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FLIGHT-DETERMINED STABILITY AND

CONTROL COEFFICIENTS OF THE F-111A AIRPLANE

Kenneth W, 1liff, Richard E. Maine,
and Sandra Thornberry Steers
Dryden Flight Research Center

INTRODUCTION

Because of the continuing interest in flight simulation and handling qualities,
reliable estimates of the stability and control derivatives of most types of aircraft
are required. In response to these requirements, the NASA Dryden Flight Research
Center perfected a technique for determining the stability and control derivatives
of aircraft from flight data (ref. 1) and developed a set of FORTRAN computer
programs to implement the technique (ref. 2). These programs use a modified
maximum likelihood method with a Newton-Balakrishnan algorithm to perform the
required minimization.

These computer programs are currently being used at the Dryden Flight Research
Center to obtain stability and control derivatives for a wide variety of aircraft.
Among the aircraft being studied is the F-111A fighter bomber airplane. This report
presents the estimates of the derivatives for the F-111A airplane determined from
flight data by the modified maximum likelihood estimation technique. The F-111A
airplane of this report is the baseline vehicle for the transonic aircraft technology
(TACT) program. The data are therefore of particular interest for assessing the
effect of the TACT modifications on the stability and control characteristics of the
baseline vehicle.

The flight data were selected from maneuvers performed in the course of a
multiple purporse flight test program. As a result, the entire flight envelope was

not studied in the flight test program. In some instances, the incremental effect of
a configuration was studied instead of all possible configurations.

SYMBOLS

Parenthetical symbols are computer identifiers.

a normal acceleration



C, (CL)

Cm (CM)
CN (CN)
Cn (CN*)
CY (CY)

CG

X

IXZ

IY

1Z

M (MACH)
p (P)

q Q)

r (R)

a (ALPHA)
B

80 DA)
80 (DC)
Ge (DE)

Sr (DR)

Su: -cripts:

p®P),q@Q,r R),
a, B, 60 (DA), Sc (DC),

8, (DE), 5, (DR)

rolling-moment coefficient
p;tching-moment coefficient
normal-force coefficient

yawing-moment coefficient

side-force coefficient

center of gravity

roll moment of inertia

cross product of inertia between roll and yaw axes

pitch moment of inertia
yaw moment of inertia
Mach number

roll rate

pitch rate

yaw rate

angle of attack

angle of sideslip

aileron deflection

blend of aileron and spoiler deflection

elevator deflection

rudder deflection

partial derivative with respect to the

indicated quantity



DESCRIPTION OF AIRPLANE AND INSTRUMENTATION

The F-111A airplane (fig. 1) is a two-place (side-by-side), long-range fighter
bomber aircraft designed for all-weather superconic operation at both low and high
altitudes. Power is provided by two TF30-P-3 axial flow, dual compressor turbofan
engines equipped with afterburners. The wings are equipped with leading edge
slots and trailing edge flaps and may be varied in sweep angle between 16° and
71.5° (fig. 2). The empennage consists of a fixed vertical stabilizer with rudder
for directional control and a horizontal stabilizer (rolling tail) that is moved symme-
trically for pitch control and asymmetrically for roll control. At wing-sweep angles
of less that 47°, wing spoilers augment roll-control power; at high wing-sweep
angles, the spoilers are disengaged. The aircraft has an adaptive gain-scheduled
stability augmentation system that was not engaged during these maneuvers. Phys-
ical characteristics of the airplane are given in table 1. A more complete description
of the aircraft and its control system is given in reference 3.

Airspeed, altitude, and the pertinent stability and control quantities were among
the data recorded. Angles of attack and sideslip were measured by vanes on a nose
boom. Data were acquired by means of a pulse code modulation (PCM) system.
Standard passive analog filters with break frequencies at 10 hertz were applied to
all the data signals. The digital data were recorded at 20 samples per second on
magnetic tape and telemetered to a ground station for real-time monitoring and
recording. The data were corrected for all known time and phase shifts due to
sampling skew and filtering.

TEST PROCEDURE AND FLIGHT CONDITIONS

Standard stability and control pulses were performed at wing-sweep angles of
26°, 35°, and 58°. Elevator and rudder pulses were obtained at all wing-sweep
angles. Aileron (rolling tail) pulses were obtained at a wing-sweep angle of 58°;
however, at wing-sweep angles of 26° and 35°, the roll-control pulses resulted in
combined aileron-spoiler motion, Sc, as mentioned previously. The flight conditions

analyzed covered a Mach number range of 0.63 to 1.43, an angle of attack range of
2° {0 15°, and an altitude range of 3000 to 11,000 meters. The stability augmentation
system was off for all these maneuvers.

The flight program consisted of 25 flights, of which flights 5 to 8, 16, and 17
contained usable stability and contrcl maneuvers. For correlation with other data,
these flight numbers are retained in this report.

The initial data were gathered from flights 5 to 8 in level flight at 1g conditions.
To investigate aeroelastic effects, elevated g data were taken during flights 16 and
17. These maneuvers were performed during steady turns, and normal acceleration
ranged from 0.9g to 3.8g. It was anticipated that the wing deformation under load
would affect the aerodynamic derivatives. No SC pulses were obtained at the elevated

g conditions.



METHOD OF ANALYSIS

A modified maximum likelihood estimator program was used to determine a
complete set of linear stability and control derivatives from the maneuvers per-
formed in flight. The program, sometimes called the Newton-Raphson program,
minimizes the difference between the measured aircraft response and the computed
aircraft response by adjusting the stability and control derivative values used in
calculating the computed response. A Newton-Balakrishnan iterative algorithm
was used to perform the minimization. The method can be modified to include
a priori information from previous calculations, flight tests, or wind tunnel tests.
This modification is made by including a penalty for adjusting the unknown
stability and control derivatives away from the a priori values. If new information
is contained in a flight maneuver, the estimate of the derivative is not affected
significantly by the a priori feature. If no new information is contained in a
maneuver, however, the a priori value results. A low a priori weighting was used
on these data. A complete description of the computer program used for the deriv-
ative extraction and the FORTRAN listings is given in reference 2.

