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MEASUREMENT AND ANALYSIS OF WING AND TAIL BUFFETING LOADS
ON A FIGHTER AIRPLANE'!

By Wser B. Huston and T. H. SKoPINSEI

SUMMARY

The buffeting loads measured on the wing and tail of a
fighter airplane during 194 maneuvers are given in tabular
form, along with the associated flight conditions. Measure-
ments were made at altitudes of 30,000 to 10,000 feet and at
speeds up to a Mach number of 0.8. Least—sgmres methods
Lave been used for a preliminary analysis of the data.

In the stall regime, the square root of the dynamic pressure
was found to be a better measure of the load than was the first
power. The loads measured in maneuvers of longer duration
were, on the average, larger than those measured in maneuvers
of short duration. Considerable load alleviation was obfained
by o gradual entry into the stall. In the shock regime, the
magnitude of the load at a given speed and altitude was deter-
mined by the extent of the penetration beyond the buffet boundary.
For a modification of the basic airplane in which the wing
natural frequency in fundamental bending was reduced from
11.7 to 9.3 ¢ps by the addition of internal weights near the wing
1ip, a 16-percent decrease in wing loads and a similar percentage
increase in tail loads resulted.

The loads on a simplified wing buffeting model are examined
on the assumption that buffeting s the linear response of an
aerodynamically damped elastic system to an aerodynamic
excitation which 18 a stationary random process. The agree-
ment between the results of this analysis and the loads measured
in stalls is sufficiently good to suggest the examination of the
buffeting of other airplanes on the same basis.

INTRODUCTION

An early investigation of buffeting which utilized the
North American F-51D airplane (ref. 1) provided basic
information on the flight conditibns under which buffeting
was encountered and provided measurements of the magni-
tude of the buffeting loads on the horizontal tail. Speed
and altitude were shown to be primary variables, and the
load data were reduced to dimensionless coefficient form
by means of the product: Dynamic pressureXTail area.
It was hoped that such 2 buffeting-load coefficient might
be applicable to other airplanes, but the assumption that
a form of coeflicient common in steady-state aerodynamics
would be applicebls to a dynamic phenomenon was recog-
nized as requiring further investigation.

Since the completion of the tests of reference 1, & number
of other experimental flight and wind-tunnel studies have
been conducted. The effects of airfoil section and plan form
on buffeting have been investigated. Buffet boundaries
of a number of specific airplanes have been obtained. In
geveral instances wing and tail loads have been measured

1 Supersedes NACA TN 3080, 1954,
4130672—57——21

during buffeting with special research airplanes. An analyt-
ical approach has also been made to the buffeting-loads
problem, based on methods developed in the study of
stationary random processes (see ref 2).

Upon completion of the tests of reference 1, plans were
made to extend these tests of the same airplane to measure
wing loads and tail loads simultaneously during buffeting
and, at the same time, to measure the effect of maneuver
rate and the effect of penetration beyond the buffet boundary.
In addition, the altitude coverage was to be improved in
order to resolve more clearly the effect of this variable and,
since it was thought that structural frequency might also
be a significant variable, provision was made to modify the
wings for several tests in order to measure some buffeting
loads with & reduced wing frequency.

The purpose of the present report is to present the results
of these extended flight tests and, especially, to present the
magnitude of the buffeting loads measu.red. The basic load
data involving 194 runs are given in tabular form, together
with associated flight conditions. The results of pre-
liminary studies which illustrate certain trends in the data
are also given, but this analysis i8 not intended to be defini-
tive. Although the present tests do not cover either the
configurations or the speed range of greatest current interest,
some of the variables are covered more extensively than
in other tests. Stall buffeting, in particular, which will
probably be common to all airplanes whatever the configu-
ration, is extensively covered, and it is believed that all the
data may be of value to those who are interested in the
prediction of buffeting loads. The results of an analytical
study in which the methods of generalized harmonic analysis
are applied to a simplified wing buffeting model are given
in an appendix.

SYMBOLS

A aspect ratio, b/¢

A, B constants used in tail-load equations

a,b constants used in wing-load equations

b wing span, ft

(Cr,).,,  cffective slope of lift curve for damping of small
oscillations of a stalled wing in first bending
mode

Cy airplane normal-force coefficient, nW/gS

T2 mean-square value of coefficient of section-
normal-force fluctuations in buffeting

[ average wing chord, S/b

f frequency, cps

by pressure altitude, ft

k wing stiffness, 1b/ft
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L roob structural shear load due to buffeting, 1b

AL amplitude of maximum root-structural-shear
fluctuation due to buffeting encountered during
run, Ib

M Mach number

n normal load factor

r penetration beyond buffet boundary (defined in
eq. (13))

q dynamic pressure, lb/sq ft

r coefficient of linear correlation

S ares, sq It

8 standard error

¢ time, sec

Atyoaa time between onset of buffeting and occurrence
of measured load AL

14 true airspeed, ft/sec

w airplane weight, Ib

a angle of attack, radians

w circular frequency, 2#f, radians/sec

€ residual, that is, a measured value minus a
calculated value

Subscripts:

av average over class

B onset of buffeting

BB buffet boundary

E end of buffeting

L left

maz meximum

n natural

R right

T tail

W wing

Mean values are designated by a bar (as ¢,3); time differen-
tiation by a dot (as &).

Note: Symbols used only in appendixes are defined where
they occur.

AIRPLANE AND INSTRUMENTATION
AIRPLANE

The airplane used for the present tests was the same
North American F-51D airplane with heavily reinforced
horizontal tail, fuselage, and wing used for the investiga-
tions reported in references 1 and 3. The test airplane is
shown as a three-view diagram in figure 1, and as a photo-
graph in figure 2.

The sirplane is equipped with a Packard V-1650~7, 12-
cylinder engine and s 4-bladed Hamilton Standard Hydro-
matic Propeller, 11 feet 2 inches in diameter. The propeller-
to-engine gear ratio is 0.479 to 1. Geometrical data for the
airplane are listed in table I. The natural structural
frequencies of various components as determined by ground
vibration tests are listed in table II. In this table two sets
of values of wing natural frequency are shown. One set
applies to the basic airplane configuration and to the greater
portion of the tests reported herein; the other set applies to
the modified airplane, that is, the airplane with 100-pound
weights added internally near the wing tips in order to lower
the wing natural frequency in the fundamental bending mode
from 11.7 to 9.3 cps.

32 3%

Fuseloge

reference line

Wing

N 25-percent-
“Position of chord ling
wing-tip
weights

F1qure 1.—Three-view diagram of test airplane.

Fraure 2.—Side view of test airplane.

TABLE 1.—GEOMETRICAL DATA FOR TEST AIRPLANE

Wing
Span, ftoo i ceee e 37. 03
Aren, 8Q Tt o o i ecaaon- 240. 1
Mean aerodynamie chord, ft_ .. __.._ . ... 6. 63
Aspect ratio - . i eiieeaaaa 5. 71
Root thickness ratio__ . ...l 0. 16
Tip thickness ratio_ . _ . eiaaaa.. .. 0.12
Taper ratio oo e cmmimammae s 0. 462
Horizontal tail:
Bpan, ft. o e ccccecemeaaen 13. 18
Aren, 8q £ o oo o ieeeeaaaa 41.0
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TABLE L—GEOMETRICAL DATA FOR TEST ATRPLANE—Cont.
Weight at take-off, 1b:

Basio afrplane. - - oo 8, 995

Modified airplane_ ... 9, 149
Center-of-gravity position at take-off, percent M.A.C.:

Basic airplane. _ . ____ . 27.2

Modified airplane. . . e 25. 3

TABLE II.—NATURAL FREQUENCY OF ATRPLANE

COMPONENTS
Modt-

Wing: Basio fied air-

Fundamental bending frequency, ep8-- oo _o—__. 1.7 9.8

First asymmetric bending frequency, ¢ps_—- .-~ 22,3 181

Torsion frequency, €P8 - - oo o oo oo 38.0 345

Second symmetric bending frequency, eps.._______ ———— 520
Horizontal stabilizer:

Primary bending frequency, eps- - - — . ___ 25.0 25.0

Firgt asymmetric bending frequency, 6p8 - .-~ 36.0 36.0

Torsion frequeney, ePsS_ - - oo ccmeceme 70.0 70.0
Fuselage:

Toraion frequency, GPS- - - - oo 9.8 9.8

Side bending frequency, 6p8__ - 1225 126

Vertical bending frequency, ps - oo ceam 149 149

INSTRUMENTATION

Standard instruments.—Impact pressure, pressure altitude,
and normal acceleration were mesasured as functions of time
with standard NACA recording instruments. The airspeed
head was mounted on a boom extending 1.2 chords ahead of
the leading edge of the wing near its right tip, and the
NACA airspeed-altitude recorder was located near the boom
to minimize lag effects which are believed to be mnegligible
for the rates of change of altitude or airspeed encountered.
The airspeed system was calibrated for position error up to
a Mach number of 0.78; this calibration made possible the
determination of the flight Mach number to within 4 0.01.

Airplane normal force was measured with an accelerometer
mounted near the airplane center of gravity. The sensitive
clement had o natural frequency of 16 cps and was air
damped. The damping was adjusted to 0.6 of critical at
sen level, except during the tests with the modified wing,

when the damping was changed to 0.6 of critical at a pres-

sure eltitude of 30,000 feet.
Strain-gage installation.—Measurements of structural

shear on the wing and horizontal tail were made by means .

of wire resistance strain gages wired in four-active-arm
bridges and attached near the roots of the principal struc-
tural members. Shear bridges were attached to the spar
webs and bending-moment bridges, to the spar flanges.

The entire installation was calibrated by established meth- -
(See ref. 4.) For the shear on a wing panel, this
calibration resulted in two combined strain-gage channels. '

ods.

