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Appendix I, deg/in
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Appendix I, 1/deg? op
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M
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Dynamic pressure, 1/2 gVp, lbs/ft
Reference wing area, £te

Aircraft thrust, lbs

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

Total aireraft inertial translational
velocity, ft/sec

Aircraft weight, lbs

Reference longitudinal, lateral, and vertical
axes, respectively

Aircraft longitudinal center of gravity, % C
Reference longitudinal center of gravity, % ¢
Total side force, ESCy, lbs

Offset of thrustline from X-body axis, ft

xiii



Acngs

Y,0,P

NOMENCLATURE {cont'd)

Aircraft angle of attack, deg
Sideslip angle, deg

Iongitudinal flight path angle, deg
Aileron surface position, deg

Lateral stick position, Appendix I,
Bstk = Ko, Ba + 11.58 Byp, in.

Rudder surface position, deg
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Incremental drag coefficient due to
external stores, Appendix I

Incremental drag coefficient due to
state variable
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sideslip, Appendix IT
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Incremental pitching moment coefficient at
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Incremental yawing mwoment coefficient due
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B

BASTIC

Cg
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ref
8
T

W
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Math Symbols
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APFENDIX I

F=4J EXTENDED ANGLE-OF-ATTACK
SIMUTATION MODEL

A, INTRODUCTION

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

The appendix is organized as follows: Section B presents the equations
of motion including a discussion of assumptions, axis systems and transfor-
mations, The equations for the aerodynamic force and moment coefficients
are presented in Section C. The airplane physical characterigtics and con-
trol system are described in Section D. Section E summarized the data sources.
The aerodynamic coefficient data are presented in Section F. The coefficilent
"lockup" tables are listed subsequentially in Table 9 and plotted in Figs. 5
to 28. Validation of the model with flight test data is given in Section G.

B. EQUATIONS OF MOTION

The nonlinear six-degree-of-freedom aircraft equaticns of motion used in

the simulation programs are consistent with the following assumptions.
1. Assumptions

a. The airframe is assumed to be a rigid body.
b. The earth lg assumed to be fixed in inertial space,

¢. The mass and mass distribution of the wvehicle are
agsumed to be constant.

d. The aircraft has a plane of symmetry.



e, Effects associated with rotation of the wvertical
relative to inertial 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 Zy
axis along the local gravity vector and the X, YE axes in a horizontal
plane with arbitrary, but fixed, direction.

The Body Axes are fixed in the aircraft with the Xp axis positive
forward along the fuselage reference line, The 2p axis is in the plane
of symmetry, positive down, and the Yp axis is perpendicular to the plane
of gymmetry, positive out the right wing. The Body Axes are located
relative to the Earth Axes by conventional Euler Angles ¥, @, and ¢.

v is a rotation of the Body Axes from the Earth Axes sbout the Zp axis;
8 is a rotation about the intermediate Yp axis; and, finally, ¢ is sbout
the Xg axis. All angles and angular rates are positive in a righthanded

sense.

The fipal axis system is called Flight Path Axes. They are aligned
with the aircraft inertial velecity. For the still-air case considered
here they are identical to Wind Axes (usually aligned with the aircraft
veloeity relative to the air mass). Herein we use the more conventional
W subscript and Flight Path, Flight, and Wind interchangeably. The Xk axis
lies along the aircraft total velocity vector, Vp; the Zyg axis is in the
aircraft plane of symmetry; and the Yy axis completes the right-handed
orthogonal set, The Wind or Flight Axes are located relative to the body
by the angles of attack, o, and sideslip, B; a is a rotation about the
Yp axis and B a rotation about the Zy axis {if « = 0).

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

] ]

XB rcos a cos B —cos a sin B -sin a Xw

g | = sin B cos B 0 Yy (1)
Zp | sin @ cos B —sin a sin B cos a LZW

L R J
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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 X, Yp, Zg 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 = (cR +cgP)Q + e5X + o7z
Q = o+ (B2~ P2) +em (2)
R = (cgP+cqR)a+ oy +cig72
where
ey = 6{(Ly - 1)1, — 15} 6 = Ig/l

eo = G-{'Ix -+ Iz} ) . er = 1./Iy (3)

ez = G I eg = G{ (Ix—Iy)Ix+I§Z}
o = @Iy, cg = G{ Iy-xz-xx}xm
05 = (IZ - IX)/Iy clo = GIx
- 2
G = 1/(IxI; - Ig,)

I Iy, I,, and I,, are the moments and product of inertia with respect to

the Body Axes. £, /¥, and 7 are moments sbout the Body Axes due to
aerodynamics and aircraft thrust.

4. Force Equations

Flight Path Axes force equations are used for computational efficiency.
The derivatives of a, B, and the aircraft total inertial translational veloc-

ity, VT’ are related to the external forces by:



@ = Q- tan p(P cos @ + R sin a) + Zw/(mVT cos B)
B = Psina—-R cos a + Yo/ (mVep) (4)
‘}T = Xw/m

X Yy, and Zy are the components of the total external forces {aerodynamic,

thrust, and gravity) along the Flight Path Axes. m is the aircraft masse

The equation is limited in accuracy to small sideslip angles. The
large excursions in angles of attack and sideslip encountered in the piloted
similation necessitated a change in definition of &+ The Body-Axis equation

for vertical acceleration, ﬁ, was substituted:
w = QVp cos B— Vg sin B (P cos a + R sin o) + Zy/m

and the definitions for o and B were a = sin-1 W/VT, B = sin”] v/VT-
These excursions were not experienced in the preliminary analytical work per-

formed in preparation for the piloted simulatione.

5. Thrust Geometry

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
offset, Zj, as indicated in the sketch below,

6. Body Axis Moments

The roll,}f , and yaw,71., moments are due to aerodynamics only, while
the pitching moment, 771, includes a thrust term. These are given by:

£ = asbC, ; M = gsecp + 2T 7 = asbc, (5)



g 1is the dynamic pressure; b, &, and S are the reference span, chord, and
wing area, respectively. sz Cp, and C, are the total body-axis non-

dimensional aerodynamic moment coefficients (referenced to the c.m.).
7. Flight Path Axis Forces

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

% = T cos B cos (@ + &g)
+ mg{cos ®cos PsinacosBP—sin® cosa cos P + cos @ 3in ¢ sin B}
+ YA gin p — D cos B
(6)
Yy = -T sinp cos (a + &g)

[

+ mg{cos © s5in ® cog B + 5in ® cos o sin B — ¢cos B cos ¢ sin o sin B’

+ YA cog B +D sinp

-T gin (a + &) + mg{sin ® sin a + cos © cos d cos a} - L

&
n

L, D, and YA are the aerodynamic forces and are given by:

L = s8¢t
D = gsCp (7)
Y, = qsCy

C;» Cp, and Cy are the 11ft, drag, and side force coefficients, Lift, I,
and drag, D, are assumed in the plane of symmetry; lift positive up and per-
pendiecular to the velocity wvector, drag positive aft and along the projec-
tion of the total veloecity in the plane of symmetry. The side force Y, is
that component of the total aerodynamic force which is perpendicular to the
plane of symmetry; it lies along the Yp axis and is positive out the right
wing.



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 available.
8. Body Axis Buler Angle Rates

The Body Axis Euler angle rates are related to the angular velocity

components by:

v = (Recos ¢ + Q sin ¢)/cos @

®-
il

Q cos & —R sin ¢ (8)

® P+vsin®

9. Body Axls Velocitiles

The components of the total veloeity along the Body Axes are:

U = Vg cos a cosp
Vv = VT sin B (9)
W = Vp sin o cos B

10. Earth Axdis Velocities

The Body Axis velocitles are transformed through the Euler angles to
yield the Earth Axis velocities.

Xg = Ucos ® cos ¥ + W(cos & sin ® cos ¥ + sin ¢ sin ¥)
+ V(sin ¢ sin ©® cos ¥ — cos ¢ sin ¥)

¥, = Ucos @ sin ¥ + V(sin ¢ sin @ sin ¥ + cos ¢ cos ¥) (10)
+ W(cos ¢ sin ©® sin v — sin & cos ¥)

Zp = —Usin® +V sin & cos ® + W cos ¢ cos ©



Aircraft Plane
of Symmetry

Ya { Positive)

Yw
(Positive)

Figure 2, Relation of Aerodynamic Force Axis System
to Wind Axes



11« Alreraft Controls

The aircraft is assumed to have pitch, roll, and yaw controls, i.e.,
Bgtabs Cas Dsps and Bp. Positive deflections and travel limits for these

controls are given in Section D of this appendix.
12. Auxiliary Variables

Addjtional variasbles which are useful in aireraft dymamics studies

are given below.

a. Flight Path Inclination Angle, 7y

tan y = -2/ /3@ + ¥2

or giny = ~i/VT (11)

or gin ¥ = 8in ® cos a cos P
—¢os @ sin @ sin B

~cog 8 cos ¥ sin o cos B
b. Altitude Rate, H

= -z (12)

m-

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

axcg, aycg, azcg

r-5@:0%- (ﬁos @eos B =—cosasinfP —sin a,H
aycg = sin B cos B 0
ach sin o cog B —sina sin B cos «
- T T B (13)
r-%T -sin 8
X VT(é — P sina + R cos a) ~ g| cos @ sin &
Vp cos B[& -~ @ + tan B(P cos o + R sin a)] cos ® cos &



or

[ 7] B .
8%cg T cos £, ~D cos o + L sin o T
ach = _1117 s
aZCg -T sin ¢, — D sin e~ L cos a
b - — e

d. Body-Mounted Accelercmeter Signals at Arbitrary Point
(2, %y, 2;) in Body, ay, af, &}

a]'c a‘Xcg 0 .ﬂz -—.ﬂy P
] -— —
ay | = a‘ﬁfcg + £y | 0 Ly Q
al by =P 0 R
z “Zeg v s (1)
- - - — - -
Q R Q 0 £, —£y P
R 0 =P —ﬂz 0 2 Q
- P 0 £ -4 R
L. J4 L ¥ x B .