In addition to giving estimates of the derivatives, this method of analysis provides
uncertainty levels for each derivative. The uncertainty levels are proportional to
the Cramér-Rao bounds described in reference 1 and are analogous to the standard
deviations of the estimated derivatives. The larger the uncertainty level, the more
uncertainty there is in the estimated value. The uncertainty levels obtained for a
derivative from different maneuvers at the same flight condition can be compared to
determine the best estimate. Therefore, the uncertainty levels provide additional
information about the validity of the estimate of the derivative.

Since rolling tail and spoiler surfaces move together for wing-sweep angles of
26° and 35°, it is not possible to estimate their effectiveness separately. Thus, an
equivalent combined effectiveness was obtained as suggested in reference 4, by
using the spoiler position only. The spoiler signal was used for the equivalent
control because the moments produced by the spoiler deflection were larger than
the moments produced by the rolling tail. The spoiler position was not measured
directly but was computed from the differential tail movements and the known
characteristics of the control system. This equivalent combined control is referred
to as SC. For a wing-sweep angle of 58°, the rolling tail moves alone and the usual

Ba derivatives are obtained.
RESULTS AND DISCUSSION

The results are presented in figures summarizing the stability and control
coefficients as functions of angle of attack. The data in these figures are corrected
to the wind tunnel reference center of gravity. The center of each symbol indicates
the maximum likelihood estimate of the coefficient, and the vertical line indicates the
uncertainty level of the estimate. Those estimates with smaller uncertainty levels
are more reliable estimates and should be considered more strongly in fairing the
estimated coefficients. A further explanation of uncertainty levels is given in



reference 4. The figures summarizing the coefficients are divided into groups of
longitudinal and lateral-directional coefficients and then further divided as a function
of increasing wing sweep.

Analysis of Data Obtained at 1g Conditions

Estimates of the vehicle's stability and control characteristics at 1g conditions
were obtained from 71 maneuvers performed during flights 5 to 8. Thirty of these
maneuvers were longitudinal. Based on the quality of the fits obtained and the
uncertainty levels, 27 (that is, 90 percent) of the longitudinal maneuvers were
considered acceptable. Similarly, 36 of the 41 lateral-directional maneuvers were
used, which constituted 88-percent utilization. Several of the lateral-directional
maneuvers used were analyzed in pairs, obtaining one set of derivatives for each
pair of maneuvers as discussed in reference 4.

Table 2 summarizes the flight conditions, weights, and inertias for all the maneu-
vers (both longitudinal and lateral-directional) for flights 5 to 8. The inertias are
based on the best available calculated values. The estimated derivative values are
presented in table 3 for the longitudinal maneuvers and in table 4 for the lateral-
directional maneuvers. All these data are referenced to the wind tunnel center of
gravity locations. The maneuver numbers used in tables 3 and 4 are defined in
table 2.

Longitudinal data.—Figures 3 to 5 summarize the longitudinal stability and
control data from flights 5 to 8 for wing-sweep angles of 26°, 35°, and 58°. These
data are corrected to the 0.45-chord wind tunnel reference center of gravity. The
longitudinal wind tunnel data were obtained from reference 5.

The flight-determined estimates generally show consistent trends in reasonable
agreement with the wind tunnel estimates. C m for a wing-sweep angle of 26° is

«

the obvious exception. Figure 6 shows C m 2s@ function of Mach number, with
a

symbol shape denoting the approximate angle of attack. Cm shows a significant

o

change near Mach 0.85 and then returns to the same value as at the lower Mach
numbers. Thus, the apparent scatter in Cm (fig. 3) is due to the particular Mach

a
breakpoints used (Mach 0.7, 0.8, and 0.9); the estimates from the Mach 0.85
transition region were dividec. between the Mach 0.8 and 0.9 breakpoints, giving
the appearance of large scatter. If the three flagged data points from the transition
region are grouped, there is a well defined trend, on which the fairings are based.

Lateral-directional data.—Figures 7 to 9 summarize the lateral-directional
stability and control data from flights 5 to 8. The format is the same as for the
longitudinal data. The lateral-directional wind tunnel data are the same as those
used in the Air Forc : Flight Test Center's F-111A sim-ilator. All the lateral-direc-
tional data are corrected to the 0.305-chord reference center of gravity of the wind
tunnel data. Well defined trends were obtained for all the derivatives except C 7

r




The maneuvers analyzed did not contain enough information to accurately estimate
Cl ; thus, the a priori weighting held it close to the a priori values. The wind

r
tunnel data were used for a priori values in this analysis. This is evidenced by
the fact that the Cl estimates are all very close to the a priori values and have

r

large uncertainty levels. A more complete discussion of this conclusion is given
in reference 4.

The CY and Cn estimates were generally smaller in magnitude than the wind

tunnel estimates for all wing sweeps. The flight estimates ranged from 40 to 80 per-
cent of the wind tunnel values. The C ) estimates for a wing-sweep angle of 58°

B
agree well with the wind tunnel estimates, but those for wing-sweep angles of
26° and 35° show some significant differences, particularly a strong Mach effect
between Mach 0.8 and 0.9. The two flagged data points in figures 7 and 8 are for
a Mach number of 0.82. Nonetheless, they agree quite well with the Mach 0.9
estimates rather than those for Mach 0.8 and below. This indicates a significant and
abrupt Mach effect at a Mach number of approximately 0.82. Some of the discrepancies
between the flight and wind tunnel estimates of the angle of sideslip derivatives may
be attributable to the nonlinearities observed in the wind tunnel data near 0° sideslip.
As a result of these nonlinearities, the wind tunnel derivative estimates depend on
the angle of sideslip increment used.