One of these combined channels was principally sensitive to
ghear and secondarily sensitive to bending moment; the
other channel was primarily a measure of bending moment
and secondarily sensitive to shear. The outputs of these
two channels, recorded as a function of time on a multiple-
channel recording oscillograph, could be combined numer-
ically to obtain the wing-panel structural shear. The shear

on the left and right panels of the horizontal stabilizer was

obtained from the outputs of the left and right combined
strain-gage channels which were sensitive to shear. This

313

strain-gage system represents an improvement over that
used in reference 1.

The recording oscillographs used employed galvanometer
elements with & natural frequency of 100 cps which were
damped to about 0.6 of critical damping. This combina~-
tion of damping and natural frequency insured an approxi-
mately linear response for the buffeting frequencies expected.
Special care was taken to balance the galvanometer elements
80 as to keep any possible acceleration effects within the
reading accuracy. Variations in sensitivity due to voltage
changes were eliminated by provision of a calibrate signal
on the record for each run, and the stability of the strain-
gage installation was checked at intervals by application of
known loads to the wing and tail. The overall experimental
error in incremental values of wing root shear obtained from
the strain-gage—oscillograph system is estimated from the
calibration as less than 4130 pounds; whereas for the in-
cremental values of shear on the right and left horizontal
stabilizer the estimated error is of the order of 480 pounds.

TESTS

All tests were made with the airplane in the clean con-
figuration, and the power setting, at low Mach numbers,
was that required to attain level flight at the altitude of
test. In tests at Mach numbers greater than the level-
flight capabilities of the airplane, normal rated power was
used. Of a total of 194 runs in which buffeting was meas-
ured, 150 were made with the basic airplane and 44 with
the modified airplane.

With the basic airplane, gradual turns to the stall were
performed at nominal test altitudes of 30,000, 25,000, 20,000,
15,000, and 10,000 feet. Pull-ups were performed at 30,000,
25,000, and 20,000 feet. The range of Mach numbers cov-
ered was 0.34 to 0.792 at 30,000 feet and 0.23 to 0.41 at
10,000 feot.

With the modified airplane, the added wing-tip weights
introduced local stress concentrations which restricted the
maximum allowable load factor for buffeting flight to 4 and
limited the maneuvers to pull-ups. With the airplane at
30,000 feet, buffeting cannot be obtained at speeds between
‘M=0.54 and M=0.73, without exceeding the limit load
factor of 4; whereas at 10,000 feet, buffeting is not encoun-
tered at speeds between //=0.32 and the maximum permis-
sible diving speed which for the standard North American
F-51D airplane is a true airspeed of 537 mph. KFor the
modified airplane, buffeting was, therefore, obtained by per-
forming pull-up maneuvers at 30,000 feet and 10,000 feet at
speeds limited by the foregoing considerations.

METHOD OF OBTAINING DATA

The procedure and definitions used in presenting the results
of this investigation are best illustrated by referring to the
typical time-history records shown in figure 3. The ac-
celerometer record (fig. 3(a)) was used to establish the time
for the beginning iz and end ¢y of buffeting, as well as the
duration of buffeting. These values were obtained simply
by observing the point at which there was a distinct change
in the character of the accelerometer trace. The airplane
normal-force coefficient Cy was obtained from the accelerom-
eter and airspeed- records. Values of Cy during buffeting
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(a) Accelerometer record illustrating times selected for start and end of buffeting.
(b) Oscillograph record showing data selected for buffet load evaluation.

Ficure 3.—Typical flight buffeting records.

were based on & mean line faired through the fluctuations of
the accelerometer record. The airplane normal-force coef-
ficients at the beginning Cy, and end Cy, of buffeting were
determined and corresponding values of Mach numbers Mjy
and My were also noted. In determining all values of air-
plane normal-force coefficient, the value of airplane weight W
used for each run was the take-off weight corrected for the
fuel consumed prior to the start of the run. The maximum
rate of change of airplane normal load factor # prior to the
onset of buffeting was determined for each run, as in figure
3 (a), and the maximum rate of change of angle of attack per
chord traveled 4c/V was estimated from 7 on the assumption
that the speed remains constant and

dCyjdt W
dCx/da ¢S @Cnlda)

and hence that

& n O c
A4 nBEN/daV

In this relation, a nominal value of 5.3 was used for dCy/da.

A typical oscillograph record for obtaining wing and tail
loads is shown in figure 3 (b).
numbers in this figure were employed. Traces 1 and 2 are
measures of root shear on the right and left horizontal tail,
respectively. Root shear on the left wing panel is measured
by a combination of the deflections of traces 15 and 17 and

The six traces identified with .

on the right wing, by a combination of traces 5 and 16.
Buffeting loads, which are incremental loads, were deter-
mined from the peak-to-peak deflections of these traces
(designated 3, etec., in fig. 3 (b)). The buffet-load values AL
reported for & run are one-half of the largest peak-to-peak
fluctuation in each of the four loads encountered during that
run. The time of each load maximum was recorded and is
reported as the incremental time Af;q following the onset
of buffeting. Through use of a timer common to the stand-
ard flight instruments, values of M, Cy, and ¢ corresponding
to each buffeting load were determined.

RESULTS
BUFFET BOUNDARY

The data acquired in the present investigation of the basic
airplane are incorporated in table III. For the modified
airplane the data are included in table IV. Tables III (a)
and TV (a) deal with the operating conditions under which
buffeting was first encountered and under which it ended.
In addition to the numerical data, a pilot’s note column is
included. In most instances the pilot estimated the intensity
of buffeting in one of four categories: very light, light, moder-
ate, or heavy. These comments have been designated by
the letters vl, 1, m, and h. The pilot’s notes on the direction
of the roll-off after the stall are also included, left and right
roll being designated by L and R, respectively, while no roll.
is indicated by N. )
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TABLE IIL.—BUFFETING CONDITIONS AND LOADS OF BASIC AIRPLANE—Continued

_(b) Left and Right Wing Loads
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TABLE III.—BUFFETING CONDITIONS AND LOADS OF BASIC ATRPLANE—Concluded

(c¢) Left and Right Tail Loads

Run
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TABLE IV—BUFFETING CONDITIONS AND LOADS OF MODIFIED AIRPLANE

(b) Left and Right Wing Loads
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TABLE IV.—BUFFETING CONDITIONS AND LOADS OF

MODIFIED AIRPLANE—Concluded

(c) Left and Right Tail Loads
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(a) Onset of buffeting. (b) End of buffeting.
Fiaure 4.—Onset and end of buffeting for various maneuvers of basic

Left Right
RlmL\Il AL
q Al 1eed 7, Al tead
1’| M |wpqre| O | ACK [Tes” | "o" | M {wgan| O [ 40K | Vas®
Pull-ups at an altitude of 30,000 ft
30 L97 30 |1.214] 2.02
33 .45 33 [L402__.___ .51
H 1.78 33 |1.008]. .. 181
36 1.42 38 [L190{ ... 4
42 230 44 L0090 . 120
48 1.85 48 1.8
52 237 58 .88
63 1.38 68 L4
74 220 ki 2.30
it 2.81 74 218
86 1.08 79 1.68
02 .41 75 1.94
a3 .58 97 .23
4 .50 80 178
76 1.68 74 213
79 . 1.02 0 192
105 . 1.3 106 1.37
116 . .43 101 1.61
i} . 1.50 i} 1.50
96 O30 2.25 08 1,98
112 [1.000|...... 1.10 118 .70
106 . 860 1.7 110 1.38
107 . 974 130 108 1.28
238 . 662 0,011 .20 238 .20
258 L5851 .061f 1.01 341 2.5
240 .67 6.03 239 6.08
a7 . 589, 4.7 272 4,70
284 L3380 .47 284 2.02
262 . 500 1.28 251 2.58
280 .451 3.10 230 3.10
253 . 640 228 252 2.37
75 .578) 4.568 283 213
71 . 580 3.40 a7 3.40
290 .4 4.12 285 4.87
Turn at an altitude of 80,000 {t
35| l73|0.350 59 [1.085 0.90 ZBQJO;GEOI 5 |L083 0.90
Pull-ups at an altitude of 10,000 {t
361 285/0.105| 27 310]0.165 7 |1.180|- ... 277
37| 435] .190] 36 517] .194 37 | .888]____ L2
38| 506) .200; 41 660] .199 40 |1.380..__.- .60
39] 540 .247| 6l 440{ . 263 65 |1.210 .43
40| 620) ,262| 67 6401 . 250 68 {1147 .50
41| 595 .263] 70 715 . 263 69 |1.320 .39
42) 405| .30 86 430, .311 95 |1.1680}-——-__ .82
431 700] .324; 104 585] .820] 101 |1.160 .60
44] 015/ .334] 113 715 .336] 113 [1.0S0(-.._._ .45

The flight conditions for the onset and end of buffeting
given in tables ITI (a) and IV (a) are summarized in plots of
airplane normal-force coefficient against Mach number in
figures 4 and 5, respectively. In figure 4 (a)a buffet boundary
for the onset of buffeting is also shown and two labels “Stall
regime’’ and “Shock regime” are included. These labels
denote speed regimes in which the flight characteristics of
the airplane differ and, thus, speed regimes in which the
buffet boundary was obtained in different ways. For Mach
numbers below about 0.65, buffeting was usually encountered
in an accelerated stall maneuver; a maximum value of air-
plane normal-force coefficient was reached; and controlled
flight at still higher load factors was not then possible. In
this stall regime the value of Cly, for the onset of buﬁ:‘etmg
varied with Mach number and also was generally higher in
pull-ups than in turns. The increase can be associated with
the abruptness of the stall entry, as measured by the largest
value of 6¢/V reached prior to the onset of buffeting. The

413672

airplane.
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(a) Onset of buffeting. (b) End of buffeting.

