha.ngea in state
¥
variable quantity, ( ): STXT

Dimensionless body-axis normael
force coefficient

Totel drag, a 8 Cps lbs

Lateral stick force, Appendix I, lbs
Rudder pedal force, Appendix I, lbs
Gravitational ncceleration, 32.2 ft/sec®
Reference altitude, ft

Moment of inertia about x-body axis,
glug-ft

Moment of inertia about y-body axis,
slug-ft2

Moment of inertia about z-body axis,
slug-ft2

Product of inertia about x-z body
axes, slug-fte

Crossfewd gain for B stk — Bp crossfeed,
Appendix I, deg/in

Gain for Sgtx — Og Contrcl, Appendix I,
deg/in

Correction factor to accountcfcr erfect of

mg
Bypap O0 Cm with sideslip, 3 AStab
Appendix I, 1/deg? A
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Ly

Lx, 8y 8z

&£, M, N

M

m

P,0,R,
(or pya,r)

q
s

T
U,v,W

VT

X,Y,2

cg
Xpef

23

NOMENCLATURE (cont'd)

Total 1lift, §SCp, lbs

Alleron commgnd travel limit for roll-
rate-command augmentation, Appendix I,
deg

Command travel limit for &y with gty —» Oy
crossfeed, Appendix I, deg

Coordinates of an arbitrary point, relative

to center of gravity, for accelerometer signal,
body axes, [t

Total body-axis rolling, pitching, and

yawing moment, respectively, due to aero-
dynamics and thrust, ft/lbs

Mach Number

Alrcraft mass, slugs

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

. 2
Dynamic pressure, 1/2 pVp, 1lbs/ft<
Reference wing area, ft2

Aircraft thrust, lbs

Components of total velocity along X—, Y-, and
7— body axes, respectively, ft/sec

Total aircraft inertial translational
velocity, ft/sec

Aircraft weight, lbs

Reference longitudinal, lateral, and vertical
axes, respectively

Aircraft longitudinal center of gravity, % G
Reference longitudinal center of gravity, % ¢
Total side force, aSCy, lbg

Offset of thrustline from X-body axis, ft
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NOMENCLATURE (ecnt'd)

Aircraft angle of attack, deg
Sideslip angle, deg

Longitudina. flight path angle, deg
Alleron surface position, deg

Lateral stick position, Appendix I,

Rudder surface pox.btion, deg
Spoiler position, deg
Horizontal stabllizer posltion, deg

Incremental drag coefficlent due to
external stores, Appendix I

Incremental drag coefficlent due to
gstate variable

Incremental 1ift coefficient at zero
sideslip, Appendix II

Incremental pitching moment coefficient

Incremental pitching moment coefficient at
zero sideslip

lncremental yawing moment coefficilent due
to stabilator position, Appendix II

Lateral fllight path angle, deg
Thrust inclination angle, deg

Directional, longitudinal, and lateral
Fuler angles, respectively, deg
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AFPINDIX I

- F=4J EXTENDED ANGLE-OF-ATTACK
; SIMULATION MODEL

b A. INTRODUCTION

This appendix documents the mathematical model used in the unpiloted
(digital) and piloted high AOA simulations of & generic high-speed, twin-jet,
fighter-type alrplane, The model represents a relatively "clean" aircraft
(no flap, slat, or gear deflection) besed upon an F-4J, with external stores
consisting of one centerline fuel tank and one air-to-air misslle, Four
different generic configurations are generated by changing & limited number
of aerodynamic coefficlents.

The appendix 1s organized as follows: Section B presents the equations
of motion including & dlscussion of assumptions, axis systems and transfor-
mations, The equations for the aerodynamic force and moment c¢oeffliclents
are presented in Section C, The airplane physical characteristics anhd con-
trol system are described in Section D. Sectionh E summerized the date sources.
The aerodynamic coefficlent date are presented in Section F., The coefficient
"lookup" tables are listed subsequentlally in Table § and plotted in Flgs. 5
to 28, Validation of the model with flight test deta is given in Section d.

Bs BQUATIONS OF MOTION

The nonlinear six-degree-of-freedom aircraft equations of motion used in
the simulation programs are consistent with the following assumptions.

1+ Assumptions

a8, The airframe is assumed to be a rigid body.
b. The earth is amsumed to be fixed in lnertial space,

¢, The mass and mass distribution of the vehicle are
agsumed to be constant,

d. The aiveraft has a plane of symmetry.
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e, ULffects associated with rotation of the vertical
relative to inertlal space are assumed negligible;
the magnitude of the gravity vector is assumed
constant,

2., Axis Systems

All the axis systems (see Fig. 1) have their origin at the aircraft
center of gravity (cege)s The Earth Axis system is oriented with the Zj
axis along the local gravity vector and the Xy, Y, axes in & horizontal
plane with arbitrary, but fixed, direction.

The Body Axes are fixed in the aircraft with the Xp axis positive
forwaerd alcng the fuselage reference line, The Zp axis is in the plane
of gymmetry, positive down, end the Yp axis is perpendicular to the plane
of symmetry, positive out the right wing. The Body Axes are located
relative to the Earth Axes by conventional Buler Angles V¥, ®, and ®.

v is a rotation of the Body Axes from the Earth Axes about the Zp axls;
6 is a rotation about the intermediate ¥p axis; and, finally, ¢ is about
the Xp axis. All angles and angular rates are positive in a righthanded
senge.

The final axls system is called Flight Path Axes. They are aligned
with the alrcraft lnertial velocity. For the still~alr cege considered
here they are identical to Wind Axes (usuelly aligned with the aireraft
velocity relative to the air mass). Herein we use the more conventional
W subscript and Flight Path, Flight, and Wind interchangeably. The X axis
lies along the aircraft total velocity vector, Vp; the Zy axis 1s in the
aircraft plane of symmetry; and the Yy axls completes the right-handed
orthogonal gset, The Wind or Flight Axes are located relative to the body
by the angles of attack, o, and sideslip, B; o is a rotation sbout the
Yy axls and p a rotation about the Zy axis (if o = 0),

The transformation from Flight Path Axes to Body Axes is given by:

XB cos a cos B -cog o gin B -gin a XW
g | = sin B cos P 0 Y (1)
ig sin o cos B -gin @ gin B cos a Zy
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3. Moment Equations

P, Q, and R are the instantaneous components of the aircraft total
inertial angular velocity vector in the Xp, Yp, Zp Body Axes. The deriva-
tives of these components with respect to time are related to the applied

moments about the center of mass by:

P om (oqR +0gP)Q + exX + o7
Q = ogRP + og(RZ ~P2) + colt (2) .
R = (cgP + cqR)Q + X + cio7z
where

¢y = G{(I.y—Iz)Iz-I?;z} cg » In/Iy

cp = G{ Ix"ry"'Iz}Ixz o = /I (3)

o5 = G I o = of (Ix~ 1)1, + 12}

ey = G I 09-G{H-Iz-1x}rxz

o5 = (I - I)/Ty ¢1o = OIx

¢ = 1/(Ixl, - 12,) :

Ixs Lys Iy, and Iy, are the moments and product of inertia with respect to ’ 5
the Body Axes. Jf,)O?, and 7L are moments about the Body Axes due to ¥
aerodynamics and aircraft thrust. ]

PECEE NP NS

4, 7Force Equations

Flight Path Axes force equations are used for computational efficlency. '
The derivatives of a, B, and the aircraft total inertial translational veloc-
ity, Vq, are related to the external forces by:

B A T e e r i

=

e sl
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R
n

Q — tan P(P cos @ + P sin a) + Zw/(mvT cos B)

by T}
f

P sin @ — R cos o + Yy/(nVy) (M

Vp = Xy/m

Xwo Yy and Zy sre the components of the total external forces (aerodynamic,
thrust, and gravity) along the Flight Path Axess 1w is the aircraft mass.

The & equation is limited in accuracy to small sideslip anglese The
large excursions in angles of attack and sldeslip encountered in the piloted
similation necessitated a change in definition of &» The Body-Axis equation
for vertical acceleration, W, was substituted:

W = QVpcos B—Vp sinp (P cos a+ R sln a) + Zy/m

and the definitions for o and f were o = sin”! W/Vp, B = sin™! v/Vp
These excursions were not experienced in the preliminary analytical work per-
formed in preparstion for the piloted simlations

%. Thrust Gecmetry

The thrust is assumed to lie in the aircraft plane of symmetry and is
oriented with respect to the Body Axes by the thrust inclination, &, and
offaet, 24, 88 indicated in the sketch below.

T

Xs
c.g -

6. Body Axis Moments

The roll,x , and yaw,7L , monents are due to aerodynamics only, while
the pitching moment, 77, includes a thrust term, These are given by:

& = qsbe, 3 A= ESECm+sz sy 7= asveg (5)




g is the dynamic pressure; b, & and S are the reference span, chord, and
wing area, respectively. Cg) Cp, and C, are the total body-axis non-
dimensional sercdynamic moment coefficients (referenced to the e.m.).

