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INVESTIGATION  OF mTHODS FOR  PREDICTING 

THE AERODYNAMIC  CHARACTERISTICS 

OF TWO-LOBED  PARAWINGS 

By M. R. Mendenhall, S .  B. Spangler, 

Nielsen  Engineering & Research,  Inc. 
and J. N. Nielsen 

SUMMARY 

The  present  study  seeks  to  develop  accurate  methods  for  predicting 
the  longitudinal  aerodynamic  characteristics  of  two-lobed  conical  para- 
wings  with  leading-edge  booms  for  high  aspect  ratios  and  high  slackness. 
For  prediction  purposes,  the  assumption was made  that  the  booms  and  can- 
opy  can  be  considered  separately.  The  canopy  was  then  considered  to  have 
a  known  shape  for  purposes  of  determining  its  aerodynamic  performance. 
Various  theoretical  methods  were  studied  for  determining  canopy  aerody- 
namic  characteristics,  including  profile  drag.  Force  increments  due  to 
the  leading-edge  booms  were  studied  both  analytically  and  empirically. 

Comparisons  were  made  between  theory  and  data  for  rigid  wings  of 
known  shape  with no leading-edge  booms  to  check  the  canopy  prediction 
methods.  For  approximately  triangular  wings  of  aspect  ratios 3 and 4, 
good  agreement  was  obtained  €or  lift  and  moment  within  the  range  where 
no separation  exists.  The  predicted  drag was  less  than  measured  values, 
with  the  difference  being  small  at  moderate  lift  coefficients  and  increas- 
ing  with  increasing  lift  coefficient. 

Comparisons  were  made  for  flexible  wings  of  triangular  and  NASA  plan- 
forms  with  leading-edge  booms  for  overall  evaluation  of  the  methods.  The 
canopy  shape  assumption  was  checked  by  comparison  with  earlier  slender- 
body  results,  and  the  aerodynamic  performance was found to  be insensitive 
to  small  shape  differences.  Analytical  estimates  of  the  boom  force  in- 
crements,  based  on  section  data,  were  too  small.  Comparisons of data  for 
rigid  wings  (with no booms)  and  flexible  wings  indicated  the  boom  force 
and  moment  increments  to  depend  on  boom  size  and  taper,  and  on  method of 
canopy  attachment  to  the  booms.  Systematic  force  and  moment  increments 
were  found  empirically  in  some  cases.  The  major  sources of differences 
between  the  primary  prediction  method  and  either  data  or  more  accurate 
theoretical  methods  are  viscous  effects  and  chordwise  variations of induced 
downwash  and  loading. 



1NTRODUl;TION 

A large  amount of research  has  been  conducted  on  parawings  with  rigid 
leading  edges,  primarily  at  the  Langley  Research  Center,  NASA.  Most  of 
the  work  has  been  experimental  in  nature  and has considered  wings  of  mod- 
erate  to  high  aspect  ratio  with  relatively  high  slackness.  The  Office of 
Naval  Research has sponsored  a  theoretical  investigation  of  parawing  aero- 
dynamics  (refs. 1 through 4)  for  parawings of low  aspect  ratio,  small 
slackness,  and no leading-edge  booms.  Polhamus  and  Naeseth  (ref. 5) have 
predicted  the  lift  and  moment  of  conical  and  cylindrical  parawings  with 
high  slackness  using  lifting-surface  theory  in  connection  with  an  analyt- 
ical  assumption  for  the  canopy  shape.  Nielsen  and  Burnell  (ref. 6) have 
considered  such  effects  as  profile  drag,  leading-edge  booms, keel inci- 
dence,  and  bolt  ropes,  but  these  were  treated  primarily  in  an  empirical 
fashion. 

The  purpose  of  the  present  investigation  is  to  develop  rational, 
analytical  methods  for  predicting  the  longitudinal  aerodynamic  character- 
istics  of  two-lobed  parawings  of  high  slackness  and  high  aspect  ratio 
with  leading-edge .booms. The  methods  are  developed  for  incompressible 
flow. The  general  approach  is  to  prescribe  an  analytical  shape  for  the 
canopy  rather  than  attempt  to  solve  simultaneously  for  shape  and  loading, 
as was  done  in  reference 2. The  experimental  observations  of  the  NASA 
work  (refs. 5 and 7 ,  for  instance)  form  the  basls  for  the  shape  selection. 
For  the  known  shape,  lift,  induced  and  profile  drags,  pitching  moment, 
center of pressure,  and  luffing  angle  are  predicted.  The  leading-edge 
booms  and  basic  canopy  are  considered  separately,  and  their  forces  and 
moments  are  added  to  obtain  overall  values  for  the  parawing.  Experimental 
results  on  rigid  conical  parawings  with no leading-edge  booms  are  used  to 
verify  the  basic  canopy  prediction  methods.  The  final  methods  are  com- 
pared  and  evaluated  using  flexible  wing  data  obtained  principally  at  the 
Langley  Research  Center. 

SYMBOLS 

A aspect  ratio, b2/S 

C wing  chord 
b wing  span 
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section  drag  coefficient,  based  on  c 

section  profile-drag  coefficient,  based on c 

section  lift  coefficient,  based  on  c 

equivalent  wing  lift  coefficient,  equation (7) 

section  lift-curve  slope,  per  radian 

section  moment  coefficient  for  zero  section  lift,  based  on  c 

root  chord 

incremental  section  drag  coefficient  due to camber,  based  on  c 

incremental  section  lift  coefficient  due  to  camber,  based  on  c 

wing  drag  coefficient,  based  on S 

wing  induced-drag  coefficient,  based  on S 

wing  induced-drag  coefficient  at  zero  wing  lift,  based  on S 

wing  profile-drag  coefficient,  based  on S 

wing  lift  coefficient,  based  on S 

wing  lift-curve  slope, dCL/du, per  radian 

wing  moment  coefficient  taken  about  designated  center  of 
moments,  based  on S and ar 
wing  moment  coefficient  at  zero  wing  lift,  based  on S and a, 

wing  moment-curve  slope, dCrr(da, per  radian 

diameter of leading-edge  booms 
profile  drag  parameter,  (ccdp/2b) 

maximum  ordinate  of  the  mean  line  for  circular  arc  camber, 

loading  parameter  for  lift, (cc~/2b)~ 

value of Gv for no local  leading-edge  suction 

trailing-edge  length of inflated  parawing  in  planform, AC' in 

canopy  trailing-edge  length  of  inflated  triangular  parawing, 

figure 4 (a) 

- 
figure A-4 

figure 8 
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distance  from  wing  apex to a point  on  the  trailing  edge  in 

trailing-edge  length of uninflated  parawing,  AC  in  figure  A-2 
uninflated  state  (Appendix  A) - 

reference  length 

slackness  ratio,  equation (A-21) 

triangular  wing  slackness  ratio 

distance  from  wing  apex to a  point  assumed  on  trailing  edge 

number  of  control  points  across  the  span  in  the  Weissinger  and 

pitching-moment  parameter  for  zero  section  lift, 

of wing  in  the  inflated  state,  equation  (A-18) 

Multhopp  methods 

number of control  points  across  chord  in  Multhopp  method 
free-stream  dynamic  pressure 
radius  of  base of right  circular  cone,  figure A-3 

slackness  ratio,  equation  (A-21),  also  used to  indicate  root 

Reynolds  number  based  on  chord, pV,c/p 

Reynolds  number  based  on  leading-edge  diameter, pVWd/p 

semispan of triangular  wing 
wing  planform  area,  inflated 
spanwise  fabric  tension  per  unit  chord,  also.used  to  indicate 

free-stream  velocity 

stall  in  the  figures 

tip  stall  on  the  figures 

distance  from  wing  apex to the  center  of  moments 

value of x  at  the  wing  center  of  pressure 

wing  axes,  figure 1 
value of x,y,z  at  trailing  edge 

cone  axes,  figure A-1 

rotated  cone  axes , figure  A-1 
Y/X, z / x  
wing  geometric  angle of attack  measured  relative to the  root 
chord 
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aO 

B 
Y 
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'e ff 
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c1 

V 

P 
0 

cam 
ex 
j 
luff 

geometric  angle of attack  for zero  wing  lift,  measured  relative 

angle of zero  lift of local  airfoil  section  due  to  camber  as 

half  the  angle  subtended by the  lobe  trailing  edge,  figure 1 
polar  angle  measured  from  x-axis  for  uninflated  planform, 

semiapex  angle of inflated  planform, 90° - A 
revised  twist to account  for  camber, E~ - (ao),  

angle  between  chord  line  at zv and  the  plane of the  leading 

tc; the  root  chord 

calculated  by  reference 9 

figure A-2 

edge  and  keel,  positive  if  increasing ev increases  local 
angle  of  attack 
fractional  semispan, z /  (b/2) 
spanwise  location of center of pressure 

semiapex  angle of one  wing  panel  in  inflated  state,  figure 1 
semiapex  angle of one  wing  panel  in  uninflated  state,  figure 1 

leading-edge  length;  also  tension  parameter  of  reference  2, 

sweepback  angle of leading  edge  of  inflated  wing 
sweepback  angle  of  leading  edge of uninflated  wing 

sweepback  angle of quarter-chord  line of inflated  wing 

T / ( 4  sq  tan2€) 

n - no 
absolute  viscosity 
integer  indicating  the  spanwise  control  point  in  Weissinger 
method, 1 5 v 5 m 
coordinates  parallel  and  perpendicular  to  local  chord,  respec- 
tively,  figure 2 

free-stream  density 
angle  between  x1  and x. axes,  figure 1 

angle  between x and x. axes,  figure 1; also,  transformed 
spanwise  distance, @ = cos-lq 

Subscripts 

camber 
experiment 
denotes  value of D '  at  j'th  spanwise  station,  equation ( 5 )  

denotes  condition  of  canopy  luffing 
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BASIC  APPROACH  TO  THE  PREDICTION  METHODS 

Prediction  of  the  aerodynamic  characteristics  of  a  parawing  with 
leading-edge  booms  requires  consideration  of  a  number of inviscid  and 
viscous  phenomena.  The  approach  taken  here  is to predict  as  many of the 
effects  as  possible  on  a  rational  basis.  The  remaining  effects,  which 
are  expected  to  be  a  small  part of the  overall  characteristics,  are  then 
treated  on  an  empirical  basis. 

It  is  assumed  initially  that  the  leading-edge  booms  and  the  basic 
canopy'can  be  considered  separately  for  purposes of computing  parawing 
aerodynamic  characteristics.  This  assumption  implies  that  the  boom  size 
be  relatively  small  compared  to  a  characteristic  canopy  dimension,  such 
as  root  chord.  The  basic  canopy  aerodynamic  characteristics  are  predicted, 
and  force  and  moment  increments  due  to  the  leading  edge  are  added  to 
obtain  overall  parawing  performance. 

The  basic  approach of reference 5 to  the  preaiction of the  canopy 
lift  and  moment was selected  for  the  present  study.  The  assumption  is 
made,  on  the  basis  of  experimental  observations,  that  each  lobe of the 
canopy  forms  a  portion  of  the  surface  of  a  right  circular  cone,  with  the 
root  chord  and  leading  edge  lying  along  the  slant  heights  of  the  cone. 
With  this  assumption,  the  coordinates  of  any  point on the  canopy  and  the 
camber  and  geometric  twist  distributions  can  be  predicted.  The  canopy 
lift,  moment,  and  induced  drag  are  computed  using  the  Weissinger  method 
(ref. 8). Since  this  method  does  not  account  directly  for  camber,  the 
Pankhurst  method  (ref. 9) is  used to  compute  the  section  angles  of  zero 
lift,  which  are  added to the  geometric  twist  angles  to  obtain  an  effective 
twist  distribution.  In  this  manner,  the  twisted,  cambered  canopy  is  re- 
placed  by  an  equivalent  uncambered,  twisted  wing. A correction  to  the 
Weissinger  zero-lift  pitching  moment  must  be  made  to  account  properly  for 
camber. The  correction  is  made  using  the  section  zero-lift  pitching 
moment  from  reference 9. 
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The  profile  drag of the  canopy  is  computed  using  a  strip-theory 
approach  and  section  data  for  thin  plates  with  circular-arc  camber.  Sev- 
eral  methods  for  using  the  section  data  were  investigated.  Where  these 
methods  require  local  lift  coefficients  or  local  angles of attack,  the 
values  obtained  from the Weissinger  results  are  used.  The  section  drag 
coefficients  are  integrated  over  the  span  to  obtain  the  wing  profile  drag. 

The  force  and  moment  increments  due  to  addition of the  leading-edge 
booms  are  examined  from  both  analytical  and  empirical  points of view. 
Proper  treatment of leading-edge  booms  involves  consideration of a  number 
of variables,  including  Reynolds  number,  diameter-to-chord  ratio,  taper 
of the  leading-edge  booms,  location  of  the  attachment  of  the  canopy  to 
the  booms,  and  method of attachment  (pocket  versus  wrap  attachment).  The 
analytical  approach  makes  use  of  section  data  for  a  thin  flat  plate 
attached  to  the  top of a  cylindrical  leading  edge,  together  with  local 
flow  conditions  obtained  from  the  Weissinger  program.  The  empirical 
approach  consists of examining  the  differences  between  data  or  theory 
for  rigid  wings  with no leading  edges  and  data  for  flexible  wings  with 
booms  to  deduce  the  force  and  moment  increments  due  to  the  booms. 

An  investigation  was  made  to  determine  the  limitations  on  the  pre- 
diction  methods.  The  limitations  are  associated  with  large  slackness 
ratios,  induced  camber  and  chordwise  loading,  canopy  luffing,  and  flow 
separation at  high  lift  coefficients.  These  are  discussed in  detail  in 
the  appropriate  sections  of  this  report. 

ANALYS IS 

Canopy  Shape  Theory 

It is  assumed  in the  present  work,  as in  reference 5, that  the  can- 
opy of each  lobe  of  the  parawing  is  part  of  the  surface  of  a  right- 
circular  cone,  with  the  root  chord  and  the  leading  edge  lying  along  the 
slant  heights  of  the  cone.  The  shape of the  configuration  is  specified 
in terms of the  root  chord  length,  the  leading-edge  length,  and  the  sweep 
angles  of  the  uninflated  and  inflated  parawing,  as  illustrated  in  figure 1. 
The  details  of  calculating  the  surface  coordinates  are  given  in  Appendix A. 

The  flow  directions  at  a  local  spanwise  station  are  shown  in  figure 2. 
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Basic  Canopy  Aerodynamic  Theory 

The  method  used to obtain  the  basic  canopy  aerodynamic  performance, 
except  profile  drag,  is  the  Weissinger  theory  adapted  to  account  for  cam- 
ber. 

Weissinger  method.- The form of the  Weissinger  lifting-surface  theory 
presented  in  reference 8 was programed  and  run  on  an  IBM 7094 digital  com- 
puter.  In  this  method,  the  wing  is  considered to be  twisted,  but  uncam- 
bered. A lifting  line  is  placed  at  the  quarter  chord.  Its  spanwise  lift 
distribution  is  computed by satisfying  the  condition of zero  flow  through 
the  wing  at  the  three-quarter  chord  due  to  the  combined  effects o f  the 
free-stream  velocity  and  the  velocities  induced  by  the  lifting  line  and 
trailing  vortex  sheet.  Camber  is  taken  into  account,  insofar as lift is. 
concerned,  in  the  manner of reference 5 by  adding to the georqetric twist 
an  additional  twist  given by the  local  angle  of  zero  lift.  The  results 
of this  computation  are  wing  basic  loading  parameters,  such  as a. and 
Cmo  (which  must  be  corrected  for  camber),  and  additional  loading  param- 
eters,  such  as CL,,  dCr,(dCL, the  spanwise  center of pressure,  and  the 
spanwise  variation of loading. 

For use  with a cambered  and  twisted  wing,  the  Weissinger  -method 
requires  a  knowledge  of  the  section  angles of zero  lift  at  several  span- 
wise  stations.  These  angles  were  obtained  using  the  Pankhurst  method 
(ref. 9) in  the  fashion  used  in  reference 5 .  Pankhurst  presents  a  rela- 
tion  for (a,),, in  terms of the  camber  ordinates  at  a  number of speci- 
fied  chordwise  stations.  The  chordwise  stations  corresponding  to  Spac- 
ing (4) o f  table 1 of reference 9 were used. The  camber  ordinates  were 
obtained as described  in  Appendix A. The  section  effective  twist  angle 
used  in  the  Weissinger  method  is  then 

The Weissinger  method  satisfies  the  zero-flow  boundary  condition  at 
several  discrete  points  along  the  span  at  the  three-quarter  chord  line. 
For  most  of  the  results  presented  herein,  7  points  across  the  span  were 
used,  based  on  the  good  agreement  with  data anci with  other  analytical 
methods.  Several  comparisons  were  also  made  between 7- and  15-point  solu- 
tions  which  verified  the  accuracy of the  7-point  calculations  for  the 
wings  of  interest here. 
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The  Weissinger  method  uses as input  the  values of wing  chord  at  the 
spanwise  stations  for  which  the  boundary  conditions  are  satisfied.  For 
parawings  having  large  twist  angles  at  the  tip,  the  actual  chord  is  con- 
siderably  larger  than  the  planform  chord.  Use  of  the  actual  chord  rather 
than  the  planform  chord  helps  account  for  nonplanar  wing  effects  as  shown 
by comparisons  with  data.  Consequently,  the  actual  chord  distribution was 
used  for  all the  results  presented here. 

Pitching moment-due to camber.- The  zero-lift  moment  determined  by 
the  Weissinger  method  for  the  equivalent,  twisted,  uncambered  wing  does 
not  include  the  moment  due  to  camber.  The  latter was determined  by  a 
strip  theory  approach.  The  pitching  moment  on  the  section  at  zero  sec- 
tion  lift  (a  pure  couple) was determined  and  integrated  over  the  span to 
get  the  wing  moment  due  to  camber.  This  moment  is  additive  to  the  moment 
computed  from  the  Weissinger  method.  Certain  effects  are  ignored  in  this 
approach,  and  these  are  discussed  in  Appendix B. 

