
APRIL 1971 DOUBLE-OBLIQUE-SHOCK SCRAMJET 263

enthalpy of the flow is to be increased by heating the shock
tunnel driver section.
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Transonic Flight and Wind-Tunnel Buffet Onset
Investigation of the F-8D Aircraft

E. K. DAMSTROM* AND J. F. MATES!
LTV Aerospace Corporation, Dallas, Texas

Flight and wind-tunnel tests of the F-8D aircraft were conducted within Mach 0.72 to
0.92 to establish the proper interpretation of various wind-tunnel data in predicting flight
buffet onset. The divergence of the root-mean-square wing bending moment fluctuation
agreed best with the flight onset defined by ±0.05g peak-to-peak fluctuation of normal ac-
celeration at the center of gravity. Buffet onset trimmed lift coefficient was increased ap-
proximately 0.08 when ±0.05g normal acceleration fluctuation at the pilot station, rather than
center of gravity, was used to define flight onset. The flight test data analysis disclosed an
interesting decrease of the predominant frequency of acceleration fluctuation with increasing
trimmed lift coefficient during the maneuver. Analysis of flight data suggested that the g
level, as well as frequency and amplitude of g fluctuation, should be considered if buffet in-
tensity is to be related to pilot functional capability.

C.g.flt
C.g.wt
CA
CL

Nomenclature

= wing mean geometric chord, excluding leading-edge
chord extension (141.4 in., full scale)

= flight center-of-gravity location, fraction of c
= wind-tunnel moment reference location, fraction of c
= axial force coefficient, axial force/(<?oo/S)
= lift force coefficient, liit/(qmS)
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= pitching moment coefficient, pitching moment/
(q^Sc) (ref . about 0.286c)

= wing trailing-edge pressure coefficient, (P — Poo)/Cp

g = gravitational acceleration unit
NY = lateral acceleration, g
Nz — normal acceleration, g
P = wing trailing-edge static pressure, lb/ft2

Poo = freestream static pressure, lb/ft2

#00 = freestream dynamic pressure, lb/ft2

RN/L = freestream unit Reynolds number, ft"1

S = reference area, wing area excluding leading-edge chord
extension (375 ft2, full scale)

x/c = chordwise station measured from leading edge of wing,
including leading-edge chord extension, fraction of
chord

i/ /(6/2) = spanwise station measured from plane of symmetry,
fraction of semispan

a. = angle of attack of fuselage, deg
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AJV = peak-to-peak fluctuation of acceleration N, g
o-rms = rms wing bending moment fluctuation, in.-lb

Subscripts
e.g. = flight center of gravity
L = lower surface
OFF = horizontal tail off
ON = horizontal tail on
PS = pilot station
TRIM = trimmed
U - upper surface

I Introduction

INCREASED attention is being given to studies of buffet
characteristics to meet the design requirements for future

aircraft. Because of the complexity of the buffet problem it
is not easily amenable to theoretical solution. Therefore,
most previous investigations have involved wind-tunnel tests
to predict buffet onset and to provide some indication of
buffet intensity. The most recent and best controlled wind-
tunnel investigation to determine the effect of wing geometric
parameters such as aspect ratio, sweep, thickness ratio,
maximum thickness position, and camber is described by Ray
and Taylor.1 Perhaps Pearcey2 presents the most complete
coverage of the buffet problem. Until recent years, the
classical approach throughout industry was to use the di-
vergence of CL vs a as the buffet onset criterion. However,
the stringent maneuverability requirements of future air-
craft in the high subsonic regime near Mach 1.0 dictate an
improved definition of the buffet characteristics which will
occur during flight. As a result, considerable emphasis is
now placed on obtaining the various types of wind-tunnel
data which provide a more reliable indication of boundary-
layer separation on the wing surface of sufficient magnitude
to cause buffet. Present wind-tunnel testing techniques,
therefore, include strain-gage measurements of wing bending
moment fluctuation, static pressure measurements along the
wing trailing edge, and flow visualization, such as oil flow
photographs, in addition to the usual force and pitching
moment measurements. (These wind-tunnel measurements
have been treated by Mayes, et al.3)

An understanding of the relationships between the various
types of wind-tunnel data is helpful in the interpretation of
the data with regard to flow separation on the wind-tunnel
model. Since flow separation is the source of buffet, wind-
tunnel data alone are sufficient to establish if a change in wing
design is favorable from a buffet standpoint. The applica-
tion, however, of the wind-tunnel data to a flight aircraft
requires some means of accounting for the effects of flight
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Reynolds number and airframe structural dynamics, effects
which cannot be simulated adequately during a wind-tunnel
test. In the absence of a suitable technique for establishing
these effects, both flight and wind-tunnel tests of the F-8D
aircraft were conducted so that data from these tests could be
used as a basis for future predictions. The flight test program
involved measurements of normal acceleration at the e.g.
and both normal and lateral acceleration at the pilot station.