Figure 5.—Onset and end of buffeting for various maneuvers of
modified airplane.

buffet boundary shown for the stall regime in figure 4 (a) was
obtained from faired cross plots of Cy,_, M, and &c/V, greatest
weight being given to the data for 30,000 feet, and corre-
sponds at each Mach number to the value of Cy_ for ac/V=0
The difference between this boundary and the a,ctual Cv, a.t
the onset of buffeting is plotted as a function of ac/V in
figure 6 for the data from altitudes of 30,000, 20,000, and
10,000 feet. The increment in normal-force coeﬂicient is
analogous to the increment in the dynamic value of the maxi-
mum lift coefficient as compared with the static value, but,
because of the approximate nature of the relation between
accelerometer reading and rate of change of angle of attack,
a more detailed study which might include the effects of
Reynolds number has not been attempted. For this reason
also, no attempt has been made to specify a variation- of
buffet boundary with altitude, although the possibility of
such a variation is suggested by a comparison of the plots
for 30,000 feet and 10,000 feet in figure 6.

For Mach numbers above about 0.65, buffeting was en-
countered during diving turns or in pull-outs from dives.
The onset of buffeting occurred at values of Cy well below
maximum lift, but controlled flight at normal-force coeffi-
cients well above the value for the onset of buffeting was
feasible. The buffet boundary shown in figure 4 (a) above
M=0.64 was obtained by fairing through the observed
values of Cy,, greatest weight being given to the data for
30,000 feet.
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Fiaure 6.—Effect of abruptness of stall entry on Cy at onset of
buffeting.

The buffet boundary of figure 4 (a), based on data for the
onset of buffeting, appears to define a transition from steady
to unsteady phenomena. This boundary, which has been
placed in figure 4 (b) for comparison, does not appear to
define the transition from unsteady back to steady condi-
tions. The data for the end of buffeting represent, however,
the flight conditions on final subsidence of oscillations in
the structure. In the shock regime, when buffeting persisted
to values of Cy below the buffet boundary and the return to
level flight from the maximum load factor was rapid, the
persistent fluctuations appeared to differ in character from
the rest of the record and to resemble the subsidence of a
damped oscillation from which the excitation has been re-
moved. When the approach to the boundary was at a slow
rate (generally accomplished by a loss of speed at nearly
constant load factor), the end of buffeting occurred as the
boundary was crossed. The buffet boundary above A{=0.65
a8 defined by the onset of buffeting may, therefore, represent
a distinct boundary below which a buffeting excitation is not
present.

In the stall regime, values of Cy, in almost all instances
are below the buffet boundary. Although the persistence of
structural oscillations may be a factor in this case also, the
character of the fluctuations indicates that buffeting, once
encountered, is maintained to values of Cy reached in the
stall recovery which are well below the buffet boundary.

The buffet boundary for the basic airplane, figure 4 (a),
has been plotted in figure 5 (a) for comparison with the data
for the modified airplane. The boundary for the basic air-
plane appears to represent the modified airplane reasonably
well. The two points for Cv, at the lowest Mach numbers
are for maneuvers at 10,000 feet and may represent a Reyn-
olds number effect, but enough data to establish a consistent
trend are not available.

WING AND TAIL BUFFETING LOADS

The wing buffet loads associated with the runs of table
IIT (2) and IV (2) are given in tables ITI (b) and IV (b); the
tail buffet loads are given in tables ITI (c) and IV (¢). There
is also listed a quantity ACy, the penetration beyond the
buffet boundary in te-ms of mean airplane normal-force
coefficient, used in the analysis of some of these data.
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(a) Altitude, 30,000 feet.
Freure 7.—Wing buffeting loads of basic airplane.
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(c) Altitude, 20,000 fest.
Figure 7.—Continued.

The wing and tail buffet-load values for the basic airplane
given in tables ITT (b) and III (¢) are shown in summary form
in figures 7 and 8; the data for the modified airplane are
shown in figures 9 and 10. In these figures the variation of
the loads on the left and right surfaces with Mach number is
shown for each of the nominal test altitudes. Turns are
distinguished from pull-ups.
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(a) Altitude, 30,000 feet.
Fieure 9.—Wing buffeting loads of modified airplane.
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Fraure 9.—Concluded.

In the absence of any accepted theory relating the magni-
tude of the loads in buffeting to the flight conditions and the
characteristics of the structure, the analysis of the load data
of tables ITI and IV has necessarily been of a somewhat quali-
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(a) Altitude, 30,000 feet.
Fragure 10.—Tail buffeting loads of modified airplane.
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(b) Altitude, 10,000 feet.
Figurs 10.—Concluded.

tative nature, involving both general regression studies and
the fitting of regression equations to the data by means of
least-squares methods. The results of this study are in-
corporated in the following section.

ANALYSIS AND DISCUSSION OF BUFFETING-LOAD DATA

‘When the buffeting-load data of tables IIT and IV are
plotted against Mach number for different altitudes, the
large amount of scatter in, for example, figures 7 and 8 males
it difficult to assess the effects of both speed and altitude
and suggests that other factors may be significant. As
shown by the difference between the data for turns and pull-
ups in figure 7 (a), one such factor is the abruptness with
which the stall is entered. A number of studies have beon
undertaken in attempts to identify other significant param-
oters. In these studies use has been made of the usual
methods of regression analysis, including correlation studies,
graphical studies, and the fitting of regression equations by
least-squares methods. The form of these equations was
inferred from the graphical studies or in some instances
could be based on analytical results. In these studies the
loads measured in stalls were found to follow a somewhat
different pattern from those measured in the shock regime.
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Figure 11.—Correlation between left and right wing buffeting loads
for basie airplane.
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TFiaurs 12.—Correlation between left and right tail buffeting loads
for bagic airplane.

As a preliminary to analysis of the load data, & consider-
able simplification was effected on the basis of plots of left
wing load against right wing load and left tail load against
right tail load shown in figures 11 and 12, respectively. The
coefficient of correlation shown in these plots, of the order
of r=0.9, can be regarded as a measure of common causes
and suggests that the factors which produce loads of a given
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size are, in general, common to the left and right wing panels
or left and right tail surfaces. On this basis, the mean value
ALy of the two wing-panel loads measured in a run was
taken as representative of the wing louds encountered during
that run; that is, the mean wing load

ALw=0.5(ALyz+ALyz)
and a similar mean tail load

AL7=0.5(ALzz+ALrr)
were used to represent the loads in each run.

A scatter diagram of ALy against ALy is shown in figure 13.
The value of the coefficient of correlation, 0.7, suggests a
larger degree of independence between wing and tail loads
than is the case for the left and right wing or tail .surface.
On this account, analysis of the wing and tail loads was
carried out independently.
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Fraure 13.—Correlation between wing and tail buffeting loads for
basic airplane.

REGRESSION ANALYSIS

When dealing with quantities of data, the interrelation of
more than two parameters cannot ordinarily be shown in a
simple plot, but the effect of a given independent variable
can be investigated if the data are grouped by classes of this
variable and the average values of the dependent variable
(in the present case the load AL) are computed for each class.
Provided that each class constitutes a similar sample, the
effect of other independent variables on the load may thus
be suppressed, or averaged out, and the variation with the
independent variable of interest established. The grouping
and averaging may then be repeated for other variables.
Such an analysis is, of course, somewhat qualitative, and it
may be difficult to show the effect of a secondary variable
in the presence of a large primary effect.

In the study of loads measured on the basic airplane, the
variables investigated for runs in which the stall was reached
include dynamic pressure g and the length of time spent in
buffeting Az. Also investigated was the effect of the abrupt-
ness of the stall entry. For this investigation the value of
&¢/V was used as a measure of the abruptness of the entry
in both turns arid pull-ups. For buffeting encountered in
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the shock regime, the variables investigated include the
dynamic pressure and the increment in normal-force co-
efficient beyond the buffet boundary at which the load AL
was measured. The trends, shown by this study for both
the stall regime and the shock regime, are presented in the
four parts of figure 14.
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stall entry. ing.

Figure 14.—Trends in wing buffeting loads as shown by method of
averages.

Load trends in stall regime.—Stall buffeting in the present
study occurs at Mach numbers below a value estimated as
0.65--0.01. All runs in table ITT (a), therefore, for which
M3<0.64 and for which values of &c/V and A¢ could be
established were included in the stall analysis. For each of
the 91 runs thus available, the wing-load value ALy and the
tail-load value ALy were used, together with the mean of
the dynamic-pressure values, tables IIT (b) and IIT (c).

The average variation of wing load with ¢ is shown in
figure 14 (a). For this plot, the values of ALy were grouped
into eight. classes, according to the value of ¢; the plotted
variable (ALy) is the average of the loads ALy in each class.
Tor the stall regime, the dynamic pressure increases by
roughly a factor of 4 (i. e., 42 to 180 1b/sq ft) while the average
load increases by a factor of only 2 (i. e., 500 to 1,000 pounds),
an increase which is roughly proportional to the square root
of ¢. The dynamic pressure is thus revealed as a major
parameter in stalls, but the relation to load appears to be
ALwyocy/q rather than ALyocg. This proportionality is used
to examine the variation of wing loads in stalls with maneuver
abruptness and with time spent in buffeting in figures 14 (c)
and 14 (d), respectively, where plots of (ALw/V@a against
&¢/V and At are shown. An alleviating effect on load asso-
ciated with a gradual stall entry is indicated since, at ac/V =0,
the loads (expressed as ALy/yq) are as much as 40 percent
less than the loads measured in more abrupt maneuvers
where &6/V =0.008 radian per chord. The alleviation is indi-
cated in figure 14 (c) to be somewhat exponential in character.
With regard to time spent in buffeting, figure 14 (d) suggests
that on the average the maximum load encountered during
buffeting increases with the total duration of time A¢ spent
in buffeting. From periods of less than 1 second to periods
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of 4 to 5 seconds, the increase is of the order of 90 percent
but does not appear to be linear.