The flight and wind tunnel estim~tes for C, and Cn agree fairly well, the

l

p r
flight estimates being slightly more negative in some areas. Although the wind
tunnel Cn estimates are much closer to zero than the flight estimates, all the values

are relatively small.
The flight estimates of C

and Cn were significantly lower in magnitude

s} &
r r

than the wind tunnel estimates, although Cl showed reasonable agreement.

4]
r

Y

The flight estimates of the roll control derivatives generally agreed well with
the wind tunnel estimates.

Analysis of Data Obtained at Elevated g Conditions

Estimates of the vehicle stability and control characteristics at elevated g conditions
were obtained from data collected from flights 16 and 17. A total of 109 maneuvers
were obtained from these flights. Of these, 86 maneuvers were successfully analyzed.
This resulted in 79-percent utilization of the maneuvers. This is lower than the
89-percent utilization achieved for the 1g maneuvers. The reason for the lower
utilization is that the elevated g maneuvers were obtained in steady turns, which
are more difficult to adequately stabilize than the 1g maneuvers.



Table 5 summarizes the flight conditions, weights, and inertias for all the flight
16 and 17 maneuvers. The inertias are based on the best available calculated values.
The estimated derivative values are presented in table 6 for the longitudinal maneuvers
and in table 7 for the lateral-directional maneuvers. All these data are referenced
to the wind tunnel center of gravity locations. The maneuver numbers used in tables
6 and 7 are defined in table 5.

Figures 10 to 15 summarize the stability and control data obtained from flights
16 and 17. The g points from flights 5 to 8 are repeated on these figures for compar-
ison. The data are presented in a manner similar to that used for the data from
flights 5 to 8, but the shape of the symbol indicates the g level at which the maneuver
was obtained, and the fairing is from the data for flights 5 to 8. Deviation from this
fairing may indicate aeroelastic effects.

Longitudinal data.—Figures 10 to 12 summarize the results of the longitudinal
stability and control analysis, corrected to the 0.450 chord, obtained from flights 16
and 17. Where the data obtained from flights 16 and 17 overlap the data from flights
5 to 8, no discrepancies are evident. In some instances, the trend established by the
1g data (which were only available at lower angles of attack) changes at the high
angle of attack where data were obtained only at elevated g conditions. No effect is
evident that can be attributed conclusively to aeroelasticity .

Lateral-directional data.—Figures 13 to 15 summarize the results of the lateral-
directional stability and control analysis, corrected to the 0.305 chord, obtained from
flights 16 and 17. At a wing-sweep angle of 26° and high angles of attack, Cl , Cl ,

B

p
and Cn were somewhat closer to zero than an extrapolation of the 1g fairing would

indicate. At wing-sweep anglés of 35° and 58° and high angles of attack, Cn remains

more negative than the 1g data would indicate. The values of C i and Cn are not
r r
well determined in the analysis of the elevated g data, as is indicated by the large
uncertainty levels obtained and the small deviation from the extrapolated 1g data.
As mentioned previously, little information was available in the 1g flight data for
C | Since the aircraft was in a banked attitude at a high angle of attack for the
r
elevated g maneuvers, it is not surprising that little information was obtained from
these maneuvers for Cn or Cl . There is no conclusive indication that aeroelasticity
r r
has a marked effect on the lateral-directional stability and control characteristics.

In extracting stability and control coefficients from flight data, it is sometimes
apparent that different values are indicated for the same coefficient at the same flight
condition. The uncertainty levels and the quality of the fits can be used to substan-
tiate the differences. The phenomenon is usually difficult to show conclusively,
because the time history is a complex, simultaneous interaction of many of the coeffi-
cients. However, the phenomenon is illustrated by the estimates obtained for Cl

5,

at a wing-sweep angle of 35°. Figure 16, which is repcated from figure 14(e),



shows the data points for maneuvers 77 and 75, which were performed within 50
seconds of each other at essentially the same flight condition. The value of Cl

67‘

from maneuver 75 is several times greater than the value of C, from maneuver 74.

lsr
This difference is shown convincingly in figures 17 and 18. Figure 17 is a time
history of maneuver 74, and figure 18 is a time history of maneuver 75. The signif-

icant parzmeters are the rudder input, Sr, and the roll response, p. As shown in

the figures, the rudder pulse for maneuvei 75 is somewhat stronger than that for
maneuver 74. The two pulses have roughly the same amplitude, but the pulse for
maneuver 75 occurs over a longer time period. Very little, if any, immediate roll
response to the pulse is apparent for maneuver 74, while a significant immediate roll
motion results from the rucder pulse for maneuver 75. As would be expected, the
value of C 1 for maneuver 74 is smaller than that for maneuver 75. The variation

Sy

in the aircraft's response to two similar pulses is probably due to some effect that
has not been accounted for.

CONCLUDING REMARKS

A complete set of linear stability and control derivatives of the F-111A airplane
was determined with a modified maximum likelihood estimator. The derivatives
were determined at wing-sweep angles of 26°, 35°, and 58°. The flight conditions
included a Mach number range of 0.63 tc 1.43 and an angle of attack range of 2° to
15°. Maneuvers were performed at normal accelerations from 0.9¢g to 3.8g during
steady turns to assess the aeroelastic effects on the stability and control character-
istics.

The derivatives generally showed consistent trends and reasonable agreement
with the wind tunnel estimates. Significant Mach effects were observed for Mach
numbers as low as 0.82, particularly for static longitudinal stability. At high angles
of attack, rolling moment due to rudder deflection showed two significantly different
values at the same flight condition. This is presumably due to some effect that was
not accounted for. No large effects attributable to aeroelasticity were noted.

