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SUMMARY 
, 

Low-speed wind-tunnel s tudies  were made of the  e f f e c t s  of camber and t w i s t  
and t h e  e f f e c t s  of aspect r a t i o  on the  aerodynamic charac te r i s t ics  of parawings. 
To determine the  e f f e c t s  of camber and twist, t e s t s  were made both with the  con- 
ventional conical-type canopy, which provides camber and washout, and with a 
cylindrical-type canopy which provides e s sen t i a l ly  zero camber and t w i s t .  With 
regard t o  aspect r a t i o ,  t e s t s  were made of parawings having aspect r a t i o s  of 3 
and 6 j the  range w a s  thereby extended wel l  beyond that of previous invest igat ions.  
The degree t o  which a i r f o i l  and wing theory can be used t o  predict  the aerodynamic 
charac te r i s t ics  of parawings w a s  a l so  investigated.  

The r e s u l t s  indicated large improvements i n  l i f t -d rag  r a t i o  can be obtained 
both by the  use of t he  cy l indr ica l  canopy and by the  use of a high-aspect-ratio 
canopy. The aspect-ratio-6 cy l indr ica l  parawing provided a maximum l i f t - d r a g  
r a t i o  of approximately 13.6. The r e s u l t s  also indicated that, f o r  conical type 
canopies, improvements i n  the  ze ro - l i f t  pitching-moment charac te r i s t ics  could 
be obtained by use of t he  higher aspect r a t io .  
indicated t h a t  su f f i c i en t  accuracy f o r  preliminary design can be obtained by use 
of the  Pankhurst method f o r  camber e f f e c t s  and the  Weissinger method f o r  angle- 
of-attack and t w i s t  e f f ec t s .  The cy l indr ica l  canopies loaded up at  low angles of 
a t tack;  thus, these canopies provided a useful  range of low l i f t  coef f ic ien ts  not 
avai lable  with the  conical surface parawings. 

W i t h  regard t o  theory the  results 

INTRODUCTION 

The National Aeronautics and Space Administration i s  engaged i n  a research 
program directed toward various appl icat ions of t he  parawing concept. 
r e f s .  1 t o  10.) 
with the use of such f l ex ib l e  wings as par t  of the  recovery systems f o r  space 
vehicles  and rocket boosters.  For such uses, only moderate l i f t -d rag  r a t i o s  a re  
required t o  provide considerable improvement over parachute systems and provide the  

(See 
To date these s tudies  have been concerned, f o r  t he  most pa r t ,  
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a b i l i t y  t o  maneuver t o  a desired landing s i t e .  Other possible applications,  how- 
ever, such as lightweight main o r  auxi l ia ry  wings f o r  powered a i r c r a f t  and fo r  
towed fue l  o r  cargo packages, f o r  example, a re  under consideration i n  addition t o  
extended-range gl ide recovery of spacecraft and boosters. These missions place 
considerable importance on the  attainment of improved aerodynamic efficiency. 

The canopies of previously investigated parawings assume es sen t i a l ly  a con- 

extreme geometric t w i s t  d i s t r ibu t ions  t h a t  would be expected t o  r e su l t  i n  appre- 
c iable  losses  i n  the  m a x i m u m  l i f t - d r a g  r a t io .  

aspect-ratio planforms have been used and thereby cause a fur ther  r e s t r i c t i o n  
on the  avai lable  l i f t - d r a g  r a t i o .  The present invest igat ion w a s  therefore  
i n i t i a t e d  t o  obtain an indicat ion of t h e  improvement i n  aerodynamic eff ic iency 
tha t  might be provided by improvements i n  span-load d is t r ibu t ion  and planform. 

.The investigation, which w a s  made a t  low subsonic speeds i n  the  Langley 7- by 
10-foot transonic tunnel, included comparisons of conical canopies with cano- 
p i e s  having e s sen t i a l ly  zero t w i s t  and camber (cy l indr ica l  canopies) f o r  plan- 

and 6. 

‘ i c a l  shape i n  f l i g h t .  Streamwise sections of these conical shapes show ra ther  

(See f ig .  5 of ref. 8, f o r  
* example.) In  addition, because of s t ruc tu ra l  and stowage considerations, low- 

*forms having leading-edge sweep angles of 50° and nominal aspect r a t i o s  of 3 

Inasmuch as t h e  purpose of t h i s  invest igat ion w a s  t o  determine the aero- 
dynamic e f f ec t s  associated with pa r t i cu la r  changes i n  canopy shape, r i g id  leading 
edges, keels,  and spreader bars were used i n  order t ha t  a canopy shape under a i r  
load reasonably similar t o  t h a t  desired might more e a s i l y  be maintained. I n  many 
p rac t i ca l  applications,  of course, it would be desirable t o  use the  r e s u l t s  
obtained t o  design less r i g i d  configurations t h a t  take greater  advantage of t he  
paraglider tension s t ructure  concept. 

SYMBOLS 

The coef f ic ien ts  are presented f o r  t h e  wind system of axes. (See f i g .  1.) 
All moments are given about t h e  25-percent-chord point of t he  mean aerodynamic 
chord of t he  f la t  pa t te rn  of t h e  canopies and a l l  coef f ic ien ts  are based on the  
f la t  pa t te rn  area and kee l  length. 

