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NOMONLATUM

AOA Angle of attack

aXCg aycg, azcg Body-mount -1 accelerometer signals at center of gravity
for linear longitudinal, lateral, and normal acoeler-
ation, respectively, ft/sec2

, ar , aj Body-mounted accelerometer signals at any arbitrary
point for linear longitudinalo lateral, and normal
acceleration, respectively, ft/sec2

Sb Wing Reference span, ft

Wing mean aerodynamic chord, ft

c.g. Center of gravity

CD Dimensionless r.rag coefficient

. CD( ) Change in CD w1 h change in state variable
quauttty, p ,•"'

CL Dimensionless stability-axia lift coefficient

Clhange in C% with ohange in state variable

CL )quantity, ( ý, )cl

C), Dimensionless body-axis rolling
moment coefficient

Change in Cj with change- in state

variable qu.antity, ( ):

Cm Dimensionless body-axis pitching
moment coefficient

Cm( Change in Cm with change in state
variable quantity, ( Cm

Dimensionless body-axis yawingI moment coefficient

Cn( Change in with changen state

variable quantity, n

Xi



NOMENCLATURE (cont'd)

Cx Dimensionless body-axis longitudinal
force coefficient

Cy Dimensionless body-or stability-axis
side force coefficient

(N Change in Cv with changin stateCY( y oC
variable quantity, ( ):

Dimensionless body-axis normal

force coefficient

D Total drag, j S CD2 lbs

FLS Lateral stick force, Appendix I, lbs

F p Rudder pedal force, Appendix I, lbs

g Gravitational acceleration, 32.2 ft/sec2

H (or h) Reference altitude, ft

In Moment of inertia about x-body axis,
slug-ft

2

Ty Moment of inertia about y-body axis,
slug-ft 2

Iz Moment of inertia about z-body axis,
slug-ft

2

1xz Product of inertia about x-z body
axes, slug-ft 2

Kxf Crossfeed gain for 5stk --- nr crossfeed,
Appendix I, deg/in

K Gain for -5 - Fa Control, Appendix I,
Kba deg/in stk

Cm~a Correction factor to account fcr effect of

Ký stab 5 stab on Cm with sideslip, BCm b

Appendix I, I/deg2

xii



NOMENCLATURE (cont'd)

L Total lift, qSCL, lbs

,LI Aileron command travel limit for roll-
K•. rate-command auginentation, Appendix I,

deg

SL2 Command travel limit for 5r with 6stk Br
crossfeed, Appendix I, deg

Coordinates of an arbitrary point, relative

to center of gravity, for accelerometer signal,
body axes, ft

t.M,N Total body-axis rolling, pitching, and
yawing moment, respectively, due to aero-
dynamics and thrust, ft/lbs

M Mach Number

m Aircraft mass, slugs

PQ,R, Total inertial angular body-axis roll, pitch,
(or p~q,r) and yaw velocity, respectively, rad/sec

2

Dynamic pressure, 1/2 PVT, lbs/ft2

S Reference wing area, ft 2

T Aircraft thrust, lbs

U,VW Components of total velocity along X-, Y-, and
Z- body axes, respectively, ft/sec

VT Total aircraft inertial translational
velocity, ft/sec

W Aircraft weight, lbs

Reference longitudinal, lateral, and vertical
XYZ axes, respectively

Xcg Aircraft longitudinal center of gravity, %Z

Xref Reference longitudinal center of gravity, %

i YA Total side force, jSCy, lbs

zi Offset of thrustline from X-body axis, ft

xiii



NOMENCLATURE (cc:nt 'd)

' •Aircraft angle of attack, deg

Sideslip angle, deg

Y Longitudina.. flight path angle, deg

ba Aileron surface position, deg

batk Lateral stick position, Appendix I,
bstk = k~a 5a + 11.58 5sp, In-

br Rudder surface poA .tion, deg

i',, 5spSpoiler position, deg

Fistab (or 50) Horizontal stabilizer ,position,, deg

ac sToREO Incremental drag coefficient due to
external stores, Appendix I

ac D( Incremental drag coefficient due to
state variable

• A CL 1=0 Incremental lift coefficient at zero
.i• sideslip, Appendix II

6cr Incremental pitching moment coefficient

' &Cmf3=0 Incremental pitching moment coefficient at

zero sideslip

Incremental yawing moment coefficient due

to stabilator position, Appendix II

Lateral flight path angle, deg

Thrust inclination angle, deg

Directional, longitudinal, and lateral
Euler angles, respectively, deg

xiv



NOMENCLATURE (concluded)

Subscripts

B Body-axis

BASIC Basic controls-fixed aerodynamir force

or moment coefficient

Center of gravity

Si,jpkj1 Parameters to identify various sets of

derivative values: Appendix I

ref Reference

a Stability-axis

T Trim

W Wind-axis

( ) State variable, e.g., m,,Pjq0r,5a

Math Symbols

(.) Derivative, time rate of change

Partial derivativw

xv
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A. MTRODUCTION

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-4J, 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 characteristics and con-
trol system are described in Section D. Section B summarized the data sources.

The aerodynamic coefficient data are presented in Section F. The coefficient

"lookup" 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. ELQATIONS Or )TI0ON

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

1. Assumptions

a. The airframe is assumed to be a rigid body.

b. The earth is assumed to be fixed in inertial space.
c. The mass and mass distribution of the vehicle are

assumed to be constant.

d. The aircraft has a plane of symmetry.

,!
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e. Effects 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 (ceg.). The Earth Axis system is oriented with the Z

axis along the local gravity vector and the XE, YE axes in a horizontal

plane with arbitrary, but fixed, direction.

The Body Axes are fixed in the aircraft with the XB axis positive

forward along the fuselage reference line. The ZB axis is in the plane

of symmetry, positive down, and the YB 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 Euler Angles o, a, and 0.

y in a rotation of the Body Axes from the Earth Axes about the ZE axis;

8 is a rotation about the intermediate YB axis; and, finally, € is about

the XB axis. All angles and angular rates are positive in a righthanded

sense.

The final axis system is called Flight Path Axes. They are aligned

with the aircraft inertial velocity. For the still-air case considered

here they are identical to Wind Axes (usually aligned with the aircraft

velocity relative to the air mass). Herein we use the more conventional

W subscript and Flight Path, Flight, and Wind interchangeably. The XY axis

lies along the aircraft total velocity vector, VT; the ZV axis is in the

aircraft plane of symmetry; and the YW axis completes the right-handed

orthogonal set. The Wind or Flight Axes are located relative to the body

by the angles of attack, m, and sideslip, 0; m is a rotation about the

73 axis and p a rotation about the ZW axis (if a =).

