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locus of the section aerodynanmic centers. In this arrange-=
ment increasing loads on the wing cause increasing washout,
which reduces the total load on the wing and the bending
moment at the wing root. An advantaze of this method over
the method tested in reference 1 is that the functioning

of the arrangement is dependent upon the load on the wing
instead of the displacement of the sirplane, which may be
small when the load is higzh. The practical application of
such a method would involve questions of reversal of con-
trol and flutter with conventional ailerons; consideration
of these points indicates that some form of leading-edge
Loteral  control will be necessary.

When the present investigation was undertaken, tests
of a promising leading-edge latera¢~control svystem were
being made. Irasmuch as this control did not meet expec—
tations, the’'use of the method of gust alleviation report—
ed herein must await the development of a satisfactory
lateral-control system. Even if this difficulty were over=—
come by the development of a satisfactory lateral-control
svstem, however, present desizn trends tend to make this
syvstem impracticabdle.

This paper presents the results of tests of an a2ir-
plane model equipped with a wing in which the allewviation
f gust loads was obtained by torsional deflection, The
tests were made with three gust shapes in the NACA gust

tunnel during the summer of 1939.

)

APPARATUS AND TESTS

The zust tunnel and %the
described in reference 3.
investigation are shown in

e auxiliary equipment have been
Tae gust shanes used during the
figure 1,

The pertinent characteristics of the airplane model
(figs. 2 and 3) that was used in the tests are given in
table I. Waen the model was flown, it was equipped with
either of two wings. One wing was of low torsional rigid-
ity (flexible winz) and the torsion axis was loecated at 10
percent of the chord. The other wing was like the first
one ‘except taat it had 2 higher torsional rigidity (rizi
wing) and its torsion axis was located at appr ox1matelv
285 percent of the chord. Bota wings were co
thin sheet rudber, the purpose of which was to obtain low
torsional rigidity with one wing and to have comparable
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surfaces on the two wings. DPetails of the gtructure of
the flexible wing are shovr in figure 4. The leading edge
of . the wing was cut in ther chord direction abi frequess
stations and was braced in the drag direction by strut
with ball-and-—-socket joints 2t each end.

fhes&riist ecurvent

or the flexible wing under a2 load-
factor increment of 1 O is dhognhiny fdagure Beirlbas epryve
was obtained by distrivuting the load along the 25-percent-
chord points in such a manner as to take intoc account the
effect of the twist and the wing mass on the span loading.
A similar curve is not given for the rigid wing because,
Lnder q01m%‘ loadings, the rigid wing was found to have

egligible twist.

=

he measured fundamental period of the flexibdble wing
in,borsion is listed in table I. Similar measurements are
given for the rigid wing.

Because all computations were based on a wing rigid
in bending, the flexible wing was made as rigid in bending
as feasible. In order to obtain a measure of the wiang
rigidity, the static-wing deflection curves arnd the natural
periods of the two wiangs in bending were experimentally de-
termined. The natural periods of the wings in bending are
given in table I and the static~wing deflection curves in
bending for o load factor of 1.0 (loading proportional to
the chord) are shown in figure 6.

itionute thepsusuasleneasurenenbsrof spitch,tagcels
rement, and speed, the vertical displacements of
s ulonz the chord of the wing tip'were Tecorded
age through the gust. This measurement was

made by recording the vertical displacements of two small
lamps, mounted.forward and rearward aloxng the chord of the
wing tip, on the accelerometer film as shown in figure 7.
Anyv QOVO“Oﬁt of one lanmp re-uu*vc to the other lanp served

s a direct. mea rement of the wing twist. Owing to the
method of recordi ng the motion, the record of . the bBip no-
tiem A shown in figure 8 is offset on the film from the
aceeleration record B.

Interference of the diagonal drag braces with the
wing ribs under load increments greater than l1l.25§ required
a restriction of the zust velocities used in the tunael to
values that save increments less than the foregoing value.

