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AN INVESTIGATION OF WING BUFFETING RESPONSE
AT SUBSONIC AND TRANSONIC SPEEDS:
PHASE T PF-111A FLICHT TEST DATA ANALYSIS
VOLUME 1 - SUMMARY OF TECHNICAI, APPROACH, RESULTS AND CONCLUSIONS
by
David B. Benepe, Atlee M. Cunningham, Jr.,
and W. David Dunmyer

SUMMARY

The structural response to 1erodynamic buffet during moderate
to high-g maneuvers at subsonic and transonic speeds was investi-
gated. The measurements which consisted of shear, bending moment
and torque at four wing span stations, vertical accelerations at
the wing tips, center of gravity and pilot's seat and lateral
accelerations at the center of gravity and pilot's seat had been
previously obtained during the Loads Demonstration flight program
on a variable sweep fighter-bomber aircraft.

Existing flight data for one wing sweep were extracted from
magnetic tape records and susjected to statistical analyses to
determine the power spectra and root-mean-square values of re-
sponse for each of the measurements at several angles of attack
for each of seven maneuvers. The frequency content of the vari-
ous responses is correlated with results of ground vibration
tests to identify the response modes. The rms values of response
are plotted against angle of attack to show the variations of

intensity of response during the maneuvers.



The investigation showed that the structural response to
« £fet is very complex. Almost all of the natural vibration
moc.s of the aircraft, both symmetric and antisymmetric, are ex-
cited during buffet encountered in a moderate to high-g maneuver,
Some of the sensors show pronounced -changes in the relative modal
contributions to the total response as penetration beyond buffet
onset increases. The fluctuating shear and bending moment loads
on the wing are small in terms of design loads except near the
wing tip. The wing structural response in torsion is larger than
anticipated on the basis of prev'ously published buffet studies
and amounts to between 1/3 and 1/2 of the rms values of wing
bending response at high angles of attack. For the particular
aircraft geometry and structure examined, there is some evidence
of bending-torsion coupling starting at angles of attack between
9 and 12 degrees at Mach numbers of 0.80 and 0.87.

The investigation is reported in three volumes. NASA
CR-152109 presents a summary of tue technical approach, the results
and conclusions drawn from the results. NASA CR-152110 presents
plotted variations of Power Spectral Density (PSD) data with fre-
quency for each structural response item for each Jdata sample
analyzed during the course of the investigation. NASA CR-152111

presents Power Spectral Density (PSD) data in tabular form for the

convenience of those who might wish to perform additional analysis.

et
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Nmax
S
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SYMBOLS

Quantities are presented in the International System of

Units (U.S. customary units in parenthesis). The work
was performed using U.S. customary units.

wing span - m, (ft)

design value of wing bending moment, N-m. (in - 1lb)
"center of gravity"

frequency, hertz

spectral base frequency or analysis bandwidth, hertz

wing vertical shear as measured by strain gages -
N, (1b)

gravitational acceleration
Mach number

Wing Bendiag Moment as measured by strain gages N-m,
(in - 1b)

Wing torsional moment - N-m, (in - 1b)

maximum maneuver load factor - g's

theoretical wing are: (leading and trailing egges 05
swept panel extended to airplane czuterline m“, (ft*)

length of input frame in spectral analysis - seconds
start time of interval for spectral analysis - seconds
stop time of interval for spectral analysis - seconds
time interval used for spectral analysis = T,-Tj,sec
design value of wing verticai shear, N, (1b)

lateral acceleration g's

vertical acceleration g's

3
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SYMBOLS {Continued)

a indicated angle of attack referenced to wing man.fac-
turing chord piane

maximum indicated angle of attack - deg.

@ max

Qnom nominal angle of attack representing time interval AT

a - indicated angle of attack at time T;, deg

Aa increment in indicated angle of attack during time
interval AT, deg

B8 indicated sideslip angle, deg

o4 rms value of acceleration fluctuations - g, rms

oy maxicum rms value of wing vertical shear fluctuations -

max N, rms, (1lb, rms)

g maximum rms value of wing bending moment fluctuations -
B ax N-m, rms, (in - lb, rms)

Ve average rms value determined from power spectral
analysis



ABBREV IAT IONS

Alt aititude
Asym antisyemetric
B.M. bending moment

Cross-PSD,XPSD Cross power spectral density
dB decibel

Dyn Press dynamic pressure

™ frequency modulation

Hy hertz

lwor,bori  horizontal
in-1b, IN-IB inch-pound
inb'd inboard

L left

1b,LB  pound

L/H left hand

LWT left wing tip
® meter

N newton

N-m ,N-M newton-meter

outbd cutboard

P.S. pilot seat

PSD power spectral density
R right

R/R right hand
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ABBREVIATIONS, (Continued)
root -mean-square
right wing tip
svmmetric
torsion

wing Station for strain gage measurements
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SECTION 1

INTRODUCTION

The phenomenon of aerodynamic buffet has been a challenge to
aircraft design teams for many years. With the advent of truly
high performance fighter aircraft which are capable of operating
at high angles of attack, the intensity of buffet and the magni-
tudes of the aircraft structural responses to buffet have become
important design considerations.

The state-of-the-art of buffet research is such that devel-
opment of a valid method of predicting aircraft structural re-
sponse to buffet appears feasible in the near future. A signifi-
cant problem that exists is the dearth of published flight data
to provide an adequate test of the validity of a prediction
method.

The iavestigation described in this report is an attempt to
supply data of sufficient scope in terms of the number and types
of flight measurements and in terms of the depth of analysis of
the measurements to use for correlation with predicted response
characteristics. A secondary, though no less important, objective
of the investigation is to add to the aeronautical community's
understanding of buffet phenomena which has advanced rapidly in

recent years.



Considerable effort has been expe ded in research programs
conducted by the National Aeronautics and Space Administration's
Ames, Langiey, and Flight Research Centers (Refs. 1-7), by the
armed services (Refs. 8-14), and by airframe manufacturers (Refs.
15-17). Each of these previous efforts has contributed something
of significance to our understanding of buffet and of aircraft
responses to buffet.

Results of various flight test programs have shown that a
most reliable indicator of maneuvering buffet onset is the abrupt

change in rms response of a wing-tip accelerometer. It can also
be inferred that wing-tip accelerometer response is a good indi-

cator of the variation of buffet intensity with angle of attack.
However, measurements need to be obtained of accelerations at
several points on an aircraft and of the spanwise distribu:ions
of dynamic structural loads on the wing to obtain a true test
of a prediction method. Additionally, the power spectra data
are needed for each measurement over a range of frequencies
which covers the important natural vibration modes of the air-

craft structure. .
Recent developments in flight test instrumentation and data

recording and data processing systems permit the use of power-
ful techniques of random data analysis to study the buffet prob-

lem. Power spectral density (PSD) plots can be readily constructed

to obtain the needed variations of response with frequency and



calculate root-mean-square values (rms) of the accelerations and
loads to obtain statistical measures of the variations of re-
sponses with angle of attack.

The duration of the flight maneuvers is short, therefore the
data samples are usually not long enough to strictly satisfy the
mathematical criteria for obtaining a high level of confidence in
the spectral or rmms estimates. Nevertheless, spectral estimates
and rms values are much more meaningful quantities than the peak-
to-peak or half-amplitude measurements prevalent in early studies
of the buffet problem.

It is appropriate at this point to describe the philosophy
of this report. The main body of this report serves tc describe,
in detail, the techniques used in obtaining the flight data, the
instrumentation, the data reduction and data analysis procedures
and discuss and interpret selected results which illustrate the
major findings of the investigation. Included in the appendix

are time histories of pertinent data items in plotted form.



The flight program from which data have been extracted for
use in this study was primarily for F-111A flight loads demon-

stration. The test aircraft was therefore instrumented with

. numerous strain-gage sensors and accelerometers. Flight maneuvers

included wind-up turns, pull-ups and roller coasters at various
altitudes, Mach numbers, and target load factors. While it was
not a particular goal of the flight program to investigate buf-
feting, many of the flight test conditions were such that signif-
icant levels of buffeting occurred. An opportunity thus existed
to subject the extensive flight data to analyses specifically
aimed at providing detailed buffeting response characteristics.

The basic approach used in the study is described in the
following paragraphs.

The various records pertinent to the Flight Loads Demonstra-
tion program were surveyed to identify candidate flight points
for the investigation. About 90 combinations of wing sweep, Mach
number, altitude and target load factor were selected for initial
investigation. Analog strip-chart playouts of thirty items of
instrumentation were then made for each candidate flight point.
The strip charts were used primarily to identify the particular
flight maneuvers in which the wing responses were of sufficient

magnitude to be meaningful in the study and to eliminate points

10



in which excessive wing spoiler activity might "contaminate' the
response data.