+ A  aspect r a t i o ,  b 12/S 

b span of deployed parawing, f t  

b’  span of f la t  pat tern,  f t  

C l o c a l  wing chord, measured parallel t o  keel, f t  

I 

Cav average wing chord, f t  
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keel  length, f t  

Section l i f t  
qc 

section l i f t  coeff ic ient ,  

section l i f t -curve  slope per degree 

drag coeff ic ient ,  

L i f t  l i f t  coeff ic ient ,  - 
qs 

wing l i f t -curve  slope per degree 

Pitching moment 
pitching-moment coeff ic ient ,  

qs Ck 

value of pitching-moment coeff ic ient  a t  CL = 0 

l i f t -d rag  r a t i o  

m a x i m u m  l i f t  -drag rat i o  

free-stream dynamic pressure, PV2 -, lb/sq f t  
2 

radius  of bas ic  cylinder, in .  

area of f la t  pat tern,  sq f t  

free-stream velocity,  f t / s e c  

distance from leading edge of keel  t o  aerodynamic center,  ft 

spanwise distance,  f t  

nondimensional spanwi se distance 

angle of a t t ack  of keel,  deg 

wing o r  section angle of a t tack  at which l i f i t  i s  zero 

t o t a l  aerodynamic t w i s t  angle between wing root and wing t i p ,  
pos i t ive  f o r  washout at t i p ,  deg 

, 
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€geom geometric t w i s t  angle between a l i n e  connecting leading edge and 
t r a i l i n g  edge of a section and reference plane containing keel, deg 

~ 

Eloca l  aerodynamic t w i s t  at a par t icu lar  spanwise s ta t ion,  deg 

e half-angle of segment of cone assumed f o r  parawing surface 

'A sweep of deployed leading edge 

sweep of wing quarter-chord l i n e  4 /4 
h Tip chord 

Root chord 
taper  r a t io ,  

I P 

.$ 

free- stream air  density, slugs/cu f t  

half-angle of basic  cone used i n  calculat ion of a i r f o i l  p ro f i l e s  

MODEL AND APPARATUS 

~ 

A s  the  f i rs t  s tep  i n  the  development of a wide range of parawing shapes, 
t e s t s  were made of models which had r ig id  frames with f ab r i c  canopies attached t o  
the  r i g i d  leading edges and keel. The canopies were designed t o  approximate two 
basic  surface forms, each semispan a pa r t  of t he  surface of a cone o r  of a 
cylinder. Photographs of these two types a r e  shown i n  f igure 2. 

The conical aspect-ratio-2.8 model ( f i g .  3(a)) i s  the type of wing most used 
In  making the  model, a nonporous f ab r i c  w a s  attache'd i n  previous invest igat ions.  

t o  three equal length members joined a t  t he  apex. (The f ab r i c  attachment w a s  a t  
the  top  of the  keel  and at t h e  nose of t h e  leading edges.) 
stretched t i g h t l y  and the  leading-edge sweep a t  45' the  members formed the  "flat 
planform." 
became slack. Under a i r load t h i s  f ab r i c  supported by a r ig id  keel  and leading 
edge forms a surface which i s  bes t  approximated by a cone. 

ra t io-6 conical model. 

With t h e  c lo th  

When the  sweep w a s  increased t o  50' (deployed planform), the  f ab r i c  

The sweep of t he  
. t r a i l i n g  edge and t h e  length of t he  keel  w e r e  changed t o  obtain the  aspect- 

(See f i g .  3(b) .) 

, 

A considerable amount of t w i s t  (washout) and camber are charac te r i s t ics  of 
t he  conical surfaces and, as a resul t ,  these wings have shown modest values of 
(L/D)ma which occur a t  f a i r l y  high l i f t  coeff ic ients .  I n  order t o  broaden the  
range of parawing charac te r i s t ics  avai lable  f o r  various applications,  t he  camber 
and t w i s t  were reduced t o  zero by designing t h e  wing semispans t o  approximate the  
surface of a cylinder with axes p a r a l l e l  t o  the  airstream. 
high w a s  expected while re ta ining d i rec t iona l  s t a b i l i t y  and the  advan- 
tages  of a tension surface. The aspect-ratio-2.7 and 5.8 models are shown i n  
figures 3(c) and 3(d) .  The planform w a s  adapted from t h e  aspect-ratio-6 conical 
model ( f ig .  3(b))  by maintaining ident ica l  posi t ions of the deployed apex and 
wing t i p s  and the  same canopy t r a i l i n g  edge and keel  lengths. The t r a i l i n g  edge 
w a s  assumed t o  be a he l ix  and the  diameter of the  cylinder on which it l a y  w a s  
calculated.  

With this  design a 
(L/D),, 

It w a s  then possible t o  determine t h e  leading edge as a he l ix  of 

4 
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d i f f e ren t  p i t ch  on the  same cylinder. Because of the curvature of t h e  cylindri-  
c a l  frame, t he  cy l indr ica l  f l a t  pa t te rn  layout d i f f e r s  from the  conical f la t  pat- 
t e r n  layout i n  span and area and, therefore,  i n  aspect r a t io .  Except i n  t h i s  
section of  t h e  report ,  nominal aspect r a t i o s  of 3 and 6 are used t o  simplify ref-  
erence t o  the  models. The i n s e r t  on figure 3(d) shows a tip-chord extension 
which w a s  a l so  tes ted.  
constructed by extending t h e  keel  length of the aspect-ratio-5.8 model. 