"- 

The  pitching  moments  for  zero  section  lift  were  computed  using  the 
Pankhurst  method  (ref. 9) and  the  camber  coordinates  determined  from  the 
canopy  conical  shape  fit.  The  chordwise  coordinate  spacing  and  constants 
of Spacing (4) of table 4 of reference 9 were  used.  The  integration  over 
the  span  is  based  on  the  following  equation 

-1 

Using  the  quadrature  formula,  equation  (A-15) of reference 8, equation  (2) 

Multhopp  method.- The  Weissinger  method  does  not  account  for  varia- 
tions in  induced  downwash  along  the  local  chord  lines  due  to  the  vortex 
system.  This  downwash  effect  is  accounted  for  by  the  Multhopp  method, 
which  satisfies  the  normal  flow  boundary  condition  at  various  stations 
along  each  local  chord. A modified  Multhopp  lifting-surface  method  was 
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applied  to  several  wing  configurations  for  which  Weissinger  results  were 
available  in  order to evaluate  the  effect of induced  camber  and  chordwise 
loading  neglected  in  the  Weissinger  method.  Calculations were.run on an 
I m  7094 computer  with  NASA  LRC  Program No.  A0313.l  .Generally, 6 chord- 
wise  stations  were  used,  and  the  number of spanwise  stations  were  then 
selected  according to a  relation  dependent  on  aspect  ratio  given  in  the 
instructions  on  use of the  program. 

Profile-Drag  Calculation 

Profile  drag  generally  is  not  predictable  theoretically.  The  method 
of this  report  uses  section  data  locally  along  the  span  in  a  strip-theory 
approach  to  estimate  wing  profile  drag. The  available  section  data  are 
described  below  together  with  the  several  methods  investigated  for  esti- 
mating  wing  profile  drag  from  section  data. 

Section  data.- The  basic  airfoil  section  chosen  to  represent  the 
canopy'of a  parawing  is  that of a  thin,  cambered  plate  with  semicircular 
leading  edges,  since  data  on  rigid  parawings  using  this  section  are  avail- 
able.  Since  section  data  for  such  an  airfoil  are  unavailable  over  a  wide 
angle  of  attack  range,  the  section  characteristics  were  approximated as 
described  in  the  following  paragraphs. 

Section  lift  and  drag  data  on  a  flat  plate  with  a  sharp  leading  edge 
are  available  in  reference 11 and  are  shown  in  figure 3. In  figure 3(a) 
the  lift  curve  for  the  thin  two-dimensional  plate  with  a  sharp  leading 
edge  is  compared  with  those  for  NACA 0006 and  NACA 64-006 sections  from 
references  12  and  13,  respectively.  The  differences  in  the  nonlinear 
lift  range  are  due to Reynolds  number  effects  on  the  separated  flow. 
These  differences  were  neglected,  and  the  smooth  lift  curve  for  the  flat 
plate was adopted. 

Some  concern  is  expressed  in  reference 11 about  the  reliability of 
the  drag  data,  shown  in  figures  3 (b)  and (e) , at a < 20° where  leading- 
edge  shape  would  have  an  important  effect  on  profile  drag.  Data  at low 
angles of attack  for  a  thin  plate  with  semicircular  leading  and  trailing 

lThis  program  is  a  modified  Multhopp  lifting-surface  program.  The  modifi- 
cations  include  the  extension  to  higher-order  chordwise  loading  terms 
as  developed  by  van  Spiegel  and  Wouters  (ref. 10) and  refinements  in 
the  numerical  procedure  by  John E. Lamar of the  Langley  Research  Center. 
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edges  were  taken  f rom  reference  14  and  are   plot ted on f igures   3 (b)   and  
( c ) .  The smooth curve was f a i r e d  between  the two sets o f   da t a   t o   p roduce  
a sec t ion   d rag   cu rve   fo r  a wide  range of angle  of a t t a c k .  

N o  s e c t i o n   d a t a  w e r e  found  for   cambered  plates   with  semicircular  
lead ing  and t r a i l i n g   e d g e s   b u t  some data   were  found  in   reference  15  for  
wings  using  such a sec t ion .   These   da ta ,  shown i n   f i g u r e  4, are f o r  a 
p l a t e   o f   a s p e c t   r a t i o  5 wi th   s emic i r cu la r   l ead ing  and t r a i l i n g   e d g e s ,  
c i r c u l a r   a r c  camber,  and a t a p e r   r a t i o   o f  one.  These d a t a  w e r e  used t o  
ob ta in  l i f t  and  drag  coefficient  increments  due  to  camber  which  were  then 
added t o   t h e  two-dimens iona l   f la t -p la te   da ta ,   as   fo l lows .  The l i f t  coef- 
f ic ient   increment   due  to   camber ,  A c a ,  was obta ined   f rom  f igure   4 (a)   as  
t h e   d i f f e r e n c e   b e t w e e n   t h e   l i f t   c o e f f i c i e n t   o f   t h e   p l a t e   w i t h  camber  and 
t h a t   w i t h o u t  camber a t   t h e   s p e c i f i e d   a n g l e   o f   a t t a c k .  The d rag   coe f f i -  
c ien t   increments  due  t o  camber, Acd, were  obtained i n  a s i m i l a r  manner, 
u s i n g   f i g u r e   4 ( b ) .  However, the   d rag   da ta   were   cor rec ted  t o  i n f i n i t e  
a s p e c t   r a t i o   b e f o r e   t h e   d i f f e r e n c e s  were  taken. T h i s  c o r r e c t i o n ,  made by 
removing the  induced  drag, CL2/rA,  f rom  each  curve  in   f igure 4 (b) , i s  

very  small .  Some e f f e c t  of f i n i t e   a s p e c t   r a t i o   p r o b a b l y  still e x i s t s  i n  
both Aca and Acd. 

The s e c t i o n   d a t a   u s e d   f o r   a l l   p r o f i l e - d r a g   c a l c u l a t i o n s  were  obtained 
by  adding  the  smoothed  camber  increments  to  the  f lat-plate  data of f ig-  
ure  3 .  The r e s u l t i n g  set  of   curves  i s  shown i n   f i g u r e  5. L inea r   i n t e r -  
p o l a t i o n  was used  between  the  camber  values shown i n   t h i s   f i g u r e .  

In   f i gu re  5 (a )  , it i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e   s e c t i o n  l i f t  

curves  become n o n l i n e a r   a t   t h e  same angle  of a t t a c k   f o r   e v e r y  camber 
value.  The increments due  t o  camber i n   t h e   r a n g e  Oo t o  l o o  angle  of 
a t t a c k   i n   f i g u r e   4 ( a )   a r e   r e a s o n a b l y  smooth. When these   increments   a re  
added t o   t h e   f l a t - p l a t e   c u r v e   o f   f i g u r e  3 ( a ) ,  a l l   t h e   r e s u l t i n g   c u r v e s  
i n d i c a t e   t h e   c h a r a c t e r i s t i c   b r e a k   a t  8O.  The s t a l l   c h a r a c t e r i s t i c s  shown 
i n   f i g u r e   4 ( a )   f o r   w i n g s   o f   a s p e c t   r a t i o  5 may occur a t   a n g l e s   o f   a t t a c k  
h igher   than  8 O  a s  a r e s u l t  o f   t h e   r e l i e v i n g   e f f e c t   o f   f i n i t e   a s p e c t   r a t i o .  

I t  i s  a l s o   o f   i n t e r e s t   t o   n o t e  from t h e  cambered p l a t e   d a t a   t h a t  
n e i t h e r  t h e  t h e o r e t i c a l   l i f t   n o r   t h e   t h e o r e t i c a l  moment due t o  camber i s  
developed  experimentally.  The 
camber ,   the   theore t ica l   va lues  
and t h e   s e c t i o n  moment a t   z e r o  
toge ther   wi th   the   exper imenta l  

t ab l e   be low  ind ica t e s ,   fo r  two values  of 
o f   t h e   s e c t i o n - l i f t   c o e f f i c i e n t   a t  a = 0 

l i f t   a s  determined  from  Pankhurst  (ref. 9 )  , 
v a l u e s   o f   t h e   q u a n t i t i e s  from reference   15 .  
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It i s  a p p a r e n t   t h a t   a b o u t   h a l f   o f   t h e   p r e d i c t e d   l i f t  i s  ac tua l ly   deve loped  
and l e s s   t h a n   h a l f  of t h e  moment i s  developed.   Since  the f i n i t e  a spec t  
r a t i o   i n f l u e n c e  is  n o t   s u f f i c i e n t   t o   a c c o u n t   f o r   t h e s e   d i f f e r e n c e s ,   v i s -  
c o u s   e f f e c t s   a r e   p r o b a b l y   t h e  main cause.  

The ang le   o f   a t t ack   r ange  -8O a 8O i s  def ined  as t h e   “ l i n e a r  
range”   o f   the   sec t ion   da ta   and  will be r e f e r r e d   t o   w i t h o u t   q u o t a t i o n  
marks h e r e a f t e r .  The camber  and t w i s t  d i s t r ibu t ions   o f   parawings   cause  

l a r g e   v a r i a t i o n s   i n   l o c a l   s e c t i o n - l i f t   c o e f f i c i e n t   a c r o s s   t h e   s p a n   o f   t h e  
parawing so t h a t  some s e c t i o n s   o f   t h e  wing may o p e r a t e   i n   t h e   l i n e a r  
range   of   the   sec t ion   da ta   whi le   o thers  may n o t .   Q u e s t i o n s   a r i s e   i n  how 
to app ly   s ec t ion   da t a  to spanwise   sec t ions   opera t ing  i n  t he   non l inea r  
range.   Several   methods  of   applying  sect ion  data   to   the  calculat ion  of  
wing p r o f i l e   d r a g  w e r e  i n v e s t i g a t e d   t o   s h e d   l i g h t  on t h i s   q u e s t i o n  and 
on the  quest ion  of   the  importance  of   induced  camber   effects  on drag.  

cj-method.- A t  t h e   l o c a l  l i f t  coe f f i c i en t ,   c j , ,   g iven   by   t he  
Weissinger   method,   the  corresponding  prof i le-drag  coeff ic ient ,   cdpv,  was 
found i n   t h e   s e c t i o n   d a t a   o f   f i g u r e   5 ( c )   f o r   t h e   a c t u a l  cambered sec t ion .  
These   va lues   were   then   in tegra ted   over   the   span   accord ing   to   the   fo l low-  

ing  equat ion 

-1 

t o   o b t a i n   t h e  wing p r o f i l e   d r a g   c o e f f i c i e n t . 2  The i n t e g r a t i o n  was per- 

formed u s i n g   t h e   t r a p e z o i d a l  r u l e  wi th  22  po in ts   across   the   semispan ,  

2This   approach  implies   the u s e  o f   t h e   f r e e - s t r e a m   d i r e c t i o n   a s   t h e   r e f e r -  
e n c e   d i r e c t i o n   f o r   s e c t i o n   l i f t  and  drag. An a l t e rna te   app roach  i s  t o  
determine a l o c a l   f l o w   d i r e c t i o n  from c j  and cj,, t o   o b t a i n   t h e   l i f t  
c o e f f i c i e n t   n o r m a l   t o   t h e   l o c a l   d i r e c t i o n  from c j  and  Cdi,  and t o  
use  t h i s   l i f t   c o e f f i c i e n t   w i t h   s e c t i o n   d a t a   t o   d e t e r m i n e   p r o f i l e   d r a g .  
While the   a l t e rna te   app roach  may have merit,  it was not  used  because  of 
i t s  complexity  compared t o   t h a t   o f   t h e   p r e s e n t   a p p r o a c h .  

1 2  
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The  points  were  chosen  as  follows  to  give  a  good  sampling of the  root  or 
tip  regions  in  cases of root  stall  or  tip  stall. 

= 0(0.02)0.2;  0.2(0.1)0.8;  0.85; 0.9; 0.95; 0.99; 1.0 

Computation of local  values of requires  simultaneous  values of 
local  lift  coefficient  and  local  section  camber.  The  local  values of 
cR were  obtained  from  the  Weissinger  Fourier  series  representation  of 
ca. A similar  Fourier  series  was  not  found  accurate  enough  for  estimat- 
ing  the  intermediate  values of camber.  Instead  a  5-parameter  polynomial 
was used  which  matched  the  known  cambers  at  the  Weissinger  stations  and 
yielded  zero  camber  at  the  wing  tip  and  root  as  well. 

"dP 

& interesting  point  arises  in  applying  the  foregoing  analysis  at 
high  section-lift  coefficients.  With  reference  to  figure  5(c),  near  a 
lift  coefficient of 0 . 8 5 ,  a  reversal  occurs  in  the  drag  curve  for  zero 
camber  and  the  drag  coefficient  becomes  a  multivalued  function  of  lift 
coefficient.  However,  the  local  lift  coefficient  predicted  by  the 
Weissinger  method  increases  monotonically  with a .  Therefore,  the  drag 
was assumed  to  increase  discontinuously  as  shown  by  the  dashed  line. 
When  the  section-lift  coefficients  at  the  spanwise  poines  of  the  drag 
integration  are  equal to those  for  which  discontinuities  occur  in  the 
section  drag  curves,  discontinuities  are  introduced  into  the  wing  drag 
curve.  Since  many  spanwise  stations  are  used,  these  discontinuities  have 
a negligibly  small  effect,  and  a  continuous  wing  drag  curve  results.  The 
method  also  has  the  property  that  it  estimates  where  wing  stall  first 
occurs  and how  it  spreads  as  angle of attack  increases. 

No adjustments  were  made  to  the  two-dimensional  profile-drag  coef- 
ficients  to  account  for  leading-edge  sweep  effects  in  either  the 
a-methods.  It  might be  possible  to  develop  an  adjustment  means  using 
the  work of Polhamue  reported  in  reference 16. He  showed  that  for  a 
given  wing-lift  coefficient,  the  leading-edge  suction  force  increases  as 
the  aspect  ratio  decreases  for  a  given  planform  type.  For  wings  of 

ca- Or 
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triangular  or NASA planformY3 a  decrease  in  aspect  ratio  corresponds  to 
an  increase  in  leading-edge  sweep  angle.  Thus,  for  such  wings,  the  suc- 
tion  force  would  increase  with  increasing  sweep  angle. If the  assumptions 
are  made  that  all  leading-edge  suction  is  lost  due to leading-edge  flow 
separation  and  that  the  lost  suction  force  appears as profile  drag,  then 
a  theoretical  variation of this  profile  drag  with  leading-edge  sweep  angle 
can  be  obtained.  This  reasoning  would  indicate  that  the  profile  drag 
should  increase  with  increasing  sweep  angle. N o  attempt  was  made  to 
develop  such  an  approach  as  an  adjustment  to  the  strip  methods  described 
herein. 

a-method.- The  local  section  profile  drag  is  found  as  a  function  of 
local  section  angle of attack  in  this  method.  The  local  streamwise  sec- 
tion  angle of attack  is  determined  in  accordance  with  the  Weissinger 
method as follows 

with  cla = 2Tr. 

The  local  angle of zero  lift, (a,) , appears  in  equation (6) because, 
in  the  use of the  Weissinger  method,  camber  is  converted  to  an  equivalent 
twist. A 5-parameter  polynomial  was  used to  estimate  the  intermediate 
values  of a,. The  local  profile-drag  coefficient was found  from  fig- 
ure  5(b)  for the  actual  cambered  section  at  angle  of  attack a,, and  the 
total  wing  profile-drag  coefficient  was  obtained  from  equation (5) as 
before. It is  noted  that  the  drag  coefficient  is  a  single-valued  func- 
tion  of a so that no discontinuities  arise  in  this  case  as  in  the  case 
of the  ca-method.  Neither  the  cl-method  nor  the  a-method  include  any 
effect of chordwise  loading or induced  camber. 

Polhamus  method.-  In  reference 16, Polhamus was able  to  correlate 
the  profile  drag  due  to  lift  for  rectangular  wings  (having  leading-edge 
separation)  when  induced  camber  effects  are  large.  The  application of 
the  method  to  uncambered  and  untwisted  wings  with  swept  leading  edges  is 
possible  with  the  assumption  of  elliptical  span  loading.  The  basic 
method  yields  an  equivalent  airfoil  lift  coefficient,  ci,  for  which  the 

'A NASA planform  wing  is  defined  as  a  wing  having  a  root  chord  and  lead- 
ing  edges of equal  length. 
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section  profile  drag is equal  to  that  for  the  wing  acting  at  a  lower  lift 
coefficient, CL. The  following  result  for  ci  is  taken  from  reference 16, 

Using  Weissinger  results  for  CLa, ci is  computed  from  equation (7) and 
C is read  from  the  uncambered  section  data  curve  in  figure 5(c). The 
total  wing  drag  coefficient  is  then 
DP 

CD = CD 
P + ‘Di 

where C D ~  is  the  induced-drag  coefficient  from  Weissinger. 

Since  the  effect  of  induced  camber  on  profile  drag  becomes  more 
important  as  aspect  ratio  decreases,  it  is  desirable  to know for a given 
planform  what  the  lower  limit or aspect  ratio  is  at  which  induced-camber 
drag  achieves  a  certain  value.  The  induced-camber  effects  were  evaluated 
by  the  calculated  differences  in  wing  drag  coefficient  estimated  by  the 
a- or  cj-methods  and  the  Polhamus  method. 