The test procedurc consisted in fiying the model,
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equipped with edther the flexible or the rigid wing, over
the sust:ftunnel under similar condisions. 'Thé bLests were
nades fork tust<eradient distances of:l, 6.8, and 15 chord
lengths, one nominal forward velocity, and one wvalue of
the wing loading.' - The welocities and the wing loading
uged are included in tabple I; the gust shapes are shown in
figure 1, 'Five or nore flights werec made for each condi-
tion to obtain mean values of the acceleration increment.
RESULTS

The records obtained durineg the tests were evaluated
to give histories of events during eantrr into and trave
erse of the gust. Sanple histories of uncorrected re-
sults for repeat flights for each of the test conditions
are shown in filgures 9, 10, and 433 '

The raxinun acceleration increment for each run was
torrected to a forward velocity of 60 feet per second and
Lol axdustisvelocity of 6.01feet perisecond. This corree=
tion was nade on the assunptioan that the acceleration in-
crenent varied directly with the Zust velocity and the
forward speed. (Exgerlmenyal verification of this assump-
tion is shown in reference 3 The actual gust velocities
used for each gust-3 stance are included in table

The corrected ac increnents are shown in
aure 12 For botha th e-wing and the rigid-wing
dels as a function gst-gradient distance.
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The wing effectlvene‘s, defined as the percentasge re-
duction in acceleration increment due to the wing flexibil-
ity, was computed for each gust-gradient distance from the
data ot ficure IR andidigcshown in Figure 13.

RECISION
The measured quantities for any run are estimated to

be accurate within the fellowing limits:

|
|
|
|
l
t
|
I

Acceleration increment -
Forward. veloeity -~ = =-.- = - =-. =1,0 foot per second .

Gust velocity = - ~"=/=.=.- = +0.,1 foot per second
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Pitch—angle increment - = = = - = - - - - - - - iy, 29
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In addition to direct errors of measurement, there
exist indirect errors resulting from oscillations of the
airplane model after it left the catapult. In the dis-
cussion of reference 4 it ig indicated that these errors
have a negligsible effect on the acceleration increment al-
though they may have a large effect on the measured pitch
disvlacenent of the model in a long gradient gust.

An approximate calculation based on the natural peri-
od in bending (tabdle I) and the wing-deflection curves of

figure o, 1na1cutea an error in acceleration increment of

v

not more than 1.5 percent due to the flexibility of the
wings in DOud-ﬂa. This error is felt to be well within

"

the accuracy of the other measurements.

The effectiveness of the flexible wing in reducing,
the maximum accecleration incremont as determined from fthe
test results, is estimated to be accurate within *0.04g.

DISCUSSICK

As ghown by the angle-of-pitch curves in the sample
time histories (figs. 9, 10, and 11) the flexidle wing had
aucmadl, but faworadle efifect on: the lonegitudinal stability
in a guste Calculations made in a manner similar toeo those
oef reference 4, but which included the effect of downwash,
also bore out this trend towerd increased stability.

indicate that the allevia-
rnethod arounts to approxi-
of the longer gust—-gradient
shortest one tested, the alle~
vaationyis only 5 pereent. Phe smaller reduction in the
case of the shortest gradien distance is primarily duc

to the fact that the time of application of the load was
sehe that the wing twist . was not directly proportional to
the acceleration. (For examvle, in fig., 9, when accecler-
ation has reached 50 percent of its maxinum wvalue, the
wing twist is only 27 percent of its.maximum.) Rough cal-
culations indicatc that, in order for the wing twist to
beldirectly proportional ¥to.the applied load, the time of
application of the load increment, fron zero to maxinun

(O3]

The results of figure 1
Lo f the Zust load by thi
mately 17 percent in the cas
distancesg; whereas, for th

=) Iﬂu’l © n
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(.03 to 0,14 sec for sust shapes used), must be greater
than the natural torsiona p 1od of the wing (table I,
0.0562 sec). In the present case this condition would be

fulfilled for gust-gradient alstances greater than 6 chord
lengthg. Practically, the small alleviation obtained in
the shortest gradicnt sust is of small consequence because
present knowledge indicates that gusts of small gradient
distances are of small -intensity.