Since the investigation was aimed at providing flight data
for comparison with predictions an additional criterion in the
selection of flight points for detailed analysis was the exis-
tence of corresponding wind tunnel data in terms of wing sweep
and Mach number. The investigation finally was concentrated on
seven flight maneuvers all of which were performed at one nominal
wing sweep. Existing digital data for the selected flight points
were then reviewed and plots were made of the variations of Mach
number, angle of attack and load factor as functions of time dur-
ing the particular maneuvers. Specific time intervals corre-
sponding to nominal average angles of attack were selected for
each maneuver and stochastic (statistical) analyses were per-
formed on the outputs from seven accelerometers and twelve
strain-gage sensors for each selected time interval.

The major 2ffort in the stochastic analysis was devoted to
obtaining power spe:tral density (PSD) plots as a function of
frequency and root-mean-square (rms) - 1lues of the magnitudes of
wing shear, bending moment, and torque at four wing span stations
and accelerations at the wing tips, center of gravity and pilot's
seat. These PSD and rms data are essential for correlation with

prediction methods. In addition the PSD plots were used to

11
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identify the frequencies and magnitudes of the major responses
for each time interval. The particular vibration modes associ-
ated with the major responses were then identified insofar as
possible from the results of extensive ground vibration tests
performed at an earlier time on F-111A aircraft (References 18
and 19).

The variations of rms values of the various outputs (for
specific ranges of frequencies) of instrumentation were plotted
against angle of attack and comparisons made to observe trends

with changes of altitude or Mach number.

12



SECTION 2

ATRCRAFT DESCRIPTION

The test aircraft was F-111A Number 13. A drawing showing
the general features of the aircraft is presented as Figure 1.
Detailed geometry associated with the aircraft and its components
appears in Table 1. The aircraft has a variable sweep wing and
a convention was adopted early in the development program that
all aerodynamic coefficients would be referenced to geometric
characteristics at a specific wing sweep, namely, Ajp = 16 de-
grees. The variations of some key geometric characteristics of
the wing with wing leadingz-edge sweep angle are presented in
Figure 2.

Although the aircraft is fitted with a high lift system
consisting of multisegment leading-edge slats and multisegment
double-slotted trailing-edge flaps, these devices were in their
retracted positions for all maneuvers analyzed in this study.

Two-segment upper surface spoilers on each wing are used at
low wing sweeps in addition to differentially controlled all-
movable horizontal tails to achieve roll control.

The aircraft has a three-axis stability augmentation system
which was operational on all maneuvers analyzed in this investi-

gation.

13
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Tabiie 1

FUNEICAL CHARATTEr INTICS OF THI
F-111A AYRELART (NUMRER 14

iny -
Arr 1 sectire, At pivot NACA GuaA216 7 (~odifredde
Atrtoal sectior, tip . . NACA 6<A20% & (mociticd)e
Swees . deg sleading edee’ . . . 16 e 7109
1a. Ldence, deg . - .. - . 1
Dihedtal, deg .
Spar area, ®mcan -"odm.alr cl.nd e . (See fig 2}
Leading-edge siars N
Arca {(plantore projected), !r-(rz) . PP 60 7% 64
Spar, percent of saposed vinf-panel xpan . 96 S
Deflection, evrimum, depy B . .. &%
Treiling-edge nm
Type . . 5 . . . Ixuble Slcrted Powier
Ares (aft of hinge line), fri(ady C 117 (10 Ya)
Span, percent of enposed wing pnm.-\ span
Deflection, marximum, deg . NN 3.8
Spetlers:
Arca (planfors pn-)lcud). f13(rdy s 28 €2 68>
Span, ftie) . . . 1t B(3.¢)
Deflecticn, waxisumr, ﬂlf . - I3
Ving pivet
Distance fror airplene nos., ft(m) . «C 16(12 2%)
Distavce from arrplane certerline, ft(e) 5.86(1.79)
Morizer~1l tail (all wovable) -
Airfoil section .o - BICONVEX
Incidence, deg . . . - P 1
Dihedva,, deg P .. -1
Swee; st leading edge, do; . - 57 ¢
Span, ft(m) - .o e e e 29 3(6 9N
Ares (exposed), tedind) .. .. 154 3(1S 74)
Area (movebtle), {t2(md) . . .. .. 156.2(13.9Y
Asnect rvatic .. .. 1«2
Mean sercdvnaric chord (tlpclfd). ln {cm) 137.5(3%9.3)

Deflection, maxisun, deg:
As elevators

Trailing-edpe up . . P (apprror ) 2%
Trailine-eder down . e e e e e {(spprox ) 10
As atlerons (rorald P e e e (spprox ) =15
Surface svops
Tra.ling-edge up . e (approx ) 31
Trailing-edge down . e (apprex ) 1t
Vertical tail ~
Afrfol)l section . . e e e w e e . BICONVEX
Sweop at leadine edse, dn “ P 55
Span, I(SV\ . PPN e e e e 6.9(2.71)
Arew, frd(md) P e 111 7(10.09)
Aspect ratic . . “ 4 e oa 1 &2
Mean serodvnamic rh«td in. (com) . PR . 139 (404 6)
*uddc:
Span, h;u\ . e . . . . 7.8(2 18
Area, fti(ed) S . 29 3(2 63)
Deflection, saximum, de; . . =30
Speed brake -
arca, fef(md . e 26.5(2.9)
Deflection, naxipum, du . e e e e e e 7?
Ventrals -
area (roral), fe2(mly . . e 25(2 26)
Power plants -
P& WIFNO-P-) engines . e e e e e e e 2
YT T

15
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SECTION 3

AIRCRAFT INSTRUMENTATION

The instrumentation system installed ir the aircraft consis-
ted of two 30 track and one 14 track FM analog magnetic tape re-
corders and various transducers throughout the airplane. 1IRIG B
time reference signals were recorded on each tape recorder to
provide time correlation. The general locations of the accelexo-
meters pertinent to the buffet study are shown in Figure 3. The
actual locations in terms of aircraft geometry references are
listed in Table 2.

The characteristics of the accelerometers most of which were
commercially available units, are indicated in Table 3. The accu-
racies quoted refer to the nominal flat frequency response up to
the limit frequency quoted. No calibration data exist above the
quoted limit of flat fre uency response, however, the natural

resonant frequencies are well beyond 100 hertz for all of the

accelerometers. There is no reason to suspect a significant
deviation from the basic calibration factors quoted for

frequencies up to 100 hertz,

The locations of the strain gage sensors pertinent to the

17
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buffet study are shown in Figure 4. Shear, bending moment and
torque were measured at each of the four indicated wing stations
on the right wing. The sensitivities of these measurements were
governed by the fact that the wing loads were to be measured
during maneuvers at load factors up to the maximum capability of
the aircraft. As a consequence the signal-to-noise ratios for
the present buffet studies were lower than is desirable. The
calibration slopes for each channel of information are shown in
Table 4.

In several cases the frequency response upper limit for the
measurements was set by the subchannel characteristics of the
flight recording system. Table 5 lists the appropriate nominal
limit of frequency response for each item of instrumentation
based on the recorder subchannel arrangements for each flight
selected for detailed analysis.

Correlating items such as angle of attack, airspeed, Mach
number, altitude, gross weight, and control surface position
indication of the spoilers and horizontal tail surface deflec-
tions were also recorded on the FM tapes.

A special test nose boom was fitted to the aircraft to
obhrain angle of attack, sideslip angle, altitude and Mach number

data.
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SECTION 4

BASIC DATA PROCESSINC METHODS

During the Loads Demonstration Flight Program, the FM analog
magnetic tapes containing raw flight test data were processed by
automated techniques. The real time data were first disp .yed
on strip chart recorders for instrumentation verification. Next,
the data were digitized at sample rates of 1 to 20 samples per
second under computer control. The specific sample ratio de-
pended on user group requirements. The digitized data were
then scaled, calibrated and output in computer listings and
computer tapes for additional processing on an IBM System/360.
Second generation computer runs were madeto obtain corrected
flight condition data such as gross weight, Mach number, alti-
tude, dynamic pressure and fuel distribution at l-second intervdls.

Microfilm records of the computer listings from the original
flight program data reduction were used in the present program to
make plots of angle of attack, normal load factor, Mach number
and dynamic pressure as functions of flight time and to identify
the gross weights and altitudes for the selected flight maneuvers.
The Mach number, altitude and dynamic »ressure data include cor-
rections for position error. The angles of attack are indicated

angles and do not include the effect of upwash at the nose boom.

\
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The following formula can be used to obtain an estimate of the
true geometric angle of attack values if desired:
ar = 0,318 + 0.931 a (degrees)

This correction was not applied to the data presented in this
report because the magnitude is not large in the range of angles
of attack covered by the flight data and is within the uncertainty
of the flight measurements taken under buffeting conditions with
an aeroelastic aircraft.

Time histories were made of about 30 items of instrumentation
which were considered pertinent to the buffet study. Examples of
each of the strip chart records are presented in Figure 5. Addi-
tional time histories for the selected flight maneuvers are con-
tained in the appendix. The particular groupings of items on the
strip charts permit assessment of the time phasing of the build-
up of the wing responses to buffet as angle of attack increases
during the maneuver. The chart speed was nominally 20 mm/sec and
the frequency respcnse limit of the pen recorders is about 50
hertz. For correlation purposes, a time reference trace with pen
deflections each second appears in the lower border of the strip
chart. The flight times associated with the particular maneuvers
are annotated below the time trace.