The aspect-ratio-2.7 cy l indr ica l  surface parawing w a s  

I 
I 
I 

I ' 
I 

~ 

The f ab r i c  used t o  form the membranes of a l l  the models consisted of non- 
~ 

1 
porous Mylar film bonded t o  a nylon r ips top  parachute cloth.  
applied with the  warp p a r a l l e l  t o  the  t r a i l i n g  edge. 
geometric charac te r i s t ics  are  presented i n  t h e  following table:  

All membranes were 
Some of the  more per t inent  

Aspect r a t io :  
F l a t  . . . . . . . . .  
Deployed . . . . . . .  

Area, sq f t :  
F l a t  . . . . . . . . .  
Deployed . . . . . . .  

c, in . :  
F l a t  . . . . . . . . .  
Deployed . . . . . . .  

b, in . :  
Flat . . . . . . . . .  
Deployed . . . . . . .  

Root chord, in .  : . . . .  
Sweep angle, deg: 

F l a t  . . . . . . . . .  
Deployed . . . . . . .  

, 23.57 

Deployed chord . . .  
ji 

~ 45.00 
50.00 

45 30 

39.50 1 1 Deployed I; chord . . .  
2 

I 45.30 

I I 

I 

* Average value. 

I 39.30 

Geometric charac te r i s t ics  of - 
Conical-type canopy Cylindrical-type canopy I 

2.83 
2-57 

12.27 
11.16 

33 33 
33 33 

7 0 - n  
64.28 

50.00 

45.00 

38.80 
50.00 

22.50 

6.00 
5.45 

5-79 
5.26 

7 0 - n  
64.28 

2.74 
2.57 

11.88 
11.16 

33.33 
33.33 

68.44 
64.28 

50.00 

48.23 
*50 
38.80 

22.50 

5.81 
5.46 

5.60 
5.26 

15-70 
15-70 

68.44 
64.28 

23 9 57 

The frame of the  aspect-ratio-2.8 conical model ( f ig .  3(a)) w a s  made of I 
1 welded 3/4-iach aluminum tubing. The other models had a common spreader ba r  and . 
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keel.  
d r i c a l  models t o  hold the  nose, keel,  and wing t i p s  i n  a common plane. 
leading edges of the models, except the aspect-ratio-2.8 conical, tapered from 
3/4 inch at the apex t o  1/4 inch a t  the  t i p s .  
drawings, the conical model leading-edge spars were round and the  cyl indrical  
model spars were made up of a half  round piece and a rectangular piece. 

Vert ical  s t r u t s  were added t o  the end of the spreader bar f o r  the cylin- 
The 

A s  shown i n  the small cross-section 

~ 

, 
Reynolds number f o r  

nominal aspect r a t i o s  of - 
3 6 

Model q, w s q  ft  

Conical 5 1,680,000 820,000 

Cylindrical  8 2,l20,000 1,030,000 
J 

The models were mounted on a sting-supported six-component strain-gage 
balance. 
transonic tunnel which u t i l i z e s  perforated w a l l s  i n  the  t e s t  section. 

(See f i g .  2.) Measurements were made i n  t h e  Langley 7- by 10-foot 

TESTS AND CORRECTIONS 

. 
conical surface models and 8 pounds per square foot  f o r  the cy l indr ica l  surface 
models. 
small. A l e s s  f l ex ib l e  leading edge w a s  used on the  cy l indr ica l  models. 
cross sections of f i g .  3 . )  
i n  the  following t ab le :  

The t e s t s  were made a t  dynamic pressures of 5 pounds per square foot  f o r  the 

The conical model w a s  t e s t ed  at t h e  lower value t o  keep model def lect ions 
(See 

The Reynolds numbers based on keel  length are given 

No jet-boundary and blocking correct ions were necessary since it has been 
determined experimentally t h a t ,  f o r  t h i s  s ize  model i n  the  vented t e s t  section, 
such corrections a r e  negl igibly small. The r e s u l t s  have been corrected f o r  the 
t a r e s  of the  spreader bar and balance housing. The l i f t  and moment corrections 
were considered negl igible .  A drag t a r e  which varied from CD = 0.005 a t  low 

of a t tack  w a s  subtracted from the  data. 

. 

' angles of a t tack  t o  CD = 0.015 (when based on 12.27 sq f t  area)  a t  high angles 

i 
~ 

FESULTS AND DISCUSSION 

Experimental Results 

Effect  of t w i s t  and camber.- The e f f e c t  of twist and camber on the longi- 
tud ina l  aerodynamic charac te r i s t ics  a re  presented i n  f igure  4 f o r  t h e  aspect- 
ra t io-3  parawing and i n  f igure  5 f o r  the aspect-ratio-6 parawing. 
ra t io-3  parawing the  r e s u l t s  ( f i g .  4) indicate  a m a x i m u m  l i f t -d rag  r a t i o  of 
about 6.2 f o r  the cambered and twisted parawing (conical-type canopy); this value 

For the  aspect- 
' 
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i s  approximately the  same as that 
reported f o r  similar parawing tests. 
Eliminating the  camber and t w i s t  by 
use of cy l indr ica l  canopy resul ted i n  
a large increase i n  maximum l i f t -d rag  
r a t i o  from 6.2 t o  10. 
r e s u l t s  were obtained with the  aspect- 
ra t io-6 paraglider ( f i g .  ?), t he  maxi- 
mum l i f t - d r a g  r a t i o  increasing from 
about 7.9 f o r  t he  conical-type canopy 
t o  about 13.6 f o r  the  cylindrical-type 
canopy. 