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

X B cosg cos P -cos a, sin 0 -sin m XW[B sin 0 Cos A 0 Y( ()

Z ,sin a cosg -sin a sinp cos i ZW

] 2
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S. Moment Equations

P, Q, and R are the instantaneous components of the aircraft total

inertial angular velocity vector in the XB, YB, ZB Body Axes. The deriva-

tives of these components with respect to time are related to the applied

moments about the center of mass by:

S(clR + c2 p)Q + c3 X + c4.X

- oP + 06(R2 - p2 ) + C7. (2)

S- (0 8P + c +)Q +0c4 + ciO

where

C1  - G (I-Iz)Iz-- Itz} c6 = I=/Iy

C2 - +{ I< xx•+I , , 07- ,1.iY

o3 G- I oa G{ (Ix -I-Y)Ix + Iz}

04 a z GIx0 G -z- ~

- (i -Ix)/y 010 GIx

G l/(I-Z -I Z)

Ix, I. Iz, and Ixz are the moments and product of inertia with respect to

the Body Axes. MO, , and X are moments about 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 m. 0, and the aircraft total inertial translational veloc-

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

4 . . ,i ' i ;l l¢ t 1 w - 'I ,•



Q - tan P(P cos a + P sin a) + ZW/(mVT co0 s)

S=P sin m-Rcoa + YW/(MVT) W),

÷T XW/mr

XW, YW) and ZW are the components of the total external forces (aerodynamic,

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

The ! equation is limited in accuracy to small sideslip angles. The

large excursions in angles of attack and sideslip encountered in the piloted

simulation necessitated a change in definition of &. The Body-Axis equation

for vertical acceleration, ý, was substituted:

$ ft QVT cos P - VT sin p (P cos a + R sin a) + ZW/m

and the definitions for m and p were m m sin"1 w/VT, p = sin"I v/VT.

These excursions were not experienced in the preliminary analytical work per-

formed in preparation for the piloted similation.

S. 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 thrutt inclination, |, and

offset, zj, as indicated in the sketch below.

T

6.Body Axis Moments

The roll,X , and yaw, XL, moments are due to aerodynamics only, while

the pitching moment,77Z, includes a thrust term. These are given by.

a= jSbCj j = qS-cCm + z T j qSbCn (5)

7,-



is the dynamic pressure; b, a, and S are the reference span, chord, and

wing area, respectively. Cj, Cm, and Cn 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:

XW T cos P cos (a + 10 )

+ mg cos 6 cos 0 sin m cos -sin 0 cos m cos P + cos 8 sin 0 sin e

+YAsin - D cos

YW -T sin P cos (m + 10 )

+ m9 ýcos e sin 0 0cos + sin 9 cos m sin P c- s 8 cos 0 sin m sin

+ YAcs P + D sin P

Z = -T sin (a + to) +mgsuine sinm +cos e coos 0 cos - L

LO D, and YAr e the aerodynamic forces and are given by:

L = ISCL

D ASCD (7)

YA ' 18Cy

CL, CD, and Cy are the lift, drag, and side force coefficients. Lift, L,

and drag, D, are assumed in the plane of symmetry; lift positive up and per-

pendicular to the velocity vector, drag positive aft and along the projec-

tion of the total velocity in the plane of symmetry. The side force YA i•

that component of the total aerodynamic force which is perpendicular to the

plane of symmetry; it lies along the YB axis and is positive out the right

wing.

( /9
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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 available.

8 Body Axis Euler Angle Rates

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

components by:

Y - (RCos 0 +qsinW)/ooSe

e c Qcoo --Rsin• (8)

P P+ sine8

9. Body Axis Velocities

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

U VT Cos Cos

V a VnT (9)

W a VT sin m cosg

10. Earth Axis Velocities

The Body Axis velocities are transformed through the Euler angles to

yield the Earth Axis velocities.

XE Ucos e Coss + W(cos 0 sin 8 coo Y + sin 0 sin Y)

+ V(sin 0 sin e cos y - cos 0 sin V)

YE ft U coo a sin 'Y + V(sin 0 sin e sin y + coo 0 coo y) (10)

+ W(cos t sin 8 sin 7 - sin 0 cos Y)

Z -U sin + V sin b cos 8 + W cos 0 cos 8

7



Xe

'Axw

Figure 2. Relation of~ Aerodynamic Force Axis System
to Wind Axes



I11. Aircraft Controls

The aircraft is assumed to have pitch, roll, and yaw controls, i.e.,

5stab, 5a, Bsp, and Br- Positive deflections and travel limits for these

controls are given in Section D of this appendix.

12. Auxiliary Variables

Additional variables which are useful in aircraft dynamics studiea

are given below.

a. Flight Path Inclination Angle, y

tan 7 -zlc + 2

or sin 7 -4/VT (11)

or sin 7 sin coso m co

-- o5 8 sin 0 sin P

-coo a co 0 sin M cos

b. Altitude Rate,

k 4 (12)

c. Body-Mounted Accelerometer Signals, at Center of Gravity
axcg, aye E azcg

axcg co co os -os c, sin -sina

a - sine coo 0

azg sin m coo -sin m sin 0 coos

VT ir -sinme

X VT(- P sin a + R cos ) -g cos 0 sin o

VT cos P[(! - Q tan P(P cos a + R sin a)] Cos e Cos

9 I



or [Xcg T cos o- D cos a + L sin a

aVCg = •YA

azeg -T sin to - D sin a.- L cos a.]

d. Body-Mounted Accelerometer Signals at Arbitrary Point
(IX, .g, .eZ) in Body, &XI, aj., azI

aL axes 0 o z - iy
aý a z YCy + -0 0 zx

L z L cG + L Y X i JL AJ

+ H 0 -El H.8: 0 2K] Q
AX, Iy, and Az are the coordinates of the arbitrary point in Body Axes.

e. Stability-Axis Angular Velocities, P., Q6, Rs

A body-fixed Stability Axes system (Ref. 1 ) may be deftined •hich 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:

Ps = P cos mo + R sin a.

Qe= Q(15)

S-P sin o + R cosa

I
Rs 0

10



f. Stability-Axis Euler Angles, 'yS Os, Cs

The body-fixed Stability Axes system defined above can be located relative

to Earth Axes by a conventional Euler Angle set, Vs, 8s, ts. The Stability

Axis Euler Angles are related to the Body Axes Euler Angles and the trim

"angle of attack by:

cos a, sin 7 cos 9 + sin mo(sin V sin 9 cos 0 - cos T sin 0)
tan fs Cos Mo Cos T Cos a + sin m7,cos V sin a cos 0 + sin 17 sin 0)

sin 88 = cos mo, sin 8 - sin mo cos 8 cos 6

ortae = cos %o sin 8 - sin ao cos 8 cos 0

I Cs c Cocos Cos + sin mo sin 8

and
cos a sin D

tan 0 Cos a o cos a cos 0 + sin Co sin e

g. Stability-Axis Euler Angle Rates, is, 6s, 6S

ts = (Rs cos Os + Q. sin 0s)/cos 8s

es - Qs cos 09 - R. sin s (17)

ss = ps + is sin es

h. Flight Path Azimuth Angle, X

t = Y/X (1 8

C AERODYNAIAC FORCE AND MOMENT COEFFICIENT EQUATIONS

Aerodyniamic forces and moments have been defined in terms of the total

non-dimensional aerodynamhic coefficients, i.,., the stability-a-:l• force
Scoefficients CL, CD, Cy and the body-axis moment coefficients Q•, m, Cr.'

As shown in Fig. 3, these are thinctions of the aircraft state, the conirol

surfaces, tabular coefficient and derivative data, and consLant parmneters.