Calculations made according to the method outlined in
the appendix indicated that, for the ideal case where the
wing twist is proportional to the acceleration increment,
the wing effectiveness in alleviating the loads due to
gusts would decrease slightly with an increase in the gra-
dient distance and would be independent of the 3ust veloc-
ity. The solid 1line of figure 13 gives the results of the
computations for this case. As previously pointed out,
however, the 1lag of the wing altered the response of the
systenm in the siaortest gust-gradient distances so that
the results given by the dasked line of figure 13 are ap~
rlicable to the case ¥t
be secn that the exper
with these computation

in addition to reducing the total load, the flexible
wing chnn’es the span load distribution so that the bend-
ing moment at the wing root is less than that for a rigid

wing w1th the same total load 1nurement. Computations
indicated that, for the airplane nodel used with a wing
twist equivalent to about 3° linear twist per unit load
factor, the bending-nmonment increment at the wing root
would be reduced by approximately 10 Dercent. This value
applies only when the twist is proportional to the load
increment,

As previously mentioned, the practical application
of this method of gust alleviation to an air plune would
raise many serious questions, the most important of whilcn
would probably be questions of flutter and reversal of
nileron control. It is well known that, with a wing of
low torsional rigidity, the use of a zlap control such'as
the conventional aileron may cause a reversal of lateral
control. ‘

A leadinrg-edge lateral-control systenm would reduce,
if not eliminate, the twisting moment due to the lateral-
control system., Présent design practices, such as tae use
of conventional high-lift neV1ces and tde location of en~
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R

gine nacelles, fuel tanks, ond other equipment in the
wings, would likewise make a higher torsiomnal rigidity
necessary and thereby reducé the effectiveness of the wing.
In the absence of a satisfactory leading-edge control and
with present trends, it is felt that the method of allevi-
ating gust loads by torsional. deflection of the wing would
not be a vracticable one.

CONCLUDIEG REAARKS

For the airplane model tested, the results indicated
that the torsionally flexible wing reduced the maxinum
acceleration increment 5 perecent for a sharp—edge 3gust and
about 17 percent for zust shapes with gradient disfances
of 6.8 and 15 chord lengths. The analysis indicated that
the small reduction of the acceleration increment in a
sharp~edge gust was due to the lagging of the Lcceleration
by the wing "twist and that the -wing effec¢tiveness was in-
dependent of the gust velocity. Computations also indi-
cated thzst, for the same total load'lucremcnt, the torsion-
2lly flexible wing would kave 10 percent less bending-
monent increment at the wing root section than a rigid
-.wing in all but the sharpest gusts. Both comgutwtlon and
experiment indicated that the torsionally flexible w
slightly increased &

e
Ja
|..|.
+

2

=
H
JQ

ot

he. longitudinal stability in a Sus t.

In the absence of a satisfactory leading~edge control
and with present -trénds, it is felt that the method of al-
leviating gust loads by torsional deflection of the wing
would be impracticable. £

angley Memorial Aeronautica l YLaboratory ,
Vational Advisory Committee for Aeronautics,
Tangley Field, ¥a., March 5, 1941.
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APPENDIX

Computation of Wing Effectiveness

The conputations for the wing cffectiveness were nade
with the following assunptions:

le The acceleration increment is a linear function
of the distance penetrated in a linear Zgradient gust.

2e The twist of the wing at any station varies di-
rectly with the acceleration increment of the airplane
model s

3« The pitch of the airplane model is negligible to
peak acceleration., : 3

4, Whether the wing is flexible or rigid, the maxinun
value of acceleration increment will occur at the same dis-
tance from the start of the gust. (See equations (3) and
(4) of reference 5.)

5¢ The effect of the wing twist can e represented
by an equivalent chanze of an3le of attack of the wing.

6 The model can be considered as consisting of a
wing only.

7« - The wing is rigid in bendins.

The equation for An, the maximum acceleration incre-—
ment, ig then:
e
gbr 59 1 iU
= —— = = - —= ds
qE dieg TR ;/ OL (sy s) ds
o
S
dC- S i ‘
T o S T
doe W V7V s | o8
o
e
dCr S da
....._.__I.‘_g/ o = \'._._..t’.dc i
dee W / "Ly (sy il i (1)
o

where
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aceteleration increment at the point of maximun
‘gust veloeity for a :linear gradient Sust

wing area

dynamic pressure

gust velocity at any point
unsteady-—~ penetrat-

1ift.
ing a sha

u
rp—-edg

distance airplane has penetrated into gust,
chord lengths

ent digtance, chord lengths

fto

grad

unsteady~1ift function for a sudden change of
angle of attack for infinite aspect ratio

B = T e . S (derived from equation (la),
o3 i
reference 7)

hs f angle of attack due to twist
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The first two terms of equation (1) represent those
of equation (1) of reference 1, the firset term being iden-
tical and the second teorm being derived by subdbstituting
for K, and An(s) their values c¢/V and £ s, respec-
S1
tively. These two terms represent the acceleration incre-
nent for a model with a rigid wing, For a particular case?