Similar 

3.0- 
induced drag and corresponding 
increases i n  m a x i m u m  l i f t -d rag  r a t i o  
r e l a t ive  t o  t h e  more conventional con- 
i c a l  canopy parawings a r e  provided. 

2.0 
Although the  cy l indr ica l  canopies 

The large improvements i n  the  
aerodynamic eff ic iency f o r  t he  cylin- 
d r i c a l  canopies can be explained, a t  
l e a s t  i n  par t ,  with t h e  a id  of 
sketch (a) where the  washout and span- 
load d i s t r ibu t ions  determined by the  
methods described i n  the section 
"Comparison With Theory" are shown f o r  
the two types of canopies. A l i f t  
coeff ic ient  of 0.4 w a s  selected as 
representative of the  range i n  which 

C y l i n d r i c a l i  

/ - CL = 1.0 

40' 

Cylindrical  

E loca l  

0 

400 r / -Conical 

/ r Cyli,ndrical 

Sketch (a) 

. r i c a l  

n Y 
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'spanwise d is t r ibu t ion  of the sect ion l i f t  coeff ic ient  i s  presented f o r  both the  
conical and cy l indr ica l  canopies a t  a wing l i f t  coeff ic ient  of 1.0. From 
sketch (b) it i s  apparent t ha t  the  conical-type canopy provides, because of i t s  
washout, section l i f t  coeff ic ients  t h a t  are r e l a t ive ly  constant across the  span 
whereas f o r  the  cy l indr ica l  canopy the  section l i f t  coeff ic ient  increases ra ther  
rapidly near the t i p  with theo re t i ca l  l i f t  coeff ic ients  t ha t  would be expected t o  
be beyond the  maximum a t ta inable  occurring near t h e  t i p .  Tip s t a l l  and the cor- 
.responding high drag would therefore be expected f o r  the cyl indrical  canopy at 
h igh- l i f t  coeff ic ients .  

i With regard t o  t h e  e f f ec t  of camber and t w i s t  on the  performance of para- 
wings, it appears t ha t ,  i f  high aerodynamic eff ic iency i s  required, a cy l indr ica l  
canopy o r  a s l igh t  deviation t o  provide optimum t w i s t  i s  desirable whereas, i f  
the  attainment of high l i f t  i s  more important than the  leve l  of efficiency, a 
conical canopy may be more desirable.  , 

The e f f ec t  of t w i s t  and camber on the  l i f t  charac te r i s t ics  i s  a l so  shown i n  
figures 4 and 5 and, as would be expected from r ig id  wing theory, the main e f f ec t s  
of reducing the  t w i s t  and camber by use of t h e  cy l indr ica l  canopy are  e s sen t i a l ly  
t o  eliminate the large ef fec t ive  angle f o r  zero l i f t  t o  reduce s l igh t ly  
the maximum l i f t  coeff ic ient ,  and t o  allow the  canopies t o  load up a t  keel  angles 
very close t o  zero. With regard t o  uLS it should be pointed out t ha t ,  since 
data  near zero l i f t  could not be obtained f o r  t he  conical canopies and would not 
have corresponded t o  canopy shapes encountered i n  the  usable l i f t  range, the angle 
f o r  zero l i f t  i s  considered as t h a t  value obtained by extrapolation of the  l inear  
portion of t he  p l o t s  of CL against  a. The f a c t  t h a t  t h e  cy l indr ica l  canopies 
load up a t  keel  angles close t o  zero should be an advantage since it provides a 
usef'ul range of low lift coef f ic ien ts  not avai lable  with the  conical canopies. 

With regard t o  the pitching-moment charac te r i s t ics  t he  l a rges t  e f f ec t  of 
t w i s t  and camber occurred on t h e  aspect-ratio-6.0 paraglider.  
l a rges t  e f fec t  i s  a change i n  the  "effective" 

determined by the  same technique as 

camber w i l l  be discussed i n  the  section e n t i t l e d  "Comparison With Theory." The 
primary reason f o r  the  l a rge r  e f f ec t  on the  high-aspect-ratio wing i s  t h e  higher 
sweep angle of the  quarter-chord l i n e  which r e s u l t s  i n  a la rger  r e l a t ive  fore- 
and-aft displacement between t h e  centers  of pressure of the  angle-of-attack and 
t w i s t  loadings. As pointed out i n  reference 10, C,, has an important e f f ec t  

with regard t o  the  s t i c k  force gradients f o r  a i rcraf t - type appl icat ions of para- 
wings and a posi t ive value i s ,  of course, desirable .  The present r e s u l t s  indicate  
t h a t  from t h i s  standpoint, t he  high-aspect-ratio conical canopy would be desirable.  
The section e n t i t l e d  "Comparison With Theory" presents methods by which it appears 
t h a t  C,, 

(See f i g .  5.) The 
Cmo of about 0.07 where C,, i s  ( . The r e l a t ive  e f f ec t  of t w i s t  and -) 

' 

I 

can be estimated with suf f ic ien t  accuracy f o r  preliminary design. 

Another e f f ec t  of camber and t w i s t  i s  t o  delay the unstable break i n  the  I 

pitching moment of the  aspect-ratio-6 parawing t o  higher l i f t  coef f ic ien ts .  
r e l a t ive ly  s m a l l  e f f ec t  on the  aspect-ratio-3 parawing ( f i g .  4) i s  due t o  a 

The 

4 smaller degree of t w i s t  and the  reduction i n  the  sweep of the quarter-chord l i n e .  
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The change i n  s t a b i l i t y  indicated between the  conical and cy l indr ica l  canopies i s  
due t o  the  difference i n  reference points. (See f i g .  3.) 