11
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The coefficient equations are given in Table I. 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 c. for either 0 deg < < '

110 deg or 0 deg < m < 45 deg. Linear interpolation between adjacent data
points was used to obtain derivative values for intermediate values of M.
All coefficients and derivatives except CLBASIC and CMBASIC are symmetric
functions of a and the absolute value of m was used to obtain the derivative

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

IMI is used to obtain the table value and the sign of the appropriate term
is changed for negative m's. In general for I al's which exceed the range

of the tables, the derivative value for the maximum ImI given in the table
is used. This is shown explicitly in Table 1, where the complete equations
have been given for each m range. It should be noted that, except for CLD
the equations themselves are not dependent on the a range. CLBASIC is not

* quite anti-symmetric; the explicit equations for lift coefficient at nega-
* tive angles of attack are given in Table 1.

f ACmk is the only two-dimensional function used; the table contains values
for 1pJ from 0 deg to 30 deg in 5 deg increments. For 1p1 > 30 deg, the table
values for ' ) Q0 deg were used. The organization of the data is discussed

further in Section F.

As Table 2 indicates, there are two sets of data for each of the deri-
vatives and C Selecting the proper combinations of

these derivatives results in the desired four basic aircraft configurations

as indicated in Table 4.

13
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TABLE 1. AERODYNAMIC COEFFICIENT EQUATIONS (Concluded)

b) Body Axis Moment Coefficients

W .I . i. , Cr a,,.. *c,,,,,,+t.) + +• .,t.,,r,•
4.1 .-Op (I) S+p + C,.,6 ti) ri..

+ •%wo?),e4 t.• {Ce (t ,Cs.O,. l+lCC7

j~~O ~ C Alb S~o *t
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TABLE 2.* ORGANRIZAT ION OF
TABULAR AERODYNAMIC DATA

PA1ANTE~FUNCTION MNEMONIC LINE a
PARMEERO OF UNITS3 AND RRA NUMBE~RS GRD

CL". - LBAS(23) 2-8 '(5 .)110.

OL5ST CL I/dog CLSTABC23) 9-15 0.(5.)110.

CDBASIC . I) CBAs (',3) 16-22 o.(5,)Iio.

CL 1/deg CYB(25) 23-29 0.(s.)110.

Cyr . 1/dog CYDR(1O) 30-33 o.(5.)~45.

CL 1/dog C831(23) 344c C) (~t5.)li Q.

CAP2 m 1/rde CRP2(P.3) 02-47 O.(n:)110

a.p 1/rdo CRDP1(1O) 48-51 0.(5.)4~5.

I. /ra CRP2(23) 52-55 0.(5.)45O.

AEa, I /ro DCM21O,) 56-592 0.(5.)45.

C6a. I/rde CMDAD(i) 16o-632 0 .54.

a.j ~ I1/dog CM8TA](250) 641-67 o.(5.)1lo

a.b C I/dog vHDA(1o) 268-11 o. (5.) 45.

CmBI 1/dog CMBiM'C10) 132-15 0. (5.) I 1..

a. 1/o DcNMi(10) 39-¶95 0.5)5

a.M 1/og CN2(10,) 96.O112 o. (5,) 45 .

a.q (z I/rad 0NP(1o0) 1i13- 1h6 o,5)5

CI a 1/rikd ONHD(1o) 117-120 o.(5.')45. I

CM15811A Q 1/dog CNDTAC1O) 121-127 0.C5.)110.

a.p CL I/dog CNDSP(10) 056-059 0.5)5

Cnp a 1/dog CNB2l(1O) 16o-143 O.('-).II5)
r' /a NO) 14-17 0 ý)5

o.'n)io Id5,upvau a I/deg CNS ,1)r 156I'r1m 9 do.~ti11

in 5 dog Lncromentm, I~.e., 0''., V0., 100.......1(0. 1050,f(i

16



TABLE 3. CONSTANT AERODYNAMIC COEFFICIENTS

lCDsToRES() .00yr

C (1/deg) -. ooo167

Cy. (1/deg) -.000O6
sp

Cmbstab ( /deg 2 ) .00011

TABLE 4,. AIRCRAFT CONFIGURATTON/DERIVATIVE COMBINATIONS

AIRCRAFT DERIVATIVE INDEX

CONFIGURATION CxB Chpj ACmk Cn~p

i J k

A 1 1 1 1

B 1 2 1 1

C 2 1 1 1

D 1 1 2 2

17
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COIMTOL SYSTEM

1 • Physical Characteristics

This section describes the pertinent dimensions of the airplane (weight,
wing area, inertias, etc.) 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,
Sthe control surfaces are outlined below and control surface limits are given

in Table 6.

2. Control System

Longitudinal control is provided by an all-moving horizontal tail. Lat-

eral control is provided by a combination of spoilers and ailerons. The ail-

erons deflect downward only; the spoilers deflect upward only. The left ail-

eron and right spoiler operate simultaneously, as do the right aileron and

left spoiler. Spoiler and aileron deflection are combined by a simple relation:

5sp m 1 .433ba

Directional control is provided by a conventional rudder.

The longitudinal control system is outlined in Table 'T, and the lateral/

directional control system is shown in Fig. 4.

!T
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TABLE 5. AIRPLANE DIMENSIONAL PARAMETERS

SYMBOL DEFINITION VALUE

b Wing span, ft 38.67

: I c Wing mean aerodynamic chord, ft 16.o4

S Wing area, ft 2  530

W Airplane weight, lb 37,000

Xref Reference center of gravity, %C 31

Xcg Actual center of gravity, %c 29.3

Ix Moment of inertia about X-body axis,
slug-ft 2  23,850.

Iy Moment of inertia about Y-body axis,
slug•-ft 2  127,1400.

Iz Moment of inertia about Z-body axis,
slug-ft 2  

1146,ooo.

Ixz Product of inertia about X-Z axes,
slug-ft 2  2210.

to Thrust inclination, deg 5.25

Zj Thrust offset, ft -0.336

H Reference altitude, ft 15,000

19



TABLE 6.
CONTROL SURFACE DEFINITIONS

SURFACE DEFLECTION LIMITS, DEG

5stabo Positive TED' . 21 up, 9 down

5a, Positive Left TED 0 up, 30 down

5,,, Positive Right TEU 43 up, 0 down

5r, Positive TEL ±30

TABLE 7.

LONGITUDINAL CONTROL SYSTEM

* No SAS or CAS

* Basic F-4 manual control system gain,

. stab ' blong = 4.16 deg/in.

0 Feel system - simple spring/damper

(gradient .•3.5 lb/in)

* Breakout 1- .5 to 2 lb

'.3

20

- ~~44 '.I



rto

0 0
r() *-d

LO to.
4LO

10

-j

CLC

E N

im0

U1- - L

210



Z. DATA SOURCES

This section outlines the sources for the aerodynamic data presented in
this appendix. Reference 16 was used as the initial d.ata base for this simu-

lation model. The Ref. 16 data covers an m range of -5 deg to 31 deg and a V
range of -10 deg to 10 deg. Wind tunnel tests of an F-4 model (Ref. 2), cov-

i, ering an a range of -10 deg to 110 deg and a p range of -40 leg 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 sets of data were supplied to STI for a previous study.