The Mach number, altitude and angle of attack traces repre-
sent uncorrected indicated values. Occasionally these items

show finite jumps from one bound of the record to the other.
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This situation occurs because the calibratiom is a multi-stepped

function arnd th2 measurements cross the boundaries of one or

more ranges of values.
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SECTION 5
FLIGHT CONDITIONS SELECTED
FOR DETAILED ANALYSIS

The time histories for the 90 candidate flight maneuvers
were studied thoroughly to determine which maneuvers might pro-
vide a set of flight buffet data that would serve as a good test
of a prediction method. Five basic criteria were used in the
selection process:

First, the wing responses should be large enough
to make a detailed analysis meaningful.

Second, *he nowinal flight conditions should closely
approximate Mach number and angle of attack conditions
which had already been obtained in a wind tunnel test
program.

Third, effects of Mach nuaber (flow field) and altitude

(aeroelasticity) should be included, if possible.

Fourth, the selected maneuvers should be free
from effects of spoiler deflection, f possible.

Fifth, one of the select~d points should closely
approximate a flight point that had already been ob-
tained in a NASA/FRC flight test program which used

F-111A Number & (Reference 5).

33



g

b O

The seven maneuvers selected for detailed analysis are
listed in Table 6. They conoist of two wind-up turns, four pull
ups and one roller coaster, all performed at a nominal wing sweep
of 26 degrees. The Mach nuwbers are approximately 0.70, 0.80,
and 0.87 for the three high altitude maneuvers (above 6000
meters). At the two higher Mach numbers the selected maneuvers
are for three altitudes, nominally 1500, 3700 and above 6000
meters. The gross weights range from 266,000 N to 330,500 N.

Variations of angle of attack, load factor, Mach number and
dynamic pressure with flight time are presented in Figure 6 for
each of the selected maneuvers. Inspection of Figures 6(a)
through 6(g) shows that the wind-up turns are gradual maneuvers
whereas the pull ups and roller coaster are rather abrupt maneu-
vers. As a consequence, it was feasible to select more points
within each of the wind-up turns for stochastic analysis than
for the other maneuvers.

Table 7 lists the segments of each maneuver selected for
detailed analysis. In most cases the time duration of the rec-
ords is one second, but some longer records were used particu-
larly for the wind-up turn of Flight 77, S&C-R. The table also
lists the indicated angle of attack at the start of each record
(21), at the end of each record (®3) and in a few cases the maxi-

aum indicated angle of attack (¥gex) occurring during the recocd.
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Also presented is the increment in angle of attack during the
record (da) which is relatively large for the pullup and roller
coaster maneuvers. A nominal angle of attack (9,,q) has been
assigned to each segment which is used later to plot trends in
the varistions of instrument responses with angle of attack.

An adjunct to the point selection process was the determina-
tion of the buffet onset characteristics for each of the maneu-
vers from the time histories. the criterion used for butfet
onset was the first detectable change in ievel of response from
any of the wing instrumentation which was followed by an ever
increasing level of response. The results of the buffet onset
detemminations are presented in Figure 7. It was possible to
obtain buffet onset points for six of the seven maneuwvers. The
aircraft was slightly into buffet even at l-g trim conditions
for Flight 78, Run 4. Figure 7(a) shows that the variation of
angle of attack for buffet onset with Mach number is smooth de-
spite the significant differences in dynsaic pressure and pitch
rates for the various maneuvers. Figure 7(b) shows that the
normal force coefficients for buffet onset show a slight trend
of increasing with s decrease in altitude (increase in dynaaic
pressure). This result is likely due to the fact that less
horizontal tail deflection {s required to produce the maneuvers
and the loss in lift due to tail deflection is then smaller at

the lower altitudes.
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SECTION 6
STOCHASTIC ANALYSIS TECHNIQUES

The analysis techniques used in this study are compatible
vith American Kational Standard (ANS S2.10-1971) recommended '
methods for analysis and presentation of shock and vibration
data. A quick-look examination was performed on each time-his-
tory measurement to determine the data classification, degrée of -

stationerity, record length, and recoverability.

Measurements
Data reduction was performed on the following data:
1. Shear, bending moment, and torsion at four wing
stations (12 measurements).
2. Two wing-tip acceleroweters (vertical)
3. Two C.G. vertical and one C.G. lateral accelero-
meters. :
4. Pilot seatvertical and lateral accelerometers.
The analysis performed on these items consisted of PSD (includ-
ing an average rms value), cross-PSD, and Probability Density

and vas distributed as follows:

PSD (all items) 779 plots
Cross-PSD (AWO0l and AW002) 7 photographs
Probability Density 126 photographs
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In addition to the plots and photographs, a digital magnetic
tape recording was made of spectral coefficients of all PSD's
and Cross-PSD's. The magnetic tape format (shown in Fig. 8) for
a single PSD consists of two adjacent records; the first record

for identification and the second for raw data.

Special-Purpose Processing

A block diagram of the special-purpose stochastic equipment
is shown in Fig. 9. The FM signal is discriminated to recover
the analog signal. Band-pass filters at 3 Hz and 100 Hz (48 dB
per octave) were used to reject unwanted frequencies and to
minimize aliasing effects on the sampled data. The data is
calibrated at this point and converted to non-dimensional quanti-
ties. The 1/D 100 Analyzer was used to compute the PSD's, cross-
PSD's, and Probability Densities. The stochastic algorithms
utilized by the T/D 100 to perform these functions are discussed
below.

After each PSD ~v cross-PSD was plotted, the spectral coef-
ficients were punched, in ASCII format, on perforated paper
tape. This paper tape was then fed into an SEL-810A mini-com-
puter for transcription to magnetic tape. This was done to in-
crease storage density, for ease of handling, and for speed of

subsequent playback.
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o RECORD 1, 3, §,

cn:oc

9-10
11-19
20
21-27
28-143

“RERE ERR

o RECORD 2, 4, 6, ...,{¥-1)

WORD FORMAT
MASER
0-2 A2
3-103 16
1046-143 1

o RECORD LAST
END OF FILE (M2)

Figure 8.

CONTENTS

KEY, AAAMAA
ITEM ID

TEST TYPE, P FOR PSD AND X FOR
CROSS PSD

RUN 1D

FRAME NUMBER AS 011225.55
LENGTH

CONSTANT AS 2.05+01

Jos

CONTENTS

KEY, BB3BBBB
DATA VALUE
JU

STOCHASTIC DATA TAPE FORMAT
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Auto-Spectral Density (PSD)
The T/D 100 computes the PSD coefficients by first approxi-

mating the complex Fourier transform of the input signal. The

Fourier transform of the time-domain input function x(t) is given

by:

+
G(3f) -/ x(t)(cos 2nft - j sin 27ft) dt (1)

where j -\FHF. Since the time-domain input is sampled and
quantitized in the analyzer, and only a finite number of samples
are available, the finite transform is used, and separated into
its real P(f) and imaginary Q(f) components can be written

as follows:

/T/2
Pp(f) = x(t) cos 2nft dt (2)
T _1/2 i
T/2
Q’r(f) -/ x(t) sin 2#ft dt (3)
-T/2

where T is the length of the input frame, which is assumed to be
centered about time t=0.

Replacing the continuous input, x(t), with a set of 2N+1
discrete samples at intervals of t, = %ﬁ, and replacing the
sinusoidal functions by corresponding values, the continuous

integrals may be expressed as the sum of products:

53

B GO

B

P A—




’-1&

+N
P(kfo) = D x(nto) cos [2 xEotnto)] (4)

n=-N

+N
Q(kf,) = -:E: x(nty,) sin [2 kfo(nto)] (5)

n=-N

where k is a series of 2N integers and fo is the base frequency

1
which is equal to 3T

The PSD coefficients [S(kfo)] are then computed from (4) and

(5) by the equation:

2 2

S(kfy) = IP(ka) +

Q(kf,)

(6)

Cross-Spectral Density (XPSD)
The T/D 100 computes the XPSD (Spg) by simultaneously com-
puting the complex Fourier transform of channel A (Py + 3Qa) ;nd
channel B (PB + jQg) and multiplying the channel A traﬁsform by

the complex conjugate of the channel B transform as follows:
Sap = (P4 + 3Q4)(Pg - iQp)
= PAPg + QaQp + j(PgQy - PAQp) (7)

The spectrum is then separated into its real (SP-AB) and imagi-

nary (SQ'AB) components as follows:

Sp.as ™ PpPg + QxQp

(8)
SQ-AB ™ PpQy + PAQp
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The T/D 100 then puts the 1eal comporent into the channel A output
buffer and the imaginary component into the channel B output

buffer.

Probability Density .