Lys zy, and £, are the coordinates of the arbitrary point in Body Axes.

e. Stability-Axis Angular Velocities, Pg, Qg Ry

A body-fixed Stability Axes system (Ref. 1) may be defined which is

located with respect to Body Axes by the trim augle of attack, o

The

components of the aircraft's total inertial angular velocity in body-fixed

Stability Axes are given

by:

P cos ag + R sin aq

= @

i

=P sin ag + R cos oy

10

(15)



f. Stability-Axis Euler Angles, ¥

5’8

¢

=R S

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

cos Qg S1n ¥ cos ® + sin ao(sin ¥ sin @ cos & — cos ¥ sin &)

tan = - - : -
Vs Cos Qg COS ¥ cos © + sin Ggleos ¥ gin © cos @ + sin ¥ sin @j
sin ®@; = cos og sin @ — sin ay cos © cos (16)
or
cos ag sin ® — sin o, cos © cos @
tan © = cos &
S S Jcos a, c0s @ cos ¢ + sin a, sin ©
and
cos © sin ¢
tan ¢ =

cos ag cos @ cos ¢ + sin ag sin @

g. Stability-Axis Euler Angle Rates, ¥g, Og, o

=

¥ = (Ry cos &4 + Qg sin &g )/cos @4
8g = Qg cos ®g — Rg sin &s (17)

h. TIlight Path Azimuth Angle, A
tan A = Y/X (18)
€. AERODYNAMIC FORCE AND MOMENT COEFFICIENT EQUATIONS

Aerodynamic forces and moments have been defined in terms of the total
non-dimensional aerodynamic coefficients, i.e., the stability-axis force
coefficients (p, Cp, Cy and the body-axis moment ccefficlents Cy, Cp, Cy.
As shown in Fig. 3, thege are functions of the aircraft state, the control

surfaces, tabular coefficient and derivative data, and constant parameters.

1
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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 given in Section F) and the
constant parameters 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 O deg < a <
110 deg or O deg < a < 45 deg. Iinear interpolation between adjacent data
points was used to obtain derivative values for intermediate values of a.

All coefficients and derivatives except Crpagye and CmBA are symmetric

SIC
functions of a and the absolute value of « was used to cobtain the derivative

value. is an anti-symmetric function of a; as indicated in Table 1,

Cupag1c
|a| is used to obtain the table value and the sigh of the appropriate ferm
is changed for negative a's. In general for IaJ's which exceed the range
of the tables, the derivative value for the maximum |a] given in the table
is used. This is shown explicitly in Table 1, where the complete equations
have been given for each a range. It should be noted that, except for Cr,
the equations themselves are not dependent on the o range. CLBASIC is not
quite anti-symmetric; the explicit equations for 1lift coefficient at nega-

tive angles of attack are given in Table 1,

&ka ia the only two-dimensional function used; the table contains valges
for !B[ from € deg to 30 deg in 5 deg increments. For !BI > 30 deg, the table
values for B = 30 deg were used. The organization of the data is discussed
further in Secticn F.

As Table 2 indicates, there are two sets of data for each of the deri-
vatives Cﬂﬁi’ Czpj’ &ka, and Cnﬁg, Selecting the proper combinations of
these derivatives results in the desired four basic aircraft configurations

as indicated in Table L,

1%
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TABLE 1.

AFRODYNAMIC COEFFICIENT EQUATIONS (Concluded)

b) Body Axis Moment Coefficients

lo? s\l 21807

Coef. « Ramge Equntion
] < 4s5.° C = Cgﬁi‘(lﬂl)/ﬂ + %‘.i_ Cﬂ%(l-(\) P+ C,Q,.(MD r}
- + (g (ch) sq: Cog (i) Ssp + Cpg () S
Homert 46" S el <tio® | Cg = Cf?@;“"“)/g t -z-gl_{qf%(qsf)? + Cp, (45°) r
£ + c,'g&(qs.') Sat C’,qssr(qsr) Ssp + cpsr(a,s_-) Sk

Co = Cog o)A+ -2;-"? {Cf,:i 4s%)p + CO. (A5 r §
10l (4s7) $a t @e;*(*is’) Ssp + Cpsr@-s.") Sr

Pﬂ‘chfg .

o] < 4s5°

458 ¢ WX} <ho®

ot $ |} = |so°

AL WA

Conngr™ Imgssc (D 564 + AC,, A1, 87
+;'9~71-{ cm,b{.\-a\) g, + Gmg (1)) & -_"5
 LmgGrs K6 81T S
+ thsaf_ hﬂ) [,Sa.‘ + CMSSP( [‘*‘&) l SSPI

cml‘F’ {C‘““su: ([dlji 5-& ¥ ﬁCMk(‘q‘s:is*.)

+ a7, { Cmy tas?) g, + Crui (452) &3

+{Gng L1+ Kg“%\ﬁ\} Sshb

+ Gag (05°)13a) + Cmésp(ﬁ's‘.') | S5l
Corgep= {cmfm (W0")ESGA+A Cuy (357 A%)

+-%§{Cm1s(l+s")aﬁ " Cm‘;((il—s.') 5(;

+ {Cmss&lo.") 4 Kg"‘*“' 3 3 Sctab

+ Cwg (457) 1S} + Cog (45) 1551

& e
s gl 1

{oe, & >0, SeA =]
ﬁa..ou.o) 64 7 -1

Cm = Cmgert {Eﬂ:::m} § CLem )+ Cosint §

Yauw: wg

4

Jal <us”
45> <\l < 1807

Aares

Cracr= g (1x1) B 4 —2%,}{&?(!_«)? 4 Cnp (Y
+ C‘ns‘(lod) Sa + Cn Ssp( 1) Ssp +Cag (1«1 Sir
Criger=  Cngp (s +3% {np(460p + Ony (a87) 1§
+ Crg, (5% Sas Cag (45 Ssp 3+ Cng (45) Sy

Cr = Crog v {Xopdoar 3 CE 2 Cy
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TABLE 2. ORGANIZATICN OF
TABULAR AERODYNAMIC DATA

MIVEMON IC
PARAMETERS FUNggION UNITS | AND ARRAY Llﬁis x
piMensIONs | NUMB GRID
ClLpasic a - CLEAS{23) -8 c.{5.)110.
L8gran a 1/deg CLSTAB(23) { 9-15 0.{5.)110.
CDpaste o - CDBAS( 23) 16-22 0.(5.)110.
Cyg a 1/deg | CYB(23) 23-29 o.(5.)110.
Cyp a 1/deg CYDR(10) 30-33 0. (5105,
Cgs1 a t/deg | CcEB1(23) 34-ho 0.{5.)110,
' Ceg, o 1/deg | CBB2(23) Ly G.(5.7110.
Cgp‘ a 1/rad | CRP1(10) 48-51 0.(5.)b5,
cgpz @ 1/rad | CRP2{10) 5255 0. (5. )5,
Cy a 1/rad | CRR(10) 56-59 0. (5. )45,
Cos,, a 1/deg | CRDA(10) 60-63 0.05.)45.
Cepgp s 1/deg | CRDSP(10} | Bh-&7 0. (5.)k5,
Cosy a 1/deg CRDR(10) 68-71 C. (5.)45,
Crpas e a - CMBAS(23) | T2-78 0.{5.)110.
ACm, a, B - pemi{10,7) | 79-95 0.{5. k5.
ACg a, B - peM{10,7) | 96-112 0.{5. Y45,
Cmg o tfrad | cMa(10} 113-116 | 0.(5.)45.
Ty, a 1/rad | cMAD(10) 117-120 | 0.(5.}L5.
g rap a 1/deg CMSTAB{23) | 121-127 0.(5.}110.
cmaa a 1/deg | CMDA(10) 128-131 0, (5. )45,
s a 1/deg | opsp(10) | 132-135 | 0.(5.)4s.
)
cng1 a 1/deg CNBI (10) 136-139 0.(5.)hs.
C“ﬁz a 1/deg CNB2{10) 140-143 0. (5. )45,
Cnp a 1/rad | CNP(10) 14147 | 0.(5.)45,
Coyp @ 1/rad CNR(10) 148-151 0.(5.45,
Cng,_ a 1/deg | cEDA(10) 152-155 | 0.(5.)45.
Cng a 1/deg | CNDSP(10) | 156-159 | 0.(5.)45.
sp
Co, a 1/deg | CKNDR(10) 160-163 0.(5.145,
r

* 0.(5.)110. indicates values are given for a from O deg to 110 deg
in 5 deg increments, i.e., ©%, 5%, 10°., ..eus 1c00., 105°., 1109,
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TABLE 3. CONSTANT AERODYNAMIC COEFFICIENTS

ACDgmores' ™) 0037
c%a( 1/deg) —. 000167
Cy&sp( 1/deg) —. 00006
K;mf’stab (1/deg?) .0001 1

TARIE 4, AIRCRAFT CONFIGURATION/DERIVATIVE COMBINATIONS

ATRCRAFT DERIVATIVE INDEX
CCNFIGURATICN Cp B: C,gpj HCmy cnﬁﬂ
i J k £
A 1 1 1 1
B 1 2 1 1
c 2 1 1
D 1 1 2 2

17



D. AIRPLANE PHYSICAL CHARACTERISTICS AND
CONTROL: SYSTEM

1. Physlcal Characteristics

This section describes the pertinent dimensions of the airplane (weight,
wing area, inertias, etec.) and defines the control surfaces. The model is
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 cutlined below and control surface limits are given
in Table 6.