One, Ref. 3, was based on the spin study data (Ref. ý). The second was sup-

plied *by NASA Langley and was based on several NASA tunnel investigations

(e.g., Refs. 5 and 6). The Ref. 3 tabulation was a function of a, 6, and

batab for the range:

0 < a < 90 deg ; 0 < p < 40 deg ; -21 < 6stab < 0 deg

The NASA tabulation was a function of m and p for the range:

-10 < m. < 120 deg ; -40 < P < +4o deg

Both sets are limited to the very low speed regime (M 0 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-hJ and slatted F-4E

aircraft. Several key damping derivatives were u.pdated from Ref. 7 based upon

NASA correlation between several sets of tunnel data and evaluation of aircraft

response obtained in the simulation. These data also are in look-up table for-

mat with coefficients as functions of a, M, and H over the range:

-5 < • ~< 30 deg ; .2 < M < 2.4 ; 15,000 < H < 45,000 ft

The sideslip coefficients are valid over the range 1 =40 deg. Thrust and

drag effects are also modeled in detail.

22
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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 0.4 M. The resulting data provide an

excellent model of the aircraft over the range:

-4 < m < 30 deg j -10 < P < 10 deg ; 0.2 < M < 1.0 ; 0 < H < 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 ft), and defining values for the second set of the parameters

C0, p CIp, and 6Cm.

Pe AMODMSA=ZO O =OZC 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 M or

of m and p. 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

increments.

For those coefficients which are functions of 0 < m < 110°, the values

given correspond to a as follows: (0

(0) .................. (2 )

(ioo) (11 o)

For 0 _. m <_ 450 the vw.Lues are as follows:

,•(0) . . . . . . . . . . . . . (20)

(25) ..... ............. ... (45)

S2



TABLE 8.

DATA FILE IDENTIFICATION LINES

NUMBER OF

Coefficient identi- VARIABLE VARIABg INIDEPENDENT DATA POINTS NUMBER TOTAL NO.

fier: _A4E UNITS VARIABLES PER LINE OF LINES OF POINTS

(I line) (AS) (AB) (12) (12) (12) (13)

INDEPENDENT INDEPEINDNT
Independent vari- VARIABLE VARIABLE MINIMUM MAXIMUM NO. OF
able identifier(A): NAME UNITS VALUE INCREMENT VALUE VALUES

(1-2 line.) (M) (AB) (814.6) (E14.6) (El 4.6) (12)

The coefficients DCMJ and DCM2 are functions of both a and D. In

this case, a is incremented first, then P:

(COo) . . . .. . . . .. . . (20, o)

(25,o) .* . . . . . . . . . . . (45,o)
.. . . . . . . . . . .. 0 5

(25,50) . .*. . . . .* . . ~ . *

As an example in interpreting the data file, the file for Cyp Is

given below:

CYB PER DEG 1 5 523
ALPHA DEGREES 0.,5.,110.,23
-.011 -.011 -.011 -.011 -.011
-.011 -.011 -.0092 -.0079 -.0065
-0050 -.0036 -.0023 -. 0008 .0006
.0020 .0030 .0030 .0030 .0030
.0030 .0030 .0030

The first line identifies the coefficient; gives the units; indicates'

that it Is a ±'unct.Lon of one variable, and that it is listed five points

per line in five lines, with a total of' 23 data points giv3n. The second

line identifies a as the independent variable; give3 its units; gives -the

minimum value as 0 deg, the Am. increment as 5 deg, and the maximum value

as 110 deg, for a total of 25 aeparate An. point~s.
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TABLE 9. AERODYNAMIC COEFFICIENTS

1,0. 109 1 EX'E.LNLE'll AUiA A' "A; LId i. , CiRi R 2 CI-INCI
CLBAS :1 5 T5 1 3
AL.F hI A rl R S 0 ,G E , L, I , 1 23
.1220 ,4146 .6U34 Y 0 53 ,9 ''96
1.010 1.067 1.049 1.024 .76,

.921 .872 .798 .677 .046

. 418 .2•89 . i7 ,02'3 -,116
-. 2037 -. 402 -. 017

CL ISTA V PER V.0 1 5 5 23
ALPH F'lh ;EOGRr S , •.L• v , 0 110, P23

.006•'9 .00694 .00676 6006•57 00U71
,00! . ,00503 .00406 ,0046 .00438
.00416 400393 400371 . 00448 ,00324
.00300 .00300 .00300 ,00300 .00300
000300 .00300 .00300
CDIBAS 1 n 213
ALPHA DEOREES 0. 8. P.110. ,23
.035 .066 .130 .247 .382
.510 .55 ./@6 .91 1 .011

i., 2S 1.245 1 .3$2• 1.405 I,. 416.L

I. 493 1 .023 1 . 5 2 1.570 1.505
1.600 1.803 1.567
CYE PER Y•FEG. I U S 23
AlPlHA r'EDEREES 0, .8 .110. .?23
-. 01.1 -. 01± -. 0±1 -,O:.L -,011
-. 011 -4011 -. 0092 -. 0079 -. 006•
-40050 -. 00'36 -. 0023 -. 0008 .0006
.0020 .0030 .0030 .0030 .0030
10030 .0030 .0030
c'ntR PFR OEP I 8"• I 10
ALA"H62 IEGNEKES 0.5.0. 4t. .10
*001•l. . 001142 00134 O01t30 .00124
900098 .00073 .000413 .00024 0.0

ALPFhA IIEU5GREES S. 0.,23
-. 00:013 -. 00175 -. 00236 --. 00219 -. 001±.8
-. 0000A .000(5 -. 00010 -. 00:1,08 -. 0018
-. 00022 -. 0024J. -#002.'55 -. O0T.AH .-,002 7 T
-. 00291 -. 00300 -. 00300 - .000300 - t00300
-600300 -. 00300 -. 00300
ICF1B2 P820i DED 1. S 5 2 3
AL.PHA tilEOREES O, ... ,,i . tl 3
.- 00132 -. 00175 -,.00236 -. 00219 -. 00219
-. 00219 -,.0(219 -. 00113! -- 00152 -. 00:L80
- 000":2 -. 00211 . 002X5 J -400268 -. 00279
-. 00291 -. 00300 .- 00300 -. 00300 -- 00300
-,00300 -. 00300 -. 00100
UCRrPI IFEI,1 PADl , : 10
ALI:'HAO2 DEGREES 0.0. r,45,v10
-. 204 -. 300 -. 2U15 -. 102 -. 100
'-.080 -. 304 -. 2U0 -. 164 -. 100

CRI:2 PER RIl 1 5 2 01.0
ALF'IHA2 DIEGREES 0.'. 5 . t 4M"`. v 10,
•-.04 -. 300 -. 260 -. 260 -. 260
-. 260 -. 260 -,.W5 -.. 1.64 -,IOU
CRR `E R A ti 5 2 10
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TABLE 9 (CoNTiNUED)

,L.P;'H,2 I:'P:El;rleai 0 . . , i 1 0
.0.S .076 .I0U 4±TO .* '1t
007 1.30 .204)1 .006 0•0•0