T. Flight Path Axis Forces

The forces along the Flight Path Axes have components due to thrust (T),
welght (mg), and aerodynamics. They are given by:
L

%; = T cos B cos (a + go)
+ mg{cos ® cos P sinacos P - sin @ cog 2 cog B + ¢cos © §in ¢ sin B}

+ Y sin B - D cos B

(6)
Yy = =T sin P cos (o + §g)

+ mg{cos © gin d cog B + 8in ® cos o sin P ~ cos B cos ¢ sin a sgin B}

+ Y, cos B+Dsinp

Zy = =T sin (o + go) + mg{sin @ sin a + cos © cos ¢ coa m} - L

L, D, and Y, are the aerodynamic forces and are given by:
L = 3JscL
D = sCp (7

YA = ﬁSCy

Crs Cp, and cy ere the 1lit't, drag, and side force coefficients. Lift, L,
and drag, D, are asgsumed in the plane of symmetry; 1ift positlive up end per-
pendicular to the velocity vector, drag positive af't and along the projec-
tion of the total velocity in the plane of symmetry. The side force Y, iu
thet component of the total aerodynamlc force which 1s perpendicular to the
plane of symmetry; it lies along the Yy axis and is positive out the right
wing.

6
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It should be noted that the drag and side force are not the same as the
X and Y Flight Path Axes forces for non-zero sideslip, see Fig. 2. The aero-
dynamic forces instead have been defined in terms of the axes in which aero-
dynamic data are most frequently availsble.

8. Body Axis Euler Angle Rates

The Body Axis Euler angle rates are related to the angular veloclty
components by:

¥ = (Recos ¢ + Q sin ¢)/cos ©

&

Qecos & ~R sgin ¢ (8)

) P+vyaine
9. Body Axis Velocities

The components of the total velocity aleng the Body Axes are:
U = VpeosacospP

V = VpsinB (9)

W = V'l‘ gin o cos B
10. Earth Axis Velocitiea

The Body Axis velocities are transformed through the Euler angles to
yield the BEarth Axls velocities.

XKp = Ucos® cos ¥ +W(cos ¢ 8in © cos ¥ + sin ¢ sin v)

+ V(sin ¢ sin © cos ¥ — cos & sin ¥)

Y, = Ucos® ain ¥ + V(sin 0 &in @ sin ¥ + cos ¢ cos ¥) (10)

+W(cos ® sin 8 ain v —~ sin & cos 7)

Zy = -~ gin® + Vein d cos ® + Wecos ¢ cos 8

|
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Figure 2., Relatlion of Aerodynamic Force Axis System
to Wind Axes
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11+ Alrcraft Controls

The aircraft is assumed to have pitch, roll, and yaw controls, il.e.,
Sgtab’ Dar Dgps 8nd By. Positive deflections and travel limits for these
controls are given in Sectioh D of this appendix,

12. Auxiliary Variables

Additional variables which are useful in eircraft dynamies studies
are given below.

a. FPlight Path Inclination Angle, 7

or

or

tany = =2/ /% + ¥2
sin7y = _E/VT (11)
glny =~ gin 8 c¢os o ¢os B

-cog 8 sin ¢ sin B

—cos @ cos ¢ sin & cog B

b. Altitude Rate, H

-3
n

~Z (12)

¢. Body-Mounted Accelerometer Signals, at Center of Gravity

8%eg Bycgr Bzeg

8Xeg
aycg

a
ch

"
cos o cos p =—cos o gin P =sina

o i N :
R R R e

sin B cos B 0
sin o cos p ~gin a gin B cos o
§ (13)
r .
Vo —sin 6
Vp(B - P sin o + R cos a) ~ g| cos @ sin ¢
Vp cos B{& - Q + tan B(P cos o + R sin a)] cos © cos &
ke
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or

4xeg T cos kg —D cos a + L sina
-

ﬂycg = m YA

By g ~r gin g, =D sin a =L cos a

d. Body-Mounted Accelerometer Signals at Arbitrary Point
(fxs Zy, 85) in Body, 8k, &), &}

a,‘c ax, g 0 ) 7 —ﬂy P
ay', = ﬂycg + —ﬂz O .Bx Q
aé azcg .zy —'Bx 0 R J (1,‘.)
o -R Q 0O 4y =ty P
+{ R 0o —p|]|-, O 1 Q
- P 0 by =4y O R

2y, zy, and £, are the coordinates of the arbltrary point in Body Axes.

e. Stebility-Axis Angular Veloecitles, Pg, Q4, Ry

A body-fixed Stability Axes system (Ref. 1) may be defiuned which is
located with respect to Body Axes by the trim augle of attack, a,. The
components of the aircraft's total inertial angular velocity in body-fixed
Stability Axes are given by:

Pg = P cos og + R sin ag

Qg = Q (15>

Rg = -P sin ag + R cos ag

10
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[ iight

: f. Stability-Axis Euler Angles, v, @4, ¢

[P,

The body-fixed Stability Axes system defined above can be located relative
to Earth Axes by a conventional Euler Angle set, ¥, ®g, ¢g. The Stebility
Axis Fuler Angles are related to the Body Axes Euler Augles and the trim
angle of atteck by:

¢os &g sin ¥ cos © + sin ao(sin v sin ® cos & — cos ¥ sin @)

t tan ¥g = Cos Qgn COs ¥ cos @ + sin ap{cos ¥ sin © cos ¢ + sin ¥ sin &)
: sin ®; = c¢os vg 8in @ — sin o, cos @ cos ¢ . (16Y
‘l or
cos ap sin ® — sin o, cos © cos ¢
. t =
an ©s @0s s ) 355 o, cos @ cos & + sin ag sin ©
end
cos @ sin ¢
tan ¢ =

€08 0g cos © cos ¢ + sin ag sin @

g- Stabllity-Axig Euler Angle Rates, is, és, 6&

¥, = (Rg cos &5 + Qg sin dg)/cos 6
6y = Qg cos &g — Rg sin g (171)
g = Pg + %5 sin 6g
; h., Flight Path Azimuth Angle, )
tan A = ¥/X (18)

2., AERODYNAMIC FORCE AND MOMENT COEFFICIENT EQUATIONS

L Aerodynamic forces and moments have been defined in terms of the total
non-dimensional aerodynamic coeff'icients, i.c., the stability-anis force

coefficlents ¢y, Cp, Cy and the body-axis moment coefficients Ty, Cp, Cp»

As shown in ¥ig. 3, these are functions of the aircraft statc, the control

surfaces, tabular coefficient and derivative data, and constant parameters.
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The coefficient equations are given in Table 1., A summary of the tabu-
lar functions is given in Table 2 (the data is glven in Section F) and the
constant paraneters are presented in Tables 3 and 5. As indicated in Table 2,
‘ all tabular data are given for 5~deg increments in o« for either 0 deg fax
Ei€ 110 deg or O deg < a < 45 deg. Linear interpolation between adjacent date
points was used to obtain derivative values for intermediaste values of a.
ALL coefficients and derivatives except Crpagre 8nd Cmpygpy 7€ symmetric
functions of a and the absolute value of a was used to obtain the derivative
: value, CmBASIC is an anti-symmetric functlon of a; as indicated in Table 1,

) |a| is used to obtain the table value and the sign of the appropriate term

is changed for negative a's. In general for |a|'s which exceed the range

of the tables, the derivative value for the maximum |a| given in the table
i is used. This is shown explicitly in Taeble 1, where the complete equations
have been glven for each a range. It should be noted that, except for Cry
the equations themselves are not dependent on the o range. CLBASIC is not
quite anti-symmetric; the explicit equations for lift coefficient at nega~

f' tive engles of attack are given in Table 1.

| Acmk is the only two-dimensional function used; the table contains values
for |p] from O deg to 30 deg in 5 deg increments. For |B| > 30 deg, the table
j values for B = "0 deg were used. The organization of the data is discussed

3 further in Section F,

; As Table 2 indicates, there are two sets of datn for each of the deri-
i vatives CZBi’ cipj’ Acmk, and anz' Selecting the proper combinations of
these derivatives results in the desired four basic eircraft configurations

p as indicated in Table &,
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TABLE 1. AERODYNAMIC COEFFICIENT EQUATIONS (Concluded)

b) Body Axis Moment Coefficlents

Coef, X Ravge En'\wv\oh)

jul <45 | ¢ = qu (I-\Dp + 'bv iC‘n%(l-c\) P+ cﬂr(\dDr}
+ O (wi) &a + Cog (WD) Ssp 4 Cpg (1) Srr
% 48" %l <o | Cp = C'_oﬂ (DB + "‘q_{CjF(l\s“)P + o (as°) v §
X + ng (45°) Sq 4 Cys cw) Ssp Cy‘ (45%) Sy
lie? <1« s 180 | Cg = Qog, (uo')ﬁ ﬁ;{ﬂe, 4s5*)p + Con (a5 %
+0f, (457 Sa ¢ C.e,, (459 Ssp + Cpy, (45°) S

[&| < 4g® | Cpnppe {cm,.,,o(\«\)s s6A + Al M1, £
"'i“’ f_ Cmu(.\*\) a‘ + Gag (1) %
P + L0mgliany+ Ke™Seb 1813 Seaa
- + Cmg i) L3al 4 Gng,, Clot)) 1S
4 5 k) <10 | Cggen g’cm,.,‘, (xV)F 564+ Al (65 8%)
+f, [ Cmy(a) 4 4 Cric (4s®) X3

: % ' + {lng Q1+ KQ“‘M\/S\'S Sshab
- vy ¥ Ging, (w5*) 150\ + Ciyg, (357) | Supl
“ MO & || %180 | Coggp= {Ompupnc (102)ESGARACu, (+r A%
+%‘-_{Cm (ws%)q + C»@(vcs )t

