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SUMMARY

Flexibio wings are winge mede of wery loose or slsek cliolh whose configu-
ration in flight is maintained by the combination of the gerodimamic forces and
the regctions frow the loed suspension system. Bugh wings can be dompletely

le, or they may be stiffened in seversl ways fo meei the reguirenents of
parsicular appiicetions. Wing planforma and the geometry of the losd suspension
system are zalso zubjects to wide variations.

The' overall specirum of flexible wings investigated at the Langley Research
Center de presented and the state of the art with regard to maximum 1ift-drag
ratios chiained iz defined for a wide range of wing configurations. Maxinum
lift-dreg ratios shove 3.0 were cobtaired on completely Tlexible wings; and for
cylinarical-type flexible wings, valussg of lift-drag retics up to 17.0 wer
chtained when the wing had small, tepered rigid leading edges.

i The Tlexible wilngs of most Immediate intercst are those with no structural

stiffening becase They have welght, volime, packing, sand deployment chafacher-

stics potentislly as good ‘as those of conventionsal parachutes, bul provide s

et

El

atakhle and sonirollable glide with performance sdequate for aerial <delivery of
cargo and personnel, for landing space cepsules, boosters, or hypergonic air-
, End #s emergency wings for airersit or alveraft escape syshoems.

The high-nerfornance flexible wings at the other snd of the speclrun,

althougn not presently of genersl intersst, show promise ol becoming light-

welght, rugged, sblowsble wings for applications such =3 roasdable airersft, flying
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Yoats, flying submersibles, caren tow gliders, a viaristy of sport zgliders, and

perhaps advanced recovery systems for boosters and hypersgonie aireralt,
INTRODUCTIOCH

Observers of naturs have long noted that the winges of living creatures sre
rather flexible end generslly are folded mestly cut of the way when not in use.
Throygh the ages men have dreamed of flying with flexible wings like those in

nature and many tried, but with little success, Other Lypes of flexible aeria

tn

devices were developed -« hot air balloons and parschules, which are still being
uged - but epparently no one had devised = succesggful fully Zlexible wing that
would give more aerodynamie 11Tt than drag. Very recently, howewver, men; and
at lesst one woman, have sueceeded in flying with truly flexible wings, pure
tengion structures like parachutes, ss ghown in figure 1 and discussged in ref-
erences 1 and 2.

Although completely flexible wings are feggible and practical for some
applicatlons, for others performance and other charscteristics may need Lo be
improved by the judicious addition of locsl stiffening. Consequently & completg
spectrum of wing shapes and degrees of stiffening is being developed to T'ill
the gap between the conventional parachute and the rigid wing. To inciude this
complete spectrum in one definition, we can define flexible wings as wings made
with very loose or slack membranes whose configurations in flight are determined
primarily by the serodynamic forces on the merbranes and the resctione from the
load suspension sysiem.

After the uvsual dreaming about flexitle wings sinece childhood, the gubhor
in 1945 at the close of World War II decided to underiske g serious study of

the gsubject. Because pressure of work along more conventional lines did not
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permit such s study 40 be made on government time, it was dend 10 vwnderiake

]
i
2,
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L
i
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it at bome; Jointly with Mes. Bogallo and later ineluding other mewbers o the

family and friends. Thisz private endeavor coversd the 1% years from 1945 uniil
late in 1958, when America's entry into the exploration of sgpace brought about

government consideration of this and other unconventional idess, and the subse-
guent. formstion of what is now officially the Flexible-Wing Section of Lengley

Regearch Cenier, a Lruly dedicated group.

t”f‘ in the pre-NASA years Lne wing wae galled s Rite bedause of the three
experimeﬁi&l methods used: testing in g homemade wind tunmel, free flying as
hand-lauwdched zliders, and tethered outdoor flying as kites. The kites appeared
Lo he the nearest to a useful marketsble application. Thus U.S. Patent
No. 2,546,078 (ref. %) filed in November 1945 and issued in Mareh 1951 to
Gertrude and Francis Rogallo is entitled "Flexible Kite" even though it pro-
poses applicebilisy of the concept Lo all heavier than air flying machines.