The trends shown qualitatively in figures 14 (a), 14 (o),
and 14 (d) suggest a number of equations which can be
written relating wing load to various combinations of the
variables representing speed, altitude, time, maneuver
abruptness, and structural frequencies. The following equa-
tions were among those investigated for the wing loads in
stalls:

ALp=a, (1)

ALw=asq 2

ALw=as g )

ALw=ag log,(f, At) )
ALw=(as+bse™ %) g ()
ALy=(as+boe~>") /g log,(fx AD) (6)

The values of the arbitrary constants in equations (1) to (6)
can be obtained by fitting the equations to the experimental
data. An advantage of the least-squares method of fitting
lies in the ready availability of precision measures for the
constants and of the standard error of estimate of the equa-~
tion. (For convenient reference, definitions of terms and a
summary of least-squares procedures as used in the present
investigation are included in appendix A.) _The results of
the least-squares analysis of the wing loads in stalls are given
in table V which shows the equations, the sums of the squares
of the residuals, and the standard errors of estimate of the
equations, together with the numerical values of the con-
stants and their standard errors of estimate.

Equation (1) is of chief interest for comparison purposes.
The value a;=749 pounds in table V is the mean of the 91
values of ALy being analyzed. The standard error of esti-
mate, 255 pounds, is in a sense a measure of the error involved

TABLE V.—SUMMARY OF WING-LOAD ANALYSIS IN 8TALL

REGIME
Et?ou: m Sf.uud:u-df
erTor o
nam- Equation OIm;“]‘igm' ostimato,
ber zd' 1)
(0)) ALww=a; 585X104 255
(@) | ALw=oyg 70 203
@ | ALw=avg 461 228
%) | ALw=ai+fglog,(11.7 &) 388 200
¥3/0.004
® | anw=(astte=5"" ") g 341 198
© | ALw=lartbe—'"""") JgToga17 25 287 178
Constants
ay=T494-27
a3m=0.54-1-0.27
aym74.44-2.4
aym=44.4+1.3
ay=111.546.9  by=—56.110.8
as=65.6-43.8 b= —31.845.4
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in the simple assumption that the data on the wing buffeting

loads in stalls can be represented by this mean value.
Equations (2) and (3) represent the combined effect of

speed and altitude. Equation (2) is analogous to the dimen-

sionless coefficient GB=3—‘IS', which parallels the usual coeffi~

cients for steady aerodynamic forces and which has been
much. used in buffeting studies. Equation (3), which was
proposed in reference 5 and which also follows from the
analysis in appendix B, represents the combined effect of an
serodynamic excitation and an aerodynamic damping. The
standard errors of estimate for these equations, 293 pounds
and 226 pounds, appear to indicate that g is not as good an
indicator of the size of the load as is the mean value, whereas
2/q is better than the mean. A dependency of load on the
square root of the dynamic pressure is also in line with the
indications of figure 14 (a) for stalls. Superiority of the
square root, of the dynamic pressure (as & measure of buffet-
ing) as compared with the first power indicates that in stalls
at a given altitude the loads would be directly proportional
to the Mach number or the true airspeed, whereas at a
given Mach number (or airspeed) the loads would vary
directly as the square root of the atmospheric pressure (or
density). The linear trend with Mach number revealed by
the least-squares analysis is recognizable in the data of figure
7 for stalls when, as for example in figure 7 (&), enough runs
are available to give a representative distribution of the time
spent in buffeting and the abruptness of the stall entry.
The trend with pressure at a given Mach number is less
evident, but, for a pressure change from 628 lb/sq ft at
30,000 feet to 1,455 Ib/sq ft at 10,000 feet, the corresponding
load increase is clearly less than the ratio of the pressures
(2.32) and more nearly the square root of the pressure ratio
(1.52).

With regard to equation (4) in table V, it would ordinarily
be expected that, for a process in which random factors play
a part, the probability of occurrence of a given value is higher
for a large sample than for & small one. The indication in
figure 14 (d) that larger loads are encountered in stalls of
longer duration is qualitative confirmation of this expectation.
TFor a stationary random process, as outlined in appendix B,
analytical results are available for determining the probability
that a given peak value will occur once in & time Af. These
results lead to equation (4), and the standard error of esti-
mate, 206 pounds, represents an improvement over equation
(3). In determining the value of &, the value of the fre-
quency of wing fundamental bending (11.7 cps, table II)
was used for f,. This frequency is the one most often
observed in the wing-shear strain-gage records.

The roughly exponential trend of the variation of
(ALw/vq)as with &c/V indicated in figure 14 (c) suggested the
form be~3%/VXConstant g3 g mesgure of the effect of maneuver
abruptness on the loads in stalls. This form is purely

empirical and was adopted simply to account in an approxi-
mate way for the observed trend in the data. Although a
value of the exponential constant could have been determined
by nonlinear regression methods, reference 6, the iterations
required make the determination much more laborious than
the evaluation of the constants of the linear variations.
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Preliminary investigations having indicated a value of
approximately 0.004 for the constant, this value was used in
equations (5) and (6). In comparing equation (5) with
equation (3) or equation (6) with equation (4), the relative
magnitudes of the standard errors of estimate indicate a
significant improvement resulting from inclusion of & meas-
ure of the maneuver abruptness. The relative values of
a; and b, (that is, 65.6 and —31.6) indicate that a load
alleviation of about 50 percent could be obtained by a gradual
stall entry. Although the physical basis for this alleviation
is not understood, it may be associated with a less completely
developed stall in the slower maneuvers resulting from a less
abrupt flow breakdown. A brief study of the correlation
between the duration and abruptness of the mameuvers
included in the analysis indicates that the larger loads in
abrupt maneuvers were not explainable on the basis of stalls
of longer duration, but the magnitude of the effect of abrupt-
ness indicates that this factor warrants further examination
and should not be ignored in other studies of wing buffeting
loads in stalls.

The following equations were examined and included in
the analysis of the tail loads in stalls: °

ALy=4, (7)
ALp=Agq ®

ALr=4Ang ©)

ALy=Awg log, (f. A% (10)
ALr=(An~+Bye~%1%) g (11)
ALz=(A1n+Bue~>%7) Jg log, (1, At) (12)

The results of the least-squares analysis shown in table VI
are for the same 91 maneuvers used in the wing-loads study.
The form of equations (7) to (12) parallels the form of the
equations used in the wing-loads study. Because of the

TABLE VI—SUMMARY OF TAIL-LOAD ANALYSIS IN STALL

REGIME
Bum of
Rqua- Standard
uares

oo Equation of resia- | &rrorof
ber ng' s, 1b
@ | ALrma, so4x10t | 184
® | ALrmds . 381 207
© | ALr=Aa+fq 280 176
(10) | ALr=Ap+/aTog,017 25 a7 | 1m0

3310.004
) | aLr=(4utBue—5"" ") 2 174 140
12 | aLrm(4nt-Bae—5% %) foion L7 20 161 136.

' Constants

Agm414:210

Ag=3.592:0.10

Ay=dl 018

An=24.4:10

AnmT8A435  Bym—b51.2256.0

Ap=id1+29  Bym—202141
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empirical nature of the abruptness alleviation expressed by
the term e~%3°-%4V  the wing chord and the constant 0.004
were retained in the tail-load calculations. The wing natura]
frequency was also retained in the expression log, (f, A?).

Comparison of the standard errors of estimate of the equa-
tions of table VI indicates the pertinence of the square root
of the dynamic pressure, the duration of the stall, and the
abruptness of the maneuver. The load alleviation obtain-
able by a gradual stall entry appears to be even greater than
in the case of the wing loads.

Load trends in shock regime.—Buffeting at the Mach
numbers of the shock regime was, for the present airplane,
encountered under transient conditions in diving turns and
pull-ups. In some instances so much speed was lost during
a maneuver that buffeting originally encountered at a Mach
number of 0.7 ended at Mach numbers of 0.62 or 0.63 with a
typical stall recovery. In order to assure & homogeneous
class of data, the 26 runs selected as representative of the
shock regime were those in which the maximum buffeting load
was encountered at Mach numbers above 0.68, as shown by
the Mach numbers of tables IIT (b) and ITT (c). A plot of
values of (ALy)q, against g for these maneuvers, figure 14 (a),
appears to indicate a different trend with dynamic pressure in
the shock regime than in the stall regime. One reason for the
apparent trend with ¢ is found in an examination of the varia-
tion of load with penetration beyond the buffet boundary.
At a given Mach number, increasing penetration beyond the
buffet boundary results in increased amplitude of load fluc-
tuation, but the rate of increase of load with penetration
varies with Mach number. These trends for the wing loads
in the shock regime are illustrated in figure 15.

12 24x%10°
10 20+
o o
8 . 16 .
2 °
G 6 el /-
Buffet boundary - 3
4 (fig. 4)—" skd o /F .
o M= 070
ok h al oM =075
{a) . (b)
O 1 I H ] 1 | 1 -1
850 64 68 T2 176 .8BO [0} A 2 3 a4
M CH_CNBB T

1

(a) Loads in relation to buffet
boundary.

Frgure 15.—Relationship between buffeting load, Cy, and Mach
number.

(b) Variation of load with pene-
tration

Figure 15(a) shows the wing-load values ALy plotted on a
diagram of the variation of Oy with Mach number. In
each symbol is a numeral, indicating the value of ALy in
hundreds of pounds. Also shown is the buffet boundary
for the shock regime from figure 4. In general, smaller
loads occur near the buffet boundary and larger loads, at
values of Oy farther removed from the boundary. Figure

.-
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15(b) is a plot of load against the difference Aly=Cy—Ch,,
for Mach numbers of approximately 0.7 and 0.75. The
linear dependence of load on ACy is evident, but the slope
dALy/dACy decreases as M increases.

Shown also in figure 15(a) is a line marked Cy_. This
curve of maximum normal-force coefficient was estimated
from & study of recent wind-tunnel data on Cy__ since
specific data for the North American F-51D are not avail-
able. If the penetration beyond the buffet boundary at
each Mach number is expressed as a ratio denoted by P
where

— C’N—" ONBB

P=__%_ ~"BB
Ox, mas GNBB

(13)

the Mach number dependence of the slopes in figure
15(b) is accounted for. A plot of (ALw). against P is
shown in figure 14(b). The variation of (ALwy)s with P
appears to be linear for the range of flight-test data available;
the strong dependence on P effectively masks any de-
pendence on ¢ in figure 14(a).