The LTV flight and NASA-Langley wind-tunnel test
programs for the F-8D aircraft are presented in the following
sections. The instrumentation required to obtain usable
data is discussed and the analysis of these data and test
techniques are presented.

II Flight Test

The No. 1 F-8D (Bu. No. 147035) was used to obtain the
flight buffet data. The primary objective of the test was to
measure the small peak-to-peak acceleration fluctuations
sensed by the pilot, so that the buffet onset lift coefficient for
±0.050 peak-to-peak fluctuation of normal acceleration at the
e.g. or pilot station could be established. Additional objec-
tives of the flight test were a) to assess the effect of fuselage
flexibility on the normal acceleration fluctuations at the pilot
station, as compared to the fluctuations at the e.g., and b) to
investigate the dependence of the predominant frequency of
normal acceleration fluctuation on the normal g level, or
trimmed lift, in the buffet region. Lateral acceleration
measurements at the pilot station provided additional data
for buffet analysis. The data were obtained with no leading-
edge droop (undeflected leading-edge flaps), and with no
stores or pylons. Wing fuel tanks were empty so that there
would be no influence of wing fuel dynamics on the buffet
results. The basic wing geometry is presented in Table 1.

Instrumentation

A block diagram of the flight test instrumentation used to
obtain acceleration measurements is shown in Fig. 1. Identi-
cal instrumentation, except for the accelerometer g range, was
chosen to measure the acceleration at the two locations so that
a high degree of confidence could be placed on results obtained
by comparing the data for the two locations. The require-
ment of detecting small fluctuations was satisfied by using
servo force balance accelerometers having a natural frequency
of approximately 200 cps and a flat frequency response of 0 to
100 cps. It was desirable to use accelerometers having a
low 0-range capability to achieve a high degree of accuracy.

Table 1 Wing geometry

Geometric parameter" Full scale value

Area 375 ft2

Span 35.67ft
Tip chord 49.93 in.
Root chord 202.0 in.
Mean geometric chord

length • 141.4 in.
spanwise location from plane

of symmetry 85.6 in.
Taper ratio 0.247
Aspect ratio 3.4
Quarter- chord sweep 42.0 °
Incidence relative to fuselage

reference line —1.0°
Anhedral 5.0°
Geometric twist 0.0°
Airfoil sections, parallel to

fuselage plane of symmetry, at
butt line = 20 in. NACA 65A006
wing tip NACA 65A005

« Excludes 12% leading-edge chord extension outboard of 63% semispan
location.
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Although the available accelerometers were not identical in
this respect, the departure from a common g range was not
considered sufficient to prohibit comparison of the acceler-
ometer measurements, especially the normal acceleration at
the e.g. and pilot station. A — 1 to + 50 range accelerometer
was mounted on the aft landing gear bulkhead to measure
the normal acceleration at the e.g. Even though this location
(0.52 c) was somewhat aft of the actual e.g. location (0.23 to
0.25 c) during flight, the accelerometer measurements should
be representative of the acceleration at the e.g. The normal
and lateral accelerations at the pilot station were measured
by a — 1 to +80 and a ±10 range accelerometer, respectively,
mounted on the left back rail of the pilot seat.

The detection of small acceleration fluctuations also de-
manded special provisions with regard to transducer mount-
ing, electrical excitation, and recording sensitivity. In order
that mounting bracket resonant frequencies would be 500
cps or greater, rigid mounting was used. Electrical excitation
for the accelerometers was supplied by a 30 VDC battery pack
so that power fluctuation effects would be eliminated. An
oscillograph located in the ammo compartment recorded the
accelerometer measurements at a paper speed of six in./sec so
that all frequencies recorded could be detected. The oscillo-
graph used galvanometers having a natural frequency of 50
cps (critically damped) and a flat frequency response of 0 to
30 cps. The trace deflections on the photosensitive oscillo-
graph paper were chosen to give the highest recording sensi-
tivity of approximately Ig normal acceleration and 0.40
lateral acceleration per in.