CltVIA PIER DiEG :1 5 2 10
ALP.,F'N2 iEN'Rno 0, W. •*• .4 10
a6044q8 *000459 ,000431 0 000400 s 000379
*0003N)0.) *00031.2 .000210 .00010?Q 5 *000000

C:RDS PER DEC 1 5,o 2 10
ALPH:'2 ,DEORIIKrES o. . 404 0O
.000130 .000140 0 0000•FJ .000066 & 000054
,0000.0 .000030 .000020 4000010 .000000
C1rD'i PER rlEi0 1 ' ' to

Lr'6HA2 tDRONE"l13 0.S Op4.S,10
.000199 .00016:•" WgOW S 00:16 W000092
+000009 .000002 000033 4000017 .00000
chrl.s 1L ,11 :ý 23

ALPHlA t'EOREI±S ttyl.
.000 -. 013 -a027 .. 3 O .00
-,060 -.093 - .144 -. 116 -#242

-. 60± -0010 -. 93 7 07 -61

D01 2 014 20
ALFt0"I02 DEt RrJ'ES * . 5r4 .0 10

.0000 .0000 10000 .0000 .0000
S0000 40000 .0000 0000 1)000

- , 0000 Y0000 *-.000 - .01'ý0- 009'9
.0018 .0000 .0000 *0000 ,0000
-. 0170 -OL070 -. 0.70 -. 00 235 410

- 0204 '-.0160 2000 .0000 .0000
-. 0312 -403±2 #.03 121 .- 00 --.ý";0 ot)180

* 0&W -s,04293 * 0020 40000 .0000
'.-4 04541 -. 0 40WO -. 0 It 5J. - ,0700, - .013-00

.0768 -. 0715 *-00007 .0001) .0000
.05-,062-.051-0560 -. 00188 -. 1000
* 92 -,0944 - .0106 40000 40000

'04 7 4 -. 0671 -. 06 74 -. •071 -. 1.200
-. 1.138 -. 1133 -,o:O,2' .0000 .0000
isc11 2 514 70
ALPHIA2 DE RR:•EES 0 ,W P45W< O4'• ,• I
0IL)10 0,0 0,01 0.0~ 0,0 1BhETA 1:tl2RkI5Iz 04 1 * 30,.0
040 0.0 0.0 0.0 0.0

.0090 W .60 400 6 .0138 0099
,-.00 10 -1 000 : 00 .0000 .0000
,0170* .0170 ,.1?0 #02F3U .0306
.0204 10160 .OOJO a0000 +0000
S031,2 .0312 .0312 .0 5 4,IPO ,580
e 0463, 6 04123+ .O0615 .0000 -0000
.0400 0"155 .0045• .0705 ,0000
.0768 .0750 -0087 .0000 40000

,0953 49)44 ,0106 +0000 .0000

,0674 .0674 .0674 ±1071 .1200
.1138 .133 .o±012: .0000 .6000
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TABLE 9. (CONCLUDED)

-MD PER" Rhil '1 '.1; 2 :1OAlt.P H62! Tj F" RlI::" E:,! 8 ), 0. i V ,ý p •It!) "'. # F
-3,10 -3.41 '-3,70 -3,9 2 -,I330
'-3.5b2 -J.1i '-S.±2Ki'l -31
uHAtl FEIAI R:1A1D :L 2 2 :1.0
A L HFH2I'.E' f1 R 0E., , O, I;,, 11. v ,L.O
"-t,30 *--.• 002 -1.2, I -:L.6 -' 1."; 9

'-,001 5 ",02 -'1.32 '-1."-200099 -2 01.32

C',M ST P11R DHA I 2 i 2 3
AL. F'H 1A liERI RIir 01 .' ,41` . , 23

. 0:10 10 -, 0004 .,0091 - . 00926 -600820
o 0074U -. 00233 '4 OiV? .006'17 0 -5 . 7 2
.005619 - 00466 -,00-41 -. ,00;361 ., 003031

- . 002156 -. 00202 , 00 0 1),'0 000917 - . 00,52
0 00000 0.0000 0,00000 p0
CMDA PIE'R • , 0 19 2, , 10
ALP1-162 91LIORIiW 0.40 b 451'3. r10
-.001011 -400092 --. 00079 -. 00068 -#00066
-. 00066 ,-,00066 -. 000,6 -,00066 ".00066
C Mr.1P PER' LIEU 1 01 2 1,0
ALFH1I10C2 I'EGRIES 0,# .2 p 40•3 *,,O

* eJ 0013 0 - 00002' .000 03 .000007 .0000
".000000 .000000 .000000 .000000 .000000

ALPHoI'I2 V IiQ 1: ',' J 0 v O . , 415. ,LO
,002 .0062 .20021 .001.4 -. 0006
-.0032 -. 0040 - .0V3 13 -. 0026 0-002 0
(I, Pt'R . :1;' XL-'0 1 10 1. 2 0 0
ALPHFA2 1iE(K 01E'U 0, p 0'. . Y:1.0
.0022 .0022 .0021 .00i3 .0000
'-.0000 -- ,0001 00.11 0 ,0t4 -#0017

CO P' PER l D:.:. I . , 2 J.0
I41.i:2 : DE(]:•,PEl o. Pu, # 4,. ,.i0

!00 - .0'4 , 00 .,02 3 -. 002
,0 122 .1 0002 0 .0o4L.000

CN 4R Fli I~:: I I.' 2" :1. 0
6 L P, -ir) V0 Vit ogr il' 0 Y.5. y 1 ';* .42 10t

--.660 -3.60) "-372 -,:L-P0 .000
(IN l A FPEP LEUt" 1 '.5 2 10

A P HAT 2 1 01,': : t':s o, p 4 * ,.4 . F:10
0 0007 -t 7 0 000 10 -,0(00026~ -,0001067 '-0000.68
0.' 00• 86 -. 0 00 69 -. 000070 --."000070 -00007 0

PE!",; l 1111 .1.'7 212 :10
r.LPI**I0. I i:RL 0, .2 4"'i , 10

.~021.0000il':i -00002(01 .0000132 .0000090
'0000014 ,00000(02 .0000000 . 0000000 .0000000

C:NI1)R ;:lF tI P :1. Z 2' :1.0

00070 -,oo~t,0006 1 -.00070 )03 - , 0006,5
'-.000 -. 000 3 '", 000'. 2 , 00014 .00000

27



clama

Figure 5. LBASIC (CL)

0,006c

0.30693

1300021

0.0041t

93.1304

ALPIM MCURCES
.00213 613'a P,ý'o Io' a~" Ob. 1z

Figure 6. Ltb()

28t~



.1
I
II

I
3.0U

LEO

Lao

O.KO

NOlO 'I*UJO gala *pJ� �.pg �.ug,
P�LPH� 2�UNKCU

-LOO

um.o

azrn.