The equations investigated for wing loads in the shock
regime were

ALp=a, (14)
ALp=aug (15)
ALw=a1svg (16)
ALp=anP (17)
ALy=asPg (18)
ALyp=a1Pg (19)

The results of the least-squares analysis are given in table
VII.

TABLE VII.—SUMMARY OF WING-LOAD ANALYSIS IN
SHOCK REGIME

Equa- Sum of |Standard
fon'| mquarion | BTl | srmrel
ber pA24 & 1b
14) ALw=an 834 X104 578
{15) ALw=aug 1,234 718
ae) ALp=au~g | 1,009 048
an ALw=anP 133 28
(18) ALw=0onPyg 192 283
as) ALw=0pP+f| 125 228
, .
i Constants
s ? a=040:£116
ayy=2.81-+-0.28
L * a1=62.2:£7.3
8 ayr=2500£107
. ay=058-£0.51
, T . ley=1835164

[T s
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For the tail loads in the shock regime, the equations
investigated were similar to those for the wing loads, that is,

ALp=Ay (20)
ALr=A43q (21)
ALr=Anq (22)
ALy=A45;P (23)
ALy=A4Pq , (24
ALy=AxPq (25)

The results of the least-squares treatment are shown in table
VIII.

TABLE VIIL.—8SUMMARY OF TAIL-LOAD ANALYSIS IN
SHOCK REGIME

g . squares of | srror ot
num- quation | ‘oqisuals, estimate,
(20) ALr=Ax 218104 205
(a1 ALr=Ang 334 365
(22) | ALr=An+fg b1 385
() | ALr=AnP 67 167
(29) | ALr=AuPg 7 173
(285 | ALr=AxP4g ] 174
Constants
A= 50850
An=1.62402¢
An=28.2+3.8
An=1254:+76
A2=4.69:1:0.28
An=76.24.8

For both wing loads and tail loads in the shock regime,
the values of the standard errors of estimate show that
neither ¢ nor +/g is as good a measure of the load as the
average value, although +/g is somewhat better then g.
Inclusion of the penetration in the analysis through the
parameter P (egs. (17), (18), (19), (23), (24), and (25))
results in values of the standard error of estimate which are
clearly very much lower then the values for the means
(eqs. (14) and (20)). Between equations involving P,
Pgq, and Pyg, the indications are not so clear. For wings,
equation (19), ALp=a,Pyg has the smallest standard
error of estimate, whereas for tail loads equation (23),
ALp=AnP has the smallest standard error of estimate.
The lack of a clear indication of the effect of ¢ in the shock
regime may be in part the result of the relatively small
number of points and the limited range of altitudes that
are available at a given Mach number. Another contribut-
ing factor may lie inthe random character of the buffeting
process as discussed in appendix B. The strong dependence
of resultant loads on penetration, coupled with the transient
character of the maneuvers at speeds above the maximum
speed in level flight, would require a more detailed analysis
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including perhaps not only the extent of penetration but
also the length of time spent at or near any given value of
penetration. Since the standard errors of estimate for
equations (23), (24), and (25) are so nearly the same, it
will be assumed that the variable Py/g is also applicable to
the tail loads in the shock regime.

)8 ON A FIGHTER ATRPLANE

LOAD EQUATIONS OF BEST FIT

Wing loads.—The summary of the regression analysis of
the wing loads measured in the present tests, tables V and
VII, indicates that the best fit is obtained with equations
(6) and (19). These equations may be written in terms of
the values of the regression coefficients as, for the stall

regime,
ALwy=[65.6+3.8—(31.6 3 5.4)e~=/%0%V].[oTog,(11.7 AD)  (26)
and, for the shock regime,

ALy=(153.546.4) Pyg @7

In figure 16 & comparison is made of the variations of wing
load given by equations (26) and (27) with the effects of g,
maneuver abruptness, stall duration, and penetration shown

16X102 32x102
Stall regime Shock regime °
o o 2 -
R % ~Eq. (26) g Eq.(27
o - o -
= T o
3 3
a4 h 4 L
] 1 ] y (0} 1 ] 1 p (B,
o} 500 0 1.0
g, 1b/sq ft P
€ 120+ S 120
2 Ea. (26) 5 2 Stoll regime
= I~ ° = B AN
- - ~Eq. (26)
S o
;I:\h B Stall regime /-C ™
] A T O X }|° R BN o) B
35 0 N o L o 5
ac/y Ay, sec

(a) Varia_t.ion with dynamic pres- (b) Variation with penetration.

sure. At=1.78 sec; 1§=17.3.
(a_c —1.93%10-3, (d) Variation \Ylth time in buffet-
v ing.

(¢) Variation with abruptness of
stall entry. Af=1.78 sec.

Freure 16.—Comparison of results of least-squares analysis with
trends shown by method of averages. Circles represent data from
figure 14. ¢

/& .
(V =1.93X10-2, .

in figure 14. The data points of figure 16 are reproduced
from figure 14. Shown in each part of the figure are the
mean values of the “suppressed’ independent variables.
For the stall regime, these values (&c/V)=0.00193 radian
per chord and At=1.78 seconds have been substituted into
equation (26) in order to show in turn the variation of
(ALw)q with g, figure 16 (a), the variation of (ALw/vVQ e
with &¢/V, figure 16 (c), and the variation of (ALw/vQ)a
with At, figure 16 (d). In the shock regime, the average
value of ¢ has been substituted into-equation (27) to show
the trend of (ALy)q with penetration P. (See fig. 16 (b).)
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Since the trend of load with ¢ in the shock regime has been
obscured by the large range of values of penetration P, no
compearison is shown in figure 16 (a). The agreement
between the points representing average trends and the
dependency on +/¢ and A¢ in equation (26) is substantial
and suggests the validity, at least for the present airplane, of
the physical concepts represented in the form +/qlog, (f, Af).
The exponential character of the alleviation in load obtain-
able by a gradual stall entry, even though empirical, appears
also to represent the trend in the experimental data. Since
the effects of duration and abruptness can both be of the
order of 425 percent of the load for an average condition,
the advisability of examining the buffeting of other airplanes
on the same basis is indicated. .

The expression of the penetration beyond the buffet
boundary by means of the ratio (Cx—Cuyp)/(Crpez— Cngp)
as in equation (13) is purely empirical but, over the range
of flight-test data available, appears to give a reasonably
good fit to the data (fig. 16 (b)). The linear dependency of
load on P assumed in the regression analysis is also em-
pirical, and verification for large penetrations at Mach
numbers above 0.70 is not feasible with the present airplane
because of operational limits. In particular, it is not known
whether the loads for & stall at transonic speeds would be
given correctly or whether, as at lower speeds, the abruptness
of stall approach would be important; investigation with an
airplane with wider operational limits is desirable.

A comparison of the loads calculated by use of equations
(26) and (27) with the measured loads on which the numerical
values of the regression coefficients are based is shown in
figure 17. In each part of figure 17, the line of exact agree-
ment is the solid line with unit slope. 'The horizontal or
vertical distance from any point to this line is the difference
between the measured and the calculated load. Parallel to
each line of exact agreement are two dashed lines, displaced
by the amount of the standard error of estimate. In
general, 68 percent of the measured values will vary from
the calculated values by less than the amount of the standard
error of estimate. The wing loads calculated from equations
(26) and (27), when compared with the measured values
(figs. 17 (a) and 17 (b)), show generally good agreement.
The measured wing loads are estimated to be in error by less
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(a) Wing loads, stalls (eq. (26)). (b) Wing loads, shock (eq. (27)).

Frauvre 17.—Comparison of measured and calculated buffeting loads
of basic airplane.
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(c) Tail loads, stalls (eq. (28)). (d) Tail loads, shock (eq. (29)).
Frauors 17.—Concluded.

than 4130 pounds, as compared with a standard error of
estimate for equation (26) of 178 pounds and for equation
(27) of 228 pounds. The fact that in the stall regime these
two precision measures have roughly the same order of mag-
nitude suggests that, with the present data, regression
analysis can probably accomplish little more; in the shock
regime, the larger standard error of estimate for equation
(27) as compared with the error limits of the experimental
data may be a further indication of the need for & more
detailed study than has been possible with the present data.

