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INTRODUCTION

Buffeting and the related flow phenomena that cause buffeting strongly affect
the maneuver characteristics of aircraft. Because of the complexity of the
aerodynamic excitation and aerostructrual interaction, the ability to predict
buffet characteristics has been severely limited. A good review of the general
principles of the aerostructural buffet problem including the basic features of
the fluctuating aerodynamic pressures and the elastically responding aircraft
structure is given by Jones in Ref. 1.

The effects of buffeting and other transonic phenomena on maneuvering combat
aircraft were the subject of a study of an AGARD Working Group (sponsored by the
Flight Mechanics Panel) which was reported in Ref. 2. This study, also summa-
rized by Lamar (the Working Group Chairman) in Ref. 3, documented the comprehen-
sive review of the state-of-the-art of buffet test techniques and prediction

methods that was carried out by the Working Group. Lamar's paper, which
emphasizes the correlation of data from wind tunnel and flight tests, points out
the many gaps and ambiguities in available buffet information. Important

factors which may affect the correlation of wind-tunnel and flight- test buffet
data are listed in Figure 1 (adapted from Ref. 2)}.

The list in Figure 1 shows that wind tunnel measurements of buffet excitation or
response 1involve the same classic proéoblems for proper flow-field simulation as
any steady-state force or pressure tests. Important common problems that affect
wind-tunnel data are Reynolds number, wall interference, flow turbulence,
transition fixing, boundary-layer thickness distribution, and static elasticity.
All of these items may affect the occurence, boundaries, and characteristics of
separated flow fields that cause buffeting. Additicnally, buffet excitation
measurements may be influenced by dynamic motions, so data obtained from
nondynamically-scaled models can be critically influenced.

Flight-test measurements of buffet excitation or response also have been sub-
Jject to many uncertainties that are obstacles to successful correlation of data
(Figure 1). The main problems with flight data relate to limitations in
measurement accuracies. It is difficult to measure flight parameters accurate-
ly, but the nonstationarity of data has also been a more serious problem
affecting buffet measurements. The nonstationarity is due to the fact that most
aircraft cannot hold steady conditions in a high-g maneuver. Statistical
accuracy is critically affected by the usual short duration of the data samples.
Also, flight tests are expensive, sensor installations are complex, and airborne
data systems have limited versatility. These facts have generally caused flight
data to be sparse, often incomplete, and lacking in one-to-one sensor locations.
In addition, there are usually no boundary-layer measurements or flow
visulations to enhance the data analysis.

References 2 and 3 contain very complete bibliographies on buffeting. of all
the referenced authors, Mabey (Refs. 4 and 5) has probably contributed more
information on the basics of buffeting and practical empirical methods of
predicting buffet boundaries and beyond than any other researcher. Among the
many references, a pertinent one is by John (Ref. 6), who contributed a comp-
prehensive review of methods for buffet prediction. He generally concluded that
empirical methods were good for prediction of buffet boundaries and he
recommended that Mabey methods be applied in early design phases of an air-
craft. He concluded that wind-tunnel tests of dynamically scaled models should
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yield the most accuate prediction of full-scale buffeting, but the technique is
expensive and probably not practical during an early phase of aircraft design.

In addition to the extremes of empirical tests that do not yield the often
desired buffet response of various structual modes and aeroelastic tests, there
are two other test techniques of interest. One method, which has received
considerable attention involves the measurements of the fluctuating pressures on
a nominally rigid model; the measurements are then used to calculate the
response of the elastic aircraft. The other method, originally suggested by
Jones (Ref. 7) and implemented by Butler and Spavins (Ref. 8), uses measure-
ments of the buffet response ¢of a nominally rigid mocdel of a wing to calculate
the aercdynamic excitation and damping; the measurements are then used to
calculate the response of the correspcnding full-scale wing.

Each of the experimental approaches for obtaining buffet intensity information
has 1its unique technical and cost advantages and disadvantages. From a cost
point of view, the dynamically scaled models are the most expensive; and simple
sclid metals models with only strain-gage and accelerometer instrumentation are
clearly the least expensive. Pressure models are complex and costly due to the
instrumentation requirements, but they offer an advantage of also revealing
local flow-field information that is beneficial to buffet research.

From a technical point of view, elastically scaled models should yield the most
accurate predictions of buffet intensities. The only technical drawback of
elastically scaled models is that they are static-strength 1limited and conse-
quently compromises are required on the upper limits of test angles-of-attack
and/or Reynolds number.

Good examples of buffet predicticons from an elastically scaled model are
illustrated in Figure 2 taken from Hanson (Ref. 9). Figure 2 shows comparisons
of F-111A aeroelastic model and aircraft response spectra. These data are for
a wing-sweep angle (A) of 26° and Mach number (M) of 0.81. The angle of attack
() was only about 8.5° which was the maximum angle allowed by the static load
limit at M = 0.8. Figure 2(a) shows excellent correlation of the normalized
bending moments at the first wing bending mode. This result supports the
expectation of good buffet intensity prediction by this method. However,
correlations in Figure 2(b), which shows the normalized spectra of accelerations
at the center of gravity for mocdes cother than first wing bending, are not so
encouraging. If the normalization factor is accounted for, some of the differ-
ences in corresponding spectral peaks would be greater than a factor of 10.

Several previous investigations of the prediction of buffet intensity from
fluctuating-pressure measurements have been conducted prior to this research.
Good examples of the investigations are reported in Refs. 10, 11 and 12.

Mullens and Lemley (Ref. 10) were amoung the first to correlate predicted buffet
intensities from fluctuating-pressure measurements with the measured buffet-
ing of an aircraft. An illustration of their correlaticons of accelerations of
an F-4 wingtip i1s shown in Figure 3. These results, which are somewhat typical
of early attempts to predict buffet intensities, proved to be disappointing.
The differences between predictions and measurements of spectral peaks for the
varicus noted vibration modes varied from a factor of 5 for wing bending modes
tc more than a factor of 10 for torsion modes. It was this generally poor
success of buffet intensity predicticns that prompted NASA-Ames Research Center
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to embark on a research program that included the investigations by Hwang and Pi
(Ref. 11), and Cunningham, et al, (Ref. 12).

The investigation by Hwang and Pi used pressure fluctuations measured on the
F-5A aircraft to predict the buffeting of the same aircraft. Examples of the
results are shown in Figure 4. which include power spectra of wingtip accel-
erations during four different segments of time in a wind-up turn at a Mach
number of 0.925. As in the previous example, the comparison of analytical and
experimental power spectra is disappointing. Generally it appears that the dif-
ferences in spectral peaks for the 1labeled vibration modes varied from a factor
of 5 to greater than a factor of 10. Hwang and Pi attributed the poor correla-
tion to the nonstaticnarity and short duration of the data. These are factors
which are «critical to the statistical accuracy of the spectral analysis.
Figure 5 1illustrates these factors by showing the variation of wingtip
acceleration response of the F-5A aircraft with time and angle of attack. The
figure shows the four time segments analyzed for the spectra in Figure 4. It
can be seen that the time segments were only slightly longer than 2 seconds.
Angles of attack varied from 2° to 4° during the four time segments.

The investigation by Cunningham, et al, (Ref. 12) used pressure fluctuations
measured on a 1/6-scale steel semispan model of the F-111A aircraft. Examples
of the comparisons of predicted and measured wingtip acceleration response for a
Wwing sweep angle of 26° and Mach number of 0.8 are shown in Figure 6. These
data are of special 1interest because the model scale was large to minimize
Reynolds number effects, and it contained the largest number of dynamic pressure
tranducers wused for any buffet tests. There were 97 tranducers on the upper
and lower surfaces of the wing at 5 spanwise stations. Power and cross-power
spectral densities of all 97 pressures were used to construct the complex
pressure distributions and ultimately the buffet predictions in Figure 6. The
results show that this extensive effort on the aerodynamics may have yielded
some improvement 1in the predictions of spectral peaks for some modes of inter-
est, but generally the results were not encourging. Unfortunately, as with the
F-54A, the flight data were nonstationary and the data samples were of short
duration. For the data in Figures 6(a) and 6(b) the time span of the data was
only 2-seconds long for each case. The angles of attack varied from 6.80° to
7.12° during the time of flight data analyzed in Figure 6(a) and from 10.35° to
12.90° during the time of data analyzed in Figure 6(b).

The other method of interest, presented by Butler and Spavins in Ref. (8), uses
solid metal models to predict the single degree-of-freedom buffet response of
aircraft. The method is simpler and less costly than the pressure-fluctuation
method. The first application of the method to predictions of buffeting of the
Gnat aircraft yielded very encouraging results. The predictions for the first
bending mode only were generally better than the previous predictions by the
pressure-fluctuation method. Because of this initial success, the research in
the UK was extended to include predictions of the F-111 TACT aircraft buffeting
as part of a collaborative program on buffet research with the US. The results
of the UK research involving the TACT aircraft, reported in Refs. 13 and 14,
further confirmed that the method could yield good buffet predictions. The UK
TACT buffet investigation was conducted concurrently with the NASA research
reported herein.

The F-111 TACT Program provided a timely opportunity to investigate many aspects
of the buffet problem, and particularly, nearly all the factors that affect
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wind-tunnel and flight-test data (Fig. 1). NASA-Ames Research Center partici-
pated in the buffet research aspects of the TACT Program with objectives of:
(1) to verify the applicability of buffet excitation measurements obtained on
nominally rigid wind-tunnel models to the full-scale elastic aircraft, (2) to
investigate effects of Reynolds number and static and dynamic elasticity, and
{3) to correlate predictions of buffet response with flight-test measurements.

At Ames Research Center two 1/6-scale semispan models of the TACT aircraft were
tested in the 11- by 11-Foot Transonic Wind Tunnel. One model was of solid
steel and the other of solid aluminum. Both models were instrumented identi-
cally for steady-state and fluctuating-pressure measurements and for buffet
response measurements.

The TACT aircraft was more completely instrumented for buffet testing than any
previous research aircraft. In addition to the thorough instrumentation for
steady-state measurements, there were 25 dynamic-pressure transducers on the
wing at locations which corresponded to locations on the two 1/6-scale models.
The TACT aircraft was also instrumented with strain gages and accelerometers for
buffet response measurements. In addition to the advantages of the abundance
of instrumentation on the TACT aircraft, major improvements were made 1in the
statistical accuracy of the flight-test buffet excitation and response data.

This report presents the results of the buffet research conducted as part of the
F-111 TACT Research Program. It presents separately: (1) the correlation of
wind-tunnel and flight measurements of buffet excitation, and (2) a method for
prediction of buffet response based on fluctuating-pressure measurements and
correlation of predicted and measured buffeting of the F-111 TACT aircraft.

NOTATION
ar total root-mean-square normal acceleration
AR aspect ratio
b semispan length
Cp pressure coefficient
C chord length
c mean aerodynamic chord
E buffet excitation coefficient
f frequency
G power spectral density of pressure
h altitude
K damping parameter
LE leading edge
i incidence angle (referred to model centerline)
M Mach number
p pressure
o] dynamic pressure




Q generalized force

R Reynolds number

rms root mean square

S wing area

T total time of record included in analysis
TR taper ratio

t thickness

v velocity

X chordwise position from LE

o angle of attack (referred toc chordline at wing pivot)
z - damping ratio

T dihedral angle

Y coherence function

n ratic of span station to semispan
A sweep angle

o] free-stream density

Op total root-mean-square bending moment acceleration
Abbreviations:

A/C aircraft

AL aluminum model

BD bending

CG center of gravity

CGA acceleration at center of gravity
FVB 1st fuselage vertical bending

GVT ground vibration test

LWT 1st left wing torsion

PSD power spectral density

RMS root mean square

RWA acceleration at right wing tip
RWT 1st right wing torsion

SC scale

ST steel model

TORS torsion

WASB 1st wing antisymmetrical bending
WAST 1st wing antisymmetrical torsion
WSB 1st wing symmetrical bending



2WSB 2nd wing symmetrical bending
WST st wing symmetrical torsion

W/T wing tip

WIND-TUNNEL MODELS AND AIRCRAFT

The 1/6-scale semispan model of the F-111 TACT is shown installed in the Ames
11- by 11-Foot Transonic Wind Tunnel in Figure 7 along with some pertinent
dimensicns. The model was mounted on a subfloor strain-gage balance. All slots
in the tunnel floor were sealed.

Two wings which could be positicned at selected sweep angles were tested. To
give a variation of static defcormation under load, one wing was made of solid
aluminum. The 1/6-scale semispan configuration was chosen for the TACT buffet
investigation to be consistent with a previcusly tested 1/6-scale F-111A model
(Ref. 12). As with the F-111A mocdel, it was desirable to use the largest model
that would not exceed reascnable blockage constraints in the 11-foot tunnel.
The benefits of the large solid metal models were large volume for instrument-
ation and high strength and rigidity for high angle-of-attack and high dynamic-
pressure testing; they alsoc made it possible to obtain maximum test Reynolds
number. Both the steel and aluminum wings had 0.0032-m (1/8-in.) wide transi-
tion strips of 0.00016-m {0.0064-in.) diameter edge. All of the buffet tests
were conducted with a solid steel horizontal tail at -4° incidence. The primary
natural frequencies of the wings are given in Table 1 for A ® 26° and 35°. The
frequencies, mode shapes and node lines were determined by vibration tests of
the model installed in the wind tunnel.

The TACT aircraft (Figure 8) is described in detail in Ref. 13. The main
features of the geometry are the variable sweep and supercritical airfoil
section. Of special advantage to the buffet tests are the dry wing, the ability
to achieve adequate 1lateral and directional control with empennage controls
(wing spoilers were not used while fluctuating pressures were measured), and
sufficient thrust to hold reasonably steady conditions at high angles of attack.
The primary natural frequencies of concern to the buffet excitation investiga-
tions and the response predictions are given Table 2. Details of the natural
frequencies and mode shapes of the aircraft as determined by ground vibration
tests are given in Ref. 15. A complete discussion of the structural dynamic
analysis employed for the buffet prediction part of the present investigation is
given a following section of the report.

INSTRUMENTATION
A main feature of the TACT models and aircraft is the abundance of steady and
fluctuating pressure instrumentation at matching locations. This section
describes the fluctuating pressure instrumentation and some related buffet
response instrumentation. The steady pressure instrumentation is described by

Kinsey and by Pyle (Ref. 13).

The location of the fluctuating pressure instrumentation in the models and air-
craft are shown in Figure 9.



Models

The steel and aluminum semispan-wing models are left-wing panels. Each of the
model wing panels had 50 dynamic-pressure transducers and the model horizontal
tail had six dynamic-pressure transducers installed by the technique described
for the third-phase tests of the F-111A model (Ref. 12). The transducers that
were in the chordwise rows were aligned with the free-stream flow at A = 26°.
The transducers are small differential-pressure units (Kulite model XCQL-7-
093-4D); they are cylindrical in shape with an outside diameter of 0.00236 m

(0.093 in.) and a length of 0.00952 m (0.375 in.). The transducers were
installed in the models in removable blocks which were secured in slots cut into
the wing and tail surface. The axes of each transducer was parallel to and

slightly beneath the model surface, and the pressure sensing diaphragm was in
the small cavity formed by a (0.00127-m (0.050-in.) diameter static-pressure
orifice and the tip of a 0.00236-m (0.093-in.) diameter drilled hole. It was
determined by test that the submerged configuration had a usable pressure-
fluctuation range from zero to at least 7000 Hz. Some attenuation of the
signals above 7000 Hz was present due to the orifice and cavity.

Two accelerometers were installed at the tips of each model wing, and semi-
conductor strain gages were installed at the wing roots to measure fluctuating
bending and torsional moments. The fluctuating pressure, acceleration and
moment signals were amplified, high-pass filtered at 5 Hz to remove the steady-
state components of the signals and then recorded on magnetic tape. The tape
recording system used was an 80-channel FM-multiplex system with a useable
useable frequency range from zero to 16,000 Hz.

The steel wing contained oil supply tubes and orifices along the 5% and 70%
chordlines on the upper surface and 5% chordline on the lower surface to provide
for fluorescent-o0il studies of the flow. The orifices were drilled into the
supply tubes with a spacing of 0.024 ¢ to give an even dispersion of the oil on
the wing surfaces.

Aircraft

There were twenty-five dynamic pressure transducers in the right wing of the
aircraft. The same model of Kulite transducer was used in the aircraft as in
the 1/6-scale wings; however, there was an important modification. An extremely
thin, but opaque, aluminum coating was vapor deposited onto the silicon pressure
sensitive diaphragm of the transducers that were installed on the upper surface
of the wing. This was deemed necessary after initial flights in which it was
found that extraneous fluctuating pressure signals could be caused by the light
sensitivity of the transducers. Tests showed that very small changes in
orientation of the tranducer diaphragm to direct radiation of sunlight would
cause outputs equivalent to pressures greater than 3,447 N/m? (0.5 1b/in.?). In
the aircraft, the transducers were installed in removable fixtures with the
diaphragms parallel to the surface and submerged about 0.00076 m (0.030 in.)
behind 0.0013-m (0.050-in.) orifices.

Strain gages and accelerometers were installed in the aircraft at several
locations. For flights on which buffet excitation was investigated, outputs
from right-wing and left-wing root bending-moment gages, a right-wing-tip
accelerometer, and an accelerometer at the c.g. were recorded. The aircraft
fluctuating pressure, acceleration, and moment signals were high-pass filtered

7



at about 3 Hz to remove steady-state or short-period-motion induced components
of the signals, then amplified and recorded by an on-board tape recorder. The
29 channels of unsteady data plus an angle-of-attack signal were recorded on
five of the available tape tracks by a constant-bandwidth FM-multiplex system.

TEST TECHNIQUE
Models

The wind-tunnel tests were conducted in two phases. The first phase was for
surface-flow visualization using the steel wing prior to the installation of the
pressure instrumentation. The second phase included the tests of the fully
instrumented steel and aluminum wings to measure the fluctuating pressures and
mecdel responses. For both phases, tests were conducted at Mach numbers from 0.7
toc 0.95 at Reynolds numbers of 7 x 106, 10.5 x 106, and 14 x 10° based on C and
with wing-sweep angles at 26°, 35°,

Flourescent oil was used for the flow visualization, and photographic records
were made at each test condition with still and motion picture cameras. Angle
of attack was varied from -5° to +25° for the oil-flow tests. Prior to taking
each set of photographic data, oil was momentarily ejected onto the wing and the
flow allowed to stabilize. Oil-flow control valves were off during the picture-
taking sequences.

Pressure fluctuations were measured at most of the above menticned test condi-
tions at angles of attack from 7° to 15°. Model strength limitations, however,
restricted the maximum angle of attack in some cases. The dynamic pressure
transducers were calibrated before each wind-tunnel start. Recordings of
1-minute length were made for each test condition after amplifiers automatically
ad justed gains to obtain maximum amplitudes allowed by the tape recorder.

Aircraft

Fluctuating pressures and the corresponding buffet response were measured on the
TACT aircraft at wing sweep angles of 26° and 35°, Mach numbers of 0.8 and 0.9,
and at dynamic pressures of about 14,364, 21,546, and 28,728 N/m® (300, and 450,
and 600 1bs/ft?). Data were obtained in continuous turn maneuvers at various
constant mean angles of attack within the range from 7° to 13°. Some data were
also obtained at cruise conditions.

In order to maximize the statistical accuracy of the data, pilots were requested
to record data for 60 seconds while holding angle of attack, Mach number, and
altitude as steady as possible. Target boundaries of maximum allowable
deviation about the mean conditions were specified for a at *0.5°, for M at
*0.01, and for g at *10%. For many conditions, 60 seconds or more of continuous
data were recorded within the specified boundaries. When flight conditions
within the boundaries could not be sustained for 60 seconds, the conditions were
usually repeated until a total of 60 seconds of data was recorded. Figure 10
shows some typical time histories of M, q, and o which illustrate the skillful-
ness of the pilots in holding steady conditions with the TACT aircraft.
At o = 9°, which was near buffet onset for A = 35° and M = 0.80, a continuous
recording of data for 120 seconds was obtained with a variations not over *0.1°.
For o = 10° and 11.9°, when buffet intensities were high, conditions were still
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held within the specified boundaries for relatively long pericds.