Dryden Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., August 18, 1977
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TABLE 1.—PHYSICAL CHARACTERISTICS OF F-111A AIRPL: NE

Wing—
Airfoil section, aipivot . . . . .
Airfoil section, tip . .
Sweep, deg (leading edge) c e
Incidence, deg . . . . . .
Dihedral, deg
Reference span, m

Reference area, m2 . . . . . .
Reference chord, m . . . . . .

Leading-edge slats—

Area (planform projected), m2 . .
Span, percent of exposed wing-panel span
Deflection, maximum, deg .

Trailing -edge "laps-—
Type .

Area (aft of hinge line), m2 .
Span, percent of exposed wing-pane! span
Deflection, maximum, deg .

Spoilers—

Area (planform projected), m2

Span, m
Deflection, maxlmum deg

Wing pivot—
Distance from airplane nose, m
Distance from airplane centerline, m

Horizontal tail (all movable)—
Airfoil section
Incidence, deg
Dihedral. deg .
Sweep at leading edgc deg
Span, m

Area (exposed), m2

Areca (movable), m2
Aspect ratio
Mean aerodynamic ehord (exposed) cm
As elevators:
Trailing edge up
Trailing edge down
As ailerons (total)
Surface stops:
Trailing edge up
Trailing cdge down

. . NACA 64A2)0.7 (modified)*
. . NACA 64A209.8 (modified)*

. . . 16to 7T1.5

. . . . . 1
. . . . . . 1
. . . . 18.1
48.8

2.76

.. . 4.38

. . . 96.5

. . . 45

Multisection Fowler

e e e 9.75
e e 100
. 35

Biconvex
1

-1

57.5

9.1

15.74

13.92
1.54
349.3

=25
=10
t15

=31
=16

*I'nswept wing.



TABLE 1. —-Concluded

Vertical tail—
Airfoil section
Sweep at leading edge deg
Span, m

Area, m2
Aspect ratio .
Mean aerodynamic chord cin

Rudder—

Span, m

Area, m2 .
Deflection, maxmum deg
Speed brake—

Area, m2 .
Deflection, maxxmum. deg

Ventrals—

Area (total). m2

Power plants—
Tr30-P-3 engines

e o N

Biconvex
55
2.71

10.07
1.2
40¢.6

2.38

2.65
30

2.39
117

2.26

11



TABLE 2.—FLI?YT STATISTICS FOR FLIGHTS 5 TO 8

(a) Maneuver type. wing-sweep angle, Mach number, angle o{ attack. and center
of gravity. SWEEP, deg: ALPHA, deg;: CG, fraction of reference chord.
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TABLE 2.—Continued

(a) Concluded

jocccccacac- emocrseoccecsscasveaesscseewrasae]
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TABLE 2.—Continued

(b) Mass characteristics, dynamic pressure, and velocity

F T R L LT T T T T Y R T R T T T R L R R U S D L L

] 1 ] ] ] t t s ]
INO .2 i 3 1Y t 12 T Ix? 8 WFIGHT tOYNAMIC SVELOCITY:
t t ] t t ] SPRESSURES s
3 ] ] ] ] s ] s ]
1} s 2t 2¢ 2t 21t t 23 1
4 ISLUG=FT ISLUG=FT SISLUG-FT ISLUG~FT ¢ POUNDS ¢ LAR/FT ¢ FT/SEC ¢
] t ] ] % 1 } ] t
e e T T L L et wemevece=at
1} ) s t s } H 3 )
LI § | T 373000.:2 ] t 67600. ¢ 315,00 ¢ 938.0 1@
s 2t t 351000.¢ t * 53100. ¢ 307.0 : 899.0 @
t 3t 68500, T LO7000.t 3240.C ¢ 52500. ¢ 302.0 ¢ 900.0 3
[ ] t 2000.2 ] t 5980u. 8 299.0 ¢ 892.0 ¢
t St 62500, t 393000.% SE70.0 * 59800. ¢ 292.0 ¢ ARB6.3 ?
t ? 4L27000.1 t t 75300. ¢ 178.,0 ¢ £82.0 8
T 7t 69900, 1 478000.% 4490.C ¢ 75100, ¢ 184,00 t 694,93 ¢
t R? 3 4L27000.1 t t 7503C. ¢ 1R3.0 ¢t 696.0 1
t at t 421000, H T 76400, ¢ 190.0 t 586.0 ¢
1 10t 64700.12 $ 4569000.% 5230.C : ?3800. t 188,0 3 696.0 ¢
$ 118 421000, H 1t 73700. ¢t 186.0 3 692.0 ¢
1 12 L6400, t 381000.% 6770.0 ¢ S58400. ¢ HKR9,0 8 1214,0 ¢
s 132 t 362000.: H t 56€00. ¢ 1119,C ¢t 1267,0 ¢
! 148 WLHE4LIG,S 8 377603.3 7210.C ¢t 5660G6. ¢ 1119.C 3 1265.0 ¢
$ 15¢ t 419000.° t t 7359C. ¢ 244,C t B800.5 ¢
$ LAt 69300.¢ t 456070.8 5250.C 8 73000. ¢ 246.0 804,00
t 171 6L600,1 T 453C03.% 5630.0C ¢ 71906. t 236,06 : 784.0
t 123 HLALD.! t L53C00.% €3D.C % 7170C. t 2648.0 t AQ4L.0 ¢
t 102 ¢t ML000. H t 6940C. ¢ 2?5.0 @ 883.0
t 208 478300.°¢ T 42R000.2 5300.C ¢t 69000, ¢t 214.,0 % AB7.,0
! 21t 6?80G. t 428C063.% 5300.0 * 6AB800. ¢t 209.0G ¢t 853.0 ¢
t 22t t 373500, ¢ ] $t 57100, 31t1.G ¢ 86040 ¢
t 23. W7830.¢ T 15C00.2% 5220.C ¢ H740Je ¢ 317.0 t 871.0 ¢
$ 243 ! 352000, H $ 67003. ¢ 303,06 ¢ 850.0 ¢
¢ 25¢ t 32300, H t 66500, ¢ 293,55 t ARSC,J
$ 26t 658500, t 418000.t 3900.C ¢t 663C0. ¢t 305.0 1 63,0 ¢
t 27: $ 3512G0,.¢ ] t 60300, ¢ 15,0 ¢t 1191.0 ¢
t 288 47100, ¢ 386030.% 5700.C ¢ 60000 ¢ H28.0 ¢t 1207.0 ¢
t 29% t 342000, ] t 57100. .2 556.0 ¢ 1365.0 ¢
t 3¢ 46300, t 378000.% 7060.0 t 56900..% 552.,C ¢t 1378.0 ¢
s H H 1 3 H oy g H
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TABLE 2.—Concluded