2., Control System

Iongitudinal control is provided by an all-moving horizental tail. ILat-
eral control is provided by a combination of spoilers and ailerons. The all-
erons deflect dewnward only; the speoilers deflect upward only. The left ail-
eron and right spoiler operate simultaneously, as do the right aileron and
left spoiler, S8pciler and aileron deflection are combined by a simple relation:

Bgp = 1.433%,

Directional control is provided by a conventional rudder.

The longitudinal control system is outlined in Table 7, and the lateral/

directional control system is shown in Fig. 4.
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TABLE 5. AIRPLANE DIMENSIONAL PARAMETERS

SYMBOL DEFINITION VALUE
b Wing span, ft 38.67
¢ Wing mean aerodynamic chord, ft 1604
s Wing area, ft° 530
W Airplane weight, 1b 37,000
Xper Reference center of gravity, %c 39
Xeg Actual center of gravity, %c 29.3
I, Moment of inertia about X-body axis,
slug-ft2 23,850-
Iy Moment of inertia about Y-body axis,
slug-ft° 127,L00.
I, Moment of inertia sbout Z-body axis,
slug-f£t? 146,000.
Ixz Product of inertia about X-Z axes,
slug-£t2 2210.
go Thrust inelination, deg 5+.25
zy Thrust offset, ft -0.336
H Reference altitude, ft 15,000
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TABLE 6.
CONTROL SURFACE DEFINITIONS

SURFACE DEFLECTION LIMITS, DEG
Sgtaps Fositive TED 21 up, 9 down
8., Positive Left TED 0 up, 30 down
Bgps Positive Right TEU 43 up, 0 down
&p, Positive TEL +30
TABLE 7.

IONGITUDINAL CONTROL SYSTEM

® o SAS or CAS

® Basic F-4 marual control system gain,

Botap 510ng = L4.16 deg/in.

® Feel system — simple spring/damper
(gradient ~ 3.5 1b/in)

® DBreakout — 1.5 to 2 1b
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¥. DATA SOURCES

This section outlines the sources for the aercdynamic data presented in
this appendix., Reference 16 was used as the initial data base for this sim-
lation model. The Ref. 16 data covers &n a range of —5 deg to 31 deg and a B
range of —10 deg to 10 deg. Wind tunnel tests of an P-4 model (Ref. 2), cov-
ering an o range of —i0 deg to 110 deg and a B range of —L40 deg to 40 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 initial data

set. Three separate sources were utilized in Ref. 16.

The first two seis of data were supplied to STI for a previocus study.
One, Ref., 3, was based on the spin study data (Ref. L). The second was sup-
plied by NASA Tangley and was based on several NASA tunnel investigations
(e.g., Refs. 5 and 6). The Ref. 3 tabulation was a function of a, B, and
Bgtap for the range:

O<a<9deg ;3 O0<p<Llodeg ; —21 < Bgyy, <0 deg
The NASA tabulation was a function of a and g for the range:
-0 < a < 120 deg ; —U0 < B < +40 deg

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

The third set of data (Ref. 7) was obtained from the NASA Langley Differ-
ential Maneuvering Simulation (DMS) investigation of the F-4J and slatted F-4E
aircraft. Several key damping derivatives were updated from Ref. T based upon
NASA correlation between several sets of tunnel data and evaluation of aircraft

response obtained in the simulation, These data also are in lock-up table for-

mat with coefficients as functions of a, M, and H over the range:
-5 <a<30deg ; .2<M<2,4; 15,000 < H < 45,000 £t

The sideslip coefficients are valid over the range B = *40 deg. Thrust and
drag effects are also modeled in detail.
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As originally received, 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 DMS data by about 0.} M. The resulting data provide an

excellent model of the aircraft over the range:
-} <@g <30 deg; —-10<B<10deg; 0.2<M<1.0; O <HK< 25,000 ft

Besides extension of coefficients for high angles of attack and sideslip,
several changes were made to the Ref, 16 data to simplify use of the data.
These included normalizing the data for trim Mach Number (determined from
previous digital simulations using the Ref. 16 data set), using a single alti-
tude (15,000 f£t), and defining values for the second set of the parameters
Cﬁﬁ’ CnB’ Cﬂp’ and ACy,.

F. AERODYNAMIC COEFFICIENT DATA

The aerodynamic coefficients are tabulated in Table 9 on pages 25 to 27
and plotted in Figs. 5 to 28. All coefficients are functions either of a or
of o and B. The aerodynamic data file in Table 9 includes a 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.
All coefficients are presented, five to a line, in 5-degree angle-of-attack

inecrements.

For those coefficients which are funections of 0 < a < 1100, the values

given correspehnd to o as follows:

(O) v vev i in s aeses (20)

(160) (165) (1{0)

For 0 £ a £ 45° the values are as follows:

{(0) « « o v « v o v v v e . (20)

(25)e v o 0 v v v v o v o (B5)
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TABLE 8.
DATA FILE IDENTIFICATION LINES

NUMBER OF
Coefficient identi-  VARIABLE VARIABLE  INDEPENDENT  DATA POINTS NUMBER  TOTAL NC.
fier: NAME UNITS VARIABLES PER LINE oF LINES OF POINTS
{1 line) (A8) {A8) (12) (12) {12) {13)
INDEPENDENT  INDEPENDENT
Independent vari- VARTABLE VARTABLE MINIMUM MAXIMUM NC+ OF
able identifier(s): HAME, UNITS VALUE INCREMENT  VALUE VALUES
(1-2 lines) {A8) {28) {E14.6) (E1h.6) (E14.6) (12)

The coefficients DCM1 and DCMZ2 are functions of both @ and . In

this case, o 18 incremented first, then B:

(0,0) « v v e v v v v« v v« (20,0)
(35,0) e e e e e s w e e e (45,0)
(0,5) « v v v v v o v v v v« (20,5)

(25,50). P e e e e s e s e e (0;5)

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

given below:

CYB PERDEG 155 23

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

-.11 -.911 -.611 -.811 -.811

-.011 -.011 -.@@92 -.9@79 -.0065
-.0050 -.0036 -.0823 -.0008 .Q@d6

0020  .0030 .0038 .0830 .0030

2030 .00306 .0032

The first line identifies the coefficient; gives the units; indicates
that it is a function of one variable, and that it is listed five points
per line in five lines, with a total of 25 data points given. The second
line identifies o as the independent variable; gives its units; gives the
minimmm value as O deg, the Aa increment as 5 deg, and the maximum value

as 110 deg, for a total of 23 separate Aa points.
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§.0¢ 1081 EXTEMIED

CLEAS
AL
+1220
1.010
L2770
418
—. 257
CLETAR
ALFHA
+00497
+00513
00416
+00300
00300
COERAS
ALFHA
035
L5100
1,126
1,493
LS00
CYp
ALFRA
-.011
~ 011
~+ G050
+0020
L0030
CYDR
ALFHAZ
L0015
L 00098
CREt
ALEHA
- 00132
= 00004
- 0222
-, 00271
-. 00300
CREBZ
ALFHA
=, (0132
~.0021%
~. 00222
00291
~. 00300
CRF1
ALFHAZ
—e 3049
—~+ 230
CRP2
ALFHAZ
~v 204
~4+240
CRR

TABLE 9. AERODYNAMIC COEFFICIENTS

DEGREE
V4145
1,067
g7 .7
289 .1
- 202

FER [E

DEGREE

JD0EF4

. 00508

$00393

00300

.00200

LESREE
0446 .1
&9% .7
1,245

1,323

1,583
FER DE
NEGREE

=011

-.011
- 0034
0030
«0030
FER DE
NEGREE
200142
LOO07T
FER DE
NEGREE

=001
Q002
~. 002
- 1005
-, 002
FER DE
LEGREE
-, 001
- 002
il O()f."
=003
- ;003
FER Ra
NEGREE
=300

T~ 304
FER R
DEGREE

e 300

-4+ 240

FER Ré

A DATAS
1545 23
5 Oi ’5.!:].,1.{).!?.3
LABEA L9005 +FERS
1.049 1.024 78%
PE LA7? L N4s
37 L0258 -,114&
~ a7
G 195923
S OvrS.2010,¢23
L0874 L008637 L00571
00484 ,004453F ,00438
Q0371 00348 L 00324
L0300 LO0300 L0030
00300
L 55 23
S 0.r8.0110,923
30 L2447 382
85 .911 1.0il
1.3%2 1.405% 1,451
1,942 1,870 1,985
1,567
G 15 9 23
5 D.28.2110. 23
"1011 "'1(;'11 ‘101.’.
Q022 =, Q079 —. 004D
-, 0023 ~,0008 L0004
L0030 L0030 L0030
20030
G 19 2 10
S O.rbard4%,210
LyD0134 Q0130 00124
L0043 L,00024 0.0
G 1 5% 3 23
S DyvS.ell0.»323
79 =,00234  -,.00219 -,00118
G0 =.00010  -,00108 ~.0018
41 -,0028% -, 00248  —.00279
00 =, 00300 ~,00300 ~,00300
00 —-.007%00
G199 23
G Qurlerli0, 223
70 =,00238 ~.0021%2 ~.0021%
19 -.00185 -—-.0015%2 ~,00180
41 ~. 00285 ~.00258 ~,00279
00 —-,00300 -.00300 -~,00300
GO -~ 00300
r 19200
S 0y90e245, 010
- 255 - 102 -, 100
=~ 200 ~.184 ~-.100
n 135210
S GuvS 485,510
=240 —,250  ~, 240
—L.280 ~, 1484 -.100
D1 % 210
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TABLE 9, (CONTINUED)