From the  values of and it appear t ha t ,  a t  least f o r  t he  lower 

l i f t  range, the cylindrical-type canopy ac tua l ly  assumed a shape t h a t  resulted i n  
some washin. This result might be expected from the  f a c t  t ha t  t h e  higher load 
near the root would tend t o  shift  the  canopy inboard and thereby l i f t  the t r a i l i n g  
edge above the  leading edge inboard and r e su l t  i n  t he  t r a i l i n g  edge being below ' 

the  leading edge over the  outboard portion of the canopy. 

Effect of t i p  modification.- In  an attempt t o  improve f i r ther  the aerodynamic 
charac te r i s t ics  of the aspect-ratio-6 cy l indr ica l  canopy configuration, a f i n i t e  
chord t i p  was added ( f i g .  3(d))  i n  order t o  reduce the  spanwise var ia t ion of sec- 
t i o n  l i f t  coeff ic ient .  T h i s  modification changed the taper r a t i o  from 0 t o  0.08. 
The e f f e c t s  of t h i s  modification on the  aerodynamic charac te r i s t ics  are presented 
i n  f igure  6. 
over the  e n t i r e  l i f t - coe f f i c i en t  range, the  m a x i m u m  l i f t -d rag  r a t i o  increasing 
from about 13.6 t o  about 16.2. 
are a delay i n  t h e  occurrence of an unstable break i n  t h e  pi tching moment and a 
s l i g h t  increase i n  the  maximum l i f t  coeff ic ient .  

The primary e f f ec t  i s  seen t o  be an increase i n  l i f t -d rag  r a t i o  

Other changes associated with t h e  t i p  modification 

Effect of aspect ra t io . -  The e f f e c t s  of aspect r a t i o  f o r  e i t h e r  the conical 
Figure 7, o r  cy l indr ica l  canopies can be seen by comparison of f igures  4 and 5. 

however, compares d i r e c t l y  the  e f f ec t  of aspect r a t i o  on the  cy l indr ica l  canopies. 
These r e s u l t s  ind ica te  the usual aspect-ratio e f fec ts :  a reduction i n  drag due 
t o  l i f t ,  an increase i n  l i f t -d rag  r a t i o ,  an increase i n  l i f t -curve  slope, and a 
pitch-up tendency with an increase i n  aspect r a t i o .  

The e f f ec t  of aspect r a t i o  on the l i f t -d rag  r a t io ,  which i n  th i s  investiga- 
t i o n  w a s  considered t o  be the  primary fac tor ,  i s  presented i n  f igure  8 f o r  both 
t h e  conical and cy l indr ica l  canopies. These r e s u l t s  indicate  ra ther  s izable  
improvements i n  l i f t -d rag  r a t i o  above a l i f t  coeff ic ient  of about 0.4 as the  
aspect r a t i o  was increased from 3 t o  6 f o r  both the conical and the cy l indr ica l  
canopies. 

The models t e s t ed  had spreader bars  i n  order t o  provide a constant planform 
throughout t he  angle-of-attack range. The s t ruc tu ra l  weight required t o  assure 
that suf f ic ien t  wing spap i s  maintained e i t h e r  through spreader bars  o r  leading 
edge and apex s t i f f n e s s  f o r  any pa r t i cu la r  application can be determined only 
after per t inent  aerodynamic load charac te r i s t ics  are known. To maintain the  same 
wing loading, the aspect-ratio-6 parawing requires  approximately 45 percent 
grea te r  span than t h e  aspect-ratio-3 parawing, and an increase i n  s t ruc tu ra l  
weight might be expected. It should be kept i n  mind, however, that f o r  the  same 
leading-edge sweep angle the  aerodynamic load i s  sh i f ted  toward the  apex as the  
aspect r a t i o  i s  increased; this sh i f t i ng  tends t o  reduce the leading-edge closing 
moments f o r  a given span and l i f t .  A simplified analysis  indicates  t h a t  t h i s  
reduction may be of suf f ic ien t  magnitude t o  o f f se t  t he  e f f ec t  of t he  required 
increased span; however, t he  increase i n  leading-edge compression must a l s o  be 
considered. 
tes ts  are needed t o  c l a r i f y  the  s t ruc tu ra l  aspects.  

Detailed wind-tunnel s tudies  of t h e  aerodynamic loads and free g l ide  
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A s  mentioned i n  the previous section the high-aspect-ratio conical parawing 
provides f o r  a ra ther  la rge  pos i t ive  value of 
increased if  desired by use of a "fuller" canopy which provides a grea te r  degree 
of washout. 
drag ra t ios ,  the  possible improvements i n  trim and s t i c k  force gradients when 
viewed i n  l i g h t  of the  r e l a t ive ly  high l i f t - d r a g  r a t i o s  afforded by the high 
aspect r a t i o  may make the  ful ler  canopy desirable  f o r  some applications. For the  

.lower aspect r a t i o  conical parawing the  e f fec t  of the  washout i s  reduced such that  
the  camber e f f ec t  predominates and a negative value of results (see f i g .  4 ) .  