On the T/D 100 the Probability Density of a time-domain in-
put is ascertained by performing an Amplitude Histogram on the
input function. This algorithm counts the number of times that
each of 255 discrete amplitudes occurs at the input. Zero-ampli-
tude occurrences appear mid-scale of the output display with
negative-amplitude occurrences increasing to the left of mid-scale

and positive-amplitude occurrences increasing to the right.

Average rms (¥r)
The average rms of the input signal is calculated from the

PSD coefficients [S(kfo)] by the following equation:

‘/* 2N
v T=™ fo ; S(kfo)
=0

where £, = E%T is the base frequency or analysis bandwidth.
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SECTION 7

DISCUSSION OF RESULTS

This discussion will review the major findings of the inves-

tigation and illustrate each of these findings with appropriate

examples of the stochastic analysis results.

- ¥ The major findings of this study are as follows:

1.

[EN)
*

T W o ot o = -

The structural response of the aircraft to buffet
during moderate-g and high-g maneuvers is very
complex. Almost all natural vibration modes of
the aircraft (symmetric and antisymmetric) can

be excited to a significant intensity level at
some time during the maneuvers.

As a consequence of 1, above, several different

types and locations of instrumentation are needed

to obtain an adequate description of the struc-
tural responses.

Some of the sensors show pronounced changes in
the relative modal contributions to the total
response as penetration (angle ;f attack) beyond
buffet onset increases.

The fluctuating shear and bending moment loads
for the test conditions examined are small in

terms of design loads except near the wing tip.
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5. The wing structural response in torsion is much
larger than aaticipated on the basis of previous
buffet studies , amounting to between 1/3 and
1/2 of the rms values of wing bending response
at high angles of attack.

6. There is some evidence of bending-toirsion
coupling starting at angles of attack between
9 and 12 degrees at Mach numbers of 0.80 and
0.87.

7. The stochastic analysis techniques employed in
this investigation provide useful and consis-
tent sets of data despite the short sample
times and the abruptness of some of the maneu-

vers. Proper interpretation of the analysis

results must include consideration of the ranges
of angle of attack, Mach number and dynamic pres-
sure that occur during the time duration of each

record.

Characteristics of the Structural Responses
During the course of the study apgwoximately 800 power spectral
density plots were obtained. These data have two primary uses.
First they permit identification of the significant modal contri-

butions through comparison with the ground vibration test data
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obtained in the F-111 development program. Second they provide

the data base for future assessment of prediction methods.

Natural Vibration Modes

A summary of measured natural vibration modes of the F-111A
at 26 degrees leading-edge sweep is presented in Table 8. Most
of the values were taken from tests previously conducted on Air-
plane No. 12 which is structurally the same as Airplane No. 13
(Reference 18). A few of the measurements were taken on Airplane
No. 1 and were not repeated on Airplane No. 12 because the parts
and associated structure had not changed (Reference 19). Data
are presented for two fuel loading conditions: fuselage empty,
wing empty and fuselage full, wing empty. Note that the differ-

ence in fuscvlage fuel load affects some of the natural frequencies.

Table 9 presents calculated values of symmetric vibration
mode frequencies obtained using a math model of the aircraft
structure for two gress weight conditions which represent specif-
ic loadings occuring on maneuvers investigated in this study.
These calculated mode frequencies serve the purpose of clarifying
some measured responses which were not clearly identified in the
ground vibration tests because of the close proximity of other

modes.

58

S A S P e e S £ st e e b . o 3 e 1 et -



PAGE 1§

I Pook ¢

89 LS9 €6 7 “ON A311ods

09°¢S 79°96°9Yy ’ ' 1 "oR 2311o0dg
(53591 1 "ON aupjdiry moaj) sapoy 1~jods

8°€9 Buipuag pud 33V

670§ yoI1d

£ Yy nep

LA A Auyipuag 23p3a Buipea
aao019 Suraeioy
8° vy --- 0°SY --- uojsiol .52.3._
£ 82 --- L°ze --- . uol3eloy 12ppny
L1 --- 0°8Z -4- uojsiol [yel 1B21132A
9°6 --- 6°6 --- Suipuag 1381 122133127
1°9¢ ‘S°62 6°0¢ 0°1¢ ‘€ L€ Y 9e ys11d 118l 1®IU0ZTI0H
FAK-1 £ 91 £ s Z°st 13V pue 2104 1¥el 1e3V0ZTIOH
1°¢1 3°¢1 £ €l 9°¢t1 Sujpuag ISIF 1Jel [2IV0OZIIOH
1°9¢ 1°s2 L AL T z°se uoysany SuiM ISa1d
(A --- s Lt 'z9t --- 118l 1e3.0Z1avH-3uly
0°62 A 2°62 6°91 Buypuag puodss JurM

B.O Q.Q m.m O.h w—:_vﬂvn UWQ pue 2ao04 wcd
L8 - .- - wﬂdvdﬂﬂ .—Quuuj 383113 ﬂwﬂuvaﬂm
- Q.@ - 0.0 w:.-_vcﬂn .—ﬂb.—uh0> 38a%4d ﬂwﬂnvm-ﬂ.—
1L | 881 9t s Sujpuag Is21d m__J,
SjIjoumisjiuy SyIjoumnig | oy XISUWASTIUY EXEEELTNES (sasal z1 "ON auejdayy)
— A3dug JujM 1ind Casng A3dug Juim ‘Kadeg ‘asnd apol Jjueujwopaid

zZH - Aouanbaayg

SIOOW NOILVHEIA TVENLIVN VITT-4 QIYASVAW - @ 319Vl

59

RO b



eIt [ 1131 - = NOTRIBY WOTR PUBSEE T ¥
16€°9¢ €L’ e unisan], RuyyM puoaag + Fujpuag yranog aReieseng]| 11
£99° €L €69 L uojsaol 11e 1ejveryaoll ot
f£LL°0¢ 999'0¢ Ruypueg Fuim paIuL]| 6
£.40'92 VES' LY fuypuag puopag (el 1euewyaon] ¢
0L6' 62 790 4 unyelo), Fuym ISAT4! ¢
9 (1181 uojeia] Aupm + Aujpuag aRejasng payull o
10%' 91 0104y ' flugpuag Supm puooeg| ¢
CEL' 9 8ZR' N Rugpuap Supy puooeg ¢ Ruypuag 17l TRPIVERYTIOH] &
Y261 OF6'CLY | 'puag 'sng 'oag + ‘puag Buim '0ag 4 Auipuag 1ie), TPIVORJIOH] ¢
HoL'9 €10 ¢ fluypuag yenyyvap afefasngd 0354 ¢
ey wi'y Bujpuag Furm ISITA) 1
00972, | O0fi"6t -~ T i
¥q1_- AWVIER 4R03p woyadyaonag apoy ‘o
[ Wi - K3vanhady ap

SAOW HOLLVHRIA DINIAWWAR GALVINDIVD - 6 374V




U

Power Spectra

Representative examples of power spectra will be presented
and discussed to illustrate several of the major findings of the
investrigation. All of the ploited PSD's are presented in Appen-
dix B and tabulated PSD data are presented in Appendix C for
future comparisons with predictions.

The power spectra are presented on a consistent semi-log
format in which normalized values of power spectral demsity are
plotted against frequency over the range from 0 to 100 Bz (see
Figure 10{a)). The normalizing factor (scale factor) in each
case is the sum of the spectral estimates at each frequency from
1 to 100 Hz. The scale factor is presented above each plot in
both S.I. units and U.S. customary units (if appropriate). The
values plotted at 0 and 1 Hz are ficticious and are used only to
set the scales for tlie automati: plotting routine that was used
to generate these presentation.. Any data point which falls on
the lower bound of the plot at frequencies other than 1 Hz actu-
ally represents a value below the threshold of the dynmamic range
of the analysis system for the particular analysis. Finally,
although all the power spectra estimates are plotted froa 2 to
100 Hz, the valid upper limit of frequency for each instrumenta-
tion item and flight condition is approximately that indicated

previously in Table 5 because of the flight recorder frequency
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response characteristics. Values for frequencies much above the
limits indicated in Table 5 probably are caused by cross-talk

between recorder channels and should be ignored.

Near Buffet Onset

The particular set of PSD data presented in Figure 10 is for
point 8 of Flight 77, Run S&C-R. The nominal angle of attack is
7.1 degrees and the length of the sample record is two seconds.
The aircraftr is slightly beyond buffet onset at this condition.
The wing shear strain-gage data are presented first for each of
the four wing stations, followed by the wing bending gage and
torsion gage data. The various accelerometer data complete the
presentation for this point. Each plot is annotated with the

vibration mode at which each of the major responses occur.

Examinati a of the shear data shows that at Wing Station 1
the major responses are in the first and second wing bending
wodes, the first fuselage bending mode, the first wing torsion
mode and 1 combined wing-téil mode. ?ﬂ;ther outﬁoard on the wing
some additional wodes cau be identified including the second
antisymmetric wing bending no&e and several hotizoptal;tail pitch
and torsion modes. In addition, the levels of the power spectra
at the higher frequencies increase to’the poiﬁt that tﬁé first J
wing bending and first fuselage vertical bending mode are np

longer the cominant modes at Wing Station 4. ;
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The responses shown by the wing bending gages at each wing
station track the responses shown by the shcar gages at the
corresponding stations, except that at the inboard two stations
the first wing bending mode dominates the responses.