+ { Cug {100 + Ky sohs 81 3 Sers
+ Cog (452 181 4 Crg (45.*) |84 |

AL, A Nota: fonr lﬁ}‘):oa F‘n_lel.

fou o ~ ~0, s6A |
fon.d\t.o‘, <A = -1

Cm =~ Cm“,--! {)_‘g:}:n? &C(_MG‘) + Cbﬁfn(ﬂoz

1

x| <48" | Cneare  Crg (1) B 4 fonpCat) p + Cor (T
+ C'n&(lx\) Sa +Cn Ssp( 1) Ssp + Cag (Ix1) Sir
45t &\l & 1807 Cn““: C’n&Q (45")/3 + -’3}1‘ {C"P(q‘:ﬁl’ + C"r (a5") rz

zﬁi‘ + Cng,(u8) a4 Cn o (.,s;o) Ssp +Cng, (457) S
% FiLL e Cn = cn“;- * il@ l"oxollr'g i-—%‘% C%
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TABLE 2, ORGANIZATION COF
TABULAR AERODYNAMIC DATA
L papavgmens | ORI | s nﬁgﬁ Wi GRIDH
: - a - CLBAS(23) | 2-8 (50110,
\ Ol g a 1/dag | CLSTAB(23) | 9~15 0.(5.)110.
i CDpasIc a - cDBAS(23) | 1622 0.(5.)110.
Cyg a 1/8eg | cYB(23) 23.29 0.(5.)110.
Cynp a 1/deg | CYDR(10) 30-33 0u(54 )5,
Ogg, a 1/deg | GRBi(23) 3hnbo 0o (50110,
Cap, e 1/deg | CRB2(23) b1l 0 (5:)110.
Sip, a 1/red | CRE1{10) 48-51 04 (54)45,
Csp, @ 1/ras | CRP2(10) 52455 0.(5: )45,
O, @ 1/rad | GRR(10) 56-59 01 (54 )5,
g Cay, a 1/deg | CHDA(10) | 60-63 0.(5. )5,
Chpqp o 1/deg | CRDSP(10) | Ghe67 0. (5, )45,
Copr a 1/deg | CRDR(10) 6B-T1 0. (5145,
| CmpasTo " - | omas(z3) | 128 | ou(s01100
ACm, a, B - DEMI(10,7) | '719-95 0u(5. )48,
f“ A0, a B - peM2(10,7) | 96«12 0u(5. 005,
; | Oagq a 1/rad | oMQ(10) 115116 | 0.(5:)45,
Oy a 1/rad | cMAD(10) | 117-120 | 0.(5.)h3.
- Crgy s a 1/deg | cMaTAB(23) | 121127 | 0.(5.)110,
] Cung,, a 1/deg | cMpA(10) 128-1%1 0. (54 )5,
: '! cmb.p a 1/deg | CMDEE(10) | 132-13% | 0.(%.)hs,
Cng, a 1/deg | cwm1(10) 136-139 | 0.(5.)45.
C“ﬂz o 1/deg | cnB2(10) ho-143 1 0.{5.)u5, .
Cnp a 1/rad | ONP(10) e th | 0u(5 s, ,{r
On, w 1/rad | CNR(10) 148151 1 0u(4.)h5, ,,N
. c"aa o 1/deg | CNDA(10) 152155 | 04(5.)45, é
i cﬂanp ) 1/deg | ONDSP(10) 156-159 | 0.(5. 4, v,;
Crg, a 1/aeg | chDR(10) | 160-163 | o.(5. )b, )

1

!

i
8 l * 0,(5.)110, indicates values are given for a from O deg to 110 deg
- in % deg increments, Leos, 07, 89, 100, co0ee 1009, 1()5;0., 1109,
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TABLE 3. CONSTANT AERODYNAMIC COEFFICIENTS H

X
i

ACDSTORES(“) 0037 %
Cy5a( 1/deg) —. 000167 ;
Cyasp(1/deg) —.00006

K;mSStab(1/aega) .00011 f

TARLE 4, AIRORAFT CONFIGURATTON/DERIVATIVE COMBINATIONS

ATRCRAFT DERIVATIVE INDEX
CONFIGURATION | Cgp Cgpj Almyg | Cng,
1 J k 2
A 1 1 1 1
B 1 2 1 i
c 2 1 1 1 '
D 1 1 2 2 :




D. AIRFLANE PHYSICAL CHARACTERISTICS AND
CONTROL: SYSTEM

1+ Payalcal Characteristics

This section describes the pertinent dimensions of the airplane (weight,
) wing area, inertias, etc.) and defines the control surfaces, The model is
i based upon the F-4J, but is considered to be representative of a generic

. fighter-type airplane.
" The major dimensional parameters for this model are listed in Table 5,
the control surfaces are outlined helow and control surface limits are given

in Table 6.

2. Control Systenm

Iongitudinal control is provided by an all-moving horizontal tail, Latw
eral control is provided by a combination of spollers and allerons. The all-
erong deflect downward only; the spollers deflect upward only. The left all=-
eron and right spoller operate simultaneously, as do the right ailleron and
left spoller. Spoller and aileron deflection are combined by a simple relation:

Bgp = 14338, E

Directional control is previded by & conventional rudder.

The longitudinal control system is outlined in Table 7, and the lateral/
directional control system is shown in Fig. k4.
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TABLE 5. AIRPLANE DIMENSIONAL PARAMETERS

SYMBOL DEFINITION VALUE
" b b Wing span, ft 38.67
l o e Wing mean aerodynamic chord, £t 16.0k
\ ‘ 8 Wing ares, £12 5350
W Airplane welght, 1b 37,000
] Xper Reference center of gravity, %c 31
Xog Actual center of gravity, %c 29.3
Ix Moment of inertia about X-body axis,
slug=1te 23,850.
Iy Moment of inertia about Y-body axis,
slug-£t2 127,400+
I, Moment of inertia about Z-body axis,
slug-f£t2 146, 000-
Ixz Product of inertias about X-Z axes,
slug-£t? 2210.
go Thrust inclination, deg 5:25
24 Thrust offset, £t -0:336
H Reference altitude, ft 1%, 000
19
2 h
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TARLE 6.
CONTROL SURFACE DEFINITIONS

SURFACE DEFLECTION LIMITS, DEG
o
Bgtaps Fositive TED i 21 up, 9 down
By, Positive Left TED 0 up, 30 down
Byps Positive Right TEU 43 up, O down
&, Positive TEL +30
TABLE .

LONGITUDINAL CONTROL SYSTEM

® o SAB or CAS )

® Bagic F-U menhusl control system gain,

it ® Teel system — simple spring/damper
(gradient ~ 3,5 1b/in)

® Breakout —- 1,5 to 2 1b
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E. DATA SOURCES

This sectlon ocutlines the sources for the aerodynamic data presented in
this appendix. Reference 16 was used as the initial data base for this simu-
lation model. The Ref., 16 data covers an a renge of —5 deg to 31 deg and a B
range of —10 deg to 10 deg. Wind tunnel tests of an F-L model (Ref. 2), cov-
ering an o range of —10 deg to 110 deg and & p range of =40 leg to 4O deg,
were the primary sources for the extension of static coefficients, Dynamic
coefficients were extrapolated based on trends of data available from other
sources to 60 deg angle-of-attack, with the intent of making such coefficients
simple to mechanize,

Because of the nature of the reference (an STI working paper), some dis-
cussion is in order on the data which was used to develop the initlal data
set. Three separate sources were utilized in Ref. 16.

The first two sets of date were supplied to STI for a previous study.
One, Ref., 3, was based on the spin study data (Ref, L). The second was sup-
plied by NABA lLangley and was based on several NASA tunnel investlgations
(e.g., Refs, 5 and 6), The Ref., 3 tebulation was & function of a, B, and
bgtap for the range:

O<a<9deg ; 0<pB<hodeg ; ~B1 < Byypy < O deg
The NASA tabulation was & function of o and p for the range:
—10 < a < 120 deg ; =U0 < B < +LO deg

Both sets are limited to the very low speed regime (M = 0.2). As & result
of comparison, several erroneous data points were discovered in the Ref. 3

date and were reported t¢ the AFFDL.
The third set of datae (Ref. 7) was obtained from the NASA langley Differw

ential Maneuvering Simulation (DMS) investigation of the F-LJ and slatted F-4E

aireraft. Several key damping derlvaetives were vpdated from Ref, 7 based upon
NASA correlation between several sets of tunnel data and evaluation of aircraft

regponse obteined in the simulation. These data alsc are in look-up teble for-
mat with coefflclents as functions of a, M, and H over the range:

-5 < <30 deg ; L2<M< 2,4 ; 15,000 < H < 45,000 ft

The pildeslip coefficients sre valid over the range B = 140 deg. Thrust and
droag effects are also modeled in detail,
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As originally recelved, the data did not coalesce at 0.2 M, The data
of Ref. 4 were therefore given the most weight at this low Mach and were
smoothed into the DMJ data by about O.4 M. The resulting date provide an
excellent model of the aircraft over the range:

4 <a<30deg; =10<pBp<10deg; 0.2<M<1,0; 0<HC<P25000 ft

Besldes extension of coefficlents for high angles of attack and sideslip,
several changes were made to the Ref, 16 date to simplify use of the data.
These included normélizing the data for trim Mach Number (determined from
previous digital simulations using the Ref, 16 data set), uslng a single alti.
tude (15,000 £t), and defining values for the second set of the parameters
CBB" CnB, Cgp, and ACy.