Effect  of  Leading-Edge Booms on  Wing  Characteristics 

Leading-edge  boom  effects  on  wing  forces  and  moments  were  investi- 
gated  from  both  the  empirical  and  theoretical  standpoints.  The  empirical 
approach  consists  of  evaluating  differences  in  force  and  moment  data 
between  flexible  wings  with  leading-edge  booms,  and  conical  rigid  wings 
having  the  same  aspect  ratio,  planform,  and  slackness  but no leading-edge 
booms.  The  differences  are  interpreted  as  leading-edge  effects,  although 
there  may  possibly  be  some  differences  due  to  canopy  shape.  The  results 
are  discussed  in a  subsequent  section.  The  theoretical  approach  consists 
of  using  two-dimensional  data  on  plates  with  cylindrical  leading  edges 
in  an  attempt  to  gain  an  understanding  of  the  three-dimensional  boom 
problem.  The  methods  are  discussed  here,  and  the  results  are  discussed 
in a subsequent  section. 

The  only  systematic  section  data  found  for  plates  with  cylindrical 
leading-edge  booms  are  unpublished  Langley  Research  Center  data  (here- 
after  called  splitter-plate  data).  The  data  used  are  for a flat  plate 
tangent  to  the  top of.the cylinder, as shown  below. 
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Data w e r e  ob ta ined   for   d iameter - to-chord   ra t ios   o f  0.083, 0.222,  0 . 3 3 3 ,  

and  0.444. The d a t a   e x h i b i t  a c r i t i c a l  Reynolds  number, much a s  a cy l in-  

der   does ,   the   va lue   o f   which  i s  abou t   t ha t   o f  a cyl inder   a lone  (4x105,  

based on boom d iame te r ) .  L i f t  and  drag  data  for  Reynolds numbers  of 
about   1 .4~10 '   and   4 .9~10 '  w e r e  t a k e n   t o  be r e p r e s e n t a t i v e   o f   s u b c r i t i c a l  

and   supercr i t ica l   Reynolds   numbers ,   respec t ive ly ,   and   a re  shown i n   f i g -  
u r e s  6 and 7 ,  t o g e t h e r   w i t h   t h e   f l a t - p l a t e   d a t a   o f   f i g u r e  3 .  The l i f t  

d a t a   a t   s m a l l   d / c   ( f i g s .  6 ( a )  and 7 (a)  ) a r e   v e r y   s i m i l a r   f o r   b o t h  
Reynolds  numbers  and  indicate a l o s s   i n   l i f t   c o e f f i c i e n t   a t  a given  angle  
of a t t a c k   d u e   t o   t h e   a d d i t i o n   o f   t h e  booms. There i s  a much g r e a t e r  

e f f ec t   o f   d / c  on l i f t  fo r   subc r i t i ca l   t han   fo r   supe rc r i t i ca l   Reyno lds  
number.  The d r a g   d a t a   ( f i g s .  6 (b)  and 7 (b) ) a r e   q u i t e   d i f f e r e n t   f o r   t h e  
two  Reynolds  numbers.  Generally,  the minimum d r a g   c o e f f i c i e n t s   a r e   l e s s  
f o r   t h e   s u p e r c r i t i c a l   c a s e .   I n   p a r t i c u l a r ,   a t   h i g h   a n g l e s   o f   a t t a c k ,  
t h e   s u p e r c r i t i c a l   d r a g   c o e f f i c i e n t  i s  less t h a n   t h a t   o f   t h e   f l a t   p l a t e ,  
whereas   for   the   subcr i t ica l   Reynolds  number, t h e   d r a g   c o e f f i c i e n t  i s  
h ighe r   t han   t ha t  of t h e  f l a t  p l a t e .  It appea r s   t ha t   t he   l ead ing -edge  

booms a c t  to delay   lead ing-edge   separa t ion   for   supercr i t ica l   Reynolds  
numbers b u t   n o t   f o r   s u b c r i t i c a l   R e y n o l d s  numbers. 

These  data w e r e  used   as   fo l lows .  The model f l e x i b l e  wing data   used 
for   comparison  purposes   correspond  to   the  subcri t ical   Reynolds  number 

case .   Thus ,   t he   da t a   o f   f i gu re  6 were used i n   t h e   a n a l y t i c a l   l e a d i n g -  
edge boom i n v e s t i g a t i o n .  L i f t  and   drag   increments   due   to   the   l ead ing  
edge  were  formed  by  taking  the  difference  between  the  f la t -plate   values  
(d/c = 0) a n d   t h e   v a l u e s   a t   t h e   v a r i o u s   d / c   r a t i o s .  The r e su l t s  a r e  

s e t s   o f   c u r v e s   o f  A c a  and A c d  versus  a and  d/c. The leading-edge 
booms w e r e  cons idered   to   have  a l o c a l   e f f e c t  on the   f l ow  nea r   t he  ( s w e p t )  

leading  edge.  Consequently,  sweep theory  w a s  used   in   apply ing   the   sec t ion  
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d a t a   t o  a parawing   ca lcu la t ion .*   In   o rder   to  u s e  t h e   s e c t i o n   d a t a ,  it 
w a s  n e c e s s a r y   t o   d e f i n e  a chord  and  an  angle  of  attack.  Using sweep 
theo ry ,   t he   l oca l   cho rd  may t e r m i n a t e   d i r e c t l y   a t   t h e   t r a ' i l i n g   e d g e   o r  
may i n t e r s e c t   t h e   k e e l   b e f o r e   t e r m i n a t i n g   a t   t h e   t r a i l i n g   e d g e   o f   t h e  
o p p o s i t e   w i n g   p a n e l .   I n   t h i s   l a t t e r   c a s e   t h e   c h o r d   l i n e  w a s  t a k e n   a s   t h e  
d i s t a n c e  from the   l ead ing   edge   t o   t he   kee l .  The a n g l e   o f   a t t a c k   i n  a 
p l ane   no rma l   t o  the leading  edge may be considered  as   the  angle   between 
t h e   l o c a l   f l o w   d i r e c t i o n   a n d   e i t h e r  the  chord   o r   t he   t angen t   t o   t he   l ead -  
i ng   edge   o f   t he   ana ly t i ca l   canopy   shape ,   a s  shown below. 

tangent  

f 
/ loca l   f low  d i rec t ion  

Both cases  were  considered i n  t h e   c a l c u l a t i o n s .  The loca l   f l ow  d i r ec t ion  
was ob ta ined   f rom  the   Wei s s inge r   s ec t ion - l i f t   coe f f i c i en t ,  a l i f t - c u r v e  
s lope  of 2 ~ ,  t h e   s e c t i o n  t w i s t  angle  and  angle  of  zero l i f t ,  and t h e  
leading-edge sweep angle .  It  should   be   no ted   tha t   th i s   approach   does  
not   permi t   any   e f fec t   o f   chordwise  downwash variation  ( induced  camber) 
t o  be included.  The r e su l t i ng   i nc remen ta l  l i f t  and   d rag   coe f f i c i en t s  
w e r e  r e s o l v e d   i n t o  a free-s t ream  axis   system and in tegra ted   over   the   span  
t o   g e t  wing c o e f f i c i e n t s ,  which w e r e  then  added to   the   bas ic   canopy  coef -  
f i c i e n t s .  

I t e r a t i v e   N o n l i n e a r  L i f t  P red ic t ion  Method 

An aerodynamic  predict ion method w a s  developed t o   a t t e m p t   t o   a c c o u n t  
f o r   n o n l i n e a r i t i e s   i n  l i f t .  The approach used i s  a combinat ion  of   cer ta in  

4The u s e  of sweep theo ry   €o r   subc r i t i ca l   f l ow  ove r  a swept   cy l indr ica l  
leading  edge i s  suggested  by  the r e s u l t s  o f   re fe rence  1 7  f o r  a yawed 
i n f i n i t e   c y l i n d e r ,  which  tend to   i nd ica t e   t ha t   t he   "no rma l"   d rag   coe f -  
f i c i e n t   b a s e d  on ve loc i ty   and   force   normal   to   the   cy l inder  i s  cons t an t  
w i th  sweep angle .  
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features of the  Weissinger  method  and  strip  theory. The resulting  method 
is applicable to any  wing  for  which  section  data are available. The 
results of the  method  agree  with  those of Weissinger-Pankhurst'  in  the 
linear  range of wing  lift.  However,  it  became  apparent  that  additional 
work  would be required  to  produce  reasonable  agreement  with  data  in  the 
nonlinear  lift  range,  and  this work could  not  be  carried  out  within  the 
scope of the  investigation.  The  method is discussed  herein  to  indicate 
the  approach.  Results  are  presented  in  a  subsequent  section. 

For  an  initially  assumed  angle  of  attack  distribution  along  the 
semispan  (obtained  from  a  Weissinger-Pankhurst  solution),  section  data 
(for  instance,  figs. 5 (a)  and  (b) ) were  used to  determine  the  lift  nor- 
mal to the  local  angle  of  attack.  This  lift was resolved  into  lift  rela- 
tive  to  the  free-stream  direction,  and  the  span  loading  was  determined. 
The  Weissinger  theory  was  then  used  to  determine  the  downwash  at  the 
three-quarter  chord  due to  the  known  span  loading  which,  together  with 
the  local  section  characteristics,  allowed  the  local  flow  angle  to  be 
determined.  This new angle of attack  distribution was u-sed  and  the  pro- 
cess repeated  until  convergence was obtained.  The  profile  drag  was  then 
obtained by the  cj-method, as described  in  the  previous  section. 

Luffing  Boundary 

Luffing  occurs  on  a  flexible  parawing  when  the  wing  angle of attack 
is  reduced  to  the  point  where,  at  some  spanwise  station,  the  leading-edge 
suction  goes  to  zero,  and  the  section  lift  is  produced  by  camber  alone. 
Zero  suction  corresponds  to  the  condition  where  the  stagnation  point 
moves  from  the  lower  surface  to  the  leading  edge.  Since  the  canopy  aero- 
dynamic  analysis  yields  information  on  section  lift  along  the  span,  an 
analysis  was  undertaken to predict  the  luffing  angle  from  the  Weissinger 
results.  Three  approaches  for  estimating  the  luffing  boundary  were  in- 
vestigated. 

In  the  first  approach,  the  slender-wing  luffing  criterion  developed 
in  reference 2 for  triangular  two-lobed  parawings was used. This  analy- 
sis,  which  neglects  leading-edge  booms,  consists of determining  a  value 
of a  canopy  tension  parameter  for no leading-edge  suction,  with  which  is 
associated  an  unique  value of the  slackness  parameter.  Thus, 
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- 2s 
2 s  = 0.6744 

From equat ion (9) , t h e   l u f f i n g   a n g l e ,  sluff can  be  determined  for a 
parawing   of   a rb i t ra ry   p lanform,   p rovided   the   s lackness   ra t io  i s  calcu-  
l a t e d   i n  a cross-f low  plane.  The t h e o r y   i m p l i e s   t h a t   a l l   s t a t i o n s   a l o n g  
the   l ead ing   edge   lu f f   s imul taneous ly   for  a con ica l   l obe   whe the r   t he  
t r a i l i n g  edge i s  s w e p t  forward  or   not .  

In   the  second  approach,   the   Weissinger  resu l t s  were  examined t o  
f i n d   t h e  wing  angle   of   a t tack  for   which  zero  leading-edge  suct ion  occurs  
anywhere  along the  span .   Typica l ly ,   as  a i s  reduced,   the  l i f t  c o e f f i -  
c i e n t   a t   t h e   t i p   s t a t i o n  (q = 0.924)  goes  negative f irst .  The angle   o f  
zero  l i f t  o f   t h e   t i p   s t a t i o n  was computed using  the  Pankhurst   method,   as  
prev ious ly   descr ibed .  The s e c t i o n  l i f t  coe f f i c i en t   co r re spond ing   t o   t he  
cond i t ion   fo r   wh ich   a l l   s ec t ion  lift i s  due t o  camber was computed a s  
t h e   p r o d u c t   o f   t h e   s e c t i o n   a n g l e   o f   z e r o  lift and   t he   s ec t ion   l i f t - cu rve  
s lope ,  2n. The results f o r   t h e   l o c a l   s e c t i o n  l i f t  c o e f f i c i e n t   c a l c u l a t e d  
by the  Weissinger  method w e r e  then  examined t o   f i n d   t h e  wing  angle  for 
which t h i s   t i p   s e c t i o n  l i f t  c o e f f i c i e n t   o c c u r s .  

The th i rd   approach  is  based on t h e  resu l t  t ha t   t he   Wei s s inge r  method 
g ives  good agreement on g ross  wing  aerodynamic c h a r a c t e r i s t i c s   f o r  con- 
d i t i o n s  where the l o c a l   s e c t i o n  l i f t  c o e f f i c i e n t s   a r e  known n o t   t o  be 

accura t e ly   p red ic t ed .  The method cons i s t s   e s sen t i a l ly   o f   comput ing  an 
"average"   wing- l i f t   coef f ic ien t   for   zero   l ead ing-edge   suc t ion .  The l o c a l  
s e c t i o n  l i f t  coe f f i c i en t s   fo r   ze ro   l ead ing -edge   suc t ion  w e r e  computed, 
as   in   the   second  approach   above ,   for   the   s ta t ions   a long   the   span .   These  
were  integrated  over   the  span  using  the  quadrature   formula,   equat ion (A-15) 
o f   r e f e rence   9 ,   t o   ge t   an   " ave rage"  wing l i f t  c o e f f i c i e n t   f o r   z e r o  
leading-edge  suct ion,  (C,) luff. Thus, 

The wing l u f f i n g   a n g l e  was then  computed a s   t h e  sum of t h e  wing  angle  of 
zero  l i f t  and  an  angle  given  by ( C L ) l u f f / 2 ~ .  
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RESULTS 

Accuracy of Lif t ing-Surface Methods 

The accuracy   of   the   resu l t s   ca lcu la ted   by   the   Weiss inger  method 

w e r e  e v a l u a t e d   i n  two  ways. The 7-poin t   Weiss inger   resu l t s  were com- 
pared  with  15-point   Weissinger  r e su l t s  and  with  Multhopp resu l t s  f o r  a 
range  of   wing  configurat ions.   For   the  comparisons  with  the  Weissinger  
method u s i n g   d i f f e r e n t  numbers   o f   cont ro l   po in ts ,   7 -poin t   so lu t ions  were 
ca lcu la ted   for   severa l   wings   for   which   15-poin t   so lu t ions  w e r e  a v a i l a b l e  
from re fe rence  18. The wings   se lec ted   for   the   compar ison  w e r e  N o s .  421, 
521,  621,  531,  and  631  of  reference 18, a l l   o f  which  have  zero  taper 

r a t i o .   T h e i r   c h a r a c t e r i s t i c s   a r e  shown i n  the   fo l lowing   t ab le :  

Wing No. 631  531  621  521 421 
I I I I I t A 3 3 3 6 6 

The s o l u t i o n s  were compared f o r  no  camber  and t w i s t ,  and  for  no  camber 
and a l i n e a r  t w i s t  d i s t r i b u t i o n   h a v i n g  a maximum t w i s t  a t   t h e   t i p  of one 
rad ian .  The values  compared were l i f t -curve  s lope,   induced  drag,   and 
spanwise center o f   p re s su re .  With the   except ion  of t h e  results f o r  Wing 
No. 631, a l l   v a l u e s   a g r e e d   t o   w i t h i n  1 percent.   For Wing N o .  631,  which 

represents  an  extreme  case  from a pa rawing   s t andpo in t ,   t he   7 -po in t   l i f t -  
curve  s lope was  low  by  1.4  percent,   the  induced-drag  coefficient was low 
by 6 percent ,   and   the   spanwise   cen ter   o f   p ressure  w a s  high  by 1 percent .  

Span loadings  were  also  compared.  For a l l  wings,   the  planar  wing  span 
loading  differences  were  within  the  accuracy  with  which  the  curves   of  
reference  18  can be read.  The twisted-wing  span  loadings showed  compar- 
able   accuracy  outboard.  A t  t he   roo t ,   t he   span   l oad ings  from the  7-point  
solutions  ranged  from  about 2 t o  10 percent   lower   than  those from t h e  
15-poin t   so lu t ion   for   the   h ighly-swept   a r row  wings   which   a re   l igh t ly  
loaded a t   t h e   r o o t .  On t h e   b a s i s   o f   t h e s e   r e s u l t s ,   t h e  u s e  of  7 span- 
w i s e  con t ro l   po in t s   i n   t he   Wei s s inge r  method i s  c o n s i d e r e d   s a t i s f a c t o r y  
fo r   t he   pa rawing   ca l cu la t ions  of t h i s   s t u d y .  

The differences  between  the  calculated  aerodynamic  parameters   f rom 
the  Weissinger  and  Multhopp  theories w i l l  be   termed  "chordwise  effects"  
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for  reasons  which  will now be  explained.  The  Weissinger  method  represents 
the  chordwise  loading  by  one  bound  vortex  and  satisfies  the  normal  flow 
boundary  condition  at  one  point  per  chord,  the  three-quarter  chord  point. 
The  Multhopp  method  can  represent  the  chordwise  loading  by  several  Fourier 
components  of  bound  vorticity  and  at  the  same  time  satisfy  the  boundary 
condition  at  several  chordwise  positions. As such,  it  accounts  simultan- 
eously  for  chordwise  variations  in  induced  downwash  and  loading.  The 
chordwise  variation of induced  downwash  produces  a  curved  streamline  flow 
over  the  chord  length  which,  on  the  basis  of  linear  theory,  is  equivalent 
to  a  cambering of the  airfoil  in  a  uniform  flow.  The  term  "induced  cam- 
ber" is  used  to  describe  this  effect,  which  is  important  at low  aspect 
ratios  where  the  wing  chord  is  not  small  compared  to  the  span  of  the 
trailing  vortices.  The  term  "chordwise  loading"  is  used to  denote  the 
loading  due to geometric  camber.  Since  this  loading  is  concentrated  near 
the  half  chord  rather  than  the  quarter  chord,  its  effect  is  important 
€or  coqical  parawings of high  slackness,  where  a  substantial  fraction  of 
the  total  lift  is  due  to  camber,  regardless of aspect  ratio. 