The wing torsion responses are strong at the first wing
torsion frequency with a major contribution occurring also at the
first wing bending frequency. There is some response shown at a
frequency of about 20 Hz which can be attributed to a fuselage
bending mode.

The wing tip accelerometers show responses in most of the
modes already identified from the strain gage sensors plus sever-
al responses at higher frequencies between 40 and 80 Hz. Note

that while the PSD p .ts for the left-hand and right-hand wing

tip accelerometers are similar they are not identical in detail.
The fuselage mounted accelerometers show very little re-
sponse in the first wing tending modes. The two C.G. vertical
accelerometers show very similar responses and the dominant re-
sponse is in a band of frequencies from 40 to 45 Hz which in-
cludes some higher order horizontal tail pitch modes. The other
significant responses are attributable to first fuselage vertical
bending, wing-tail, horizontal tail second bending, first

antisymmetric wing torsion and lower order horizontal tail pitch
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modes. The dominant responses shown by the pilot station verti-
cal accelerometer include the wing-tail, horizontal tail second
bending, first wing torsion, and lower order horizontal tail
pitch modes. Only small responses occur at first wing bending
and first fuselage vertical bending modes. The lateral accelero-
meters at the C.G. and pilot's seat respond at frequencies for
first and second fuselage lateral bending, antisymmetric wing-
tail, first wing torsion, second wing antisymmetric bending, and
horizontal tail pitch modes. Responses are also noted at high
frequencies between 60 and 80 Hz but these are not readily

identifiable modes.

Near Maximum Buffet

From the data just presented it can be seen that thie aircraft
responses just beyond buffet onset are quite complex and many
vibration modes are excited. It is observed that a higher angle
of attack condition where the rms values of response are much

larger, the relative model contributjons change significantly.

Figure 11 precsents the power spectra for point 10 of
Flight 77, Run S&C-R which corresponds to a nominal angle of
attack of 12.2 degrees. Examination of the shear data at Wing
Station 1 reveals a very large response in first wing bending,
some contributions in the wing second bending mode and new major
contributions in the first wing torsion and second antisymmetric

wing bendi.g mode. At Wing Station 2 the contributions due to
82
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first wing bending mode and the second antisymmetric wing bending
mode predominate with significant response occurring ig‘tho hori-
zontal tail pitch modes at higher frequencies. The response in
the wing-tail and rfecond wing bending modes are now small ccm-
pared to the other modes. At Wing Station 3 the first wing bend-
ing response predominates with some response shown in wing second
bending and higher order horizontal tail modes. Relatively small
response is noted at t.e wing first torsion and the second wing
antisymmetric bending frequencies. At Wing Station 4 the peak
power value occurs at the secornd wing antiéymmetric bending fre-
quency with somthat smaller responses in first wing bending, -

wing-tail, second wing bending, first wing torsion, and the
horizontal tail pitch modes.

The wing bending gage data at the four wing stations show
responses that are somewhat different from the shear gages. At
Wing Station 1 the first wing bending mode predcminates with
small responses occurring in first wing torsion, second antisym-
metric wing bending, and two horizontal tail pitch modes. At
Wing Station 2, the first wing bending response is very strong
and a small response is shown for second wing bending. Very
little response is indicated at higher frequencies. At Wing Sta-
tion 3, the first wing bending mode and the second antisymmetric

wing bending mode responses are both large; and significant re-
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sponses occur at second wing bending, first wing torsion, and the
horizontal tail pitch modes. At Wing Station 4 the predominant
mode is the second antisymmetric wing bending mode and smaller
responses occur at first wing bending, second wing bending, first
wing torsion, and the horizontal tail pitch mode frequencies.

A most significant finding of this study is indicated by the
wing torsion responses. At Wing Stations 1, 2 and 4 a small re-
sponse is noted in first wing bending, and the major response is
in a broad band of frequencies varying from about 16 to 35 Hz
with the major peak corresponding to first wing torsion at Wing
Stations 1 and 2 and to second antisymmetric wing bending at Wing

Station 4. This type of response is indicative of a very strong

bending-torsion coupling. No torsion response data were available

at Wing Station 3 for this flight, however, the response is ex-

pected to be similar in modal content to those at the other wing

stations on the basis of responses noted for Flight 79, Run 9R.
The wing tip accelerometer responses for point 10 indicate

that the left wing and right wing may not be receiving the same

type of eécitation. The left wing tip accelerometer shows a

broad band of response bc.ctween 40 and 80 Hz, a fairly large peak

in a horizontal pitch mode at about 37 Hz and smaller peaks in

the first wing bending mode and a lower order horizontal tail

pitch mode. The right-hand wing tip accelerometer response shows
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peaks in a wing-tail mode, second wing bending and second anti-

symmetric wing bending mode in addition to the peak in first wing
bendir.; and the broad band of responses between 40 and 80 Hz.

The respornses in first wing torsion are not large for either tip
accelerometer which is somewhat surprising in view of the strong
response indicated at Wing Station 4 on the right-hand wing.

The two vertical C.G. accelerometers show about the same
responses with the major excitation occurring at the second anti-
symmetric wing bending mode and the horizontal tail pitch modes.
Some significant response occurs at higher frequencies between
70 and 100 Hz. The pilot's seat vertical accelerometer shows a
moderate response in a band including first wing bending and
first fuselage vertical bending, and major responses in second
wing bending, first wing torsion, second antisymmetric wing bend-
ing, and the horizontal tail pitch modes. The largest peak is at
the second antisymmetrical wing bending frequency.

The lateral accelerometer at the pilot's seat has majo.
responses at the second fuselage lateral bending, second anti-
symmetric wing bending, and a high order horizontal tail mode
with only moderate responses in the first fuselage lateral bend-
ing mode and a wing-tail mode. The responses of the C.G. lateral
accelerometer are similar in modal content to those at the pilot's
seat except the wing-tail and second fuselage lateral bending

modz responses are much smaller.
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Interpretations
The right wing exhibits large responses in several modes and

in particular undergoes a strong bending-torsion coupling. The
C.G. and gilot seat accelerometers respond primarily at frequen-
cies above 16 Hz despite the fact that large wing resgonses are
noted at lower frequencies. A significant amount of the wing
excitation occurs in antisymmetric modes despite the fact that
the maneuver is nominally a symmetric maneuver. Further inves-
tigation brought out the fact that points 9 and 10 each include

a brief roll disturbance and recovery. Figure 12 shows the

roll-rate time history of the maneuver under study. After initial
entry into the wind-up turn the roll-rate decays in a slightly
oscillatory manner and just after 18 seconds a small spoiler in-
put drives the roll rate positive. The rate decays rapidly to
near zero and then just after 22 seconds another small Spoilér
input again drives the roll rate positive. Referring back to the
other time histories in Figure 5(b)it can be seen that each spoiler
input is preceded by a change in character of the torsion re-
sponses. This fact is particularly evident just before 22 sec-.
onds. In the sideslip angle trace in Figure 5(e)it can be seen that
some oscillation occurs. All of these indications point to the
occurrence of mild wing rock which possibly induces fhe antisym-

metric responses noted in Figure 11.
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It is appropriate now to review information learned so far
First, the structural responses during maneuver well into buffet
are complex. Many of the natural vibration modes of the aircraft
are ¢xcited and develop significant responses. Second, several
different types of sensors and sensor locations are required to
obtain an adequate description of the aircraft structural re-
sponses. Third, the modal content of the responses can change
significantly as the pemnetration beyond buffet onset increases.

As a consequence of these three findings it appears unlikely
that a simplified prediction method will produce accurate
estimates of buffet loads and accelerations, but there is a need
to assess how severe the buffet loads and accelerations are before
making any judgment on what degree of accuracy may be needed.

Magnitudes of the Structural Responses

The complexity of the modal responses makes it difficult to
comprehend the variations in magnitude of the structural responses
by attempts to compare mode by mode. Therefore, the concept of
root-mean-square (rms) values is used for this purpose. By summing
the magnitudes of the power spectra over a range of frequencies
and taking the square root of the sum, a measure of the total
response for each item of instrumentation is achieved.

In the following discussion the rms values are evaluated over

the frequency ranges from 1 to 50 Hertz or from 1 to the limit of
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recorder response if less than 50 Hertz for a particular item,
If rms values over a different frequency range are desired they

can be calculated using the tabulated PSD data presented in

NASA CR 152111.

One purpose of the rms analysis was to investigate effects of
Mach number and altitude on the magnitudes of the responses. To
do so, first the results of the wind up turn at M=0,70 are examin-
ed, followed with comparisons of the data for the three M=0.80

maneuvers, and ia tly, with comparisons of the three maneuvers

at M=0.87.