The dynamic-pressure transducers were calibrated before or after each TACT
flight which was conducted to measure the buffet excitation. Transducers were
powered by a 28-V supply for some flights and by a 12-V supply for some flights.
Thus a variation of transducer sensitivities was obtained for different ranges
of angle of attack without changing fixed gain resistors in the signal condi-
tioning system. Angles of attack of 10° or less were scheduled when the 28-V
supply was used and angles of attack of 10° and more were scheduled when the
12-V  supply was used. The fixed gain resistors were selected to give the
highest possible signal amplitudes for tape recordings without exceeding 1limits
of the recorder. The selection of sensitivities for each transducer location
was based on the previously obtained 1/6-scale model data.

DATA REDUCTION

Mean and fluctuating static pressures on the 1/6-scale models and aircraft were
reduced to mean static pressure cofficients (Cp) and fluctuating pressure coef-
ficients (Cprms)' The fluctuating pressure signhals were band-pass filtered

prior to processing by the multichannel rms system. The frequency range between
3 dB points was 5 Hz to 16,000 Hz for the scale-model data for 2.5 Hz to 2500 Hz
for the aircraft data. Power and cross-spectral densities of the pressure
fluctuations at selected conditions were obtained using a hybrid analog-digital
analysis process described in Ref. 16.

Test conditions in the wind tunnel are steady and, therefore, any time segments
of the tape recordings for a given condition were acceptable for data analysis.
For the flight tests, segments of the tape recordings suitable for analysis had
to be carefully selected by studying digital printouts (at a rate of 1/sec) of
important flight parameters and analog strip charts of the pressure-fluctuation
time histories. The criteria for selecting the time segments for data analysis
was that conditions remained with the tolerance previously specified for a , M,
and q. After the time segments were selected, the arithmetical means of a, M,
and q were computed from the digital printout.

CORRELATION OF WIND TUNNEL AND FLIGHT
MEASUREMENTS OF BUFFET EXCITATION

The correlation of wind-tunnel and flight measurements of buffet excitation was
one of the main objectives of the Ames Research Center participation in the TACT
program. Procedures for scaling pressure fluctuations had been well establish-
ed, but some references including Riddle (Ref. 17) and Coe and Riddle (Ref. 18)
have shown that for some test conditions pressure fluctuations tended to couple
with model wing torsion and second-bending mode vibrations. Consequently, there
was still some uncertainty whether pressure fluctuations on non-dynamically
scaled models truly represent the pressure fluctuations on elastic aircraft. In

question are the effects of static and dynamic elasticity and effects of
Reynolds number.



Root-Mean-Square Pressure Fluctuations

Correlation of wind-tunnel and flight data.- Pressure fluctuations measured at
corresponding locations on the upper wing surfaces of the 1/6-scale models and
aircraft are presented in Figure 11. The data show the variation of Cp.,o with
a for test conditions that yielded the closest matching of Reynolds numbers in
the wind tunnel and flight. For M = 0.80, the model data are from the steel
wing at Rz = 14 x 10° (Figs. 171(a) and (c)). Model strength limits restricted
the maximum Reynolds number to Rg = 10.5 x 0% at M = 0.90; so the data from the
aluminum wing were arbitrarily selected for presentation at these conditions
(Figs. 11(b) and (d)). The dashed lines connecting some data points indicates
an authcor judgement of the probable variations of Cprms with a.

The data in Figure 11 generally show excellent correlation of the pressure-
fluctuation measurements on the models and aircraft except in regions of shock
waves and separation boundaries. This judgement of excellence is based on the
authors' knowledge of the state of the art of random pressure-fluctuation
measurements, on the relatively meager previous wind-tunnel-to-flight corre-
lations and on the authors' experience with model-to-model correlations. The
data show some significant differences in angle of attack of the model and
aircraft where the pressure fluctuations suddenly increase due to the occur-

rence of a shock wave or separation boundary at a measurement location. These
differences are due to some combination of effects of the various wind-tunnel
factors listed in Figure 1 that can affect the correlation of data. It 1is

expected that Reynolds number simulation and static-elastic effects are the most
important effects, but the separation of these effects is not apparent due to
inconsistencies of the data. The main problem is that in some cases the rise
in Cprms occurred at lower a on the aircraft than on the model (Figs. 11(a) and

(d)) and in other cases at lower o on the model than on the aircraft (Figs.
11(b) and (c)). Static elasticity should have a larger effect on the data at
n = 0.910 than at n = 0.744 or n = 0.578. Such a trend in data can be noted,
but additional analyses including computations of the deformed shapes of the
models and aircraft under lcad would be needed to further account for effects of
Reynclds number and static elasticity.

Reynolds number and static elastic effects.- Reynolds number and static elas-

ticity have been mentioned in the foregoing presentation of data as causes of
discrepancies in the correlation of the pressure fluctuations measured on the
models and aircraft. The separate effects of Reynolds number and elasticity
could not be distinguished because both Reynolds number and wing shape varied in
the correlations. The data from the steel- and aluminum-wing models almost
circumvent this problem. The steel wing at RZ = 14 x 10®  deformed under load
to two-thirds the deflection of the aluminum model at R¢ = 7 x 10®° so that the
shapes of the wings were similar. When the wings were tested at RZ = 10.5x 10°,
the aluminum-wing deflection was three times the deflection of the steel wing.
Figure 12 shows the Reynclds number effects and Figure 13 the static elastic
effects ocn the pressure fluctuations at three span stations for A = 26° and
M = 0.80.

Figure 12 shows some definite trends resulting from Reynolds number effects.
The shock wave and separation boundary occurred at x/c = 0.06 at approximately
1° lower angle of attack at RZ = 14 x 10° than at Rz = 7 x 10°. This trend is
consistent with the observed movement of the shock wave to x/c = 0.06 at lower
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angle of attack on the aircraft than on the model. The pressure fluctuations
were relatively unaffected by Reynolds number within the region of separated
flow downstream of x/c =0.45 and n= 0.910 and n= 0.744 at all angles of attack
and at n= 0.578 at angles of attack less than 12°, At n = 0.578 for a > 12°,
there was a large effect of Reynolds number on Cprms' The pressure fluctuations

appear to become independent of dynamic pressure, possibly due to the influence
of a leading-edge vortex.

With respect to effects of static elasticity, Figure 13 shows that the shock
wave and separation boundary occurred at x/c¢ = 0.06 at a lower angle of attack
on the steel wing than on the aluminum wing. The data at n = 0.910 indicate
that the section angle of attack near the wing tip was about 1° less on the
aluminum wing than on the steel wing. The data at other span stations show less
effect of elasticity as expected. As with the Reynolds number effects, the
pressure fluctuations were relatively uneffected by static elasticity within the
separated flow downstream of x/c = 0.45. Some significant differences in the
pressure fluctuations on the steel and aluminum wings occurred at nn = 0.578 at
a > 11°, However, the differences are not so large as the previously noted
Reynolds number effects at n = 0.578 at high angle of attack.

A comparison of the pressure-fluctuation measurements at x/c = 0.06 in Figures
12 and 13 shows the counteracting influences of Reynolds number and static
elasticity on the position of the shock wave. The shock wave has moved upstream
with increasing Reynolds number and downstream due to increasing elasticity.
Therefore, this compensating effect probably improved the correlation between
the model and aircraft pressure-fluctuation measurements (Fig. 11).

As previously mentioned, the TACT program is providng more complete information
for the wind-tunnel/flight correlation of buffet excitation data than any prev-
ious program. A major asset of the analysis of the data is the static mean
pressure distributions obtained on the models and aircraft and the flow visual-
izations on the steel-wing model. Examples of some steady and fluctuating
pressure distributions and corresponding photographs of fluorescent o©il are
shown in Figure 14 for A = 26° and M = 0.80. The steady pressure distri-
butions on the model and aircraft are distinguished by solid and dashed lines.
The fluctuating pressures on the model are presented by solid lines where the
data follows reasonable trends and by dashed lines between measured values the
steady pressure distributions and photographs indicate the probability of high
pressure fluctuations due to the shock waves. The fluctuating pressures
measured on the aircraft are indicated by the symbols. When the 1locations of
shock waves are defined, as in Figure 14, and the probable steep gradients in
the chordwise distributions of Cpppg are considered, the overall excellent
correlation between the wind tunnel and flight fluctuating pressures is as good
as the correlation of wind tunnel and flight steady pressures. Additional
correlations of wind tunnel and flight measurements of steady pressures are
presented by Kinsey (Ref. 13).

Effects of dynamic pressure on flight data.- The previous correlations of pres-
sure-fluctuation data (Figs. %1 and 14) compared Corms from the models at the

highest test Reynolds numbers, to 14 x 106, with Cprms from the aircraft at a

Reynolds number of about 25 x 10%. Both Reynolds-number values are based on C.
Some flight data were alsoc obtained, however, at different altitudes to deter-
mine the combined effects of static elasticity and Reynolds number over a range
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of flight Reynolds numbers. An example of the pressure-fluctuations measured
at dynamic pressures of 14,364 to 28,728 N/m* (300 to 600 1bs/ft?) and
corresponding Reynolds numbers of 25 x 10° to 40 x 10° is given in Figure 15 for
A =26°, M= 0.80, and n = 0.744. These data show very little effect of dynamic
pressure on Cprms' Only the data at x/c = 0.63 and x/c = 0.90 indicate an «a

shift of 0.171° to 0.3°9, possibly due tc the greater washout of the wing at high
dynamic pressures. The Cp values measured at x/c = 0.45 do not show evidence
of such an a shift, however. It is interesting to note the extreme sensitivity
of the fluctuating pressures tc angle of attack at x/c = 0.06 and 0.20 near a =
10°. It can be seen that the shock wave on the TACT supercritial wing moved
from x/c = 0.20 to 0.06 with an angle-of-attack variation of less than a few
tenths degree.

Pressure fluctuations on lTower surface of aircraft wing.- Typical pressure-
fluctuation measurements on the lower surface of the aircraft wing are illu-
strated in Figure 16. These data show that the pressure fluctuations on the

lower surface of the wing increase significantly at the same angles of attack
associated with increasing buffet excitation on the upper surface of the wing.
Below « = 10°, the Cpppg values were about 0.006, which is the generally

expected value for subsonic attached-turbulent boundary layers (Refs. 19, 20).
At o > 10° the lower surface pressure fluctuations increased with o to maximum

Cprms values between 0.015 and 0.025 which were 15% to 20% of the corresponding

measurements on the upper surface. The variation of q, which affects Reynolds
number and wing distortion, did not affect the lower surface pressure fluctua-
tions.

Pressure fluctuations were alsc measured on the lower surfaces of the 1/6-scale
model wings. These data are not presented and correlated with the flight data
because of the dominating effects of wind-tunnel environmental turbulence and
noise.

PSDs of Pressure Fluctuations

Typical PSDs of pressure fluctuations on aircraft.- PSDs of the pressure fluc-
tuations on the aircraft, which are typical of the broad range of data examined,
are shown 1in Figure 17. These PSDs are presented for angles of attack of

approximately 10° and 12°; this was done to illustrate the differences between
upper- and lower-surface measurements, the general shapes of the PSDs, and some
effects of dynamic motions of the wing on the data. The frequencies of impor-
tant wing vibration modes are noted in the figure. Torsional modes are
indicated by a band of frequencies since there are several modes involving
torsional motion near the same frequency.

One of the reasons for looking at the PSDs of the lower surface pressure fluc-
tuations was the expectation that the increase in CPrms on the lower surface

with a (Fig. 16) was due to increasing dynamic motion of the wing as the upper-
surface buffet excitation increased. The data in Figure 17 indicate that this
expectation was not correct and that the increase in Cpppg on the lower surface

was due to an increase in the spectral level at all frequencies. The lower
surface pressures tended to couple with torsional motion, although in some
cases, like the A = 35° M = 0.80 case shown in Figure 17, such motion dependency
of the pressures was negligible.
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The PSD levels of the pressure fluctuations on the wing upper surface were
generally from 1 to 2 decades higher than the corresponding levels on the lower
surface. Coupling of the pressure fluctuations on the upper surface with
dynamic motions was in evidence in less than 5% of the approximately 500 PSDs
examined. In most cases, when coupling occurred, torsion and/or second bending
motions were involved. Coupling effects were most pronounced at angles of
attack near buffet onset and were usually negligible when the pressure fluc-
tuations were large. However, exceptions are shown in Figure 17 for A = 26°,
M= 0.80, x/c = 0.90, and for A = 35°, M = 0.90 at o = 12°, These PSDs show
coupling with torsion and second antisymmetric-bending modes in one case and
coupling with the torsion modes in the second case. No significant coupling of
first bendng modes and pressure fluctuations has been noted in the data. The
extent of such coupling is important to this investigation since the wind-tunnel
models were nominally rigid. If coupling effects were to dominate the pressure
fluctuations, then the use of such models for prediction of the aircraft buffet
excitation would be inappropriate.

Wind-tunnel-to-flight correlation of PSDs.- Samples of the correlations of PSDs
of the pressure fluctuations on the 1/6-scale models and aicraft are in Figure
18. On the basis of the overall frequency range of the data the correlations of
the PSDs are considered to be excellent. However, it should be kept in mind
that the important vibration modes of the aircraft buffeting are within a
relatively small range of nondimensicnal frequencis from about 0.03 to 0.3.
Figures 18(a) shows one of the excellent correlations of PSDs to illustrate the
output of the hybrid analog/digital spectral analyzer used at Ames (Ref. 16).
The figure 1is at large scale to show the computer plotted output of the corre-
lation, wherein separately analyzed files of the model and aircraft data were
called and plotted with the application of appropriate nondimensionalizing
variables. In Figure 18(a) each symbol ("A" for model and "B" for aircraft)
represent a fixed bandwidth in the stepped-frequency PSD analysis. In the
remainder of Figure 18 the PSD correlations have been traced to more clearly
distinguish the model and aircraft PSDs.

Figure 18(b} shows the correlation of PSDs of pressure fluctuations at three
span stations for A = 26°, M = 0.80, and a =~ 9°, a condition of relatively low

buffet excitation (see Fig. 11(a)). For this condition, effects of aircraft
dynamic motions and wind-tunnel environmental noise are clearly seen. The
aircraft torsional modes have the most pronounced effect at n = 0.910, partic-

ularly at x/c = 0.64. The prominent peaks in the model at fc/V = 1.2, 4.5, and
9.0 have been identified to be due to compressor-blades crossing the stator
blades and to the transonic test-section slots (Ref. 21). The origin of the
peaks in both model and aircraft data at fc/V = 0.6 may be aerodynamic reso-
nance due to upstream propagating pressure waves as discussed in Ref. 22.

Figures 18(c), (d) and (e) show the correlation of PSDs of pressure fluctu-
ations for conditions when the buffet excitation was medium and high relative to

the range of measurements (see Fig. 11). The data in Figure 18(c) are for A =
26°, M = 0.80, and a = 11.1°, The data in Figure 18(d) are for A m 35°, Ma@m
0.80, and o = 10°, and in Figure 18(e) for A = 35°, M = 0.90, and a o 12°.

These data show that the correlations of PSDs generally improved with increas-
ing pressure fluctuations. It is quite clear from the correlations that the
reduced frequency parameter, fc/V, and the nondimensionalization of the PSDs by
GV/q®c are valid. Figure 18(c) shows that for A = 26° PSD correlations were
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better to excellent for spanwise stations inboard of n = 0.910. For A = 35° PSD
correllations were alsc good to excellent at n = 0.910 (Figure 18(d) and (e)).
In Figure 18(e) it is of interest to note corresponding peaks in the model and
aircraft PSDs near fc/V = 0.18. The peaks in the aircraft PSDs coincide with
the torsional modes, whereas the peaks in the model PSDs occur between the
second bending and torsion modes.

Coherence and Phase Angle of Pressure Fluctuations

A typical analysis of the spatial correlation of the pressure fluctuations on
the models and aircraft is given in Figure 19. Shown is the coherence and phase
angle (O) between fluctuations at x/c = 0.45 and x/c = 0.63 at n = 0.744 for M =
0.80 and o = 12° for A = 26° and A = 35°., Generally, the trends of these data
are the same with the exception that the results for A = 26° show a strong
coherence of pressures on the aircraft wing at a frequency corresponding to
torsional vibrations. The excellent agreement of the phase angles confirms the
acceptability of the nondimensional-frequency parameter for scaling the buffet
excitation. Equal phase angles for a given nondimensional frequency mean that
the dominant boundary-layer turbulence causing the pressure fluctuations is
convecting between x/c¢ = 0.45 and x/c = 0.63 at the same velocity-to-free-
stream velocity ratio on the model and aircraft.

Concluding Remarks on Correlation of Wind Tunnel
and Flight Measurements of Buffet Excitation

Generally, there was relatively good agreement between measurements of the
pressure fluctuations on the models and aircraft in regions of separated flow.
At the shock-wave boundaries of the separated flow, good correlation cannot be
expected due to Reynolds number and static-elastic effects that displace the
boundaries. Reynolds number and static-elastic effects on the position of the
shock wave tend to be compensating. The PSD analysis of the pressure fluctu-
ations show evidence of dynamic-elastic effects in both the aircraft and model
data. At <certain test conditions, the fluctuating pressures may interact with
torsional and/or second-bending natural vibration modes of the aircraft and
model wings. Generally this coupling of the pressures with the vibratory motion
was small or negligible when the buffet excitation pressures were high.
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PREDICTION OF F-111 TACT AIRCRAFT BUFFET RESPONSE

It was pointed out in the Introduction that buffet predictions prior to the work
of Butler and Spavins (Ref. 8) and the TACT Program {(Ref. 13) generally have
been disappointing. Correlations of predicted buffet response spectra with
flight measurements typically have shown factors of 5 to 10 or even larger
differences in spectral peaks for important modes. There are several possible
reasons for the poor correlations. The most important reasons are:

1. The nonstationarity and short time durations of flight data, which can
affect the correlations for any method of buffet prediction.

2. The assumption required for non-elastically scaled models that modal aerody-
namics are separable (buffet pressures are unaffected by model motions).

3. The use of potential-flow unsteady aerodynamic analysis to estimate aerody-
namic damping.

4. Insufficient pressure measurements for the fluctuating-pressure method and
simplifications of spatial correlations.

5. Reynolds number effects.
Static and dynamic aerocelastic differences.

7. Possible pitch rate effects.

The disappointing history of buffet predictions is what prompted this research
to be included as part of the TACT Program. As previously mentioned, the TACT
aircraft provided a large improvement in the statistical accuracy of buffet
flight-test data. Also, 1t was proposed to evaluate a simpler more direct
approach for predicting the generalized buffet forces on the aircraft from
fluctuating-pressure measurements obtained from a wind-tunnel model. Aerody-
namic damping also would be predicted from model damping measurements.

Overview of Method

There are two significant differences between the present method and previous
fluctuating-pressure methods. First, for the present method, the measured
fluctuating-pressure time histories were summed on a real-time basis to yield
the generalized aerodynamic forces for selected modes. This approach is much
simpler and more direct than the approaches of Refs. 11 and 12 which required
the analyses of a large number of cross spectra to represent the complex span-
wise and chordwise buffet excitation. Second, experimental measurements of
aerodynamic damping for limited pivotal modes that are clearly distinguishable
in the model response were used in conjunction with a similarity analysis of

damping to predict the total damping of the aircraft for all of the selected
modes.