Test Conditions and Results

Flight-test data were obtained at pressure altitudes of
approximately 28,000 and 36,000 ft, and at Mach numbers
from 0.72 to 0.92. Three types of maneuvers (windup turns,
wings-level pullups, and steady-0 turns) were performed to de-
termine any effect of the type of maneuver on the results.
Wings-level pushovers were also performed to obtain data
near zero lift. The variable-0 maneuvers were performed at a
slow rate of approximately 0.100/sec to assure no effect of
pitch rate on the results and to provide a sufficient time his-
tory for proper analysis. During each maneuver, the pilot
indicated by an "event" signal recorded on the oscillograph
paper the time at which he first sensed buffet as the g level
increased.

The flight data were reduced by measuring the peak-to-peak
0 fluctuation (AN) 'on the oscillograph trace at various points
during the maneuver. During the data reduction, care was
taken to account for the trace width, which could erroneously
have been taken to represent approximately 0.020 normal
acceleration or 0.010 lateral acceleration. Acceleration time
histories before pilot threshold of buffet, after pilot threshold
of buffet, and at maximum normal acceleration during a left
windup turn are reproduced in Fig. 2. The acceleration
fluctuations for the variable-0 maneuvers were reduced at a
sufficient number of points to define the AN variation during
the maneuver. The normal 0 levels necessary to determine
the lift coefficient were established by taking a point within
the fluctuating trace which would be representative of the
mean acceleration. The product of the airplane weight and
the normal 0 level at the e.g. was used to define the lift force.
Previous F-8 flight data indicated that the trimmed lift
coefficient established in this manner for these maneuvers is,
in general, within 1% of a more accurate computation by
summing the components of normal acceleration, longitudinal
acceleration, and engine thrust in the lift direction. This
negligible computation inaccuracy was verified by comparing
the wind-tunnel measurements of lift and normal force
coefficients discussed in Sec. Ill.

The normal acceleration fluctuations for the steady-0
maneuvers were reduced at the beginning, the middle, and the
end of each maneuver, which lasted approximately 10 sec, to
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Fig. 2 Acceleration time histories for typical maneuver.

obtain a check of repeatability. These data were obtained at
Mach numbers of approximately 0.75 and 0.90. No check
of repeatability at a given trimmed lift coefficient could be
made in the data analysis because of the data scatter. This
data scatter is attributed primarily, if not entirely, to the
varying flight conditions which the pilot could not maintain
constant during the maneuver.

Variable-throttle steady-0 turns at low g levels were also
performed to confirm the absence of engine rpm effects on the
buffet results. Measurements of aileron position and side-
slip angle revealed that these parameters seldom exceeded
=tl.0° and never exceeded ±2.0° during these maneuvers.

Ill Wind-Tunnel Test

A 0.042 scale rigid model of the F-8D aircraft with no lead-
ing-edge droop (symmetrical wing airfoil sections), and with
no stores or pylons was tested in the 7 X 10 ft high-speed
tunnel at NASA-Langley to obtain buffet data for comparison
with the flight data. The wind-tunnel data included measure-
ments of wing bending moment fluctuation and trailing-edge
pressure as well as the usual force and moment data.

Instrumentation

A six-component balance was used to measure aerodynamic
forces and pitching moment, and the right wing of the model
was instrumented to obtain wing bending moment fluctuation
and trailing-edge pressure data. The strain-gage installation
to measure wing bending moment fluctuation and the pressure
orifice locations are shown in Fig. 3. A temperature-com-
pensated strain-gage bridge (four foil gages, two upper and
two lower) was oriented along the 50% chord line, the approxi-
mate location of the elastic axis, to minimize any torsional
effects as nearly as practical. A schematic drawing of the
instrumentation associated with the strain-gage measure-
ments is shown in Fig. 4. Upper and lower surface pressure
orifices were installed at seven spanwise stations near the
trailing edge, as shown in Fig. 3, to define the extent of
boundary-layer separation associated with buffet. It was
desirable to install all orifices as near as possible to the trailing
edge, in this case at the 95-96% chord station, including
leading-edge chord extension. However, the thinness of the
wing near the tip prevented fabrication of the most outboard
orifice on both upper and lower surface any farther aft than
the 88% chord station.