"M=0,70 Results

Figures 13 through 15 present the wing strain gage responses %
at each of the four instrumented wing stations., The rms values |
are plotted at the nominal angles of attack previously assigned é
in Table 7 (remember, however, that each data point represents
data taken over a discrete interval of time and therefore a range
of angles of attack), The curves shown in Figures 13 through
15 show a remarkable consistency in the variations. In every
case the trend with angle of attack is similar., In particular
an inflection occurs between 11 and 12 degrees nominal angle of
attack., Referring back to Figure 6(a) it can be seen that an
inflection also occurs in the variation of angle of attack with

time, The implication is that a wing panel leading-edge stall
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has occurred. Figures 13 and 14 show that the rms values of

shear and bending moment decrease rather abruptly beyond 11 degrees
and then rise again somewhat., Figure 15 shows that the torsion
values tend to remain nearly constant above 11 degrees. Inspection
of the PSD data for this maneuver (NASA CR-152110) revealed

that between 11 and 12 degrees there is a shift in bending moment
response from the first wing bending mode to higher frequency
bending modes, particularly outboard on the wing. Finally the

time histories for the right-hand wing spoilers presented in the
Appendix  show that a small and short duration spoiler deflection
occuré just after the time sample associated with the data poinc
represented at 11 degrees angle of attack. All this evidence
points to a mild wing rock occurring during development of the

leading-edge stall.

Figure 16 presents the accelerometer responses obtained
during the wind up turn maneuver of Flight 48, Run 6. Figures
16(a) through 16(d) show the vertical accelerometer responses at
the right-hand wing tip, the center of gravity and the pilot's
seat, The similarity of the trends in variations of the re-
sponses with angle of attack is again noted. All the vertical
accelerometers show an inflection occurring between 11 and 12
degrees just as the wing strain gage responses did. The struc-

tural characteristics of the aircraft are such that a significant
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reduction in rms magnitudes of the response occurs between ihe
wing tip and iie center of gravity and a furtler reduction occurs
between the center of gravity and the pilot's seat.

Figures “6(e) through 16(h) present the vertical sccelero-
meter responses for both the right and left hand wing tip and
the lateral accelerometer responses at the pilot's seat and the
center of gravity. Comparing Figures 16(e) and 16(f) it is seen
that the responses at the two wing tips are similar at the lower
angles of attack and then diffe. somewhat at the higher angles

of attack. The differences may be attributed to a slightly

different progression of flow separation on the two wings which
is accentuated by the spoiler deflection on the right hand wing
between the data points shown for 11 and 12 degrees angle of

attack.

Figures 16(g) and 16(h) show tnat the lateral accelerations
are small at the pilot's seat and particularly so at the center

of gravity.

M = 0.80 Results

Figures 17, 18, and 19 present the wing strain gage re-
sponses and Figure 20 the accelerometer responscs for the three
maneuvers performed at approximately M = 0.80 but at different
altitudes. Four sets of data are shown because borh one-second

and two-second samples wer: analyzed for the wind up turn maneu-
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‘ver of Flight 77, Run S&C-R. These are shown on the plots as the

circles and squares, respectively. These results will be discussed

first before considering the responses for‘the other maneuvers.
While the one-second and two-second data are generally similar
in magnitude, some differences do exist particularly in the.high«
angle of attack region at about 12 degrees for the shear and
bending moments. The fact that a mild wing rock occurs during
this maneuver has previously been discussed under tha power

spectral density analysis. It is apparent that the two-second

samples tend to smooth the variation of response with angle of
attack for Wing Stations 1, 2, and 3, but there is little dif-
ference at Wing Station 4. The tcrsional responses tend to be
more nearly the same for the one-second and two-second sample

data at each angle of attack.

The general trends of the variations in response with angle
of attack are different from the trends at M = 0.70 in two ways.
First buffet onset occurs at lower angle of attack (about 5 de-
grees) which is expected for this particular wing leading-edge
sweep. The initial flow separation is shock-induced at this

condition. Second, the increase in the responses with angle cf

attack is generally more gradual even though the maximum measured

rms values are much larger than those at M = 0.70. Comparison

ot the shear and bending moment response magnitude variations
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with wing station indicate that the flow separation is primarily
outboard of Wing Station 2, since there is little change in rms
values of shear between Stations 1 and 2 but a large change in
rms values of bendinz moment between those stations. The torsion
responses at Wing Stations 1, 2, and 4 all have maximums at about
12 degrees angle of attack and then decrease, wﬁereas at M= 0.70
the torsion data indicated a nearly constant response level at
high angle of attack. Torsion data are not available at Wing
Station 3 for Flight 77.

The vertical accelerometer responses shown in Figures 20(a)

through 20(d) show little difference in the right-hand wing tip
accelerations for the one- and two-second samples, fairly signif-
icant differences for the center of gravity measurements and

smaller differences for the pilot's seat measurements.

The wing tip responses are three times larger at M = 0.80

than they were at M = (.70, whereas the center of gravity re-
sponses and the pilot seat responses are about twice larger.
The variations with angle of attack are similar to each other

with peak magnitudes occurring at about 12 degrees.

Figures 20(e) and 29(f) show the accelerations a. the right-

hand and left-hand wing tips in a side-by-side presentation to
allow comparison by inspection. Note that the variations with

argle of attack and the peak magnitudes are generally similar for
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beth wing tips for Flight 77, Run S&C-R, but the left-hand wing
shows somewhat more response than the right-hand wing at the
highest angle of attack.

Figures 20(g) and 20(h) present the lateral acceleration

responses at the pilot's seat and the center of gravity, tESpec-

tively. For this maneuver the responses show similar trends with

angle of attack and the magnitudes are nearly the same at the two

locations. The lateral accelerations also peak at about 12 de-

grees angle of attack, and are about one-fourth of the value of

the vertical acceleration at the center of gravity and one-third

the values of vertical accelerations at the pilot's seat.. The
peak magnitudes of the lateral accelerations are about 3 times
the values at M = 0.70.

Summarizing the differences between responses obtained dur-
ing the wind up turn maneuvers at M=0,70 and M=0,80 it was found
that the differences ir flow separation conditions leads to buf-
fet onset at lower angle of attack at M = 0.80, and more gradual
increases in the responses with angle of attack. The minimum
measured responses, however, are much larger than those measured
at M = 0.70 and cannot be explained solely on the basis of the
increase in dynamic pressure.

Next,the effects of altitude (or dynamic pressure) on the

responses are examined, . Figures 17 through 19 also present
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wing strain gage data and Figure 20 the accelerations for two
pull up maneuvers performed at approximately M = 0.8 — one at
about 3800 m and the other at about 1500 m. Data for these
maneuvers are shown as triangles and diamonds, respectively. 1In
general the responses for the lower altitude maneuvers are higher
for a given angle of attack. A cursory examination of the bend-
ing moment and torsion responses indicates the magnitudes are
approximately related between the two pull up maneuvers by the
dynamic pressure values. Since the power spectra indicate the
bending moment responses for the two inboard stations are pre-
dominantly in the first wing bending mode, one can apply the
simple linear elastic system analysis described in Reference 20.
That analysis indicates that damping is (1) primarily structural
if the response relationship is a direct function of dynamic
pressure or (2) primarily aerodynamic if the relationship is a
square root function of dynamic pressure. The measurements dis-
cussed above would indicate that structural damping predominates
in the first wing bending mode for the two high-g pull up maneu-

vers at M = (.80,

It is obvious that the response data for the wind up turmn
do not belong to the same family of curves as the data for the
two pull up maneuvers. There are several pertinent factors which

can alter the response such that the expected relationship did not
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apply. First the difference in pitch rate between the wind-up
turn and the pullups is a possible cause. Second, the gross
weight for the wind-up turn was much lower than those for the
pullups. Third is the fact that the wing has a different
aeroelastic shape (twist distribution) for each maneuver altitude
and the progression of flow separation can be significantly diff-
erent. This aspect of the problem will be explored further as
we examine the higher Mach number results.
M ~ 0.87 Results

Figures 21 through 24 present the wing strain gage and
accelerometer responses for the three maneuvers performed at Mach
numbers of about 0.87. Because these maneuvers were all rather
abrupt, the rms magnitudes of response were expected to be similar
in trend with angle of attack and to correlate with altitude. How-
ever, that did not happen. The results of the roller coaster
maneuver performed at high altitude will be examined first, follow-
ed by further examination of the effect of Mach number on the var-
iations of response with angle of attack.

The maximum magnitudes of shear and bending moment response
are about the same 1s those measured at M=0,80 but the values
for torsion response ar: somewhat lowr., There is an indication

that a peak might occur in some of the responses just above the
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last data point or at about 15 degrees angle of attack. The
accelerations are in general lower than at M = 0.80 and do not
peak in the angle of attack range measured.

Turning now to the data ror the pullup performed at about
3700 m which are represented by square symbols in Figures 21
through 24, it ¢m he seen that, in general, the variations in response
are similar to those for the roller coaster maneuver. The higher
initial levels of response are caused by the fact that the wing
was in buffet even at trim conditions for 1l-g flight. It is
interesting that the change in slope of the responses still
occurs above 9.3 degrees angle of attack. At the higher angles
of attack the magnitudes of response for the shear and bending
moments are slightly smaller than those for the roller coaster
maneuver despite the fact that the dynamic pressure is much
larger. The fuselage vertical accelerations follow a similar
trend but the wing tip accelerometer responses are slightly higher
than those for the ruvller coaster maneuver.

