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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

FLIGHT INVESTIGATION AND ANALYSIS OF THE WING
DEFORMATIONS OF A SWEPT-WING BOMBER
DURING PUSH-PULL MANEUVERS

By Alton P. Mayo and John F. Ward
SUMMARY

The results of deflection measurements made at 12 stations on the
wing of a swept-wing jet bomber (Boeing B-47A) during 18 push-pull maneu-
vers are presented in the form of coefficients expressing the deflections
due to the zero-lift loads, the additional-1ift loads, the pitching-
angular-acceleration loads, and the pitching-angular-velocity loads on
the airplane. The procedures used to obtain the coefficients are pre-
sented along with comparisons of the experimental deflection and twists
with those obtained from theoretical calculations.

INTRODUCTION

In the calculation of the loads on a flexible airplane, it is neces-
sary to have accurate methods of determining the amount of structural
deflection. Especially is this true in the calculation of the loadings
on swept wings where the local angle of attack may be greatly affected by
the deflection of the wing. In order to obtain knowledge of the aero-
elastic behavior of an actual swept wing in flight and to obtain experi-
mental data by which to check theoretical methods, one phase of a flight
research program on the Boeing B-4TA, conducted by the National Advisory
Committee for Aeronautics, has included the installation of an optigraph
system to record the in-flight deflections of the wing.

This paper will be concerned with the wing deflection measurements
made during push-pull maneuvers, and the reduction of the flight data to
coefficients expressing the wing deflections due to the zero-1ift load,
the additional-lift and inertia load, and the pitching-acceleration and
pitching-velocity loads on the airplane. Comparisons are made between
the experimental results and theoretical calculations.
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2 CONFIDENTIAL NACA RM L5hK2ka
SYMBOLS

Z total optigraph target deflection measured from wing drooped
position (ground zero), positive upward, in.

Zo target deflection due to the wing airloads when the summa-
tion of the aerodynamic loads on the airplane is zero,
positive upward, in.

Zg target deflection due to the wing airloads when the summa-
wi tion of the airload on the wing and fuselage is zero,
positive upward, in.

Z target deflection per unit airplane normal load factor,

n positive upward, in./n

an target deflection due to the additional-1ift load on the
£ wing and fuselage, positive upward, in./lb

Zi target deflection due to wing inertia under an airplane

normal load factor of 1, positive upward, in./n

Zy target deflection per unit airplane pitching acceleration,
positive upward, ind/radians/sec
Zy - target deflection due to inertia of the wing with unit
1 pitching acceleration, positive upward, in../radians/sec2
Zé target deflection per unit airplane pitching velocity,
positive upward, in./radians/sec
Zé target deflection due to unit pitching velocity of the
w wing alone, in./radians/sec
b! wing span less fuselage width, in.
Iy airplane pitching moment of inertia, 1b-in.2
Ly tail load, positive upward, 1b
LTO tail load when the airplane normal load factor equals

zero, posltive upward, 1b

ZT di§tance between center of gravity of airplane and
c/4 of tail, in.
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Y'

airplane normal load factor, positive when inertia loads
are downward (n = 1 in level flight)

dynamic pressure, 1b/sq in.
airplane weight, 1b

streamwise distance from intersection of front spar center
line and airplane center line, positive aft, in.

lateral distance from airplane center line, positive
left, in.

lateral distance from airplane center line less one-half
the fuselage width, positive left, in.

airplane pitching éngular velocity, positive for airplane
nose pitching up, radians/sec

airplane pitching angular acceleration, positive for
increasing positive pitching velocity, radians/sec2

standard error of estimate, in.

standard error of the Zg coefficient, in.
standard error of the 7, coefficient, in.

standard error of the Zg coefficient, in.

standard error of the 2§ coefficient, in.

ATRPIANE AND TESTS

The airplane used in the test was a Boeing B-4TA airplane. (See

figs. 1 and 2.) The changes in the test alrplane configuration from

the standard airplane were the installation of (1) an airspeed measuring
boom and fairing on the nose and (2) an external canopy, housing the
deflection-recording instruments, mounted atop the fuselage approximately
at the intersection of the airplane center line and the wing 38-percent-

chord line.
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The flight-test data used in this paper pertain to push-pull maneu-
vers flown during the B-47 flight research program conducted at the NACA
High-Speed Flight Station at Edwards, Calif.