Seven-point  Weissinger  results  were  compared  with  Multhopp  results 
for a number of wings in order to verify  the  accuracy of the  Weissinger- 
Pankhurst  calculation  method  and  to  evaluate  chordwise  effects  neglected 
in  the  Weissinger  method.  The  results  and  discussion  are  presented  in 
Appendix B. It  was  found  that  the  Weissinger  calculations  agreed  very 
closely  with  the  Multhopp  calculations  made  using 7 spanwise  stations  and 
1  chordwise  control  point  per  station,  a  result  which  verifies  the  cor- 
rectness  of  the  Weissinger  method.  For  a  wide  range  of  aspect  ratios, 
slackness,  and  planform  shapes,  the  Weissinger  results  for  lift-curve 
slope,  induced  drag,  and  center  of  pressure  agreed  very  well  with  Multhopp 
results  obtained  using 6 chordwise  and  21  spanwise  control  points.  For 
the  quantities ao, Cmo, and  ema,  significant  differences  between 
Weissinger  and  Multhopp  results  were  obtained  in  some  cases  because  of 
chordwise  effects.  Induced  camber  and  chordwise  loading  effects  are 
both  significant  for a,. At low  aspect  ratios,  where  induced  camber 
effects  are  important,  the  Weissinger  method  overpredicts a. by  as 
much  as 4O for  an  aspect  ratio of 1 and  28 = 149O.  For  high  slackness, 
where  chordwise  loading  effects  are  important,  the  Weissinger  method 
underpredicts ao. The  chordwise  loading  effect  becomes  significant  for 
2f3 > 120°. For emoy systematic  differences  also  exist.  The  differences 
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can  be as large as 0.01 to 0.02 for  wings Of this  study. For Cm,, the 
differences for a  given  planform are greatest at  low aspect  ratio.  For 
the  wings of this  study  with  aspect  ratios of 2 to 3,  the  differences  in 
cma are  as  large as 0.02. 

On  the  basis of these  comparisons,  it was concluded  that  the  7-point 
Weissinger  method  can  be  used  for  parawings  with  aspect  ratio  greater 
than  2,  which  is the  range of interest, to predict CL,, C D ~ ,  and  center 
of pressure  with  good  accuracy.  The  values  of a,, Cm,, and cmCl are 
less  well  predicted.  Nevertheless,  the  Weissinger-Pankhurst  values  are 
used  in  the  prediction  method  and  the  comparisons  with  data of this 
report  for  reasons  which  are  discussed  in  a  subsequent  section. 

Canopy  Shape  Studies 

TWO methods  have  been  used  to  specify  canopy  shape  in  past  work: 
the  slender-body  theory of reference 2 which  accounts  for  canopy  flexi- 
bility,  and  the  method of reference 5 based  on  assuming  the  lobes of the 
canopy  to  lie  on  right-circular  cones.  The  sensitivity of the  calculated 
parawing  aerodynamic  characteristics to canopy  shape  can  be  assessed  by 
applying  the  Weissinger  method to shapes  calculated  by  both  methods. 
Since  the  slender-body  theory of reference 2 is applicable  only  to  tri- 
angular  parawings,  a  triangular  wing of aspect  ratio 4 was used  for  the 
comparisons. The  canopy  shape  computed by the  right-circular  cone  tech- 
nique of Appendix  A  assumes  that  the  trailing-edge  is  straight  in  the 
uninflated  state, so that  a  straight  trailing  edge  is  not  obtained  in 
the  inflated  state. IC is  nevertheless  easy to  construct  an  inflated 
wing  with  a  triangular  planform  using  Appendix  A  since  all  lateral  cross 
sections  are  similar  in  the  right-circular  cone  techniques. 

Slender-body  trailing-edge  shapes  were  computed  for  the  aspect  ratio 
4 triangular  wing  for  two  values of tension  parameter;  one  value  at  the 
theoretical  luffing  boundary ( A  = 0.21), and  the  second  at  a  high  lift 
condition ( A  = 1.0). The  trailing  edge  from  the  right-circular-cone 
method was  calculated  for  the  same  slackness  ratio.  These  trailing-edge 
shapes  are  shown  in  figure 8. Since  the  largest  differences  in  shape 
between  the  cone  method  and  slender-body  theory  occur  when A = 1.0, the 
aerodynamic  characteristics of these  two  wings  were  compared  on  the  basis 
of the  Weissinger  method.  The  calculated  results  indicated  that  the  dif- 
ference  between  the  two  shapes has  very  little  effect on the  aerodynamic 
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characteristics. The  predicted  angles of zero  lift  for  the  canopies  are 
different  by 0.2O or approximately 1 percent. The  predicted  moment  at 
zero  wing  lift  for  both  canopies  agree  within 10 percent.  Since  the  plan- 
forms  are  identical,  lift-curve  slope  and  moment-curve  slope  are  the 
same  for  both  wings. 

It  is  possible  to  show  the  effect of the  shape  assumption on induced 
drag  in  a  simple way. On the  basis of the  results of reference 2, the 
induced  drag of two-lobed  triangular  parawings  can  be  correlated  by  the 
dimensionless  parameters 

CD, 

for  any  aspect  ratio  or  slackness 

and cL 

ratio.  The  theoretical curve  from 
slender-body  theory  is  shown  in  figure 9. The  induced  drags  calculated 
by  the  Weissinger  theory  for  several  triangular  wings  whcse  shape  is 
given  by  the  right-circular-cone  method  are  also  shown  in  figure 9. 
These  results  agree  very  well  with  the  slender-body  curve;  therefore, it 
was  concluded  that  the  induced  drag  from  the  Weissinger  method for  the 
triangular  wings  with  shapes  obtained  by  the  cone  method  is  virtually 
the  same  as  the  induced  drag  from  slender-body  theory  for  wings of the 
same  aspect  ratio  and  slackness  ratio.  For  this  correlation  the  slack- 
ness  parameter  was  evaluated  in  a  plane  normal  to  the  root  chord. 

Based  on  systematic  calculations  from  the  Weissinger  method,  a  cor- 
relation  similar  to  that  for  triangular  wings  in  figure 9 is  shown  in 
figure 10 for NASA planforms.  The  results  show  that  for  a  fixed  aspect 
ratio,  all  slackness  ratios  fall  on  a  single  curve.  The  slender-body 
theory  result  €or  triangular  planforms is shown  on  the  same  figure  for 
comparison.  Since  the NASA planform  approaches  a  triangular  planform  as 
aspect  ratio  decreases,  the  correlation  curves  for NASA planforms  with 
low aspect  ratio  approach  the  slender-body  theory. 

Comparison  Between  Experiment  and  Theory 
for  Rigid  Wings 

Systematic  data  available.-  Systematic  data  are  available  for  a 
series of rigid wings  with 50° swept  leading  edges  and  canopy  surfaces 
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formed  from r igh t - c i r cu la r   cones .5   These   da t a   cons i s t  of l i f t ,  drag,  and 

p i t c h i n g  moment over  a l a rge   ang le   o f   a t t ack   r ange  as w e l l  as photographs 

o f   t u f t   s u r v e y s .   S i n c e   t h e  wing  shapes are known e x a c t l y  and s i n c e   t h e r e ,  
are no  leading-edge booms, t h e s e   d a t a  w e r e  t a k e n   t o   r e p r e s e n t   t h e   a e r o -  
dynamic c h a r a c t e r i s t i c s   o f   t h e   b a s i c  canopy. The geometr ic   charac te r -  
istics of   the  wings are p r e s e n t e d   i n  table I. 

L i f t . -  The l i f t   d a t a   f o r   t h e   r i g i d   w i n g s   a r e  compared  with  the 
Wei s s inge r   t heo ry   i n   f i gu res  11, 1 2 ,  and  13. The t h e o r e t i c a l  resu l t s  
f o r   t h e   a n g l e   o f   z e r o  l i f t  and t h e   l i f t - c u r v e   s l o p e   a r e  i n  good agree- 
ment w i th   t he   da t a   i n   eve ry   ca se .  The l inear  r ange   fo r   t he  wing i s  shown 
on a l l  o f   t h e   f i g u r e s .  With r e f e r e n c e   t o   f i g u r e   5 ( a )   t h e  wing l i n e a r  
range i s  exceeded when a t  any   spanwise   s t a t ion   t he   l oca l   ang le   o f   a t t ack  
c a l c u l a t e d  from  equation (6) exceeds +8O. 

Agreement with  experiment i s  good bo th   i n s ide   and   ou t s ide   t he   l i nea r  
range  and  even on wings  without a l i nea r   r ange ;   fo r   example ,  Wings N o .  1 
and No.  2 a s  shown i n   f i g u r e s  11 (a)  and  (b) . The good  agreement  of  pre- 
d i c t e d   g r o s s   w i n g - l i f t   c o e f f i c i e n t  is  s u r p r i s i n g   i n   v i e w   o f   t h e   f a c t   t h a t  
t h e   W e i s s i n g e r   t h e o r y   o f t e n   p r e d i c t s   l o c a l   l i f t   c o e f f i c i e n t s   g r e a t e r   t h a n  
2.0 i n   t he   r ange   o f  good  agreement. 

The i t e r a t i v e   n o n l i n e a r   l i f t   p r e d i c t i o n  method us ing   t he   s ec t ion  

d a t a   o f   f i g u r e   5 ( a )  w a s  a p p l i e d   t o   t h e   r i g i d   w i n g s .  The r e s u l t s   f o r   t h e  
a s p e c t   r a t i o  3 and 4 wings are shown i n   f i g u r e s   1 4  and   15 .   For   the   f la t  

wings   ( f igs .   14(b)   and   15(b) ) ,   the   p red ic ted   and   measured   l i f t   va lues  

agree  very  wel l .   For   the  cambered  and  twisted  wings,   the   l i f t -curve 
s lope  i s  p red ic t ed   ve ry  w e l l ,  b u t  t h e   a n g l e   o f   z e r o   l i f t  i s  high  by 
about 2O. The ag reemen t   ou t s ide   t he   l i nea r   r ange  i s  as  good a s   t h a t  

w i t h i n   t h e   l i n e a r   r a n g e .  However, t he   da t a   do   no t  show s u f f i c i e n t  non- 
l i n e a r   b e h a v i o r   t o   s e r v e   a s  a good check on t h e  method. The t r end ,  how- 
eve r ,  i s  ind ica t ed   by   t he  upper end   of   the   curve   o f   f igure   14 .  The pre- 

d i c t e d   c u r v e   t e n d s   t o   b r e a k   r a t h e r   s h a r p l y  when one   s ec t ion   s t a l l s .   Th i s  

break is  due t o   t h e  small number of semispan   s ta t ions  (4) used i n  t h e  
method,  which results i n  a l a r g e   i n f l u e n c e   o f   s t a l l   a t  one s t a t i o n  on 

5These  data   are   lmpublished resu l t s  obtained  from  the  Langley  Research 
Center ,  NASA. The r ig id   wings   have   the  same planforms  and  s lackness  
r a t i o s  as the   f l ex ib l e   w ings   o f   r e f e rence   19 .   Re fe rence  i s  made f r e -  
q u e n t l y   t o   t h e s e   d a t a   i n   t h e   f o l l o w i n g   t e x t   a n d   t h e   f i g u r e s .  Such 
r e fe rence  w i l l  be   denoted  by  the term " r i g i d  wing da ta . "  
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wing l i f t .  N o  a t tempt  was made t o   i n c r e a s e   t h e  number of   span   s ta t ions  
i n   t h e  method,  which  was  dropped in   favor   of   the   Weissinger-Pankhurst  

method. 

It w a s  no ted   in   connec t ion   wi th   the   d i scuss ion   of   the   sec t ion   da ta  
o f   f i g u r e   5 ( a )   t h a t   n o t  a l l  t h e  l i f t  due t o  camber i s  developed  experi- 
menta l ly .   S ince   the  l i f t  r e s u l t s   o f   t h e   i t e r a t i v e  method are low, a s  
noted  above,   the   cambered  sect ion  data   of   f igure  5(a)  w e r e  s h i f t e d  upward 
u n t i l   t h e i r  a. values   matched  those  predicted  by  Pankhurst ,   and  the 
s h i f t e d   s e c t i o n   d a t a  w e r e  u s e d   i n   t h e   i t e r a t i v e  method. I n   t h i s   c a s e ,  
t h e  l i f t  r e s u l t s   f o r   t h e  cambered  and  twisted  wings  of   f igures   14(a)   and 
15(a)   agreed   exac t ly   wi th   Weiss inger  resu l t s  f o r   t h e  l inear  r ange ,   a s  
would  be  expected. The agreement   se rves   as  a check on t h e   i t e r a t i v e  
met  hod. 

Drag .- The a- and  cQ-methods fo r   p ro f i l e -d rag   p red ic t ion   were  
a p p l i e d   t o   a l l  of t he   r i g id   w ings .  The r e s u l t s  a r e  shown i n   f i g u r e s  11, 

1 2 ,  and 13. The t o t a l   d r a g  i s  ob ta ined   a s   t he  sum o f   t h e   p r o f i l e   d r a g  
and the  induced  drag  computed  using  the  Weissinger   method.   For   the  total  
drag  obtained  using  the  a-method,  the  agreement i s  poor   fo r   t he   h igh ly  
cambered  and twisted  wings  having  no  Linear  range  of l i f t  c o e f f i c i e n t  
( f i g s .  11 (a )  and (b) ) . For  the  remaining  r igid  wings,   the  a-method 
s l i g h t l y   u n d e r p r e d i c t s   p r o f i l e   d r a g  a t  the   lower   end   of   the   l inear   range ,  
where maximum l i f t -d rag   r a t io   occu r s ,   and   cons ide rab ly   unde rp red ic t s  t h e  

p r o f i l e   d r a g   a t   h i g h e r  l i f t  c o e f f i c i e n t s .  

The photographs  of   the t u f t  s t u d i e s   i n   t h e   r i g i d  wing da ta   g ive  
some ind ica t ion   o f  a reason  for   the  discrepancy  between  theory  and  data  
a t   h i g h   l i f t   c o e f f i c i e n t s .  The photographs   ind ica te   ex tens ive   separa t ion  
on the   upper   sur face   o f   the   wings  a t  high l i f t  Coef f i c i en t s .  I f  a pre- 
d i c t i o n  is  being made i n   t h i s   r e g i o n ,   t h e   a n g l e   o f   a t t a c k   d e t e r m i n e d  
from  equation (6) w i l l  be  low  because the  l i f t - c u r v e   s l o p e  (27~)  is t o o  
h igh   fo r   s epa ra t ed   f l ow  ove r  a s ec t ion .  Thus, t he   p red ic t ed   va lue   o f  
s e c t i o n   p r o f i l e - d r a g   c o e f f i c i e n t  w i l l  be low. For   t h i s   r ea son ,   t he  a- 
method  would  be  expected t o   u n d e r p r e d i c t  wing  drag a t  high l i f t  c o e f f i -  
c i e n t s .  

With t h e  cj-method, it w a s  p o s s i b l e   t o   p r e d i c t   s t a l l .  A t  the   upper  
end   o f   t he   t heo re t i ca l   d rag   cu rve  i s  t h e  symbol R t o   i n d i c a t e   r o o t  
s t a l l ,   t h e  symbol T t o   i n d i c a t e   t i p   s t a l l ,   o r   b o t h  symbols t o   i n d i c a t e  
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s i m u l t a n e o u s   r o o t   a n d   t i p   s t a l l .  The s t a l l  i n   t h i s   c o n n e c t i o n   i n d i c a t e s  
t h a t   t h e   l o c a l  c j  as obtained  from  the  Weissinger  method l ies  between 
t h e  end   o f   t he   l i nea r   r ange   and   t he  max imum l i f t   c o e f f i c i e n t . ,  It w a s  n o t  

p o s s i b l e   t o   a p p l y   t h e  cQ-method f o r   t h e  wing  with  highest   s lackness  
( f i g .   l l ( a ) )   b e c a u s e  a t  any   angle   o f   a t tack  some l o c a l   l i f t   c o e f f i c i e n t  
exceeded  the maximum ( o r  minimum) l i f t  c o e f f i c i e n t  from t h e   s e c t i o n   d a t a .  

In   t he   l i nea r   r ange   t he   c j -me thod   y i e lds   abou t   t he  same d r a g   a s  

t h e  a-method, b u t   o u t s i d e   t h e   l i n e a r   r a n g e  it y i e l d s  a higher   drag.  
W i l e  t h i s   t r e n d  i s  i n   t h e   r i g h t   d i r e c t i o n ,   t h e  cj-method s t i l l  under- 

p red ic t s   t he   measu red   d rag   i n   t he   non l inea r   r ange .  The accuracy  of  pre- 
d i c t i o n   i n c r e a s e s   a s   t h e   a s p e c t   r a t i o   a n d   s l a c k n e s s   r a t i o   d e c r e a s e .  I t  

i s  n o t e d   t h a t   t i p   s t a l l  i s  a l s o   a s s o c i a t e d   w i t h   l o w   a s p e c t   r a t i o s  and 
low s l ackness .   T ip   s t a l l   shou ld   cause  less sepa ra t ion   d rag   t han   roo t  
s t a l l ,   s i n c e   t i p   c h o r d s   a r e   s m a l l  and the   a rea   subjec t   to   spanwise   f low 
i s  less. Thus, t h e  cj-method  should  be more a c c u r a t e   w i t h   t i p  s ta l l  
t h a n   r o o t   s t a l l .  