26

ALFHAZ  TEGREES 0,55, 585,10

L0485 L0746 108 L1170 318

V337 L3241 ,204 L0886 L 050

Crlra FER DEG 1 S 2 10

ALFHAZ  DEGREES O.s%.r45, 510

L000448  ,000459  L00043E 000405 L0003TY
L0003T4 000312 ,000210  L000105 000000
CRISE  FER DEG 1 5 2 10

ALFHAZ | BEGREES Q.rl. ¢ 4%, 510

+000130  L000140  LOCTOOR3 LOOD0HS LO000A
L000040  L000030  LOO0020  L,000010 L OOGOO0
CRIR FER DEG 1 5 2 10

ALPHAR  DEGREES 0.:5, 545,510

L0D0199  L000145 Q00135 ,000114 000092
LOD004%  LO00052  JOO003S  L000017 L O0G000
CHEAS 155 23

ALFHA  LEGREES 0.55.s210, y23

L0000 -,013  ~,027 -,033 ~,0%0

-, 048 -,093 —.144 —,194 ~.242

-.263 -,285 -,318 ~-,381 -,430

~ 475 =, E01 - 532 —L57L -.61d

- &S0 - 495 -, 729

nCil 2 514 70

ALFHAG2  DEGREES O. 95,945,910

BETA DEGREES Ous5er30,5 7

LOOB0 L0000 L0000 L0000 L0000

» GO00 L0000 L0000 L0000 Q00

—0TED <, 0080 ~,008) -.,01Z8  ~,0099
L0018 L0005 L0000 0000 L0000

= 0170 -, 0170 -,0170 -, 0235 -.0306
~,0204  -.0140 L0000 L0000 L0000

=, 0312 ~,0312 ~.,0F12 ~.04u0 ~.0580

-, 044% -,0428 ~,0025% L0000 L0000

~, 0455 ~,045% -,0453% -, 0705 -.,0800

~ 0748 —,0755  «.0087 L0000 L0000

0545 -, 0585 - 0885  ~,0888  -~,1000

—, 0953 -.0944 —,01046 .0000 0000

=L 0A7A = 0874~ 0474~ 1071 -, 1200

. 1138 -, 1133 -, 0125 L0000 L0000

DCM2 2 514 70

ALFHAZ [EGREES 0.+5.r45,y10

BETA DEGREES 04950530, 97

0.0 0.0 0.0 0.0 0,0

0.0 0.0 0.0 0.0 0.0

L0000 L0080 LOOBO L0138 L0099

-, 00EB =, 0005 L0000 L0000 L0000

L0170 L0120 L0170 L0235 L0304

L0204 LO0LE0  .0000 L0000  .00GO

L0312 L0312 L0312 L0450  .0530

LO48G L0428 L0025 L0000 L0000

0455 L0485 04535 L0705 LOBOO

L0758 L0755 L0087 L0000 L0000

L0545 L0845 L0585 L0888 L1000

L0953 L0944 L0106 L0000 L0000

L0474 L0674 L0474 L1071 L1200

L1138 L1133 .0125 L0000 L0000



210
ALFHAZ
=310
3,82
oMAD
ALFHA2
—=1.30
~L.52
CMSTAR
ALFHA

= 01010
_000745
'000519
=~ 00354
0. 00000
MO
ALFHAZ
~ 00105
—. 00064
CHMOSF
ALFHAQ
LO001320
+000000
CHEL
AlLFHAZ
L0022
= 03T
CHB2
ALFHAZ2
L0022
oy Q0D
CHF
ALPHAD
PRI
2050 .
IhEF

AL FPMAZ
=, 375
-, 530
CHOA
ALFHAZ
-y 0O004

CHISF

ALFHAD
LD0005E
L0000
CNOR

ALEHAD
=~ 00670
—. 000750

TABIE 9, {CONCLUDED)
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~3.15 -3,185 -3.1% ~3,15
FER RAD 1 % 2 10
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G. VALIDATION

No F-4J flight test traces of high AOA are available %o compare against
dynamics from the foregoing mathematical model. However, the model was
originally developed for use in a moving-base piloted simulation in which
Navy F-4J pilots were given air combat maneuvering training. As a part
of the checkout and acceptance tests, the simulation was flown through var-
ious offensive and defensive combat maneuvers, stalls, and departures by
Navy instructor pilots who indicated it adequately represented the F-4J
handling and performance. This provided the first gross validation of the

aero model.

The only high-AQA flight traces available are from the P-4E stall/ post-
stall flight test (Ref. 8). McDonnell Aircraft Co. indicates that all hard-
wing models (no leading-edge slats) of the F-4 have approximately the same
stall/departure characteristics. The Air Force (Ref. 8) noted the longer
nose F-UE to have somewhat less wing rock tendency than the C and D models.
The F-4J is more similar to the C and D and therefore might also have more
pronounced wing rock. Algo, the F-4E flight tesgt vehicle was equipped with
a spin chute, had a beefed-up aft fuselage structure 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, as shown in the following:

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

G, stores empty tank empty tank
wing stores pylons 1,2,8,9 pylons 2,8
W (1b 40,000 37,000

c.g. (% MAC) 28.1 29.3 .
Iy (slug-ft2) 27,500 23,850

I, (slug-7t2) 157,000 127,400

I, (slug-ft2) 180, 600 146,000

Iy, (slug-ft2) 5,500 2,210

This difference is assumed to have minor influence on the basic aerodynamic

stall/separture characteristics as a function of AOA but a significant
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influence 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 aircraft exhibited lateral/direc-
ticnal stability breakdown in the form of a slightly divergent dutch roll
{(wing rock) in the vicinity of 19-22 deg ACA. As AOA was further increased
the motion 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 also indicates
that at zero sideslip the dutch roll slowly becomes divergent at about 19
deg ACA. The aero data plot, Fig. 23, shows that CnB passes through zero at
about 20 deg AQA, while at this same point cﬂﬁ (Fig., 10) is still relatively
large., One would expect, then, that the duteh roll motion would be primarily
rolling motion (wing rock). By 25 deg ADA CgB is very small, while CnB is
very large negative. Thus, 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 roll mode is

quite sensitive to sideslip in this same AQA range. Therefore, it is neces-
sary also to look at time trace comparisons between flight test and our com-
plete 6 DOF nonlinear aero model. Figure 30 is an F-4E time trace from Ref.

8 at 21 deg AOA and with all augmentation off. (It also has trailing-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 traces, starting
at 21 deg AQA 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 Test Simalation
a 21 deg 21 deg
B 11 deg 6.3 deg
o 30 deg 21 deg
P 60 deg/sec 2k deg/sec
r 2.5 deg/sec 1.k deg/sec
period 3 sec 6 sec
maneuver wind-up-turn straight/level
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The absclute magnitude of motions depends upon the initial excitatiocn
and is not particularly close. However, the ratios of the motions are guite
cloge and again tend to wvalidate the aero model. The period of the oscilla-
tion is quite different because of the higher energy (dynamic pressure) of

the flight test maneuver.

The nonlinear response traces of Fig. 31 show one additional factor.

It will be noted that the longitudinal traces show a frequency which is pre-
cisely double the dutch roll frequency, while Fig. 29 predicts the longitu-
dinal short period to be highly damped and about equal 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 aero model. This "fre-
guency doubling" can only be caused by the pitching moment due to sideslip,
Cmﬁ, which is quite strong and negative for the F-4 aircraft. Note in Fig.
32 that each peak in the a trace coincides with a zero crossing in g. In
this set of traces the rudder activity indicates that the yaw SAS was on.
A comparison set of traces from the F-4J model with pitch and yaw SAS on,
starting at a trim of ay = 25 deg, B, = O is shown in Fig. 33. Agailn, the

motions of Figs. 32 and 33 are remarkably similar.

A final comparison between flight and simulation is shown in Fig. 3k.

Both aircraft depart from a wind-up turn to the lefit.

On the basis of the above it was considered that the aero model exhibits
characteristics adequately representative of the P-4 aircraft for use in

analysis and simuilation of stall/departure.
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Figure 32, Pull-Up and Steady Wing Rock (From Ref. 8)
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APPENDIX II
F=14A DATA PACKAGE

A, INTRODUCTION

This appendix documents the mathematical model used in the simulation
of the F-14A aireraft. The model represents the "clean" (no slat or flap
deflection) aircraft at low Mach number. All serodynamic characteristics
are for a wing sweep of 22 deg (Fig. 3%) which is maintained in flight by
the Mach-Bweep Programmer below M = 0.7. Aerodynamic coefficients are
derived from wind tunnel data, with modifications based on parameter iden-

tification using flight test data.

The appendix is organized as follows: the equations for the aercdyn-
amic forces and moments are presented in Section B; the originsg of the
individual aercdynamic ccefficients is discussed in Section C; the coeffi-
cient "lock-up'" tables are described in Secticn D; the coefficient data

are listed in Table 12 and plotted in Figs. 36 through 71.

The equations of motion presented in Appendix I, Section B, are applic-

able for this model.