A transition strip of number 80 grit was used at the 40%
chord location on the wing, and number 120 grit was placed
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TRANSITION STRIP, x/c = 0.40

STRAIN GAGE J y/(b/2) = 0.22
BRIDGE j x/c = 0.50

PRESSURE | Y/(b/2) = 0.19
ORIFICESI x/c = 0.95

0.50
0.95

0.65 0.75 0.86 0.95
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Fig. 3 Strain gage and pressure orifice installation on
wind-tunnel model.

0.5 in. aft of the nose of the body and the leading edge of all
other model components.

Test Conditions and Results

Wind-tunnel data were taken at Mach numbers covering
the range of 0.75 to 0.92 and at a Reynolds number of ap-
proximately 3.5 million/ft. The original plan was to obtain
all types of data simultaneously so that the various data
would be for exactly the same test conditions for analysis pur-
poses. This was not achieved, however, because the neces-
sary clearance between the model and sting required for valid
force and pitching moment data was partially filled with the
trailing-edge pressure tubing extending out of the model base.
The test procedure, therefore, was first to obtain trailing-edge
pressure and wing bending-moment fluctuation data and then
to make additional runs to measure aerodynamic forces and
pitching moment. Strain-gage measurements of wing bend-
ing-moment fluctuation were also obtained during these
additional runs to supplement the strain-gage data obtained
during the pressure measurements and to provide a check on
the repeatability. The previous runs were made with the
horizontal tail off. Selected runs were also made with the

STRAIN GAGE BRIDGE

Fig. 4 Wind-tunnel
strain gage instrumen-

tation.

horizontal tail at — 5 and —10° deflection (trailing edge up) to
measure forces, pitching moment, and wing bending moment
fluctuations. Axial force was corrected for freestream pres-
sure at the model base by using the measured cavity pressure.
Each data value for the wing bending-moment fluctuation
represented the rms value over a 45-sec time interval.

IV Flight—Wind-Tunnel Analysis

Buffet boundaries were established by a detailed analysis of
the flight and wind-tunnel data. Buffet onset during flight
was determined for two criteria based on the normal ac-
celeration fluctuations at the e.g. and pilot station. Because
of the data scatter for the steady-0 turns, analysis was con-
fined to the data for the windup* turns and wings-level pullups
to establish buffet onset. The wind-tunnel buffet onset was
determined primarily from the measurements of the wing
bending-moment fluctuation.

Flight Data Analysis

The first step in the analysis of the flight data was to select
a peak-to-peak value of normal acceleration to define buffet
onset. This was achieved by comparing the acceleration
amplitude (0.5 ANZps) at pilot perception of buffet with vi-
bration data given by Harris and Crede4 for various subjects
in standing, sitting and lying positions. This comparison,
presented in Fig. 5, shows that, in general, the F-8D data
agree with the threshold-of-perception region and are below
the unpleasant region established by the vibration data.
An acceleration amplitude between these two regions was
believed to be a realistic representation of buffet onset;
therefore, a normal acceleration fluctuation of ±0.050 near
the upper limit of the F-8D data was chosen to define buffet
onset.

The procedure to establish the flight boundary made no
distinction of the acceleration sources. Though it is ac-
knowledged that engine vibrations, for example, exist, and
indeed may have been detected to a minor extent by the
accelerometers, a satisfactory method of distinguishing be-
tween these acceleration sources and wing pressure fluctua-
tions due to flow separation is not presently accessible. Also,
the pilot's opinion of tolerable or intolerable vibrations is
independent of the vibration source. Therefore, to avoid any
misleading conclusions which may arise by attempting to
isolate the various acceleration sources, the procedure to
establish the flight boundary included all acceleration sources
in the buffet onset definition of ±0.050 normal acceleration;
i.e., onset was established for AATZc.g = 0.100 and for ANZp&
= O.lOgr.