NLFH� UKUNEEM

.0.00K

4
-0.020

-0.02K

-0.020

Figure 8. C� (�)

29



PER men

Figt~MWAe 9* 0Yr (c

CA&A

PER- ME

10



PrN NMM2

-aIa

-030

-ODID

Figure 12. (L)

Digi

0,31

-00 Fgre1. IS(L



0,00012.0

03.00 -3.013S . col0 '40.0 300 6200
ALPHA 2EWPECU

-0,030120

Figur~e 14. (M)

0,00032



CJ0000L6

-0.130030. .. O *00 0*

-0.200

-0.723

Fi~gure 16. CmA1 (ar)

MBAS1C
33;.I;F



0.0U0

-M.090 .,U! 1
i J'

totr

03

F~igure 17- (a)- LCm1 (a, hI

&3Rm1+c 1

iri

- .. 'I .*Is



CH

-2.10

-ion

Fvigure 18. Cmq (~

35



NLCM.2CEE

PER ARM

Figure 19. C (a.)

la i .ý



Clams

0.O0.0

.0,123A

.0,010

rigare btab

far.? 0EI

pg.CIRECS

-M,93120%q~g

21.(06)

-~,002.



Figre 2. a.

C0oo613.

-0.00010

* 2.0010CU

FigurePMI 21CECM Cp(C"

-0.00.031 '3
SoS

-0.0mcm

pigure 23o Ca a.

38

ILAIkIJ~r~IJ, .. lhj' - -m PI' M~bt~wI.L& r.LklLL..bIL.fl.t~MJ..k. ~i~''.



PER RAM

0.00 C3

ALPHA ZE5NCEE

-0.49

-0.2.0

-0.10

-0.3.0

-0.9n

Figure 25. C ' (a.)

39



APPH 2CEICC

-0,1aaO'g.

-ooAaa

-aoagom

-aCrDOa

-0o12owgo

F'igure 26. Cn5,as

4cI

Ah44a



PEN Meg

0.90004,

0,00003

Figue 27. On-% (a)

~N ZN L HA ZCOARCCS
PEA 292

-0.1300co

-0.00-370



G. VALIDATICN

No F-4j flight test traces of high AQA are available to compare against

dynamics from the foregoing mathematical model. However, the model was

originally developed for use in a moving-base piloted simulation _- Ihich

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-AOA flight traces available are from the F-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 approximnately the same

stall/departure characteristics. The Air Foroe (Ref. 8) noted the longer

nose F-4E 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. Also, the F-4E flight test vehicle was equipped with

a spin chute, had a beefed-up aft fuselage structure to handle the spitn 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
OL stores empty tank empty tank

wing stores pylons 1,2,8,9 pylons 2,8

W (ib 4o,ooo 37,000
c.g. (% MAC) 28.1 29.3

Ix (slug-ft 2 ) 27,500 23,850
ly (slug-ft 2) 157,000 127,400

Iz (slug-ft 2 ) 18o,6o0 146,O00

Ixz (slug-ft 2 ) 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

42

-j



r

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-

tional stability breakdown in the form of a slightly divergent dutch roll

(wing rock) in the vicinity of 19-22 deg AOA. 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 CnO passes through zero at

about 20 deg AOA, while at this same point CX (Fig. 10) is still relatively

large. One would expect, then, that the dutch roll motion would be primarily

rolling motion (wing rock). By 25 deg AM CDA is very small, while COn 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 AOA 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 AOA from our F-4J 6 DOF model shows an almost identical oscillation

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

excursions.

Flight Test Simulation

S21 deg 21 deg
11 deg 6.3 deg

(P 3o deg 21 deg
p 60 deg/sec 24 deg/sec
r 2.5 deg/sec 1.4 deg/sec
period 3 sec 6 sec
maneuver wind-up- turn straight/level

4-
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The absolute magnitude of motions depends upon the initial excitation

and is not particularl3: close. However, the ratios of the motions are quite

close and again tend to validate 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 aerc model. This "fre-

quency doubling" can onay be caused by the pitching moment due to sideslip,

CmW 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 p. 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 ao w 23 deg, p. = O is shown in Fig. 33. Again, the

motions of Figs. 32 and 33 are remarkably similar.

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

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

On the basis of the above it was considered that the aero model exhibits

characteristics adequately representative of the F-4 aircraft for use in

analysis and simulation of stall/departure.

.7
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F.4J SIMULATION

Figure 34. Departure During Left Wind-Up T•ikzn
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APMIX~ 11

7-1IA DATA PAKAZ
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This appendix documents the mathematical model used in the simulation

of the F-14A aircraft. The model represents the "clean" (no slat or flap

deflection) aircraft at low Mach number. All aerodynamic characteristics

are for a wing sweep of 22 deg (Fig. 3D) which is maintained in flight by

the Mach-Sweep 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 aerodyn-

amic forces and moments are presented in Section B; the origins of the

individual aerodynamic coefficients is discussed in Section C; the coeffi-

cient "look-up" tables are described in Soction D; the coefficient data

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

The equations of motion presented in Appendix 1, Section B, are applic-
able for this model.

Be AIRODYNAMC FORCE AND •HENT
CO•7''ZCT EQUATION8

The aerodynamic model, Table 10, is largely based on an F-14 model used

on the NASA Langley Research Center Differential Maneuvering Sinmlator (DMS),

Ref. 9. Pbdifications were made to incorporate additional wind tunnel data

and simplify the functional dependence on sideslip angle where appropriate.

The terms iCL~o(m) and ACm 0=o(m) were added to allow "tuning" of the model

using flight-derived trim data. Similar terms were included in the lateral

equatlona to allow inclusion of nonzero sideforce, yaw, and roll moments at

0 0. Such moments, arising from aircraft asymmetries and asymmetric vortex

"sheading, have been suggested as contributors to departure problems.

-• 51
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TABLE 10.* F-i14 AERODYNAMIaC FORCE AM~I MOMENT EQUATIONS

(4k,) Aer msic Force Eqauation.

CL OBSCL~azc(0) +Az 0 .o(m) + lpC M 1,(~(~ P /5ý) + ACL5j(ft)IACL88(m) aCL58(a)B5 (50 -1O0)

4 B.+ iO)C82((L) (58 410

CD - 0DABIo(L, 0) + Cn1 p(aC)( 189p/X + ACD88(aZ)

WCr28 (cL . C%4(0~)5, (60 -1OO)

ALCD 52 (c) - -1OCD611(m) + (Bs + lO)C~bl2(Q) (be . 100)

CYaCl~Cc)0 Cypo(cO + C~b (c)Bs + OYb,(%,0ar + Cy8 p(c)B5gp + (b/2Vo) (Cyr(a) r + Cy,(a~p]

(b) Aerodynamic M~mnt Eqwations (X,, In % E

Cm - CMDA13o(Q, 0) + Wn.O.4(x% + (c-XrpT)/100](CL cogn Q + CD mi 0) + AC.p(cl)( Iblpl/m)

+ AC6,,(aL~bj + (Zq/.Vo)Cmq(%)q

W -tga -ioCu~s(o) + (80 + 10)C%12(m) (5. ' 10*)

Cn CnM9A8ZCC, 0)4 + cl,)% + ACnat)Bas min (8.2 0) + I(%~ -xrer)/1OOI(S/b)C + Cnb,(cL)BL

+ Cn O (Q P)br + Cne6 (%)Bmp 4 (b/2Vo)(Cn,(5L)r +4Nmp

Ct CJSA 8r(G )+c& (0) C~(c08 + C5CrAa.0) br + Cjl(CL)bgq + (b/2Ve)(C ()r S (Cj()p1

i NOTE: For' conciseness, bstab has been reduced to
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In the DMS model the static yawing moment coefficient was treated as

a function of three variables: m., P, and bs (bs = bstab). The unusual

influence of stabilator deflection 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-

tion of m), b, and p added to the static yawing moment CnBASIC(a,p). Rather

than treat this increment as a three variable look-up table, it was approx-

imated as

6Cb s(a)54 sin (8.2p

where 6 nbs(m) .s a one variable look-up table. The sin (8.2p) factor in-

sures that for 6. < 0 (TE•J) the effect is destabilizing for either positive

or negative sideslip. The longitudinal stabilator effectiveness is nonlinear

in Be in the DMS model. This effect was retained in the STI model but the

dependence on sideslip was eliminated.