QnR = Ano = Kl AnR

lll
|
|

AnR

where An, represents the first term of equation (1) and

KlAnR the second term with An replaced by AnR.

The third term of equation (1) is easily solved if the
wing twist is assumed to be directly proportional to the
acceleration increment (assumption 2). Then g 18 pro=

portional to An (assunption 5)Aso that

An dog .
ay = Kg E: s and i = K, EI

Substitute in the third tern of cquation (1) and perforn
the indicated operation. The third term is equal to
KzAn for a particular case and

Angp = Ano - KlAnF - KsAnF
or
_.An_
o o)
AnF =

S

=)

The wing effectiveness is therefore cqual to

P &
100 (933——~53£> L bl BT Ly
i, 2 PE, ¥ Eg

When the period of the imposed acceleration (consid-
ered here to be twice the time from zero to peak accel-
eration) is less than tvice the torsional period of the
wing, the wing twist will no longer bve directly propor-
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tional to the acceleration owing to 123 of the wing notion.
When assunption 2 did not hold (winz motion lagged the ac-
celeration; and for the shorter gust-gradient distances
where assunption 1 was not true, the aralysis was nade as
e o WS

le The notion of the wing was conputed for unit ac-
celeration, the torsional frequenecy of the wing and the
fregquency of ‘the imposed acceleration (deternined fron as-— |
sunption 4) being taken into ‘account. Methods of conput-

4ing the motion nmay be found in any good textbook on vi-

bratione For the case of the sharp—edge gust wherc as~
sunption 1 does not hold, the shape of the acceleration
curve was reprosented by 1 ~ 1 cos pt where t is the
tine ir seconds after the cntry into the gust and p =

4V 4+ (distance to peak -acceleration).

hird torm of eguation (1) is solved graphic-—
eroence 4 for the motion of the wing for unit
The resulting value is equal to X, and

2V VIhe &
aiflly et i ref
acceleration.

the wing effectiveness is found as before.
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Characteristics of Airplane Model

13

0 4
— Yogel Hypothetical
With With airplane with
rigid (flexivle|flexible wing
wing wing
Weight, pounds - - - - - = 855 55 21,400
Wing area, square feet - - 37 e 7 985
Wing loading, pounds per
square foot - - o I il 238
|
Span, feet - - - - - - - - 3,056 | 3,05 73.2
liean geometric chord, feet 2562 +962 1L S5 15)
Center of gravity, percent
mean Seonetric
chord = = = ~ - 25 25 25
Fundamental wing veriod,
seconds:
Bending = = = = = - - = <0217 3 . Q127 .106
Torsion - = = = = = - < « 0562 (a) 2
|
Moment of inertia, mky 2,
glug-feet” - - .0115 0115 | 91,500
Gust velocity, feet per
second: i
l-chord—~length gust - - oy aiel Bt 1858
6.8-~chord-length gust - 455 4, BB e &
15~chord~length gust - - Bre 7.0 0l 32.8
Forward velocity, feet per
second ~ - - - -~ !60.0 280 294

a
Approximately same as value in bending.
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Figure 1.- Velocity distribution through jet.
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Figure 8.~ Portion of accelerometer film showing: A. Record of wing-tip motion in the
B. Record of acceleration in the gust.
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Figure 3.~ Line drawing of airplane mode/.
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Figure 10.- Histories of events in a 6.8-chord-length gust.
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Figure 11.- Histories of events in a 15-chord-length gust.
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Figure 12.- Variation at acceleration increment with
gradient distance, for Umax,, = 6.0 feet
per second and V = 60 feet per second.
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Figure 13.- Variation of wing effectiveness with gradient distance.
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