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3 O‘P AERODYNAMICS OF THE PARAWING

By William C. Sleeman, Jr., and Joseph L. Johuson, Jr-(ﬁgyuu%?*QB

The National Aeronautics and Space Administration has been conducting

of parawings. A wide range of applicatlons of the parawing concept is

being considered and consequently a fairly broad spectrum of configurati

N

been investigeted. Use of the tension structure concept for flexi

ther uses

utility vehicle. A considerable amount of low gpeed aercdynexic information has

The state-of-the-art with regard to

lift-drag ratio is summari g and emphasis is glven to considerations of funda-

fecti ide performance, stability, and control of parewi:ng
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analyiical studies and some comparisons with conventional wing theory are also

presented.

Lift and drag characteristics.- Some typical 1ift and drag charecierisiics

of a large-scale inflated-tube parawing configuration are presented in Jizurc

as a function of angle of attack of the wing keel. The 1ift iy gulte non-

test angle of 560. There was no evidence of wing

- ~ - . -
NN E
we Ol oninuyn arag

coefficient attained was 1.3. The drag data showed &
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as would be expected from a configuration having large diameter lecaing cdzes

the apex, tapering tc

size was a contributing factor to the relatively low values of L/D obtained

on the model of figure l(fé

%o maintain the sweep angle of 55°. The results presented in

A

= 1TIgressive ease in L/D as the size of the leading edzge and xeel was

reauced.

The highest value of L/D obtained was about 4.4 for the wing with a
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> diameter of l.5-percent keel length. The dotted curve shown in

figﬁre 1(b) indicates an ideal variation of L/D which represents an upper
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boundary for wings of the given sweep and aspect ratio. An estiraeted skin-
friction drag coefficient for the canopy of 0.013, and the assumption of Tull

EN . I -

leeding-edge suction was used in determination of the drag coeffic

ot
[0

evident from comparison of experiment with the ideal curve that even with ixae

smallest leading edges tested, the parawings were far short of the 1ii

ratlo potential for this wing planform. One phase of NASA research
accordingly directed toward attaining wing configurations that reali
the lift-drag ratio potential of the wings.

Figure 2 has been prepared to illustrate some important geometric charcc-

teristics of parawings that have a significant influence o lif%-drag ratio. On

the left-hand side of figure 2 is illustrated the conlcal—éhaned canopy obitained

-
Q)

on conventional parawings. The shape of these canopi 5-defined by tke Ifiat

pattern sweep of the canopy fabric Ag and the fiight/ When the

sect at the apex as shown in figuras 2. Belpx %e sketch in figure 2 is illus-

trated the varlation of geometric twist across one of the canopy loves, and it

is seen that the washout increases with spanwise distance from the keel. Tor

canopies having deep lobes (A lQ?i 0 15° greater than ’Ao) the washout at the
tip may be as_high as 50°. Thé,\ype of span loading obtalned with conicel-
shaped canopies is illustrat &t the bottom of figure 2 for a wing-lift coerl-
Ticient of O.4. The high §§£out in the wingvcauses the wing to carry negative
1ift near the tip. Th;s(type of span loading causes high induced drag and is a

L o fm -
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One approach to improving the lift-drag ratiocs of parawins woull ..

f reduce the twist by having very shallow lobes (Ao = A) to provide oo o
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wing. Thils approach wouléd however require a more rigi

B

from the parawing tension structure concept. Another approzch
I wing about cylinders, parallel to the keel as shown in
figure 2. This type of wing has a helical-shaped leadi

tion of dihedral across the span. The streamwise air?
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result in less induced drag and higher maximum lift4drag ratios than for the

onical and cylindrical caucny

\

leading edges and the sweep angle of 509%/was/maintained by a spreader tar. Doest

ng aspect ratios of 2.57 (equal lenzin

7/

Yy use of the cylindrical canopy shape. A maxinmum

‘of 13.6 was obtained for the aspect-ratio-5.45 winzg

D at high 1ift than the cofresponding conical winzs. Thals
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conical wings, some moderate washout would be expected to improve ihe span-lcud
éistribution and performance of these highly tapered wings. Results are pro-

cented in figure 3(b) to show effects on (L/D)yax of adding a small amount of

weshout to an aspect-ratio-5.45 cylindriecal wing. The addition of washout wos

accomplished by adding some fullness to the trailing edge of the untwis
cyiindrical wing, and the amount of this fullness 1is
cettern sweep. The flat pattern sweep of 4L8.2° gave

tion at A = 50° and reduction of the flat pattern sweep allowed—

e
Llift-drag

pelection of a wing, and these considerations

ovlift, pitching moment at zero 1lift, anl wing-zicnc

-
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parawings. At present only a few checks have been made for parawlinzs, o
general the estimates of the aforementioned wing characterisiics haove toos
to be in fairly good agreement with experiment. One such comparison s ~-o-

sented in figure 4 to show experimental and estimated lift cha

cylindrical and conical wings.of aspect ratio 5.45.