The push-pull maneuvers were made at altitudes of 25,000, 30,000,
and 35,000 feet with Mach numbers ranging from 0.51 to 0.80. The maneu-
vers were flown with aircraft gross weights of approximately 108,000 and
125,000 pounds, and center-of-gravity positions of 13- and 22-percent
mean aerodynamic chord. The normal load factor ranged from 0.3 to 1.5
and pitching accelerations from 0.16 to ~-0.l4 radian per second per sec-
ond. The specific values of Mach number, altitude, aircraft weight,
center-of -gravity position, and dynamic pressure are included in table 1
for each run analyzed in this report.

INSTRUMENTATION AND ACCURACY OF MEASUREMENT

The instrumentation on the airplane which was pertinent to the results
presented in this paper consisted of a pitch turnmeter, roll turnmeter,
altimeter, airspeed indicator, accelerometer, aileron position recorder,
and an optigraph system for recording the wing deflections. The roll
turnmeter and aileron position recorder were used only to insure that the
data selected were for push-pull maneuvers with little or no roll. The
accelerometer was of the single-component type and oriented so as to
measure only the normal load factors. The accelerometer was located at
34.25 percent mean aerodynamic chord (x = 241 in.), and the pitch turn-
meter was located at 27.19 percent mean aerodynamic chord (x = 230 in.).
No corrections were made to the data for the small displacements of the
instruments from the airplane center of gravity. All instruments were
of the standard NACA photographically recording type with the exception
of the optigraph system which was designed by the NACA especially for
the B-U4TA airplane.

The wing optigraph system consisted of eight target lamps on the
left wing and four on the right wing and optical recording instruments
located atop the fuselage approximately at the intersection of the
38-percent-chord line of the wing and the center line of the fuselage.
(See fig. 3.) To facilitate recording the deflections optically in the
daylight, high-intensity (rich in infrared) light sources were used in
combination with infrared-sensitive recording film. The optigraph system
was calibrated through the use of a calibration stick, with 12 lamps on
it at 6-inch intervals, held vertically at each target station during the
calibration. All in-flight measurements were made with reference to the
wing droop position with the airplane on the ground and with the wing
outrigger gear clear.
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In connection with the optigraph system, a check was made of the
errors introduced by possible movements of the optigraph base during con-
ditions of large wing deflections. This check was made to insure that
small twists of the wing center section on which the optigraph was mounted
would not introduce large apparent deflections or twist at any of the tar-
get stations. These tests showed that the optigraph undergoes no appre-
ciable movement with respect to a plane through the wing attachment fittings
and that the twist of the optigraph under a 2g wing load could cause a
maximum error of 1/2 inch per g at the wing tip and proportionately less
error at the other stations. The estimated accuracy of the total deflec-
tions from ground zero, calculated from the optigraph film readings, is
0.4 inch; whereas all incremental in-flight deflections are estimated to
be accurate to 0.2 inch.

The normal load factor and pitching-angular-velocity values used are
estimated to be accurate to 0.0l and $0.005 radian per second, respec-
tively. The pitching-angular-acceleration values were obtained from meas-
urements of the slopes of the pitching-velocity trace and are estimated
to be accurate to 0.0l radian per second per second. The airplane weights
listed in table 1 apply at the time of the maneuver and are estimated to
be accurate to 500 pounds.

RESULTS AND DISCUSSION

Basic Data Reduction

Typical examples of the in-flight measurements plotted in different
ways are shown in figures 4, 5, and 6. The time relationship between the
deflections and the airplane motions are shown in figure 4, and the vari-
ation of the deflections with normal load factor is illustrated in fig-
ure 5. Figure 6 shows the deflection of the wing in level flight as
obtained from the flight measurements plotted against the span position
of the targets.