The various functions involved in the method and their relationships to the
prediction of buffeting are shown in Figure 20. The three major elements of the
buffet prediction are the model tests, aircraft structural dynamic analysis and
the calculation of the aircraft forced response.

The data from the model tests include fluctuating-pressure and buffet response

time histories. The fluctuating pressures must be measured at sufficient loca-
tions on the model for accurate integration to the overall buffet excitation.

15



For the F-111 TACT model tests there were 62 fluctuating pressure transducers on
the 1/6-scale semispan wing and tail surfaces (Figure 9}. The buffet response
time histories are used for damping measurements.

Because fluctuating-pressure models are not dynamically scaled in order to mea-
sure motion independent buffet excitations, the model and model support should
be as rigid as practical. However, some compromise on the wing construction
material 1is necessary to allow sufficient wing responses relative to support
elastic and joint motions so that aerodynamic damping can be evaluated at 1least
for the fundamental bending and torsion modes. It is important that structural
damping is as small as possible relative to the total damping. For this
investigation both aluminum and steel semispan wings were tested and it was
found that the aluminum wing yielded better damping measurments. As part of the
model tests 1t 1is necessary to determine the generalized masses, natural
frequencies and structural damping for the modes that yield total damping
measurements. This information is applied to the damping measurements to
determine the aercodynamic damping parameter, Kp, for each of the pivotal modes.
Kp thus accounts for the model structure and wind tunnel test conditions. K is
the same damping parameter defined by Butler and Spavins (Ref. 8).

‘ MpwvaTCap (1)
P ayrs
Cap =%tp ~Csp {2)
where Mp = generalized mass of pivotal mode
wp = natural frequency of pivotal mode

Vyr = freestream velocity in wind tunnel

Cap = aerodynamic damping ratioc for pivotal mode

Ctp = measured total damping ratio for pivotal mode

Qsp = measured structural damping ratio for pivotal mode

qur = freestream dynamic pressure in wind tunnel

S = area of model wing

For each mode desired in the buffet response prediction the aircraft structural
dynamic analysis provides normalized modal displacements at the centroids of
panels cover which the pressures from each pressure transducer are assumed to be
uniform. The normalized modal displacements [hi] for the ith mode are then
combined with the aircraft panel areas [A] and model pressures {p} to yield the
total generalized aerodynamic force Q¢j for the ith mode.

Qpq = [hi1[a] {p} (3)

For this investigation, because the pressure fluctuaticons were measured on a
half-span model, it was assumed that the pressures on the right-and left-hand

lifting surfaces were symmetrical and uncorrelated. Therefore,
1
- 2 2 z
Qpg = (Qgsr + Qi) %,
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where QtiR and Qtil are the right-and left-hand total generalized aerodynamic
forces for the ith mode. Then, to take into account the right- and left-hand

modal deflections on the aircraft and the fact that pressures were measured on a
semispan model,

Qpg = [[hig)? + [hyp 1212 [Apg] [vyg] (k] (4)

where [higr] and [hjp] are the right- and left-hand normalized modal displace-
ments at the centroids of the panel areas, [Apg] are the panel areas on the
aircraft semispan, [vyMg] are the voltage outputs from the pressure transducers
on the model semispan and [k] are the pressure transducer sensitivity factors.

The motion-independent generalized force, Qi;, is determined from the power
spectrum of Q¢ where

GQii(f) =GQti(f)'-GQdi(f) (5)
and Qdji is the motion-dependent generalized force. (The estimation of GQgj(f)
will be discussed in a following paragraph). After GQi;(f) is determined it is

is then reduced to the generalized aerodynamic force coefficient

GQiiVWT
E = —r (6)
S2qgmC
AGWTM
where Gay; =Gq;4 (fn)
fy = resonant frequency of the aircraft ith mode
Sp = aircraft wing area
Vyt = free stream velocity in wind tunnel
qyT @ free stream dynamic pressure in wind tunnel
CM = mean aerodynamic chord of model wing
In addition to the modal displacements (Figure 20), the structural dynamic

analysis also yields frequency dependent generalized masses and frequencies,
including the effects of fuel weight, and normalized aerodynamic damping,
including the effects of altitude, for all modes selected for analysis. The
normalized damping for each mode is the theoretical aerodynamic damping for the
mode divided by the theoretical aerodynamic damping for a pivotal mode (bending
or torsion). The pivotal modes are the primary bending and torsion modes with
similar mode shapes for the aircraft and model.

The aircraft structural dynamic analysis including the aerodynamic damping
analyses 1is a multidegree-of-freedom analysis that accounts for modal coupling.
The combination of the aerodynamic damping parameter, K,, with the generalized
masses, frequencies and normalized aerodynamic damping for the aircraft yield

the damping for each of the aircraft modes and flight conditions selected for
analysis,

quASAQan(f’h)
Malw)w(f,w)Vy
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ge(fyh) =7, (f,h) + g4 (8)

where [ (f,h) = aerodynamic damping as a function of frequency and altitude
Kp = damping factor for pivotal mode (Eq. 1)
ap = dynamic pressure for aircraft flight condition
Sp = area of aircraft wing
Tan(fyh) = normalized aerodynamic damping ratio as a function of

frequency and altitude

Mp (w) = generalized mass as a function of fuel weight

w(f,w) = natural frequency as a function of frequency and fuel weight
Va = aircraft velocity

Ct(f,h) = total damping as a function of frequency and altitude

Cs = structural damping ratio

The final step in the buffet prediction method (Figure 20) is the calculation of
the power spectral density of the forced response of the aircraft. The general-
ized aerodynamic force coefficients, generalized masses, frequencies and total
damping are embodied in the PSD calculation for a range of frequencies that
includes the selected modes. Details of the model tests, structural dynamics
analyses and the TACT aircraft buffet predictions are given in following
sections of the report. A preliminary evaluation of the method is also reported
in Ref. 23 which describes in detail the prediction of the buffeting of the
1/6-scale TACT aluminum model.

Model Tests

Data processing.- Details of the 1/6-scale semispan model of the F-111 TACT air-
craft, the instrumentation, test technique and general data reduction are given
in previous sections of the report as they apply to the recording of the

pressure fluctuations and model wing buffeting. All of the dynamic data were
recorded at the time of the tests on a one-inch magnetic tape by an 80-channel
FM-multiplex system. At a later date, when the modes to be included in the

buffet predictions were selected and the normalized modal displacements [hj]
were tabulated, the magnetic tape was processed for each mode via an analog
system shown 1in Figure 21 to yield the generalized force time history, Q;,
(Eq. 4).

The flow chart in Figure 21 shows that the pressure-fluctuation time histories
were high-pass filtered (3 dB at 1 Hz) and then attenuated by weighting factors

that comprised the normalized products of [[hig]? + [hip}?]2, [A] and [k]. The.

attenuated time histories were then summed to yield the time histories of the
separate upper- and lower-surface contributions to the generalized force; the
lower-surface time history was then inverted and summed with the upper-surface
time history to obtain and record a time history proportional to the total
generalized force. For this investigation the wing and tail contributions to
the generalized force were alsc recorded separately in order to study the
effects of the wing and tail on the buffet excitation.
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Mode shapes.- The mode shapes employed in the present analysis of the general-
ized aerodynamic forces were generated by General Dynamics Corp., Fort Worth
Division, during the original structural dynamics analysis required for the TACT
modification to the F-111 aircraft. Either numerically or experimentally
determined mode shapes could have been used for the TACT analysis; however, the
numerical mode shapes were used in this case to evaluate buffet predictions that
could be made prior to aircraft manufacture. Six modes were selected to be
included in the TACT aircraft buffet predictions. They are as follows:

1. 1st wing symmetrical bending, WSB

1st fuselage vertical bending. FVB
1st wing antisymmetrical bending, WASB
tst right-wing torsion, RWT

. 1Ist left-wing torsion, LWT

[T 2 I S N\
. . e .

1st wing symmetrical torsion, WST

The mode shapes for the selected modes and natural frequencies, which are in the
range from 4.42 Hz to 17.14 Hz, are shown in Appendix A (Figure A1) and in Table
2. The modes were selected to provide a variety of mode shapes (wing bending vs
fuselage bending vs wing torsion), and because they were expected to dominate
the TACT aircraft buffeting. Also, the differences in the natural frequencies
for the FVB and WASB modes and the RWT, LWT and WST modes are small; therefore,
it was considered necessary to include all modes in the close-frequency
groupings because of the possible influence of the forced response of each mode
on the response of the neighboring modes.

Model paneling.- As previously mentioned the aircraft wing and tail were
divided into panel areas, [A], over which the pressure fluctuations were assumed
to be constant. Sketches showing the wing and tail panel areas, centroids and
corresponding 62 locations of the pressure transducers on the 1/6-scale model
are in Figure 22. It can be seen that the transducers were near the panel
centroids for most of the panels with the exception of the panels bordering the
wing and tail root chords. The normalized modal displacements, [higr] and [hiLl,

at the centroids were determined by interpolation of the displacements at the
modal-analysis grid points (Figure A1).

Generalized aerodynamic force.- Typical PSD's of predicted total generalized
aerodynamic forces on the TACT aircraft are shown in Figure 23 for the WSB and
WST modes (Modes 1 and 6). For all frequencies except near the model resonant
frequencies, fpM, the total generalized forces are unaffected by model motions
and therefore Ggii(f) = Goii(f) at £ # fnM. At model resonant frequencies the
effect of motion is to decrease the motion-dependent generalized force, GQdi(f)

in relation to the aerodynamic damping and amplitude near the modal resonant
frequencies. Such an affect, which was discussed by Jones in Ref. 24, is shown
in Figure 23 in the PSD for the WSB mode where a significant notch 1is apparant
at 25 Hz. The notch is at the natural frequency of the 1st bending mode of the
1/6-scale aluminum wing. For this investigation GQii(f) in the vicinity of f,,

was assumed to have a straight-line variation with frequency bridging the
effects due to Ggy;-  Further, because Gp;;(f) for all the selected aircraft

modes appeared to be constant within a reasonable range of the aircraft resonant
frequencies, GQii has been evaluated only at the resonant frequencies.

19



Buffet excitation coefficients.- 1In order to conveniently account for the dif-
ferences in the model and aircraft scale and wind-tunnel and flight conditions
the generalized aerodynamic forces were reduced to buffet excitation coeffi-
cients, E, (Eq. 6). The buffet excitation coefficients obtained from the
aluminum- and steel-wing models are shown in Figure 24 versus angle-of-attack
for five of the modes selected for analysis. The aluminum-wing data were
obtained at test Reynolds numbers of 10.5 x 10° and the steel-wing data were
obtained at test Reynolds numbers of 14.0 x 10%. Figure 24 shows that excita-
ation coefficients evaluated from the aluminum- and steel-wing models were with-
in a factor of 2 for all test points except for a few points at intermediate
angles-of-attack at A = 26° for the WASB mode (Figure 24(c)). This generally
good agreement of E, which 1is on a mean-square scale, substantiates the
repeatability of data and adds confidence to the excitation coefficients.

Effects of wing and tail.- The effects of the wing and tail on the buffet

excitation obtained from the aluminum wing are shown in Figure 25. The results
show that for the six modes selected for analysis the effects of the tail were
negligible only for the WSB mode (Figure 25(a)) and for the WST mode (Figure
25(f)). For the other modes, FVB, WASB, RWT and LWT, the effects of the wing
and tail varied with angle-of-attack (Figure 25(b) through 25(e)). The largest
effects of the tail occurred for the FVB mode (Figure 25(b) and for the WASB
Mode (Figure 25(c)). For these modes E due to the tail exceeded E due to the
wing at the lower and higher test angles of attack. Consequently, these results
show that the tail buffet excitation was a necessary part of this buffet
response analysis. As would be expected, a relationship can be seen between the
wing and tail excitation coefficients (Figure 25) and the modal displacements
(Figure A1). The effects of the tail are insignificant for modes with small
fuselage and empenage displacements, and they are more significant for the modes
with large fuselage and empenage displacements.

Aerodynamic damping of pivotal modes.- As a necessary part of the model tests

measurements were made of the total damping ratios of the 1st wing bending and
1st wing torsion modes of the 1/6-scale aluminum model. The data for these
modes, which are referred to as pivotal modes, are shown in Figure 26. The data
were obtained from the model buffet response time histories using the Randomdec
system described in Ref. 25.

As previously mentioned the aluminum-wing model yielded more accurate aerody-
namic damping information than the steel-wing model. This result was expected
because the structural damping for the aluminum wing was less than the struc-
tural damping for the steel wing. The structural damping ratioc of the aluminum
model was 0.005, which was from 7- to l4-percent of the total damping ratic for
the bending mode and 14- to 20-percent of the total damping ratioc for the tor-
sion mode. Also, in order to yield accurate damping measurements for the pivot-
al modes, it was important that the modes were clearly separable by bandpass
filtering to allow the analysis of an apparent single-degree-of-freedom time
history. Table 1 shows that the resonant frequencies of the primary vibration
modes of the model were sufficiently different to allow the modal separation.
Details of the model structural dynamic characteristics, buffet response and
damping measurements are given in Ref. 23.

To apply the model total damping measurements (Figure 26) to the prediction of
the aircraft aerodynamic damping, the model structure and wind-tunnel test
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conditions are accounted for in the conversion of the aerodynamic damping, Caps
to the aerodynamic damping parameter, Kp(Eq. 1). The variation of Kp with angle
of attack for the (pivotal wing bending and torsion modes is shown in Figure 27.
It is of interest to note that these data agree reasonably well with similar
data obtained by Butler and Spavins using a 1/8-scale aluminum model of the
F-111 TACT (Ref. 13).

Structural Dynamic Analysis

After the excitation forces of the selected modes and damping data for pivotal
modes have been determined, the next step is to develop the appropriate equa-
tions of motion that describe aircraft buffet response. In addition, damping
must be determined for all the selected modes including the pivotal modes that
exist on the model in such a way that the real flow effects are accounted for as
well as the modal coupling that exists for the full scale aircraft. Also, the
miss-match between modes on the model and the aircraft must be considered in the
damping analysis. All of these effects plus the effects of altitude and fuel
weight must be accounted for in the modal frequencies, damping and generalized
masses that are inserted into the equations of motion. The solution to these
final equations produces the predicted aircraft buffet response. This section
describes the problems and how they are solved.

Equations of Motion.- The basic working tool for this section is the standard
set of equations of motion for modeling dynamic response of a flexible aircraft.
The matrices involved are generally diagonal in form with exception of those
associated with the aerodynamic forces produced by the elastic response of the
aircraft. With certain assumptions, however, it is possible to utilize eigen-
values of this equation that are obtained in routine flutter analyses to reduce
all of the matrices to diagonal form. The diagonalized equations may be simply
solved with techniques that are easily programmed on small personal computers.
This subsection therefore describes the diagonalization process and also the
implications of the assumptions that are necessary to accomplish the diagonal-
ization of the matrices.

The equations of motion for an aircraft with flexible degrees of freedom (first
wing symmetric bending, first wing symmetric torsion, etc.) can be expressed in

a matrix equation for generalized coordinates which are the normal modes of
vibration. The form is

(fMi(w?‘—w%-i2wwigis);]+[Qij]] {I"i}:{QiB} (9)
where
Mj = generalized mass of the ith mode
Wig = undamped natural frequency of the ith mode
w = exciting frequency
th

Cis = structural damping for the i mode

Qj j = generalized aerodynamic force for pressures due to the jth
mode motion working on deflections of the ith mode

ri = generalized coordinate response of the ith mode

generalized aerodynamic force for the buffeting pressures
working on deflections of the ith mode
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For purposes of discussions, Equation 9 can be written in a more compact form:
[ Q
[D—I} {Y‘l}:J

LMiwz

2 .
= +
w? M; w2

1

ig |
f (10)

where

I

identity matrix

This form leads directly to the eigenvalue/eigenvector problem from which the
diagonalization is evolved. The purpose of the diagonalization is to produce a
set of equations that are uncoupled mathematically but are effectively coupled
through the eigenvalues obtained from solutions to the fully coupled equations.

The eigenvalue/eigenvector form of Equation 10 is

[D-1xr;] {05} = {0} (11)
where
Aj; = eigenvalue of the ith mode
®; = eigenvector of the ith mede

The eigenvalue represents the frequency and damping values for the ith mode
which, as a result of the frequency dependent aerodynamic forces in Qij, are a
function of the excitation frequency, w. The eigenvector, {@i}, is not to be
confused with the normal mode shape but is a complex vector that recombines
the undamped mode shapes into a complex form for the ith degree of freedom. To
illustrate, let {hi} be the undamped mode shape function (deflections) for the
ith mode. The damped mode shape, {h'i}, is then expressed as

{nri} =e{n t + 0550} ®55{n3} <-e-:

Thus, if the Qijj matrix is zerc, then the aerodynamic forces are not available
to alter the mode shape and

(12a)
(12b)

[}
o
o
N
=

R
ik

|
—
[N
1]

which leads to the trivial result

For most flight conditions, except near flutter, Equations 12 are approximately
true and the damped natural modes are very close to their undamped counterparts.
Under these conditions, the aerodynamic terms, Qij’ are small which leads to
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(Dik << (I)ii {13a)
iy o~ 1 (13b)

This is the key equation needed for diagonalizing Equation 9.

Now, let Equation 11 be written in a more general form for all modes. Starting
with

[p] {es} =ni{es} (14a)
The general form becomes

[p] [e]=[xe] (14b)
But from Equations 13, [@] is very nearly a diagonal unit matrix, hence

[¢] ~ [1] (15a)
and

(xe] ~ [A)] (15b)
Combining Equations 14 and 15 yields

[p][e}~[p][1]=[p]
and finally

[p] ~ [A] (16)
which is the desired diagonal form.

The eigenvalues are composed of a real part, frequency, and an imaginary part,
damping, in the following form

1~ o
Xy == (w? + 12005Z;) (17)

where the &i and Zi are a function of frequency,

~ ~

-] cilw)

1

This dependency is a result of the Qij terms in the matrix which are a function
of frequency, w. These eigenvalues are readily available from routine flutter
analyses and include all of the effects of aerodynamic coupling between modes.
One drawback of using the flutter eigenvalues, however, is that the aerodynamic
methods customarily used are based on linear theory and hence do not reflect the
effects of separated or transonic flows. This point will be discussed later.

Substitution of Equations 16 and 17 into Equation 10 leads directly to the work-
ing form of the diagonalized equations of mction:
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[Mi;] [(.02 - (T)i - i2w5i(zi + Ci

The solution to Equation 18 is simply

(ri} = 1 oy

; ~ ~ o~ i
LMi{wz-wi-i2wwi(ci +Cis)]J B

If the squared amplitude of the transfer function is defined as

1
j(w)]? = — —— (19)
M?[(wz-wi)2-+4w2w§(;--Fci )2 ]

i
then, assuming no correlation between modes, the mean-square buffet response can
be calculated. As an example, the response power spectrum for an accelerometer,
a, is given as

|H

S

n

Pay(w) ~w* hi |H;(w)|?a} (20a)
1

and the root-mean-square value, Oay» is obtained from

Wy
0d, =/ %a,(w)dw (20b)

w
1

for the frequency limits of W, to w,.

Modal Frequency and Damping Analysis.- The magnitudes of the buffet-response
spectral peaks are inversely proportional to the total damping squared as may be
seen from Equation 19, where setting w = w;, the transfer function becomes

1

2 mu (3 2
Mi[4wi(Ci+ Cis) ]

[Hi (@3) ]2 =

Thus, it is clear that accurate determination of damping is mandatory for accu-
rate prediction of response.