B, AERCDYNAMIC FORCE AND MOMENT
COEFFICIENT EQUATIONS

The aerodynamic model, Teble 10, is largely based on an F-14 model used
or the NASA Langley Research Center Differential Maneuvering Simulator {DMS},
Ref. 9. Modifications were made to incorporate additional wind tunnel data
and simplify the functional dependence on sideslip angle where appropriate.
The terms ACLB=O(&) and ACmB=O(a) were added to allow "tuning" of the model
using flight-derived trim data., Similar terms were included in the lateral
equations to allew inclusicn of nonzero sideforce, yaw, and rcll moments at
B = 0. ©Such moments, arising from aircraft asymmetries and asymmetric vortex

shedding, have been suggested as contributors to departure problems.
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TABLE 10. F-14 AERODYNAMIC FORCE AND MOMENT EQUATTIONS

{a) Aerodynamic Force Equations

CL = CLpagreles B) + A g(a) + 80k (@)([bgpl/55) + ACLy (a)
Mg, (a) = Crg, (a)0g (Bg > ~10°)

ACLBB{O’J = —1DCL651('1)65 + (65 + 10)01"552(0') (as < —100)

Cp = Cogpgyeles B) + &Cpgp(a){ [8sp|/55) + ACpg (o)

ACDBS(D‘.) CD551(0.)58 (55 ke -10%)
&Cpg () = -100%51(@ + (Bg + 1o)cD552(a) {8g < ~10°)

Cy = CYBASIC(E’ B} + Cyﬁw(ﬂ) + Cyaa(ﬁ)h + Cysr(ﬂ-: B)Br + Cyaspfu.)ﬁgp + (b/EVo)nyr(u.)r + Cyp(u.)p]

(b) Aerodynamic Moment Equations (Xgg in % &)

Cn = Cngygro{os B) + Acnbw(a) + [(Xe—Xrer)/100](Cy, cos o + Cp sin &) + Acmsp(u.)( |8ap}/55)

+ Acmas(a)‘as + (Bg/2¥5 )Cnglalq

Acmas(ﬂ)

Al _{a)

Cp = Cﬂmsrc(‘”’ B)+ Acns=o(u.) + Acnbs(a)ﬁa atn (8.2 B) + [(Xeg ~ Xrer)/100](T/0)Cy + c,,ﬁa(o,)e.a

MOL (8 > —10°)

_10%81(‘1) + (Bg + 10)0,,,582(0,) (8¢ < —10°)

* Cng (o, plor + Cnssp(ﬂ-)ﬁsp + (bf2Vo){Cn (a)r + Cnp(u)lﬂ

€y =

c‘BASIC(a’ B)+ AC‘B:{)(“) * claa(a' P)og + C.ﬂsr(u” B)&, + stsp(ﬂ-)asp + (b/EVo)[C‘r(u.)r + Ctp(u.)p]

NOTE: For conciseness, Bgtgh has been reduced to By
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in the DMS model the static yawing moment coefficient was treated as
a function of three variables: a, B, and dy (Bg = Bgtap). The unusual
influence of stabilator deflecticn on directional stability arises from
an interaction between the engine inlet shed vortex and the vertical and
horizontal stabilizers, Ref.-10. Examination of the data indicated that
this effect could be modeled as a yawing moment increment which was a func-
tioh of a, 85, and B added to the gtatic yawing moment CHBASIC(“’B)' Rather
than treat this increment as a three variable look-up table, 1t was approx-

imated as
Acnas(a)ﬁs sin (8.28 )}

where ACHSS(&) is a one variable look-up table. The sin (8.28) factor in-
sures that for &g < O (TEU) the effect is destabilizing for either positive
or negative sideslip. The longitudinal stabilator effectiveness is nonlinear
in By in the DMS model, This effect was retained in the BTI wmodel but the

dependence on sideslip was eliminated.
{., DATA SOURCES

The aerodynamic data package employed in the F-14 simulator was put to-
gether from several sources and then modified somewhat to obtain an accept-
able match between the simulation and actual flight traces. The purpose of

this section is to document the origins of the coefficients.

Although & number of high angle of attack wind tunnel tests have been con-
ducted for the F-14, the following tests were the primary sources for the STI
model:

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

fMgust 1971, NASA Langley Research Center,
30" X 60' (full scale) tunnel
The complete test reports were not available for these test programs.
Selected ARC data were available in Ref', 10 and selected LRC data in Refs. 11,
12, and 13, The ARC data is generally considered to be the "best", primarily
because the Reynolds number is higher; however, its use was limited in that

Ref. 10 contained only static reoll and yaw coefficients as functions of o and
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B and normal Torce and pitching moments as a function of a only. No dynamic
derivative or control effectiveness data is available from the ARC test.
These were obtained from the Ref. 9 DMS simxlation which was based on the
IRC 30' X 60' data with some modifications based on simulation pilots' opin-
ions. The DMS data appears to be primarily "raw" LRC wind tunnel data as it
shows characteristic scatter, and coefficients (such as Cp(a,p)) which are
not symmetrical in B. When this data was used, coefficient values at posi-
tive and negative B's were averaged, where appropriate, to produce tables
symmetrical in B. In some cases the averaged curves were further smoothed

to reduce questionable scatter.

The adequacy of the wind tunnel derived aerodynamic data was validated
by comparison of 6 DOF analytic models with available F-14 flight test data.
On the basgis of these comparisons several aerodynamic coefficients were fur-

ther modified as explained in Section E.

Plots of the coefficients are shown in Figs. 36 to Ti. The reference
point for all moment coefficients is on the FRL at 16% MAC. The spoiler
produces no effect above a = 10 deg and, since primary interest is in the

high o regime, all spoiler functions are zero.
D. AERODYNAMIC COEFFICIENT DATA

For use by the simulation program all aercodynamic coefficients are repre-
sented as piece-wise linear approximations in "look-up" tables. These tables
are functions either of o only or of « and B (see Table 11). In either case,
the o breakpoints are every 5 deg from o« = 0 to 55 deg. The B breakpoints
are every 5 deg from B = ¢ to *20 deg. A listing of the computer data file
containing the lookup tablesg is shown in Table 12, The order of the individ-
ual coefficlent tables in the aerodynamic data file is as shown in Table 11.
Por functions of o only, o is incremented by column and then row, as indicated

below:

0, 5 deg, 10 deg, 15 deg, 20 deg
25 deg, 30 deg, 35 deg, 40 deg, 45 deg
50 deg, 55 deg, 0, 0, O
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For functions of a and 8, B is incremented first, then o, as follows:

Row

1 (0: —20): (0, "15): (0: _10); (Oy “5), (0: 0)
? (OJ 5), (0) 10); (OJ 15): (OJ 20): (5) _20)
22 (55, 10), (55, 15), (55, 20), (0), (0)

For convenience in creating computer mnemonics, the control variable

®5tap has been abbreviated as By in the data file and plots.
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TABLE 11. ORGANIZATION OF AERODYNAMIC DATA FILE

PARAMETER | FUNCTION oF | FALNERER S0 Aamay | vy (EADI;E]
DIMENSION CODE
CLaasTe o, B — CLBAS{12,9) 108 STT100
&C1a- o —_ DCLBO( 12) 12 101
CL631 a 1/deg CLD81(12) 12 104
CLBSE o 1/deg cLpe2(12) 12 105
ACLgp a — DCLSE(12) 12 106
CPRASTC a, B - CLBAS(12,9) 108 200
cDB“ . a 1/deg copai1(12) 12 204
Chog, a 1/deg coosa(12) 12 205
Alpgp a — pepap(12) 12 206
Cypagic o, B — CYBAS(12,9) 108 300
ACypg a —_ DEYBO{12) 12 301
Cyp o 1/rad cYP(12) 12 303
Cyp a 1/rad CYR(12) 12 04
Cyg, o 1/deg cym(12) 12 305
Cygp a 1/deg CYDSP{ t2) 12 306
GVbr a, B 1/deg CYIR{12,9) 108 307
CepasIc a, P —_ CRBASZ(12,9) 108 Loo
ACtpg 3 — DCRBo(12) 12 ko1
Cip a 1/red CRP( 32) 12 403
Cop @ 1/rad CRR{12) 12 Loy
T o, B 1/deg CRUA(12,9) 108 bo5
Cregp a 1/deg CRDSE(12) 12 ko6
c_,ar oy B t/deg CRIB(12,9) 108 ko7
Copasto a, B — cMBAS(12,9) 108 500
Almg =0 a _ DeMBO( 12) 12 509
Cmg a 1/rad cM(12) 12 503
C’"Bs1 o 1/deg CMDs1(12} 12 50k
Cnggy a 1/deg cMps2(12) 12 505
&Cmgp « — DCMSE( 12) 12 506
CrpasTe a, B — CNBAS(12,9) 108 600
&Cngopy a - PCNBO{ 12} 12 601
ACng,, a 1/deg DCNDS(12) 12 602
Cng a 1/rad CNP(12) 12 803
Cny @ 1/rad CNR( 12) 12 60l
Chgy a 1/deg CNBA( 12} 12 605
Cnggp a 1/deg CNDSP{12) 12 606
Cngp a, B 1/deg CNLR(12,9) 108 607
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TABLE 12.

AERCDYNAMIC DATA FILE

0.6145000E~C1
0.1455500E+00
0.,3746194E+00
0.6024052E+00
0.1001754E401
0.%980874FE+00
0.12748219E+01
0.1213584E+01
0.1603140E+01
0.1540450E+01
0.1764628%E+01
0.17904446E401
0.1852872E101
0.1840752E401
0.17703246E1+01
0.1748122E+01
0.14664409E+01
0.16468984E+01
0.1474011E401
0.15447%93E+01
0.1385247E401
0.13945584E401

0.1470500E+00
0.1098500E+00
0.6024032E400
0.37446194E+00
0.1019454E401
0.9215949E4+00
0.127B745E40Q1
0,1439421E401
0.1547673E+01
0.1478947E4+01
0.1740003E401
0.1852892E4+01
0.1770444E401
0.1870520E401
0.1733031E+01
0.1771812E+01
0.,15671%7E+01
0,1652013E+01
0.1499208E+01
0+1521349E4+01
0.,1394544E+01
0.13BL247E+01

0.1098500E+00
0.,1470300E+00
0.,6188578E4+00
0.3284301E+00
0.1012943E+01
0. 1213586E+01
0.12376217E+01
0.1513402E+01
0.15632F4E+01
0.1740003E+01
0.1478947E4+01
0.1898136E+401
0+172010BE+01
0.1930109E+01
0.1665409E+CL
0.1748122E+4+01
0.146103224E+01
0.1617183E+01
0.,132134FE+01
0:1499208E+01
0.14176%2E1+01
0.1346304E+01