P« AEZRODYNAMIC COEZFFICIENT DATA

The aerodynamic coefficients are tabulated in Table 9 on pages 25 to 27
and plotted in PFigs. 5 to 28, All coefficients are functions either of w or
of o and B, The aerodynamic data file in Table 9 includes & one-line iden-
tifier for each coefficient, plus one or two lines describing the independent
variable(s)., The formats of these identifying lines are given in Table 8,
Al)l coefflclents are presented, five to & line, in 5-degree angle-of-attack
inerements,

For those coefficients which are functlons of 0 < a < 110°, the values
glven correspond to o as follows:

(0) vevevev i asaas (20)
(160) (165) (11'0) '

For 0 £ a S 45° the values are as follows:
(0) « ¢ o v v v v v v v v w0 (20)

(25) + v v v (49)
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TABLE 8.
DATA FILE IDENTIFICATION LINES

NUMBER OF

; Coefficient identi-  VARIABLE VARIABLE  INDMPENDENT  DATA POINTS NUMBER  TOTAL NOs

) fier: NAME UNITS VARIABLES PER LING OF LINES OF POINTS
. {1 line) (a8) (AB) (12) (12) (12) (13)
y
. INDEPENDENT  INDEPENDENT
. Independent vari- VARIABLE VARIABLE  MINIMUM MAXIMUM NO» OF
i able identifier(s): NAME UNITS VALUE INCREMENT _VALUE VALUES

(1-2 lines) (A8) (A8) (Eth.6) (E1he6)  (E1L.6) (12)

(

The coefficients DCM1 and DCM2 are functions of both o and 8. In
this case, g 18 incremented first, then B:

: (0,0) « ¢ v v o s v v o (20,0)
f$ (25,0) P v s s 4 s s e s e (h5,0)
; (0’5) [ T T TSy (20,5)

ceae s eacaan

;’, (25,30)- [ T Y Y S ST T T S S (CLJB)

ST EE LT e

As an example in interpreting the data file, the file for CyB is
glven below:

CYB PER DEG 1 55 23

ALPHA  DEGREES #.,5.,110.,23

-.g11 -,011 =-,011 =-,211 =-.011

f -.011 -.011 -,0992 -.0079 -.0065
5 -.A050 -,0036 -.0023 ~.0008 .0006

o TR
g T

The first line identlfies the coefficlent; glves the units; indicates
that it is & functlon of one variable, and that it 1ls listed five points
per line in five lines, with a total of 25 data points given. The second

line identifies a as the independent variable; gives 1ts units; gives the

e e i f e FaT Tt ok

minimum value a8 O deg, the Au increment as & deg, and the maximum value

as 110 deg, for a totel of 25 ueparate Aa points.
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G.0. 12
GLEAS
ALFHA
+1220
1,010
P27
<418
=257
CLETAR
ALFHA
100699
00513
100414
+ 003900
00300
CLEAS
ALFHA
035
510
1,128
1.493
1.400

[ §K
ALFHA
~,041
"5011
~. Q0% 0
0020

+ 0030
CYhR
ALHAR
+001Y5 L
00078
(ME3:)N
ALFH

- ONLIR
= Q0004
=022
«s 00271
~+00300
LRRR
ALFHA
~-. 00132
= 00219
= 00202
=, 00291
-2 00300
CRFL
ALFHAZ
-, 204
~.280
CRE2
ALFHAZ2
=, 204
=, 2560
CRR

TABLE 9. AERODYNAMIC COEFFICIENTS

91 EXTEMUED AQN DATAS  CREL & CRB2 CHANGED L1/20/74¢

159 23
OEGREES OvrUsy 1104923
Al46 6834 053 L, P94
1,067 1.049 1,024 949
Q72 798 677 WG4b
299 1857 020 -1l
=+402 - 0A7

FER DTG 1 5 O 23

LEGREES Ov»D5s 110,923

044 JQ0876 L 00H3T7 00871
JO0U0Y 00486 L, 0045T  ,00438
+00393  .00371  ,00348 00314
+ Q0300 L Q0300 L 00300 00300
100300 L 00300

18 023

DEBREES Qurlier 110,933
084 w130 247 L3812
4599 /86 LPL1 1.011
1,245 1,3%2 1,408 1,441
1,522 1,842 1,870 1,589 e
1.6583 1.067

FER HEG 1 U 8 23

NEGREES Q.. v110.,232
-.011 ~.011 ~s0lL =011
=401t -, 0002 =, 0079 =,0040
=-,00%4 =,0023 ~,0008 ,0008
yO0%0 L0030 L0030 L0030
WO030 L0030

FER TEG 1 W Q2 19

LEGREES €y r8erd4B4910

00442 00134 00130 00124
SO0073 L 00048 00024 0.0
FER DEG 1% 8 23

DEUREES Dorlerl10.,23

-, 00175 =,00034 ~.0021% -,00118
D002 =, 00010  -,00108 -,0010
=s00241 =, 00258 —.00R48 - 00AVY
= 00300 -, 00300 ~,Q0300 =, 00300
=, 00300 «,00%00
FER DEG 1L 9 U 23
DEBREES O »8arl10.923
= B017% =~ Q0236 ~,00219  ~.0011Y
= 00219 «, 0018 =, 00152 -, 00180
= 00241 = QOQUT = 00248 ~,0027%
= 00300 =, 00300 -,00300 =.00300
- 00300 -, 00300
FER RAD 1 0 2 10
DEGREES O rlierab.r10
-+ 300 =255 -,102 -, 100
=304 ~,200 - lé4 -,100
FER RADL 1 0 2 10
DEGREES O.9f.p A%y 10
~e 300 =260 -.260 =260
= 240 =450 =184 =~ 100
FER BADL 1 5 2 10
a5

W
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TABLF 9, (CONTINUED)
.1;1
§ ALFHAD DEGREES O, %, v 45,900
. yO0a4 078 108 L 1v0 L 3e
¢ » 337 W34 ; OB 2080
. MRz} X L w3 10
y ALFHA2 B Oy etier A0 40
i LO004A8 L OD0A4NEY L O00ATL L 000N L O00TPY
o YO0ORYA 000312 Q00210 L H00L0E L OO0N0D
i GRbGE FRER DEG LW o2 10
b ALFHAD | NEGREES Oy vy valiir 0
¥

000130 000140 (QOO0RS L O0Q00E 000NN

000040 LO00030  JH0N020 1000010 1000000 !
CRDOR FER DEG 1% Q10

ALPHAL  DEOREES O o8, 74U ¢ 10

L000LF9  (000LBYN  JONLIY  (OO00LLS 1000092

O000E? Q000U W O000BY  (Q00QLT 4000000

CMEAS L9y 23

Al FHA DEGREES Oyl ld0.»

1000 =13 =e 027 - 033 00

=088 =093 ~. 144 -, 196 =, 042

RS Y

- S BTN 111, BN 3 - BV 1 LRI Y, £
i Y I, T SN i . SR T R S P
| T B TV 21
f LCML 2 W4 Yo
' ALFMAZ  DEGREES OvyBaral, vl o
v BETA DEGREES Dy v5er80.y 7
i 2 00Q0 L0000 Q000 0O00 L0000
v JOUDD L0008 L2000 L0000 L0000
. mO0BO = 0080 = 0080 =, 0138 ~. 0099
¢ JOOLE L0001 L0000 L0000 LODGO
3 W DLP0 = OLT0 = 0LT0 = ORBYN =, DF04
- “ 0204 =, 0160 000 L0000 L0000
3 w0312 = 012 w 0BUR =, 0450 -, OB ‘
o 0485 = 0428 =, 0028 L0000 L0000 ,
L ORBE w045 - 04N W, QYO =, OBOO !
$l w OTEH = OFNE e Q0BT L0000 L0000
;- W OBAE = O%AN L OBES e 0888 - 000
}' = OFET 0004 =, 00046 L0000 L0000
‘| QAT =, 06T 08T e LOTL -, 1200
) ! L LBB w LL3E -, 0088 L0000 L0000
i LeMa 2 H14 70
ALFHA2  DEOREES Oy r%.valier )0
HETA DEGHFES O v, 0304 r7
0.0 0,0 0.0 0.0 0,0

G0 00 0.0 0.0 0.0
JOOGG L0080 L0080 L0138 L0099

e QLY L - Q00T L0000 L Q000 L0000 ‘
SOLTO T L ORF0 LSOO L0R3G L0806 "
0204 L 0LB0 L0000 L0000 L0000 . .
0312 L0302 L0312 L 0AuU0 L 0NB0
SO 0428 0GR L0000 L0000
WSOAUE L0y 0L 070N L 0B00 N
JOZE8  LO7UE L0087 L0000 L0000 o
CONIAG OGN L ONaY 0888 L1000 "
JOPS3 L0944 L0106 L0000 D000 B
VOB7d 04674 L0674 L0771 L1200 H
1138 P B JOL2 0000 G000 K
)
¥
(
1]

AR

P St
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TABIE 9., (CONCLUDED)

Gl L% 210
AlFHAY P Oorleralienl0

1] SRS

w3 L0 =304l W37 3,92 =W B0
w302 =Fo LY 30N AN -3y
CHMAT Pk S5 (R MO B K4
ALFHAR FES OvrlivyalievlO
=1 d0 oA =laue =L, 88 -1, Y
=152 SIS PN AP SR WK, 1 S W 14}
CMSTAR  FRER TIEG ooas
ALPHh DEGREES Qurlivv 110,923