The Firgt national publicity about our early work was an artlcle written in

December 1949 entitled "First Flexible Kite," published in Ford Times in
wMarch 1951 (ref. 4). A brief history of the concept was given in a luncheon

talk in September 1963 befors the American Astropautical Soclety st Edwards Air

Force Base. (Zee ref. 5.)
FILEXIBLE-WING SPECTEUIM

Figure 2 presents the spectrum of flexible-wing configuration and the
maximun 1ift-drag ratics oblained by the Flexible-Wing Bection in NASA wind-
tuminel Lests of esch type of wing shown. The sbgscissa of flgure 2 has been
selected to illustrate a progression of configurations having increasing

structural rigidity. The left end of the spectrum, indlcated as having no
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dezcribed in reference 3. The shaded area, labeled "all-flexible," indicates

that this type of lifting surface can provide maximur lift-dvag vatics up to st

The use of gome structural stiffness such a5 would be oblaired with a
single-curvature 1lifting surface nede of flexible thin sheet metal or plastic
provided maximum 1lift-dreg ratios of sround 7.0. Test results cbtained on this

; 4 & i 2 g S
type of wing are presented in reference 6. The remainder of the spectrum pre-=%

sented 4dn figure 2; which is divided into two canopy shapes, has received mes

of the research attenticon since the publication of reference 6. Most of the
data and unpubiished information on flexible wings are therefore on gconfigura-
tiong having rigid leading edges and keel, and the sweep angle fixed by &
gpreader bar, Or by a very rigid apex.

't should be noted that the snectrum shown in figures £ encompusses & wide
range of possible confipurations and né particular wing should be considered as
the optimum. For example, the umstiffened wing is expecied bo be the moslh uso-
ful where Tactors such as deployment simplicity and minimizing wing leading,
packing volume, wing weight; and complexity sre considered more dmeorlant Lhan
obtalning High dift-drag retios:. On the other hand, & cylinderical wing with
small leading eds=es and a rigid frame nay be desirable where performance and
crulse speed (towed or powered wvehicles) are of more importarce than structural
simpliecity, snd deployment eapsbility 1s not needed. Belesction of & wing Tor
2 perticular use should include & gbudy of deslgn trade-offs, ineluding con-

sideraticn of performence, stablility; conbtrel, loads, and struetural

reguirements.



ok

In the remgining digcusslion of the gpesctrum g brief sitrery of bné sidse
of the art with regard to mexiwwr lift-dras retics of ponicel BnE oviicdsdoa)

WIS ven and reference ie made to publlished dats, where available, for

goniecal Wings

Farly flight tesls 2% the langley Becearch Center on inflated-tiube confis-

survations indicated a2 possible design approach for the recovery of spacecralt

Jﬁnd for agrial delivery of cargo. The need for research infornation on conical
wings Tor support of the Geminl Project and the Army cargo-drop glidsr prompied
extensive wind-turmel ressarch on simplified rigid models which simulsted
infiated-tube type of wing configurations (eee welfa. 7, 8, and 9)., Other work
on wings hawving small lesding edges snd & rigid Trame led to the construciuion
of manned flight vehicles such as the flexible-wing glider (ref. 10), tlexible-
powered alreralt (rels. 11 and 12), and wwmenned Amy tow glider (ref. 13), and
led to studles of flexible-wing recovery of the Sszturn booster (ref. 14)., As

indicated in figure 2, the highest 11f%-drag ratic obtained with conical wings
veg about 7,00 Analysis of the test results and theoretical studles on conigal
wings (ref. 15) indicabted that the relatively high drag of these wingg weas
agsociaved with the large wvariation of aerodynamic twist zseross the wing span.