Cmo which could be fur ther  

Although t h i s  type of canopy would probably reduce the  m a x i m u m  l i f t -  

Cmo 

Comparison With Theory 

Procedures used i n  estimates.- In  order t o  make theore t ica l  estimates of the  
aerodynamic charac te r i s t ics  of the various parawings tes ted,  it w a s  necessary t o  
estimate the  camber and t w i s t  d i s t r ibu t ion .  For the  cylindrical-type canopies, 
.it w a s  assumed t h a t  i n  t h e  f u l l y  loaded condition the  canopy had negl igible  camber 
and t w i s t .  For the conical-type canopies it w a s  assumed t h a t  i n  the  f u l l y  loaded 
condition each semispan assumed a shape approximating a portion of a cone and the  
,camber and t w i s t  f o r  several  spanwise s ta t ions  p a r a l l e l  t o  the plane of symmetry 
w e r e  determined by the method described i n  the appendix. The nondimensional 
camber l i n e s  f o r  several  spanwise s t a t ions  are  compared i n  the upper par t  of f i g -  
ure 9 f o r  both the  aspect-ratio-6 and aspect-ratio-3 conical parawings. The 
chord l i n e s  have been made coincident t o  f a c i l i t a t e  comparison of the camber d is -  
t r ibu t ions ;  the chord-line t w i s t  d i s t r ibu t ions  are a l so  presented i n  f igure  9. 
With regard t o  the  camber l i n e s  it i s  in te res t ing  t o  note t h a t  the  camber 
increases from zero at the  root (o r  keel)  t o  near ly  5 percent at t h e  20-percent 
semispan s t a t ion  and then  decreases t o  zero at  the  t i p .  Inboard, t he  camber i s  
r e l a t ive ly  far forward whereas near t h e  t i p  it i s  e s sen t i a l ly  a c i rcu lar  a rc .  
The geometric t w i s t  d i s t r ibu t ion  ind ica tes  rather extreme values, approximately 
34' occurring f o r  both aspect r a t io s .  

The zero- l i f t  l i n e  f o r  each camber l i n e  w a s  determined by the  Pankhurst 
method ( ref .  11) and t h e  spanwise var ia t ions  are presented i n  the t o p  part of 
f igure  10. The aerodynamic t w i s t  w a s  then determined from the  difference between 
the  zero- l i f t  l i n e s  and the  geometric t w i s t  ( f i g .  9) and i s  presented i n  
f igure  10. 

The effect of camber on t h e  zero- l i f t  p i tching moment w a s  a l so  determined by 
+ t he  method of reference 11 (reduced by cos A t o  approximate sweep e f f ec t s )  and 

the  e f f ec t  of t w i s t  on the angle f o r  zero l i f t  and ze ro - l i f t  pitching moment w a s  
determined from the Weissinger 15-point modified l i f t i ng - l ine  span loadings pre- 
sented i n  references 12 and 13. The %=o due t o  camber i s  presented i n  f ig -  
ure 10. The aerodynamic t w i s t  d i s t r ibu t ions  were approximated by combinations of 
l i n e a r  and quadratic d i s t r ibu t ions  of t w i s t ,  f o r  which ana ly t ic  solut ions are 
avai lable  i n  references 12 and 13, as shown i n  f igure  10. For the  aspect-ratio-6 
conical parawing, a 40' l i nea r  washout combined with 6' quadratic washin 
(40' l i nea r  - 6' quadratic) r e s u l t s  i n  a good approximation t o  the  ac tua l  t w i s t  
d is t r ibut ion.  
For the  aspect-ratio-3 parawing, a loo l i n e a r  washout combined with 25' quadratic 
washout (10' l i n e a r  f 25' quadratic) provides suf f ic ien t  accuracy. The angles 
f o r  zero lift and zero- l i f t  p i tching moments due t o  t h e  ac tua l  t w i s t  were then 

(Compare so l id  l i n e  values with square symbol values i n  f i g .  10.) 

' 
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estimated by combining the theo re t i ca l  values f o r  the various combinations of 
l i n e a r  and quadratic t w i s t  d i s t r ibu t ions .  

, 
i 

For convenience i n  making similar estimates f o r  other configurations, calcu- 
l a t ions  f o r  l i nea r ,  quadratic, and cubic t w i s t  d i s t r ibu t ions  were made f o r  a 
range of planforms and are presented i n  f igure  11. The t w i s t  d i s t r ibu t ions  are  
defined as follows: 

1 l i nea r :  

'local = E(&) 

quadratic : 

and cubic: 

'local = E(*r 

It should be noted t h a t  the r e s u l t s  presented i n  f igure  11 a r e  f o r  a u n i t  value 
of E .  A l l  t heo re t i ca l  calculations,  when applied t o  the parawings, were based 
on the projected planforms and the  resu l t ing  coef f ic ien ts  converted t o  the f la t  
canopy reference a rea  and chord. 

' 

L i f t  charac te r i s t ics . -  With regard t o  the lift charac te r i s t ics ,  estimates 
were made of the  angle f o r  zero l i f t  and the  l i f t -curve  slope. No attempt 
t o  estimate the maximum lift w a s  made. 
method was used and the  charac te r i s t ics  were computed f o r  the  projected planform 
and converted t o  the reference areas.  The two-dimensional l i f t -curve  slope 
required i n  the theory has not been established f o r  the type of a i r f o i l  sections 
involved; however, t e s t s  of the  Farman a i r f o i l  ( r e f .  14) ,  which i s  somewhat 
similar, ind ica tes  a value of c of about 0.09 per degree and this value w a s  