Aerodynamic damping is influenced by many effects which include transonic and
separated flows as well as aerodynamic coupling between modes of vibration.
Scaled wind-tunnel model damping data can provide the effects of transonic and
separated flows on a limited number and type of modes that are available on the
model as discussed in this report. Inherent 1in these effects are those of
angle-of-attack. The influence of aerodynamic modal coupling on damping can be
obtained from conventional flutter analyses as mentioned in the previous
subsection. This influence 1is produced on realistic airplane modes but the
aerodynamic methods are limited to attached linear theory techniques, thus a
dilemma exists for determining accurate damping estimates. A technique was
therefore contrived to deal with this dilemma.

The technique, which is discussed in detail in Appendix B, wuses a hybrid
approach which combines the scaled wind-tunnel model damping data with that
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obtained for theoretical flutter analyses. The idea is to designate aircraft
modes that are similar to the limited modes available on the model as "pivot
modes". As an example, the first wing symmetric bending mode on the model and
aircraft are usually very similar. Model damping data are then scaled to other
similar modes on the aircraft using theoretical relationships for the damping of
these modes. Likewise for the example, the first wing bending and first
fuselage bending modes on a free-flying aircraft are very similar as far as the
wing motion is concerned. Repeating this process for the next "pivot mode" and
so on leads to a complete set of damping value functions, <Zj(w), that have
accounted for both the non-linear aerodynamic effects and intermodal coupling
for the aircraft.

Also, discussed in Appendix B is the treatment of the modal frequency functions,
wi{w), which are influenced by the unsteady aerodynamic forces. The values used
are taken directly from the theoretical flutter analyses. Because the aerody-
namic 1influence on mode frequencies is a second order effect, it was felt that
ignoring separation and transonic flow contributions to this parameter was
Jjustified.

Composite Pivot Modes.- The first wing symmetric bending mode for the F-111
TACT aircraft was very similar to that for the 1/6-scale aluminum wind-tunnel
model. Thus, the first wing symmetric bending mode was a logical choice for the
"pivot mode" that represented the family of modes involving fundamental
wind-bending motion. The other aircraft modes included in this family were the
first fuselage vertical bending and first wing antisymmetric bending mcdes. The
similarity of wing motion is illustrated in Figures A1, A2 and A3 in Appendix A.

In the case of torsion modes, the choice of a "pivot mode™ was not so simple.
The model wing first torsion mode, for example, had an elastic axis and a
torsion node line that was further aft than the elastic axes and corresponding
node 1lines for the torsion modes on the airplane. The torsion modes on the
F-111 TACT aircraft which are shown in Figures A4, A5, and A6, were not typical
of pure torsion modes. The modes were actually a combination of first wing
symmetric and antisymmetric torsion plus the second symmetric wing bending.
This was a result of the distribution of the instrumentation mass which caused a
mismatch between the right and left hand wings. The impossibility of matching
one of the aircraft torsion modes with a model torsion mode significantly
complicated the problem of scaling wind-tunnel model torsion mode aerodynamic
damping data.

In order to remedy the problem of selecting an appropriate torsion pivot mode, a
technique was developed for combining the airplane torsion modes to obtain a
composite mode that was more like the model torsion mode. The technique 1is
fully developed in Appendix C and is based on the assumptions that (1) the
diagonalized equations of motion are valid and (2) separation and ¢transonic
effects scale similarily for similar mode shapes. The equations developed
provide the generalized mass as well as damped and undamped natural frequencies
for the composite mode. Equations are also developed for relating scaled
aerodynamic damping values for the composite mode to those values of the "base
modes" used to construct the composite mode.

The result of this effort for the F-111 TACT aircraft resulted in the composite
mode shown in Figure 28. Also shown in Figure 28 is the first wing torsion mode
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for the model. The comparison is very good and far superior to that which
involved the original aircraft modes. The torsion modes shown in Figures A4, A5
and A6 were used as the base modes for this construction. Equations described
in Appendix C solve for weighting numbers to be applied to the modes involved in
the composite mode by satisfying deflection constraints imposed by the model
torsion mode. These conditions were satisfied at two leading and trailing edge
points (inboard near the pivot and the outboard near the wing tip) on both wings
which resulted in eight equations. Since only three unknowns were desired, this
led to a least squares solution. The weighting numbers obtained from the
solution were

pp & 1.5272 (RWT)
by = 1.0284 (LWT)
py = -0.5865  (WST)

with the generalized mass and undamped natural frequency

1041.6 1lbs
14,92 Hz

Me

fe

for the composite mode. Although the eight boundary conditions were not exactly
satisfied, this solution did produce a reasonable facsimile of the model torsion
mode as shown in Figure 28.

Modal Frequency, Damping and Masses

The techniques described above were used to develop the frequency and damping
data applied in the final respcnse prediction equations. The generalized
masses, which were determined as a function of aircraft fuel weight, were based
on theoretical analysis. The mode shapes of the six vibration modes used in
this study are in Figures A1 through A6.

The baseline generalized masses and undamped natural frequencies of the six
modes are given in Table 1 for the empty aircraft. The factors used to account
for aircraft fuel weight are shown in Figure 29. These factors are simple
multipliers that are applied to the empty aircraft values given in Table 1. The
eigenvalues used in the determination of the aerodynamic damping and frequencies
were taken from the flutter solution velocity/damping curves given in Ref. 26.

The aerodynamic damping factors developed with the previously discussed tech-
niques are shown 1in Figure 30 as functions of altitude and frequency. These
factors represent those values that are multiplied by the scaled model data for
the two "pivot" modes (the first wing symmetric bending mode and the composite
torsion modes). It can be noted that the effects of altitude are not signifi-
cant in these plots because the effects are already accounted for in the scaling
of the model damping data. The influence of excitation frequency, f, is
significant, however, particularly for the wing bending type modes, WSB, WASB
and FVB, because frequency effects are a direct result of the flutter eigenvalue
variations with frequency.

The influences of excitation frequency and altitide on mode frequencies are
shown in Figure 31. In this case both altitude and frequency effects are very
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pronounced. Figure 31 shows that the bending type mode frequencies tend to
increase with density (decreasing altitude) as a result of the increasing aero-
dynamic stiffness. The frequencies of the first two torsion modes, RWT and LWT,
exhibit the same trend with altitude, which is not typical of torsion modes, for

which mode frequencies normally tend to decrease with

increasing aerodynamic
forces.

This effect is attributed to the forward location of the node lines on
the wing and to significant bending of the horizontal tails. The third torsion
mode, WST, does exhibit the classical drop in mode frequency with the increasing
aerodynamic foces associated with a decrease in altitiude. Although there 1is
significant wing second bending motion in the WST mode, the node line is suffi-
ciently aft to produce the expected mode-frequency variation.

Aircraft Buffet Prediction

The dynamic model developed in the previous sections was applied to predict the
buffet response for the F-111 TACT aircraft at selected flight test conditions.
This section presents and discusses the results of these predictions including
correlations of predicted and measured damping. The correlation of predicted
and measured buffeting are based on PDSs and integrated RMS values. The buffet
response characteristics are correlated for the same range of angles of attack,

altitude and wing sweep as the pressure-fluctuation correlations that were
presented in a previous section of the report.

Flight Conditions for Correlations.- Details of the flight test program are
described in the "Test Techniques" section of the report. The nominal condi-
tions for the buffet response correlations are summarized as follows:

MACH NUMBER 0.8 for all buffet response correlations

ALTITUDE 3,700 m 6,100 m 8,500 m
(12,000 ft) (20,000 ft) (28,000 ft)
DYNAMIC PRESSURE 28,700 N/m 21,500 N/m 14,400 N/m
(600 psf) (450 psf) (300 psf)
ANGLES OF ATTACK 7° - 10° 7°- 12° 7° - 12°
WING SWEEP 26° & 35° 26° & 35° 26° & 35°

Correlation of Damping.- As shown in a previous section on the development of
the equations of motion the amplitude of predicted buffet response for any given
vibration mode is inversely proportional to the total damping value for the
mode. Because of this sensitivity, a significant effort was made to improve the

accuracy of damping estimates. Therefore, the correlation of these
with measured flight test values

buffet prediction investigation.

estimates
of damping is a very important part of the

Comparisons of predicted and measured total damping ratios for the TACT aircraft
WSB, FVB and RWT modes are shown in Figure 32. Total damping includes both
aerodynamic and structural damping ratios. The total damping measurements,
which were obtained with the Randomdec system (Ref. 25), could only be made for
three of the six modes selected for the buffet predictions.

In Figure 32(a) total damping values for the WSB mode are compared for M = 0.8
with A =26° and A = 35°. Predicted and measured trends are shown for both alti-
tude and angle of attack. Although there is scatter in the flight test data,
the trends are generally the same with exception of the overall higher levels of
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the predicted values. Results in Figure 32(b) for the FVB mode show a better
correlation with magnitude but there is greater scatter in the flight test data
in the critical onset range of a = 9.5° to o = 10.5°. Better correlations are
shown in Figure 32(c) for the RWT mode, with exception of usual scatter 1in the

onset range.

In view of the expected difficulty of predicting and measuring aerodynamic
damping values for aircraft operating in separated transonic flow fields, the

above results are very encouraging.

Correlations of Power Spectral Densities.- Complete sets of figures that
include the predicted and measured PSDs of the wing tip and CG accelerations are
shown in Figure 33 for A = 26° and Figure 34 for A = 35° for all the flight
conditions studied. 1In general the PSD predictions are considered tc be quite
good, thus confirming the method. The predictions for the bending type modes,
WSB, FVB and WASB, were generally somewhat better than for the torsion modes,
RWT, LWT and WST. This trend 1is inconsistent with the damping correlations
(Figure 32), which showed better damping predictions for the RWT mode than for
the WSB or FVB modes. Comparisons of the PSDs in Figures 33 and 34 show that
the buffet predictions tend to be better for A = 35° than for A = 26°.

With respect to the disappointing torsion mode correlations at A = 26° in Figure
33, the PDSs show that the correlations of the spectral peaks in the wing-tip
response of the RWT mode at about 14 Hz were significantly affected by altitude
and the consequent q variation. For example, a comparison of the RWA PSDs in
Figures 33(e), 33(k) and 33(o) shows that the correlations of the RWT mode
spectral peaks improved with increasing q. The correlations of the CGA spectral
peaks of the WST mode at about 17 Hz, on the other hand, were relatively good
and unaffected by altitude, e.g. Figures 33(f) and 33{1). It is of interest
that the PSDs show that the predicted response increased with q, as would be
expected; but, for some reason, the measured RWA of the RWT mode remained about

constant with the q variations.

It is significant that the predicted spectral peaks in the torsion group of
modes (14 Hz - 17 Hz) in many cases correlate very well with corresponding
measured spectral peaks. Yet because other torsion-mode spectral peaks occur in
the measurements that are not predicted the RMS correlations covering the over-
all torsion-mode band of frequencies can be strongly affected. Examples of such
spectral-peak correlations are in Figures 33(f) and 33(1).

Correlations of RMS Buffet Responses.- In order to correlate the RMS values of
the predicted and measured buffeting, the PSDs were integrated over several dif-
ferent frequency ranges. The frequency limits of the integrations and grouping

of modes were as follows:

MODES PREDICTION LIMITS FLIGHT TEST LIMITS

WSB 3.45 - 6.25 Hz 3.22 - 6.14 Hz

FVB and WASB 5.95 - 9.46 Hz 5.95 - 9.46 Hz
RWT, LWT and WST 1.9 =~ 19.0 Hz 12.0 - 19.0 Hz

The FVB and WASB modes and RWT, LWT and WST modes were combined because the
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separate modes could not be isolated in flight test PSDs. A fourth integration
was also preformed where all responses listed above were combined into a total
RMS over the full frequency spectrum. As for the PSD comparisons, the RMS
comparisons were made for both wing-tip and CG accelerations as a funcion of
angle of attack, altitude and wing sweep at M = 0.8.

The integrated RMS results from all the PSDs contained in Figure 33 and 34 are
shown in Figure 35. For the WSB mode, as shown in Figure 35(a) the predictions
are very encouraging for the wing-tip accelerations at both wing sweeps. As
might be expected because CG amplitudes are very small due to wing bending (see
Figure A1), CGA predictions are not quite so good as the BRWA predictions.
Results for the FVB and WASB modes shown in Figure 35(b) show an improvement in
correlation for the CG accelerations and excellent correlation for the wing-tip

accelerations. It also can be noted that the buffet onset is fairly well
predicted in both Figures 35(a) and 35(b).

Response predictions for the torsion mode family are not quite so good as the
bending mode response predictions as was mentioned in the previous subsection
on PSD correlations. The comparisons shown 1in Figure 35(c) indicate that
torsion responses for A = 26° are consistantly under predicted for angles-of-

attack greater than about 9.5°. The predictions are quite good, however, for
A = 35°, and the agreement is more consistent with that shown for the bending-
type modes in Figures 35(a) and 35(b). For both wing sweeps, it should be noted

that the acceleration responses are much higher for the torsion modes then for
the bending modes. This 1is particularly true for A = 26° where the maximum
wing-tip acceleration at a = 12° for the torsion modes is about three times that
for the WSB mode. As a result, the total RMS comparisons shown in Figure 35(d)

are dominated by the torsion mode family characteristics and hence they closely
resemble those shown in Figure 35(c).

A striking peculiarity that can be noted in the RMS data shown in Figure 35(c¢)
is the absence of altitude effects on the measured torsion-mode family acceler-
ations. This characteristic was restricted to A = 26° and was most noticeable
in the wing-tip acceleration. The expected affect of increasing altitude is a
reduction of buffet response as shown by all of the other predictions and flight
measurements summarized in this report. Thus, there must be another dominating
factor that affects the buffeting at A = 26°.

Discussion of Factors that Influence the Correlations

The basic factors that affect the correlations of wind-tunnel and flight-test
buffet data were discussed in the Introduction; and in the body of the report it
was pointed out that the F-111 TACT program provided a significant improvement
in the factors that affect the flight data. However, even with these improve-
ments, the present correlations of predicted and measured buffeting still show

some discrepancies. The questions arises then as to what factors were the most
probable cause of the discrepancies.

Before discussing specific factors that influence the correlations, it should
first be remembered that the buffet response data in Figure 33, 34 and 35 are
presented in terms of accelerations. Acceleration data exaggerates the higher-
frequency mode amplitude differences between predictions and measurements.
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Selection of Modes for Analysis.- The correlation of PSDs in Figures 33 and 34
generally show that the most disappointing results occurred at A = 26° in the
range of frequencies from 14 Hz to 17 Hz that includes the torsion modes. Three
torsion modes were selected to be included in the analysis. The buffet response
data, however, (Figure 33(e) show a group of four spectral peaks in the 14 Hz to
17 Hz frequency range. It therefore now appears via hindsight and examination
of GVT modes (Ref. 15) that a fourth mode should have been included in the
analysis. The additicnal mode which is identified as a complex mode involving
mostly motion of the horizontal tail but alsc some antisymmetric pitch and
torsion motion of the wing, occurs at a natural frequency of 15.04 Hz. Unfor-
tunately it is not possible to estimate the effects of this mode in the present
correlations without substantial additional analysis of data including the
determination of the generalized force for the mode. Originally the mode was
not included because the wing tip and CG motions were expected to be small.

Aerodynamic damping.- As has been previously discussed, aerodynamic damping
plays a dominant role in the accurate determination of aircraft buffet response.
Equations 19 and 20 show, for example, that the PSD of the response varies as

1/(gq + cij)z. The aerodynamic damping is very illusive because (1) it is very
difficult to predict and (2) it is very difficult to measure. Thus, when
considering this difficulty, the comparisons of predicted and measured damping
values shown in Figure 32 are believed to be quite satisfactory. As was dis-

cussed in connection with the presentation of the damping estimates, the damping
predictions agree very well with the measurements for the FVB and the RWT modes

but not so well for the WSB mode.

Based on the correlations of measured and predicted damping, it is believed that
the technique used for scaling the wind-tunnel damping values to full scale for
similar modes and the technique for extrapclating the results to other modes
represents a satisfactory methodology for generating reasonable estimates of
full-scale damping. The fact that damping correlations were good where buffet
predictions were not so good suggests that other effects were responsible for
differences in correlations between bending and torsion modes.

Generalized masses.- As previously mentioned, these F-111 TACT buffet
predictions were based on theoretical dynamic information that included the
generalized masses for each of the six modes selected for analysis. This was
done to 1illustrate the usefullness of the method for buffet estimates prior to
the availability of a prototype aircraft.

The generalized mass affects both the damping estimate (Equation 7) and the
response prediction (Equations 19 and 20). As can be seen from these equations,
the effects of the generalized mass on the aerodynamic damping is somewhat
compensating to the response prediction. Nevertheless, it 1is significant that
the theoretical generalized masses for four of the six selected modes (WASB,
RWT, LWT and WST) were substantially different than the GVT generalized masses
(see Table 2). The fact that there are large differences in the theoretical and
GVT generalized masses suggests that the theoretical modal deflections may also
be substantially different than the GVT modal deflections.

Mode shapes.- The accuracy of the mode-shape predictions is fundamental to the
accurate predictions of the aircraft buffeting. In addition to affecting the
generalized masses, mode shapes affect the determination of the corresponding
generalized forces (Equation 4) and also the displacement factors (Equation 20a)
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involved in the final acceleration response prediction.

Errors in mode shape prediction can be expected to have a larger effect on the
torsion modes than on the wing bending modes. For torsion modes, fluctuating
pressures on the wing have opposite signs on each side of the node lines and
distances from node 1lines to significant fluctuating pressures are less for
torsion modes than for wing bending modes. Also, because the accelerometers are
close to torsion node 1lines, the accurate resolution of the torsion-mode
acceleration displacement factors is difficult. For this same reason the
predictions of CG accelerations can be expected to be less accurate than wing
tip accelerations for bending modes.

It is believed that the large differences between theoretical and GVT general-
ized masses (Table 2) stems primarily from the theoretical structural modeling
and the resulting mode shapes. Therefore, the mode shapes are a key factor that
has influenced the correlations in this investigation.

Reynolds number and static elasticity.- One of the major objectives of the
1/6-scale TACT model test with aluminum and steel wings was the separation of
Reynolds number and static aeroelastic effects. Discussions of these effects on
the pressure fluctuations given earlier in this report (Figures 12 and 13)
indicated that the effects were small except at the locations of the shock
waves. This was particularly true for the range of angles-of-attack up to 12°
included in the buffet response correlations. At the shock waves the effects of
Reynolds number and static elasticity tended to cancel each other. Therefore,
it is not expected that Reynolds number or static elasticity had a significant
effect on the buffet response correlations, particularly for wing bending modes.
However, for torsion modes, relatively small variations of the shock positions
could have contributed somewhat to the differences in predicted and measured
buffeting.

Pitch rate and maneuver time history.- One aspect of the flight dynamics of the
aircraft, the effects of pitch rate on buffet response, was first discussed in
Ref. 27 by Cunningham and Benepe. The idea was presented that a positive pitch
rate would delay flow separation in the same manner that it can produce the well
known dynamic overshoot of the maximum static 1ift. Likewise, a negative pitch
rate would do the reverse and promote separation. Data from the F-111 TACT
flight tests have also extended this idea to slower maneuvers which implies that
maneuver time history likewise has a similar effect. This effect is illustrated
in Figure 36, which shows a distinct hysteresis in the integrated RMS buffet
response when the aircraft angle-of-attack was intentionally varied at a low
pitch rate.

The data in Figure 36 are from the wing tip accelerometer. The symbols
represent the RMS values obtained by the previously described TACT flight-test
technique when the aircraft was held as close to steady conditions as possible
for at least 20 to 60 seconds. The solid line is the RMS variation of RWA
versus angle-of-attack connecting points that were measured at one-second
intervals. Both data sets were recorded directly from flight data. The band-
pass filter used to obtain the RMS values had a larger frequency band than the
frequency integration 1limits of the RMS correlations, hence, the RMS levels in
Figure 36 are higher than those seen in Figures 35. Nevertheless, a clear
hysteresis loop 1is visible in the "non-steady" data which, because of the low
pitch rate, is probably more indicative of a static hysteresis. In Figure 36,
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it can be seen that the RMS wing-tip accelerations can vary by a factor of two
at a = 10° depending upon which path of the maneuver that is being considered.