=0 0010 =, 01004 = 00%HL -, 009024
-000/4w =3 00738 00477 = 00BRY
., QL9 “000466 = Q04LA =, 00841
=, Q0254 “oOQm = OOLUG w 00099
000000 000”0 0‘00000
GaMIi VWR nEG LW 210
ALFUAR  DEGREEYS Osvlivalie 10
= 00108 = 00092 «,0007% ~.00048
=1 000648 =,00044 =,0004d w,00064
GMnsE FER LEG 18 2 19
ALFHAZ  DEGREES O Wi vala L0
yOO0LEO L O0000VD L O0003Y L OONG07
cQO0000 L 000000 LON000D (000000
GMEL ERODEG 4 W Q2 10
ALPNAR  DEOREES Oy vy aliyp 10

SO0RD L0022 L0021 L00LE =, 0006

Q082
= OOV
= QO30S
=1 000N

= 00064
“ Q0064

LODO00
V000000

Wy D0BZ =, 0040 = 003 = 0024 00RO

HB2 FER DEG LW 2 10
ALPHAZ  DEGREES O, 9040, 900
00.& 20022 L0021 L 00LE L0000

= Q000 =, 0008 ~,0011 = 0014 -, 0017

i FER AL 1 G OR 10
ALPHAR DEOREES OovWarddari0
000 =014 007 LORE -, 002
yOUT L 1R2 L, 080 o4l L 000
GHR LR RAL 1 W R LG
ALFHAR

CORE Ovrlieedalivyl

- 37 =y Rb4 v361 “ 350 « B0R
e b0 = U0 < 3VE - 1v0 4000
(INTIA FER LDEG 1 W 2 Lo

ALEHAY  DEGREES O, vbopa%.rl0

= QDO0A7 - 000048 -, 000004 =~ Q00067
=~ QU048 “.000069 = 000070 000070
GHISP [ [ A A

Al HAE T O.vu.vﬂﬂov10

« QOOONID )00031! LO0OGORBO LOVO0L3R
FOOD00A4 L GOGOOOY LOOGOROL L OUDIO000
CNDR wEg LW Lo

ALEHAS  DEG 9 O.v:¢v4Wo'10

L O0OPY = nO0Bs -, 00078 00073
= OO0GU0 - 00032 -, 000 “000014
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= Q00070
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G. VALIDATION

No F=4J flight test traces of high AOA are avallable to compare against
dynamics from the foregoing mathematical model. However, the model was
originally developed for use in a moving-base pilloted simulation _ . vhich
Navy F-U4J pilots were given air combat maneuvering training. As a part
of the checkout and acceptance tests, the simulation wasg flown through var-
ious offiensive and defensive combat maneuvers, ztalls, and departures by
Navy instructor pilots who indicated 1t adequately represented the F-LJ
handling end performance. This provided the first gross validation of the

aerc model.

The only high-AOA flight traces available are from the F-LIl stall/ post-
stall flight test (Ref. 8). McDonnell Aircraft Co. indicates that all hurde-
wing models (no leading-edge slats) of the F-4 have approximately the same
stall/departure characteristics. The Alr Forre (Ref. 8) noted the longer
nose F-LE to have somewhat less wing rock tendency than the C and D models.
The F-LJ is more similar to the ¢ and D and therefore might also huve more
proncunced wing rock. Alsgo, the ¥-LE flight test vehicle was equipped with
& spin chute, hed a beefed-up aft fuselage gtructure to handle the spin chute
loads, and had offsetting ballast in the nose. Thus its inertia characteris-
tics are quite different from the average F-4J, ag shown in the following:

F-4E (Ref, 8) F-4J

Q, stores empty tank empty tank
wing stores pylons 1,2,8,9 pylons 2,8
W (1b Lo,000 37,000
cege (% MAC) 28.1 29.3
Ix (slug-f£2) 27,500 23,850
I, (slug-112) 157,000 127,400
Ip (slug-ft2) 180, 600 146,000
Iy, (slug-£t2) 5,500 2,210

This difference is agsumed tn have minor influence on the baslc aerodynamic
stall/separture characteristics as & function of AOA but a signifilcant
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influetice on dynamic response parameters such as dutch roll frequency and
response to control inputs. With this in mind, we will proceed with a com=
parison of our F-4J model against the F-4E flight test results.

Reference 8 indicates that the clean sircraft exhibited lateral/direc-
tional stability breakdown in the form of & slightly divergent dutch roll
(wing rock) in the vicinity of 19-22 deg AOA. As AOA was further increased
the motioh progressed from primarily roll to yaw (nose slice) in the region
of 22-25.5 deg AOA., The dutch roll mode evaluated over the same AOA region
from our 6 DOF frozen point model is shown in Fig. 29. This alsc indicates
that at zero sideslip the dutch roll slowly becomes divergent at about 19
deg AODA., The aero data plot, Fig. 23, shows that CnB passes through zerc at
about 20 deg AQA, while at this same point Cgﬁ (Fig. 10) 1ls still relatively
large. One would expect, then, that the dutch roll motion would be primarily
rolling motion (wing rock)., By 25 deg AOL Cgﬁ 1ls very small, while an is
very large negative, Thug, one would expect the dutch roll mode to be pri-
marily one of yaw motion (nose slice).

The root locus of Fig. 29 also indicates that the dutch rell mode is
quite sensitive to sideslip in this same AOA range. Therefore, it ir neceu=
sary also to look at time trace comparisons between flight test and our com-
plete 6 DOF nonlinear asern model. Figure 30 18 an F-4E time trace from Ref.
8 at 21 deg AOA and with all sugmentation off. (It also has tralling-edge
flaps at half deflection but they have a relatively small influence on lat-
eral/directional stability.) The traces show the dutch roll to be a constant-
amplitude, limit-cycle-like oscillation. A similar set of truces, stearting
at 21 deg AOA from our F-4J 6 DOF model shows an almost identical oscillation

(Fig. 31). A comparison of specific traces shows the following peak-to-peak
excursions.

Flight Teat Simulation
a 21 deg 21 deg
P 11 deg 6.3 deg
¢ 30 deg 21 deg
p 60 deg/sec 2k deg/sec
r 2.5 deg/sec 1.1 deg/sec
period 3 mec 6 sec
maneuver wind-up-turn straight/level
L4z
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Flgure 29. F-4J 6 DOF Linearized Equation; Lateral/
Longitudinal Root Migration with o« snd B

Ll




: e ngm‘[ljn_-&!" i 8[;:_:!1"u( et
| & i ,T'v.'|||”.:;'i|‘,"- I blﬂ v d||: ‘l”lll ~;|,‘)I! W e
B Ly gl Fopany ““'.?il"l' o i

‘ ' I'\m i ]ll"-l' TR
1 /i bl it

. 't - y o ;
1 e it
o o sty o iy
b i N l‘d‘
o4 o T w A lexl!
i k. e .;mmhwm

- b 1 ¥ R .E- I,'I!“ i At

¥ T TR T

b J'imhﬂmh‘

Vg RAR) Ve

i S ¥

.1k
i
. .‘h}. ;

o

p i

.

ilf' 1

BN

£y

[T

Lol

ook

-

4 ;

Sk ] !l'

&

HE

-

o
R A .
R
i
“ulilih |

AN

o

5
3 o B
T g
" P
| ]
, ol
]
]
.
i

-
a

XY WTITAE FT)

.
4
il
amm
T

[} IO

[7"' 0 . .. ‘ 'I :71' :“ .I:I.'v, "-f-"‘i.,‘

NE A oLl ) Lo 1 nvk.'lﬁﬁr* i :_".‘i,‘ S . '
ﬁt . J [T T O EOY B S AT [T R e L P P T ! )
! A bbbl ! K PRI Ry ST Fr BV KL A O o

Flgure 30, Controls Plxed Wing Rock
Time History (Ref. 8)

X .
W
QARSI LNALG G i e v

™ \ . -
B b b Y it

A A L0 (ST AP L ISR

b o g st i A A A4tk Stk bk bl AL




I

100
[
(rad/sec)
-100
¢ 100
(rad) 0
=100
8 050
) (rad) 0
" ~050%
.050 »
R P e NP g NP e NIV N
(rad/sec) i
o 25 -
g (0]
(rad/sec?)
-025%
025 ¢
) WAVAVAVAVAVAVAVAVAVAVA
(rad /sec) ©
-025 4
025 ¢
a
(rdd ) ° W
-025 -
| N
(0] 5
Time (sec)

Figure 31, F-4J Open-loop Nonlinear Airframe Response to
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The absolute magnitude of motions depends upon the initial excitation
and is not particularly close. However, the ratios of the motions are quite
close and again tend to validate the aero model. The period of the oscilla-
tion s quite different because of the higher energy (dynamic pressurve) of
the £light test maneuver.