Ce 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 originn of the coetficients.

Although a 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 19'(1, NASA Ames Research Center,
12 ft pressure tunnel

August 1971, NASA Langley Research Center,
50' x 6' (-ull 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 higherj however, its use was limited in that

Ref. 10 contained only static roll and yaw coefficients as functions of m and

514- )• I,



P and normal force 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 DMO simulation which was based on the

LRC 30' x 6o' 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 C,(m,p)) which are

not symmetrical in p. When this data was used, coefficient values at posi.

"tive and negative p's were averaged, where appropriate, to produce tables

symmetrical in p. 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-_h flight test data.

On the basis 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 71. The reference

point for all aoment coefficients is on the FRL at 16% MAC. The spoiler

produces no effect above m = 10 deg and, since primary interest is in the
high m regime, all spoiler functions are zero.

D. AERODYNAX COO•EFICMT DATA

For use by the simulation program all aerodynamic coefficients are repre-

sented as piece-wise linear approximations in "look-up" tables. These tables

are functions either of m only or of a and P (see Table 11). In either case,

the a breakpoints are every 5 deg from m = 0 to 55 deg. The p breakpoints

are every 5 deg from p = 0 to ±20 deg. A listing of the computer data file

containing the lookup tables is shown in Table 12. The order of the individ-

ual coefficient tables .,. the aerodynamic data file is as shown in Table 11.

For ninctions of a only, m 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, 4o deg, 45 deg

50 deg, 55 deg, 0, 0,0

2 ~ J
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For functions of m and • S is incremented first, then a, as follows:

Row

I (O, -20), (0, -15), (o, -10)0 (00 -5), (o, o)

2 (O, 5), (o, .1o), (o, 15), (o, 20), (5, -20)

2i (5.5, 10), (55, 15)) (55, 20), (0), (0)

For convenience in creating computer mnemonics, the control variable

bstab has been abbreviated as 8 in the data file and plots.

!'iT
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TABLE~ 11.* ORGANIZATION OF AERODYNAMIC DATA FILL

"aT!O I44uc~ NUIMBSK A~

PARAI~g UKZ8 AD WA 'F(LINE)

%BIASIC 46, 0 - OLEAB(12p9) 106 fiTZIO0

164. - DCLW0(12) 12 101

1L, /del cbm8(W2 12 io4~

OlLg 1/dog 0L082( 12) 12 105

ACS L- DOLIP( 12 12 106

~DAIO~- CM0~(209) 108 200

0611/6eg QPD81(12) 12 20~4

C46.2  Q1/do$ CDD62(12) 12 20~

ACS 6- c0flC12) 12 206

oftAble a, 0 - CgBAS(12j9) 100

£- ooxO(12) 12 301

CLI/rad WC~12) 11 0

Cyr CL 1/rad CT1P12) 12 0

cya a 1/des OCfM(12) 12 3

cygp U. /401 QjyIp(12) 12 30

Ove i /4.1 cyt~l(12j9) 108 %7

CABASI0 ap CWSA(19o9) 108 4i00

ACAP. 0  
WM~bo(12) It I40i

Oir Q 1/rad PP(12) 12 0

CB pa, I/dog (MDA(12,9) 108 I40~

o*iap CL I/dog cSDBF(12) 12 W06

aAS C, p I/dge Csrn(12,g) 108 407

CSSC 0 - OMAV(12 1 9) 108 o00

ACO0- DrnM(12) 12 ý01

CM 1L /rad 0lQ(12) 12 503

C6i/das 04081(12) 12 50I4

1f C /deg CMU1) 12 5

A. -w0 loAZ a. - WJMAXL 1~(2. ) 10 6DO.IA

ac% I/ o 570DS( 12) 12 6~02



TABLE 12. AiLR0DYWAMJIC DATA FILLE

0,8145000E-cl0.1470500E+60 01098500E+0o 0o -.1 o6K+T 0,7 .0 6'r-0I
O,145n500E+00 0,109O!500E+Q0 0,1470500E+00 0.61450OOE-01 0,o52(36301c+00
0#5746194E+00 0#602405J2E+00 0,6iS5$7&E+00 0.583,3407E+O0 0.61 557@C4+0O
0#6024052E-f00 0.E746±94E+00 0.U2e36301FE+00 0#921SS69E+00 0.90013?49E+00
OsIO01756FA-01 0.10194S4E+Q1 0,1012943E+01 0#10i945j4E+01 0#1001756E-10i
0#9803749E+00 049215569E+00 0.1213$e6E+O0i O#.1244E309E+01 O.L204404E401
0#1276219E+01 Q.127S946E+Oi 0,1276219E+01 0#128-4404E~+01 0.1244839E"4-01
0,12i35S6E+0± 0,1439421E+01 0,1515402E+01 0.1563296F~+01 0,1~kS9673E:+0i
0#1603160E+01 OoIS69673E+Oi O.±563296E+01 04515I402E+01 041439421f.+01
0,1640450E+01 0oi698947E+01 0#1740003E-+O1 0,1766289E+01 04L774422E+01
M.766289EI+01 0o1740003E+1+O 0.1696947E+01 M.640450E+01 0417201081+-01 CL
0.1790446E+01 0.1a52892E+O1 0.189e136E+01 0.927O53E+01 0,169B3916E+01 BASIC
OoiSS2I392E+01 Os±790446E+01 0.1720108E+Oi 0*173031E401 0#177032%AC.401
0.1840752E401 OtiS7052OrL+01 0.1930109E+Q± 0.187~0520E+01 0418407521F+01
0,1770326E+01 0,173303iE+0± 0.1666409E+01 0*169172!8E+01 O,1712286M4+0i
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E. VALIDATION

This section documents the validation of the F-14 high angle-of-attack

aero model against flight test data. Basically, it was necessary to deter-

mine whether the simulation model would produce the high a dynamic phenomena

of the unslatted F-14A, specifically:

0 Mildly divergent dutch roll in the AOA range
12 to 22 deg

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

0 Roll reversal starting at m = 18 deg when dif-
ferential tail is used to roll the aircraft

1. Validition Methods

Two basic methods were available for comparing the samalation 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 inpiloted time-domain simulation program does not have provisiox± 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 uf the flight traces.