(b) Concluded

] t H ]

IX t 1V H 12 t IXx2 T
] t ] ]

] ] 1 3

2t 2t 21 2t
SLUG=FT $SLUG=FT $SLUG=-FT SSLUG-FT ¢
s t t ]

t ] t t
69000.¢ t 495000.t 3980.0 ¢
t 351000.¢ t s
63500, T 423003.2 GLL30.O 3
t 366000.13 ] t
68500.¢ t 415000.2 3680.0 1@
t 35R8000.% t )
63700, ¢ t 412000.¢ 4GLO.G ¢
t 3462000.¢ t 3
47300, ¢ 465000, 4340.0 2
$ 353058.8 ) L
62500, 2 t 389500.t S770.0 ¢
46400, t 432503.% 7260.0 ¢
¢ 3300006, H s
A7000.3 t 39:000.% 6565.C ¢
t 324900, t 4
72400, ¢ t 3I83500.1 HB8S5G.C ¢
t 333002, H 3
6256042 t 361500.t R540.0 ¢
t 335000, H ]
65500, ¢ ! 357600.t 9450.C ¢
t 335000, t 2
57400, ¢ t 386000, 6250.0 ¢
: 329000, H ]
530C.¢ t 371C00.% 8110.0C
s 327000, L H

] H ] t

WEIGHT

POUNDS

66300.
66100,
65600.
65700,
55200,
652090,
64800,
66700,
64100,
58900.
5800C.
56600,
5€500.
56000.
55800,
5550C.
55300.
54906.
5680C.
54400,
56300,
546000,
53800.
53306,
53c00.

$OYNAMIC SVELOCITV?

$PRESSURE?
4 3

B0 00 T 00 <O S0 TG GO O G0 P OO 00 S0 00 SO S0 080 0 B WD o8 G0 8 W 0w
&
A
n <
]
(]
B0 00 66 0 46 UG GO 4G 00 4 0 0D o8 UO 00 oD 0 00 OB 00 P D WO on OB 0 0

FT/SEC

810.0
800.0
81 .0
813.0
713.90
722.3
72640
869.0
725.8
3925.0
929.90
919.0
919.)
RL6.D
858.0
840.0
853.0
758.0
755.0
745.0
758.0
742.0
TL8.0
987.7
984.0

VO 66 S0 90 6 06 S GG SO SO SO 00 GV 00 UE 04 0 0% D 2% S0 S0 OO o0 6O ¢ o
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TABLE 3.—-LONGITUDINAL DERIVATIVES
FOR FLIGHTS 5 TO 8

OF 08 90 00 20 00 0 00 00 24 %0 o0

-
w =0 DD T Ny e
o e e

4
158
4
191
H
221
4
243
H
251
H 4
27t
293
[ 4
321
Sui
161
H
39t
408
t
«32
«sé
W7e
498
51t
$
531

.

{All derivatives are per degree, except

cmq. which is per radian)

3
.0653:-
.0970:-
.0880(-
.0603.
.1085:-
.0787:-

.?3“5%-3“ 13;
.018&: L2, 96(
« 0098244, a}x
.001%: -17. 60:-
‘039: -45, 97:-
.CUSS: -52. 6%:-

.0033§-.0356:
.0015:-.0«06:
..007;-.037«:
0398-.0193:
111 -.G?Sk:
02&:-.0&05:

.0760:-.“0352 38. 193- ”U?F - 0"‘5!
H

4562,
.0838:

.0570:-
.0600:-
.1005:

.0905:

.059&:-
.071%!-
.109?!-
.09??:-
.09163-
.05763-
.0%708-
.OSQ#:—
.1083:-
.0883:-
.0592!-
.08k3t-
.1009:-
.USRI:-

14628-23, 25:-
.0013:-35 ez:
.02191-39.63
\02201-36.031
.ca:qg-53.7?:
LC052t-3A,471

rsenf-za 3«5
.o:oa: -26. 05!

n130 -39, 55!-
.aanz-u’ 9>:
.01068-31.30:
.0123: -27.7118 .
.uzus:-ua so:
.ceaa~-3s sq:
.oxosz-ss.ux:
.nxa;:-37 51:
.0239:-29 161
.n1qu: -29. 66:
.00981-32, ez:
+02641-37, 71:

"0&8:-.029$:
..033:-.0363=
.,1351 .0331:
.30«6:-.03«5:
.00735 .03953
.0077' .0362:
ol UUQ'°.0331 !
.’00“:-.0?&«8

030:-.0351:
.’077:-.0271:
."116‘-.0297.

