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SUMMARY OF STATIC AERODYNAMIC CHARACTERISTICS OF PARAWINGS

By William C., Sleeman, Jr., Delwsin R. Croom
and Rodger L. Naeseth

. 4 M T
This presentation will summarize some of our recent work onxthé 5tat8 43 42

g ¥
R
aerodynamic characteristics of parawings. It appears advisable to acquaint

L

you with some of:. the terminology used in this presentation and several that
Y

will follow, so we will go to the first slide,
SLIDE 1

This slide shows a typical parawing with a conical shaped canopy. The

“h

leading edges and keel may be rigid or flexible members and the wing may or may
not have a spreader bar to hold the wing sweep angle fixed. In this talk, and
others, reference is made to the flat planform sweep and the dotted lines in the
lower figure show the flat sweep. In constructing these wings, the fabric for
the canopy is cut to the desired flat pattern sweep. When the sweep is increased
to the flight sweep, two lobes are formed which have approximately conical shape
in flight. The aerodynamic coefficients are based on the area of the flat
planform and the keel length.

In some cases, flutter of the fabric at the trailing edge has necessitated

the use of a bolt rope in the hem at the trailing edge as shown here,
SLIDE..2

The next slide summarizes some of the most important beometric parameters

that we have investigated on parawings.
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{Read from chart)
We are not going to talk about all of these items but we have selected
several to illustrate the type of work that we are doing and to indicate the

present state~of~-the=-art as regards maximum lift-drag ratios.

SLIDE 3

Let us now look at some familiar aerodynamic parameters. The next slide
presents the lift-curve slope and Ci .. as a function of flight sweep for a
450 flat pattern sweep. These results were obtained in a systematic planform
study in which wing sweep was the primary variable on wings having rigid members.
The little sketches show that as the sweep increased, the height of the lobes
of the canopy increase.

The experimental and theoretical lift slopes are seen to be in very good
agreement., The maximum 1ift coefficient for 50° sweep was about 1.1 and it
decreased with increasing sweep. C|p,x Was not determined for the higher
sweeps because C; was still increasing with up to == 550, which was

the limit of the test setup.
SLIDE &4

We go now to maximum lift-drag ratios obtained in the same planform study

and the next slide presents the variation of L/D with sweep angle. Experi=-

max
mental results are shown by this curve and the dotted curve indicates an estimated
upper bound, using theory for a conventional flat wing and an assumed skin fric~
tion drag of .013, We see that there is a considerable gap between the experi=
ment for conica1 canopies and the theory for flat wings; and we will spend some

time discussing why these differences are shown and how we might be able to

raise the level of the experimental data,



‘We have not indicatea a theoref%cal estimate .for conical shaped wings
because the lift-drag ratios are greatly influenced by several design facters
othe; than the wing planfcrm swezep and aspect ratio, Of course, as for'conven-
tional wings, the wing sweep and aspect ratio are among th. most important
~ factors, but for flexible v:ings, tFe éanopy shape can be of'ééhal importan;e
to these primary veriatles. Oihér important factors affecting (L/D)max are
the Qa/ the fabric is attached at the leading edge, the leading edge >ize and
shape. We will discuss theSeieFfeéfs briefly, but first | would like to poinrt
out that we 3a-e discussing wing=aione characteristics and t.e 1ift-drag r;tios
will be reducad by the addition of a payload and its: connecting memhars; -The
amount of this.redu:ztion in L/D will, of course, be a function of the .ing
‘oading or relative size of the payload and wing.

| SLIDE 5

The next stide shows the importance of the details of the ieading-edge
geometry for a 55° swept wing. Let's cousider first, thz effect of leading=edge
diameter. This curve shows that reducing the diameter .From 7-percant kee! tn
!.5-percent keei increased the L/D_, from L,6 to 6.3, Next, let's look at
the effect of how the Fabric is attached to the leading edge. This is shown by
the shaded symbols which show both the 1./B ., and how the fabric was attachea
for a leading-edge diameter of 7-percent keel. Here we see that the L)D can
b. inz, ased from about 3.5 to 4.6 oy moving the fabric 2ttachment from the

bottcm (o the top of the .cading edge.
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These results inaicate therefore that to get the bdest L/Dmax{’you want te
mirimize the leading~euge diameter and have the fabric attached st the top of
the leading edgc. Now, if you—can't minimize the circular diameter for structural
reasons..th;: perhaps an airfoil shaﬁed leadiné edge could be used. The p]ot onr
the right shown. hew L/Dp,y varies with airfoil thickness ratio on the leading
edge. The valuz of t/c = 1.0 is thé 3-percent circle shown on the left=hand
plot. In these tests, the thickness remained constantr(3‘percent keeli and the

chord wes increased to obtain this variatios of thickaess ratio. These results

show that the use of an airfoil section at the leading adge can provide gains in

«/Dpmax- )
SLIDE 6
Let's turn now to another facet oi our svysvematis planform study i- :onnection

with lift-drag ratios. The next slide shows tne effect of fiat pattern sweep for
a given fiight sweep of 60°. We see thar the lift-driag ratios show a‘ccnsistént
dacieasc as the canopy lobes become largér. Ore of tte main :czcons for this
cecrease in L/b is-that as the wing surface becom:s mure znd more conical,

the wing has wore twist across the span, and the twsist may amount to as much as
LQ° or 50° washout, This very high twist can cause the tip sections to carry
negative lift a¢t Jow and moderate angles of attack, which would cauce high
induced drag. Here, we ses that the wing having the nighest L/D has the lzast
twist and perhaps we could approach the ideal.curve‘for L/0pax sﬁown previousiy
ky making tne wing flat, This would be fine, but we would be back to a conven=

tional wing requiring a heavier structure. Some of our latest work has been .