The procedure by which such in-flight measurements were reduced to
deflection coefficients expressing the deflections due to the zero-1lift
load, additional-1lift and inertia load, and pitching-velocity and
pitching-acceleration loads on the airplane is as follows: If the fuse-
lage airloads are assumed to vary linearly with the wing additional-lift
loads, then the deflection 7Z of any target on the wing at any instant
during a push-pull may be written in terms of the normal load factor,
pitching angular acceleration, and pitching angular velocity as

Z =2+ anf(nw - LI) + Zg, 0 + Z5n + 23 6 - 2y (1)
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If the tail load is represented by

Lp = Lp, + dr g — 8 + %%gié (2)

dn dae

the deflection may be expressed by
© = oy~ Tornc) * (et ~ g T2 P (B P T
(Zéwf -7 iil_’f)e - 24 (3)
or more simply by
Z = 2o+ Zyn + 758 + 288 - 24 (&)

During the test, the Mach number, dynamic pressure, weight, and
center-of -gravity position were held effectively constant for each run.

Thus, for each target in each run, the deflections may be represented
in matrix notation:

@ = (20 - 24) {1} + 20} + 2 {6} + 24 6} (5)

where the columns { } are corresponding values of Z, n, §, and 6
read from flight records at 0.2-second intervals during the run and the
constant 2 is the deflection of the target due to the dead weight of

the wing. The coefficients 24 - Zi, Zn> Zjy, and Zg for each tar-
get were solved for by the method of least squares using approximately

25 data points per run.

When the in-flight deflections Z are plotted against normal load
factor, the data assume the distributions shown in figure 5. The solid
lines represent the variations of the target deflections with load factor
based on the values of Zg - Zj determined for each of the targets by
use of least-squares procedures applied to equations of the type of equa-
tion (5). The slope- of the line is the coefficient 2Z, of equation (5)
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and the intercept of the line at n =0 is the coefficient 2Zg - Zy.
The coefficients Zy and 2§ represent the variation of the data points

from the lines introduced by pitching acceleration and pitching velocity,
respectively.

The values of the Z,, Z,, Zg, and Zé coefficients calculated

for each target are presented in tables 2, 3, 4, and 5. Table 6 lists
the standard errors of the coefficients and the standard errors of esti-
mate for each equation as calculated by the methods of reference 3 for a
typical run, that is, run 15 of flight 6.

The values of the zero-lift deflection coefficient ZO given in

table 2 are referenced to the wing zero-load position as a result of
adding the wing dead weight (droop) deflections Z; to the Zg - Zi

coefficients. The constant Z; for each target was determined by the

use of the experimental influence coefficients for this wing which are
given in reference 1 and the dead-weight distribution of figure 7 (from
ref. 2). These values of Z; are given in figure 8.

Deflection Coefficients

Examination of the ZO coefficients of table 2 for dissymmetry in

the deflection of the right and left wing tips reveals some disagreement
which is greater than the standard error of 10.3 inch indicated in table 6.
The discrepancy between wings is concluded to be due to structural differ-
ences in the wing semispans, or perhaps to slight differences in the effec-
tive twist. As shown in figure 9 the zero-1lift deflection coefficients

for the various Mach numbers formed smooth continuous deflection curves
when plotted against span position. In the figure it may be noted that

the deflections due to the zero-1ift loads are larger at the higher Mach
number. This increase is not proportional to the dynamic-pressure increase,
and the discrepancy is believed to be due to the effects of the LTO

variation with Mach number and to possible changes in the shape of the
zero-1ift lcad distribution at the higher Mach numbers.

The Z, coefficients presented in table 3 express the target deflec-

tions due to the additional-lift and inertia loads on the airplane per
unit load factor. Examination of table 3 shows that the differences in
the deflection coefficients for the right and left wings are small and

in many cases within the standard error of *0.3 inch typical of table 6.
When plotted to show the wing spar deflections due to the additional loads
at the various Mach numbers, the coefficients formed smooth deflection
curves as typified by figure 10. In figure 10 it is shown that the
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deflection of the wing due to the additional loads decreases with Mach
number. This is consistent with the inboard shift of the center of pres-
sure on the flexible B-47A wing at the higher Mach numbers as evidenced
by the wind-tunnel tests of reference L.