The above discussion has significant implications to the process of predicting
the buffet characteristics of maneuvering fighter aircraft. With the rapid
maneuvers that can be performed by current fighter aircraft, pitch rates up to
50° or 60° per second are possible. At such a postive pitch rate, buffet
intensities would be expected to be far below those encountered during slow
wind-up-turns at the same flow conditions. In fact, buffet onset angles-of-
attack could be delayed by as much as 10° or 15° under the right conditions.
With a similar negative pitch rate, however, the opposite effect would be true
as is indicated by Figure 36. In this case high buffet intensities could
persist to very 1low angles-of-attack, far below buffet onset. These aspects
must be considered in future buffet research for any highly maneuverable fighter

aircraft.

For the current study, careful attention was given to the flight test program to
maintain steady conditions 1in order to minimize any dynamic or maneuver
time-history effects in the buffet data. This presumption is justified by the
results in Figure 36 which shows that the "static" symbols are at the apparent
mean of "dynamic" hysteresis loop. Therefore, the effects of any maneuver
transients are probably very small and they cannot be blamed for significant
discrepancies between buffet predictions and flight measurements.

Coupling between wing modes and fluctuating pressures.-  The possibility of any
coupling between wing modes and fluctuating pressures on the aircraft could have
a critical effect on the buffet correlations. Predictions of buffeting by the
pressure-fluctuation method would be less than the measured buffeting because
the models are not scaled to represent the structural dynamics of the aircraft.

For the F-111 TACT aircraft there were certain conditions when coupling may have
affected the buffet response. These conditions were discussed with regard to
correlations of pressure-fluctuation PSDs that were presented in Figures 17 and
18. These figures show that some flight-data PSDs exhibited peaks at the
torsion-mode frequencies. This demonstration of possible coupling is important
because it reveals another factor involved in the correlations; however, it does
not explain the mechanism of the coupling. A proposed explanation of the
coupling is therefore given in Appendix D.

Concluding Remarks on the Prediction of the F-111 TACT Buffet Response

A method has been presented for predicting buffet response from pressure-fluc-
tuations on scale models in wind tunnels. The method embocdies the following

features:

1. The buffet forcing function is obtained by real time integration of pressure
time histories with the natural modes.

2. Damping is obtained for pivot modes from model buffet response.

3. A hybrid method was developed and applied to extend the pivot-mode damping
measurements to multiple modes by the use of theoretical damping data.

4, A technique was developed and demonstrated to form compoéite modes to obtain
better one-to-one correspondence between model and aircraft modes to improve

the scaling of damping.
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5. Diagonalized equations of motion were derived and applied to simplify the
multiple degree-of-freedom buffet response calculation.

The results presented have shown correlations of predicted and measured buffet
response of the F-111 TACT aircraft at M = 0.8 with A = 26° and A = 35° for a
range of angles-of-attack that includes buffet onset to high intensity buffet-
ing. The correlations included comparisons of power spectral densities and

integrated RMS results. Also included were comparisons of damping predictions
with some flight-test measurements.

Generally the buffet predictions were considered to be quite good particularly
in 1light of past buffet prediction experience. The most disappointing corre-
lations of predictions and measurements were for the torsion modes at A = 26° at
high buffet intensities. Generally the predictions were better at A = 35° than
at A @ 26°. Several factors could have affected the torsion-mode predic- tions.
Factors such as damping predictions, generalized masses, mode shapes, Reynolds
number, static elasticity, pitch rate, and coupling between torsional motions
and fluctuating pressures were considered and discussed in detail.
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Table 1.

1/6-scale TACT wings

Wind-off frequencies of primary vibration modes of

A = 26° A = 35°
Vibration mode
Steel | Aluminum| Steel | Aluminum
1st wing bending 20.0 25.3 20.7 25.0
2nd wing bending 95.9 98.9 96.4 98.9
1st wing torsion 140.0 | 156.0 156.0 | 158.0
2nd wing torsion 256.0 --- 270.0  303.0

Table 2. Generalized masses, frequencies and structural damping
for empty TACT aircraft

Vibration Frequency, (Hz) Mass, (1bs) Structural
mode damping
Theor GVT Theor GVT ratio
WSB 4.418 4.54 1514.7 1317.3 0.022
FVB 7.296 8.20 4938.2 4428.6 0.024
WASB 7.684 7.13 456.0 973.8 0.017
RWT 14.093 14.17 871.3 565.9 0.026
LWT 15.204 15.48 268.5 704.8 0.026
WST 17.139 16.74 408.8 809.4 0.027
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Figure 1.
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Factors that affect the correlation of wind-tunnel
and flight-test data.
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Figure 2. Comparison of F-111A aeroelastic model and aircraft

response spectra, A=26°, M=0.81, spectra normalized on
rms level (Ref. 9).
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Figure 9. Locations of dynamic pressure transducers.

46



95 A =35.9°, M =0.80, g =593 psf, «« = 9.0

« 9.0
85
650
650 E/—\/J
81
M
P Lo 1 b TN
0 20 40 60 80 100 120
TIME, sec
A=256°M=080
q = 432 psf, «c= 11.9°
A=255% M= 0.80,q= 455 psf, = 10.0° 125

10.5

=

N A M /\r\/\ ,;sEV v\/

V \/\'J'\/"V \/ \

500

)
> =

q 450

S
©o -
w o
HLARRR

IH\
H
3
I

400
Bl —

=
o
o
ATH
=
©
o
(IIH

TTT
<

\//\\/_ 79
PR S S EN B o N T T W S VR
10 20 30 40 50 0 10 20 30

TIME, sec

.79

o

Figure 10. Time histories of flight conditions.

47



*31jeidaie
pue sTapouw aleds-9/T LIVI uo suollenidnij ainssaid jo

‘08°0 = W ‘.92 =V (®)

UOTIBYIII0) * ||

2an814g

0 0 v
148 14
!
—d
|
f R
(v =9x%x —
[ T 1 [ T
901 X 62 v O
g0t X ¥l 1SIS9/1 O
020 =9/x — G20 = o/%
k]
-Y
LS L { I
i — —
|
] — —
[)
IL — 7
O/On H 900 =3/x — ]
-

8L50=U prL0=U

su.ud

tuud

Swts
d

swi
d

48




*3jjeadite
PU® STopouw 87BOS-9/T IDVL UO SuoTiIeniosnyj] ainssaid

Jo uor3e[da10) || 8andrg

"08°0 = W ‘.92 =V (®)

vl zt oL 8 ]
T T
(]
A.d
06°0 = 9/x 3
f
O
o
3
[
| T
o0l X G2 a/v O kY
o0l X¥L iS3S9/L O 2
s 020 =9/
Y
T b | 1
- -9
i
O/O.l.h 900 =93/x ' 900=9x —T
i
1 —

8150=u \ ‘

0L60 = U

49



-ponuTiuocd il 21n3714

‘06°0 = W ‘.97 = Vv (9)
0 0 0
i ZL ot 8 9 y tt 9 vi L oL 8 9 14
060 = 9/x — 060 =23/ — 060 =3/x — U
M — ﬂ _1 _ 0
— €90 =9/x _| $9°0 = 9/% ..\l.i
r _ [ T 1 _ °
(vo=9x _| Gp0=9/x _| spo=9% _|
T r _ 0
020 =9/% _| G20 =9/% 4y
-1 ez
I o O DA GOt O R A r T
90'0=3/x ] 900 =% —| o g0t X GZ o/v 01
3 0L XS0l WIS O
- 13 o

8/50=U

yyLo= U

0L60 =

i

d s
o)

Sw

swy
d

suu
d

50



*panur3uocy ||

"08°0 = W *,6¢€

©2an3T1y

=V (d)

94 vt 45 ot 8

06°0 = 3/x

v9°0 = 9/x

a0t X 62 J/v O
o0l X b1 15259/t O
0Z°0 = 9/x GZ°0 = 3/x
3
-
[T T T T T T T T T 7 f
]
. ]
1
! _
!
; —
-
90°0 = 9/x 900 =9/ —
-
8/60=U VL0 = U 0L60 = U

s
d

SWs
o

S\Uldo

suud:)

swis
d

51



CPAPNTOUD]) || 24NETY
‘0670 = W .60 =V (P)
) By
gl vl zL ot 8 9 g vL zL oL 8 9 91
{ | | [
_ ] .
ld
- 3
060 =9x% | 060 = 9/% z
0
r T |
] . -
£9°0 = /X ¥9°0 = 9/%
o
I

40l X 62
gOL X501

£

LY = I/X

G20 =3/x

swi
d

-
Stis
d

/v O3
v as9iL O

900 = /X

pyL0 =l

850 = U

Sw;da

0L60 = 1t




"08°0 = W ‘.97 =

y ‘stepou
1DVL 21B9S-9/T uo SuoTlenidn] sanssaad uo s109JJ8 Iaqunu SPToukay *2i 2an31J

]

060 =23/%

—

Sp0 =3/x

-~

020 =29/x

90’0 =9/%

8.G60 = U

Lo =1

90°0 = X%

GZ'0 =%

900 = 9/x

GOLX¢ vIs9/L O
N g0l X vl 15259/t O
y

01670 = U




"08°0 =W ‘5,92 = V ‘syepou IDVL
91eds-g /T uo suorienionyj 2inssaad uo AITOTISET? OTIBIS JO SI29J34 °€| 2anld14
0 LY A
9L 12 zi oL 8 9 9l zL 8 9
I (— T T 1 1 °
— O -]
(¢}
J.d
060 = 9/ 060=9x — 3
| r o
] o
n.d
v90=9/x —L 3
T T T 1T T 1 0
] - o
Jd
GP'0 =3/x — Gp0=9/x —i 3
[ (. T T T 0
- —
_ 4 2
/ b3
02°0 =9/x \ 020 =3/x —1 620 =2/x —
0
90°0 = 9/x
—t
| )
3
O 0L XS01L IvIsSYLO—
90°0 = 3/% 90°0 = 9/X 901 XG0t 1S259/1 O _|
0160 = U

8L5°0 =4

Lo = U

54



ORIGINAL PAGE IS
OF POOR QUALITY

10] 3Jeadife pue [apouw T233s 21eds8-9/1 1OVL

‘08°0 = W ",9C =V -£pea3s JO UOTIE[I10] “hi I3

uo SuoTINQIIAISTP sanssaad-3urjen3ioniy pue

o166 =0 (®B)

.
o _
OLXGZ OV — - ]

Q0L X¥L 1SIS9/L =——

2

~-d

55



X
8 9 v 4
R

0L XSZ /¥
gOL XtL  1SDS /1

2

H

(@]

™

‘panuTiuo) *H| aandrg

",070T = (1)

18

L]

VRN

ORIGINAL p

56




ORIGINAL PAGE IS
OF POOR QUALITY

*panuUTIUO) H| aandry

WTUIT = B ()

)

o}
g0l X GZ OV ==

g0l X¥L 1SOS9/L ———

’y

57



*pRpPNIou0) *Hl oangr,

12T = v (P)

2

4

w

s

OF POCOR QUALILY

oLxsz v _9

0L Pl 1S259/1 ————

2

-Y

58



— q,N/m* (psf) R-

[od
O 14,364 (300) 25X 106
2+ O 21,546 (450) 32 X106
O 28,728
:
[-N
Q
! |
0 _
5
2 1
Fab
(&)
x/c=0.20
i J
|
] ]
L
14

Figure 15. Effects of dynamic pressure on TACT aircraft pressure fluctuations,
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Typical power spectra of pressure fluctuations on TACT aircraft.
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A=26°,M=0.80,a~ 11.1°, n = 0.578, x/c = 0.63
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Correlation of power spectra of pressure fluctuations on
TACT 1/6-scale models and aircraft.
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(a) Wing symmetrical bending mode, WSB

Figure 24. Comparison of buffet excitation coefficients obtained from
1/6-scale model with aluminum and steel wings, M=0.80.
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75

Continued.



fRey
.
v}

o
iyl

oy
bix]

-
3]

Enad
-
]

fary
.y
]

|

L

i

IBERREAL

R Rl +]
N B
tg -

i

14

E 0 BLUMIMUM WING, Rg=10.5x10°
T % STEEL MWIMG, R= =14.0x106
- A=gze° < 8
- A
n A e
- . o
b

= T
= ;#f F
- Q:_;afw~’ﬂ

t 1 l I ! t

R EE

A=

35°

4
.

..,._-P;'.[;::::.;A

(X}
k)

P

B ERBL

(c) Wing antisymmetrical bending mode,

iy

&

i1t
[y

[0

Figure 24.

76

Continued.

i4

WASB



1 —4

BRI AALLL

g ]

ROR e ¢

&~

Ry
EE
o

I
L

MM WIMG,

HIMG,

Re

(o

=10.5x10°
=14.0x106

LR RALL

1@ -v

le

G ) 2 18 1z 14
T
1a—4
- A= 35°
18 —3E .
= &
. -ﬂF'::_,_ﬂ-“"
-5k b
14 -’ E "’.- ..)r
— o jf
- ,.‘*f' '/.'*
i ._,.f'
16— v = =T _'__-":{'
E = L
| | | | l
-8
18 7%y 5 = 18 1z 14 16
(4

{d) Left wing torsion mode, LWT

Figure 24.

7

Continued.



1a —4E
F 0 ALUMIMUM MING, Rg=10.5x108
- % STEEL HWIMG, R§=14.0x106
- A=26°
18 =5 g s ——
§ l| —’5«."'
19 ~6E !
= '.';I
- ks
i ’f
J'h' .
1'::"?_:_ '.fj
- N -V
" ™
L.
1 [ L i 1
-8
18 "%y 5 5 15 = 14
(x4
1 —4
- A= 35°
B
18 -5E . ——
Z ‘.1;?——::,:':,_4@-“—-—%*
1o -6k t
= ;/" .f"
C I
- ;B
le =" g &
| I i 1 |
-8
18 ~%4 5 = 1@ 1z 14

(e) Wing symmetrical torsion mode, WST

Figure 24. Concluded.

78

)]



1g -2
0 HING+TARIL
- W HING
B }\' THOIL
-l
o D E
e
19 —~4E ——
E ’:Fb-jiﬁ-
L S
n it
a,-r
ID—SE l/!
N ?
E 16 -—6: ’!{! ’..T
= o -
- e
B Q;"‘__"“:_q' J""
1@"?5 - ;F
- o
B i
i T. FT
1a -8 —
E -F - -;.-—.___?’
| | i { | I
-
i@ 4 ot o 19 12 14 1&
o
13 —4 =
1= st |
1@ -5 P2l

)
T TTIT
.
\ﬁ
3
ke

- * -~
E yp5-6 = & -+
: / ,r
- ==
16 -7V E ol .
E .'l’
N .‘.#'
s I'.‘.‘
B b
1@ -8 I i3 e [ ] |
<4 & ] 18 i1z i 1&
e

(a) Wing symmetrical bending mode, WSB

Figure 25. Comparison of buffet excitation coefficients due to wing and
tail loads on 1/6-scale model with aluminum wing, M=0.80.
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Figure 25. Continued.

83



1a-SE pmp— e
E O UING+TAIL ;w*&“*b——g
= M HING |
" T TAIL '
A=2g° f
-5k
18 = 'll(
» /
.. ‘ll
i
te-TE H
B 5
1 B - 8 = & <
- rd
1@ -9k F
.:. ; :-._.. '_.'"'
- > . .‘,.-'
1 B__ 18 1 ;F'—--..__#_ |-'r"f .‘IF.———F 1 |
4 5 = 15 1z 14 18
(W4
1 5 5 ——
- A= 35° r
b s._, 4”" >
I Rl fE
: {:{'}"’
B o
1@ -7 = ,f.tf’:ﬂ
- ¥
19 -8 = o )
- F
18 -9k 7
N /
1erl@E .-:"
= F--.. _,..-T——qf
- ~fF"
i I I ! 1 I
11
1 iy 5 5 10 12 14 16
o

(f) Wing symmetrical torsion mode, WST

Figure 25.

84

Concluded.




by Ly D 5
ro H * w0

TOTAL DAMPING RATIO, Ctp

Q

L8R

TOTAL DAMPING RATIO, Ctp
&l & oy
Mo + th

&

Figure 26.

M =0.80, CSD =0.005.

85

Elj BD

F % TORS

: o

: /

F

C ‘BM”B

E o

. g g e | *

-

& 8 CH rz 14 15
x

E A =35°

C -____.F——E’

- | B

- =l

2 "

: £

F e

= v

n PSS S~ :

- - .,JK—~

J-l T e *

6 5 19 12 14 15
x

Total damping ratios measured from model buffeting,



- O WB A=26°
) E & TORS 5
: E H——{;’-—————E"‘— o
- J
= <
- E /
— o |'.
y : £k
“p : o he . "
NI e Ll i e
E Ef s .
. 1F
O < 16 1z 14 =

L

i

N ot |

B

*‘"¥~—#f7F& ]

al

G" 1A RRRAR A AR AR R AR AR RS R AL N X AR RN R A R N

——

|

AY

[y

o
-t
x|
ot
[
s
iy
-
o

o

Figure 27. Variation of damping parameter with angle of attack for pivotal
vibration modes of TACT aircraft, M=0.80.

86



* |9poW Wnuiwnie 3]eds-9/1 3y} 40} SpoW UOLSA0} BuLM 3suLy
Y3 LM uostaedwod pue 1jedaddie 1)yl TTI-4 9yl A0} 2pow uOLSU0] Bulm 3sdaij 81isodwo) -8 d4nbidg

ZH 76° V1

°4

SdT 9°1v0T H

(NOILVKWIXO¥ddV SIIVNOS ISYIT)
NOIS¥OL ONIM JISYId NOISHOL ODNIM
HAOW HLISOdWOD LAYIDIIV LSYIJL TIAOKW

ONIM L4311

ONIM IHOIY

87



o

FUEL MASS FACTOR,
FUEL FREQUENCY FACTOR,

1.2 ¢~ —(O— 2 FVB

O WASB
i O
1.1
RWT
1.0 {J— 3 <LWT
WST
| WASB
—> —~> WSB
9F
b
.8 <
> FVB
) WSB
7 | | N | 1 | - 3 =S |
0 4 8 12 16 20

FUEL WEIGHT, klbs

Figure 29. Mass and frequency factors due to fuel weight.

88




AERO DAMPING FACTOR AERO DAMPING FACTOR

AERO DAMPING FACTOR

LA RIN

IIIIIIYII lllllll"ll,lrlllll"

WSB

LllllllLl'lllllLllLllllllllll

Illr"l "l[11l I'lllllr”l 1RE 1R

LRIRRRRLAI

lLlllllllllllJlllllllllllll‘

WASB

ll"llllll‘lllllf"llllllllﬂT

FVB

0lllllllll'lLllIIIIl'IllIlllll

-y

30.

6 8

FREQUENCY, f

10

IIII“II'Irpfllllllll”lllllll

IREERLAIR]

llLLLLil[lLlllllll

llllllllllll”TTllll (LLLARL

IR IR R IR

lIllLllllllllllIlll

= WST

=

b

-

3 O—0

o
ll|l|lllll|llllllL

14 16

FREQUENCY, £

18

Variations of aerodynamic damping with frequency and altitude.

89



NAT FREQ, f, NAT FREQ, fj

NAT FREQ, fp

w
I|1Tr1ilr‘rrrlrllrl

WSB

4 Llllllllllllllll]llJlllll_L'lL
10 ¢

o

o
9

-

=t
8 F
'7:IlIIll]ll!llIllllllllllllLLll
9

B FVB

2

- —0

B <,

i \ o

(R~

8 IllllllJL]IJJ‘IllLL‘lllll‘lllJ

4 6 8 10

Figure 31.