C..1455500E+00
0.4145000E-01
0.9813407E+00
0.9215559E+00
0.1017454E+401
0.124488%E+01
0.1284404E401
0. 1563296E4+01
0.1510402E401
0.1746628B2E+01L
0.1440450E401
0.1927053E+01
0.1733031E401
¢.1870320E401
0.16%172BE+01
0.17132B8E+401
0.1617188E+01
0.1610224E+01
0.15446793E+01
0.1474011E401
Q.1427369E+01
0,00060000E+00

Q.7740000E~01
0. 3286301E+00
0.618I578E+Q0
0.9808749E+00
0+1001754E4+01
0.1284404E+01
0.1244889E+01
0.,1353469673E401
0.1439421E+401
0.1774422E401
0.1720108E+01
G.1898136E4+01
0. 17703265401
0.1840752E+01
0.1712288E401
0.169172BE401
O 146G2013E401
0.153671P7E401
0.1580945E401
0.13446304E4+01
0.1417492E4+01
0.0000000E+20

Ctgasic

GarQarv0sr049Q0r
0&!00!00!0. rQus
Qsr0s30,50,30,5

01465y, 0125y 40135y, 0150, . 0140y
0145y .0130+.0115+,0045,.,00460»
000?0?000\55101 700!00

+00465 D0F0y . 0115,,0125».0120
+01255,.,0125,.0135%,.0120,.0110»
+Q080y s 0055+0.90.90,

CorDrvGursDerluy
0.!00!0. PO&!O.!
O.!Oc’Oo!Oo’Oo!

0. 1700G00E-01
0.2295000E-01
0.4781333E-01
0.5320354E-01
0.1624715E4+00
0.1565048E100
0.3454817E+4+00
0.31144691E+00
0.3772239E+00
Q. 7T22102E400
0.8174002E+0C
0. 1031058E+01
0.1048497E+01
0.1294586E+01
0,31243747E401
0.14931546E4+01
0.1392217E401
0.1483551E401
0.1748774E+01
0,1849419E+01
0.19438567E4+01
0.,1982491E401

0.1705000E~-01
0.2150000E-01
0.5320554E-01
0.4781333E-01
0.1877732E400
0.1407452E+00
Q. 346T16CE+00
0.51235%BE+00
0.04651420E400
Q.7835773E400
0.8042048E400
0.10684%7E4+01
0.1031058E+01
0.,1321289E401
0.1211404E+01
0.1504872E4401
0.15463307E+01
0.1664035E+01
0.1782309E+01
0.1814708E+01
0,1982491E4+01
0.17638467E401

0.2160000E~01
Q.1705000E-01
0.54617464E-01
0.,43388B23E-01
C.167B454E400
0.31164691E+00
0.34T4317E4Q0
0.543207SE+4+00
0., Sa82F274E+00
0.8042048E4+00
0.7823773E+00
0.1095831E+01
0.PB&PBS1E+OQ
0.134258AE+01
0.13%8217E4+01
0.14831646E401
0.14612857E4+01
0.14253533E4+01
0.1814704E+01
0.1782307E401
0.2021536E401
0.1205706E401

0, 2295000E-01
0.1700000E-01
0.58188461E~01
0.1407652E+00
0.14677752E400
0.3275425E+00
0, 3448796E+00
0.54329274E400
0.,5432075E+00
0.8174002E+00
0.7522102E+00
0.1113046E+01
0.1211406E+01
0.1321289E+01
0+1424750E+01
0.1448008E+01
0.1625533E4+01
0.1612557E401
0.1849619E+01
0.1748774E+01

+P034659E4+01
0, 0000000E+00

0,2520000E-01
0.43308825E-01
0.561745464E-01
0.1365048E4+00
0.1624715E84+00
0.34487F6E400
0.327EH2G5E400
D,5651420E+00
0.5123598E+00
G.8211373E+00
0,%349851E4G0
0,1095831E+01
0.1243747E401
0.1294584E+01
0.,1448008&£+01
0.1424750E+01
0.156464035E+01
0.15463307E+01
0.,1820475E+01
0.1905706E+01
0.2021536E401
0.0000000E+00

CDgasic

=012y, 0003 00180040y, 0062,
00755, 0095, ,0105, 40075, . 00F0
+0125r.0140s0.50.¢0.

=e 0033y~ 0025,~,0010,.0005,.0020,

+0040» . 0060, 00BT»,0093».0110
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0100 QUGE0 . DON3S
v GOO50y  OC04Ty L O00A0, L, QLO3E

G040 20490,
Oas0srDarQyv0us
09!00 !OQUO. VC'»‘.'
0a!0u?0o?09!04!

y G005 G

DOL1Cy
SOONSE
COOQED

TABLE 12. (CONTINUED)
D105y 009050, 10,10, D3g,
00!00!0.!00!001
0"0!’00'00’0!' ZXCDSP
0;!0+!00!0-f0o!
0,2941500E400 0,2174000E+00 0., 1442000E+30 0.4628CG000E-01  0,0000000E+00
~-0,4380000E-01 -0.,14A2000E+00 0, 217&6000E4+00 =0.2941300E4+00  $.,3005500E+00
Q,2218C00E+00 0.1464500E+00 0.70135000E~01  OQ.,0000000E+00 ~0.7015000E-01
~041464500E400 —-0.2218000E+00 ~0,3003500E+00 Q. 2B88E500E+00 0, 2037000E+00
0,1410000E+00 0.4940000E~-01 0,C000000E4+G0 ~0.4F40000E-01 ~0.1410000E+00
-0.2037000E+Q0 —0.2885500E+00 0.24463000E+00 0.1478000E4+00 0.,1124000E4+00
Q. H945000E-01 G, 0000Q00E400 ~0,3943000E-01 —-0,1124000E+00 ~0.14878000E+00¢
-0.24530Q0E+00  $,2049000E+00 0, 1387000E+00 0. 1083000E+4+00 0,.55900000E-0G1
0.00Q0000E+Q0 —0.5500000E-01 0. 1083000E+00 -0, 1587000E+00 ~0.234%9000E+00
0.18953%500E+00 0.1527500E+400 0,1177%500E400 0.,46045000E~01 ¢.000000CGE+00
=0.,46045000E-01 -0,1177500E+00 ~0.1327500E+00 ~0,1895500E4+00 0.2144500E4+00 Cy
0.1781500E400 0,1331000£400 0.7580000E-01 0.0000000E+00 ~0.7580000E-01 ~ DASIC
~0,1331000E+00 —0.178B1500E4+00 =-0,2144500E400  (,2324000E+00 0. 18486500E40Q0
0.,1440500E+00 0,7135000E-01 0.0000000E+00 ~0,713%5000E~01 -0.,1440300E+00
-0,1B884300E+00 —~0,.23BA000E+00 0.25440000400 0.2005000E+400 0.1450%500E4+00
0.724800C0E-01 0,0000000E+00 —0,7480000E~01 -0,1450500E4+00 ~0,2024000E400
-0.2564000E400 0,2674000E4+00 Q22FGCGCEFO0 0,1607500E400  0.927500CE-01
0.0000000E+00 —0.927F000E~01 —~0,1607300E+00 ~0.2223500E+00 —0.28746Q000E+00
0.2737000E+00 0Q.2207500E+00 Q.13 15000E400  O.7845000E-01  0.000Q0000E+00
=0.,784653000E-01 ~0,1313000E+00 ~0.2207300E+00 -0,27370C0E+00 0.2491300E+00
0,1215000E+Q0 0, 1315000E+00 0.7155000E-01 0,000000C0E+00 ~0,7135000E-01
L =0,1315000E+00 -0, 1915000E400 —-0.24%1500E+00 0.0000000E+00 0.0000000E+00D
Qs30:90+204r0Q.» AC
0!'01!00!0!!0.! -
Oer0us04ss04 30, ¥8=0
G214%05 . 25867 +12509 159694324648,
2+ 38001, 479%y . 58603 99302, 1392y CyP
206965 —4 3818000y _
+ 56845 ,93542 . 49960, 467829 ,SE2%0
2712¢=.7340»-1.31739~2,0%31r—. 7688y Cyr
";2895!‘.120610!090!
= Q0023 -, 0010~ 000839~ 0O00ESs -, 0003
+00019,0004,.0016¢.0024y.0025 Cys
'00255"00265,0',9L10' a
OerQ0vrOar0vrO,r e
0|’Oo rO. !00 Pov!‘
0010:70,90,s0.y Isp
COGH80y L OUEIOy s OO0TE0 L HOU ISRt D
2OOEEGYy L Q050 s O0TI0 Y 00 fO04E0
SOGABE s W OOE20 JONTZ0 . 40 @S QOS Ay
SOUTI0 , GOARTy ORS00y 00 S O0AE0,
LOGABO Yy L 00AYSy Q010 L 0O fO0AE0
L0045 0!0004“0!-”03;0P|Uo¥“w¥¢004J#9
CO0AEQ Y 00470y v O04TEQ e L0040 QOO
SOD3TF0 00330 JOO3ES LO03BY 00400,
cO04202 ., 00400, 00380900355 00330y C
s OV280y vHOZ0N Yy W OOE30, v QO0IE0» L0037 0y : yar
SOO0350, 00330y O0Z0OSy 00280y, 0020y
CODZE0 L D0ATF0y s O0EF 0 4 HOE1I0y ,D0OD2F0
LOOR70 00230y QOZEG s DD LAY ,OD1L8Oy
dO0R00, JOUZ205 , 00240y L GO220y , GO200
VOD1LBG2 00 LAD Y L HOLO0y s O0LLOy L O0L20 Y
SUOL3Sy 0010 Gr +QOL3Ss 0130y,
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T 0L 9500000802
-0, 3000000E~072
0.1700000E~01
~0.,13I50000E-01
0,21C00COE=-01
-0, 32400000£-01
0.13500006~01
~0+4700000E-01
0.0G00000E+00
0.525C0000E-01
-0,1483333E-01
0.3764667E-01
-0,2533333E-01
0.2450000E-01
~0.3400000E~01
0.+ 1300000E-01
~0.5200000E-01
0. 0000000E+00
0.46450000E-01
-0.1450000E~01
0,4950000E-01
-0, 3350000E-01

TABLE 12.

