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Comparison of the lift—curve slopes of table I with those
determined from figure 6 shows that a discrepancy exists between
them. The values given in table I are the correct values to use
in gust load analysis. Through an error the 1ift curves for the
complete models were included instead of those for the model with tail
off, which gust—tunnel tests have shown to be applicable to gust
load determination. Analysis of other data shows that the values
given in table I are the best egtimate of the slope of the 1ift curve
of the wings that can be made at this time. It is therefore suggested
that figure 6 be disregarded.
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TESTS OF A 45° SWEPTBACK-WING MODEL
IN THE LANGLEY GUST TUNNEL

By Harold B, Pierce
SUMMARY

A serles of tests of a h5o sweptback-wing model with and without
fuselage and of an equivalent straight—wing model were conducted in the
Langley gust tunnel to provide information on some of the problems
encountered in the prediction of gust loads for airplanes incorporating
swept wings. A comparlson of test results with calculated results
indicated that the maximum acceleration increment resulting from the
venetration of a gust by a sweptback—wing alrplane may be assumed to be
dependent on the slope of the 1ift curve of the equivalent atraight wing
mltivlied by the cosine of the angle of sweep,rather than on the steady-—
flow slope of the 1ift curve, In addition, it appeared that the maximum
acceleration increment also depends on the effect on the unsteady-1ift
function of the gradual penetration of the sweptback wing into the gust.

A comparison of the maximum acceleration increments obtalned for the
swept—wing model with those obtained for the straight~wing model indicated
that, although the airplane with a swept wing would show positive pitching
motion, it would undergo a much lower acceleration increment than the same
airplane with the equivalent straight wing.

INTRODUCTION

One of the problems associated with improving high—speed flight by
the use of wings with large angles of sweep is the prediction of gust
load factors., Some of the elements to be consldered in the calculation
of gust loads for these wing configuraticns include: (a) the prediction
of a slope of the wing-l1ift curve, (b) the determination of the effects
of the gradual penetration of a swept wing into a gust, and (c) the
possible Increase in fuselage—interference effects such as described in
reference 1, Other elements to be considered are the effects of com—
pressibility and of wing flexlibility, The problems cited concerning the
slope of the wing-lift curve, the penetration effect, and the fuselage—
interference effect depend primarily on the wing configuration alone and
are important in setting the magnitudes of the gust load factors for swept
wings relative to those for the conventional straight~wing alrplane on
which much information 1s already available, On the other hand, the
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problems resulting from compressibility are common to all wing configu—
rations, whereas the problem resulting from wing flexibility that is
peculiar to the swept—wing configuration, namely, wing twist due to
bending, depends to a great extent on the structural properties of the
individual design,

As a sterting point, anelytical studies together with suitable tests
were made in the Langley gust tunnel in order to provide informstion
pertinent to these problems exclusive of campressibility and flexibllity
effects, This paper presents the resulte of gust—tunnel teste of a model
having a rigid wing with the half—chord line swept beck 45° and the
results of tests of an equivalent model having 0° sweep. The test results
are compared with the results of analyticel studies, and some infarmation
on the determination of a wing-lift—curve slope and on the entry-
interference and fuselage—interference effects is obtained,

APPARATUS

Photographs of the skeleton models used in the tests are shown as
figures 1 and 2, and plan-view line drawings are shown as figures 3 and L,
A removeble fuselage was provided for the sweptback—wing model (fig. 5
and dashed lines in fig. 3) so that tests to determine the effects of
fuselage Iinterference could be maede with the same model. The character—
istics of the models and the test conditions are listed in table I. 1In
order to provide space for batteries and the accelerometer in the wings
of the models, the center sections had smooth bulges which projected from
the top and bottom surfaces and which about doubled the wing thicknesses,

The wing of the straight-wing model (fig. %) had 0° sweep of the
straight line through the half—chord points and an NACA 0012 airfoll
section perpendicular to this line. The wing of the swept—wing model
was derived from that of the stralight—wing model, or from the equivalent
straight wing as 1t will be hereinafter called, by rotating the straight
wing about the half-chord point at the plane of symmetry so that the
constant length half—chord line moved back through an angle of 450, The
wing tip was modified to the form indicated In figure 3.