Tail loads.—The summeary of the regression analysis of
tail loads measured in the present tests indicates that the
best fit of the stall data (table VI) is obtained with the
equation

ALr=[44.1+2.9—(29.2+4.1)e~2%7] /e Tog,(11.7 A) (28)

whereas the equation which is taken as representing the
shock-regime data (table VIII) is

AL;=(75.24+4.6)Pyg (20)

Loads calculated from these equations are compared in
figures 17 (c) and 17 (d) with the measured loads from which
the regression coefficients were obtained. Since equations
of the same form as the wing-load equations give such a
good fit, the possibility is indicated that the wing is & primary
agency in determining tail loads. Since the response of the
tail is primarily at a frequency corresponding to that of the
fuselage in torsion, the wing may excite the tail through the
fuselage. On the other hand, the standard errors of esti-
mate for equation (28), 135 pounds, and for equation (29),
174 pounds, are somewhat larger than the estimated experi-
mental error (480 pounds) and this difference, coupled with
the correlation coefficient of 0.7 between tail and wing loads,
indicates that one or more additional parameters may exist
which are important in determining tail loads but which are
not disclosed by the present investigation. The propeller
slipstream may provide one such agency and the wing wake
another, but, since instrumentation suitable for the evalua-
tion of such effects was not incorporated, the relative con-
tributions of the fuselage, the wing wake, and the propeller
slipstream cannot be established.
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EXTENSION OF RESULTS

Oomparison of loads measured on basic and modified
airplane,—The large amount of scatter in plots of buffeting
load against Mach number in figures 7, 8, 9, and 10 makes
difficult any simple determination of the effect of the added
wing-tip weights on the magnitude of the buffeting loads.
Comperison of figures 7(a) and 9(a), for example, is incon-
clusive. The equations obtained in the analysis of the
buffeting loads on the basic airplane have, therefore, been
employed to extend the results obtained on the basic airplane
to the analysis of the data for the modified airplane. For
the stall regime, equations (26) and (28) have been used,
modified only to the extent required to allow for the slightly
reduced probability of encountering a given load in a given
time since the wing frequency has been reduced. The equa~
tions are

ALp=(65.6—31.66~%%/-%%%) [oTog, (9.3 Af) (30)

ALp= (44.1—29.2¢-%%0-047) [oTog, (9.3 A7)  (31)

In the shock regime, equations (27) and (29) were used.
Values of &c/V and Af from table IV(a) were used with
average values of ¢ and ACy from tables IV(b) and IV(c) to
calculate values of ALy and ALp,. These calculated values
are compared with the values measured in flight in figure 18,

32x102 -
28 -
24| -

201 1.0 - 1.0
|
x
<
<

[2]
T
T

[
90
O,
_ % _
00 -
@ (b)

| 1 [ 1 l(a)l y, i i ] i 11
O 4 8 12 16 20 24xi020 4 8 12 16 20 24x102

ALeotcmmated Alouiated
(a) Wing loads, stalls (eq. (30)). (b) Wing loads, shock (eq. (27)).

Fraurn 18,—Effect on loads of a reduction in wing frequency. Buffet-
ing loads measured on modified airplane compared with caleculated
loads.
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in which the solid lines are lines of exact agreement. As a

meeasure of the effect of the reduced frequency on load, the

average ratio AL moitpes has been determined, by computing
(AL)sesic

the value of % in the equation
(AL) poatgea=F (AL) psic (32)

The values of % for the wing and tail in the stall regime and
shock regime, together with their standard errors of estimate,
are

Eias, uar=0.9040.03

Fortng, snos =0.7140.07
k(aﬂ. .w=1.25 :l:0.04
kba' shock— 1.10:':0.10

The dashed straight lines represented by these values of %
are shown in figure 18.

For the wing in the stall regime, the value of % indicates
an average reduction of 10 4 3 percent over and above the
average reduction of about 4 percent that would be expected
because of the reduced probability associated with the fre-
quency reduction. The estimate of & 29 4 7 percent load
reduction in the shock regime is somewhat less reliable than
the 10-percent estimate since & smaller number of points
is involved, but an overall reduction of something like 15
percent is indicated for the modified airplane.

Comparison of the tail loads measured on the modified
sirplane with the loads calculated from the least-squares
equations as shown in figures 18(c) and 18(d) indicates that
the wing modification has increased the tail loads about 15
percent. In buffeting, the motion of the tail is primarily in
an antisymmetrical mode at the natural frequency of the
tail assembly as restrained in torsion by the fuselage, 9.8
cps in table II. Since the addition of the wing-tip weights
reduced the frequency of the wing in fundamental bending
from 11.7 to 9.3 ¢ps, table II, wing buffeting of the modified
airplane occurs at a frequency only about 0.5 cps removed
from the tail buffeting frequency; whereas, with the basic
airplane, the difference is nearly 2 cps. The amplitude
response of a simple system would be expected to be larger
as the frequency of the excitation approaches resonance, and
it is possible that & coupling exists between wing and tail
vibration modes such that this simple explanation would
be sufficient to account for the experimental results. If so,
the importance of the fuselage as a coupling agent in the
tail-load problem is indicated.

Measured loads compared with results for simplified wing
buffeting model.—In appendix B, an equation is developed
which gives the form of the relation between pertinent
structural and serodynamic parameters and the mean-
square value of the root-structural-shear fluctuations of
a stalled wing under the assumption that such buffeting can
be treated as the response of a damped linear elastic system
to an aerodynamic excitation which is a stationary random
process. The buffeting model considered is a simplified wing
with one degree of freedom (fundamental bending) and the
development parallels, in some respects, the study in refer-
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ence 2 of the loads on a tail in a fluctuating airstream. The
development is tentative, since the assumption that stall
buffeting is a normally distributed stationary random process
has yet to be verified, but & comparison of the loads measured
in the present study with the tentative relation is of interest.

A primary aerodynamic factor determining the magnitude
of the buffeting loads is the power spectrum of the aero-
dynamic excitation, denoted by the spectrum of the coeffi-
cient of section-normal-force fluctuations ¢,*(») in appendix
B. Provided that this spectrum possesses certain general
dimensional and frequency characteristics (especially a
fairly constant level over a band of low frequencies), the
details of the shape of the spectrum are of minor concern,
but the mean-square value of the excitation ¢,z is of great
importance. In appendix B, the scale factor in the power
spectrum of the excitation is assumed to be the chord, the
damping is assumed to be positive and aerodynamic, and
the resultant equation for the root-mean-square shear at
the root of a wing panel due to buffeting (eq. (B27)) is

ol (155 =) [ Ve
L 5 keS T Ja (33)

In this equation the operating conditions of speed and alti-
tude are included in the term +/g; the geometry of the wing
and its stiffness are included in the term in parentheses;
whereas the excitation and the aerodynamic damping are
represented by the term ¢3/(Cz,),,, Little information is
available about any spectrum of section normal force, or
about the term (Cr,),, which is an effective slope of the
lift curve applicable to the aerodynam:lc damping of small
bending oscillations of a stalled wing. Unpublished tests
in the Langley 2- by 4-foot flutter research tunnel on a
stalled, rigid NACA 65A010 airfoil have given values of
A/c2=0.07 over a range of angles of attack beyond the stall.
Vibration tests of & similar stalled wing have indicated that
over a wide range of reduced frequencies and angles of attack
the aerodynamic damping is of the same order of magnitude
as that indicated by the two-dimensional slope of the lift
curve—that is, (Cy,),,,~2=. Using these two results as a
guide to order of magnitude gives a value

=0.028 34

(OLa)alf)]

For the present airplane the wing stiffness in & funda-
mental bending at 11.7 cps is approximately 19,000 pounds
per foot. This value for %, together with the dimensions
given in table.I and the estimate of equation (34), gives
the following relation for the root-mean-square buffeting
shear at the root of each wing panel:

VIE~444g e

and for the maximum buffeting shear likely to be encountered
in & time Af (eq. (B33)):

ALy
Vglog, A1.749 02 (86)
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The least-squares relationship for the wing loads of the
present tests with the basic airplane, equation (26), gives
as & limit for very abrupt stalls

ALy
JqTog, (11.7 Af)

whereas for very gradual stalls the limit is

_ ALy
g log, (11.7 A?) & 8

and for the data as a whole, equation (4) and table V, an
average is

65.6 (37

ALy
Jqlog, (11. 7AY) 44 (39)

The agreement between the constant value 62 of equation
(36) and the values 65.6, 34, and 44.4 obtained by least
squares (eqs. (37), (38), and (39)) may be fortuitous, in view
of the limited knowledge available about buffeting as a
stationary random process, the number and character of
the assumptions in appendix B, and the limited applicable
experimental data on the aerodynamic characteristics of
stalled wings. The agreement shown does suggest, however,
that further investigation is warranted of both the aero-
dynamic parameters and their relationship to the buffeting
of other airplanes.

Buffeting coefficients,—The results of the present tests
indicate that the usual buffeting coefficient of the form
AL/gS would, for both wing and tail loads, be overly con-
servative if coefficients based on loads measurements at
high altitudes were used for the estimation of loads at low
altitudes. The tests also indicate that, for a given airplane,
a simple comparison of loads on the basis of values of the
dimensional forms AL/y/g or AL/q log, (f. A would give
more consistent results. To the extent that the simplified
analysis of appendix B represents the buffeting of a
straight-wing airplane in stalls, a coefficient of the form

ke S(L—e47) log, (f.Al)
AL/ * AP

clude both the geometry and the elastic properties of the
wing, as well as the operating conditions of speed and alti-
tude. Such a coefficient for the present abrupt-stall data
would have a value of approximately 0.03. Whether such
a coefficient established for one type of airplane would give
useful information about another type differing, say, in wing
thickness ratio or airfoil section would depend on the aero-
dyna.mic characteristics of the wing in stalls, as represented
in the term ¢.3/(Ct,),, In the absence of more experi-
mental data on & spectrum of aerodynamic exoitation for
buffeting and on the effects of Mach number and angle of
attack on both the spectrum and the aerodynamic damping,
a conclusion about a final form of a wing buffeting coeflicient
cannot be reached. However, should the results for the
present unswept-wing airplane be confirmed for other similar
airplanes, it should be possible to extend them to swept wings
and to tails.

would be required to in-
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Comparison of wing buffeting loads and design loads.—
The results of the least-squares analysis of the wing buffeting
loads of the present tests can be used to compare the maxi-
mum wing buffeting loads likely to be encountered in stalls
with the wing design loads for the North American F~51D
airplane. From equation (26) the amplitude of the maxi-
mum buffeting-load increment in an abrupt stall of duration
At is approximately

ALyp=05.6+/q log,(11.7 Af) (40)

The dynamic pressure of the stall can be expressed in
terms of load factor, wing loading, and airplane normal-
force coefficient as

=209

Therefore ALy can also be expressed as

ALW=65.6\/n gV/‘S? log, (11.7 Af) @)
Npp

The largest value of ALy would be found in stalls at limit
load factor at such speed and altitude that O, i8 83 small as
possible. The least value for Cy,, in sta.]]s ﬁgure 4(a), i8
1.04. The limit load factor for the test turpla.ne is 7.1 for a
gross weight of 9,000 pounds. These values give, for the
maximum value of ALy expected,

ALy, =1050+/log,(11.7 Af) (42)

or, for & stall of 5 seconds’ duration, ALy, _,_=2,650 pounds.