The variation of the g fluctuation with angle of attack was
subject to two interpretations, as shown in Fig. 6 for a typical
maneuver. One approach was to draw a curve (dashed in the

10 55 100
FREQUENCY ~ CPS

1,000

Fig. 5 Acceleration tolerance criteria.
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figure) through the data points. Another approach was, to
fair a curve (solid line) through the points, considering an
accuracy of approximately 10% in data reduction for values
of ANZ in the neighborhood of 0.100. The trimmed lift
coefficient using these two interpretations is shown in Fig. 7
for the criteria, ANZc.s. = 0.100 and ANzps = 0.100. Any
difference in the result obtained by the two interpretations is
indicated in the figure by the spread attached to the symbol.
The hump in the boundary near Mach 0.75 is similar to
boundaries for onset of separation effects presented by Pear-
cey.2 In this reference Pearcey associates the low Mach
number side of this region of the boundary with the transition
from leading-edge to shock-induced separation as Mach
number is increased.

The data points in Fig. 7 indicate no apparent effect of
altitude on the buffet boundary when one considers the data
scatter. The plotted data, however, do show that onset may
be dependent on the type of maneuver, as indicated by the
lower values of onset CLTRIM for the pull-ups. An important
result to be gained from these data is the higher buffet
boundary when the ±0.050 fluctuation at the pilot station,
rather than e.g., is used to define onset. This CLTRIM
difference of approximately 0.08 is attributed to the relieving
effect of the fuselage due to structural flexibility. A qualita-
tive analysis of the acceleration traces for the F-105F airplane
given by Williams5 also revealed a fuselage attenuation be-
tween e.g. and pilot station.

One purpose of the flight-test program was to determine the
relative magnitudes of the normal and lateral fluctuations at
the pilot station. The data showed that ANyps was approxi-
mately equal to or somewhat less than ANZps, e.g., see Fig. 2.

The three acceleration traces revealed a dependence of
fluctuation frequency on normal 0 level, or trimmed CL. For
example, the normal acceleration at the pilot station fluctu-
ated at approximately 55 cps near pilot perception of buffet
and continued to fluctuate at this frequency up to the maxi-
mum 0 level (maximum trimmed CL) during the maneuver, as
illustrated in Fig. 2. However, as the 0 level was increasing,
a lower frequency of approximately 9 cps occurred and ap-
peared to become the predominant frequency at maximum
d,. This frequency trend, confirmed by the pilot, is char-
acteristic of the flight data (wing tip acceleration and wing
bending moment fluctuations) for the F-105F given by
Williams5 and the low-speed wind-tunnel pressure fluctuation
data for the Bristol 188 obtained by Lawford and Beauchamp.6
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Fig. 6 Determination of flight buffet onset for =*=0.05g
normal acceleration fluctuation.

Fig. 7 Flight buffet onset boundary for ±0.05g normal
acceleration fluctuation.

These more irregular acceleration fluctuations at the higher
normal 0 levels made it difficult to determine a representative
peak-to-peak value for ANzc.g., ANzps, and ANyps', there-
fore, the value at the higher normal 0 levels (higher angles of
attack) may be in error as much as ±50%. The error at the
lower 0 levels near pilot perception of buffet is, in general,
believed to be nearer ± 10 %.

As a matter of interest, it is appropriate to mention that a
visual analysis of the oscillograph traces of the flight measure-
ments for the F-105F indicates that the frequency of local
wing-pressure fluctuations is very nearly identical to the fre-
quency of the wing bending moment and the normal ac-
celeration at the wing tip. The absence of this high frequency
of approximately 70 cps on the oscillograph traces for the
normal acceleration at the e.g. and pilot station of the F-105F
may be due to the use of galvanometers having a flat frequency
response up to only approximately 12 cps for measuring the
acceleration at these two locations. Since a high frequency
(55 cps) of normal acceleration fluctuation occurred at the
F-8D pilot station, it is speculated that there may be some
predictable relation between the frequency and amplitude of
local pressure fluctuation and the frequency and amplitude of
normal acceleration fluctuation which is sensed by the pilot.

Wind-Tunnel Data Analysis

The trailing-edge pressure data were analyzed by first
plotting the variation of both upper and lower pressure with
angle of attack on the same plot, as shown for Mach 0.75 in
Fig. 8a. These pressure data show the upper surface pressure
to decrease at the faster rate, as might be expected because of
the proximity of the upper orifice to the region of flow separa-
tion. Observation of this difference between upper and lower
trailing-edge pressure and a desire to eliminate any misleading
effects of boundary layer growth led to a further analysis of
the pressure data. This involved a plot of the variation of
the difference between upper and lower trailing-edge pressure,
also shown in Fig. 8a.