The nonlinear response traces of Fig, 31 show one additional factcr.
It wll) be noted that the longitudinal tracea show a frequency which is pre-
cisely double the dutch roll frequency, while FMig. 29 predicta the longlitu-
dinal short perlod to be highly damped and about egqual in frequency to the
dutch roll. Other F-4E flight test time traces from Ref. 8 (e.g., Fig. 32)
reflect the same '"frequency doubling" noted in our serc model. This "fre-
guency doubling" can only be caused by the pitching moment due to sideslip,
Cmg, Which is quite strong and negative for the P-4 aircraft. Note in Fig.
32 that each peak in the o trace colncides with & zero crossing in g. In
this set of traces the rudder activity indicates that the yaw SAS was on,
A comparison get of traces from the F-lUJ model with pltch and yaw SAS on,
gtarting at a trim of oo = 23 deg, B, = O ls shown in Fig. 33. Again, the
motlons of Figs. 32 and 33 are remarkebly similar,

A flnsl comparieonh between flight and simulation is shown in Fig. 3!,
Both alrcraft depart from & wind-up turn to the lef+,

On the basis of the above 1t was considered that the aero model exhibits
charscteristice adequately representative of the F-4 alrcraft for ume in
analysis and simulation of stall/departure.
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ST NI TR ERATTY

APPENDIX II
Fe14A DATA PACKAGE

A, TNTRODUCIION

This appendix documents the mathematical model used in the simulation
of the FP-1L4A airecraft, The model repregents the "clean" (no slat or flap
deflection) ailrcraft at low Mach number. All aerodynamic characteristics
are for & wing sweep of 22 deg (Fig. 35) which ‘is maintained in flight by
the Mach~Sweep Programmer below M = 0.7. Aerodynamic coefficlents are
derived from wind tunnel data, with modifications based on parameter iden-
tification using flight test data.

The appendlx is orgenized as follows: the equations for the aerodyn-
amic forces and moments are presented in Section B; the origins of the
individual werodynamic coefficients is discussed in Section C; the coeffi-
clent "look-up" tables are described in Scetion D; the coefficlent data
sre llsted in Table 12 and plotted in Figs. 36 through 71.

The equations of motion presented in Appendix I, Section B, are applice
able for this model.

B, AEZRODYNAMIC FORCE AND MOMENT
COEFFICIENT EQUATIONS

The serodynamic model, Table 10, is largely based on an F-14 model used
on the NASA Langley Research Center Differential Maneuvering Simulator (DMS),
Ref. 9. Modifications were made tu incorporste additional wind tunnel duta
and simplify the functlonal dependence on sideslip angle where appropriate,
The terms ACLﬁgo(“) and Acmﬂ=o(a) were added to allow "tuning" of the model
using flight-derived trim data, Similar terms were lncluded in the laterul
equations Lo allow inclugion of nonzero sideforce, yaw, and roll moments at
B = 0., Such moments, arlsing from alrcraft asymmetrles and asymmetric vortex
ghedding, have been suggested as contributors to departure problems,
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TABLE 10. F-14 AERODYNAMIC FORCE AND MOMENT EQUATIONS
lis) Asrodynamic Force Equations
CL = Cupagrcle B) + Altgg(a) + aCup(a)(|Bypl/55) + acyy (a) |
g Mpg, (@) = Org, (a)8g (8 2 -10°)
3.
&0y, (0) = —100;,0.1&.)5. + (b + ‘°)°xb.2<°) {(Bg < ~10°) l:
Cp = Copggrg(e, B) + aCpgp(a)(|tapl/on) + anpy, {a)
‘( Mopy,(a) = Cpy, (w8, - (84 2 =10°)
f aCpy (o) = -1ocn°“(a.) + (8g + 10)Cn°.2(u) (84 < =100)
Cy = Cyprgra(oiB)+ Cypap(®) * Cyp, ()0 + Oyp,. (o B) By + cyblp(ﬂ)hp + {b/avo) [Cy,(a)r + Cyplalp]
(b} Aerodynamic Mémant Equations (x"i in % 8)
3 Cm = Cmppgro(cs B) + O0mg () + [{Xey = Xpnr)/100)(CL, cos o + Cp ain o) + ACngp(a)( |Bap)/25)
+ Alyy (aJty + (3g/2V0)Cng(a)q
‘ g () = cm”(u)a. (8, > ~10°)
Dng,(a) = 100y, (@) + (B + 10)Cmg, (&) (8 < ~10°)
Co = Crgpgyo(®: B)+ &0ng o (a) + ACny, (4)0q #in (8.2 B) + [(Xog ~ Npqr)/100](T/b)Cy + Cnp, (@18 i
A * Cng, (o, Blor + °ﬂa,p(“)°'l’ + (v/2vo)len (a)r + Cnyy(a)p]
Z Cs = Cagygye(®iB)+ 804, ofe) + c,b.(a.s)e. + c,br(a. B)oy + °‘b.p(“)°" + (bf2v5) ey (a)r + Cyplalp]
& #
g‘ NOTE: For conciseness, 5gigp has been reduced to Bg \
|
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In the DMS model the static yawing moment coefficient was treated as
a function of three variables: a, B, and dg (&g = Bgtap). The unusual
influence of stabilaetor deflection on directional stability arises from
an interaction between the engine inlet shed vortex and the vertical and
horizontal stabilizers, Ref. 10. Ezamination of the data indicated that
this effect could be modeled as a yawing moment increment which was a func-
tion of a, 3g, and p added to ‘the statlic yawlng moment CnBASIC(“’B)' Rather
than treat thils lncrement as a three varlable look-up table, it was approx-
imated as

Acnas(a)ﬁs sin (8.2p )

where AC“SB(“) is a one varisble look-up table. The sin (8.28) factor in-
sures that for &y < O (TEYU) the effect is destabilizing for either positive
or negative sideslip. The longitudinal stabilator effectiveness is nonlinear
in 8g in the DMS model, This effect was retained in the STI model but the
dependence on sldeslip was eliminated.

0. DATA SOURCES

The aerodynamic dats packasge employed in the F-14 simulator was put to-
gether from several sources and then modified somewhat to obtailn an sccept-
able match between the simulation and actual flight traces. The purpose of
this section is to document the origins of the coefficients.

Although a number of high angle of attack wind tunnel tests have beeh con-
ducted for the F-1k4, the following tests were the primary sources for the STI
nodel;

15 March-16 April 1971, NASA Ames Research Center,
12 £t pressure tunnel

August 1971, NASA Langley Research Center,
30' X 60' (full scale) tunnel
The complete test reports were rnot available for these test programs.
Selected ARC data were svailable in Ref. 10 and selected LRC data in Refs. 11,
12, and 13. The ARC data is generally considered to be the "begst", primarily
because the Reynolds number is higher; however, its use was limited in that
Ref. 10 contained only static roll and yaw coefficients as functions of a and
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p and normal force and pitching moments as a function of « only. No dynamic
derivative or control effectiveness data is available from the ARC test.
These were obtalned from the Ref. 9 DMS simulation which was based on the
LRC 30' X 60' data with some modifications based on simmlation pilots' opin-
ions. The DMS data appears to be primorily "raw" LRC wind tunnel data as it
shows characteristic scatter, and coefficients (such as Cy(a,B)) which are
not symmetrical in . When this data was used, coefficlient values at posi.
tive and negative B's were averaged, where appropriate, to produce tables

gymmetrical in B, In some cases the averaged curves were further smoothed
to reduce guestionable scatter,

The adequacy of the wind tunnel derived aerodynamic deta was valldated
by comparison of 6 DOF analytic models with available F-lL flight test data.
On the basis of these comparisons several aercdynamic coefficients wers fur-
ther modified es expléined in Bection E.

Plots of the coefficilents are shown in Figs. 36 to 71. The reference
point for all moment coefficients is on the FRL at 16% MAC. The spoiler
produces no effect above o = 10 deg and, since primary interest is in the
high o regime, all spoller functicns are zero,

D. AZRODYNAMIC COEFFICIENT DATA

For use by the simulatlion program all aercdynamic coefficienta are repre-
sented as plece-wise linear approximations i '"look-up" tables, These tables
are functions either of o only or of o and p (see Table 11). 1In either case,
the o breakpoints are every 5 deg from o = O to 55 deg. The B breakpoints
are every 5 deg from B = 0 to +20 deg. A listing of the computer data file
contalning the lookup tables is shown in Table 12. The order of the individ-
ual coefficient tables in the aerodynamic data file is ag shown in Table 11.