The cj-method is  based on l o c a l  l i f t  c o e f f i c i e n t s   c a l c u l a t e d  from 
a l i n e a r   l i f t i n g - s u r f a c e   t h e o r y  and p r o f i l e - d r a g   c o e f f i c i e n t s  from non- 
l i n e a r   s e c t i o n   d a t a .  It thus   does   no t   account   for   any   nonl inear   e f fec ts  
on s e c t i o n - l i f t   c o e f f i c i e n t .  Even though  the  Weissinger method p r e d i c t s  
g ross  wing l i f t  qu i t e   accu ra t e ly   unde r   cond i t ions   o f   ex t ens ive   f l ow 
s e p a r a t i o n ,   t h e   l o c a l   p r e d i c t e d   l i f t   c o e f f i c i e n t s   u n d e r   s u c h   c o n d i t i o n s  
a r e  sometimes much g r e a t e r   t h a n   t h e  maximum l i f t   c o e f f i c i e n t   o f   t h e   a i r -  
fo i l   sec t ion .   Accord ingly ,  it i s  p r o b a b l e   t h a t   t h e   s e c t i o n - l i f t   c o e f -  
f i c i e n t s   a r e   n o t   a c c u r a t e l y   p r e d i c t e d  by the  Weissinger  method nea r   t he  

s t a l l .  The n o n l i n e a r   i t e r a t i v e  l i f t  p r e d i c t i o n  method w a s  an   a t t empt   t o  
a c c o u n t   f o r   n o n l i n e a r   s e c t i o n - l i f t   e f f e c t s  on t h e  wing  span  loading  in 
o r d e r   t o  i m p r o v e   d r a g   p r e d i c t i o n .   I f   f u r t h e r   e f f o r t s   r e s u l t   i n  a s a t i s -  

factory  nonl inear   method,   the  predict ion  of   drag  by  the  c j -method 
should be improved. 

The p r o f i l e   d r a g  was  computed  by t h e  Polhamus  method ( r e f .   16 )   fo r  

t h e   f l a t   r i g i d   w i n g s   o f   f i g u r e s  11, 1 2 ,  and 13. Combination  with  the 
Weissinger resul ts  fo r   i nduced   d rag   g ives   t he   p red ic t ed   t o t a l   d rag ,   wh ich  
i s  compared w i t h   e x p e r i m e n t a l   r e s u l t s   i n   f i g u r e   1 6 .  The agreement i s  
very good. The Polhamus  method  and t h e  cj-method g ive   d rag  results 
which a r e   n e a r l y   i d e n t i c a l  for t h e   l i n e a r   r a n g e   o f   l i f t   c o e f f i c i e n t s .  
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In  order  to  assess  the  effects of induced  camber  on  drag,  the 
Polhamus  method was compared  with  both a- and  cQ-methods  for  flat  NASA 
planform  wings  with  varying  aspect  ratio.  These  results  are shown in 
figure  17. At  aspect  ratios  less  than 2.0, the  Polhamus  method  predicts 
higher  profile-drag  coefficients  than do either  the ca- or a-methods . 
This  difference is attributed  to  induced  camber.  At  aspect  ratios  of 2 
or  greater,  all  methods  are  in  good  agreement  in  the  linear  range.  In 
the  nonlinear  range  the  cQ-method  predicts  somewhat  more  drag  than  the 
Polhamus  method.  These  comparisons  with  the  Polhamus  method  are  intended 
to  illustrate  the  differences  between  a  gross  wing  prediction  method 
which  includes  induced  camber  and  a  strip-theory  method  which  does  not 
include  induced  camber.  Improved  accuracy  of  the  Polhamus  method  might 
be  obtained  by  adapting  the  method  to  account  for  variations  due  to  cam- 
ber  across  the  span. 

An  estimate was made of the  effect  of  Reynolds  number  on  the  profile- 
drag  predictions.  The  cambered  section  data of reference 13 cover  a 
Reynolds  number  range  from lo4 to 6x105, based  on  chord. Thus,  the  skin- 
friction  portion of the  section  drag  is  primarily  that  for  a  laminar 
boundary  layer.  The  Reynolds  numbers  for  the  model  parawings  used  for 
comparison  herein  are of the  order  of lo6, based  on  root  chord.  An  esti- 
mate of the  skin-friction  drag was made  for  a  rigid  wing of aspect  ratio 3. 
Flat-plate  skin-friction  laws  for  laminar  and  turbulent  boundary  layers 
were  used  with  an  assumed  transition  Reynolds  number  of 5x105. Reynolds 
number  variations  across  the  span  were  taken  into  account.  The  resulting 
skin-friction  drag  coefficient was approximately 30 percent of the  mini- 
mum  profile-drag  coefficients  or  about 10 percent of the  total  drag  at  a 
lift  coefficient of 0.4. Based  on  this  result  no  corrections  were  made 
to  the  section  drag  data to  account  €or  variation of skin  friction  with 
Reynolds  number. 

Pitching  moment.- The  moment-curve  slope,  dCrr(dCL,  and the  moment 
at  zero  wing  lift of the  equivalent  uncambered  and  twisted  wing  were  com- 
puted  by  the  Weissinger  method.  The  moment  due to  camber  was  computed 
from  equation ( 3 )  and  added  to  the  above  moment  at  zero  lift  to  give  the 
wing  Cmo.  The  results  for  the  rigid  wings  are  compared  with  experimen- 
tal  data  in  figures 11, 12,  and 13. 

Good  agreement  between  theory  and  experiment  is  obtained  on  moment- 
curve  slope  for  all  the  flat  wings.  These  wings  have  Cmo  values of 
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zero.  The  agreement for the  aspect  ratio  3  and 4 cambered  and  twisted 
wings is also  good  for  both  moment-curve  slope  and  Cmo,  although  the 
predicted  Cmo  value  for  the  aspect  ratio 4 wing  is  somewhat  high.  The 
agreement  on dCrt(da and  Cmo  for  the  aspect  ratio 5.45 cambered  and 
twisted  wings is poor  except  at  low  slackness  ratios.  It  is  probable 
that  upper  surface  separation  on  the  high  aspect  ratio  wings is responsi- 
ble  in  part  for  the  disagreement. 

At  least  four  effects  occur  which  are  not  reflected  in  the  pitching- 
moment  comparisons of figures 11, 12, and  13. Two are  theoretical  defi- 
ciencies  of  the  Weissinger-Pankhurst  method.  First,  incorporation of 
chordwise  effects  neglected  by  the  Weissinger  method  tends to raise  the 
predicted  Cmo  and  increase  the  magnitude of Cma, as shown  in  Appendix B. 
Second,  incorporation of nonplanar  effects  in  satisfying  the  wing  boundary 
condition  would  probably  change  the  moment  predictions,  although  the 
direction  of the  changes  is  difficult  to  predict.  The  other  two  effects 
are vis’cous. The  first  is  the  aforementioned  inability of highly-cambered 
sections to  develop  their  predicted  lift  and  moment.  Incorporation  of 
this  effect  would  reduce  the  (negative)  moment  contribution due to camber, 
resulting  in  a  higher  predicted Cm,. The  second  is  the  moment  due  to 
drag  acting  above  the  root  chord  plane.  This  effect was estimated to 
determine  its  significance.  The  moment  due  to  drag  was  computed  for  sev- 
eral  wings  having 28 values of 103O, 131°, and  158O. At  the  lowest 
slackness,  this  moment  is  less  than 10 percent of the  moment  due  to  cam- 
ber  and  thus  has  a  very  small  absolute  value  and  a  negligible  contribu- 
tion  to  the  total  moment.  At  the  higher  slackness  values,  the  moment  due 
to  drag  is  an  appreciable  fraction of the  moment  due  to  camber  and  is 
thus  large  compared to the  net  Weissinger-Pankhurst Cm,. Since  the 
moment  due  to  drag  is  positive,  its  incorporation  would  yield  a  higher 
predicted  Cmo.  Consequently,  three of the  four  effects  just  noted  tend 
to increase  the  predicted  moments  over  those  given  by  the  Weissinger- 
Pankhurst  method. 

The  predicted  moments  for  the  cambered  and  twisted  rigid  wings 
either  agree  well  with  data  (figs.  ll(d)  and  13(a)) or  are  high  (figs. 
11 (a) , 11 (b) , 11 (c) , and 12 (a) ) . Thus,  the  moment  effects  just  noted do 
not  explain  the  differences  in  the  data  correlations,  and  it  is  apparent 
that  the  nonplanar  influence or some  unrecognized  effect  is  compensating 
for  the  three  effects  noted to  provide  satisfactory  agreement  on  moment 
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with  the  Weissinger-Pankhurst  values  for  moderate  aspect  ratio.  Conse- 
quently,  these  moment  effects  are  not  included  in  the  moment  predictions 
for  flexible  wings. 

Effect of Leading-Edge  Booms  on 
Wing  Characteristics 

In comparing  either  the  predicted  Weissinger-Pankhurst  canopy  per- 
formance  or  rigid  wing  data  with  data  for  flexible  wings,  differences 
can  be  attributed  not  only to leading-edge  booms  but to  other  sources  as 
well.  One  such  source  is  change  in  canopy  shape.  The  shape  comparisons 
for low slackness  indicated  the  predicted  aerodynamic  performance  to  be 
insensitive to the  differences  between  the  theoretical  slender-body 
shape  and  the  conical  shape.  However,  no  canopy  shape  measurements  have 
been  made  at  large  slackness  to  check  the  conical  shape  assumption. 
Other  sources of differences  might  include  canopy  weight,  porosity,  and 
seam  effects;  trailing-edge  flutter;  viscous  effects;  and  nonplanGr  theo- 
retical  effects. It was  felt,  however,  that  leading-edge  booms  are  the 
major  source of differences,  and  Lor  the  sake of simplicity  in  the  fol- 
lowing  discussion;  che  diffeiences  will  be  attributed  to  boom  effects. 

Analytical  investigation.-  The  analytical  investigation to  determine 
the  applicability of splitter-plate  section  data  to  a  three-dimensional 
wing  with  leading-edge  booms was  carried  out  for  a  NASA  planform  wing 
with I\, = 45O, A = 50°, and a leading-edge  boom of d/cr = 0.012. For 
the  case  using  the  chord  line  as  the  reference  direction  for  determining 
local  angle  of  attack,  the  following  results  were  obtained: 

a 30° 2 20 16O 

AcL 0.001 -0.042 -0.034 

I AC, I .016 I .004 I .001 I 
The  incremental  wing  coefficients  computed  using  the  leading-edge  tangent 
as the  reference  direction  are  similar  in  magnitude  and  sign  to  the  above. 
The  measured  values of CL  and C, for  this  wing  (ref. 20) and  the  pre- 
dicted  values  for  the  canopy  using  the  Weissinger-Pankhurst  method  (with- 
out  adjustment)  are  shown  in  figure 25 (a). 
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The  predicted  incremental  lift  coefficients  are  negative  at  the 
higher a values,  since  the  splitter-plate  section  data  (fig.  6(a)) 
indicate  a  negative  increment  at  positive a due to the  addition  of  the 
leading  edge. A comparison of the  above  values  with  the  results  of  fig- 
ure  25(d)  indicates  first that ACL is 'less  than  half of the  difference 
between  measured  and  predicted  values  (without  adjustment)  and,  second, 
that  a  negative  increment  is  predicted  whereas  a  positive  increment  is 
required  to  cause  better  agreement. 

The  incremental  drag  coefficients  noted  above  are  positive,  in 
accordance  with  the  splitter-plate  data  of  figure 6(b). Furthermore, 
their  magnitudes  are of the  same  size as the  difference  between  measured 
and  predicted  drag  at  moderate a .  At  high a, however,  the  predicted 
increment  decreases,  whereas  the  required  increment  for  good  agreement 
increases  rapidly. 

An  interesting  observation  on  the  applicability  of  the  splitter- 
plate  drag  data  can  be  made  on  the  basis  of  the  comparison  between  rigid 
and  flexible  parawing  data  of  figures 18 through 20. These  data  show 
that  the  flexible  wing  generally  has  a  higher  drag  than  the  rigid  wing 
(with  no  leading-edge  booms)  at  moderate a but  a  lower  drag  at  high a. 
It  is very likely  that  the  leading-edge  booms  act  to  increase  the 
leading-edge  radius  and  delay  leading-edge  separation  on  the  flexible 
wings.  Thus,  it  is  apparent  that  three-dimensional  booms  act  much  like 
supercritical  two-dimensional  booms  (fig.  7(b)),  even  though  their 
Reynolds  number is subcritical. 

On  the  basis  of  these  comparisons,  it  is  evident  that  two-dimensional 
splitter-plate  data  arenot  applicable to  the  determination  of  three- 
dimensional  boom  effects  in  flexible  parawings,  although  the  data do pro- 
vide  some  understanding of three-dimensional  effects. 

Empirical  investiqation.-  The  empirical  investigation  of  leading- 
edge  booms  made  use of data  for  both  flexible  and  rigid  wings  and  theory 
€or  the  basic  canopy.  The  data  were  taken  from  references 19,  20,  and 
21,  and  the  rigid  wing  results.  The  quantities  examined  were a dCL/da, 
CD, and  dCrr(da. 

0' 

Results  for  angle  of zero  lift  of NASA wings  with  constant-diameter 
booms  are  shown  in  figure  21 (a). The  curves  indicate  difference  between 
canopy  theory  and  wing  data  for  two  sets of wings  with  different d/c, 
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ratios  and  two  different  canopy  attachment  methods.  These  data  are  con- 
sistent  in  that  the  Weissinger  method  is  indicated  to  yield  too  large 
an a, by 2O to 4O. On  the  basis of these  results,  constant  empirical 
adjustments  of  2O to 4O were  made to the  theory  for  all  subsequent  com- ' 

parisons  with  the  wing-lift  data  of  references  20  and  21,  respectively. 
It should be  noted  that  these  adjustments  probably  contain  not  only  the 
leading-edge  boom  effects  but  other  effects  as  well. 

Results  for Act, for  tapered  leading-edge  booms  are  shown  in  fig- 
ure  21(b).  Since  data  for  only  one  boom  size are  available,  the  results 
are  shown as a  function of 28.  The  results  are  consistent  and  show  an 
increasing Act, with  increasing 28. The  aspect  ratio  effect,  shown  by 
the  variation  in  the  values  at  28 = 103O, is  small. 

Results  for  the  ratio  of  experimental-to-theoretical  lift-curve 
slope  for NASA wings  with  constant-diameter  leading-edge  booms  of  two 
d/cr ratios  are  shown  in  figure  22(a).  There  is no systematic  boom 
effect'in  the  results,  and  there  is no direct  manner  in  which  any  leading- 
edge  effect  can  be  extracted,  since  there  are no comparable  data  for 
rigid  wings  of NASA planform.  Since  the  deviations  between  experiment 
and  theory  are not systematic  and  generally  lie  within  a 210 percent 
band  for  28 < 180°, it  does  not  appear  that  an  adjustment to the 
Weissinger  calculation  for  lift-curve  slope  is  necessary  for  two-lobed 
parawings  with  constant-diameter  leading-edge  booms. 

Results  for  the  ratio of experimental-to-theoretical  lift-curve 
slope  for  tapered  leading-edge  booms  are  shown  in  figure  22(b).  Similar 
ratios  for  rigid  wings  are  shown  in  order  to  assess  the  effect of the 
leading  edge.  The  effect is systematic  and  serves  to  reduce  the  lift- 
curve  slope  by  an  amount  which  increases  slightly  with  increasing  slack- 
ness.  The  aspect  ratio  effect  at  a  constant  value of 28 = 103O can  be 
obtained  by  comparing  the  values  for  the  aspect  ratio 3 and 4 wings  with 
values of (ao - a ) / a  of 0.113 and  0.085,  respectively,  with  that  of 
the  aspect  ratio  5.45  wing  having (ao - a ) / a  = 0.054. A s  is the  case 
with Aao, there  is  essentially no effect of aspect  ratio. 

The  effect of can0p.y  attachment  method  on  lift  for  constant-diameter 
booms  is  illustrated  in  figure  23  for  a NASA planform  wing  for  which 
five  sets of data  are  available.  The  significant  effect  on  lift  is  a 
variation  in a. that  is of the  same  magnitude as the  change in a, 
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due  to  the  addition of the  leading  edge to the  basic  canopy,  as  shown 
in  figure 21. 

The  possibility was investigated  that  an  empirical  adjustment  could 
be made  to  drag to  account  for  the  presence of the  leading-edge  booms. 
No simple  adjustment was found  as  for  the  angle of zero  lift  because of 
the  more  complicated  influences of the  leading-edge  booms  in  this  case. 
The  effects of the  booms can be  seen  directly  from  the  data of figures 18, 
19, and 20, which  compare  rigid-wing  data  with  flexible-wing  data  for  the 
same  aspect  ratio  and  slackness  ratio. All of the  flexible  wings  for 
the  comparisons  had  tapered  leading-edge  booms.  Almost  without  exception 
the  flexible wings  show  lower  rate  of  drag  rise  with  lift  coefficient 
than  the  corresponding  rigid  wings. As indicated  previously,  leading- 
edge  booms  tend to  delay  leading-edge  separation  at  large  angles of 

attack.  The  canopy  attachment  means  are  also  significant,  as  shown  in 
figure 23. The  attachment  means  that  have  lowest  drag  at  low a tend 
to  have  highest  drag  at  high a.  

With  regard  to  pitching  moment,  the  data of figures 18, 19, and 20 

show  a  decrease  in  Cm  for  a  given  lift  coefficient  as  a  result of add- 
ing  leading-edge  booms.  For  wings  which do not  have  very  large  slackness 
ratios,  the  slope  dCm/dCL  is  not  significantly  changed.  The  addition 
of the  leading-edge  booms  causes  positive  lift  and  negative  moment  for a 
given  angle of attack.  Thus,  the  main  part of the  lift  is  added  behind 
the  wing  center  of  moments. 