Although some pressure orifices were inoperative, the
pressure data were analyzed in more detail to investigate the
spanwise extent of boundary-layer separation associated with
buffet. In this analysis, separation of sufficient magnitude to
cause buffet was taken to be the divergence of the upper
trailing-edge pressure, the lower pressure, or the upper-minus-
lower pressure differential. Since these three parameters are
characterized in most cases by a gradual decrease from a
nearly constant value, the divergence point was established
by extrapolating the nearly constant value and the nearly
linear variation, as illustrated for CPU in Fig. 8a. The span-
wise variations of the angle of attack corresponding to the
divergence of upper and lower trailing-edge pressure are
shown in Fig. 8b to be very similar. The spanwise variation
obtained by using the upper-minus-lower pressure differential
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generally indicates slightly higher values. All three plots,
however, indicate that at the lower Mach numbers, boundary-
layer separation first occurred near the wing tip. At Mach
0.92, fuselage-wing interference or a stronger, more normal
shock system in the inboard region may have caused the early
divergence at the most inboard orifice. The unfavorable
slope of the curves just inboard of the 63% semispan location
does not continue farther outboard because of the favorable
vortex system that originates at the leading-edge break in-
troduced by the chord extension.

The divergence of the trailing-edge pressure coefficient
plotted vs Mach number at a given angle of attack should
also be examined in a buffet onset analysis. As pointed out
by Pearcey and Holder,7 the lower of the two points deter-
mined by using trailing-edge pressure coefficient vs both angle
of attack and Mach number should be used to define buffet
onset based on trailing-edge pressure. The trailing-edge
pressure values at the various Mach numbers for a particular
orifice indicated no lower value of angle of attack for the

divergence of CP vs.Mach number than the value for diver-
gence of Cp vs angle of attack. Therefore, the conservative
divergence points in Fig. 8b represent the final result of an-
alyzing both divergences of CP.

A special composite plot of the various wind-tunnel data
facilitated analysis and interpretation. This composite plot
used to establish the wind-tunnel buffet onset boundary is
shown in Fig. 9. The curves showing the variation of wing
bending-moment fluctuation were established from all rms
measurements taken at the three Mach numbers at which
force data were obtained. The initial level of the rms curve
increased with Mach number, consistent with the results
which were obtained by Ray and Taylor1 in the same wind
tunnel. This initial level is due to nonboundary-layer-
separation effects such as wind-tunnel turbulence. Buffet
onset was established primarily by the point of divergence of
the rms curve from the nearly constant level. This point
(illustrated at Mach 0.75 in Fig. 9) occurs within the nearly
linear variation of lift coefficient vs angle of attack and to
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Fig. 9 Composite of wind-tunnel buffet onset data.
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agree closely with the reversal in slope of axial force coeffi-
cient. This is in accord with the general relationship be-
tween the variation of wing bending moment and axial force
data of Ray and Taylor1 at these Mach numbers.

A necessary step of the wind-tunnel data analysis was to
determine the trimmed lift coefficient at buffet onset, so that
the results could be compared with the flight-test data. The
trimmed lift coefficient was first established by simply using
the horizontal-tail-off force and moment data in computing
the trim lift, the aerodynamic center defined by the quarter
chord point on the mean geometric chord of the horizontal tail
extended to the plane of symmetry. A check of this pro-
cedure for determining the trimmed lift throughout the Mach
number range was provided by using the tail-on data, obtained
at Mach 0.75 and 0.92, as well as the tail-off data in the fol-
lowing equation:

. = CLOFF

Cm_

CLON — CLOFF/ C LOFT?
QN — CmOFF\ .—— ~ —— ) + c.g.fu - c.g.wt

N — t-'LOFF/

The lift coefficient obtained by using data for both tail de-
flections, — 5 and —10°, in this more precise expression
justified the simpler computations to determine the final
trimmed lift coefficient at all three Mach numbers.