Force tests were made in the lengley free—flight tunnel of the
equivelent straight—-wing model and of the sweptback-wing model without
fuselage, and the resultes are shown in figure 6., The slopes of the 1ift
curves of the models as determined by these tests are included in teble I.

The present Langley gust tunnel is the same In principle as the gust
tunnel described in reference 1 and utilizes like instrumentation and
techniques. The capecity of the gust—tunnel equipment now used is such
that 6~foot—spen models can be flcwn up to speeds of 100 miles an hour
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through gusts with velocities up to 20 feet per second. The gust or Jet
of air supplied by the Langley gust tunnel is 8 feet wide and 1k feet
long and, at the present time, is screened with special wire—mesh
screening to insure a reasonable low level of turbulence,

TESTS

Tests of the sweptback—wing model consisted of nine flights of the
model with and eight without the fuselage through the sharp—edge gust
shown in figure 7(a). Tests of the equivalent stralght-wing model
consisted of 10 flights of the model through the sharp—edge gust shown
in figure 7(b). The tests were all made for a forward speed of 60 miles
per hour and a gust veloclty of approximately 10 feet per second.
Measuremente of the forward speed, gust velocity, normel-acceleration
increments, and pitch—angle Iincrement were made during each flight,

RESULTS

‘ Records for all flights were evaluated to obtain histories of

the normal-acceleration increment and pitch—angle increment during
traverse of the gust, Representative histories of results for tests in
a sharp—edge gust of the sweptback-wing model with and without fuselage
and for tests of the equivalent straight—wing model without a fuselage
are shown in figure 8(a)., The results are plotted against the position

» of the airplane center of gravity in terms of msan—aerodynamioc—chord
lengths of travel fram the leading edge of the Langley gust—tunnel test
section,

Historlies of events for the sweptback—wing model penetrating a gust
with a gradient distance of 9 chords were obtained by building up by
superposition the histories obtained in the sherp-edge gust under the
assumption that the sharp—edge gust could be considered to be a "unit—
Jump" type gust. The gradient distance of 9 chords was the maximum that
could be obtained,since the method is limited by the extent of the
original histories. For the purpose of determining the maximum value of
the built—up curves, the histories were extrapolated an extra chord length.
For comnarative purvnoses, the histories of events in the sharp—edge gust
for the equivalent straight—wing model were also built up to represent
the response of the model in s gust of 9—chord gradient distance, Sample
histories of responses to a gust with a gradient distance of 9 chords are
shown in figure 8(b) for the equivalent straight—wing model and for the
sweptback—=wing model with and without fuselage.

The meximum eacceleration increments Anmax obtained from tests of the

o
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h5° sweptback—wing models in the sharp—edge gust and those obtained from
the building up of the results to represent the response to a gust of
9—chord gradient distance are presented in table II, Since the model
weights were different (table I) and each flight was made at slightly
different values of forward velocity and gust velocity, the maximum
acceleration increments were all corre~ted to a model weight of

9.25 pounds, a forward velocity of 60 miles per hour, and a gust velocity
of 10 feet per second on the assumption that they are inversely pro-
portional to the model weight and directly proportional to forward speed
and gust velocity (reference 1).