The comparison of experimental 1ift characveristles present

kand portion of figure 4 shows a large difference in keel angle

zero 1ift between the conical and cylindrical wings.
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conical to the cylindrical wing. The difference bepween vest data il ;LQ;:;

actual Tlexible wing i

ct
hed
o
I's
E
(1]
H
[
I
w
w
|
£
H,
@)
H
’(0‘
-

lift-coefficient range for the two canopy hapes. The cylindricel wing coula ..

test angle-of-attack range. The”éonical wing, on the other hand, was linitc.

=

an be considcereas

regard to canopy behéwior. Experience with a range of wing sweepr zand conlc ..

appreciavle cunoly

Pagv)

canopy shapes hasgindicated in general that the minimum operaticicl 117t coo. -

{icient is app/ ximately O.4. (It will be shown later that the minizum Cocru

X efficient for cylindrical-canc.y wings may be determined oy

pitching moment rather than 1ift characteristics.)
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The estimated and experimental lift-curve slopes presented in the lelt-hund
plot of figure % are in good agreement for both canopy shapes. In order ic ailow
comparisons for a large range of wing planforms, a summary of lift-curve sicznes
is given in the right-hand.portion of figure 4. The form of‘presentation was

selected to allow the use of any sweep or aspect ratio and to

mately the value of section lift slope a5 to be used in the T
parisons shown have been limited to test data obtained at a fairly

pressure and for which check runs have substantiated to be

The present comparison of experimental and theoretical lift-curye

oment characteristic

S e
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previously discussed in figure 1. Pitching nmmé%ts'of the wing alons are pre-

W\

negative pitching moment at zero angle o k Tnis char-

apD

so that in most typical parawing

wing showed that the configuration Trimzed
and was highly stable from about 15° <o 36°.
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tae wodel was OLigaly

2% the range of cdﬁppy luffing mentioned in connection with figures 1 zn
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The results in the top right hand of figure 5 show pitching-mom
‘teristics of the family of wings for-which the L/D summary was prescnued in
figure 3. The moment reference for all of these wings was located &t The Suiud

position below the keel (z/b = 0.3). The longitudinal positi

center of gravity was located to provide trim at a 1ift coe
was an average Cy, for (L/D)gsx for the four wings.

all of the wings could be trimmed and, with the exceptilon

longitudinal stability at moderate 1lift encounuered\‘ﬁ—many swept wings. Static

would not eliminate the undesirable nonllnearity of the pitching-moment curve.

in delaying

-

cylindrical wing. The fairlysla$gé amount of washout in the high-aspect-ratio

to a lift coefficient of L The high level of stability shown Ffor this wing
could be reduced if des red by raising the center of graviiy toward the keel.
The

were not
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For the,cylindrical wings, this tendency is somewhat surprising In view ol the




| parawing with low center of gravity together with

delta-wing configuration with the center of grgvfty in the plane of tTne wing.
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aﬁgles of attack mentioned earlier in connection with figure 4. It appears That
the low-1ift operational boundary for the cylindrical-canopy wings may therclore
be determined by the variation in the pitching-moment characteristics rather

PASEVISY

than 1ift characteristics.

Although the low-1ift range may.be considered outside of the normel o

tional range for parawings, there are some conditions that could cause o berawing

configuration to enter this 1lift range inadvertently. In the case of 4he low-

steble and trimmed. In the case of thexcaggéhtional wing, a disturvance waich

Ppitches the wing away from its trim point is opposed by large restoring moments

~

the parawing, however, there is a~ ion of static longitudinal instability at

low negative angles of attack'and large differences in the magnitude of ihe

positive and negative pitching moments over the angle-of-attack range. It is

 this combination of sta@%& nstability and asymmetry in the pitchinzg zozent.

walch appears to be si icant in establishing a steady tumbling movion. Jor

configuration which pitches downward through its trim -int

example, & parawi

1o low negative angles of attack will encounter the region of static longitudinzl

O
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instability and will therefore tend to pitch downward to even higher negative
éngles of attack. If the pitching motion is strong enough to overcome botih the
damping in pitch and the positive restoring moments in the 300° to 180° angle-

of-attack range, the pitching motion will continue with energy being red into

the system by the large negative pitchigg moments in the 180° to 0° B
attack range. It is thus possible for a steady nose-down tumblingﬁ&g; on to be

)
N—/

established for a configuration of this type. It should be poin*éﬁ out, however,

that predictions of a tumbling motion cannot be made based on static data alone.