The wing bending-moment fluctuation data may have pro-
vided an indication of the repeatability of the rms values of
the wing bending-moment fluctuation. The presence of the
horizontal tail is thought to have a small effect on the strain-
gage measurements. Kemp and King8 concluded that the
strain-gage data for the D-558-II airplane was not signifi-
cantly influenced by tail buffeting. However, the measure-
ments at the highest Mach number are suspected of being
significantly influenced by wind-tunnel turbulence and the
somewhat periodic nature of maximum model-sting shaking
which was observed to occur at all angles of attack and to be
more pronounced at the highest Mach number. It seems
likely that in future analysis of wind-tunnel measurements the
repeatability of the rms moment fluctuation may perhaps be
improved if the effect of model-sting shaking is eliminated by
a power-spectral-density analysis of the fluctuation measure-
ments.

Flight-—'Wind-Tunnel Comparison

The main purpose of the flight and wind-tunnel tests was to
gain a better understanding of the relation between buffet
onset established from wind-tunnel measurements and onset
which will occur during the flight of future aircraft. The
approach chosen to fulfill this need was to compare the flight
and wind-tunnel onset boundaries for the F-8D aircraft and
then, at some future date, to examine similar results for other
operational aircraft.

The buffet results of the F-8D flight and wind-tunnel tests
are summarized in Fig. 10. The data points for the pilot

b) Flight - Wind Tunnel Comparison

threshold of buffet in Fig. lOa are shown, in most cases, to be
below the boundaries defined by ±0.050 normal acceleration.
The undesirable data scatter indicate that total reliance on
pilot opinion to establish a criterion for the flight buffet onset
boundary would not be satisfactory. A measurable quantity,
such as ±0.050 normal acceleration, based to some extent on
pilot opinion is believed to be a more meaningful criterion.

The wind-tunnel onset boundary based on wing bending
moment fluctuation is shown in Fig. lOb to be similar to the
flight boundaries based on normal acceleration fluctuation.
The wind-tunnel onset CLTRIM is only 0.02 higher than the
flight boundary corresponding to ±0.050 normal acceleration
at the e.g. In fact, the wind-tunnel boundary is within the
scatter of the flight data based on e.g. acceleration presented
in Fig. 7. This close agreement is not too surprising, because
the strain-gage bridge sensed the wing bending-moment
fluctuation very near the wing root of the model and the
accelerometer at the e.g. of the flight aircraft detected the
fluctuating wing aerodynamic forces which were transmitted
directly to a region of the fuselage near the e.g. location.
The wind-tunnel onset CLTRIM is approximately 0.06 lower
than the flight boundary in Fig. lOa corresponding to ±0.050
normal acceleration at the pilot station. As mentioned
previously in this section, the higher boundary for the ±0.050
criterion at the pilot station is ascribed to the relieving effect
of the fuselage due to structural flexibility between the e.g.
and pilot station. The flight and wind-tunnel data suggest
that the divergence of wind-tunnel rms measurements of wing
bending-moment fluctuation corresponds very closely to a
±0.050 peak-to-peak normal acceleration fluctuation at the
e.g.

The wind-tunnel boundaries based solely on the earliest
divergence of trailing-edge pressure (illustrated at Mach 0.75
in Fig. 9) or lift coefficient are shown in Fig. lOb to depart
significantly from the flight boundary based on normal ac-
celeration at the e.g. At the lower Mach numbers the earlier
divergence of the trailing-edge pressure occurred because of
flow separation near the wing tip (see Figs. 8 and 9) which was
not detected by either the flight accelerometer or by the wind-
tunnel strain-gage measurements. The better agreement at
the higher Mach numbers is due to a tendency toward a more
uniform spanwise distribution of incipient flow separation,
as shown in Figs. 8 and 9. The less accurate boundary de-
fined by the more gradual divergence of lift coefficient is
shown to be too optimistic, especially at the higher Mach
numbers.