FREQUENCY, f

15

" RWT
i o-0—0a
[ 00—
14 )lllllI_LlllLllLllj
16
I LWT
o - 10) ,
. o,
15 l|[llllll|llllllL
17
- WST
~ < 9
i AR a—
i (0,000
16 1lLlL1IllIll1llllAl
14 16

FREQUENCY, £

18

Variations of natural frequency with frequency and altitude.

90




LMEAS PRED q,N/m? o
v L O —— 14,364 ; A =26
R |+ ——— 21,546 N
o o keeeee- 28,728 .
; ’ 1 [t ’.,.+
= i N S B
..... ::t:'_-'-' 4-
&) : -
& B8 P e e o r
By T 4 *
Z t T d
A N
. 0 z i
< [ E ‘4
e .
o £ &
=gl L
v a2 o 18 11 iz 173 14
o
16
i A =35°
N —
o 1z I
-~ z-
B - Lo I —
4 | -~ — _ p—y
w _F I —
o [ -FT7 P _
& BEe g £
& - St )
= | ¥ o
3 to o+
[r 1 |:] - -
3 a4 - - A
[ 5
o)
E_‘ -
6_‘ A - L - . A " - . 2
v a = 1a i1 1z 13 14
v &
(a) Wing symmetrical bending mode, WSB
Figure 32. Predicted and measured total damping ratios of TACT aircraft, M=0.80.

91



C

TOTAL DAMPING RATIO,

C

TOTAL DAMPING RATIO,

L34

,_
[a ]
hx]

»

5

I —
+. -_— -

1. ceaen

" [ MEAS PRED q,N/m?

14,364
21,546
28,728

#

A= 26°

.,.
1x
ag]

i
"
!

[
pcy

ix]
X

L

11

14

b
)

A=35°

D}
Ty

]
18

Q.

o

l£|

11

(b) Fuselage vertical bending mode, FVB

Figure 32.

Continued.

92

14



C

TOTAL DAMPING RATIO,

4

TOTAL DAMPING RATIO,

[y
X}

. Bg

(c) Right wing torsion mode, RWT

Figure 32. Concluded.

93

MEAS PRED q,N/m?

10— 14,364 A =26°
.+ —-— 21,546 ¢

£ e 28,728 ”'1.

L j;ﬁ;;iﬁJ';"- - ~dn (]

- I e —

i | 40

0
-|>
7 = = 1@ 11 1z 1z 14
[
A =35°
+ |, +
4 LI S
i 4 0 e
R R o 1

- N 1

i .

- o
{

I
7 = 3 Te 11 1z 13 T4

il



3 ™
= |
: [
N :. \
= -3 ﬁ
(\I\ 10 = \ J"_ [ Y f"‘\
o - . '.: :\\ flll 1
R - P S
o 2 1
2 B "'”\ e J '.\. N A
-4 g l"‘l, 4 A "1 J'l {1
g 10 3 ! l.n'\." 4 -l 'I y
[ 4 — o
10-5 AT PR DTN WA T ' ST U Y
0 8 12 16 20 24
FREQUENCY, Hz
1073 ¢
SURREEPPP PREDICTED
~ —— MEASURED
-
-
N
£ 1074
o~ -
o —
a - 2o h
; 0 . D
2 | |
-5] Do
§ 1075 R ‘ - %
= .: N | ! \ kj }\. l
' | .
10_6 : II 1 ! ] K lLi‘ | lll/ ."l | 1 "l]l lﬁn'j' LJ; i L
0 8 12 16 20 24
FREQUENCY, Hz
(a) @ =7.0°, q=15,417 N/m* (322 1bs/ft?), T =113 sec.
Figure 33. Predicted and measured PSDs of wing-tip and center-of-gravity

accelerations of TACT aircraft for A =26°, M=0.80.

94

O - N



RWA PSD, g2/Hz

CGA PSD, g2/Hz

E- .-.- PREDICTED
[ ——— MEASURED
- N ..
10”3 . B
= := rf'l.l
: A SN 'h“‘*."-..
- [
: 1. L Y |
N ; fw } t.‘ Fﬂ h Ir *n
- : | . Y |
- : {l “| | "] l '.' J u
" / X
- l ] )
10_ 5 A i Il} L i . | [ L L l A L A l ' i A l 1 i L
0 4 8 12 16 20 24
FREQUENCY, Hz
104 ¢
- |
1075 l } f
1076 - 1 u
- ly
-
10—7 i i L i l i i 1
0 20 24

FREQUENCY, Hz

(b) «=8.1°, q=13,167 N/m?

(275 1bs/ft?), T =42 sec.

Figure 33. A =26° Continued.

95



RWA PSD, g2/Hz

CGA PSD, g2/Hz

1071

10-2

1073

L IIIIHI LI B AL

T IIIHII

....... PREDICTED
—— MEASURED
i }r\ \
.. ‘ | Y , \' "‘ k
. .H J x f‘;m‘ - 7\
(I { l('l'l'.“ ~ .l,-‘n' .‘.‘ ) l' "..J '.\)fvl
e T

10”4

FREQUENCY, Hz

10°3

10-4

105

1 IIIHH' ULULBLARILL

LR lll”ll

SN
‘llﬁﬁu

l

ﬁ‘..l' ' 1 l A v 1 l A i L

10-6

4 8 12 16 20 24

FREQUENCY, Hz

(c) a=9.1°, q=13,742 N/m* (287 1bs/ft?), T =84 sec.

Figure 33. A=26° Continued.

96



RWA PSD, g2/Hz

CGA PSD, g2/Hz

100

é +++---- PREDICTED
- ——— MEASURED ;\
: A
Lol 'O'\‘ 8 K N\
- - f k. Jo- 'I,L
- y l R o J'\' N |
- - " ;) Ay ¢
B ‘, n , . ... \" B
! u - . f..’h""' '-.'..\J.r ‘r ) )
10-2 — ) . s -
B |
1 0 - 3 A A A l L A L l 'y A '8 J 1 I 1 L 1 A | L A L i
0 4 8 12 16 20 24
FREQUENCY, Hz
10—3 _E: fl\ .}l 'V|.l Ir?
: | .f ‘\‘,‘. J‘!"‘..
i I{ 'f "ﬂ"lﬂ'u
1074 Rl 5 \
- l'. A , N 4 ".l v"
o '(" ‘ '.'\ ’ 's-".
L. j . --.F‘lL' ",sqf L
= / .1 _-v—_..': f:’, .
1079 l‘-"l ’
-
-
1 0 - 6 i P § l ' 1 X l 1 i 1 l i i A l i ) i l i 1 A
0 4 8 12 16 20 24

FREQUENCY, Hz

(d) «=10.2°, q=14,939 N/m* (312 1bs/ft®), T =161 sec.

Figure 33. A =26° Continued.

97




RWA PSD, g2/Hz

CGA PSD, g2/Hz

E .-+ PREDICTED {14
- ——— MEASURED ! \w\h
10-1 = ‘;{1] x '\‘n’
E %w i - xﬁl
: ; ﬁ EN e ifh\
L ' J\fﬁlq u“-u g
1072 )
= N
-
10-3 M j [ U ST PR S
0 4 8 12 16 20 24
FREQUENCY, Hz
107 2¢
i ﬂ
[y
— ] A,
: iy [ Y,
. ; § \
; g Voor
10—4 = \ V,J' . |'I{n."|
E ‘VNM‘»{
10-5 i 4. Il L A l L I i l A 1 L l 1 1 1
0 12 16 20 24

FREQUENCY, Hz

(e) a=11.1°, q=15,130 N/m* (316 1bs/ft?), T =72 sec.
Figure 33. A =26° Continued.

98



RWA PSD, g2/Hz

CGA PSD, g2/Hz

100

3 T
3 | \\'ﬁ'\.ﬁ.ﬁ,
. |
1l ff ﬁ (;:_
VW
E :: .I '.].,". ‘.}".,\.f”\' .'f \ U’ '\/‘-.L
R ; \ \ Y ' . '_
i j ‘ ’ L"ﬁ Int\;,_,..-“"‘ ﬂl'
10-2 = l'( 1
F
1 0 - 3 L I A | 5 L L i 1 L N BT | L 'l . | S W .
0 4 8 12 16 20 24
FREQUENCY, Hz
1072
E ------- PREDICTED
 ——— MEASURED
N ‘s,’ lr-,_‘-‘
1073 J’ | B
- ;: ( \f' Ilr'N l‘oj 1"-/"‘"..'\
i fﬁaj} 1.K, ;o o
10-4 =.'_. } lll ' : 1" r .|||'/ .‘..
: £l A
- Il
- A& j
1 0 - 5 A A L 1 A L. 1 l A A L l A 1 i l A 1 ] l Il '\ A
0 4 8 12 l6 20 24

FREQUENCY, Hz

(f) a=11.9°, q=16,136 N/m* (337 1bs/ft®), T =57 sec.

Figure 33. A =26° Continued.

99



RWA PSD, g2/Hz

CGA PSD, g2/Hz

1072

LIRS AL

10”3

I III]TITI

10-4

L IIIHI[

"'f "'J -\" { ."'ﬁ'n-u.\

1 - i l 1. L i l 1 L A l i A 1

10°

4 8 12 16 20 24

FREQUENCY, Hz

10-3

LR

1 I|”H|

LI} IYI["I

------- PREDICTED
—— MEASURED

: "._: '.
: h
| ._

|

=
]
__‘—_"-—--'

i L

AT ,fz,o )

FREQUENCY, Hz

(g) a=7.0°, q=21,594 N/m® (451 1bs/ft?), T =98 sec.
Figure 33. A=26° Continued.

100



—— wy—

RWA PSD, g2/Hz

CGA PSD, g2/Hz

10 " 2¢

= fi

=) .,

» :~'| [\ . f.":"-,

3 4 '\ ; i

1 S

i ) ) "fﬁﬂ'ﬁ\"‘\f NV

B ; )
10"‘ 4 - -:.|I|' || |JI

3 |

- J
Ve s S SOV AU NS PSR SRS S T

0 4 8 12 16 20 24

FREQUENCY, Hz

10~ 3¢

SERLRERED PREDICTED

- —— MEASURED
10" 4L

- J‘ f\
T (T

: | ﬂﬁ:; - f hﬁﬁa If

i W R ﬁ f } '[.!j 1

- .- A iR A
1o-6L o 4 LIV VALY

0 4 8 12 16 20 24

FREQUENCY, Hz

(h) o =8.1°, q=21,450 N/m* (448 1bs/ft?), T =122 sec.

Figure 33. A =26° Continued.

101



RWA PSD, g2/Hz

CGA PSD, g2/Hz

10”1

; + PREDICTED
- —— MEASURED
-2 3
1072 O »-!H
- o % Sl
- : ' |!~. ‘fh' , i |'.' "
S AN A
: S - Il ov. ¥ ,.s 'a' '|
-3 ; l ! ~ e ,I 1% l,u .fll"l .l
10 " g ;ﬂ : ﬁi}ﬂ ﬁl|1 :
- :' 'l 'I,,-" 'J
a
10—4 VTN DR TN ST SN N VR ST S FNUY ST U S NUNY SN SR § I
0 4 8 12 16 20 24
FREQUENCY, Hz
1073
10‘4E- i H
E _:' r |1 '“ '\\ 'l
i S } Il / I.Jl \l‘l i |
B Z. " . 'l'l .'lall 1". N l! "'1 |l\ l
1079k .T'H“ ,‘.& I s Wy “ |
g E | By 1
- ﬂfﬁ ’\ sa ( N
i ! y ;f
10_6 D T l L!["\’ \ l'l P I L ) I i
0 4 16 20 24

FREQUENCY, Hz

(i) @=9.0°, q=21,929 N/m?

Figure 33.

102

(458 1bs/ft?), T =164 sec.

A =26° Continued.



g - PREDICTED
T — MEASURED h
\
o 3t |“J "' 2 h)
N (| '||. l \I |I.~
T 1 O -1 . ' ﬁn |l k)
~N ~ i I rD |'
~ - ) -ﬁ : b
o o R W " ™ i
. - . \ ! -, of e ‘,.""‘0." 'l,t'l s
A » ; o 5 'l‘-"-\_', "'Y"# !
g B :.ll U R4
- Y -
£ 107%g 7
7 = ;
o 1
1 0 3 L AL 1 I 4 A A l L 4 - 1 L L 1 l i A 4 l 1 I i
0 4 8 12 16 20 24
FREQUENCY, Hz
10-2
N i o
E 1 O - 3 :"— \ ,ﬁ‘ -""4' p""l
N - ] } .
o - JH g : 4
- : ll ' /Il '.' . \n‘ Y
a B | / p N
[aW [ ;. l,’ II ) N \
< 1074 1 f\ . vy
s E NV S
B S ' 'l A .f'." '
- P AT
B . " |I| ‘\ !\h’l’\’
1 O - 5 i 1 1 . | Y 'I 1 i i ' ] i | i A i | 1 I I i 1 i
0 4 8 12 16 20 24

FREQUENCY, Hz

(j) @=10.0, q=21,642 N/m® (452 1bs/ft2), T =150 sec.

Figure 33. A =26° Continued.

| 103



RWA PSD, g2/Hz

CGA PSD, g2/Hz

100

=3 1}
2 - PREDICTED fﬁ
- — MEASURED ;J \aﬁ,,.ﬁl
- ;] ERER - . I‘.,\‘!ﬁ"' l
1071 — &‘ . } B R e -"“'1‘ '
- S \"l i ' | A ‘r )
- Il [| |". ' e \
i .; f 18 '
..' ‘l) Ll ¥ IIJ
1072 |- ll
N ¥
10 - 3 1 N 1 \ 1 { U T 1 | § ' ) i
0 4 8 12 16 20 24
FREQUENCY, Hz
1072
i T I/
-3 . 1. ‘I’
1 O = . \, l )", L &
= ff lll J Y L) "%‘h‘
- i . : |
= ) - '| Il‘"1|l
; U q -
fl.' - .Il }rv 'I\’ '
10’45_ Wﬁ s xﬁ' v l}
- P ; M¢ hf
: I\Jl ) 'r*"‘.“l ll'
1 0 - 5 1 1 1: l 1 - l P ry l 1 i 1 I 3 1 1 AL 1 1 1
0 4 8 12 16 20 24
FREQUENCY, Hz

(k) @=10.9°, q=22,264 N/m

Figure 33.

(465 Tbs/ft?), T =50 sec.

A =26° Continued.

104



0
10 T

= - PREDICTED h”
: —— MEASURED h Yo
- i UH ﬂ
: i i AN
£ j0m1L TN an O 2
~ - L4 t » .
- : 5. 4 ‘a . l ]
NU\ - :: "l ".:/.b ‘| Ar. } . ILJ MI
- P~ : . ] . o
2 n b W‘\J N f
N - : N, '
S /| Vi
g 10 3 ' ! v
s - \ ||
. {
10-3 | e I l Y I ] i i 1 l ) 4 i l L J
0 4 8 12 16 20 24
FREQUENCY, Hz
10™2
- T
N B Ix ﬂ z)ﬁ
= -3 L Py fe
N 1077 ) ;'!'f J \h 4 W,
(T R
[s¥ \ﬂ 'l
< 10_4:— .: f\'. ||| . L' "
© = i~ L r H
O E ﬁ. \ J \ﬂﬂmb
L '; “1
- L)
10-5 N S DTN GRS I S | i i N | U 1 i
0 4 8 12 16 20 24

FREQUENCY, Hz

(1) @=11.9°, q=21,115 N/m?® (441 1bs/ft?), T =45 sec.
Figure 33. A =26° Continued.

105



1071
E ....... PREDICTED
- MEASURED
L 1072| )
o E
é — j: ﬁ.'
A B tk\ -.’ P '\l
< -3 o - | .
£ 1073E . Sk f , h .
= S £ U {“' 1 il
i ) N \/
i k \'"'l JJ | I'UJ VoY
Lo-4L L AN A
0 12 16 20 24
FREQUENCY, Hz
1073¢
. 5
NE 10_45" ' |t-|
=k g
= I|
§ ™ .-: .'l'. h a‘
< 10-5|- Lo AU
8 ; :..l‘h | '. J\ ‘r h\, ) {
N . N3 ‘ ] LJ"», | an .V { }L'-I l
JSry IR S ¥ S R WY R R T WL
0 4 8 12 16 20 24

FREQUENCY, Hz

(m) «=8.2°, q=26,765 N/m® (559 1bs/ft?), T =24 sec.

Figure 33. A =26° Continued.

106



= PREDICTED
- —— MEASURED
" -
‘1 N i
| L 1072
| N ~
. o -
| - —
| a -
l @ =
| £ 1073
& -
| -
| N
10‘4 A 1 L l 1 L L l A1 L A l i L i l L 1 L l L A
0 4 8 12 16 20 24
| FREQUENCY, Hz
|
|
| 10~ 3
| i
N
E 104
o~ -
o -
a N
| wn L
a. {
-5
g 107°E
o =
1076—— —
0 24

FREQUENCY, Hz

(n) «=9.2°, q=25,951 N/m* (542 1bs/ft?), T=24 sec.

Figure 33. A=26° Continued.

107




RWA PSD, g2/Hz

CGA PSD, g2/Hz

--.+--- PREDICTED
—— MEASURED

1, L
10 ! ; ".J\' Il N . "‘}ny ll"\...
g ) K |l . ) 1\ “ t
. --.'. i II . . ll o . k"""ﬁ;‘ \.'f) \Vﬁ

L ALLALRL

LI |llTTl

w2l Wy
- )
- V)
1 0 - 3 i ' L I L L 1 l 1 1 i l A ] i l 1 i 1 l 1 A i
0 4 8 12 16 20
FREQUENCY, Hz
1073 e
- R
- | .n’ﬂw.f'k.lﬁ ’| I||
= S ! Ly, p |
; { fog” . 'l 'u‘“
B . . ] | ~| ¢ . A
10 % : ] 7‘ K L
= . . )
-l 'il/‘u ’ J '\-‘. Il
: .lk[ l ( l \\J
s :: 'n"' J
10 P : 'y !
E l..-—-—\ J

FREQUENCY, Hz

(0) @=9.9°, q=28,728 N/m* (600 1bs/ft?), T =126 sec.
Figure 33. A =26° Concluded.

108




10°1

N
N
£ 107
N -
o B
C; =
) L
[a¥) )
_.3 |
g 077g
~ =
10”4 '
0 24
FREQUENCY, Hz
10- 3¢
SEEREETEE: PREDICTED
- ———— MEASURED
5
-
2 4
g 107 %
N -
o o L
: 10- 5L ﬁwﬁﬂ ; { |
O 3 L r. )
&) - L 1
: hll l,\ l |'
L. || r- "~'r|' ﬂ J lI
10"'6 L1 L { ] ll’ I l A i l"la '\f[ 11 i 3 do
0 4 8 12 24

FREQUENCY, Hz

(a) «=8.3°, q=15,034 N/m® (314 1bs/ft®), T =74 sec.

Figure 34. Predicted and measured PSDs of wing-tip and center-of-gravity

accelerations of TACT aircraft for A=35°, M=0.80.
109



RWA PSD, g2/Hz

CGA PSD, g2/Hz

10-1

- .-+ PREDICTED
i MEASURED
1072 ke
3 f u\an
C ) 1 fi
i - CH“~ L fpuk
: -.' y..' JI . '5. |"‘.
1073 = {
= ~ n '.' &
- [P .}
- 1 ,\.—" A
- !
1 O - 4 5 1 1 L J y 1 i l i L i l re 1 i
0 12 16 20 24
FREQUENCY, Hz
10’3E
- 'f-
1074 = |l|
- i ;4'1 A j 3 ‘Il
- ] A
= ﬂ' 'zbh
N q,i
1073 \ U AT,
: }W’
i \f [ \f T '\'
- ‘A
1 0 - 6 L 1 1 \ L i i l i i 4
0 4 8 12 16 20 24

FREQUENCY, Hz

(b) @=9.0°, q=15,369 N/m* (321 1bs/ft?), T =80 sec.
Figure 34. A =35° Continued.