PRECISION

The measured quentities are estimated to be accurate within the
following 1imits for any test or runt

Acceleration increment, An, gunits . . . . . ¢ ¢ . e e e e . . . 20,05
Forward velocity, feet per second . . . ¢« ¢« ¢« ¢ ¢ ¢ ¢ ¢« ¢« o« ¢« o « « 20,5
Gust velocity, feet per second . . . . . . . ¢« ¢ v ¢ ¢ ¢ o .« . o %0.1
Pitch-angle increment, degrees . . . « ¢« ¢« ¢« ¢ o« s ¢« o s+ ¢ ¢« « » o 0.1

In any given flight, small variations in the launching speed or
attitude of the model tend to produce errors in the acceleration increment
which are a function of the pitching motion of the model. In most cases
the tendency is to introduce an upward pitching velocity, which may remain
constent throughout the traverse (reference 2), It is not possible at
rresent to eliminate such errors by meens of corrections to the data.
Consideration of all factors involved, however, indicates that the results
fraom repest flighte should have & dispersion of not more than 0,05 g for
a sharp-edge gust, Similar considerations Indicate that the dispersion
should not exceed +0.1 g when the responses to the sharp—edge gust are
built up to represent the responses to a gust with a gradient distence of
9 chords,

ANALYSIS

Calculations to predict the responses of the equivalent straight—wing
model and of the L5° sweptback-wing model without fuselage to the test
gust were made under the following assumptions:

(1) The pitching motion is neglected.
(2) The wings are rigild.

(2) Only the load increment on the wing is considered.
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The following equation, derived from equation (1) of reference 2,
may then be considered to determine the acceleration increment of an
airplane in a gust at any point 83

Vs pmSc 1

where

An acceleration increment, g unite

o] mags density of air, slugs pef cubic foot

m slope of wing-1ift éurve, per redian

v forward velocity, feet per second

S wing area, square feet

w welght of model, pounds

8 distance penetrated into gust by foremost point of
leading edge of wing, chords ‘

81 distance penetrated into gust by foremost point of
leading edge of wing at which acceleration increment
is to be determined, chords

Mn(s) history of acceleration increment expressed as &
function of L

c wing chard length, feet

g acceleration due to gravity, feet per second2

U gust velocity, feet per second

Cr, (81 — g) unsteady-1ift function for an airfoil penetrating a
g sharp-edge gust expressed as a function of &) — &

CIu(:al - g) unsteady—-1ift function for & sudden chenge of angle of
attack over entire wing expressed as a function of
8, — 8
1




6 NACA TN No. 1528

For the purvose of this paver, C; and C are the ratios of the

1ift coefficient at any distance s +to the 1ift coefficient after an
infinite distancs has been traversed (steady flow).

In the solution for the response to the sharp—edge gust, equation (1)
may be reduced as follows:

pgvsﬁs(sﬂsl-%vflc%él-agdq ®

where CL (8) 1is the unsteady 1lift function for en airfoil penstrating

Hn =

8 —
a sharp-edge gust expressed as a function of s; [?ig(a) } is the

. ___151
value of the function at s7; and W is successively, 1n the iteration
for solution by the graphicael method given in reference 3, the history
of the vertical velocity determined from the history of the first term
of equation (2) and then from the histories of An until convergence.

In sccordence with the results of past esnalyses, such as in
references 1 and 2, unsteady-1ift functions for two-dimensional flow
(infinite aspect ratio) were used end the neglect of the influence of
the tip vortices was assumed to be accounted for by the use of the slope
of the 1lift curve of the three—dimensionel wing. In meking the calcu—
lations, the slopes of the wing-lift curve determined by wind—tunnel
tests were used for both models. In addition, calculations were made
for the sweptback—wing model with the use of a slope of the 1ift curve
determined by the so—called "cosine law," which is the process of
multiplying the slope of the 1ift curve of the equivalent straight wing
by the cosine of the angle of sweep (reference L), The unsteady-1lift
functions CLg and CLu vere derived from the functions for infinite

asvect ratio given by Jones in reference 5, and these functions were used
in the calculations for the equivalent etraight—wing model. In the
calculations for the sweptback—wing model, however, the function Cy

g

wvae modified by strip theory to take into account the gradual penetration
of the sweptback wing into the gust, The curves for C and CL
g

I,

modified and unmodified are given in figure 9.