Such a buffeting load encountered in a stall at limit load
factor would be superimposed on a steady wing-panel root
structural shear of approximately 22,000 pounds. In terms
of a gross weight of 9,000 pounds, a root-shear fluctuation
of 42,650 pounds corresponds to a load-factor fluctuation of
approximately +0.30.

Fatigue.—For fatlgue studies, information is needed on the
number of times a given value of load is exceeded in a given
period. For a stationary random process, this information
is provided by the mean-square load and the power spectrum
of the load, as in equation (B26). The simple buffeting
model considered in appendix B is a single-degree-of-freedom
system which is very lightly damped. For such a system,
the response to a random input has the character of a sine
wave with a frequency roughly equal to the system natural
frequency and an amplitude which fluctuates irregularly.
The irregular amplitude fluctuations are characterized by the
probability distribution of equation (B31) which gives the
number of peaks per second which will exceed & given value.
Since the total number of positive peaks per second cor-
responds to the natural frequency of the system £, (with an
equal number of minimums), equation (B31) provides a
simple basis for considering the fatigue aspects of buffeting.
(See also ref. 7.) Although based on a simplified model
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which ignores any contribution of higher vibration modes to
the wing buffeting loads, equation (B31) may well represent

& satisiactory engineering approximation since modes of
frequency higher than first bending ordinarily make but a
small contribution to wing-root shear.

CONCLUDING REMARKS

Wing and tail buffeting loads have been measured on a
fighter airplane during 194 maneuvers. The half-amplitude
of the largest fluctuation in & structural shear was used as a
measure of buffeting intensity in each maneuver. Correla-
tion coefficients of 0.9 were found for loads on the left and
right wings and the left and right horizontal stabilizers.
Least-squares methods have been used to illustrate certain
trends in the data;in these studies the loads in the stall regime
were found to follow a pattern which differed from that found
in the shock regime.

In the stall regime primary variables affecting the mag-
nitude of the loads were speed and altitude as represented
by the dynamic pressure, but the square root of the dynamic
pressure was 8 better measure of the load than was the first
power, & result which may be due to the action of aerody-
namic damping. The Joads measured in maneuvers of long
duration were, on the average, larger than those measured
in maneuvers of short duration, a result which is in accord
with considerations of stationary random processes. As
compared with abrupt pull-ups, load alleviation of about 50
percent was obtained by a gradual enfry into the stall.

In the shock regime, the primary variable affecting the
magnitude of the loads was the extent of the penetration
beyond the buffet boundary. The data do not provide a
clear indication of & dependency of load on dynamic pressure,
a result which may be in part attributable to the operating
limitations of the airplane which restricted the range of the
investigation in the shock regime; a more detailed investiga-
tion appesars to be required.

Loads were also measured on a modification of the airplane
incorporating internal wing-tip weights which reduced the
natural frequency of the wing in fundamental bending from
11.7 to 9.3 cps. Analysis of the measured loads indicated a
reduction in wing loads of about 15 percent and a similar
percentage increasé in the tail loads, as compared with the
loads on the basic airplane.

The loads on a simplified wing buffeting model have been
examined on the assumption that buffeting is the linear
response of an aerodynamically damped elastic system to an
aerodynamic excitation which is a stationary random process.
The results of the present tests for stalls are sufficiently
consistent with the results of the analytical study to suggest
the examination of the buffeting of other airplanes on the
same basis,

LaneLEY ABRRONAUTICAL LLABORATORY,
Natronar Apvisory CommirTes For AERONAUTICS,
Lawersy Fiswp, Va., February 11, 1964.



APPENDIX A

SUMMARY OF STATISTICAL PROCEDURES

A typical problem in linear regression involving & depend-
ent variable w and, say, two independent variables = and y,
which is solved by least-squares methods, is usually repre-
sented as finding the unknown coefficients a, b, and ¢ in the

equation
w=az+by-+c

given & set of IV values of z and y assumed to be exact, and

N corresponding measured values of w denoted by w’. For

any set of values of a, b, and ¢, each measured value w; and

the corresponding calculated value w; differ by the residual

¢; where :
e,=w’,—w¢

=w’¢—a:v,— by,—c

The theory of least squares assumes that the “best” values
of @, b, and ¢ are those for which the sum of the squares of

N
the residuals > e is & minimum, a condition which is fufilled
im=]

by the values of @, b, and ¢ in the so-called least-squares
normal equations which may be represented in matrix form as

N 2z 23 c >’
2 2.2 2.y a =< > 'z
2y 2y 2y dLb 250y

N
where the summation > denotes :E The resulting plane
-]

az-4-by--c passes through the point (w’,z,7) determined by
the mean values of w’, z, and .

The present report is concerned with the application of
least-squares methods to equations of the type where ¢=0,
and

w=az

w=az-+by

that is, problems where the least-squares line or plane is
required to pass through the origin (w=z=y=0). In this
case for two independent variables, z and y, the values of
a and b are given by the normal equations

>t >y a >w'x
Say S| Ls ) | Zww

The solution may conveniently be written in terms of the
inverse matrix which for second-order matrices is given by

C11 Ci1a 2172 Exy -
o em| |Sw S
2

_ 1
EPATDI PR [_Ery

or

—2xy
S
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Accordingly

a cn ol 2w
{H =)
The sum of the squares of the residuals is given by
>w'z
2wy }
A measure of the spread in the measured values of v’ is 8./,
the standard error of w’ defined by

2.’ —w")

N—-1

2ié=2>w'—la b

8y =

where 77 is the arithmetic mean of the measured values
>’
N
evaluated by the equation

yi [N =0y
v NN-1)

The standard error of w’ is usually most easily

The standard error of the mean s’ is proportional to
8, and inversely proportional fo the square root of the
number of points, that is,

8 /=£
v
VN

A measure of the ability of the regression equation to
represent the data is given by the standard error of estimate
of the equation, which for w=az is

22

8=\ N—2

N b7
»—VN=3

The standard errors of estimate of the constants ¢ and b
are related to the standard error of estimate of the equation
and the terms on the principal diagonal of the inverse of
the matrix of the coefficients of the normal equation by

the relations
8a=+C1 8p

3b=‘\/—0; 8w

The standard error of w’, that is, s,, is & measure of the
error involved in representing the NV values of w’ by their
mean value w’. An equation, say, w=az, for which the

and for w=ax+by is
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standard error of estimate s, is smaller than s, would
ordinarily be considered an improvement over the mean-
value representation, since it implies that specification of &
value of z gives better information about the value of w’
than does the mean value w’. The methods of the analysis
of variance give a statistical estimate of whether the equa-
tion w=az is improved by the addition of another variable
y to give w=ax+by. For this particular question (see
ref. 8) if > ¢* and > e’ represent the sum of the squares
of the residuals of the one- and two-parameter equations
being compared and the ratio

F=Ee1’8——;2e,’

g

oxceeds a certain critical value, then, on the basis of the
ovidence at hand, the chances are at least 100 to 1 that the
improvement is real. The magnitude of the critical value of
F depends upon the number of. values V. For N=25, 50,
and 100, the values of F are 7.97, 7.20, and 6.91, respectively.
Although linear dependency between two variables w
and 2 is usually expressed by a relationship of the type
w=az-+c¢ when the measured values of z are considered
exact, or in any event more nearly under experimental
control than the measurements of w, there are instances
when a more general measure of the linear dependency of
two variables is desired. The coefficient of linear correlation
r is such & measure which does not depend on the choice of
w or 2 as independent variable or on the units of w and z.
The value of » is usually calculated from the relation

. NS wa—Cu) (Do)
VN2 W — 0w IN> 7' — (2027
but it can be shown that this value is equal to the square

root of the product of the slopes @ and @’ in the two regres-
sion equations

w=az+c
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and
z=a’w+4¢’
that is

r=+/ad’a

The values of r fall within the range —1=< 0 < 1, unit
values indicating exact linear dependence and zero indicat-
ing complete independence of the two variables. A negative
correlation coeflicient indicates inverse dependency; that is,
increasing values of one variable are associated with de-
creasing values of the other.

For convenience in computation, all of the summations
required in regression and correlation studies of the variables
w and z may be obtained by expressing the IV pairs of re-
lated measurements such as (w,z); in the rectangular matrix

1 Uy i
1wy 3
[1M]|=|-

1 Wy T

and premultiplying this matrix by its transpose |[AL7||,
go that the following symmetrical square matrix results:

N > w >
M™M]=|>w >w* Swz
>z Sraw >t

Similar considerations apply, of course, to the study of
w, %, and . More detailed treatment of the precision and
interpretation of regression studies will be found in refer-
ences 8 and 9. Numerical procedures are described in
references 10 and 11.



 APPENDIX B

LOADS ON A SIMPLIFIED WING BUFFETING MODEL

References 2 and 5 have illustrated the application of
methods developed in the study of stationary random proc-
esses ¥ to the problem of the buffeting of an elastic structure
such as a tail located in a turbulent airstream. A simple
parallel treatment is possible which illustrates the form of
the relationship between the airfoil motions and pertinent
structural, geometric, and aerodynamic parameters for an
elastically restrained airfoil subjected to the excitation of its
own separated flow.

The simplified model considered in the present section is
& rigid airfoil of mass m, span b, mean chord ¢, and area S
restrained by a spring of stiffness % to oscillate in vertical
motion only. The vertical displacement z(f) from equilib-
rium can be expressed by the differential equation for a
single-degree-of-freedom system:

F
cgtiq 2Yw, g: Fwslz n?)