As a  result  of  the  comparisons  noted  above,  the  leading-edge  boom 
effects  were  found to  depend  on  the  diameter-to-chord  ratio,  the  taper 
of the  leading  edge,  and  the  method of attachment of the  canopy  to  the 
boom.  Insufficient  systematic  data  are  available  either  to  develop  an 
analytical  prediction  method  or to  separate  in  an  empirical  fashion  the 
influence  of  the  various  effects  on  wing  performance.  However,  empirical 
correlations  were  obtained  for  angle  of  zero  lift  for  the  case of small, 
constant-diameter  leading-edge  booms  with  pocket  attachment  and  for  the 
case  of  large,  constant-diameter  leading-edge  booms  with  front  attachment. 
For  the  case of tapered  leading-edge  booms  with  front  attachment,  syste- 
matic  empirical  corrections  were  found  for cxo and  dCL/da. 
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Comparison  Between  Experiment  and  Theory 
f o r   F l e x i b l e  Wings 

Sys temat ic   da ta   ava i lab le . -  The f l e x i b l e  wing da ta   chosen   t o  tes t  

the  predict ion  methods  are   for   two-lobed  parawings  with  r igid  leading-  
edge booms and r i g i d   k e e l  booms. The geomet r i c   cha rac t e r i s t i c s   o f   t hese  
parawings  are   presented i n  t a b l e  11. 

The first set o f   d a t a   ( r e f .  1 9 )  i s  for   f lexible   wings  having  plan-  
forms ident ica l   to   the   r ig id   wings   d i scussed   prev ious ly .   These   wings  
have  tapered  r igid  leading-edge booms wi th   t he   canopy   a t t ached   a t   t he  
f r o n t   o f   t h e  boom.  The second se t   o f   da t a   ( r e f .   5 )  i s  f o r  a con ica l  
parawing  of   aspect   ra t io   5 .45.   This   high  aspect   ra t io   wing i s  i d e n t i c a l  
t o  one  of  the  wings  from  reference 19 and  has  tapered  leading-edge booms 
wi th  a f ront   canopy  a t tachment .  The t h i r d  set  o f   da t a  i s  f o r   t h e  tri- 
angular  wings  of  reference  4.   These  wings  have  very low s l a c k n e s s   r a t i o s  
with  front  at tachment  and  constant-diameter  leading-edge booms. The most 
ex tens ive   and   sys temat ic   da ta   ava i lab le   for  NASA planforms  are   those from 
reference  20 .  These  data  cover a wide  range  of   aspect   ra t io   and  s lack-  
n e s s  ra t io   for   cons tan t   l ead ing-edge   d iameter  booms using  pocket  canopy 
attachment.  The effect   of   leading-edge  diameter  i s  s t u d i e d   a s  i s  t h e  
effect   of  canopy  attachment  method. The da ta   o f   re fe rence  21 f o r  NASA 
planforms  with  constant   aspect   ra t io   and a wide   range   of   s lackness   ra t ios  
a re   fo r   pa rawings   w i th   l a rge   r i g id   l ead ing -edge  booms wi th   f ron t   a t t ach -  
ment. 

I t  should be n o t e d   i n   t h e   f o l l o w i n g   d i s c u s s i o n   t h a t   d i f f e r e n c e s  
be tween  the   f lex ib le   wing   da ta   and   e i ther   r ig id  wing d a t a   o r   t h e o r y   f o r  
the  basic   canopy  were  considered  to   be  due  pr imari ly   to   leading-edge 
e f f e c t s   r a t h e r   t h a n   t o   a n y   e f f e c t s   d u e   t o   d e p a r t u r e   o f   t h e   f l e x i b l e   c a n -  
opy  from a con ica l   su r f ace .   Th i s   pos i t i on  was adopted on t h e   b a s i s   o f  
the  shape  comparisons  discussed  previously.  Some unce r t a in ty  still 
e x i s t s ,  however ,   concerning  the  effects   of   canopy  shape,par t icular ly   for  
high  slackness  cases  where  data  for  shape  Comparisons  are  unavailable.  

L i f t . -  I n  f i g u r e s  18, 1 9 ,  and 20 t h e   f l e x i b l e  wing l i f t   d a t a  from 
re fe rence  1 9  a r e  compared w i t h   t h e   r i g i d  wing da ta   and   t he   p red ic t ed  
r e s u l t s  from the  Weissinger  method. The high-slackness,   high-aspect-  
r a t i o  wings  which  have  no l i n e a r   r a n g e   e x h i b i t  some d i f f e r e n c e   i n   a n g l e  
o f   z e r o   l i f t  and   l i f t -curve   s lope   be tween  the   r ig id   and   the   f lex ib le  
wings. A t  low l i f t   c o e f f i c i e n t s  above   the   lu f f ing   boundary ,   the   l ead ing  
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edge  has  the  general  effect of increasing  the  gross  wing-lift  coefficient 
at  a  given  angle of attack. At low slackness  ratio (An - < 5O) the  lift- 
curve  slope  is  approximately  the  same  for  both  rigid  and  flexible  wings 
for  all  aspect  ratios.  The  deviations  between  experiment  and  theory  for 
these  wings  have  already  been  shown  in  figures  21 (b)  and  22  (b) on  a  sys- 
tematic  basis. 

The  aspect  ratio 5.45 flexible  wing  data  from  reference  5  are  also 
shown  in  figure 18 (c) . The  two  flexible  wings  are  identical  and  the 
lift  curves  are  closely  the  same.  However,  the  flexible  wings  exhibited 
less  separated  flow  than  the  rigid  wing  without  leading-edge  booms.  For 
an  angle  of  attack  where  the  rigid  wing  exhibited  general  separation  with 
reversed  flow  over  the  rear  of  the  wing,  the  tuft  photographs of the 
flexible  wing  exhibited  strong  spanwise  flow  but no reversed  flow. 

The  aerodynamic  characteristics  of  the  flexible  triangular  parawings 
of reference 4 are  shown  in  figure 24 together  with  the  Weissinger 
results.  For  these  wings,  which  have  constant-diameter  leading  edges, 
the  Weissinger  method  without  any  correction  for  leading-edge  booms  gives 
good  lift  prediction. It  is  noted  that  these  wings  are of very  low  slack- 
ness  ratio  and  use  front  attachment  of  the  canopy  to  the  booms. 

The  NASA  planform  data of reference 20 are  shown  in  figuse  25  for 
all  the  wings  which  have  values  of  28  less  than 180° for  the  theoreti- 
cal  conical  canopy.  The  predicted  lift  is  shown  for  the  Weissinger 
method  with  and  without  the  empirical  leading-edge  adjustment  for a0 
from  figure 21(a). The  single  adjustment of 2O  works  well for  all  the 
wings  of  figure 25. 

Data  from  reference  21  for  NASA  planform  parawings  with  large- 
diameter  leading-edge  booms  are  shown  in  figure 26. Again  the 
Weissinger  method  with  and  without  the  empirical  leading-edge  correction 
is  shown. As before,  the  single  correction  works  well  €or  all  wings. 

Drag.-  Drag comparisons  between  theory  and  experiment  can  be  made 
for  four  groups of flexible  wings  to  deduce  the  effects of various  sizes 
and  types of leading  edges  and  methods of canopy  attachment.  Comparison 
can  also  be  made  between  data  for  wings  with  and  without  leading-edge 
booms  to  show  the  experimental  boom  effects  on  drag. 

A significant  factor  in  drag  comparisons  is  the  difference  between 
methods  for  correcting  the  data  for  tare  drag. In some  cases,  tare 
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measurements w e r e  made with  the  spreader   bar   and  balance  housing i n  t h e  
free s t ream  whi le   in   o thers ,   t a re   measurements  w e r e  made wi th   t he   sp reade r  
b a r  and hous ing   i n   t he   p re sence   o f  a cyl indrical   canopy.  Any e f f e c t   o f  
t he   sp reade r   ba r  on t h e  wing  has   been  neglected  in   experimental   evalua-  
t i o n   o f   t h e   t a r e s .  Also, di f fe rences   be tween  the   in f luence   o f   cy l indr i -  
c a l  and conica l   canopies  on t a r e s   a r e   n o t   a v a i l a b l e .   T h e s e  comments 
i n d i c a t e   t h e   d i f f i c u l t i e s   t h a t   a r i s e  a n d   c a r e   t h a t  m u s t  be   t aken   t o  
o b t a i n   a c c u r a t e   d r a g   d a t a   f o r  use  i n   e v a l u a t i n g  a p r e d i c t i o n  method. 

For   the   wings   o f   t ab le  I1 cor re spond ing   t o   r e f e rences  4, 5, and 19, 
t h e   d r a g   d a t a   a s   p r e s e n t e d   i n c l u d e  a c o r r e c t i o n   f o r   t h e   d r a g   t a r e   d u e   t o  
the  spreader   bar .   For   the  wings  of   references 20 and 21 ,  t he   d rag   da t a  
contain  no  a l lowance  for   spreader-bar   drag  tares .   Accordingly,  a theo- 
r e t i c a l   s p r e a d e r - b a r   d r a g   c o r r e c t i o n  was a p p l i e d   t o   t h e   l a t t e r  sets of  
da t a  on the   a s sumpt ion   t ha t   t he   sp reade r   ba r  i s  a c y l i n d e r   i n   s u b c r i t i c a l  
normal  flow  with a d r a g   c o e f f i c i e n t   o f  1 . 2 .  Data a r e   a v a i l a b l e  on t h e  
drag of a parawing w i t h  and without  a s p r e a d e r   b a r   ( r e f .  2 1 ) .  The 
measured  spreader-bar   drag  tare  was a p p r o x i m a t e l y   c o n s t a n t   f o r   a l l   a n g l e s  
o f   a t t ack ,   bu t  it w a s  only  about  7cr percen t  of t he   t heo re t i ca l   sp reade r -  
bax  drag. The f u l l   t h e o r e t i c a l   s p r e a d e r - b a r   d r a g   t a r e s  w e r e  found t o  
check  measurements of t h e   t a r e   p r e s e n t e d  ir. r e f e rence  4. It was decided 
t o   a p p l y  t h e  f u l l  t a r e   c o r r e c t i o n s   t o   t h e   d a t a  of r e fe rences  20 and 21 .  

I n  f i g u r e s   1 8 ,  1 9 ,  and  20, t h e  r i g i d  wing d a t a   a r e  compared w i t h  
corresponding  f lexible   wing  data  from re fe rence  1 9  and w i t h  t heo ry   fo r  
the  basic   canopy.  A t  low l i f t  c o e f f i c i e n t s ,   t h e   f l e x i b l e  wing  drag i s  

h i g h e r   t h a n   b o t h   t h e   r i g i d  wing da ta  and  theory,  which i s  i n  accord  with 
t h e   r e s u l t s  shown by t h e   s p l i t t e r - p l a t e   d a t a .  A t  h igh l i f t  c o e f f i c i e n t s ,  
t h e   f l e x i b l e  wing  drag i s  lower  than the  r i g i d  wing data .   Thus,   the  
add i t ion  of a leading-edge member t e n d s   t o   d e l a y   s e p a r a t i o n  on t h e  wing 
a t   h i g h   a n g l e s   o f   a t t a c k .  These r e s u l t s   a r e   f o r   t a p e r e d   l e a d i n g - e d g e  
booms and  front  canopy  attachment.  

Drag  comparisons between measured  values  and  predicted  values  using 
bo th   t he  a- and  ca-methods a r e  shown i n  f i g u r e  24  f o r   t r i a n g u l a r   f l e x -  
ible wings  with  constant-diameter  leading-edge booms and front   canopy 
attachment.  In  t h i s   c a s e   t h e   d a t a   a r e   s l i g h t l y  above t h e   t h e o r y   i n  the 

l i n e a r   r a n g e .  The cQ-method  does  not  extend far i n t o  t he  nonl inear  
range  because  of t i p   s t a l l  and is  still i n  good  agreement w i t h  experiment. 
The a-method l i e s  under  the  experiment a t  h igh   angles   o f   a t tack .  
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The expe r imen ta l   d rag   da t a   fo r   t he  NASA planform  parawings  of  refer-  
ence 20 a r e  compared w i t h   p r e d i c t e d  resu l t s  i n  f i g u r e  25. These  wings 

have  constant-diameter  leading  edges  and a pocket  canopy  attachment; 
t he re fo re ,   t he   l ead ing   edge   has  a f a i r i n g  on t h e   t o p  and  bottom  surfaces.  
The experimental   drag l i e s  s l i g h t l y  above the   t heo re t i ca l   d rag   ove r   mos t  
o f   t he   l i nea r   r ange .  A t  t he   uppe r   end   o f   t he   l i nea r   r ange   and   i n   t he  

non l inea r   r ange ,   t he   da t a   u sua l ly  l i e  w e l l  above t h e  a-method p r e d i c t i o n .  
I n   t h i s   r e g i o n ,   t h e  cQ-method p r e d i c t i o n  i s  s l i g h t l y  below  the  experi-  
mental   drag  for  moderate  leading-edge sweep angles  (40° t o  5 0 ° ) ,  b u t   t h e  
tendency to   unde rp red ic t   i nc reases   w i th   l ead ing -edge  sweep angle .  The 

tendency  of   the  cR-method  to   underpredict  i s  thought   to   be   caused  by 

t h e  same e f f e c t   a s   f o r   t h e   r i g i d  wings: a region  of  separation  which  can- 
not   be   p red ic ted .  

The t y p e   o f   s t a l l   ( t i p   o r   r o o t )   h a s   b e e n   i n d i c a t e d  on the  curves   of  
f i g u r e  25.  Systematic   examinat ion  of   the type o f   s t a l l  shows r o o t  stall 
t o  be   assoc ia ted  w i t h  h i g h   a s p e c t   r a t i o   a n d   h i g h   s l a c k n e s s   r a t i o s  j u s t  
a s  i n  t h e  case of   the   r ig id   wings .  

In   f i gu re   25 (g )   t he   appea rance  of t i p   s t a l l  a t  CL = 0.93 i n  t h e  
cR-method  drag  curve  occurs w e l l  w i th in   t he   l i nea r   r ange ,   a s   no ted  on 
the   upper   par t   o f   the   f igure .  The upper l i m i t  o f   t he   l i nea r   r ange  
(CL = 1.05)  i s  found  from the  Weissinger  method  assuming t h a t   t h e  l i m i t  
occurs  when t h e   l o c a l   a n g l e  of a t t a c k   c o r r e c t e d   f o r  upwash exceeds 8O 
regardless  of  camber.  I n  the  Weissinger  method as   used   here in ,   the  

Pankhurst  method i s  used   t o   p red ic t   t he   ang le   o f   ze ro  l i f t  due t o  camber, 
and it i s  known tha t   t he   Pankhurs t  method ove rp red ic t s   t he  camber e f f e c t  
for   large  cambers .  If a p red ic t ion   o f   t he   l i nea r   r ange  i s  made us ing  
s e c t i o n - l i f t   c o e f f i c i e n t  ( i . e . ,  f i g .   5 ( a ) )   r a t h e r   t h a n   a n g l e   o f   a t t a c k ,  

a w i n g - l i f t   c o e f f i c i e n t   o f  0 .92  i s  found a s   t he   uppe r  limit o f   t h e   l i n e a r  
range. 

Drag resul ts  f o r  NASA planform  parawings  with  large,   constant-  

diameter  leading-edge booms and f ron t   a t t achmen t   a r e  shown i n   f i g u r e  26.  

The d a t a   a r e  from re fe rence  2 1 .  Both the  ca-method  and  the  a-method 
p r e d i c t e d   v a l u e s   a r e  shown and  agree w i t h  e a c h   o t h e r   i n   t h e   l i n e a r   r a n g e .  
The measured  drag is cons iderably   h igher   than   va lues   p red ic ted   for   the  
basic  canopy a t  h igh   s lackness   bu t  i s  o f   t he  same o r d e r   f o r  low slack-  
ness .  The de lay   o f  wing sepa ra t ion  a t  high l i f t  c o e f f i c i e n t s  due t o   t h e  
presence of  the   l ead ing   edge  i s  ev iden t  from the  measured resul ts ,  which 



behave more l i k e   t h e  a-method p red ic t ions   t han   t he  cj-method  predic- 
t i o n s .  The experimental spreader-bar   drag on these  wings i s  approximately 
30 pe rcen t  smaller than   t he   t heo re t i ca l   co r rec t ion ;   however ,   fo r   t he  
w o r s t   c a s e   ( f i g .   2 6 ( e ) ) ,   t h e   r e s u l t i n g   u n c e r t a i n t y  i n  t h e   t h e o r e t i c a l  
co r rec t ion   fo r   sp reade r -ba r  tares i s  about 10 pe rcen t   o f   t he  minimum 
drag  of t h e  wing. 

The r e su l t s  o f   t h e s e   f o u r  sets of compar isons   ind ica te   tha t   the  
lead ing   edge   genera l ly   increases   the   d rag   over   tha t   o f   the   bas ic   canopy 
a t  moderate l i f t   c o e f f i c i e n t s .  The increment i s  smal l   for   smal l   l ead ing  
edges and pocket   a t tachments ,   and  increases   with  d/cr   ra t io .  The pres- 
ence   o f   t he   l ead ing   edge   de l ays   w ing   f l ow  sepa ra t ion   t o   h ighe r   l i f t   coe f -  
f i c i e n t s   s u c h   t h a t  a t  h i g h   l i f t   c o e f f i c i e n t s   t h e   d r a g   o f   t h e   p a r a w i n g  
with  leading-edge booms i s  lower  than  the  canopy  drag  without  leading- 
edge booms. 