Data for the pullup maneuver performed at 1500 m are pre-
sented as triangles in Figures 21 through 24. Because this
maneuver was so abrupt only three points are shown, one at l-g
trim conditions and two at high angle of attack. The wing strain
gage responses at high angle of attack are larger than can be

accounted for by a dynamic pressure effect. The probable cruse
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is the fact that the Mach number is about 0.04 lower than the
other maneuvers at this angle of attack. The accelevometer re-
sponses are only sligh%ly higher than those for the other pullup
maneuver.

When the responses for the three maneuvers are compared, it
is again obvious that they do not correlate with altitude. In this
comparison, two of the three factors mentioned in the discussion
of the M=0.80 comparisons have been mirimized., The pitch rates
are more nearly the same for the present comparison and the gross
weights are also nearly the same. As a consequence we must
attribute the anomalous trends with altitude primarily to differ-
enc:; in aeroelastic deformation of the wing which can cause

significantly different shock patterns and thus differences in

the progression of flow separation with angle of attack.

Summary Analyses
Before moving on to a discussion of the significance of the
measured responses with respect to design loads, a brief review of

what has been learned about the effects of Mach number is in order.

Figure 25 presents comparisons of the shear,bending moment and

torsion responses at Wing Station 1 and the pilot's seat verti-
cal accelerometer responses as functions of angle of attack

for each of the three high altitude maneuvers. Three features

of these comparisons are of particular interest.
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First is the different response variations with angle of
attack as Mach number increases. At M = 0.70 the variation is
typical of that produced by leading-edge flow separation, which
starts outboard on the wing and then progresses rapidly across
the wing as angle of aftack is increased. The peak response
apparently occurs when the progression is completed. At M = 0.80
the variation is represertative of shock-induced separation under
conditions where the outboard shock is located very near the
crest of the airfoil and moves ahead of the crest as angle of
attack is increased. At M = 0.87 the variation is representative
of a shock induced separation in which the outboard shock is weil
aft of the crest at low angle of attack and then moves forward
slowl& with angle of attack until the shock passes forward of the
crest.

Second is the fact that the torsional responses tend to peak
and the angle of attack for the peak increases as Mach number in-
creases. This behavior may be a manifestation of the breakdown
of the flow from a shock-induced separation to a leading-edge
separation at the higher Mach numbers as described by Pearcey
in Reference 21.

Third is the fact that the pilot's seat vertical accelero-
meter response tends to track the wing torsion response more so

than it does wing shear or bending responses both in terms of
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curve shape and relative magnitudes. This finding could lead to
a whole new approach to predicting pilot's seat response if the
same trends continue for other wing sweep angles. In any event,
it indicates that scaling of the first wing torsion frequency, in
addition to the first wing bending frequency,may lead to more
accurate predictions of full-scale responses from small-scale

wind tunnel model measurements.

Normalized Accelerometer Responses

In order to gain a perspective of the relative magnitudes of
the accelerometer responses during buffet, the maximum measured
responses were normalized by the maximum maneuver load factor for
each maneuver. The normalized responses are presented in Figure
26. The various symbols designate nominal values of altitude and
the Mach number values represent the average Mach number for each
particular data sample. The analysis shows three pertingnt
results.

First, the relative responses at high altitude are larger
than those at lower altitudes. This result was expected since
the aircraft must operate at hicher angle of attacx for a given
load factor and therefore penetrates farther above buffet onset

at high altitude than it does at low altdtude.
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Second, the maximum relative response for the wing tip and
pilot's seat vertical accelerometers increases with Mach number,
reaches a peak between 0.80 and 0.85 Mach number and then de-
creases again whereas the center of gravity response coﬂtinues to
increase at high altitude. As a consequence, the center of
gravity response is probably not the best measurement to use as
an indicator of buffet intensity effects.

Third, the structural arrangement of the aircraft is such
that response levels dttenuate considerably between the wing tips

and center of gravity and also attenuate betwean the center of

gravity and the pilot's seat. A major factor contributing to the

attenuation is the fact that very little response is excited at
those two fuselage locations at the low frequencies associated

with the first symmetric and first antisymmetric wing bending

modes with the wing sweep set at 26 degrees.

Normalized Wing Buffet Loads
One of the key questioris that was to be answered by this

investigation was just how significant are the buffet loads

encountered in high-g maneuvers, It was possible to obtain an
answer to this question for the wing shear and wing bending loads
because M=.88, App=26 was one of the anticipated limit loading

conditions for the structural design of the aircraft and detailed
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analyses of the "steady" (mean) loads produced during the Loads
Demonstration Program for the F-111A aircraft. The wing torsional
moment at this same condition is not a critical loading for the
F-111A aircraft. The maximum rms values of shear and bending
moment measured at each wing station during tle three maneuvers
performed at about M=0.86 hnave been normalized on the basis of

the design load factor ''steady'" airloads for the specific dynamic

pressure values associated with the measured buffet loads. The
"steady" airloads were obtained from an analysis presented in
Reference 22 in which values of shear and bending moment per unit

dynamic pressure were plotted against dynamic pressure for A=26°,

M=0,88.

The results of this analysis are presented in Figure 27
wnich shows the spanwise variations of normalized maximum shear
and bending moment buffet loads. The symbols designate the
different maneuvers. The plots show that there is an important
spanwise variation of buffet loading and that the highest rela-
tive values occur at the most outboard measuring station. The
effect of altitude is essentially similar to that for the accel-
erometer responses. At high altitude the dynamic response is a
larger percentage of the '"steady'" airload than at lower altitudes.

While the relative buffet loads are small they are not insignif-

icant.
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SECTION 8

CONCLUDING REMARKS

This investigation has provided some valuable new information
about aircraft structural response to aerodynamic buffet at sub-
sonic and transonic speeds. In particular,it was found that the
structural response to buffet during moderate-to-high-g maneuvers
is very complex. Nearly all the natural vibration modes of the
aircraft,both symmetric and antisymmetric,are excited during a
maneuver. As a consequence, an extensive array of instrumentation
is needed to obtain an adequate description of the structural re-
sponses. As the penetration (angle of attack) beyond buffet on-
set increases, significant changes in the modal contributions to
the totzl roct-mean-square responses can occur. Therefore, no
single vibration mode can be selected as an indic;tor of the
variation of buffet intensity during a maneuver.

In general, the fluctuating shear and bending moments on the
wing are small except near the wing tip where the rms values
approach 15 to 20 percent of the design 'steady" loads. The rms
values of torsion response are higher than expected on the basis
of previous buffet studies and amount to between 1/3 and 1/2 of
the corresponding wing-bending response values. Some evidence

of strong wing bending-torsion coupling was obtained at high
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angle of attack at transonic flow conditions.

The effects of Mach number on the variations of wing responses
with angle of attack were about as expected from previoug buffet
studies. At M = 0.70 the progression of response intensity with
angle of attack is quite rapid and reaches a peak about four de-
grees after onset and then decreases. At M = 0.80 onset occurs
at a lower angle of attack than at 0.70. The progression is
somewhat less with angle of attack but the maximum measured
values are significantly larger and occur at the highest angle
of attack. At M= 0.87 onset occurs at a still lower angle of
attack than at 0.80. The initial rate of increase of response
is low for several degrees and is followed by a larger rate of
increase such that the maximum measured values are about the same
as those measured at M = 0.80.

Attempts to correlate the responses at the various alti-
tudes as funcctions of dynamic pressure generally failed.
There is an indication that damping in the first wing bending
mode is primarily structural at low altitude but not ac higﬁ
altitude where the "steady" air loads are much smaller in ab-
solute magnitude. On the basis of the limited data available
it was concluded that the differences in "steady' aeroelastic
deformation (twist) of the wing alter the progressior of fiow
separation as angle of attack is increased at the &ifferent

altitudes.
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J. G. Jones has shown in Reference 23 that the "apparent
damping" in the first wing bending mode is highly nonlinear with
angle of attack for a small fighter aircraft. It is possible
then that the variations in the aerodynamic damping with angle of
attack are different for the F-111 wing at different altitudes
due to the differences in twist distribution. That situation
could account for the inability to correlate the effects of
altitude with functions of dynamic pressure. ‘

It is now appropriate to review what impact the results of
this investigation might have on future flight programs to inves-
tigate buffet characteristics and also on the development of

methods to predict structural responses to aerodynamic buffet.