‘direcred towzrd optinizing L/D on flexible wings by using wing caucpies

- formed about a cylinder with its axis parallel to the keel. -

SLIDE 7

This photograph Shows, one of these wings in the wind tunnel, The scmitar-
shapcd leading ed3e gives the same fabric héight at the leading‘édge as at the
trailing edge and the wing consequently has no twisc or camber across the 'ring
span. These menbers were: used for exbediency'fa the tests to hold the wing
sweap fixed, in place of the more commo: spreader-bar installation, 'The €orces
on thesc members was substracted out of the data, Oui rext slide presents data
~ for this wing, and othars, and irdicatec 'h= present state-of-the-art as

-

regards L/D.
SLIDE 8

Here we have summarized measured lift-drag ratios for flexikle parawings
having both conical and cylindrical canopy shapes. This curve skows that an L/D
of approximately 5 can be expected from an aspect-ratio 2.8 parawing having a
conical canopy. The use of cylindrical canony or this wing planform increases
the maximum lift-drag ratis to a value of 10.

Now, a more obvious means for increasing L/D would pbc to increase the aspect

ratio, and results aré shown for an aspact-ratio-& par;ang with the two ccnepy
shaes., i'ere ws see that increasing the aspect ratio from 2.8 to 6 for the
conical canopy produced an fncrease in (L/D)max from a value of & to a value

of 8. And then, going from the corical to the cylindrical canopy with the asp:ci-

ratio-6 wing gave a maximum va'ue of lift-drag ratio of 1h,



We would like to point out that . particular planform shown here should be
considered “he optimum parawing because for some applizétions,‘the L/D at high
lift would‘be of grezter importance than t.: maximum valve ot L/D. For example;
the corical canopy provides highar L/J at high tift Because the washou: alleviates
the tip stall. Our work on high performance barawings will be contihuidg in
efforts to extend the L/D envelope in this direction {up and to the right).

In the selection of a wing configuration for a perticular application, otﬁer
faczors such as structural weight trade-offs and complexity have to be evaluated
in addition to the eerodynamic characteristics.- So.» of these s:ructurai loads

considerctians will be discussed by Mr, Taylor in one of the following talks.
SLIDE 9

Let's turn now from the subject of lift-drag ratios tc other:phases of
our work on pgrawings.f The next slide presents some typical lateral stability
characteristics obtained in the wing planform studies. Inasmuch as the center
of gravity for parawing applications is located a2 considerable distance be low
the wing, the moment‘referepce for these stability paramcters is_positioned as
shown,

Theée dara are gresented for the purpose of indicatira ne magnitude of
these lateral derivatives throughout the swéep range. The importance of these

derivatives will be discussed later in the presentation by Mr, Joknson.



SLIDE 10

Let's now consider a fact;f more akin tc the sailmaker's art than wind-
‘tunnel asrodyramic<, but nevertheless of‘importance in the overz!l problenm of
obtaining 3 satisfactory canopy for a parawing. ~The next siide shows the effect
of orientation of the fabric weave on theAcanopy shape.

These views were taken from a wind-tunnel study of identical wing'planformé
in>which the only variable was fabrfc orientation, ' Straight-line grids were
dcawn on the flai pattern of each canony and photograghs were made at each test
éEg!e of attack. There was little difference in the aerodynamic characteristics
but we see: that the canopy in which tne warp'was -arallel to the trailing edge
had a smooth shape throughout must c¢f the angle~-of-attack range.

When the threads were run parallel to the keel, however, the canopy had
an appreciable bulge in thic area because the threuds from the tip, rearward
were not attached to a structural member, At‘low argles of attack this mcdel
had appreciable t}ailing-edge flutter and the first canopy was torn in shreads.

e have always made our canopies with the weave running paralle! to ghe
trailing edge and you may wonder why wer have brought up the subject of fabric
orieatation. Wel!, most of the models we have received from contractors have
had tne fabric weave 1unning parallel to the keel and we have encountered the
same fabric dfstortion and traiiirg-edge flutter, 1idications are tha the fatric

distes tien zun cause travelling waves in the canopy that start near tne apex and
move rearward, Thiv could cause troubiesome variatiors in control force at a
given tria lifr,