P i t ch ing  moment.- The wing  pitching-moment c o e f f i c i e n t s   f o r   f l e x i b l e  
and r i g i d   w i n g s   o f   a s p e c t   r a t i o s  5.45, 4, and 3,  and  var ious  s lacknesses  
a r e  shown i n  f igures   18 ,   19 ,   and  20 ,  r e spec t ive ly .  A comparison  of  the 
d i f f e rences   be tween   t he   r i g id   and   f l ex ib l e  wing d a t a   i n   t h e   l i n e a r   r a n g e  
i n d i c a t e s   t h a t   g e n e r a l l y   t h e  moment-curve s lope  i s  not   changed   grea t ly  
by the   addi t ion   o f   the   l ead ing-edge  booms, b u t  t h a t  a f a i r l y   c o n s t a n t  
negative  increment  between 0.035 t o  0.045 i s  added  by  the booms t o   t h e  
moment curve  for  each  wing. An excep t ion   t o   t h i s   ca se   occu r s  i n  f i g -  
ure   18(d)   where a n o n l i n e a r   e f f e c t   a r i s e s   b e f o r e   t h e   e n d   o f   t h e   l i n e a r  
range.   Outside  the  l inear   range  the  comparisons  are   inf luenced by separ- 
a t i o n   t o  which  pi tching moments a r e   v e r y   s e n s i t i v e .  N o  sys t ema t i c   d i f -  
ferences  between  the  pi tching-moment   curves   of   the   r igid  and  f lexible  
wings  were  not iced  in   the  nonl inear   range.  

S ince   t he   t heo ry   p red ic t s   t he  moment curve   for   the   bas ic   canopy  wi th  
good accuracy   i n   t he   l i nea r   r ange   ( excep t   fo r   f i g .   18   ( c ) )   t he   nega t ive  
moment increments  noted  above  should  be  applicable a s  a simple  adjustment 
t o  the  theory.   Thus,  it i s  p o s s i b l e   t o   a d j u s t   t h e   p r e d i c t i o n  method t o  
inc lude  boom e f f e c t s  by  applying a negative  increment of 0.035 t o  0.045 

t o   t h e  moment curve i n  t he   l i nea r   r ange .   Th i s   co r rec t ion  would  be app l i c -  
ab le   to   smal l ,   t apered   lead ing-edge  booms with  canopy  attachment a t  t h e  
f r o n t   o f   t h e  boom. 
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Pitching-moment  results  for  the  flexible  NASA  planform  parawings 
with  small  leading-edge  booms  of  constant  diameter  are  shown  in  figure  25. 
Figures  25  (a) , (b) , and  (c)  for  the A, = 35O  series  show  that in  the 
linear  range  the  effect of the  leading-edge  booms is to  decrease cm by 
a  nearly  constant  amount  ranging  from 0.015 to 0.020. Just  the  opposite 
effect  is  shown  for  the A, = 45O  series in  figures  25(d)  and  (e)  where 
Cm  is  increased  by  about 0.007 to 0.010. For  the A, = 55O  series, 
figures  25(f)  and (9) show  both  positive  and  negative  increments  in  Cm. 
These  experimental  deviations  between  experiment  and  the  canopy  theory 
can  be  used  as  adjustments to  the  theory  even  though  they  are  not  as 
systematic  as  those  for  the  tapered  booms. 

Pitching-moment  results  for  the  flexible  NASA-planform  parawings 
with  large-diameter  leading-edge  booms  are  shown  in  figure  26. BY com- 
parison  with  theory,  it  appears  that  the  large-diameter  booms  cause 
large  negative  contributions  to Cm0 and  also  change the-magnitude of 
dCm/dCi.  Thus, a  simple  ACm  correction  for  the  large  booms  cannot  be 
made  as  for  the  small  booms. 

Luffing  boundary.-  The  theoretical  methods  for  predicting  the  luff- 
ing  boundary  can  be  evaluated  using  data  from  reference 2 0 .  The  experi- 
mental  luffing  angle  is  taken  as  the  lowest  wing  angle of attack  for 
which  lift  data  are  presented  and  may  contain  some  uncertainty.  The 
data  are  for  wings  with  a  leading-edge  diameter of 0.015 of the  root 
chord  and  pocket  canopy  attachment. 

The  comparisons  between  the  predicted  and  experimental  luffing 
angles  of  attack  are  shown  in  figure 27 .  The  solid  lines  show  the 
slender-body  predictions.  For  the  lowest  aspect  ratio (Ao = 55O)  and 
low  slackness,  which  conditions  are  most  consistent  with  the  assumptions 
of  the  theory,  the  agreement  is  good.  Otherwise,  the  method  considerably 
overpredicts  measured  results. 

The  results  for  the  second  approach,  zero  leading-edge  suction  at 
the  tip  station,  are  shown  by  the  long  dash  curves.  This  method  con- 
sistently  overpredicts  the  measured  luffing  angles  for  all  aspect  ratios 
and  slackness.  Part  of  the  difference  can  be  attributed to.neglect of 
leading-edge  booms  in  predicting  the  luffing  boundary.  For a given  lift 
coefficient,  the  predicted  angle  of  attack  for  the  basic  canopy  exceeds 
by  about  2O  the  values  measured  for  the  flexible  wings.  The  differences 
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i n   f i g u r e  27 a r e   c o n s i d e r a b l y   g r e a t e r   t h a n  2O,  however,  and  cannot  account 
f o r   t h e   d i f f e r e n c e  between theo ry  and  experiment. For wing angles   equa l  
t o   t h e  measured lu f f ing   ang le ,   t he   Wei s s inge r  method i n d i c a t e s   t h a t   t h e  
outboard  quarter  semispan i s  o p e r a t i n g   a t  a n e g a t i v e   l i f t   c o e f f i c i e n t .  
The r e a s o n   f o r   t h i s  r e s u l t  i s  not   apparent ,   except   tha t   the   Weiss inger  
method may n o t   b e   a c c u r a t e   a t   t h e  wing t i p   f o r   t h e   e x t r e m e  t w i s t  d i s t r i -  
b u t i o n s   t y p i c a l  of conica l   parawings   wi th   l a rge   s lackness .  

The th i rd   approach  i s  presented  as an  engineering  prediction  method. 
The short   dashed  curves   indicate   zero  average  leading-edge  suct ion and 
a re   s een   t o   g ive   r easonab ly  good agreement   with  the  data .  The d i f f e r e n c e  
is  l a r g e s t   f o r   t h e   l o w e s t   a s p e c t   r a t i o  wing,  where t h e  method p r e d i c t s  
t o o  low a luf f ing   angle   by   about  2 O  t o  3 O .  

Limi ta t ions   o f   t he   Theore t i ca l  Methods 

Slackness   ra t io . -   Since  the  assumption i s  made t h a t   t h e   f l e x i b l e  
c a n o p i e s   i n   t h e   i n f l a t e d   s t a t e  l i e  on the   su r f ace   o f  a r i g h t - c i r c u l a r  
cone,   the   shape-calculat ion  procedure i s  l i m i t e d   t o   c a n o p i e s   t h a t   a r e  
half-cone (28 = 180°) o r  less. The s l a c k n e s s   r a t i o   o f   c a n o p i e s  wrapped 
about a half-cone  varies  with  planform  shape;  however,   for NASA planforms 
the  upper  l i m i t  of s l a c k n e s s   r a t i o  i s  approximate ly   0 .45   for   a l l   aspec t  
r a t i o s .  Above th i s   va lue   t he   canopy  m u s t  have some shape   o ther   than   par t  
of a c i r cu la r   cone .  

As t he   s l ackness   r a t io   i nc reases ,   t he   pa rawing  becomes more  non- 
p lanar .   S ince   the   Weiss inger   theory  i s  based on a planar  wing,  the  ques- 
t i o n   a r i s e s   a s   t o  how far   the  parawing  can  depart  from a p lanar   conf igu-  
r a t i o n  and still be  withir,  the  range  of  the  Weissinger  method. To shed 
l i g h t  on t h i s   q u e s t i o n ,   t h e   r a t i o   o f   e x p e r i m e n t a l   t o   t h e o r e t i c a l   l i f t -  
curve   s lopes   a re   compared   in   f igure  2 2  a s  a func t ion   of   s lackness   ra t io .  
Fo r   s l ackness   r a t io s  less than 0.45, the   agreement   for   the  NASA plan- 
forms shown i n  f i g u r e   2 2 ( a )  i s  wl th in  210 percent   with  one  except ion.  
I t  is  no ted   t ha t   t he   u se   o f   t he   t rue   chord   r a the r   t han   t he   p ro j ec t ed  
p l an fo rm  chord   t ends   t o   i nc rease   t he   t heo re t i ca l   va lue   o f  dCL/da and 
he lps  i n  t he   co r re l a t io r* .   Fo r   s l ackness   r a t io s   g rea t e r   t han  0.45, t h e  

theory   cons iderably   underpredic t s   the   measured   l i f t -curve   s lope .  

A s  s l a c k n e s s   r a t i o   i n c r e a s e s ,  camber  and t w i s t  a l s o   i n c r e a s e .  A 

NASA planform  near a s l a c k n e s s   r a t i o   o f  0.45 may have  the t i p  twi s t ed  
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70° w i t h   r e s p e c t   t o   t h e   r o o t   c h o r d .   L i f t i n g - s u r f a c e   t h e o r i e s  would no t  

be e x p e c t e d   t o   g i v e   r e l i a b l e  r e su l t s  for   such  extreme t w i s t  d i s t r i b u t i o n s  
because   t he   l oca l   s ec t ions   a r e   ope ra t ing   i n   t he   non l inea r   ang le   o f   a t t ack  
range. It i s  none the le s s   no tewor thy   t ha t   t he   t heo re t i ca l   l i f t - cu rve  
s lopes  and  angles   of   zero l i f t  a r e   i n  good  agreement  with  experiment  for 
these  extreme cases. 

Sec t ion   da ta . -  One o f   t h e   b a s i c   d i f f i c u l t i e s   e n c o u n t e r e d  i n  develop- 

ing   the   p resent   p red ic t ion   methods  i s  the   shor tage   o f   appropr ia te   sec t ion  
da ta .  The sect ion  prof i le-drag  data   used  for   basic   canopy  drag  predic-  
t i o n   a r e  a combinat ion  of   two-dimensional   data   for   sharp-edged,   f la t  
p l a t e s  and d a t a   f o r  a r ec t angu la r  w ing   o f   a spec t   r a t io  5 and a round-edge 
c i r cu la r - a rc   s ec t ion .   The re   a r e  no o t h e r   d a t a   t o   i n d i c a t e   t r e n d s   o r  
accuracy   of   the   da ta  u s e d .  I n  p a r t i c u l a r ,   t h e r e   a r e  no o t h e r   d a t a   t o  
v e r i f y   t h e   l o s s   o f  l i f t  and moment a t   h i g h  camber on t h i n   p l a t e s  i n d i -  

ca t ed  by t h e   d a t a   o f   r e f e r e n c e  15 .  Furthermore,   there  are  no  measure- 
ments   of   f lexible   canopy  sect ion  shapes  for   high-slackness   parawings  to  

ind ica te   the   accuracy   of   the   c i rcu lar -a rc   camber l ine   assumpt ion   used   in  
the  prof i le-drag  calculat ion.   For   predict ion  of   leading-edge boom 
e f f e c t s ,   t h e r e  i s  . a   l ack   o f   da t a  on s e c t i o n s   w i t h   c y l i n d r i c a l   l e a d i n g  
edges  with  var ious  a t tachment  means of the  s e c t i o n   t o   t h e   c y l i n d e r ,  
various  cambers  of  the  section,  and  .various sweep angles .  Such d a t a  
would l e a d   t o   b e t t e r   u n d e r s t a n d i n g  of boom e f f e c t s .  

Linear  l i f t  coe f f i c i en t   r ange . -  Each  wing with  moderate  slackness 

has  a ce r t a in   r ange   o f   ang le   o f   a t t ack   ove r   wh ich   t he   en t i r e  wing  can 
o p e r a t e   w i t h   l o c a l   s e c t i o n - l i f t   c o e f f i c i e n t s   i n s i d e   t h e   l i n e a r   r a n g e   f o r  
t h e   a i r f o i l   s e c t i o n .   I n s i d e   t h e   l i n e a r   r a n g e   € o r  t h e  wing,   the   pxofi le-  
d r a g   c o e f f i c i e n t   a n d   o t h e r   q u a n t i t i e s   c a n   b e  computed  with some degree 
of   conf idence   f rom  sec t ion   da ta .   Outs ide   the   l inear   range ,   loca l  l i f t  

coe f f i c i en t s   exceed ing   t he  maximum l i f t  c o e f f i c i e n t   o f   t h e   s e c t i o n   a r e  
p red ic t ed  by e i t h e r   t h e   W e i s s i n g e r   o r  Multhopp t h e o r i e s  and make s t r i p  
p r o f i l e - d r a g   c a l c u l a t i o n s   u n r e a l i s t i c .  A l i f t i ng - su r face   t heo ry   u s ing  
non l inea r   s ec t ion   da t a  and y i e l d i n g   l o c a l  l i f t  coef f ic ien ts   no t   exceed-  
i n g   t h e  maximum l i f t   c o e f f i c i e n t   o f   t h e   a i r f o i l   s e c t i o n   c o u l d   b e   u s e f u l  
i n  e x t e n d i n g   t h i s   l i m i t a t i o n   o f   t h e   c u r r e n t  method. 

Viscous effects.- V i s c o u s   e f f e c t s   a r e   g e n e r a l l y   n e g l e c t e d  i n  t h e  

methods   descr ibed   here in ,   except   for   the   computa t ion   of   p rof i le   d rag .  
T h e i r   e f f e c t s   a n d / o r   t h e i r   l i m i t a t i o n s  on the   methods   a re   impor tan t   to  
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recognize,  however.  First,  the  photographs  of  the  tuft  study  in  the 
rigid  wing  data  indicate  that  all of the  twisted  and  cambered  wings  have 
some  spanwise  flow  near  the  upper  end of the  linear  range  and  ultimately 
separation  at  high  angles of attack.  Present  prospects  for  an  aero- 
dynamic  prediction  method  to  account  for  these  phenomena  are  not  good. 
However,  linear  methods  based  on  section  data  give  an  indication of 
separation,  and  a  nonlinear  method  should  provide  some  prediction  capa- 
bility  for  conditions of small  separated  regions.  It  is  noted  that  the 
maximum  lift-drag  ratio  falls  within  the  linear  region  and  should  be 
predictable  with  a  linear  theory. 

I t  was  noted  that  the  camber  data  of  reference 15 indicate  that 
highly  cambered  sections  do  not  achieve  all of their  predicted  lift  and 
moment  because of viscous  effects.  Nevertheless,  the  Weissinger-Pankhurst 
method,  which  utilizes  theoretical  camber  lift  and  moment  increments, 
agrees  very  well  with  rigid  wing  data  (figs. 12 and 13), at  all  slackness 
ratios.  In  this  case,  a  better  prediction  method  is  obtained  by  neglect- 
ing  these  viscous  effects  on  camber  lift  and  moment  because  of  other 
compensating  effects  also  neglected. 

On  parawings  having  high  twist  and  camber,  a  drag  force  considered 
to  act  at  the  section  center  of  pressure  can  cause  an  appreciable  nose- 
up  moment,  as  noted  previously. To the  extent  that  part  of  the  drag 
(profile  drag)  is  due to  viscous  effects,  this  moment  is  a  viscous  effect. 
Incorporation  of  this  effect  into  the  moment  predictions  for  wings  where 
the  effect  is  significant (28 > 103O) would  cause  the  agreement  to  be 
worse  (figs. 11 (a)  and (b) ) , since  the  Weissinger-Pankhurst  moment  over- 
predicts  data  without  consideration of moment  due  to  drag. 

CONCLUDING REMARKS 

Various  methods of predicting  the  aerodynamic  performance of two- 
lobed  conical  parawings  were  compared  with  each  other  and  with  experimen- 
tal  data  in  an  effort  to  determine  the  best  predictlon  means.  Several 
methods  were  investigated  for  determining  canopy  shape,  €or  calculating 
the  basic  canopy  theoretical  aerodynamic  characteristics,  for  estimating 
the  profile  drag of the  canopy,  and  for  estimating  its  luffing  boundary. 
The  effect  on  the  basic  canopy  of  the  addition of leading-edge  booms was 
also  studied. 
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T h e r e   e x i s t  two  means for   es t imat ing  the  canopy  shape  of  a parawing: 
the  s lender-body  theory  of   reference 2 and the   assumpt ion   of   re fe rence  5.  

t h a t   t h e   l o b e s  of the  canopy  can  be  formed  from  the  surface  of a r i g h t -  
c i r cu la r   cone .  Comparison  of  the  cross-sectional  shapes  of  two-lobed 
parawings of moderate   s lackness   obtained from t h e  two  methods show s l i g h t  

devia t ions   be tween  the  two.  The d i f f e rences   i n   t he   p red ic t ed   ae rodynamic  
cha rac t e r i s t i c s   by   t he   Wei s s inge r  method  due t o   t h e s e   d e v i a t i o n s   a r e  

n e g l i g i b l e .  