The maximum acceleration increments determined by equation (2) for
the sharp-edge gust and those determined by building up by superposition
for the gust of 9—chord gredient dlstence are included in table II for
both slopes of the 1ift curve used.

For comparative purposes, results of calculations made by the method
of reference 6 far the sharp-edge gusts and for the gusts with 9—chord
gredient distances are also included in table II, The slope of the lift
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curve used was derived by the cosine law, The equations of reference 6
are a solution of equation (1) of the present paper using an unmodified
curve of CL 5 and, in the case of gradient gusts, the additional

8
agsumption ls made that the acceleration increment reaches a maximum value
at the same time the gust reaches its maximum,

DISCUSSION

Examination of the test results given in figure 8 shows that
appreclable pitching motion is present at the time of maximum acceleration
increment for both the sharp—edge and 9—chord—gradient~distance gusts.

In order that the comparison of the experimental date with the calculated
data be valid, the effect of the pitching motion was removed from the
experimental data of An, .. shown in table II by use of an approximete

correction such that

_ 26/57.3

Aan = |1 G (3)

where AnmaxO represents Any,. . reduced to zero pitch and A§ 1is the

nitch increment In degrees at the time of occurrence of An ... This

approximate correction factor has been shown to te applicable in the
unoublished results of several serles of tests made in the Langley gust
tunnel, The resultant values of Anmax reduced to zero pitch are given

in table II.

When the experimental results reduced to zero pitching motion are
compared with the calculated results in table II, good agreement between
these results is noted in the came of the equivalent streight—wing
model. The comparison for the sweptback-wing model showe that the best
sgreement with experiment ies obtalned with the results calculated by the
method of this paper by the use of & lift—curve slope derived by the
cosine law., The good agreement between calculasted and experimental
results for the equivalent straight-wing model indicates that, for this
case, the slopes of the lift curve are about the same In both the gteady—
flow and unsteady—flow or gust conditions, For the sweptback—wing model,
however, the slope of the lift curve in the unsteady—flow or gust condition
appears to be about 20 percent higher than the measured slope in steady
flow., It is believed that this difference can be ascribed to the behavior
of the boundary layer in the unsteady-flow conditionj; tut, at the present
time, sufficient evidence to support this premise Is not available,

The comperison in table II cf the results of the calculation by
the present method, which uses the modified curve of C;  of figure 9,
24
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with the results of the calculations by the method of reference 6,
vhich uses a curve of CL8 similar to the unmodified curve in figure 9

(both methods using a lift—curve slope derived by the cosine law),
indicates that the effect of the gradual penetration on the unsteady—
1ift function CLg should be taken into account in a calculation for

gust loads on sweptback wings. The reduction of area under the curve
of CLg caused by the modification for the peretration effect is, of

course, the reason for the lower values of acceleration increment pre—
dicted by the method given in this paper. ’

The effect on the maximum acceleration increment of the addition
of the fuselage to the sweptback-wing model appears to be negligible
when the results are reduced to zero pitch (table II), It is probable
that this condition is due to the fact that with the particular con—
figuration used, the length of the fuselage is not a great deal different
from the distance along the flignt path from the leading edge of the wing
center line to the trailing edge of the wing tip. For a normal straight—
wing airplane, the chord length of the fuselage 1s three to four times
that of the wing; and tests with and without a fuselage would probably
show & difference in maximum acceleration increment.