used i n  t h e  calculations.  The aerodynamic t w i s t  d i s t r ibu t ioq  w a s  approximated 
f o r  t he  aspect-ratio-6 p a w i n g  by subtracting a 6' quadratic t w i s t  d i s t r ibu t ion  
from a 4-0' l i n e a r  t w i s t  d i s t r ibu t ion  as described previously. The angle of zero 
l i f t  f o r  the  40' l i n e a r  twist (13.70) obtained from f igure  11 w a s  reduced by the 
angle of zero l i f t  (1.l0) f o r  t h e  6' quadratic t w i s t  a l so  obtained from f igure  11 
t o  give a f i n a l  value of 12.6'. This angle f o r  zero l i f t  when combined with the  
theo re t i ca l  l i f t -curve  slope results i n  reasonably good agreement between the  
estimated and measured l i f t  cha rac t e r i s t i c s  f o r  the  aspect-ratio-6 conical para- 
wing as shown i n  f igure  12(b). 
within the  experimental accuracy and, although the  theo re t i ca l  angle f o r  zero 
l i f t  i s  displaced i n  t h e  pos i t ive  d i rec t ion  f o r  both canopies, the theory appears 
t o  predict  f a i r l y  accurately the  difference between t h e  two canopies. The s h i f t  
i n  t he  angle f o r  zero l i f t  between the  experiment and theory i s  believed t o  be 
associated primarily with an inboard shift i n  the  canopy r e l a t i v e  t o  the  assumed 
conical and cy l indr ica l  shapes that reduces the  washout. 

' The Weissinger modified l i f t i n g - l i n e  

I 

la 

1 

The l i f t -curve  slope agreement appears t o  be 

. 

This type of s h i f t  
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would be expected from the  d is t r ibu t ion  of load and has been observed i n  photo- 
graphs of paragliders under tes t .  

Pitching-moment charac te r i s t ics . -  A comparison of the estimated and measured 
pitching-moment cha rac t e r i s t i c s  i s  presented i n  f igure  13. 
pitching-moment coeff ic ient  at  zero l i f t  f o r  the parawings having conical- 

;type canopies w a s  estimated by combining the  theore t ica l  e f f ec t  due t o  the aero- 
dynamic t w i s t  d i s t r ibu t ion  ( f ig .  10) as determined from f igure 11 with that  due 
t o  cagber as determined by the  Pankhurst method (ref. 11). The e f f ec t  of t w i s t  
w a s ,  of course, determined f o r  the  same combination'of l i nea r  and quadratic t w i s t  
as described i n  the previous section. The slope of the  pitching-moment curve w a s  
a l so  determined by the  Weissinger method from which the  following approximation 
f o r  the distance from the leading edge of the root chord t o  the aerodynamic center 
i n  f rac t ion  of root chord length can be obtained f o r  h = 0. 

The value of the  

Go 

4 4 )  1 + 0.h t a n h  

The resul t ing pitching-moment estimates f o r  the conical-type paragliders are i n  
reasonably good agreement with experiment and ind ica te  t h a t  t he  method used should 
be of suf f ic ien t  accuracy f o r  preliminary design requirements. 

For the cy l indr ica l  canopies a value of k0 of zero would be expected; 

however, as discussed i n  the section on l i f t  some ef fec t ive  washin appears t o  
e x i s t  t h a t  r e s u l t s  i n  a negative value of I n  an attempt t o  cor re la te  th i s  

negative value of Cmo with the  negative value of a,,-* indicated i n  f igure  12 
the  theo re t i ca l  C% 
the measured 
parawings. The measured value of a,,-* w a s  defined as that  obtained by sh i f t i ng  
the  theo re t i ca l  l i f t -curve  slope un t i l  it w a s  tangent t o  the  eqe r imen ta l  curve 
a t  CL = 0.40. The resu l t ing  estimated pitching-moment curves are seen t o  be i n  
good agreement w i t h  experiment for the  aspect-ratio-6 cy l indr ica l  parawing, i n  
the  moderate l i f t - coe f f i c i en t  range. However, f o r  t he  ' A  = 3 cyl indr ica l  para- 
wing, the agreement i s  rather poor. The effect  of canopy shape on the  s t a b i l i t y  

12%. 

due t o  a l i nea r  washin of magnitude suf f ic ien t  t o  produce 
was determined from f igure  11 f o r  the two cylindrical-type 

. 

l e v e l  - i s  due t o  t h e  difference i n  moment reference points.  (See f ig .  3 . )  
&L 

I CONCLUSIONS 

Based on low-speed wind-tunnel tests of a series of parawings having conical- 
and cylindrical-type canopies, t h e  fallowing conclusions were reached: 
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1. Parawings having cy l indr ica l  canopies ( e s sen t i a l ly  zero camber and t w i s t ) '  
provide considerably higher m a x i m u m  l i f t -d rag  r a t i o s  than the  more conventional 
conical type, an increase from 6.2 t o  10 occurring f o r  an aspect-ratio-3 para- 
wing and from 7.9 t o  13.6 f o r  an aspect-ratio-6 parawing. 
coeff ic ients  above about 0.80, the  conical canopies provided higher l i f t -d rag  
r a t i o 2  

However, f o r  l i f t  

2. For a given leading-edge sweep, t he  l a rges t  e f f ec t  of canopy shape (cam-, 
ber  and t w i s t )  on the  pitching-moment coeff ic ient  $ occurred for t he  high- 
aspect r a t i o  due primarily t o  t he  higher quarter-chord sweep, with the  aspect- 
ra t io-6 conical type providing a ra ther  large posi t ive value of e f f ec t ive  Cmo. * 

3 .  Comparison with theory indicated t h a t  use of the  Pankhurst method f o r  
camber e f f e c t s  and use of the Weissinger method for  angle-of-attack and t w i s t  
e f f ec t s  provide suf f ic ien t  accuracy f o r  preliminary aerodynamic design. 