The second methnd involved extracting values of damping ratio, t, 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 w values could be compared to open-or closed-loop roots obtained from small-

perturbation linearization of the simulation model. This second method was

particularly useful, since the lateral oscillatory response was of primary

interest and the linear response parameters t and w can be directly related

to the aircraft's stability and control derivatives through literal approxi-

mate factorst Ref. 1. The approximate 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 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 ý and u) values from

non-linear simulation time responses.

TABLE 13. APPROXIMATE FACTORS FOR KEY LATERA\L-
DIRECTIONAL PARAMETERS AT HIGH AOA USING BODY

CENTERLINE AXIS DERIVATIVES (7 yo O,• f 0)

Ný - Lý tan 0oVT
VT0

g 1
2tdCd " -v -Lp + (p tan 00

1 N a -Lp + I (N - + Nr tan e
t a ,,,, N[ ' V T o

I . g L (Nr- N; tan 0.) 14,( , tan L oo

2, ?light Test Conditions and Configurations

F-14 flight test data covering the h~gh-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 involved in these tests. One flight, No. 199, was only

used for comparison with the simulation trim routine.

Reproductions of the flight test traces are shown in Figs. 7 4, 75, 78,

80, 82, and 84. 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 aIND on the traces). Noseboom ca

is related to true a by

cuTRUE .8561 aNOSEBOOM + .178 deg
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Aircraft iX had no nose boom and hence no sideslip sensor. Angle of

attack was measured by the ARI nose probe and denoted mARI on the traces.

The nose-probe a is related to true m by

MTRUE .8122 mNOSEPROBE + .797 deg

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. 35. The flight test runs used for validation match these con-

ditions as closely as possible, specifically:

* Flaps and slats are retracted except for

8flap = -2 deg on Flight No. 236-1

• Mach number below M = .35

0 Wing sweep, A - 19-20 deg

0 Glove vane and speed brakes retracted

* No external stores

The maneuvers were performed at nz 4 1 g, either by maintaining speed and

AOA constant and exciting lateral motions with a doublet, or in a "I g stall"

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

tudinal acceleration, VT, varied from 0 to -0.4 g, and large negative flight

path angles were reached at higher angles of attack. 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 A0A phenomena on this aircraft.

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

73) such that:

• yaw SAS off c> 100

• blatstick *- 5r phased in 10° 0 < < 200

• Roll SAS and command 20' < < ' 310

augmentation phased out
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Where a as used in Figs. 72 and 73 is the angle of attack as measured by the

A1RI nose probe. According to this schedule the yaw SAS should be off for all

cases. 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.

.Flht Test Omjarions and DerivativeModifica'tions to Match 'Ving• Ro:ck"

Flight 199 (Aircraft 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 bstab from the simulation were com-
pared to the' flight m and 5stab traces. Initial comparison using the original

wind tunnel derived aerodynamic model gave good comparison with flight m but
the flight 5stab traces indicated a more trailing-edge-up deflection. The
original inimulation Cm (m,p) was based on the LRC wind tunnel data (which dif-
fered from the ARC data by an essentially constant nose up increment). A
ACm,,,(L) 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 bstab trace, as shown by the circled points in Fig. 74.

Flight 243 (Aircraft No. 3)

In the time "slice" of interest (t - 33-50 sec) AOA is maintained at 18 ±
2 deg, Fig. 75. In this AOA region the gain schedule implies that the yaw SAS
and ARI 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

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 aircraft response can be considered the free response of the aug-

mented airframe.
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The aircraft exhibits a divergent "wing roclý" 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:

- -.05

( 1.4 rad/see

The dutch roll root obtained from linear analysis using the original

(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 tho

oiiginal aerodynamic data yield

S (-tan .o 1)I/2

8B 1/2

M 1.P1 radisec

Wd~ '[-YV -L;+

I (.o475 + .- 738- .0978- ,3510)

--. 0863

These approximations are within 4 percent of the values obtained by numer-

ical factorization of the characteristic equation. It can be seen that

either an increase in dihedral effect, Cj, or a decrease in roll moment

of inertia, Ix, would increase the dutch roll frequency. A reduction In

the magnitude of the roll damping, Cip, or a more positive value of the

cross coupling parameter, Cnp, would reduce the dutch 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

[td, Cid = [- .071, 1.41] for the bare airframe, and [Id, wd] = [-.OCI,
1.431, SAS on, which can b• compared with the flight-derived root in Fig. 76.

To check possible nonlinear effects the airframe alone "tgital simulation

was run, Fig. 77, with the final modified parameters. ThL pproximate t and

w in response to a pulse rudder were extracted as for the flight test data.

This resulted in [t,w] 1- [-.o45, 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

S= [-.024, 1.40].

Flight 234-1-(Aircraft IX

The Flight 234-1 maneuver was performed at an approximately constant AOA,

ao = 15 deg, Fig. 78. In the time slice of interest, t = 15 to 28 seconds,

the yaw SAS is 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 0. seconds the response is that of the bare airframe.

This shows an oscillating divergence (dutch roll) with [ý,] = j-.07, 1..4 rad/

sec].

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, CZp = -. 08 1/rad, was re-

quired. When this CIP value was used in the nonlinear simulation of the bare

airframe, Fig. 79, the approximate damping ratio aid frequency were found to

be [,wl] = [-.058, 1.43].
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Flight 236-1 (Aircraft IX)

The Flight 236-1 maneuver was a 1 g stall in which angle of attack was

steadily increased from a = 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 m 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. Also 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 t and w 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 [,] = E-.085, 1.30 rad/sec].

Matching of this flight condition was done directly from nonlinear simu-

lation time responses, Fig. 81. Matching frequency required a 30 percent in-

crease in Ix (at this heavy weight the aircraft has approximately 4,000 lb 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 < m e 30 deg region

(again similar to the np reduction required at 15 < a < 20 dog). The final

simulation time response shows a nonlogarithmic c envelope, similar to the

flight traces, which is possibly a nonlinear effect of the time-varying M.

Oscillation frequency derived from the simulation p trace varies from 1.4O 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

S= 29 deg, Fig. 82. Although there is considerable stick activity, the roll

SAS and command augmentation is almost phased out at this AOA and thus the

differential stabilizer is essentially zeroed. The large-amplitude 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) p, or both to rudder

to damp the oscillation. The latter possibility can be checked by consider-

ing a system survey (root locus and Bode-siggie; see Part I, Section I1) for

ýP --. r loop closure as shown in Fig. 83. It can be seen that at gains on

the order of those observed in the flight traces, K1p = I 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 open-loop excitation. From the flight traces, the fre-

quency is w- i.4-1.6 rad/sec and IT/Er (0)41 .6 to 1.0 (-4.4 to .

This is in reasonable agreement with the open-loop Bode plot of Fig. 83 indi-

cating that the rudder effectiveiiess is reasonable at this angle of attack,

" 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-of-attack region (m > 25 deg). The simulation yields

25 1.097 1.22 rad/sec

30 +.244 .93 rad/see

4. Roll Reversal Validation

Figure 85 shows the migration of the up root with AOA. It can be seen

that between m = 15 and 20 deg pl) becomes real with one zero in the right

half-plane. This produces an initial open-loop roll opposite to that com-

manded with lateral slick. It also results in a first-order lateral-direc-

tional divergence if the cp - 5 D 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, vs. a plot of Fig. 87.
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