Tor some wings this washout at the tips was as high as A0°.

Cylindrical Wings
In order to determine the extenl that lift-dreg ratics counld be improved

pyeliminating the wing twist, & generel resesrch Iinvestigetion was underhaken

on & series of zero-twist ecylindricsl wings having small rigid leading edges

(refs. 15 and 18}. The shaded srem in the upper-right-hand side of figure &



shows that maximm 1ift-drag ratios as high as 17.0 were cbtalned with the
small tapered leading edge cyllndricsl type of wing.

Interest in deployable wings that would provide lift-drag ratios greater
Losn those obtained with the conical wings led to work on the advenced-corcept
cylindrical wing which had tapered inflated-tube lesading edges. The wind-
turmel studies of simplified rigid niodels indicated that maximun lift-drag.

ratios from sbout € to § could be obtained with this type of wing.

EFFECT OF ASPECT RATIO

The vertical spread in the shaded aress of figure 2 can be atiribused to
varigtions in aspect ratio and canopy fullness. Effects of aspect ratio on
maximm lift-drag ratios for rigld frame 50° swept wings having conical and

cylindrical canoples are sumierized in figure 3.

Conical Wings

Data for ihe conicsl wings on the left side of figure ¥ show the eriticsal

i

nature of the leading-edze configurstion or the maximun lift-drag ratics. Use

- : . o .
of the wvery small tapered leading edge allowed an incressgs in (L*ﬁ)max with
increasing aspect ratio, whereas the use of a plightly lasrger untapered leading

edge caused (L/D) to decrease with ineressing aspect ratic. A decrease

max
in washout, which was obtained by reducing the canopy fullness, proviced an

increage in (Ih.,fTJ]r.mi for the high-aspect-ratilc wing having tapered leading
edees.  The test polnt shown for the rigid meodel which simuleled an inflated-

tube untaperaed lesding-edge configuration (ref. 8) sgain indicates the lsvel

of L/D +to be expected Tor this type of wing.



Cylindrical Wings

Conzidering now the eylindrical wings, shown on the right side of figure 3,

it 1g evident that incredasing the sdpeet ratic wes much more effective in

irioredsing (L/D)... than for the cenlcal wings.