For functions of a only, a is lncremented by column and then row, as indicated
below:

0, 5 deg, 10 deg, 15 deg, 0 deg
25 deg, 30 deg, 35 deg, 4o deg, 4% deg
50 deg, 55 deg, 0, O, O
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- For functions of o &nd B, P is incremented first, then a, as follows:

_R_CE
1 (0} "'20).- (O, '15): (O, "10), (09 -5); (0: 0)
e (O; 5); (O: .10); (OJ 15): (0, m); (5: —90)

oo (55, 10), (55, 15), (55, 20), (0), (0)

For convenience in creating computer mnemonics,

B44ab has been sbbrevisted as By in the data file and plots.

the control variable
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TABLE 11. ORGANIZATION OF AERODYNAMIC DATA FILE

A e T

e

: a1 i CARD
} pannwTIn | roncrzon or | PARREEE %N;::l A:;Mx:tggm ';m“ngFT<§D§>
: Cumste DA - CLBAB(12,9) 08 | 871100
g ACtgeg & - oLBo( 12) 2 101
fz OLy,, o 1/deg cLbai(12) 12 10k
Clagy a 1/aeg | cLDE2(12) 12 105 ‘
&Crgp w - DXLAP( 12) 2 106
Copaze | WP - | come(12,9) 108 20
: Coay, o 1/deg | crusi(r2) 12 204
‘ Cogy, o 1/aeg cope2(12) 12 209
| 40pgy o - Dover(12) 12 206
' Cypaste o B - oYBAN(12,9) 108 b
1 Jro— s — | orm(1e) 12 301
Cyp e 1frad oYP{12) 12 303
I Oyy a 1/rad | CORUIR) 12 ok
i Oyp, a V/deg | CYDA(12) T 303
Cyap o 1/deg cyDer(12) 12 306
, Cyp, ) 1/deg c¥ni(12,9) 168 %07
Ogpanic o, B - CRBAS(12,9) 108 %00
y Atgag s — | omeo12) 12 4oy
Y p o \frad | ORP(12) 12 ho3
o Oty o Vfrad | oW(12) 2 hoh
! : Oing @ B 1/deg CADA(12,9) 108 hoy
Cinap e \/deg | CRDAP(12) 2 uos
o Oty a, B \/aeg | CRIR(12,9) 108 ko7
!‘ )‘ ComAsIC ' — CMBAB(12,9) 108 %00 ,
e A0 o - pmmo(12) 2 501
[ Ong e 1/raa | oMA(12) 12 503 :
- Cats, o \/ang | cwDe1(12) 12 506
] ) Oy yp o 1/deg oMDB2(12) 12 509 ;?j
1% ACugy o - DAMBP( 12) 12 506 o
OnpAszc L - UNBAS(12,9) 108 600 ¥
Cngag o - DONBO( 12) 12 601 L%
Ly Cnp, a 1/deg | DONDS(12) 12 o2 5
.t tng a tfraa | oNR(12) 12 603 %
3 Cng . 1/rad | GNR(12) 1”2 60l ;
Cnag a Vies | GBA(I2) 12 605 !
Cnagp o 1/deg CHDER(12) 12 606 g
: Cnar a8 Vaex | cNER(12,9) 108 607 %
|
N 57 b

¢ G
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ﬁ_ TABLE 12, ALRODYNAMIC DATA FILE
v _— o
5 G 6TATO00E-C1  0.1470500E+00 O+109BL00EF00  0,1455500E100 07740000607
2 0,145G500E4C0 O 10FBS00E+00 O 1470500E400 0.6145000E~01 0,52846301E+00
p 0.5744194E400 0, 40DA0N2EH00  0,461BIU7BE400 0.5B13407E+00  0,46185578E4+00
i 0,602408REH+00  0.5744194E+00 0, BRBATOLEH00 0.9D1EE4PE+00 0, 9B0B749E+00
L 0,1001754E401 O.1019454F401 0,1012943E401 0,10194%54E+01 0,1001754E401
i 0,980874%E+00 0,92L1YS4PE+00 O, 12135A8E+0)  0,1244BBYE+0L  0.1284404E401
-u 0,1276219E401 0. 127BP44E+0L 0, 1274019E4+01 0, 1284404E401 0.12448B9E401
3 0,1213586E401 0, 1439421E+01 0, 1515402E+01 0.1563RFLE+0L 0, 1%589673E+01
g 0,16031460E+01 O 154P473E4+01 0, 1U63294E+01 0,1515402E+01 0,1439421E+01
. 0,1640450E+01 O0,1658947E401 0,1740003E+01 0.17642B9EH0L  0,1774422E401
3 0,176462B9E+01 0, 1740003E+01 0,1498947E401  0.1640450E+01  0,1720108E+01 |
4 0,1790444E+01 ©,1052892E401  0,1898136E+01 O, 1927053E+C1  0,1B98134E+01 ~ BASIC
9 0, 18526726401  0.1790444E401 0, 1720108E401 0 1733031E401 0, 17703245401
3 0, 18407%52E401 ©0,1870520E401 0,193010%E+01 0Q.1870520E401 0,1B40752E+01
§ 0,1770324E401 0.,1733031E401 0. 1444409E+01 0. 1469172BE+0L 0,1 712288E401
iy 041748122404 0. 1771B12E+0L O, 1748120E+01 0.1712288E401 0.1451728E+01
. 0416664096401 O, 1547197E+01 0,1610224E40%  0,141718BE+01 0,1 657013E401
0.1468984E401 0,1452013E401 0,141718BE+0L 0. 1610224E401 0,1%47197E+01

i 0,14746011E401 0, 1499V0BE+OL 0. ABRIBATEH0L  0.18546793E+01 0, 15B0945E+01
o 0.15046793E401 0, 1%21349E401 0:1499908BE+01 0.1474001E+01  0,1346354E401
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E. VALIDATICN

This section documents the validation of the F-14 high angle-of-attack
aerc model against flight test data, Basically, it was necessary to deter-
mine whether the simulation mndel would produce the high o dynamic phenomena
of the unslatted F-14A, specifically:

; ® Mildly divergent dutch roll in the AOA range
. 12 to 22 deg
® Wing rock when AQA ig meintained in the 12 to
25 deg range at low Mach Number

® Roll reversal starting at a = 18 deg when dif-
ferential tail 1s used to roll the aircraft

1. Validation Mathods

Two baslic methods were available for compsring the s.mulation model with
the flight test date. First, simulation time response traces were compared
directly to the flight test traces. This approach had limited success, since
the STI unpiloted time-domein simulation program dces not have provisiou for

é non-zero acceleration initial conditions (i.e., the aircraft is assumed to
; start from a steady trim condition) and does not have the capability to re-
produce the complex control inputs of the flight traces.

The second methnd involved extracting values of damping ratlo, ¢, and fre-
guency, w, by locally approximating oscillations in the flight traces with a
second-order linear-system response, In regions where the control inputs were
fixed or could be related to identifiable feedback loops, flight-derived ¢
and w values could be compared to opeh-or closed-loop roots obtained from small-
perturbation linearization of the simuletion model. This second method was
particulsarly useful, since the lateral oscillatory response was of primary

-

P S Rt

interest and the linear response parameters ! and o can be directly related

to the aircraft's stability and control derivatives through literal approxi-
mate factors, Ref. 1., The approximate factors were rewritten for body-center-
line-axis stability derivatives, Table 13, rather than the usual stability-axis

e e

factors, so that the regponse parameters could be related directly to the aero-
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dynamic model body axis moment coefficients. Thus the significant stability
and control derivatives for a given response parameter could be determined

and modified to match the flight test result. Such parameter modifications
made by linear analysis were then checked by extracting t and v values from

non-linear simulation time responses.

; TABLE 15, APPROXIMATE FACTORS FOR KEY LATERAY.-
: DIRECTIONAL PARAMETERS AT HIGH AOA USING BODY
4 CENTERLINE AXIS DERIVATIVES (7, = O,Bo ™ O)
2 1 1 UO
ay = NF‘ - Lﬁ tan 84 8 vr
. ]
3 W
. ' ' g \ 1 °
3 2tgqug = =Yy =Lp + [Np - v'T—o', Tan og
.:‘ N' L 1
-Tl- R B {-LI', + —é Np — £— + Ny ten eo)}
R Né - Lé tan 8, N VTO
1 R g
. S VN - N SNTY =Tt
ol & {LB(Nr Ni tan 8;) —Ni(L} ~ Ly tan Go)}
2., Plight Test Conditions and Configurations

F-1b flight test data covering the high~o region was obtained from the
menufacturer, Ref, 15. From this data six flight test runs (Table 14) were
found which were sultable for comparison with the STI simulation, Three dif- _
ferent aircraft were involved in these tests. One flight, No. 199, was only .
uged tfor comparison with the simuletion trim routine,

Reproductions of the flight test traces are shown in Flgs. Tk, 75, T8, N
80, 82, and 84, Aircraft P and 3 had flight-test nose booms with angle-of-
attack and sideslip-angle sensors. The a traces for Flights 230-5 and 230-6
(Aircraft 3) are "raw" noseboom w (denoted apyp on the traces). Noseboom a
is related to true o by

apgup = 8561 ayogmRoom * +178 dee é
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Aircraft 1X had no nose boom and hence no sideslip sensor. Angle of
attack was measured by the ARI nose probe and dencted QpRr O0 the traces.
The nose-probe o is related to true a by

{ OTRUE = 8122 ANOSEPROBE + 797 deg

: The simulation model was designed to represent the "clean" (flaps
and slats retracted) F-1lk at low Mach number and forward wing sweep (22

deg), Flg. 35. The flight test runs used for validation match these cons
3 ditions as closely as possible, specifically:

® TFlaps and slats are retracted except for
Brlap = —2 deg on Flight No. 236-1

® Mach number below M = .35

. ® Wing sweep, A = 1920 deg
® (Glove vane and speed brakes retracted

® No external stores

The maneuvers were performed at n, = 1 g, elther by maintaining speed ani
ADA constant and exciting lateral motions with e doublet, or in a "1 g stell"
i in which angle of attack ia steadily increased as speed is decreased., ILongi-
, tudinal acceleration, 0T’ varied from O to ~0.4 g, and large negative flight
path angles were reached at higher angles of attack. Falrly large excursions
in mean bank angle occurred in some runs, but lateral acceleratlions were gens
k erally small. 'True AOA ranged from 13 deg to %2 deg, which covers the range
1 of interest for high AOA phenomens onh this aircraft.