DI8000000E-027

-0, 6000000602
0.1350000E-01
~0.17G0000E-01
0.10%0000E~01
-0.+3100000E-0}
0.0000000E1+00
0.3500000E-01
~0.14600000E-01
0.3933333E-01
=0.2616647E~01
0.2533333E-01
-0.376464647E~01
0.1250000E-01
~0.4750000E-01
0.0000000E+00C
0.46100000E-01
-0.1500000E~01
0.4850000E-01
-0.3300000E~01
0.3350000E-01
-0.4950000E-01

(CONTINUED)

0.6000000E-02
—-0.8000000E~-02
0.,46300000E-02
=~0.,2050000E-01
0.0000000E+00
0.4700000E~01
~0.+1350000E-01
0,4100000E-01
~-0,2700000E-01
0.26168667E-01
~-0,3933333E-01
0.1366667E-01
-0.,4900000E-01
0.0000000E+CO
0.5200000E-01
~0.+1300000E~01
0.,4600000E~-01
~0.,3050000E-01
0.3300000E-01
~0.,4830000E~01
0.14650000E-01
—0.4500000E~01

0.3000000E~02  0.0000000E+00

-0, 9500000E-02
0.0000000E+00
0.3100000E-01

~0.1050000E-01
0.346500G0E-01

-0, 2650000E-01
0,2700000E-01

-0.4100000E-01
0.,1483333E-01

-0,5250000E-01
0.0000000E+00
0.,4750000E~01

~0.1250000E-01
0.3900000E-01

-0.2550000E-01
0.3050000E-01

~0.,44600000E-0§
0.14650000E-01

-0.4450000E-01
0.0000000E400
0., 00000QCE+00

0.205000CE-01
~0.4500000E-02
0.2600000E-01
-0.2100000E~01
0.2650000E-01
-0, 3650000E-01
0.1600000E-01
-0,5500000E-01
0. 0000000E+00
0.4900000E-01
-0.1384667E~01
0, 3400000E-01
-0.2450000E-01
0.2550000E~01
~0,3900000E-01
0.,1500000E~01
~0.6100000E-01
0, 0000000E+00
0650000001
-0, 1650000E~-01
0,0000000E+00

C
lBASW

Qvr0erD.420490.4
0! 503704204904y
0.;0- 10,90.90,»

chgﬁ-

—0D.40165—,4057 9~
=+ 2000y~ 2700,
= 0361¢r-,08%91+0,

«2000s-,080,-.080,
22835-.1863,-,1104,

O0s0s

Cgp

0.0080y.,0552
« 28345 ,3200y 320
=.0434,—-.0588+0+

r+0B38,.078%9,.2310,

0r.2545,.0725,
QsQ0y

Ckr

0.7900000E-03
0.790C000E-0Q3
0.7900000E-03
0.7700000E-03
0.77200000E-03
0.7900000E-03
0.7775000E-03
0.4200000E-03
0.7550000E-03
0.3100000E-03
0.46050000E-03
0.347500GE-03
0.,3900000E-03
0.2175000E-03
0.2200000E-03
0,1400000E-03
0.92253000E~04
0+1400000E-03
0.,1450000E-03
0.2425000E-03
0.2100000E-03
L 0.2775000E-03

0.7900000E--03
0.7900000E-03
0.7900000E-03
0,7900000E-03
0.7900000E-03
0,7900000E-03
0.8050000E-03
0.4825000E-03
0.7475000E-03
0.448530000E~03
0,5300000E-03
G+3IP00000E-03
0.3475000E-03
0,2150000E-03
0+1675000E-03
0+ 1200000E-03
0,1725000E-03
0.11750Q0E-0C3
0+1375000E-03
0.1825000E-03
0.2773060E-03
0.21000Q0E-03

0.7700000E-03
0.7900000E-03
0.7900000E-03
0.7900000E~03
0.7900000E-03
0.6200000E-03
0.7773000E-03
0.5750000E-03
0.6600000E-03
0.3300000E-03
0.44650000E-03
¢.4400000E-03
0.2350000E-03
0.2350000E-03
0.9250000E-04
0.1400000E-03
0.1375000E-03
0+1150000E-0F
0+1B25000E-03
0.1375000E-0C3
0,3300000E-03
0.1750000E-03

0.7900000E-03
0.7900000E-03
0.7900000E-03
0. 75900000E-03
0.7900000E~03
0. 44600000E-0X
0.7125000E-03
0.6600000E-03
0.5750000E-03
0.56050000E-0X
0¢.3100000E~-03
0.4850000E-03
0.14675000E-03
0.2150000E-03
0,1425000E-03
0.,1225000E-03
0+1150000E-03
0.,1375000E-03
0.2425000E-03
0.1450000E-03
0,3300000E-03
0,0000000E+00

0.7200000E-03
0.,7900000E-03
0.7900000E-03
0.7900000E~07
0.7900000E-03
0.7125000E-03
0.8400000E-03
0.74735000E-03
0.+4825000E-03
0.6450000E-03
0+2350000E-03
0.4400000E-03
0.2200000E-03
0,2175000E-03
0.1225000E-03
0.1425000E-03
G.1175000E-03
0.1725000E-03
0,2200000E-03
0,17%50000E-03
0.3300000E--03
0.GO00Q0OCEL+OD

st

]

Qes0420, !0! sQ4s
00 10410610, 904
Q904+ r0e90, v,

0. 5400000E-04
0,1120000E-0%
0.9760600E-04
0.104000GE-03
0. 7600000E~04
0.9000000E-04

QW 1CACOO0E~Q3
Qe l1T0000E-G3
0+ 1G40000E-03
G F7O0000E~04
G, 7R00000E~-04
0. 8AC0000E-04

Ce B 1200GOE-03
Q. 103C000E-Q3
0+ 1040000E-03
Q. F000000E~04
QL LOL0GRGE-0F
G, 74000G00E-04

60

0L 11200600E-03
0. 7500000 -04
Q. 20800460E~-03
0. 840000 0E~-04
Q4 PPRODGOE-04
0,8000000E-04

O0:11320000E~03
G+ P000000E-04
0, 1040000E-0X
D,9000000E~04
0, 2400000E-04
0.Bs000C00E -0

0



GL.R000000E~04
C.7400000E-04
0.,8400G00E-04
0.54600600 a4
0. 7000000F~-04
0,.53000000E-04
0+ SA000GO0E-04
QL AGQGOOOE~04
Q0.340000GE~04
02700000004
0.2000000E-04
Q100000004
0. O00GAGOEGD
0.0000GO0E+00
0.0000000E+G0
0.0000000E4+00

TABLE 12,

G F400000E-04
0. AL00000E~-04
QL EOIDOOOE~04
DA10G00O0E--04
O SANOGOOE-04
0. 53400000804
QSGRC000E-04
0. 4400000E~-04
Q. 3200000E-0G4
L 0. 3000000E-04
GLAO00LO0E-0S
0.2000G00E-05
G 00000GOE+Q0
0. Q00GOOOE+DQ
0. 00000C0E+LQY
0., 000Q000E4D0

G.7000000E-04
0. 710GQCIE~D4
OFECOGOOE~04
0. &E0CGO0E-G4
G.8100000E~04
0.,380G000E-04
0., 3600000E-04
O 480Q000E-04
0. ZCa0000E-04
0. 2700G000E-04
CL.A000000E-08
Q,220G000E~05
QL QQQOOO0EFG)
CWaDGOGOO0EFON
D.00GO0O0E+O0
0. 0000000 +00

( CONTINUED )

0.B500000E~04
0, 74600000E-04
0+ 7100000E~04
0. 7000000E-04
0.5600000E-04
0, 46200000E~04
0, 3200C00FE~04
0. 4400000E~04
0, 2200000E-04
0. 2400G00E~04
0 HHV00QVE~0S
0.7000000E~05
0. 0000000E+00
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E. VALIDATION

This section documents the validation of the F-1L high angle-of-attack
aero model against flight test data. Basically, it was necessary to deter-
mine whether the similation model would produce the high o dynamic phenomena
of the unslatted F-1lL4, specifically:

® Mildly divergent dutch roll in the AQA range
12 to 22 deg

® Wing rock when AOA is maintained in the 12 to
25 deg range at low Mach Number

® Roll reversal starting at o = 18 deg when dif-
ferential tail is used to rell the aircraft

1. Velidation Methods

Two basic methods were available for comparing the similation model with
the flight test data. First, simulation time response traces were compared
directly to the flight test traces. This approach had limited success, since
the STI unpiloted time-domain simulation program does not have provision for
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 method involved extracting values of damping ratio, {, and fre-
quency, 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 o values could be compared to open-or closed-loop roots obtained from small-
perturbation linearization of the simulation model. This second method was
particularly ugeful, since the lateral oscillatory response was of primary
interest and the linear response parameters { and w can be directly related
to the aircraft's stability and control derivatives through literal approxi-
mate factors, Ref. 1. The aﬁproximate factors were rewritten for body-center-
line-axis stability derivatives, Table 13, rather than the usual stability-axis

factors, so that the response parameters could be related directly tc 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 { and w values from

non-linear simulation time responges.