FO T e o e - 0 ..
G A value of maxizuam 1ift

drag ratio ol sboul 12 wss obtained at high aspect ratio for the zero-twist

wirng with smell tapered Ieading edges. By careful teiloring of the cenopy to

provide a small amount ol washoul, the meaximum lift-drag ratio of this wing was

indrease
W

S

P =

to apout 17.0 (ref. 16). A compariscn of the date for tihe rigid

“rame conical and oylindrical wings having large leading edges (simulasting

inflated-tube designs) indicates that significant gains in (L/D) can be

wing by the use of a gcylindrical cancpy and fapered

ATL-FLEXTBLE WINGS

Meny configurations of all-flexible wings, which are now of primary Inter-

51, have been investigated by the Flexible-Wing Section in the wind tunnels of

the Lengley Research Center and in free flight after being dropped from air-

Yeoratft., Some typieal wind-tunnel results are shown in figure 4 from tests of

gingle- and twin-keel wings. The maximum 1lift-drag ratic of the single-keel

apout 2.5 while that of the twin-keel wing is &bout 5. The

single-keel wing has & higher maximum resultant-force coefficient COp and

range of" Cp, a simpler geometry with fewer bhridle lines, snd = much more com-

plete backaround of experience than the twin-keel wing. By the soring of 1956

confldence In Lhe single-kKeel wing was sufficient to permit scheduled live

demorstration by the U.8. Army parachute tesm of wings built by KNASA, Pioneer

Parachute Company, snd Irving Airchute Company within 2 weeks

gfter the NASA
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design was given Lo the parachute companies (see ref. 1), The NASA wings used
by the team had, of cowrse, been under test with dummy loads for several months.
During the past year hundreds of live jumps have been made with this wing con-
figuration and it is now being marketed for sporle flying (see ref. 2). 1In
wind-tunnel tests the twin-keel wing has shown s slightly higher maximon 1ift-
drag ratic than the single-keel wing and offers the poesibility for reefing of
the center panel to reduce wing area Tor deployment and inltial glide whenéver
the higher speed accompanylng the yreduced area is advantageous. The dlsreefl
could be made at any time during the flight or Just before landing to reduce
landing speed in much the same way as conventionsl airereft landine flaps are
uged, Single- and twin-keel configuraticns are still under develooment snd
hoth wili probgnly have many applicsticns. The resultsnt-force ceoefflcient of
a conventional parachubte is shown Tor comparison and iz seen Lo be slgnificantly
lower than the meximum CR of the flexivle wings.

To mive & clegrer pleture of the performance pobential ofall-flexible

wings, the horizontal and wvertical wveleocities corresponding to the dats of

X

figure 4 are given in figure 5 for wing loadings, WXE, of 1/2, 1, and 2 pounds

b

per square foot of wing surfece: The lowest wing losding show: is spproxipabel,
that usedé in the more than 400 manned flights, wheress carge delivery and
spacecraft landing systems will prebably use W/8 between 1 snd 2.

The horizontel wvelocity cormponent permits resching a sultabls landing

site, even -agalnat. sfome wing, and the low sink rates avellsgble permit s long

t

Plight and a soft landing, BEven without the reefing previcusely mentifned, some
modulation of horizontal and vertical velocity is spparent in the stesdy-state
characteristics of [igure 5, and even more nay be possible during a Tlare

maneuver. For the ssme canopy losding, steady-sisbte sinx rates possgible with

T



gll-flexivle wings are less than one-third of those with Conventional parachutes,
or gonversely, for the same Zrosg welght and steady sink speed a conventionsl

parachute will require about ten times as much sred. HRemember that force varies
withy the square of the wvelocity.

Hecause the wind-tunnel tesis tjat‘provided the dsta of figure 4 were made
upright in horizontal flow, the resultant force and gravity were not in the
same direction as they would be in steady gliding flight (see Tig. &). Such

g;gérizontal—flow test dats sre therefore considered to be slightly conservaeltive,
whereas inverted or wvertical-iflow test data may sonetimes glive errcnecusly
opnimiatic resulls because the weight of the lines and forward partz of the
wings tends to prevent nose collapses It is also diffieult to-obtain and

interpret lateral gtablllby and control informmstlion In wind-tunnel tests ef

all=Tlexible wings.
CONCLUDING REMARES

This paper has reviewed some oi the history of flexible wings, has shown
that the flexible wing concept covere 2 very broad gpectrum of ‘wing shapes,
uwiﬂg atructures, and sppligations, '‘and has presented verformance charscteristics
of some tSypical sll-flexibvle wings. All-flexible wings are rapidly gaining
general and often enthusiastic agceptence for spplicationg that can be sgtislied

yo' Lift-drag ratic of 3 or less. EHResearch and development of such wings is
expending rapidly. The stiffened high-performance flexible wings at the other
end of the spectrum, however, are not getting the atieniion they deserve. Buch
wings show promise of becoming econonicsl, light-welght, rugged, stowable wings
for spplications including roadable aircraft, flying bosts, flying subnersibles,

cargo Low gliders and a8 variliely of sports gliders, and for recovery of boosters
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and hypersonie aircraft. Enthusiasm for stiffened flexible wings may have been

dulled by previous attempts to use rigid or inflated frame wings of conical
shape (low performance) in some applications that need greater performance to
be practiecal. It is hoped that research can be accelerated on the entire

spectrum, especially on high-performance flexible wings, and that the results

will generate a variety of useful applications, private, commercial, and

military.
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Figure 1.~ Flexible-wing (parawing)

light by member of U.S.

paracnute team.
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