[ At low speeds the lateral SAS gains are scheduled with AOA (Figs. 72 and {
3 73) such that; i
)
: ® yaw SAS off a > 10° :
u{ ] al&tstick —= By phased in 10° < o < 200

" ® Roll SAS and command

© < g« 30
1 augmentation phased out 00 < < HN

g 8l
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Where o as used in Pigs. 72 and 7% is the angle of attack as measured by the

: ARI nose probe. According to this schedule the yaw SAS should be off for all
) cagses. However, Flight No. 243 appears to have the yaw SAS on as will be dis-
cussed later. Flights with roll SAS and ARI on were included.

i 3. Flight Test Comparisons snd Derivative
Modifications to Mateh "Wing Rock"

. Flight 199 (Aircraft No., 2)

. Flight 199, Fig. 74, is & 1-g stall maneuver in which angle of attack is

1 increased steadily from 10 deg to almost 4O deg with a ramp (TEU) horizontal
stabllizer input. This maneuver was used tou check the simulation trim values,
At a given speed, 1~g trim values of o and Bgtgp from the simulation were com-
pared to the flight a and dgygy traces. Initial comparison using the original
wind tunnel derived aerodynamic model gave good comparison with flight o butb
the flight dg4yp traces indicated a more trelling-edge-up deflection. The
original simulation Oy (a,p) was based on the LRC wind tunnel data (which dif-
fered from the ARC datae bty an essentially constant nose up increment). A
ACma:o(“) increment of -,055 was added to the simulation to bring the piltching
moment into line with the ARC data. This change resulted in a better match of
the Bg4gp trace, as shown by the circled points in Fig., Th.

Flight 243 (Aircraft No, 3)

In the time "slice" of interest (t = 33-50 sec) AOA 1s maintained at 18 %
2 deg, Fig. 75, In this AOA regioh the gain schedule implies that the yaw SAS
and ARI are off and that the roll SAS is on. However, compuarison of the yaw
rate and rudder position traces indicates that the rudder is correlated with e
yaw rate at approximately the magnitude and phase angle that would result from
the yaw damper, The rudder pedal and lateral stick are both effectively zeroed,
and thus the alrcraft response can be congidered the free response of the aug-
mented airframe.
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The alreraft exhibits a divergent "wing rock" osecillation. The fact
that the envelope appears to grow linearly with time rather than exponentlally
indicates a somewhat nonlinear response; however, approximate values of damp-

ing ratio and frequency can be extracted as:

e s e

t = =05

w 1.4 red/sec

The dutch roll root obtained from linear analysis using the original
(wind tunnel derived) aerodynamic date is stable and about 15 percent lower
in frequency than the flight value. This is shown (both SAS off and SAS on)
{in Fig. 76. The body-axls approximate factors, Table 13, evaluated with the

onliginal aerodynamic date yleld

(- ten 8, Lg )1/2

S Sk e R

4
.o 988 1/2
= 1,21 rad/sec ;
1 [} 1 {‘
Cd“’d = ~2-—[---1", - Lp + T, (Ni; ~ V%;)] \

[

+ (LOWT5 + 5738 = L0978 — ,3510) ?

.086%

These approximations ave within 4 percent of the values obtained by numer~
lcal factorizatlon of the characteristic equation. It can be seen that
either an increase in dihedral effect, Cpgr OF & decrease in roll moment
of inertls, Iy
the magnitude of the roll damping, Cip, or a more positive value of the

» would increage the dutch roll frequency. A reduction in

crogs coupling parameter, Cnp, would reduce the dutch roll damping. Such
changes vere made iteratively using the approximate factors for guidance

until the duteh roll reasonably approximated the obgerved frequency and

divergence rate,
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These changes produced a small-perturbation (linear, dutch roll root at
[ta, @a] = (- .071, 1.41] for the bare airframe, and [ta, wg] = [—.041,
1.43], SAS on, which can bn compared with the flight-derived root in Fig. 76.

To check possible nonlinear effects the alrframe alone “igital simulation
was run, Fig. 77, with the finsl modified parameters, The .pproximete £ and
w in response to e pulse rudder were extracted as for the flight test data.
This resulted in [f,0] 2 [-.045, 1.4] for the bare airframe Actually the
frequency started at about 1.45 rad/sec and decreased to about 1.35 rad/sec
as the amplitude of oscillation increased. With the SAS on the roct moves to
(t,w] = [=.024, 1.40].

Flight 234-1 (Aircraft 1X)

The Flight 234-~1 maneuver was performed at an approximately constant AOA,
oo = 15 deg, Fig. 78. 1In the time slice of interest, t = 15 to 28 seconds,
the yaw SAS 1s off per the a schedule, as can be confirmed from the rudder
position trace. The ARI is scheduled at 60 percent but has no effect since
the lateral stick is fixed, The roll SAS which would normally be on at this
AOA has been switched off, as can be seen from the roll series actuator trace.
Thus from t = 19 to L3 seconds the response is that of the bare airframe.
This shows an oscillating divergence (dutch roll) with [,u] = [=.07, 1.4 rad/

secl.

Calculation of the dutch roll root using the original (wind tunnel) aero-
dynamic data again produced a stable mode, Estimates of parameter changes
required to match the flight test divergence indicated that a level cf roll
damping comparable to the final Flight 243 match, Cgp = -.08 1/rad, was re-
quired. When this Cep value was used in the nonlinear simulation of the bare
airframe, Fig. T9, the approximate damping ratio and frequency were found to
be [¢,w] = [~.058, 1.43].
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P S

Flight 236-1 (Aircraft 1X)

The Flight 236-1 maneuver was & 1 g stall in which angle of attack was
steadily increased from o = 13 to 28 deg in the time slice examined, Fig. 80.
The roll SAS has been switched off, as seen from the roll series actuator
trace and the lateral stick is fixed, thus the differential tail is zeroced.
The yaw SAS is also off per the a schedule. Between t = 35 and 40 sec the
lateral stick and rudder are used to excite a rolling oscillation., The
lateral stick ls then centered and held fixed. A rudder pedal input ls made
at t = 43 sec, Also hote that the rudder apparently was used to counter some
other disturbance since the aircraft is rolling to the right and the rudder
input is trailling-edge left. Thus the rudder input and other disturbance mey
contaminate the response sufficiently to alter the apparent { and w values.,

Ag in the Flight 243 trace, the envelope of the bank-angle osclllation appears
to grow linearly with time rather than logarithmically, but an estimate of the
response parameters gives [{,w] = [~.085, 1.30 rad/sec].

Matching of this flight condition was done directly from nonllnear simue
lation time responses, Iig. 81. Matching frequency required a 30 percent in-
crease ln Iy (at this heavy weight the aircraft has approximately 4,000 1b of

fuel in the wings) and matching the divergence rate required reducing the roll

damping below the level of the wind-tunnel data in the 20 < w < 30 deg region
(again similar to the CZp reduction required at 15 < o < 20 deg). The final
simulation time response shows a nonlogarithmic ¢ envelope, similar to the
flight traces, which is possibly a nonlinear effect of the time-varying a.

Oscillation frequency derived from the simulation ¢ trace varies from 1.40 rad/

sec at low amplitude to 1.1 rad/sec at large amplitude, Damping ratio varies
from =11 to '-50850

Flight 230-5

In the time slice examined, the angle-of-attack was roughly constant at
a= 29 deg, Fig. 82, Although there is considerable stick activity, the roll
SAS end command augmentation is almost phased out at this AOA and thus the
differentinl stabilizer is essentially zerced. The large-smplitude rudder
oucillation is due primarily to the lateral stick deflection acting through
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the stick-to-rudder interconnect (SRI). From an examination of the rudder
and roll traces it cannot be determined immediately if the pilot was attempt-
ing to excite the roll with the rudder or was feeding p, ¢, or both to rudder
to damp the oscillation. The latter possibility can be checked by considerw
ing a system survey (root locus and Bode-siggle; see Part I, Section II) for
¢ — By loop closure as shown in Fig. 83, It can be seen that at gains on
the order of those cbserved in the flight traces, Ko, 2 1 deg/deg, the dutch
roll 1ls stable but & divergent first-order root appears. Since no aperlodic
divergence is apparent in the flight traces, it would seem likely thet the
rudder input 1s an open~loop excltation. From the flight traces, the fre-
quency 1s w £ 1.4=1.6 rad/sec and |o/op (Ju)| = .6 to 1.0 (b4 dB to O &B).
This is in reasonsble agreement with the open-loop Bode plot of Fig. 83 ihdi-
cating that the rudder effectiveuness is reasonable at this angle of attack,
£ 29 deg.

Flight 230-6

From + = 20 to 40 seconds, AOA is increased rapidly with a ramp stebila-
tor input, Fig. 84. The rudder and lateral stick are essentially zero during
most of this time. 'There is no evidence of a divergent lateral oscillation,
which is in general agreement with the simulation which indicates a stable
airframe in this angle-of-attack reglon (o > 25 deg). The simulation ylelds

R ._EE__ e
25 +,097 1.22 rad/sec
30 +.2hh .93 red/sec

L, Roll Reveraal Validation

Figure 85 ghows the migration of the un)root with AOA. It can be geen
that between a = 15 and 20 deg uy, becomes real with one zero in the right
half-plane, This produces an initial open~loop roll opposite to that com=-
manded with lateral stick. It also results in & first-order lateral-direc-
tional divergence if the ¢ —» &p loop is closed, Fig., 86. This behavior can
be traced to the change from proverse to adverse yaw at a = 18 deg shown in
the Cn&D vs. a plot of Fig. 87,
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