TABLE 13. APPROXIMATE FACTORS FOR KEY LATERAL-
DIRECTIONAL PARAMETERS AT HIGH AOA USING BODY
CENTERLINE AXIS DERIVATIVES (7, = 0,Bp = O)

2 1 UO
(_L}d = N.B - Lﬁ tan 90 90 VTO
W,
. 1 1 g \ 1 °
2Aag = Yy “Lp *+ (Np~ vTo; tan 8o
NZ L&
"T'L L - & {--LI'J + -% (NI'J -£ N;- tan eo)}
1 _ T
R NS LB tan 80 Nﬁ VTO

f

g VAT — Wt —'/T.T — T1,' tan
Vo, {Lﬁ(Nf Ny tan 9,) MA(Ly — Lg 80)

w0
afol w0

2, PFlight Test Conditions and Configurations

F-1& flight test data covering the high-a region was obtained from the
manufacturer, Ref. 15, From this data six flight test runs (Table 14) were
found which were suitable for comparison with the STI simulation, Three dif-
ferent aircraft were invelved in these tests. One flight, No. 199, was only

used for compariscn with the simalation trim routine.

Reproductions of the flight test traces are shown in Figs. 74, 75, 78,
80, 82, and 8L, Aircraft 2 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 a (denoted ayyp on the traces). Noseboom o

is related to true o by

appur = «8561 ayggERooM * -178 deg
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Aireraft 1X had no nose boom and hence no sideslip sensor. Angle of
attack was measured by the ART nose probe and denoted Lpp OB the traces.

The nose-probe a is related to true o by

The simulation model was designed to represent the "clean" (flaps
and slats retracted) F-14 at low Mach number and forward wing sweep (22
deg), Fig. 25. The flight test runs used for validation match these con-

ditions as closely as possible, specifically:

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

® Mech number below M = .35
® Wing sweep, A = 1520 deg
® Glove vane and speed brakes retracted

® No external stores

The maneuvers were performed at n, = 1 g, either by maintaining speed and

ADA constant and exeiting lateral motions with a doublet, or in a "1 g stall”

in which angle of attack is steadily increased as speed is decreased. Ilongi-

tudinal acceleration, ﬁT, varied from O to —0.4 g, and large negative flight

path angles were reached at higher angles of attaeck. Fairly large excursions

in mean bank angle occurred in some runs, but lateral accelerations were gen-

erally small. True AOA ranged from 13 deg to 32 deg, which covers the range

of interest for high AOA phenomena on this aircraft.

At low speeds the lateral SAS gains are scheduled with AOA (Figs. 72 and

73) such that:

® yaw SAS off @ > 10°
® Blatetick — Or phased in 10° < @ < 200

® Roll SAS and command

20° < < o
augmentation phased out < 31
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Where o as used in Figs. 72 and 735 is the angle of attack as measured by the
ARTI nose probe, According tc this schedule the yaw SAS should he off for all
cages, 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.

3, Flight Test Comparisons and Derivative
Modifications to Match "Wing Rock"

Flight 199 (Aireraft No. 2)

Flight 199, Fig. 74, is a 1-g stall maneuver in which angle of attack is
increased steadily from 10 deg to almost 40 deg with a ramp (TEU) horizontal
stabilizer input. This maneuver was used to check the simulation trim values.
At a given speed, 1-g trim values of a and &gtap from the simalation were com-
pared to the flight a and By44y, traces. Initial comparison using the original
wind tunnel derived aercdynamic model gave good comparison with flight o but
the flight 5,45 traces indicated a more trailing-edge-up deflection. The
original simlation Cp (a,B) was based on the IRC wind tunnel data {(which d4if-
fered from the ARC data by an essentially constant nose up increment). A
&Cma=o(a) increment of —.055 was added to the simulation to bring the pitching
moment into line with the ARC data. This change resulted in a better match of

the 8.4y trace, as shown by the circled points in Fig. Th.

Fiight 243 (Aircraft No. 3)

In the time "slice" of interest (t = 33-50 sec) ADA is maintained at 18 #
2 deg, Fig. 75. In this AQA region the gain schedule implies that the yaw SAS
and ART are off and that the roll SAS is on. However, comparison of the yaw
rate and rudder position traces indicates that the rudder is correlated with
yvaw rate at approximately the magnitude and phase angle that would result from
the yaw damper. The rudder pedal and lateral stick are both effectively zeroced,
and thus the aircraft response can be considered the free response of the aug-

mented airframe.
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The airecraft exhibits a divergent "wing rock" oscillation. The fact
that the envelope appears to grow linearly with time rather than exponentially
indicates a somewhat nonlinear response; however, approximate values of damp-

ing ratio and frequency can be extracted as:

ire

t —.05

1.4 rad/sec

w

The dutch roll root obtained from linear analysis using the originsal
(wind tunnel derived) aerodynamic data 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-axis approximate factors, Table 13, evaluated with the

oniginal aerodynamic data yileld

(— ten 8, Lé )1/2

113

g

qSB
(— tan 84 %;T-Cﬁﬁ) 1/2

1

1.21 rad/sec

1

= -y = 1! 1 4 g
Lavg = "é‘[ Y, = Ip + tang; (NP—VTO_)]

% (0475 + 5738 — .0978 — ,3510)

L0863

These approximations are within L percent of the values obtained by numer-
ical factorization of the characteristic equation. It can be seen that
either an increase in dihedral effect, CgB, or a decrease in roil moment
of inertisa, Ix’ would increase the duteh roll frequency. A reduction in
the magnitude of the roll damping, Cfp, or a more positive value of the
cross coupling parameter, Cnp, would reduce the duteh roll damping. Such
changes were made iteratively using the approximate factors for guidance
until the dutch roll reasonably approximated the observed frequency and

divergence rate.
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These changes produced a small-perturbation {(linear) dutch roll root at
[¢qr @q] = [— .07T1, 1.41] for the bare airframe, and [{g, wg] = [—.041,
1.43], SAS on, which can be compared with the flight-derived root in Fig. T76.

To check possible nonlinear effects the alrframe alone digital simlation
was run, Fig. T7, with the final modified parameters. The approximate { and
w in response to a pulse rudder were extracted as for the flight test data.
This resulted in [¢,w] = [—-.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 root moves to

[(L,w] = [~.024, 1.40].

Flight 234-1 (Aircraft 1X)

The Flight 2341 maneuver was performed at an approximately constant AOA,
og = 15 deg, Fig. 78. In the time slice of interest, t = 15 to 28 seconds,
the yaw SAS is off per the o schedule, as can he confirmed from the rudder
position trace. The ARI is scheduled at 60 percent but has no effact since
the lateral stick is fixed. The roll SAS which would normally be on at this
ADA has been switched off, as can be seen from the roll series actuator trace.
Thus from t = 19 to 28 seconds the response is that of the bare airframe.

This shows an oscillating divergence {(dutch roll) with [€,w] = [—-.07, 1.4% rad/

sec].

Calculation of the dutch roll root using the original (wind tunnel) sero-
dynamic data again produced a stable mode, Estimates of parameter changes
required to match the flight test divergence indicated that a level of roll
damping comparable to the final Flight 243 match, Cop = -.08 1/rad, was re-
gquired. When this CEP value was used in the nonlinear similation of the bare
airframe, Fig. 79, the approximate damping ratio and freguency were found to

be [L,w]) = [~.058, 1.43].
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Flight 236-1 {Aircraft 1X)

The Flight 236-1 maneuver was a 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 zeroed.
The yaw SAS is also off per the o schedule. Between t = 35 and 40 sec the
lateral stick and rudder are used to excite a rolling oscillation. The
lateral stick is then centered and held fixed. A rudder pedal input is made
at t = 43 sec. Alsc note that the rudder apparently was used to counter some
other disturbance since the aircraft is rolling to the right and the rudder
input is trailing-edge left, Thus the rudder input and other disturbance may
contaminate the response sufficiently to alter the apparent { and « values.

As in the Flight 243 trace, the envelope of the bank-angle oscillation 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 nonlinear simua-
lation time responses, Fig. 81. Matching frequency required a 30 percent in-
crease in 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 < a < 30 deg region
(again similar to the Cﬂp reduction required at 15 < o < 20 deg). The final
simuilation time response shows a nonlogarithmic ¢ envelope, similar to the
flight traces, which is possibly a ncnlinear 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 —-.085,

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 and command augmentation is almost phased out at thils ACA and thus the
differential stabilizer is essentially zeroed. The large~amplitude rudder

ogcillation 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 cannct be determined immediately if the pileot was attempt-
ing to execite the roll with the rudder or was feeding p, ¢, or both to rudder
to damp the oscillation. The latter possibility can be checked by consider-
ing a system survey {rocot locus and Bode-siggie; see Part I, Section iI) for
¢ —s= &p locp closure as shown in Fig., 83. It can be seen that at gains on
the order of those cobserved in the flight traces, K¢P = 1 deg/deg, the dutch
roll is stable but a divergent first-order root appears. Since no aperiodic
divergence is apparent in the flight traces, it would seem likely that the
rudder input is an copen-locop excitation. From the flight traces, the fre-
quency is w = 1.4-1.6 rad/sec and to/3p (jo)| = .6 to 1.0 (.4 dB to 0 4B).
This is in reasonable agreement with the open-loop Bode plot of Fig. 83 indi-
cating that the rudder effectiveness is reasonable at this angle of attack,

a = 29 deg.

Flight 230-6

From t = 20 to 40 seconds, AOA is increased rapidly with a ramp stabila-
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-cf-attack region (a > 2% deg). The simulation yields

2 __%E;_ "a
o5 +,097 1.22 rad/sec
30 +.24h .93 rad/sec

. Roll Reversal Validation

Figure 8% shows the migration of the typ root with AOA. It can be seen
that between a = 15 and 20 deg ayy 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 a 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 Cpg_ VE. a plot of Fig. 87.
D
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