029‘-.0203:
.vOdS:-.OSQ?t
.0096t-.035b:
.r097~-.0337:
.Jllel-.03a5t
.u097:-.0313!
.11[«!-.0319:
FOQ&!-.BS«Z!
.0119:-.0360:
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TABLE 4. —LATERAL-DIRECTIONAL DERIVATIVES FOR FLIGHTS 5 TO 8

[All derivatives arc per degree, except CLP

CN* , and CNR , which are per radian]

(a) Combined lateral controls
------------------------------------ -------.-----.o---.-----------..-------o----------------.-’
] t H H ] ] s t 3 ]
: : 10 s CY t CL $ CN* 3 CY $ CL $ CN* 3
P H R H B H P H R H OR ¢ DR ¢ OR ¢ pC 3 DC ¢ 0C @
H H H H ] s 3 s t ]

t
t CN*

H
ouJ07:’05371‘

ALIIVA® ¥OO0d JO
g1 49Vd TVNIDINO

@5 40 96 00 20 00 00 08 20 06 20 20 ¢85 00 O 00 00 U 00 00 SO 50 00 00 00 00 00 00 o0 B0 40 03 Y S0 50 40 55 20 oF oe 6 &

A

H s
31-.0111%
St-.01141 .uouc:-.1e23s
7:-.00198'.0 C30!--Q313!

101-.onac§-.ao?7§- nua:
165-.01161 0002805339
171-.0069%-,00213~,30761
1a§-.0109s-.0010:-.3a1a-
25?-.0129: rocuxz-.sqaq-
318-.01C11-.00188-,5€831
338-.01236-.00211-.38841
3530.0093!-.00223-.50Q6l
371-.00991-.00231- 41301
411-.01083 .00038-.39881
b= .01035-.00214-.56231
k&;-.ﬂl»é:-.ﬂﬂ??t-.k&é&:
505-.00995-4001R2-,3950¢
522-.0107:-.0019?-.uaao:

t
09203
.0%03§
.1555:
.0566;
(12671
.1265:
.0827:
.1533:
.1uzez
«Luh3t
.16292
«0503
.05*6;
.10308
.05852
«0455¢
.11172

.0016;-.0619=-.2601§
.00152-.01&53-.25 ;
$00071-.09751=,57 13
.00083-,01681-.5300¢
.0015: .uzrs:-.3217:
.00108-.0183:-.b6~23
+0014}-.06781-,33381
.0017:-.060%:-.2&77:
.ooxs;-.13a7:-.3rsq:
+00098-.05571-. 24321
+00091-.10711-,29943
+00091-.08371-,27471
.00153-.0314:-.?3uzs
\00128~.06158-,21731
.0009:-.06033-.23h5:
+00101-.03043-,20801
.0011:-.0&25:-.2529:

.0011:
.00105
-0015;
.0015;
» 0010

.0013

0027

S0 o5 00 90 40 00 WD 90 OB 00 SO

.
o
[ =]
(%]
o
.

|
-9027:
oODiZ:
00026:
oOUZI:
.0015:
+0011¢

$

,00025-.00134
.onoss-.ooxus
+00023-. 00158
+00028-,00153
+00033-.00141
l
.ooos:-.oo1s:
3
.00038-.0015
:
.oooxi-.0015x
+0003:-. 00108
.nonzs-.noxas
.oous:-.ooiu:
100023 -, 0014}
+00023-.0013%
+00023-,00158

o 5 8

“-““.. .

o0002§°.000hz-.0001§
3 | S
-0018:-.0021:-.0005:
-0015:-.001“5-.0003;
L
-00112-.0016:-.0003:
8!
.00058-.00058-.0001!
.0031!-.00263-.0005:
.002&:-.0020:-.0003:
.0019:-.0021:‘.000&:
.0019:-.0019:-.000“:
.0011:-.001k:°.0002:
.0011:-.0028:-.000“:
.0015:'.0023:-.0006:
.0009:-.0021:*.0003§
.0010:-.002“:-.000“:

> o0 a0
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TABLE 4.—Concluded

(b) Aileron controls

jmr e r s e raccscaccsssrneacvsensa L R cersanvcecew EX R T Y coecvenreseecteosveovoererTeosemoenaecscenes

2O 4 20 00 sy ©0 OB G2 ¢ 00 40 20 U B0 5 00 55 68 48 20 F5 90 °) 00 PO

] 1 1 ]
12:-.0108!-.0016:-.1627;
143~-,01223-,00188~-,1€E43¢
202-.0092:-.0023:-.1295:
21:-.01008-.0022:-.16#72
23:-.0091:-.002«:-.1870:
28t-,.,01063-,00203-,18233
30:-.0127%-.0018:-.17068
39:-.009&:-.0019:-.1%77:
uei-.otnit-.OUZZ:-.175%z
Lb3%-,010463~-,0020¢~-,1600¢
s~§-.01ce:-.0017s-.1735:

H H H 3 H 3 H 3
CN* 1 CN* 3 CN* 11OV s CL $ CN* 3 CY T CL t CN* 1
8 3 o R 3 DR ¢ DR DR DA 3 DA 3 oA 3
% g t H 3 3 ] 3 :

] ] ] ] s ] ] s g
.DUI#:-.O?RG:-.1771: .0003: .0003:-.0009: : ; :
.001«:-.02u5:-.2267: .0002: .0002:-.0008: .0013:-.0020:-.000#:
.0009: .00581-.1285: .0010: .0002:-.001“: ; : :
.00088-.0287:-.3395! .0010: .0003:-.0013: ; : :
.0006:-.0517:-.3086: .0009; .0003:-.0016: .0018:-.0017;-.0006:
+0017%~,00808~-,25588% ,0002% ,00023-,00118 ] 3 3
] 3 ] s s 3 ] s F
.0015t-,03302~-,2801¢% .0002¢ .00028~-,00098 ] s H
H H ] s ] s 3 3 s
.00103~.0219:-.2507: .0026: .0002:-.0017: : : :
000082'c0592:-03041: 00023: 00001“00015. 00027"00017.'.0005.
.0010:-.0331:-.2392: .0017: .0003:~.0012! .0031:-.0015:-.0006:
2 3 : 3 s 3 ]

........... .---------.------_---------------.---------------.---------------------------------g



TABLE 5.—FLIGHT STATISTICS FOR FLIGHTS 16 AND 17

(a) Maneuver type, wing-sweep angle, Mach number, angle of attack, center
of gravity , normal acceleration, and altitude. SWEEP, deg; ALPHA, deg; CG,
fraction of reference chord; NORMAL ACC., g;: ALT, ft.