First, with respect to future flight programs, it is clear
that a significantly larger array of instrumentaticn is needed to
adequately assess aircraft structural response than has been used
on most previous flight programs. In addition the sensitivities
of strain-gage-bridges used to measure buffec loads should be
significantly larger thén those used to measure total aircraft
loads in order to obtain an optimum signal-to-noise rat:o for

processing the dynamic data. In-flight measurement of the
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fluctuating pressures and the aercelastic deformations of the
wing could considerably enhance the value cof flight measu+ements
of buffet characteristics that are to be compared with predictions.
The twist distributions are of primary interest although chordwise
deflections at several span statiuns would be of significant

value if fluctuating pressure measurements are obtained in addi-
tion to loads and accelerations. |

All measurements that are pertinent to a buffet analysis
should be recorded on FM tape recor-ders and subchannel recording
frequency limits should be no lower than the second winy torsion
frequency. If leading and/or trailing edge flaps are a part of
the configuration, frequencies associated with flap modes should
also be within the recorder frequency limits. Finally, it is reco-
mmended that very gradual windup tuin maneuvers be used to acquire
buffet measurements so that sample times will be adequate for
statistical analyses.

Second, with respect to development of prediction mett..ds,
one must consider the objective of the prediction. If it is
desired to obtain detailed estimates of the aircraft vibrational
envircnnent due to buffet, i.e., loads, accelerations, and dis-
placements, then the predicticn method should probably include
considerations of all aircraft symmetric and antisymmetric vibra-

tion mcdes up to and including that associated with second wing
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torsion. If the objective is to obtain ccmparative rms accelera-
tions at the pilot's seat at different flight conditions, it
would probably be sufficient to consider symmetric and antisym-
metric modes up to and including first wing torsion and symmetric
and antisymmetric wing-fuselage-horizontal tail modes in the
range of frequencies covered by the wing modes. The horizontal

tail modes appear to be particularly important with respect to

damping of the fuselage motions.

5 143

SR vl - -k

LI e

-



o e ey e o

10.

o — i 1 e s o <

REFERENCES

Coe, C. F., "The Effect of Model Scale on Rigid-Body Unsteady
Pressures Associated with Buffeting,'" Proceedings of Sympo-
sium on Aeroelastic and Dynamic Modeling Technology, USAF
(RTD TDR-63-4197, Part 1I), March 1964.

Ray, E. J., and Tayior, R. T., Buffet and Static Aerodynamic
Characteristics of a Systematic Series of Wings Determined
from a Subsonic Wind Tunnel Study, NASA TN D 5805, 1970.

Ray, E. J., Techniques for Determining Buffet Onset, NASA TM
X-2103, November 1970.

Hanson, P. W., Evaluation of An Aeroelastic Model Technique
for Predicting Airplane Buffet Loads, NASA TND 7066, Febru-
ary 1973.

Friend, E. L., and Monaghan, R. C., Flight Measurements of
Buffet Characteristics of the F-111A Variable Sweep Airplane,
NASA TM X-1876, 1969.

Fischel, J., and Friend, E. L., Preliminary Assessment of
Effects of Wing Flaps on High Subsonic Flight Buffet Charac-
teristics of Three Airplanes, NASA TM X-2011, 1970.

Friend, E. L., and Sefic, W. J., Flight Meas:~ements of Buf-
fet Characteristics of the F-104 for Selected Wing-Flap De-
flections, NASA TN D 6943, August 1972.

DeAngelic, M. V., and Banner, R. D., "Buffet Characteristics
of the F-8 Supercritical Wing Airplane,'" Paper 7 in Super-
critical Wing Technology. A Progress Report on Flight Evalu-
ations, NASA SP-301, 1972.

Margolin, M., and Chung, J. G., "F-105F Transonic Buffet
Study and Effect of Maneuvering Flaps, Air Force Flight Dy-
namics Lab, Tachnical Report AFFDL-TR-69-37, July 1969.

Ticiriga, A.. Jr., F-5A Transonic Buffet Flight Test, Air

Force Flight Dynamics Lab, Technical Report AFFDL TR-69-110,
December 1969.

144

g o s
Bl g Pl



ke e
r

- s

e BRI RLOG, f ARETTRS T e 43 4 ST

T, ~A S LTSN W i

11'

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES (Cont'd}

Cohen, Marshall, Buffet Characteristics of the Model F-4 Air-
plane in the Transonic Flight Regiwe, Air Force . light Dynam-
jcs Lab, Technical Report AFFDL-TR-70-56, April 1970.

Emerson, E. R., F-106A Transonic Buffet Flight Test, Air
Force Flight Dynamics Lab, Technical Report AFFDL-TR-70-87,
June 1970.

Mullans, R. E., and Lemley, C. E., Buffet Dynamic Loads Dur-
ing Transonic Maneuvers, Air Force Flight Dynamics Lab,
Technical Report AFFDL-TR-72-46, Septembet 1972.

Anon., Turbulence Study of A Transonic Wind Tunnel and an
Analysis and Tests of Aircraft Response to Turbulence, North
American Aviation, Inc., Columbus Division, Report NA 63H-
636, 1 October 1964.

Mayes, J. F., Lores, M. E., and Barnard, H. R., Transonic
Buffet Character’stics of a 60 Degree Swept Wing with Design
Variations, AIAA Paper No. 69-793.

Damstrom, E. K., and Mayes, J. F., T.ansonic Flight and Wind
Tunnel Buffet Onset Investigation of che F-8D Aircraft —
Analysis of Data and Test Techniques, AIAA Paper No. 70-3241.

Post, J. P., Botman, M., and Bemnett, R. V., An Analytical
and Experimental Study of Aircraft Response to Buffeting,
North American Aviation, Inc., Columbus Division, Report
NA 60H-742, 6 September 1961.

Nevius, H. E., F-111A Ground Vibration Test No Wing Stores
(Airplane 12), General Dynamics' Fort Worth Division Report
F2S-12-167, 5 August 1966, and Supplement 1, 1 August 1967.

Nevius, H. E., F-111A Ground Vibration Tests No Wing Stores
(Airplane 1-11), General Dynamics' Fout Worth Division
Report F2S-12-060, 1 March 1965.

Huston, W. B., Rainey, A. G., and Baker, T. F., A Study of

the Correlation Between Flight and Wind Tunnel Buffeting
Loads, NACA RM LS55El16b, July 1955.

145

Y T



. - Y g
Voo T -

e

REFERENCES (Cont'd)

21. Pearcy, H. H., "Some Aspects of the Physical Nature of Tran-
sonic Flow Past Aerofoils and Wings,'" Symposium Transonicum,
Springer-Verlag, Berlin, 1962, pp. 264-275.

22. Kerr, G. W., &1d Gish, S. K., F-111A 1007 Flight Loads Pro-
gram Results: Volume I — Balanced Symmetric Maneuver and
Miscellaneous Component Loads Without External Stores,
General Dynamics' Convair Aerospace Division, Fort Worth
operation Report FZS-12-1039, Volume I, 13 March 1973.

23. Jones, J. G., A Survey of the Dynamic Analysis of Bufreting
and Related Phenomena, Royal Aircraft Establishment (Farn-
borough, England) Report TR 72197, February 1973.

146

Lo A T A, S B ¢ 51

- 4t e e o e e



e o ———. W <= W PTR—— Crsstere <ae et Aoz on o

APPENDIX

TIME HISTORIES OF INSTRUMENTATION OUTPUT

In this Appendix time histories of the instrumentation output

are displayed in analog form for the following maneuvers:

Figure Flight Run Maneuver i
A-1 48 6 Windup Turn %
A-2 78 5 Pullup
A-3 79 9R Pullup ;
A-4 6C 10 Roller. Coaster %
A-5 78 4 Pullup 5

A-6 70 2 Pullup k

The time histories for the Flight 77, Run S&C-R windup turn maneu-
ver are presented in the main body of the report.

Each set consists of several records and each record contains
the output from several instrumentation channels. The top channel
on each record shows the output for thé same item - AW002, the R/H
wing tip acceleromefer (except Figure A-3 which has DHOOlC, angle
of attack). The particular groupings of items presented are those

used in the study and scme items appear more than once. The flight

B T w4

time (actually frame number) which is the correlating item appears
at the lower boundary of each record. Each second is indicated

by a tick in the time trace.
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Figure A-6, TIME HISTORIES OF INSTRUMENYAT ION OUTPUT
FOR PULLUP, FLIGHT 70, RUN 2
174
%‘ - -

e




B

Ny
L1
L

Tiw

wt

e

TR

ORIGINAL PAGE 1)
7k POOR QUALITY

. commmmm—— o1 mace ass ST PRI VLS RXRSIA e ool T o0, VRIS -
' - AL "
S Wl %
} SRS S e W ‘ L . €
+ 'Lv ) M"»v"-‘,"‘(.':-‘:-.‘-:;‘ff.‘----~rll'r .
. . [ ' . .
:.’”'1:..,:.:..1;‘ e, f e . M . . LIRS
— e [ M -
oy . e
[ :
G e . . ,_/% .
ceed ' P,
N ;
! B ,-{ v
c b s o
L | LA
a0
Qb
. ’ —: - % Ny
T e :
‘ e
Q

[, ’
N —— -
4
-
- -
-4
1]
[ R
-
e CXRT 1 88

(b)

Figure A-6, Continued
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Figure A-6, Continued
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