Qur experience has been stystantia~ed in work the Ryan people have done on
the oowered test vehicla, VAfter installing *neir second caropy, which had the

weave pardiie! to the kea:l, they had to irstall a boltrope and several batters

in the rear part of the cunopy to stabiiize the fabric Jdistortion,



Now, on some of cur models, particularly those with flexible lzading edyes,

we have found the use of a trailing=edge boltrope desirabie., The next slide shws

the effects of koltrope length on pitcring moments and lift coeftfirnients. For the
0-percen’ case, the boltrope length is 2qual to the langth of the fabric trailing

edge. The other curves are for the boltrope 2-percent ‘and "t=percent shorter thar

the trailing-edge 1ength.
Pitching=moments are presented about 2 mcmen! reference on the wing keel
Su-percent back from the apex, and we ses that shortening uie boltrope gives
5 fairly constant increment of C, and C; througa most of the angle-of-attack
range, These characterictics suqgest that varying tﬁe boltrépe length may be

on effective means for longitudinal contro!.

SLIDE 1

" Thus far, we have considered only the characteristi_.s of the wing alone.
The next slide shows some lorngitudinal claracteristics in pitch of a complete
configuration in which an inflated tube parawing is used in the recovery of
the Gemini capsule. In these tests thé capsule was mounted to a sting support
through a six~compcaent strain-gage bal ince, The wing was rigged for two
different flight conditions, based on a:rodynamic characteristjcs obtained
from our general parawing research prog-an. For these tests, the wing was in
flight, and its artitude and position ware deterﬁined by the aetodvnamic forces

on the wing and the restraint of the casle rigging.
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The glide configuration was selected to trim the coﬁfigu?ation near
L/Dpax with the capsuie at an angie uf attack-of i8° and the wing at 20°.
In the rigging for the landing cuntiguration the front cable was .lengthered
and the wing rotated to an angle of attack of 45°,  The capsule angle for
the landing is 0° to eénable the capsule t§ touch down on skids.

" We see trat the estimated rigging for these conditions produced approxi-
ﬁately the desired trim angle of attack. fhe lifc~drag ratios are Yow, mainly
because of the large diameter inflated tube leading edges used. (L/D)pax for
the win§ alone was about 3.4,

~ We would like to point out that these results are aprlicable only at the
trim conditions because, in order to change the 1ift coefficient a dif?erent:
iigging would be required. We ..re not certain of the sign}ficance of these
results, such as the:break-in vitching moments below *rim. |f chese moments
are indicative of the flight vehicle, then we may have causc for concern; however,
our flight testsof inflated tube models have nct indicated difficulties in
this area,

We beliave that there are limitations in static wind~-tunnei tests of this
aature and more work is needed to 2stablish prep:r testing technicies to provide

static date cha* can be properly interpreted,
JLIDE 13

In the design of the Gemini recovery system, estimates had co be made of
cable tension loaas in order ta size the cables properiy. It would appear
desirable to rig the wing sc that thc cable loads were .nore or less equally
distributed. Now, these estimates invcive assumpticns and uncertainties aad

it was desirable to get an experimental .heck on these czole leads,
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The next slide presents some cable tension Ioéds ir terms of *the percent
of total 1oci ‘ur each cable, Data are shown for the landing configuration
where the loads were the highest., We see that the lo;ds in the cabkles going
to the center keel were about the same at the de~ign cansile angle of 0° with
" the iines going to the leading edges carrying a soiewhat higher percent of
the load. | -

For angles below the design point the diagoral lire tends to go siack and
for aagles above 0°, the diagonal loads up rapidly and the front'line?tends'\
‘to go slack. |

These data are b-iie~d to be subject to the same limitations mentioned
in connection with the previous stide with regard to tunnel test technique,

Wwe believe, howevei, thai. these results are useful in evaluation zable loads
for the design point and furnish a valuable refe. ¢nce for assassing the
estinated loads. 1 would also like to mention that when we resolved these
loads into lift and drac components and computed the summation of,pitching-

moment ccntributions, we got excellent agreement with the results oresented

in the preceeding siide.
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CONCLUDING REMARKLS
| believe that we should bring th.s pres-~tatior to a close now with
a3 brief recali of some of the salient points coverz.. First with regard to

liv~~drag ratios:

{2} 12 addition to the expected effects of w!..; aspect ratio and
- sweep on (L/D).,. . the canopy shape as found to have a
Ti~st order effect on this paraseter, also.
(t; The deiafls of the rabric attachment énd Yrading-edge size
and sharz have an important =ffect on (LD s -
‘c) Liftfdrag rotios fer a low-aspect-ratio parawing can approach
tlos=ly those of a Flat wing of the same:aspect ratio if an
1mewisted cylindrical- canopy shape is used. (L!D)max = 19
= " for aspect ratio 2.8.
d4) a value of (Llo)mox of 1 was obta.neu with an aspect-ratio~6
pa:awing having a cyiindrical canopy.
Next, the fabric o:ient;tion was shown to be impo.tanf; for & sacoth
canopy contour, the weavse should bz paralliel to tie trz.ling edge.
And finally we discussad some sodel tests results of the Cemiai .on-
figuration ana pointe” out sowme limitatioas of static wind-tunnel tesis for this

tyoe of cable-supported cenfiguration.
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