110




RWA PSD, g2/Hz

CGA PSD, g2/Hz

1071

: 5?1 N ﬁ

10-2 E_ .:: ! Il|j KI| "lll r,." ""., ),-".-"l.f‘
E ::' | J\\i L, '.J \ b\'\/‘\»ﬂk
u ,:: ,l’ "‘--}.E”f"q'\. o 'L,J.*.rrJ g -IJ'

10-3 i/ M |

LR ll]lll

FREQUENCY, Hz

1073
PRI PREDICTED
F —— MEASURED
Ih
i :,*f\.
- AP
1074 A ;f:

IIIIHHI
-
.

o

=

107> ?Q aﬁ{ EE\

LR Hf"]

10"6 1 ] 1'. { 1 J 1 i L 3 I 1 i i ' | 1 i o 1 4 i

FREQUENCY, Hz

(c) «=9.4°, q=15,226 N/m® (318 1bs/ft?), T =115 sec.
Figure 34. A =35° Continued.

111




RWA PSD, g2/Hz

CGA PSD, g2/Hz

é - PREDICTED

~ —— MEASURED
1071

E A i ’ "HI

b= :' . l 'l'f.

i 1 . N J L\

= . i by 1

: ll t' II| ) {n'l \ i |["t -

1072 _-"l - 1 ¢ Y \v WA

- . VI . {

= ‘| e o

- ::! u . .’T"rjlll‘l,.l‘.}

- .:. l
1 0 - 3 i 1 il : 1'1 'l i i l A L 'S I i L L l 1 s 1 l L. 1 )

0 4 8 12 16 20 24

FREQUENCY, Hz

10 " 3¢

- {" I

o Y

i A £

i iy o \

-4] o . )

o \ oA

s RN f? .

N .f ' : I k f,‘n

_ i [3{ \ ll .\.'“.\; . .'ﬁl’

10 7°E : / Ny /

S \ b{r \,«-"r

B ;
10 -6 PO T SEN T U S U S | TR ST U ST ST U U N VO B

0 4 8 12 16 20 24

FREQUENCY, Hz

(d) «=10.1°, q=15,178 N/m* (317 1bs/ft?), T =122 sec.
Figure 34. A =35° Continued.

112



RWA PSD, g2/Hz

CGA PSD, g2/Hz

100

E PREDICTED
- ——— MEASURED
1071 L
1072
1 0 - 3 L 4 A l" | T i 2 1 | g 1 1 | i 1 v ] R N
0 4 8 12 16 20 24
FREQUENCY, Hz
107 3¢
_ n
- | J
10741 Aﬁj hon
= { ki‘“ﬁ~1f
- 3 v
i [ .“~”;f
10751 Ve, {wwj
E E‘.,}'V
10-6 TR BT | IS TV WYY SV W N T W

FREQUENCY, Hz

(e) «=10.4°, q=15,178 N/m?® (317 1h</ft?), T =120 sec.

Figure 34. A =35° Continued.

113




RWA PSD, g2/Hz

CGA PSD, gz/Hz

100

E . - PREDICTED

- —— MEASURED

-
10 -1 E. :‘n\ lP.

- l{ \ i A

- : -. ' Tl r_—'

- ; l ’-,l.sf"l! |'|' J"n‘ L'("\ . f \
10_2 ::“ 'ql %& '.(,f'n

E- ; hl '\"h‘ o ‘)

N v \l '\.J'. W

S
10 -3 N I PR SR T S B SR | T I R W

0 4 8 12 16 20 24

FREQUENCY, Hz

1073 —

- - 3 f

- S ’y .

n b?|,|' y - i ll'xn
—-— . - > '

1 0 4 E— N a t"‘ln . f‘ }lp'. J{"\ \‘,\‘\-‘.

E ; I l ﬁ ';hl “

- : foh

- ¥ |'l l| "J\

; }
-5 ' VYo

1077F '(j YA

r—

i
1 0 - 6 1 1 L l U ' | L A { I i 1 | N D 1 '

0 4 8 12 16 20 24

FREQUENCY, Hz

(f) «=11.3°, q=14,795 n/m* (309 1bs/ft?*), T =73 sec.

Figure 34. A =35° Continued.

114




RWA PSD, g2/Hz

CGA PSD, g2/Hz

e PREDICTED
~ ——— MEASURED
-14 A 1
1071 § 4\ H'{ hl"m,,ﬂ
N it 7. W/x'
L | * / LUPL-'!"' {
1072 & hl
E \J ; Lﬂ*« ﬁ¢% f
- I I
1073 L= N PRI P RS I A
0 4 8 12 16 20 24
FREQUENCY, Hz
10-2E
1073 .
E «r-' ]ﬁ
: fﬁﬁ IJ vkﬁ
_ : h A N
1074} ( : j\’ § }ﬁl
- »
I TR
S N [\j
10=5 L ARSI TN ;\¥ﬁa: AU DEPREN S
0 4 8 12 16 20 24

FREQUENCY, Hz

(9) a=12.2°, q=14,125 N/m?

Figure 34.

115

(295 1bs/ft?), T =38 sec.

A =35° Continued.



RWA PSD, g2/Hz

CGA PSD, g2/Hz

100 g
SEETRSPRE PREDICTED
 —— MEASURED
B I
lu‘__r"".ll
10-1 - ll J "|
- b
C Fo o
: ‘| l k‘ L'.l *l’\!
. B | T
S . L‘
_ -
1072 ‘1 i | Il.
g Uﬂf \ Hﬂ
- oL
= !]I
10'3 i i i 1 14 1 T R 3 { L n
0 4 8 12 16 20 24
FREQUENCY, Hz
1072
_
1073
10-45- ; .r, %f
- :' |' o -..-~"'.
- T (\ (
i [ M 'If\“lp"»J
- o
N (
10-5 L i | | ¢ i 1 o 1 1 1 1‘1 A s [ N |
0 4 8 12 16 20 24

FREQUENCY, Hz

(h) «=13.3°, q=14,843 N/m* (310 1bs/ft?), T =37 sec.

Figure 34. A =35° Continued.

116




RWA PSD, g2/Hz

CGA PSD, g2/Hz

102

S .. PREDICTED
- T MEASURED _:*n
10—3 = f: {' :.ﬁ .:. :; ||‘...~"I\ '
- : . N K | N
E f Lh!!ﬁg .H: ;4 V%
, AT A $ _,..,_'_" P A
- :: \,..-"".-" ‘Jll 4 'l' .\jl ﬁl"."l" Jw"
10 -4 ;‘ :;: A M.I' i "-al
- ;j (Wi
n f
Y o= U A U OO N SN R
0 4 8 12 16 20 24
FREQUENCY, Hz
10~ 4g
- -
: § t“
107 = :: fl S I m
- N fLsr|' | |{
» AT | | " i | ) Id \h';
- K Y I NimS
1076 Al } \Jk r f fkd Y h J
X ; ﬂ&u Iy '
X ToAf (] ]
[ .
1 0 = 7 | L . | A 1 't | 1 'Y 1 | 1 1 ' 1 1 1 i | 1 1 1

FREQUENCY, Hz

(i) @=7.0°, q=21,546 N/m* (450 1bs/ft*), T =104 sec.

Figure 34.

A =35° Continued.

117



RWA PSD, g2/Hz

CGA PSD, g2/Hz

1071 g
F ...--.. PREDICTED
- —— MEASURED
10-2E N -
3 ST IUﬁVﬂ¢j
o ll 5 ln' ‘\." r/ ",h\
| :: | \\q \"l 'l N "._'.1'\‘{ \
1 0— 3 E— ::: / ) ';.')'\.,:—;L'P I.).f' ’
- o
_ /
10—4 A A 1; l 'y 'S A l A 1 1 l | i i l A 1 A l i A 'y
0 4 8 12 16 20 24
FREQUENCY, Hz
1073
R
1074
r
1075
10-6L—— '
0 24

FREQUENCY, Hz

(j) «=9.0°, q=22,647 N/m* (473 1bs/ft?*), T =102 sec.

Figure 34. A =35° Continued.

118




RWA PSD, g2/Hz

CGA PSD, g2/Hz

.":'. """" PREDICTED
- —— MEASURED
1071 = \
E '{ j. rA' f 'r'\,l'\
= | k .,." * ’ .
B ;f 'i-f r{ ; \wﬁ
F ) ] SERAYY.
- :_| "H I "'I||_/| o
: ',~ ; Iu." ) AR } 5‘ "
!
- N
10-.3 A 1 I'lrl L 1 'S l 4. 5. i l L . i l i i L l i 1
0 4 8 12 16 20 24
FREQUENCY, Hz
1073
1074
1073
10-6 Y I 1 A 1 1 | 1 1 " | [N W ¥ | s 1 1 | 1 i
0 4 8 12 16 20 24

FREQUENCY, Hz

(k) @=9.8°, q=21,019 N/m* (439 1bs/ft?), T =37 sec.

Figure 34. A =35° Continued.

119



RWA PSD, g2/Hz

CGA PSD, g2/Hz

E --- PREDICTED
- —— MEASURED
101 - : u‘\w\
2 /k 'JJ d
: A R R Y
h L ,. lrxf'l "%-!ﬂ."k,lr J
10 2.:3‘ ’ f ﬁ'.'\’ﬂ"l‘ﬂ'”' j "J J
10'3— - F%l AU B B S S
0 4 8 12 16 20 24
FREQUENCY, Hz
10—2E
1073 o
E .;z j:fhpwfﬁ rw
- " r' l'!' j
1074 5 ”ﬁ'* f";f\'r fl
; F \,\ j A \f f
N A ! o
- .: } h
105 ;3[ .\J L L\L\l . Lf‘ a1 T
0 4 8 12 16 20 24

FREQUENCY, Hz

(1) a=11.0°, q=21,546 N/m* (450 1bs/ft?), T =31 sec.

Figure 34. A =35° Continued.

120




RWA PSD, g2/Hz

CGA PSD, g2/Hz

100

10-2

UBLBLRRALL

LI IIHTI

L L lll]"]

"""" PREDICTED
—— MEASURED

",N\ U\;

V

f‘" \'\’k" W\{

I, fy

1073 l L [ Lo
0 4 8 12 16 20 24
FREQUENCY, Hz
10-2:
10'3;. - 'jml
: S
i o Aol T
1074 ﬁd‘\ L J,lz. "‘|||f L’ ! ¥ 1&\&
5 ’;ﬁ ‘ e ﬁ{v
i ;{ | Lﬁ f
10-5 L .iqlf “m P .1 1‘?"} | | L
0 4 8 12 16 20 24

FREQUENCY, Hz

(m) «=11.9°, g =21,211 N/m® (443 Tbs/ft?), T =28 sec.

Figure 34.

A =35° Continued.

121



RWA PSD, g2/Hz

CGA PSD, g2/Hz

1071

E e PREDICTED
e MEASURED
10-2 =
- .. RS
o L | \ .
i A e
1073 J kﬁ \ rJ v
: N\
- N
-
1 0 - 4 1 L i l)l 1 'l - l L 1 L l L 1 L l 1 L 'y l 'y i A
0 4 8 12 16 20 24
FREQUENCY, Hz
1073
- }'ﬁ'l'
10-4 = |,"| P\l { \I,J”h'\
- 1 S -"'
- - { I ! ) J' »_:—-‘1 / 'J'.'V'-,
: ;|. VJ7:kﬂk [ hy Y
y oy _)-"’A"“h'u" '
- . LN
10 SE' 5( s
- ;]
1 0 - 6 i A 1 l 1 J i J I i 5 l A .y A l L A L l i i i
0 4 8 12 16 20 24

FREQUENCY, Hz

(n) =9.0°, q=28,489 N/m* (595 1bs/ft®), T=122 sec.
F]'gure 34, A =35° Continued.

122




100

2 . PREDICTED
- ——— MEASURED
N
T 10t '
NU\ -
. O N ) »""'U\
a [N
2 - VAN
A { ‘ Wy
- {
g 1072 ¥ | v
o - i
L. v-
t "'\-‘\AJ"‘M“
10'-3 3 2 L J 1 : 1 ] 1 i L | S U { 2 3 . 1 " I
0 4 8 12 16 20 24
FREQUENCY, Hz
10-3 -
N . . .,
_ R . - K 4,
R A
N - : R S
o — : I .
- ~ . f I'.“ - J ‘\J."*"-
5’: i o
<Y B .:. ! f
-5 :
S SN A
- VY JH J
= 'Lﬁ_r‘j
10-6 s gt oo b e s by a1 TS UN B S T
0 4 8 12 16 20 24

FREQUENCY, Hz

(0) a=10.0°, q=28,249 N/m?* (590 1bs/ft?), T =151 sec.

Figure 34. A =35° Concluded.

123




Irms

WINGTIP ACCELERATION,

9rms

WINGTIP ACCELERATION,

o
E PRED  MEAS q,N/m? e
: oo 14,364 T
. 15 ;_. ...... 4 21,546 I__'r._,. _,.-E"
- - - * 28, 728 * e '_.-".
CaE A=26° S
§ [
= E. ' .""
-t E ) l.»"
: v
] :--- ~|: l"l
< E ij
o 0 fil
= N
1E U
- +-—~_.;;.— -~
HsjllllllllDllllllllllll!llllll
& = 14 1z

ANGLE OF ATTACK,

5
A =35° ]
- (A -
3 - ; ___
- [N o
= . + ]
- ! ]
= = | @'
= i
- TR 5
- )
P L
- i ‘l . 'Illl 1'
- I
- 0y
1 A
= . *
':3IIIlIIllllllIlIlIlIlIIIlIIIIIIIII[IIIIL

& 1 1z 14

i

ANGLE OF ATTACK,

.,..
B
:

sl

- A =26°
2 a
£ N
M R
o - A
LR S
= : h .-".'
8 - S
- R

2 - LR i
m - ) Y
I - . 3#
— o P

I I A o :
S <f
Q (" ) .."
4 : .<'}‘.J'"
Q - Tk
@) N Q—-—__’__'._:JE:_.-"'

‘:ﬁ' IllII(Illlllllll!llllllllllll

& & ia

ANGLE OF ATTACK,

1

[

,.
bl
il

N °
- A=35
-
gzl
- s - g
: i . -"———
b= v .".

CG ACCELERATION, g,
-t

RN R

lllllllll'llllllllllllll llllllll!llllll

&

[

& 1@ 1=

ANGLE OF ATTACK,

(a) WSB mode

Figure 35. Predicted and measured RMS accelerations of wing tip and center of
gravity versus angle of attack of TACT aircraft, M=0.80.

124

14

e




9rms

WINGTIP ACCELERATION,

9rms

WINGTIP ACCELERATION,

i

fod

!"x_'i
’iE‘ix{iil!!l('llfll"li‘]l1l1

ULRERARER)

TrTTTTTI

[RIRLR

PRED MEAS

| OO TRUUN OO N OO Y B |

o tdddbdod kb ot btk

i

) £l
T T T A T T[T T T T I Iy [T r v eTT

[i5}

] &
ANGLE OF ATTACK,

12

ﬁ_}?f

lllll!llllllllllllll‘llIlll|ll

= 16 12

ANGLE OF ATTACK,

14

9rms

CG ACCELERATION,

’ Qrms

CG ACCELERATION

&
La

X
o}

TR TTIT AT

R

15

A=26°

lllilllll'l|llllllllll

L

o 1 &

ANGLE OF

ATTACK,

lnilufif?T:'x

L

b
-

|1!|:ll|llTlrlllil|[|lxx

| I T W O O

35°

<.
T

boatg st sl s tasas o sat it

ficx]
Gﬁd

o 1e

ANGLE OF ATTACK,

(b) FVB & WASB modes

Figure 35.

125

Continued.

14



9rms

i

!

WINGTIP ACCELERATION,

iy

~ A &
PRED MEAS q,N/m? '*' 0
N . A=26
o 14,364 40 0 +
i
...... + 21,546 e ) ¥
- — — % 28,728 o +
L Q
. A =26° = +
+|:| O .
: . (] :"-,
& KD &
L - - — I~ £ e
I' - m ¢ ¢ .’____..
¢ 2 e
P - o
R 0] .
o _:) 'J"
e ° S
IllkéllllLl.lllIllllllIlllllll l'-':‘ Lllll;'l.l.l. l‘:__:.ijlllljllllllljl
= 18 1z & o 1a i1z

ANGLE OF ATTACK, ANGLE OF ATTACK,

IP
DN

9rms

Y]

WINGTIP ACCELERATION,

L Bg

o
i

llli|IFI‘|:ISI|III!IIITI|:1I
=

IllIIIIlllYllIll|||_ril!||l]TlllllTlllll
B3
CG ACCELERATION, g,.n«

IllllIIIIIlJlll(llllllllllllllllIlllll[ ':.'1 IJIIIllllllllllllllllllllljlj'llltlllll

& 16 iz 14 & ] 16 1= 1

ANGLE OF ATTACK, ANGLE OF ATTACK,

(c) RWT, LWT & WST modes

Figure 35. Continued.

126




_
e
.y
Lt

Irms

WINGTIP ACCELERATION,

WINGTIP ACCELERATION, g pe

=1

& -
L PRED MEAS q,N/m? — E A =260 "
- 0 14,364 - -
SRR + 21,546 ey N +e
L~~~ % 28,728 E Ok . M
F A =26° o M
- i I .
- Z . BEE - ;
- # - B . "
= B . o s
N ‘ <G - s o
= - % , E—| .4 E.. _l' '." -
: i ; K ’&qJ : - . ""1
4 : O - E
: ' < , E‘ ': E"' H -_‘U ‘._-.
- L B 0 . e
- . -t © 8 e e
"" -| R TN YOO JOUN TOU OO SO N § }‘:ll § YOO TN O YR IO O | l‘ YU VIO TN U YOS SOV O SO 2 ll ’::l( YOO IO T JUOK W | Il R SRR JOUON SN, SOV SN N SO S ) ll Looddedoidoden dinl
= = 1 & 1E i % 16 1z
ANGLE OF ATTACK, ANGLE OF ATTACK,
A =35° A =35°
= . ) 0 -
oo + . ~ E . |:1 '5 5
' - o

!

TlYITTll!llIIIIllllfl]llllll‘lllll!lll[l[l]nll!l

(R VR W W

|| -

; F
¢ o

[P

ljlllllllll|llllllllIlllllllll

CG ACCELERATION,

1 &

iz

ANGLE OF ATTACK,

14

b
Ju

llx-i:l11[11{111;]'{1!!1!;:

SRl i
C

lIlllIlll'lllll|llIIIIII|lIllLJIIIIIlIl

fox]
]

Pt
o

1&

1z

ANGLE OF ATTACK,

(d) WSB, FVB, WASB, RWT, LWT & WST modes

Figure 35.

127

Concluded.

14




a VARIABLE
L © a STEADY
2 d
0]
E
M
o
<
=
a2 1 o

10 12

Figure 36. Effect of pitch rate on accelerations of wing tip, M=0.80,
A=26°, q=26,300 N/m* (a VARIABLE points at 1 per second).
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APPENDIX A
THEORETICAL VIBRATION MODES OF F-111 TACT

The six natural modes of vibration used for this investigation were developed by
Gener.1 Dynamics, Fort Worth Division, for the F-111 TACT aircraft using a
finite element NASTRAN model of the complete airplane. The aircraft was modeled
from wing tip to wing tip in this case because the instrumentation placement
caused an asymmetry of the mass distribution. 1In spite of asymmetry the modes
obtained were generally symmetric or antisymmetric; however, some modes, partic-
ularly those involving torsion, were asymmetric.