Tables 4 and 5 present the target deflection coefficients associated
with pitching velocity and pitching acceleration. It may be noted that
the differences between right- and left-wing-tip coefficients are larger
than the maximum combined standard errors of the individual wing-tip coef-
ficients frcm table 6. This discrepancy suggests the possibility of small
optigraph-mount twists which varied with pitching velocity and pitching
acceleration or to some difference in the deflection behavior of the two
wing semispans. The pitching-velocity and pitching-acceleration deflec-
tion coefficients for flight 10 are presented in figure 11 in the form
of smooth spar deflection curves at various Mach numbers. The decrease
with Mach number of the target deflections due to the pitching-acceleration
loads, evident in the figure, may be accounted for by an examination of

dLg

the term (Zgi - Zn e 7§;>§ in equation (3). The coefficient Zp e c8D
be expected to decrease with Mach number since wind-tunnel data indicate
an inward shift of the wing airload center of pressure due to flexibility
effects at the higher Mach numbers. The coefficient dLT/hﬁ may be

expected to change some with Mach number since the airloads and their
associated pitching moments caused by the wing deformstions resulting
from the pitching acceleration change with Mach number. Also, associated
with the Zéi deformation is a wing airload which changes with Mach num-

ber and affects the wing deformation.

In connection with the curves of figure 11 showing the wing deflec-
tions due to pitching velocity, no attempt is made to explain the dif-
ferences in the deflections at the various Mach numbers, as the results
shown are based on small in-flight variations and were plotted from coef-
ficients with large standard errors.

Wing Twists

The wing twists due to the various types of loadings may be deter-
mined from the deflection coefficients given in the tables. An example
of the wing twist determined from the coefficients is shown in figure 12,
where the variation with Mach number of the total streamwise twist of
the wing is given for an airplane load factor equal to 1. The results
shown were obtained by summing the ZO’ Zn, and Zi coefficients for

the various targets, subtracting the front- and rear-spar values, and
dividing by the streamwise distances between the targets. In the figure
it is evident that the variation of total wing twist with Mach number is
very small. This is in agreement with the relatively small variation
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of wing deflection with Mach number illustrated in figures 9, 10, and 11.
Several other examples of wing twist as determined from the deflection
coefficients are shown in figures 8, 13, 14, 15, and 16, where experl-
mental and theoretical results are compa.red

Comparisons

Comparisons are made in figures 1%, 14, and 15 between experimental
and theoretically calculated deflections and twist due to zero-lift loads,
additional-1ift load per unit load factor, and pitching-acceleration
loads. The comparisons pertain to flight at a Mach number of 0.66, alti-
tude of 30,000 feet, and gross weight of 108,000 pounds. This particular
flight condition was selected for the comparisons in order to take partial
advantage of lengthy calculations made in the early stages of the investi-
gation. The experimental deflections and twists were obtained for this
flight condition by linear interpolation of the experimental data at Mach
numbers of 0.64 and 0.69 at the given weight and altitude.

In the determination of the theoretical curves of wing deflection
and twist for comparison with experimental results in figures 13 to l6
the methods presented in reference 5 were used to calculate the loads
acting in each case. The lift-curve slopes used in the theoretical cal-
culations were determined with data obtained from reference 4. The wing
structural-stiffness distributions were obtained from references 6 and 7.
The wing deflections resulting from the application of the theoretically
calculated loads were obtained through the structural influence coeffi-
cients of reference 1 and the theoretical wing twist was calculated by
using the theoretical structural matrices calculated by the methods of
reference 5.

In order to determine the zero-lift loads associated with figure 13,
the root angle of attack was included as an unknown in equation (16) of
reference 5, and gn additional equation was added setting the sum of .the
loads on the wing and fuselage equal to the zero-1lift tail load. The
effects of fuselage over velocity, fuselage interference, nacelle pitching
moment, wing pitching moment and nacelle thrust were included in equa-
tion (16); but the effect of nacelle interference was neglected. The
fuselage was assumed to carry the same loading as the most inboard sec-
tion of the wing. The tail load was calculated so as to balance the
pitching moment of -0.10 at Cy = O, which was obtained from reference 8.

The resulting zero-1lift loads were agpplied through the structural influence
coefficients and matrices to give the calculated deflection and theoretical
twist of figure 13. The discrepancies between the theoretical and experi-
mental zero-lift deflection and twist curves, shown in figure 13, may be
due to incorrect assumptions for fuselage loads, neglect of macelle inter-
ference effects, and inaccuracy in calculated lift-curve slopes. Also, the
actual deflection of the wing near the zero-load condition may not vary
linearly with the load as wds assumed.