There are other factors, such as damping in pitch, massoandﬁzhertia characteris-

tics, and the variation in airspeed or dynamic pressure wﬁich must be considered

1n determining stable and unstable boundaries in a Qyﬁamic stability problem of

this type.

Lateral stability characteristics.- In a typical paraglider vehicle, the

AN

fact that the center of gravity lies an appr éble distance below the wing‘may

significantly affect the lateral stability characteristics. For such a vehicle,
the stability derivatives involving pé”;;né moment or rolling velocity will

-

reflect the influence of the wing\sﬁﬁérforce'and sideslip characteristics o a

considerdb@é extent, and, in addition, the axis of least inertia may well be

oriented nearly perpendicul the flight path rather than nearly along the

AN

flight path as in more conv: iopal‘aircraft. While these considerations are of:

this paper.
The stati¢ lateral stability parameiers CnB and CZB bout ©
axes for th/L rge-scale inflated-tube model of figures 1 and 5, and for the

' small-scale conical and cylindrical models are presented in figure 6. On the

-
-

ek e EARE I
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eft-hand side of this figure the data show that the large-scale model was '
tatically directionally stable (positive Cnﬁ) and had large positivé values of
ffective dihedral ('Clﬁ)° The values of these derivatives which increased with
acreasing lift coefficilent, are generally representative for parawing configura-

lons of this type. Presented on the right-hand side of figure 6 is a plot of

1 against -Czﬁ to show the effect of canopy shape and aspect ratio on }ﬁg,

satic lateral stability parameters of the family of parawings previously4d

? dynamic lateral stability. For example, the low-aspect-ratit:

ated for the low-aspect-ratio cylindrical wing at Cp = 1.0 (a trend which

1so occurs for the high-aspect-ratio cylindrical wing at a slightly higher 1ift

-

-
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coefficient) point out the possibility of directional stability problems with
ﬁheée wings. On the basis of these results, it appears that some means for
providing increased static directional stability for the cylindrical wings will

be required in order to insure satisfactory dynamic lateral stability character-

lowering the leading edges with respect to the keel.

longitudinal control characferistics.- Longitudinal c

wing applications currently being considered ;s accompli§§éa by shifting the

center of gravity relative to the wing. Some baslc i%f X

longitudinal control through the center-of-gravity 3
illustrated in figure 7. The plot at the left
moment curves resulting when the center of gra

trated in the sketch from position B to A gyzyéarward from position B to C.

When the center of gravity is shifted f‘f%grd to trim at a lower 1lift coefficient

(point A), an increase in stability:;"

)/

slope of the curve. Conversely,:\i§§é is a reduction in stability when the para-

'wing 1s trimmed to a higher lift coefficient (point C).

For cable-supported pgy\ ”s, center-of-graﬁity movement is achieved by

changing the lengths of the ‘cables.. On other applications where the wing and

payload are connected | rigid truss; center~of-gravity shift is accomplished

7

by .relative movement of the payload with respect to the wing about a fixed pivot.

. For both .types of pﬁlicaxions the wing pitch characteristics about the pivot

or ‘the. cable configuration) are important and the sign of the

t at zero 1ift .Cp, determines whether the control-force ;redients

are stable”or unstable. -
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The effects of Cmo on control forces for the fixed-pivot applicaﬁion are
11lustrated in figure 7(b) which shows pitching-moment data referred to the wing
pivot. Three assumed pitching-moment curves are presented - curve 1 has a

positive value of Cmg, while curves 2 and 3 have a common negative value of

Cmg. For curves 1 and 2 the wing pivot is located at the same point on

keel and therefore the curves have the same slope. Curve 3 represent'gphe manner

of change in curve 2 when the wing pivot is moved rearward so that“

'1s obtained at the same value of CL as for curve 1. The stick ~§r€e character-
istics for the three conditions shown-indicate that a positive

\Y

vﬁiue of Cmo

provides a stable stick-force variation with speed (that !’ pull force is
required for trim at the lower speeds and & push force/a{ the higher speeds)
),

whereas an unstable variation is obtained when Cmg iegative. The sign of

Cmg therefore can be taken in a direct indication|

I~

control-force requirements..