The pilot-opinion data scatter in Fig. lOa prompted further <•
analysis. The lower pilot onset points in this figure occurred
at the lower altitude, and the lower amplitude of 0 fluctuation
at pilot threshold of perception in Fig. 5 also occurred at the
lower altitude. It is realized that in order to fly at the same
Mach number and lift coefficient at a lower altitude, a higher
0 level is required because of a higher dynamic pressure, i.e., a
higher inertia force must balance the higher lift force at the
lower altitude. These observations suggested the possible
dependence of pilot perception of vibration on the 0 level as
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well as amplitude and frequency of g fluctuation. Analysis
of both the g level and fluctuation amplitude at the pilot
station when the pilot first sensed buffet indicated, in general,
that at or near the same Mach number a lower amplitude at
the lower altitude was associated with a higher g level than
that experienced by the pilot at the higher altitude. Since
even a nonfluctuating acceleration is objectionable from a
human-factors standpoint when the acceleration is too high,
an explanation for the lower amplitude at the lower altitude
(higher g level) and also the pilot-opinion scatter in Fig. lOa,
might be that a given amplitude of fluctuation is "magnified"
—from the standpoint of buffet intensity as sensed by the
pilot—by an increase in g level. This may suggest that the
g level, as well as frequency and amplitude of g fluctuation,
should be considered if buffet intensity is to be related to a
pilot's ability to perform his tasks in the buffet region.

V Conclusions and Recommendations

The foregoing analysis of flight and wind-tunnel data re-
sulted in a number of conclusions reached within the scope of
the various test measurements of this paper. The following
conclusions are believed to be applicable to fighter-type air-
craft which exhibit wing structural response characteristics
similar to the F-8D.

1) The divergence of the wind-tunnel rms measurements
of wing bending moment fluctuation corresponds closely to
the flight boundary for a ±0.050 peak-to-peak normal
acceleration fluctuation at the e.g. The wind-tunnel onset
boundary determined to predict flight buffet onset should, it
seems, depend primarily on the divergence of wing bending-
moment fluctuation, provided no significant separation occurs
inboard of the strain-gage bridge.

2) Pilot opinion alone is not satisfactory as a criterion for
the flight onset boundary because of data scatter. Some
magnitude of a measurable quantity, such as a peak-to-peak
normal acceleration of ±0.050, established to some extent by
pilot perception and tolerance of vibrations is believed to be a
more meaningful criterion.

3) There is a neglibible effect, if any, of altitude variation
from 28,000 to 36,000 ft on the buffet boundary based on
±0.050 normal acceleration.

4) During a constant-Mach-number flight maneuver such
as a windup turn, the predominant frequency of acceleration
fluctuation is expected to decrease with increasing normal g
level, or trimmed lift coefficient. It is speculated that there
may be some predictable relation between the frequency and
amplitude of local pressure fluctuations and the frequency and
amplitude of normal acceleration fluctuation which is sensed
by the pilot.

5) The normal g level, as well as the frequency and am-
plitude of g fluctuation, should perhaps be considered if
buffet intensity is to be related to pilot functional capability.

An important flight result pertinent to only F-8 aircraft is
an increase, due to fuselage attenuation, in buffet-onset
trimmed-lift coefficient of approximately 0.08 when a ±0.050
fluctuation at the pilot station, rather than e.g., is used to

define onset. Wind-tunnel results revealed that the reversal
in the slope of axial force vs angle of attack occurs very near
the divergence of the wing bending-moment fluctuation.
However, the earliest divergence of trailing-edge pressure at
some spanwise location, usually near the wing tip, occurs much
earlier at the lowest Mach number (0.75), and the divergence
of lift coefficient occurs much later at the highest Mach num-
ber (0.92).

Consideration of identical types of flight and wind-tunnel
measurements, taken simultaneously during the flight or wind-
tunnel test, is recommended to gain additional knowledge
toward improving buffet onset predictions and accounting
for structural dynamics effects. In addition to wing bend-
ing-moment fluctuation and trailing-edge pressure, the fol-
lowing types of data should perhaps be obtained during both
flight and wind-tunnel tests: upper-surface pressure fluctua-
tions and boundary-layer surveys, flow visualization photos,
wing-tip normal acceleration fluctuations, and wing tor-
sional moment fluctuations. Flight data may also include
aileron hinge moment fluctuation and the fluctuation of all
three acceleration components at various locations on the
aircraft. Fluctuating wake pressure measurements may be
acquired during a wind-tunnel test. It is recommended that
all flight and wind-tunnel fluctuation measurements be re-
corded on magnetic tape to permit a power-spectral-density
analysis and the determination of an rms value which may be
a better definition of buffet onset. Future flight tests might
include flights at low as well as high altitude to establish the
effect of normal 0 level on a pilot's opinion of buffet intensity
as well as perception of buffet.
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