The pitching motion of the two models is shown in figure 8 and the
effect of the pitching motion on the measured acceleration increments
is shown in table II. For the 45° sweptback-wing model, the positive
pitching motion accounts for about a 10-percent increase in acceleratlion
increment over the no-pitch motion when the small effects of the fuselage
on the pitching motion are ignored. On the same basls, the positive
pitching motion of the equivalent straight—wing model would account for
gbout & b—percent increase in acceleration Increment over the no—-pitch
condition., If it ig assumed that the equivalent straight—wing and the
swept—wing models have the same stability characteristics, the effect
on the totel acceleration increment of the positive pitching motion of
the sweptback—wing model appears to be some 6 percent greater than the
gimilar effect for the equivalent straight—wing model. Such a trend
might be expected from a general consideration of the effect of the
gradual immersion of a sweptback wing In a gust as compared with the
almost instanteneous immersion of the entire span of & straight wing.
Although there were no comparable equivalent—straight—-wing model tests
to provide a basis for determining relative pitch effgcts, unpublished
tests of a teilless model having a wing swept back 30  also showed a
trend toward positive pitching motion and increesed acceleration incre—
ments. On the basis of this limited information, then, it appears that
airplanes having swertback wings will exhibit a tendency toward positive
pitching motion upon entry into a gust.

The comperison In table II of the observed acceleration increments
for the equivalent straight—wing and the swept-wing models shows a
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large reduction in acceleration increment in the same gust for the
sweptback-wing model, which appears to result from the penetration
effect on the curve of CLg combined with the reduction of the slope

of the wing-1ift curve by the rotation of the wing through the angle
of sweep. It appears, then, that an sirplane with a sweptback wing
would have a much lower acceleration Increment imposed on it from
penetration of a gust than would the same airplane with an equivalent
straight wing.

CONCLUDING REMARKS

Within the limits of the deta, the excellent agreement in the
no-pitch condition between the test results for a 45° sweptback-wing
model and the results of the calculation by the method presented
indicated that the meximum ecceleration increment exverienced in a
guet by a sweptback-wing airplane depends on: (1) the slove of the
1ift curve of the equivalent straight—wing miltiplied by the cosine
of the angle of sweep rather than on the steady—flow slope of the
1ift curve and (2) the effect of the graduel penetration cf the gust
on the unsteady-1ift function.

In eddition, the results of the tests indicated that in & gust
the acceleration increment of an airplene with a swept wing would be
mich less than that for the seme eirplane with an equivalent straight
wing, even if the trend toward positive pitching motion that is indi-—
ceted for airplanes having large angles of sweepback is considered.

Langley Memoriel Aeronasutical Leboratory
National Adviscry Committee for Aeronsutice
langley Field, Va., October 8, 1947
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TABLE I

CHARACTERISTICS OF

MODELS AND TEST CONDITIONS

11

Sweptback—wing model

Equivalent
Without with |straight-
fuselage| fuselage |¥1ng model
Weight, W, 1b . . . . . ... .. ... 9.25 9.75 9.875
Wing area, S, sq £t ., . ., . ., ., . ... 6.05 6.05 6.00
Wing loeding, W/S, 1b/sq £t . . . . . . 1.53 1.61 1.6k
Spa-n, b’ ft »® . * L] * L) L] L] L] . . L 4 L] L] h.25 h'25 6.00
Mean aerodynamic chord messured in
plane parallel to plane of
Symetry, E, ft o ¢ o o & * e o o lch777 1-h777 10037
Aspect ratio, b2/S ® o ¢ s s s s e s o 2.99 2.99 6000
Root Chord, cs, ft e o o o 6 o o o o o 1090 1090 1033
Tip chord, Ct » 4 * o 0.95 0.95 0067
Taper r&tio, Ct/cs ® o o ¢ 0 o s e o o 0.5 0.5 0.5
Sweep angle of half—chord line, deg . . 45 45 0
Wing area Intercepted by fuselage,
percent gross wing area ., ., . . . . 0 15.8 0
Slope of 1ift curve determined by force
tests, per radian ., , . ... ... 2,58 ---- 4 4
Slope of 1ift curve determined oy
miltivlying lift—curve slope of
equivalent straight wing by cosine
of sweep augle, per radisn . . . . . 3.12 3.12 h.hy
Center—of—gravity position, percent T . 32,45 32.45 31,25
Gust velocity, U, fps . . . . . . . . 10 10 10
Forward velocity, V, mph . .. . . . . 60 60 60
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