Both wing planform and twist digtri§ﬁtion have an important influence on

the wing pitching moment at/zero lift. Some results summarizing these effects

for several wing configurations “presented in figure 8. The effects of aspect

_/

ratio for 50° swept conicaluwlﬁga having a flat pattern sweep of Ay = 45° are

shown in the upper left-hal

plot. These results indicate that conical wings
having aspect ratios bel ;about 5.0 have negative values of Cp,; above A =5

positive values of Cmo increase with increasing aspect ratio. The explanation

aspect ratio the camber effeét predominates inasmuch as the twist contribution
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is a function of the quarter-chord sweep, and this sweep is relatively low ai
Jow aspect ratio. The twist contribution arises from a couple produced by an

upload near the apex and a download near the wing tips. As the aspect ratio

increases, the centribution from this couple increases in proportion to the

wings. Theory for the cylindrical canopies, of course, wou
ber. Experimental

of Cmo occur at low

have an important effect on Cp,-.

-

high-aspect-ratio conical wing grg%éﬁmmarized in the upper right-hand portion

N 4
)

50) than the basic Ag = 45° canopy. Further increases

——

expected, that the high-aspect-ratio conical wing provided a stable stick-force

L]
-
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gradient,lwhile the other three wings had unstable stick-force gradients. In
flight tests of the NASA parawing research vehicle, which employs a low-aspoct-
ratio conical-canopy wing, an objectionable unstable stick-force gradient was
experienced over a large portion of the speed range. 1In the case of the Gemini

parawing recovery system, which also employs the low-aspect-ratio conical wi/x//

an irreversible power boost system is to be used which will mask any uns;§§;ﬁ

stick-force gradient encountered with this system.

Lateral control characteristics.- Some fundamental parameters involved in

the lateral center-of-gravity shift or wing-bank control system gfé illustrated

uwla for net

in the sketch and formulas at the upper left of figure 9. Thg

rolling moment is based on the assumption that when the wipg7is banked, the lift
Q,

which produces a

vector is tilted with the wing and has a lateral componerit

rolling moment about the center of gravity through th z/b. Since for trim

conditions the lateral component of the lift acts behind the center of gravity,

it also produces an adverse yawing moment through/théyarm x/b. When the side-

slip angle resulting from this adverse yawingf\ ént is taken into account, it

-

can be shown that the favorable rolling‘mgﬁépﬁ produced by the 1lift vector is

reduced through the effectiveidihedral:parameter CzB. The factor within the

brackets
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,rélling effectiveness becqmes small and therefore the net rolling moment in such
cases 1s reduced. It should be pointed out that the estimates of rolling effec-
tiveness obtained from the above férmula are only approximations since the Tormula

was derived on the basis of static considerations alone. There are other factors

such as moments of inertia, inclination of the principal axis of ia, and

‘dynamic stability derivatives which must also be taken into coﬁ;@dération in the

O

final analysis of the control effectiveness under dynamic conditions.

o

Presented in the lower left plot of figure 9 are valugb of rolling-

effectiveness factor plotted against net rolling-momén oefficient for the coni-

cal and cylindrical parawings of aspect ratio 2. 7 an 5.45. The results of this
plot show that the low-aspect-ratio conical wingjhas positive values of the

rolling-effectiveness factor from about 0.5 «7. This factor is increased

VA\; refore the net rolling moment pro-

duced by wing bank is increased in this/gégg. For the cylindrical wings, itﬂis

tion of increased Chﬁ and reduced -Czﬁ'

In/the plot on the right of figure 9, the roll-control forces experilenced

with the wing-ﬁank control are compared with those for a wing-tip control which

;e
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may be considered equivalent to an aileron control on a conventional wing. Two
values of z/b are shown for the wing-bank control, the value of 0.50 corre-
sponding to that used on the Geminl parawing recovery system and the value of

0.135 corresponding to that used on one research configuration. From this plot

ank

tip control.
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SYMBOLS

The coefficients are presented with respect to the stability axis system
and the reference area used in reduction of the data was taken as the canopy

flat pattern area. Coefficients and symbols used are defined as follows:

) 2
A aspect ratio of projected wing planform, D
b projected span of wing, ft
1k length of the wing keel, ft
N | spanwise distance from keel center line, ft
Cp ' drag coefficient, Qigﬁ :
cr 1ift coefficient, %-éi
Cm " pitching-moment coefficient,
Cmg, pitching-moment coefficient at/zero 1lift (see fig. T(v))
2Z '
c Yawing moment
n S
Cy
Cy 8
q
s
v
2 X
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angle of sideslip, deg
'éweep of wing leading edge, deg
sweep of leading edge bf the canopy flat fattern, deg

sweep of the wing half-chord line, deg '

SKETCH A

~ WING APEX

I T

(
~

SWEEPOF
\ FLAT PATTERN,
Ao

o
i \ ’
o y N
;
o NG
Y

No
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