] [ % 3 ] 8 NORMAL:Z H

INO.3FLTS TYPE 3SWEEPS MACHIALPHAT CG 8 ACC. & ALT @

: | 4 % 4 3 ] 3 :

$ ] s | H H H H 1

1 1316 ELEVATOR! 26.0% +7C08 3.358 .3181 1.0 3 32431

1 2116 IELEVATOR! 26.01 700 4.901 .3228 1.5 1 3255}

b 3116 :ELFVAIOQ: 26,01 7001 7.80% 3188 2.4 I 29401

E 4116 IELEVATOR! 35.03 7001 4.0 .3351 1.0 1 321c!

I 5115 IELLVATOR! 35.0% 47601 5.501 3248 1.4 t 30941

1 6116 :FLFVATOR: 35,08 4700810008 3200 2.6t 296€!

T 7116 tELSVATOR: 35,02 7508 8,008 ,3298 2.2 & 296(¢

H H H } % H % g $ -4

! B816 SELTVATORS 25,08 .70081C.008 ,332% 2.9 t 3156(t

t 3 4 $ $ H H 3 3 %

: 9116 IZLFVATORI 35,01 .700113.60% 3168 2.7 § 3676t

} H 1 .

310316 JELEVATOR! 35,03 .720i10.758 3208 2.9 } 3i5s!

t 11116 IELEVATORD 35.08 700111.501 3238 2.7 ! 30EF!

E 12116 TELEVATOR: 35,02 .7C0t13.50¢8 L3158 3.1 : zwssé
$ $ 3 H 4 4

£ 13116 TELCVATOR: 35,08 .740113.758 3288 3.1 32521
3 H H H

$ 14816 TSLEVATORE 58,02 .920% #.558 3768 1.4 % 31918

% | 3 H 4 H 4 [ H $

I 1516 IFLIVATOR: SE.GE L9308 6,263 L3731 2.0 ! 3172

4 4 4 $

: la:fb\:ELfVATORt 58.01 .93 9,903 L3858 3.3t 530l

- H H 2 | 4 H

E 17116 PELIVATOR: 25,73 7208 6,700 L3331 1.8 @ 3039:

R 4 H 3 H H

! 19116 TETEVATOR! 5.0} .raa: 5,908 .3528 1.4 1 30251

$ H H H

t 19116 1ILTVATORD 26,03 .7uu 13, zos .3528 3.6 t 3336:

H H H $ $

P 2Ui1A PELIVATORY 26,03 .b9C 11, 30: .3561 3.7 t 323%:

3 H H H

1 21315 :ELrvrton: 54,0 .920: WeBOT L406F 1.7 & 3171

3 H H

t 22316 ITLIVATOR: 26.C8 B80! Getl? 43528 1.7 % 9ufA9t

3 4 H H H H $ $ H

P23IL6 ELSVATIPE 25,01 8701 5,901 3541 1.5 i 9579
H H

: 2"4:1“ L - VATQR3 €8.d¢ ,89G: 5.60: 4% «9 ¢ QFf1(C¢
H 3 % 4 H

: ?‘3:1‘: $ L= VATOR! 5R8.0¢2 cBBJ: 9,208 L7728 1.5 ¢ 9229
H H H H

326t 10LF vnroqz 53,08 .860112.301 486Y 2.1 : 93631
H H H 3 H

L2717 :EL:VﬂTnRt 26008 47101 5,198 L3078 1.1 1 715wl
H | H

] 2&:17 $ILz VMOR: 35.0¢ .720% 5,80 ,317¢ 1.0 ¢ 772248
3 H $ H H t H

129817 i< ELEVATORS 26,01 o730 8501 L3678 1.8 1 7220
H H $ H

$ 37817 SELZVATQRS 2R,08 739115.,702 ,307s 1.8 8 7224¢

3 H 3 H H H $ H s :
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TABLE 5.—Continued

(a) Continued

e S S S A T T
INDLIFLTL TYPE ISWEEPI MACHIALPHAL CG & ACC. 3 ALT 1
B omn oo e oo e e ss e oo oo oo
§ 31317 ScLEvATORS 25.0: .700:11 50: 3678 1.9 | e77¢H
E 32317 ZsstaroqE 35.0: .riotin 00: .3223 1.8 z 73&72
133117 ILIVATORS 35.0: .710:11 09: +3201 1.8 1 €n3C1
DL :FL‘VATOR: 35.01 710113928 L3278 2.1} 7Cu71
1 35117 :CL‘VATOQ: SH.0T 09201 5.491 J3651 1.1 f 7uSEt
I 34117 TELSVATORY 54,01 .910110.00% 3623 2.5 } 7123}
: 37:17 :ELEVATOP: ER.C; .910:10.77: .357: 2.3 : 7(«9:
I 39117 TELIVATOPE 26,01 L7001 €551 23691 1.1 10012
§I9T17 LSLEVATORE 26.0% L7051 9,091 L3693 1.3 : 9037
PAlE17 IELTVATORE 26,03 700112.221 (3678 1.5 1 9Aust
Ioe1317 iTLivaToe: 35.0: $TIDE 7541 L5708 1.2 102101
t w2117 1TLEVATIRE 35,01 .690 13. 37: L3701 1.5 1102178
HIPHEY ?:L:vnrnq; 35.n§ .71031u.»55 3708 1.7 §1:3cq§
E u%l? iEL:VATGDi :P'Ci .qzci .295 .klli 1.1 ixaeq-i
t 3117 PILIVATOPE £4,08 L920111.451 .al61 1,7 f1058ét
: .4;19 poounnee & 26,03 .7cc§ 7.35§ L3258 2.4 1 2relt
; ST ECULLERS 3e.( L7201 3,301 L3201 1.3 : 3&a«§
1oweith §owynnEs z;.a§ L7501 7,00 3231 2.0 1 293at
; wat1s ; oypnr s ; 35,08 7008 5,174 .3191 2.3 1 29961
£ 3 ;16 T euUMEs 1 35,01 .6Gcfxs.3s§ 3238 3.0 : 32?.§
i ;131& i oypnr e i ,n.:g .qsoi “’?55 .571E 1.3 i o~12§
P2L1E 1 2UNDTY 3 EX.33T L9201 6,301 L3701 2.5 & 3220
5 ;‘iie 5 RYQN= i 5w.u£ .9201 1c.r5£ .3802 3.7 i 353ei
P SLE1H § BUNRES § 35,34 7301 5.ulf 36t 1.6 4 32704
H b H H 1 H 4 ¢ H
fTUTie 1 RUONTO E 26,01 7201 ¢.603 L3308 1.8 1 29371
t 35316 1 9ANES 4 30,0 .7133 o: L3618 2.0 3 2a7es
2 57t1e ; PUNNT 2 ; 3=.c; .73y§ e.uc; V368D 2.1 3 2060t
5 'aixe 5 aynnro i ss.ci 870115, 10. .3642 3.8 i ?qaag
f ?dflé $ Pypn-e 5 Pl N | .h80 11.5 0: « 306012 3.7 ¢ ?3hui
i A il& 5 SULLEE i za.cg .63051{ 10; .3«9{ 3.5 z 27»9i
tac-=- ecececcecccceccccccsececscecmccaccnaccacnccncancant
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TABLE 5.—Continued

(a) Concluded

‘.---------.----.--.-..-c----------.-.---o-------------]
] $ 3 3 t 3 : $ LS $
:NO.:FLT: TYPE :SHEEP: HACH:ALPHA: c6 l ACC. : ALY :

| § H [ ] 3 ] 3 3 [ %

I 61816 § RUDDER ! 58.G1 19201 6,801 .4683 2.4 1 31233
I 62116 t RUDDER § 58.01 .920% 410! .49 1.5 ¢ 33281
t 63116 1 RUDDER ¢ 26,01 8801 3,901 .35 1.1 & 9891
$ 64116 1 RUDDEP @ 264G} 8601 4.00F 3748 1.0 I 94381
§ 65116 1 ATLERON! 58.01 8901 6.30% .495! 1.1 1 9384}
t 65816 1 ATLIROKD 58,01 8631 9,501 .64991 1.5 I 9uuu:
§ 67814 1 RUDDER ! 58,03 48601 9,361 5301 1.5 I 9waut
D EA16 1 RUDDER ! 58.0% .870111.501 5061 2.0 t 92ue:
: 63316 ¢ AILEROND 58.01 .850112.04% 5381 2.2 1 523
I 70317 § RUDDEP © 26,08 L7101 6,961 .3181 1.0 ! 7173
1 71317 § RUDDEF I 35,01 7108 6.03% L3178 1.1 & 7043
: 72;17 : RUDDER : ?F..Gt .710:1 36: .306: 1.3 : H“
: 73:17 : RUNQER : ?h.C; .T39|11.17t .306: 2.1 : €533
I 74317 1 RUDNEP I 35,03 .7rJ:1*..o: £3198 1.9 & 7299:
§ 75817 § UDNEP § 33,08 J700113.90% L3231 1.6 § 7377%
L 4 3 H $ g H H $ $ H
P76317 & RUDDEP § 53,01 29208 w00} 3613 SR IEEEE
P77117 8 PUDDER 1 SE.LY L9001 9,608 L3568 2.1 1 7IRC
P 73117 8 OUNITE 1 Shiud L930111.321 L3631 2.2 ! 7197
179117 & PUDDEP ! PA.CE 1890 5,508 L3278 1.€ iS5
DAII17 L RUDNTE Eo2elGE L7108 7011 L3548 1.0 BiCeli
: *1:17 : RYDI=R : 35-C: -7[33 7. 663 -361: 1.¢C :1CL51:
t 32117 1 RUDNER t 35,08 .73 a:xﬂ.uax L3578 1.5 1100268
HETHP E RUINER 1 54,71 .9eqx e.po: L3968 1.2 §1c3ﬂr§
z 3.517 i Rypne f se.as .923:11 sa: .3982 1.7 5103’32
: “§§17 : PUDIER : 58.0: .890:16 25; .Qil: 1.9 :10?““:
PAATL7 1 RUONEP t SH.CE L92TI1wlITE Lu201 2,0 F10500
feccecmcercecmcnaoarronscrenmnan eeccceessecacann- . t

5
ORIGINAL PAGE
OF POOR QUALITY

21



22

TABLE 5.~—Continued

(b) Mass characteristics, dynamic pressure, and velocity
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TABLE 6. —LONGITUDINAL DERIVATIVES FOR FLIGHTS 16 AND 17
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Figure 2. Three-view drawing of F~111A airplane. Dimensions
are in melers,

ORIGINAL PAGH 18
OF POOR QUALITY




Wind

tunnel Flight M
o 0.7
- o 038
a 09

I Uncertainty level

Solid symbol denotes M = 0.81 t0 0.86
Solid line is fairing of flight data

a
per deg \%___

16 —
Ng .osir P m=0.71009
ar

1 1 1 | | |
M=0.
0 — e g M=0.710038 09
) \\/(
c w_"// \\\
m < -
a '02[—
per deg
-0 —
PV N W SR S N
4 6 8 0 12
a, deg
(a) C,, and C_ .
Na ma

Figure 3. Longitudinal stability and control derivatives for
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