B1)

where 7 is the ratio of the damping to critical damping, w, is
the undamped natural circular frequency given by the re-

lation
. k

Wy =—

m

B2

and F(t) is an impressed force. For an airfoil in a stream of
air of dynamic pressure ¢, the exciting force associated with
8 time-varying fluctuating section normal-force coefficient
¢,(t) would be (three-dimensional effects being ignored)

F ()=ca(®)cbg B3)
If ¢q(?) is & random function of time but is expressible in
terms of a power spectrum of the coefficient of the section-

normal-force fluctuations ¢, (w) such that the mean-square
section normal-force coefficient is

o= o) do B9

then 2(f) is also a random function of time, expressible by a
power spectrum z'(w) and, by reason of equation (B1),
2*(w) is related to ¢,?(w) through the admittance A?(w) of the
system by the relation

P =T L o) A%

(B5)

where the admittance taken as the square of the amplitude

ratio of the system is
1
2\ 2 2
(-5 +

A*(w)

2 Time variations of a quantity during a particular time interval may be studied by the
method of Fourler analysls, and this method can be generalized to apply to a continuing non-
periodicdisturbance through uss of the concept of a stationary random process. ‘This concept
applies when the underlying physical mechanism which gives rise to an irregular disturbance
does not change In timse and the resultant process is thus both statlonary and random. As
a random process, it can be described by certain statistical parameters (mean, mean square,
and power spectrum are ordinarily of chief Interest); as a stationary random process, these
parameters do not change in time and prediction on e statistical basis is therefore possible.
For a more complete discnssion ses references 12 and 13.
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(B6)

The mean-square displacement of the airfoil is given by the
definite integral of equation (B5), that is,

=c 62 2(cu)A’z(a)) de

B7)

Evaluation of the integral in equation (B7) could be &
complex problem, even under the assumption of positive
damping, but, for small values of the damping, the admittance
A?(w) in equation (B7) changes very rapidly in the frequency
band in the vicinity of resonance, w=uw,, and it is possible to
substitute for ¢,*(w) in equation (B7) its value at w, and to
write the approximate relation

FulrLoito) [ 4o

For the admittance given by equation (B6), the area under
the admittance curve is inversely proportional to the damping
ratio since

(B8)

® 43 T,
[ 4 du=" (B9)
Therefore, the mean-square displacement is
— xR
Fm il T 0w (B10)

For the simplified buffeting model considered, aerodynamic
damping forces would originate in the velocity of the vertical
motion 2 and the damping ratio could be expressed as

ch
T30 Codus (B11)

where (C,),,, Will be considered as an effective slope of the
lift curve applicable to the damping of small bending motions
of a stalled airfoil. The present flight tests have been con-
cerned with values of wing root shear, which are analogous
not to the airfoil displacement but to the load L=*kz exerted
on the spring support. Hence, an expression for the mean-
square shear load in buffeting obtained from equations (B2),
(B10), and (B11) would be L*=k"Z* or

~kebgV

I mgray o (@
2( [’a)lff (")

(B12)

Two characteristics pertinent to the definition of the spec-
trum ¢,*(w) are its level, as determined by the mean square,
and its shape, or the frequency distribution of the excitation.
These characteristics may be expressed by writing ¢,*(w) in
the form

ol (0) =¢, 2 (w) (B13)

where ®(w) is the power-spectral-density function or shape
parameter which defines the contribution to ¢, from the
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excitation in any frequency band between & and w-dw.
Thus, in view of equation (B4),

fo & () do=1 B14)

For a section property, it seems probable that the fre-
quency w is a less fundamental variable for defining the shape
of the spectrum than a reduced frequency based on the speed
V and a linear dimension related to the size of the airfoil or
the chordwise extent of separation. For the chord as the
pertinent linear dimension, & reduced shape parameter

& (%) is related to ®(w) by requirements of dimensional con-
sistency, that is

@)=z @ %) (B15)
where the constant K which appears in the denominator is
the area under the curve defined by the reduced shape
parameter. Thus, on the basis of dimensional considera-
tions, the spectrum ¢,?(w) may be written as

e @)=y KLV@(%" B16)

[T a(®)q(x
x=[ (%) (%)
and the intensity of the fluctuations of section normal force
at a particular frequency is seen to depend not only on the
mean-square value ¢,” but also on the scale and speed and on
the spectral distribution of the excitation as expressed by the

reduced shape parameter. From equation (B16), which
provides a value for ¢,*(w,), the mean-square buffeting load is

where

(B17)

(B18)

Little information is available concerning the shape param-
oter & GT‘O) for stalled airfoils. In references 2 and 14, iso-

tropic turbulence has been used to illustrate a random exci-

tation expressible by a power spectrum. At a point in

isotropic turbulence, the turbulent component of velocity

w(t) normal to the free-stream velocity V results in an equiv-
w(t)

alent fluctuating angle of attack a(t)=7 which has a

mean-square value o and a spectrum o*(w) that can be
written in terms of a reduced frequency low/V as
o)=L 5 (-"’ (B19)
KV "\V
where ! is a linear dimension characteristic of the scale of the
turbulence, and

142
* (77 re

)

(B20)
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F1aure 19.—Shape of spectral distribution function (eq. (B20)).

for which the constant K of equation (B17) is equal to .
This particular shape parameter, which has been plotted in
figure 19, is relatively constant and close to unity for values
of reduced frequency less than 1 and then falls rapidly to
low values. The assumption that the spectrum of the co-
efficient of the section-normal-force fluctuations on a stalled

airfoil & (‘T’,—w has a shape similar to that expressed in equa-

tion (B20) with I=c leads to an estimate of = for the constant
K in equation (B18) and provides a guide for estimating the

value of ® cw,,>'

In equation (B3) and thus in equation (B18), section
properties have been applied to the excitation of the entire
wing, an application which, in general, would be expected to
overestimate the net excitation since fluctuations at one
chord station would not necessarily be in phase with fluctu-
ations at another station. A simple overall correction is
possible, however, which is based on a correlation function
observed in isotropic turbulence and is directly related to
the spectrum, equation (B19). This correction is similar to
the length correction used in hot-wire anemometry and is
used in reference 14 to relate the mean-square angle-of-
attack fluctuation at a point along the span to the mean-
square value over the entire span. It involves the ratio of
the scale of the turbulence to the span b. If the same overall
correction is applied to the coefficient of section-normal-force
fluctuations to take care of the major effects of spanwise
load correlation, the wing C* would be related to the section

¢ by the equation

Ci=c 3 (1—e™?) (B21)
This same overall correction leads to the final expression,

applicable to the simplified model, for Z* the mean-square
force exerted on the model support

2 b/E (Olla)aff'1> 14

PPTHI E L) g

With slight modification, an expression applicable to the
root shear of a wing panel can be obtained from equation
(B22). TFor wing motions which are simplified in that only
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fundamental bending at natural frequency o, is considered,
the vertical motion varies along the semispan direction y in
accordance with the shape of the bending mode z(y) (taken
as unity at the tip). The stiffness £ would be an effective
stiffness corresponding to this mode, where

(B23)

and m, is an effective mass for bending in this mode, given
by the integral of the product of the spanwise wing mass
distribution m(y) and the square of the mode shape, or

mi= . " )zt dy

k= 7')'1,(9,.,2

B24)

Thus for the assumed wing, the mean-square root buffeting
shear for one wing panel of span 5/2 would be

ﬁ“k?qb 1—e Y% o2 ® _cw_,)
4 bf2e (C’La)‘” Vv

(B25)

or, in terms of aspect ratio A=% and total wing area S=bc,
the mean-square root shear would be

¥6Sq1—e=42 2 u)

o (%
4 Af2 (OLa)cff 14

For a given structure (¢ and «, fixed) the proportionality
between I? and ¢ (or V?) could be modified by changes in the

value of the shape parameter ® (E T‘;") with speed. If, however,

P~ (B26)

the value of the reduced frequency C—T‘;" lies in a nearly flat

portion at the low-frequency end of the spectrum, then, for a
spectrum with a shape parameter like that given by equation

(B20), the value of the shape parameter & <E—I‘;" in equation
(B26) can be replaced by its approximate value, unity, and

keS1—e 4¢3

_22,_
D= ap G.,"

B27)

Such a substitution would be valid over a range of speeds
which is wider for low values of ¢ and low values of natural
frequency ws.

The foregoing development deals with the mean-square
load on & wing panel. If the buffeting of the simplified model
can be considered a normally distributed stationary random
process, then the relationship between the mean-square root
shear I? and the probable amplitude AL of the maximum
fluctuation oceurring in a time interval At is fixed by the
power spectrum. of the load -L*(w). By use of the results
obtained in reference 12, the number of peak values per
second which will exceed a particular level AL, can be shown
to be (when AL, is large)

: e - 12 p
. '] - f WLy do |-
0

- e—AngﬂL_:
f I*w) do
0

Naz,=5- B28)
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Just as equation (B7) was simplified to equation (B8) the
term in brackets is easily evaluated, since

S L) dw,3 J *42 () do B29)
S L) dw S A¥w) dw
and, for an admittance given by equation (B6),
f " 24%(0) do=awy? f " A(w) du (B30)
0 0
Therefore, since w,=2uFy,
Nagy =605 ®31)

and a value of AL will, on the average, be exceeded once in
a time interval At given by the expression

1

e (B32)
or the value AL which occurs once, on the average, in a time
interval At is given by the equation

AL=+2I7 log, (f. AY)

The ratio AL/@ is plotted in figure 20 for two values
of f,, 9.3 and 11.7 cps, corresponding to the basic and modi-
fied wing in the fundamental bending mode, the predom-
inant mode in the wing buffeting time histories observed in
the present investigation.

Combination of equations (B27) and (B33) leads to an
equation which relates the maximum load ALy (2s measured
in the present tests) in a stall of duration Af to the geometric,
structural, and aerodynamic characteristics of the simpli-
fied wing,

koS 1—e—4/m\12 P
Alwz<_2" Af2 ”) \/(OLa)‘f,VQIOg. (f.At) B 49)

(B33)

4~
3_
f,7I.7cp
A&
2—.
= 1 . 1 R I L | | i [ ] ) I | !
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Fiaure 20.—Variation of maximum-expected buffeting load with time
spent in buffeting and wing natural frequency (eq. (B33)).
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