CONFIDENTIAL
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The additional-lift deflection Zj (shown in fig. 14) was determined

by subtracting the theoretical zerc-lift loads from the total theoretical
wing load distribution calculated for the flight condition with a load
factor of 2.2. The small effect of slight airplane pitching included in
the original theoretical calculations was neglected. The resulting loads
were reduced to a 1 g condition by dividing by the normal load factor of 2.2.
These loads were applied to the wing through the structural influence coef-
ficients of reference 1 to obtain the calculated deflections, and through
the structural matrices of reference 5 to obtain the theoretical twist
curve. The discrepancies between the theoretical and experimental curves
shown in figure 14 are comsidered to be due to the same types of inaccu-
racies as those already mentioned in connection with the zero-lift deflec-
tion and twist curves of figure 13.

The experimental and theoretical deflections due to pitching-angular-
acceleration loads are shown in figure 15 along with experimental and
theoretical twist. The theoretical front-spar deflections due to pitching

s
’ Dwf a8
term of equation (3). The value of anf was calculated by the methods

acceleration in figure 14 were determined by evaluating the Zéi -Z

of rcference 5. The wing dead-weight distribution in figure 6 was used
to calculate the inertia load due to pitching acceleration, and the tail
load was calculated from the equation

dp Iy
a6 386.81q )

where an approximate I,, was taken as 6,730 X 106 1b-in.2 as extrapolated -

y

from data of reference 9. The discrepancies between the experimental and
theoretical pitching-acceleration deflection and twist shown in figure 15
are believed to be due to the neglect of the aeroelastic effects asso-

ciated with the Zéi coefficient, the neglect of wing airload effects on

AL, /d'é, and the fact that the Zj coefficients were based on small wing
in-flight deflection variations of agpproximately 1 inch at the wing tip.
No theoretical front-spar deflections or wing twists due to pitching

velocity are shown in figure 15, as it was concluded that 2Zj coefficients

are least accurate since examination of the standard errors of the
Zé coefficients (see table 6) shows that the twist obtained from the
coefficients would have a relatively high standard error.

CONFIDENTIAL -
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The comparison of experimental and theoretical wing total streamwise
twist in a 2.2-load-factor pull-up at 30,000 feet showed good agreement,
as is evident in figure 16. The scatter of the experimental data about
the faired curve is within the band of error prescribed by the individual
standard error of the coefficients.

CONCLUDING REMARKS

Experimental data have been presented which illustrate the aeroelastic
behavior of the wing of the B-4TA airplane. The data show that the wing
deflections in the push-pull maneuver are subject to a fairly simple anal-
ysis and that they may be measured in flight with a good degree of accu-
racy. It is also indicated that the total twist of the wing does not
change greatly with Mach number or dynamic pressure in the range used in
these tests and that the theoretical calculations for the wing deflections
and twist agree with experimental data.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 17, 1954.
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TABLE 1.- FLIGHT CONDITIONS
. Dynamic Center of
Flight | Run | Mach Adrplane | Altitude,| ,reggure, |gravity, per-
mumber | weight, 1b £t 4, 1b/sq ft| cent M.A.C.
3 11 0.74 120,300 35,000 196 » 13.65
L 19 .70 108,900 25,000 265 20.97
L 20 .60 108,700 25,000 189 20.91
L 21 .51 108,400 25,000 128 20.85
6 12 .78 108,700 30,000 267 13.10
6 13 7% | 108,400 30,000 24k 13.12
6 14 .69 108,200 30,000 215 13,16
6 15 .6k 107,600 30,000 187 13.03
9 2 .64 126,200 35,000 146 22.55
9 3 .68 126,100 35,000 161 22.66
9 4 .72 125,700 35,000 185 22.91
9 5 .76 125,400 35,000 214 23.12
9 6 .78 125,200 | 35,000 217 23.28
10 3 .60 127,200 30,000 159 22.64
10 5 .68 126,300 30,000 200 22.39
10 6 .72 . 126,100 30,000 230 22.51
10 7 .76 125,400 30,000 255 22.96
10 9 .80 124,900 30,000 275 23%.28
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Figure 2.- Three views of test airplane.
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Figure L4.- Typical time-history data of a push-pull maneuver. Altitude,
30,000 feet; Mach number, 0.72; airplane weight, 126,000 pounds.
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Figure 5.- Typical variation of target deflections with normal load factor.
Altitude, 30,000 feet; Mach number, 0.72; airplane weight, 126,000 pounds.
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