The six modes selected for the F-111 TACT buffet prediction

are presented in
Figures A1 through A6. The modes are as follows:

1. First wing symmetrical bending (WSB)
First fuselage vertical bending (FVB)
First wing antisymmetric bending (WASB)
First right wing torsion (RWT)

. First left wing torsion (LWT)

W

First wing symmetric torsion (WST)

The natural frequencies and generalized masses of the modes are

given in
Table 1.
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4.418 Hz.

First wing symmetric bending (WSB) mode, f

Figure Al.
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First fuselage vertical bending (FVB) mode, f =7.296 Hz.

Figure A2.
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First wing antisymmetric bending (WASB) mode, f =7.684 Hz.

Figure A3.
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14.093 Hz.

First right wing torsion (RWT) mode, f

Figure A4.
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First wing symmetric torsion (WST) mode, f =17.139 Hz.

Figure A6.



APPENDIX B

DETERMINATION OF Wi AND @i AS
FUNCTIONS OF EXCITATION FREQUENCY

The presence of aerodynamic forces in the equations of motion (Eq. 9) results in
eigenvalues, of wi and i, that are functions of the excitation frequency, w.
Idealy, Eq. 1 should be solved directly as was done in Ref. 12:

(ri} = ([M300? —w? - i20w050) + [0551) {05p])

However, an alternate source of the ai and Zi is the eigenvalue solution to the
matrix as obtained from routine flutter analyses that make use of velocity-
damping-frequency curves to determime structural stability. These damping
values unfortu nately are based on attached flow aerodynamic forces, and do not
reflect the effects of transonic and/or separated flow fields. However, damping
information that does include transonic and/or separation effects 1is available
from model tests using a scaling technique implemented by Butler and Spavins
{(Ref. 8). A limitation of this technique is that the vibration modes exhibited
by solid metal models rarely simulate those of a full-scale flexible aircraft
except for the first symmetric wing bending and possibly the first symmetric
wing torsion modes.

As mentioned above, each of the available sources of 51 and Zi are deficient,
either by not including transonic and separation effects of by not including
data for all modes of interest. A technique is therefore proposed in this sec-
tion which combines the data from the two scurces to eliminate the deficiencies.
The basic idea is to use wind-tunnel mcdel data as described by Butler and
Spavins (Ref. 8) to obtain damping-parameter values (Eq. 1) for "pivot modes"

(i.e., first symmetric wing bending and wing symmetric wing torsion modes), and
then to use the flutter solution rcots to scale the damping to other modes (Eq.
7). The primary assumption is that the real flow fields affect modes similar to

the "pivot modes" in a similar manner. This technique is described in the
following example.

Consider the velocity-damping-frequency (V-g-w) curves shown in Figure Bl. The
form shown on the left-hand side is that customarily used for determining flut-
ter speeds. The velocity at the point of crossing to positive damping of root 3
is demoted as the flutter velocity, Ve. However, when the same data are plotted
as a function of exciting frequency w, as shown on the right-hand-side of Fig-
ure B1, it is readily apparent how mode damping and frequency vary with w. The
hypothetical mcdes noted are the first wing symmetric and antisymmetric bending
modes (1 and 2) and the first wing symmetric and antisymmetric torsion modes (3
and 4). For this example, the symmetric bending and torsion modes are very
similar to the model bending and torsion modes and hence would be considered as
"pivot" modes. By scaling ;1, and C3 from wind-tunnel data using the scallng
technique at the modal frequency for each mode, the values of Cz and Q are
obtained from the plot through the ratios

Z—Z\ g [T
<51/T " \Za)T
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where the subscribt "T" refers to thecoretical values. Thus,

. o [T . /T
z =z <:7% ' and 7z =¢ | =%,
2 TI\T, /T RS N4

The values of Zl, and Ea for frequencies other than the respective modal fre-
quencies are alsc determined from the plot.

The frequency shifts due to aerodynamic stiffness are assumed to be incremental
corrections, Aw; » added to the undamped natural frequency, w; as

(T)i = Wi +A(T)i
As as example, Aai, is noted in the right-hand-side plot.

The scaling technique as well as the theoretical root plots are sensitive to
altitude, Mach number and airplane gross weight. In addition, the scaling tech-
nique is sensitive to angle of attack. Thus, the data necessary to fully deter-
mine wj and Zi for a particular aircraft and flight conditions include plots
similar to that in the right-hand-side of Figure B1 for sufficient gross weight,
Mach and altitude conditions to cover the buffet prediction regime. Also
necessary are the wind-tunnel damping data at sufficient Mach number and angle-
of-attack conditions for scaling to the flight conditions. The wind-tunnel data
must cover enough "pivot modes" so that the desired airplane modes will be
available for use in the equations of motion.
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APPENDIX C
DEVELOPMENT OF A COMPOSITE MODE

In the development, of a new mode that is a combination of several (base) normal
modes, the idea of diagonalized equations of motion allows the _establishment of
a relationship between the w and T of the new mode with wl and ;1 of the base
normal modes from which the new mode is formed. However, before addressing the
relationship of the eigenvalues, the calculation of generalized mass for the
composite mode will be discussed.

Let it be assumed that three base modes are to be combined to produce a final

composite mode subject to some constraints on the mode shape. Let the modal
deflections of the composite mode {h.} be defined as

{n.}
{n.}

where pi are the real weighting numbers assigned to mode i as determined by shape
constraints on {hc}, and {hi} are the modal deflections for base mode i. Since
the hj vectors are orthogonal, i.e.,

[bs {3} =0, 1i#3

Zhi#0, 1=7 |

il

pi{hq} + po{nhp} + p3{h3}

I

{P1h1'*92h2'*D3h3} C1

C2

then it can shown that the composite generalized mass is a simple sum of the
generalized masses of the three base modes. Calculating M. in the usual manner,

¢ =lhc) [m] {n}

lpqhq +pohps +p3ns) [m] {p1hy + pohp + p3ns}

M

(pyhy +poh, + pshgy)y mypyhy

(pqhq + pphp + p3hz)y mypohy,

+

+
b i B N s B

(pyhq+pohy+p3hy)y mppshsy

leads to

=
0
"

2 2 2 2 2 2
p1£mkh1k-+p kah2 4—p3§mkh3k

+

But

=
1

= Imy,h?
Kk kKTiy
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and from equation C2,

"k T
hence

- 2 2 2
MC _p1M1-+p2M2~+p3M3 C3

Thus, once the weighting numbers, pj, are obtained, M. is readily calculated
from M;. This property (Eq. C3) will alsc play an important role in establish-
ing the damping and frequency relationships.

Starting with Equations 10, 16, and 17, the relationships between eigenvalues
of the composite mode and its base modes can now be developed. Combining
Equaticns 10, 16 and 17 yields

2 T Qs s
| w?y I Mjw® w1t i=1

which can be rearranged tc become

[a; 5]~ My [(32 - wl) +i280Z,] Ch
For a composite mode,

Qe =LDiJ[Qij]{Dj}
thus

Q

Q

cxlpg ) M) [@F - 0d) +i20;0%;5 ] {pyl

But because the right-hand side matrices are diagonal,

Q

c [piMiJE(G?-wi)-*i25iwii]

1

I

2

1

u

C

By virtue of Equation C4, we may also write

. ~ 3
Qc’“Mc(wc

2 4 i

-(uc+-12wcwgc)

which may be combined with Equation C5 to yield
MC((T) - (1)(2: +i2('BCLUZC)¢; %piMl((’Bi - U)i + iZ(T)iU)Zi) Ccé

Equation C6 is the basic complex equation from which the eigenvalue relation-
ships will be derived.

In the absence of aerodynamic forces, the generalized stiffness of the equiva-
lent mcde must be equal to the weighted sum of the generalized stiffnesses of
the base modes. Hence, the following must be true:
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2 _ 2 2
Mewe '§piMiwi c7

where, it will be noted, the approximation sign has been changed to an equal
sign. This is true because the aerodynamic forces are the only source of off-
diagonal terms. Equating the real and imaginary parts of Equation C6 yields

=
£
~
|
£
~
2

~2 2
c ' Fe c EpiMi(wi"wi)

and

MC(2waCC)

Q

, ~ o~
?piMi(zwiwCi)

which, with Equation C7 and further simplification become

~ 2 20 T2
McwczzgpiMiwi Cc8
and
~ ~ 2 ~ ~
McWele » 2PiM30584 €9
Ihus, Equations C7, Cc8 and C9 provide a full set of equations to determine wc,

we and g¢ from wi, wi and ri. However, in our case, because the composite modes

are being used for scaling wind-tunnel data, one more step is necessary before
this technique is complete.

The added equations necessary to determine the base-mocde damping values from the
scaled composite-mode damping values are available from the ¢j data generated by
the theoretical soclution. The ratios described in Appendix B provide the fol-

lowing relationships from the theoretical damping data:

Ti N
i =Tk 'E—L:/\T c10

where Ek is some reference damping value, usually that

for one of the base
modes. Substituting Equation C10 into C9 yields

M Qe x Tyl 2M~~-K7—v"
cWcbe 2;kipl 1PINT, /T ¢

which will now provide a value for Zk from the scaled value of Zc for the com-
posite mode.

In summary, the above technique for using composite modes to improve the accura-

cy of damping estimates for full-scale aircraft modes consists of the following
eight steps:

1. Pick a set of base aircraft modes that can be combined to better simulate
the mode of interest on the model. (As an example, the F-111 TACT has three
asymmetric wing torsion modes that will combine to produce a symmetric tor-
sion mecde with a node line very similar to that of the model).
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2. Calculate pj for the constraints imposed by the model mode shape.

3. Calculate M. for airplane gross weight from

M

2
c %piMi

4. Calculate we and we for flight conditions from

2 1 2 2
we =5 EPiwiMy
MC i
~2 _ 272
e e FPi¥iMs

5. Calculate EC with the Ref. 8 scaling technique for the flight conditions.

6. Calculate the (Z;/Ty)r ratios from the theoretical flutter solution roots
for the flight conditions.

7. Calculate gy from

N Mcwele
2, = —
%lelwi(Cl/Ck)T

8. Finally, calculate Ei from Zi and (Zi/Zk)T.

This technique is a generalized damping scaling method which permits miss~ ;
matching between model and full scale aircraft mcdes. The only requirement for
implementing the technique is that the aircraft modes be similar enough to the
model mode so that a reasonable number of base modes (at most 3 or 4) will be
sufficient to construct the composite mode.
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APPENDIX D

COUPLING BETWEEN WING MODES
AND FLUCTUATING PRESSURES

"The apparent coupling that exists between wing vibration modes and fluctuating
pressures under certain conditicons was demonstrated earlier in this report in
Figures 17 and 18. It was also suspected, but could not be proven, that such a
coupling existed for the F-111 at similar conditions. For the F-111 TACT, the
wing torsion and second wing bending modes were thought to be coupling where as
for the F-111 case, the first wing torsion mode was suspect. Demonstration of
the possible existence of such coupling is important, however, it does not
explain the mechanism.

A clue to a possible means for the coupling can be deduced from the static
pressures in Figures 14. The occurance of trailing-edge pressure divergence at
about o = 10° also corresponds to a large forward movement of the upper surface
main shock as shown by comparing Figures 14(a) at o =9° and 14(b) at o =10°. It
will also be noted that the forward shock movement for the aircraft is much
larger than that for the model. The condition of this transistion 1s the
occurrence of Shock-Induced Trailing Edge Separation (SITES) which was exten-
sively discussed by Cunningham, et al in Ref. 27. Dynamic coscillatory investi-
gations of this flow regime were also conducted by Triebstein (Ref. 28) in two-
dimensional flow. In either investigation, it was shown that this transition
was accompanied by a step change in pitching moment with either increasing of
decreasing angle-of-attack. With increasing angle-of-attack, the forward shock
movement produced a loss of 1lift toward the leading edge and the trailing-edge
divergence produced a gain of 1ift toward the trailing edge. The net result was
to provide a step change in pitching moment that was nose down for increasing
angle-of-attack. For decreasing angle-of-attack, the opposite occurred and
produced a step change in pitching moment that was nose up. Such a step change
in effect resulted in a nonlinear spring that would provide an increased
resistance to wing motion past the point of SITES for either increasing or
decreasing angle-of-attack.

The nonlinear spring described above can potentially produce a limit amplitude,
self-sustaining oscillation, the existence of which could explain the higher
torsion mode response exhibited by the full scale aircraft. How this is possible
can be described by considering an airfoil with a torsion spring. Slowly
increasing incidence at angles below that of SITES allows the torsion spring to
attain a continuous state of equilibrium with aerodynamic pitching moment. When
SITES is reached, a sudden nose-down increment is imposed on the aerodynamic
pitching moment which will tend to reduce wing incidence. This will be a dynam-
ic negative-pitch rate which will delay re-attachment and permit the ncse-down
moment to put work into the system. At some point, re-attachment does take
place and the nose-down moment disappears. Accelerations become negative and
the wing experiences a reducing pitch rate until it reaches =zero and begins
nose-up motion. Positive pitch rate now takes over which will produce a delay
in SITES and allow an overshoot of the initial starting point due to stored
elastic energy during the down stroke. When SITES does occur, the cycle then
repeats itself.
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It is possible to cast the concept just described in mathematical form with a

simple cne-degree-of-freedom spring mass system. The appropriate equation of
motion for say the RWT mode is

- . 5 _

M P+ 2MpuT WRwT SRWT © * MRWT YRWT r=F(r)

RWT
where

mass, frequency, and total damping for the RWT
mode

1

MRWT»> WRWT* SRWT
r = response of the RWT mode

F(r) o nonlinear generalized force due to the step
change in the static pressure distribution

The nonlinear right-hand side term F(r) is obtained by integrating the RWT mode
deflections with the step change in the Cp values that occur during the transi-
tion to SITES. The function of r is expressed as

F(r) = 0, r< rTRANS

e}
=3
"
)
=3
i

2 PTRANS

In order to include the hysteresis effects, pitch rate must be taken into
account sc that

rrpans (F) > rrpans (00, £ > 0

rrrans (7)< Prrans (005 T <0

which simply parallels the idea that positive pitch rate delays separation and
negative pitch rate delays re-attachment. This equivalence is possible when
the mode of interest is a torsion mode or has a significant streamwise angular
deflection. The relationship of the step change, F, and hysteresis is shown in
Figure D1 where the coordinate system has been referenced to r = 0 at the occur-

ance of SITES.

By writing the derivatives in finite difference form,

r=rp
: 'nel = 'n-1
r =
2At
5 _rn+1"2rn'*rn—1
At?

a finite difference solution to the above equation of motion can be cast in the
form

1

r _
1+ AC

nel = [-32e+ (2-2%)rp-(1=xg) rp_1 ], ry 2 ropans(F)
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and

where
A ‘AtwRWT
C = CRWT
F
€ =
MRWT WRWT

The initial conditions are

r
. £t =0
r=20 f

which are satisfied in the finite difference form as

1]
O
f—

r‘O:O
F1:O
2
rs ___Ale
1T+ AL

By denoting Ar as the half width of the hysteresis (shown in Figure D1),

Ar = 3 ( (r>0) - (PTRANS(rﬁ< 0))

N

" TRANS

the solution to the equation of motion can be presented as a function of the
parameters € and Ar for the system MRWT’ CRWT and WeT -

The algorithm described above was programmed and estimates were made for the
appropriate € value to be used for the RWT mode. The estimate of € was obtained

by using the Cp distributions shown in Figures 14(a) at a o 9° and 14(b) at a =
10° in the following form:

3pV?

€ =—"—>— 1 h (x,y)[c¢ (x,y) -C,_ (x y)i]dx dy
RWT ? ’ ’
MRwr YRWT lf P10 P9

where
hpwt (X,y) = deflection of the RWT mode at point x,y
CP]O(X’Y) z Cp value at o =10° and point x,y
Cpg(x,y) = Cp value at o= 9° and point x,y

Ao area of the wing
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T T

In actuality, the above integral was evaluated in the same manner as were the
buffet excitation forces by summing the product of C, values, mode deflections,
and panel areas over the exposed wing area. The value obtained was

€10-9 =0.00387 m (0.0127 ft)
at the intermediate altitude of 6.1 Km (20K ft). Other parameters were

Mgy =809.4 1bs, fpyr = 14.17 Hz and Cpyr =0.07

where was estimated from Figure 32(c).
RWT

Estimates for Ar were not possible based on the available data, hence, a param-
eter study was conducted by letting Ar vary as a fraction of €. A sample plot
shown in Figure D2 for Ar = € illustrates how the transient solution quickly
approaches a limit amplitude c¢scillatory motion. It is also interesting to
note that the apparent frequency is slightly higher than that of the RWT mode.
Since the number of time steps in the plot represents ten cycles, it is easy to
calculate the apparent frequency. The results for varying Ar are listed below
for the wing~tip accelerometer (RWAC) response in g's:

g€ = 0.00387 m (0.0127 ft)

RWT RWAC

Ar/e Ar, m Apparent f, Hz g's Response
0.2 0.00077 18.4 0.71
0.4 0.00155 17.0 1.42
0.6 0.00232 16.4 1.79
0.8 0.00310 15.1 2.05
1.0 0.00387 14.9 2.34

where the modal deflection at the right wing-tip accelerometer was taken as
0.525 for the RWT mode as has been used throughout this report.

The response results presented above are in excellent order-of-magnitude agree-
ment with the torsion mode RMS respcnses at a = 10° shown in Figure 35(c). The
slightly higher frequency alsc agrees with cobservations in the flight test PSD's
in Figures 33 and 34 for A = 26° and 6.1 Km altitude. Since the estimate for €
was considered toc be conservative, the above results are especially encouraging.
It is also interesting tc note that the reduced pressure levels shown by Kinsey
(Ref. 13) with increasing dynamic pressure would also explain the peculiar ten-
dency to maintain constant response levels nearly independent of altitidue as
shown in Figure 35{(c). Reducing or increasing the Cp values used to evaluate €
would tend to offset the variation in € due to dynamic pressure. This effect
would be primarily due tc static aercelasticity.

This concept alsc helps explain why the high torsion-mcde response did not
appear on the 1/6-scale wind-tunnel model. As estimate for ¢ was made using the
pressure data shown in Figuues 14(a) and 14(b). The result was 0.000077 m
(0.000253 ft} which 1is far less than 1/6 of the full scale result of 0.00387.
For similar deflections between model and aircraft, the ratic should be the same
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as the scale factor. Hence, because amplitude of model motion on the basis
of € is more like 0.12 relative to the aircraft motion, this concept would pre-
dict very little influence of the coupling mechanism on the wind-tunnel model
excitation forces. Another very important aspect is the mismatch of scaled
torsion-mode frequencies as was discussed earlier, so that even if the coupling

occurred on the model, it would not appear in the correct range of full-scale
frequencies.

With regard to a more realistic math model for the limit amplitude oscillations,
it is expected that the nonlinear spring would be slightly more complicated. A
calculatiocn of € for the incidence change from 10° to 11° produced a higher ¢
value of 0.00651 m (0.0232 ft}, which indicates an increasing nonlinear-spring
constant beyond SITES. Similar results could be produced with such a spring and
would explain the high response measured in the torsion modes at angles of
attack beyond the transition to SITES (a > 10° for this case).

In view of the promising results cbtained with the simple math model, further
research on this approach should be very beneficial. A better definition of ¢
and Ar as functions of both static and dynamic motions is the most obvious first
step. In addition, the math model would need refinement to reflect the know-
ledge gained through the experimental work. The result of this effort should be
a simplified method for predicting the occurance and magnitude of limit ampli-
tude oscillations in which wing motions couple with separated flow fields.
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Figure D1. Schematic diagram of the variation of the nonlinear generalized
force step function due to shock induced trailing edge separation.
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Figure D2. Sample of limited amplitude oscillations produced by the shock
induced trailing edge separation model.
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