4. The improvements i n  aerodynamic eff ic iency and the  zero-lif  t pitching- 
moment charac te r i s t ics  indicated f o r  the high-aspect-ratio parawing appear t o  be 
suf f ic ien t  t o  warrant more de ta i led  f ree- f l igh t  invest igat ion.  

5. The cy l indr ica l  canopies loaded up a t  low angles of a t tack;  thus a useful  
range of low l i f t  coef f ic ien ts  not avai lable  with the  conical surface parawings 
w a s  provided. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, Va.,  October 26, 1962. 



i APPENDIX 

CfUCUUTIONS OF AIHFOIL PROFILES USED I N  APPLICATION OF TKEORY 

The a i r f o i l  p ro f i l e s  a t  several  spanwise s t a t ions  were determined i n  the  
process of applying theory t o  calculat ions of the  aerodynamic charac te r i s t ics  of 

' t h e  conical parawings. 
here f o r  those in t e re s t ed  i n  extending the  calculat ions t o  other parawing 
configurations. 

The method of determining t h e  a i r f o i l  sections i s  given 

a ci  
Each wing panel of t he  parawing w a s  assumed 

h . rcular  cone as shown i n  sketch ( e ) .  
/ 

t o  be a pa r t  of the  surface of 

/ 

Trai l ing  
edge 

V 

I \ , )-Hyperbola 

Section A-A 1 - 
Sketch ( c )  

The streamwise a i r f o i l  sect ions can be shown ( r e f .  15, f o r  example) t o  be 
p a r t s  of the hyperbolas formed by cu t t i ng  planes p a r a l l e l  t o  t h e  kee l  and normal 
t o  t h e  l i n e  connecting the  wing t i p s .  

a2 e2 

The equation f o r  t he  hyperbolas i s  

'* - e - -  y2 - 1 where 



and 

e = (a --& cos A t an  

The distance t o  the  leading edge of t h e  section i s  given by: 

The kee l  length i s  taken as uni ty  i n  these equations. 
w a s  located on t h e  planview by t ransfer r ing  points  from the  f lat  planform lay- 
out. The distance t o  the  t r a i l i n g  edge w a s  measured along the streamwise sec- 
t ions.  The graphical method should be su f f i c i en t ly  accurate because the sec- 
t i o n  slopes are low i n  the  trail ing-edge region. A typ ica l  sect ion obtained 
i s  shown i n  the  sketch. A comparison of the  camber d is t r ibu t ion  f o r  various 
spanwise s t a t ions  i s  presented i n  figure 9 where the section i s  rotated through 
the geometric t w i s t  angle and nondimensionalized t o  f a c i l i t a t e  comparisons. 

The trail ing-edge l i n e  

. 
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Relotiwe 
wind 

Figure 1.- System of axes. Posi t ive d i rec t ions  are shown by arrows. 
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(a) Cylindrical- type canopy. 1-62-2940 

(b) Conical -type canopy. 1-82-1686 

Figure 2 . - High- aspect - ratio models on the sting support system. 

19 



(a )  Aspect-ratio-2.8 conical wings. 

Deployed mode/. 

(b) Aspect-ratio-6 conical wings. 

Figure 3 . -  Geometry of models. A l l  dimensions a r e  in inches. 
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Depfoyed model. Fabric pattern layout. 

(c) Aspect-ratio-2.7 cylindrical wings. 

Fabric pattern layout Deployed mode/ 

(d) Aspect-ratio-5.8 cylindrical wings. 

Figure 3.- Concluded. 
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Figure 4.- Comparison of the longitudinal aerodynamic characteristics of paragliders having c 
(twisted and cambered) and cylindrical (no twist or camber) surfaces. A = 3 .  

.i .ca 

22 



L 

Figure 4.- Concluded. 
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Figure 
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5.- Comparison of the longitudinal aerodynamic characteristics of paragliders having con 
(twisted and cambered) and cylindrical (no twist or camber) surfaces. A = 6 .  

iical 
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Figure 5.- Concluded. 
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Figure 6.- Effect of tip modification on the longitudinal aerodynamic characteristics of a 
paraglider having a cylindrical surface. . A  = 6. 
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Figure 6.- Concluded. 
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CL 

Figure 7.- Ef fec t  of aspect r a t i o  on the  longi tudina l  aerodynamic cha rac t e r i s t i c s  of paragl iders  
having cy l ind r i ca l  surfaces. 

28 



CL 

Figure 7.- Concluded. 
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Figure 8.- Lift-drag r a t i o s  for parawings Kith conical and cy l indr ica l  surfaces.  
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Figure 10.- Theoretical spanwise variation of the angle for zero lift and the net 
aerodynamic twist. Conical wings. 
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(a)  Aspect r a t i o  3.  

Figure 12.- Comparison of estimated and experimental l i f t  cha rac t e r i s t i c s .  Theoretical  r e s u l t s  
a r e  shown as dashed l i nes .  
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(b) Aspect ratio 6.  

Figure 12.- Concluded. 
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( a )  Aspect r a t i o  6. 

Aspect r a t i o  3 .  

Figure 15.- Comparison of estimated and experimental pitching-moment cha rac t e r i s t i c s .  Theoretical  
r e s u l t s  a r e  shown as dashed l i n e s .  
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