The canopy l i f t ,  moment, and  induced  drag  without  leading-edge booms 
can  be  predicted  by  the  Multhopp method o r  a combined  Weissinger-Pankhurst 
method.  Comparisons  of  calculated  wing  characterist ics  based on these  
methods showed tha t   the   7 -poin t   Weiss inger  method  combined  with  the 
Pankhurst  method t o  approximate   camber   e f fec ts   g ives   suf f ic ien t ly   accu-  
r a t e   r e s u l t s   f o r   w i n g s   o f  NASA p lanform  except   in   cer ta in   spec ia l   cases .  
These   spec ia l   cases   involve   the  moment-curve s lope  Cma, t h e  wing  angle 
o f   z e r o   l i f t  ao, and t h e  wing moment a t   z e r o  l i f t  Cmo. The value  of  

a. va lue  i s  w e l l   p r e d i c t e d   f o r  28 l e s s   t h a n  120°. For   l a rger  28, 
t h e  a. value i s  lower  than  the  Multhopp  value  by  an amount  which in-  
c r e a s e s  w i t h  i n c r e a s i n g   a s p e c t   r a t i o .  The va lues   o f  Cmo a r e   cons i s -  
t en t ly   unde rp red ic t ed  by  amounts up t o   a b o u t  0.02,  w i t h   t h e   l a r g e s t  d i f -  

fe rences   occur r ing   for   h igh   s lackness   and   low  aspec t   ra t io .  The major 
source  of   dif ference  between  the two  methods i s  a t t r i bu ted   t o   cho rdwise  

v a r i a t i o n s  of induced downwash and  loading. 

c% i s  p r e d i c t e d   t o   w i t h i n  0.02 f o r   a s p e c t   r a t i o s   g r e a t e r   t h a n  2 .  The 

Several   methods  were  invest igated  for   es t imat ing  wing  prof i le   drag 
from sect ion  data .   Str ip- theory  methods  include  an  a-method,   based on 
t h e  u s e  o f   e s t ima ted   l oca l   s ec t ion   ang le s  of a t t a c k ,  and a y m e t h o d ,  
based on t h e  u s e  o f   l o c a l   s e c t i o n - l i f t   c o e f f i c i e n t s .   I n   a d d i t i o n ,  a 
g ross  method of  Polhamus f o r   f l a t  swept wings was used  which  accounts 
for   induced  camber .   For   f la t   r igid  parawing  models   without   leading-edge 
booms, a l l  three  methods  were i n  good ag reemen t   fo r   a spec t   r a t io s   o f  3 

or   g rea t e r ,   wh ich   i nd ica t e s   t ha t   i nduced-camber   e f f ec t s   a r e   neg l ig ib l e  
i n  t h i s   r ange .   Fo r   a spec t   r a t io s   o f  0 .5  and 1.0 t h e  Polhamus  method  pre- 
d i c t e d  a l a rge r   d rag   due   t o   s ign i f i can t   i nduced-camber   e f f ec t s .  

The a b i l i t y   o f   t h e   l i f t i n g - s u r f a c e  and  profile-drag  methods t o  pre- 
d ic t   parawing   aerodynamic   charac te r l s t ics   wi thout  boom e f f e c t s  were 
eva lua ted   f rom  da ta   for  a series of nine  r igid  parawings  of  known shape. 
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The l i f t   c u r v e s  w e r e  accu ra t e ly   p red ic t ed   fo r   a l l   w ings   even   t hough   t he  
p red ic t ed   s ec t ion - l i f t   coe f f i c i en t s   exceeded   t he  maximum s e c t i o n - l i f t  
c o e f f i c i e n t   a t  a l l  wing  angles   of   a t tack  in   one  case.   For   the  range of 
w ing   ang le   o f   a t t ack   i n   wh ich   t he   s ec t ion - l i f t   coe f f i c i en t s   were  w i t h i n  
t h e   l i n e a r   r a n g e ,  good agreement was obtained  between  the  predicted  and 
experimental  moment curves .  Both t h e  a- and  ca-method  combined  with 
the  Weissinger method t e n d   t o   u n d e r p r e d i c t   t o t a l   d r a g   i n   t h i s   l i n e a r  
range .   Outs ide   the   l inear   range   the  ca-method p r e d i c t s   t h e   d r a g  better 
than   the  a-method but   bo th   underpredic t   the   d rag  a t  h i g h e r   l i f t   c o e f -  
f i c i e n t s .  

It i s  n o t e d   t h a t  a number o f   e f f e c t s  occur which a r e   n o t   p r e d i c t e d  
by the  Weissinger-Pankhurst  method. From the   s t andpo in t   o f   u s ing   t he  
Weissinger-Pankhurst  method  as a pred ic t ion   technique ,   no   cor rec t ion   for  
t hese   e f f ec t s   shou ld   be   i nc luded   fo r   bes t   r e su l t s   because   t he   e f f ec t s  
t e n d   e i t h e r   t o   o f f s e t  one   ano the r   o r   t o   o f f se t  some e f f e c t  which  has  not 
been  recognized  or   es t imated  properly.   Included i n  t h e s e   e f f e c t s   a r e  
the   d i f fe rence   be tween  pred ic ted  and a c t u a l   l i f t  and moment developed by 
camber,  the moment due to   drag  for   highly-cambered  and  twisted  wings,  
chordwise   e f fec ts  on a. and Cmoy and   nonp lana r   l i f t i ng - su r face   e f f ec t s .  

The inves t iga t ion   o f   t he   e f f ec t   o f   l ead ing -edge  booms on parawing 
aerodynamic  performance  indicated  that   the l i f t  increment  added t o   t h e  
canopy by t h e  booms i s  much l a r g e r  and  of oppos i te   s ign  ta t h a t   p r e d i c t e d  
us ing   s ec t ion   da t a .  The drag  increment  added i s  somewhat l a r g e r  and of 

t h e  same s i g n   a s   t h a t   p r e d i c t e d  w i t h  s ec t ion   da t a .  The fo rce  and moment 
increments  depend on r a t i o   o f  boom diameter   to   roo t   chord ,  method  of 
canopy  attachment,  and boom taper.   For  wings  of NASA planform w i t h  
t apered  booms and   top   a t tachment ,   the   addi t ion  of t h e  booms a f f e c t s   b o t h  
l i f t - c u r v e   s l o p e  and ao. The boom addi t ion   causes   an   increase  i n  drag 
a t  low l i f t   c o e f f i c i e n t  and a d e c r e a s e   i n   d r a g   a t   h i g h   l i f t   c o e f f i c i e n t  
The l a t t e r  i s  a s soc ia t ed   w i th  a de l ay  i n  leading-edge  separat ion  due  to  
increased  leading-edge  radius,   which is  c h a r a c t e r i s t i c   o f   s u p e r c r i t i c a l  
s p l i t t e r - p l a t e   s e c t i o n   d a t a  b u t  n o t   s u b c r i t i c a l   d a t a ,   t o  which t h e  model 
Reynolds number corresponds.  

For NASA planforms  with  small  booms of   constant   diameter   and  pocket  
attachment,  it w a s  found t h a t   t h e  boom causes  a p a r a l l e l   s h i f t   o f   t h e  
l i f t   c u r v e   f o r   a l l   a n g l e s   o f   a t t a c k  and a n e a r l y   p a r a l l e l   s h i f t   o f   t h e  
moment c u r v e   f o r   a n g l e s   o f   a t t a c k   i n   t h e   l i n e a r   r a n g e .  The a- and 
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a- methods of drag  prediction  were  in  fairly  good  agreement  with  the 
measured  drag  up  to  the  point  of  maximum  lift-drag  ratio,  but  underpre- 
dicted  the  drag at  higher  lift  coefficients.  For  large  booms a parallel 
shift  of  the  lift  curve  occurred,  but  nonlinear  differences  between  the 
drag  and  moment  curves  precluded  simple  correlation  of  the  boom  effects. 

For  triangular  wings of small  slackness  with  small  constant-diameter 
leading-edge  booms  with  front  attachment,  no  adjustment to the  lift 
curves  to  account  €or  the  booms  was  necessary.  Both  the a- and c 
methods of drag  prediction  were  in  good  agreement  with  the  drag  curves 
in  the  linear  range  since  the  added  boom  drag  appears  to  be  small.  In 
the  nonlinear  range  both  methods  underpredicted  the  drag. 

a- 

With  regard  to  drag  prediction  in  general,  increased  drag  in  the 
nonlinear  range  was  generally  due  to  tip  stall  for  the  rigid  wings  or 
the  wings  of NASA or triangular  planform  at low to  moderate  aspect  ratios 
and  slackness  ratios.  However,  for  combinations of large  aspect  and 
slackness  ratios,  root  stali  occurred  €or  the  rigid  wings  and  wings  of 
NASA planform.  The  tuft  photographs of the  rigid  wing  data  generally 
confirmed  the  predicted  onset  of  separation. 

A  prediction  method  for  a  luffing  boundary  was  developed  which  cor- 
related  well  with  the  minimum  angles of attack  at  which  wind  tunnel  data 
were  taken. 

The  prediction  methods  presented  have.  limitations  with  regard  to 
their  range  of  applicability.  The  value of slackness  ratio  is  limited 
to  that  attainable  under  the  right-circular  cone  assumption (28  = 180O).  

For  angles  of  attack  at  which  the  local  lift  coefficients  from  linear 
lifting-surface  theory  exceed  plausible  values,  a  lifting-surface  method 
using  nonlinear  section  data  is  desirable.  An  attempt  to  develop  such  a 
method  reported  herein  seems  worthwhile  continuing.  The  tendency  of  the 
ca-method  to  underpredict  the  drag in  the  nonlinear  range  suggests  join- 
ing  it  here  to a  theory  based  on  little  or no leading-edge  suction. 

It  is  noted  that  maximum  lift-drag  ratio  usually  occurs  in  the  linear 
range  where  the  accuracy of drag  prediction  is  best. 

Nielsen  Engineering & Research,  Inc. 
Palo  Alto,  California 
December 1, 1967 
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APPENDIX A 

CALCULATION OF CAMBER AND TWIST DISTRIBUTIONS FOR A 
PARAWING LOBE FORMED FROM  A 

RIGHT-CIRCULAR CONE 

Specification of the  parawing  canopy  shape  is  equivalent  to  finding 
the  coordinates of a  point  on  the  canopy  surface in the  x,y,z  coordinate 
system  shown  in  figure A-1. From  this  information  the  coordinates of the 
trailing  edge  can  be  determined,  and  the  twist  distribution  can  be 
obtained.  The  chordwise  surface  coordinates  can  be  obtained  at  a  given 
spanwise  location,  and  from  these  coordinates  the  camber  can  be  found. 

Equation  of  the  Parawing  Surface 

The  desired  equation of the  canopy  surface  is  of  the  functional  form 

where  the  x-axis  lies  along  the  root  chord,  the  x-z  plane  is  the  root 
chord  plane  (the  plane  formed  by  the  root  chord  and  the  leading  edge), 
and  the  y-axis  is  perpendicular to  the  chord  plane.  The  equation  of 
the  surface is most  easily  obtained  in  the  xo,yo,zo  coordinate  system, 
where  the  xo-axis is the  axis of the  cone,  as shown in  figure A-1. 
These  results  are  then  transformed  first  to  the xl,yl,zl coordinate 
system  by  a  rotation  about  the  zo-axis,  and  then  transfbrmed  to  the 
x,y,z  coordinate  system  by  a  rotation  about  the  yl-axis. 

The  transformation  from  the  xo,yo, zo system to the x1 ,yl , z1 sys- 
tem  is  by  a  rotation 0 such  that 

cos 0 = cos @ 
COS e 

The  coordinate  transformation  is 

x = x  cos 0 - y sin 0 
0 1 1 

yo = x,sin u -+ y,cos u 

I 

zo = z 
1 
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The transformation  from  the xl,yl,zl system to the x,y,z system Is a . 

rotation  about yl, such  that 

Y, = Y (A- 4 

z = x s i n e - z c o s e  J 
1 

The  equation of the  cone  in  the  xo,yo,zo  system  is 

x 2 tan2@ - (yo2 + z 2)  = o 
0 0 

Substitution of equations (A-2) , (A-3) , and (A-4) into  equation (A-5) 

permits  the  cone  equation  to  be  written as 

where 

Determination of the  Trailing-edge  Coordinates 

The  trailing  edge  in  the  uninflated  state  can  be  specified by the 
polar  equation 

Ri = Ri ( y )  (A-8 1 

as shown  in  figure A-2. For  a  straight  trailing  edge6,  the  coordinate, 
,ti, can  be  expressed  as 

%bile the  analysis is not  limited  to  a  straight  traillng  edge,  the  com- 
puter  program  used in the  analysis is so limited,  because  it  uses  equa- 
tion (A-9) . 
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where 

cos  y 2 Jcos2Y - (1 - k2sin2Y 
'i A'S i n 2  8, 
" - 
C 
1: 1 -  k2sin2Y 

h2sin2e0 

(A-10)  

The s ign  convent ion on t h e  radical' of  equation (A-9) i s  as fol lows:  

p o s i t i v e   f o r  c < A cos  2Q0 r 

n e g a t i v e   f o r  c > h cos  2Q0 r 

I n  o r d e r   t o   o b t a i n  a r e l a t i o n  between  the  cone  semiapex  angle, 4,  
and t h e  ang le s  8 and Bo, imagine   tha t   the   un inf la ted   p lanform i s  a 
c i r c u l a r   s e c t o r ,  a s  shown dashed i n   f i g u r e  A-2. When t h e  canopy is  

wrapped  around  the  cone,   the   t ra i l ing  edge w i l l  be a l o n g   t h e   c i r c u l a r  
a r c  BC, a s  shown i n   t h e  end  view,  f igure A-3. The l e n g t h   o f   t h i s   a r c  
may be  expressed as 

h 

- 
BC = 28,h = 2 r p  = 2 ( A  s i n  $ )e  (A-11) 

from  which 

The r a t i o  of t h e   a r c   l e n g t h  BC t o   t h e   c h o r d  BC i s  
h - 

(A- 1 2 )  

(A-13)  

Since 8, and 8 a r e   s p e c i f i e d   q u a n t i t i e s ,   e q u a t i o n  (A-13) can  be used  

t o   o b t a i n  f3, which  can  then  be used i n  equat ion (A-12) t o   o b t a i n  @ 

and r. 

It is  now n e c e s s a r y   t o   o b t a i n  a r e l a t i o n  between a g iven   d i r ec t ion  
y i n   t h e   u n i n f l a t e d   p l a n f o r m ,   f i g u r e  A-2, and i t s  a s s o c i a t e d   a n g l e   i n  
the  chord  plane of the   i n f l a t ed   p l an fo rm,   s ay  tan'' z* i n   f i g u r e  A-4. 
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In figure  A-3,  the  angle BOP’ is  given  by h y / r .  Then  the  following 
length  relationship  can  be  written 

- 
BE = BD - DE = r sin p - r sin (p  - x) r (A-14) 

The  quantity z* can  be  written  in  terms of BE as 
- 

or  using  equation  (A-14) 

(A-15) 

(A-  16) 

Solving  for y yields  first 

sin ( B - r ’̂ ) = sin p - z*h 
r(cos e + z* sin e) 

and  finally,  making  use of equation  (A-11) , 

y = p sin @ - sin Z* 

sin C#I (cos 8 + z* sin e) 3 (A-17) 

The  determination of the  trailing-edge  coordinates  is now done  in a 
trial  and  error  process  using  the  above  relationships.  Basically,  a 
spanwise  station z is  chosen  and x is  varied  until  the  length Ri 
to the  trailing  edge,  figure A-2, is  equal  to  that  measured  along  the 
cone  surface  to  the  trailing-edge  point.  Let z be  the  spanwise  station 
at which  the  trailing-edge  coordinate  is  required.  Form z* by  division 
with  a  trial  value of the  trailing-edge  coordinate,  xt.  From  this  value 
of z * ,  a value  y*  is  computed  from  equation  (A-6).  Then  the  length 
L from  the apex  to  the  trailing  edge  can  be  computed  from  the  relation 

L = Xt d l  + y*2 + z*2 (A-18) 

From z* and  equation  (A-17),  the  angle y of the  uninflated  parawing 
can  be  obtained.  The  trailing-edge  shape j ( y )  then  yields  a  value  of 
ai for  comparison  with  L. If the  two  are  not  sufficiently  close,  a 
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new value  of  x is selected  and  the  calculations  repeated  until  con- 
vergence is obtained. 

t 

A slackness  ratio  can  be  defined  for  the  type of planform  shown  in 
figure 1, although it  does  not  have  the  same  significance  as  in  the  tri- 
angular  inflated  planform  case.  In  that  case,  the  slackness  ratio  is 
defined as the  difference  between  the  canopy  trailing-edge  length  and 
the  inflated  semispan,  divided  by  the  inflated  semispan.  This  definition 
can  be  carried  over  to  an  arbitrary  planform  by  defining  the  two  lengths 
as the  canopy  trailing-edge  length  and  the  distance  from  the  aft  end of 
the  leading  edge  to  the  aft  end of the  root  chord  measured  in  the  in- 
flated  state.  The  former  is  the  length  AC  of  figure A-2, and  can  be 
expressed  as 

- 

+ ( h  cos 28, - cr) 2 

The  lakter  is  the  straight-line  distance  between A and C' 
ure A-4,  say  AC ' , where - 

The  slackness  ratio, R, then  is 

" 

AC - AC ' R =  " - 
AC ' 

(A-19) 

in  fig- 

(A-20) 

(A-21) 

- 
where  AC  and AC'  are  obtained  from  equations  (A-19)  and (A-20). 

- 

Twist  and  Camber  Distribution 

With  the  traillng-edge  coordinates  known,  the  determination of the 
twist  distribution  is  straightforward.  Let zv be  the  spanwise  station 
at  which  the  twist  and  camber  are  desired.  The  other  coordinates  of  the 
trailing  edge,  computed  as  in  the  previous  section,  are Yt, and  Xtv - 
The  local  chord,  c  joining  the  leading  and  trailing  edges  has  as  its 
length 

V '  

cv = 7/(xtv - X e J 2  + Yt 
2 

+ Zt 
2 

V V 
(A-22) 

where  the  leading-edge  coordinates  are  given  by 
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(A-23)  

The  geometric  twist  angle  is  then 

(A-24) 

The  coordinates  for  the  camber  determination  are  illustrated  in  fig- 
ure A-5. The  desired  camber  distribution  is  the  variation of the c/c, 
of the  canopy  surface  with E/c,. Since  the  canopy  surface  coordinates 
are  known in  the  x,y,z  system  from  equation ( A - 6 ) ,  these  may  be  trans- 
formed  into  the c , 4  system  for a given z to  obtain  the  desired  camber 
variation.  Rather  than  doing  this,  however,  an  iterative  approach was 
used  in a  computer  program,  and  this  is  described  below. 

It  is  desired  that  the  camber  be known  at 13 specific t/c, values 
since  the  Pankhurst  method  is  used  later  to  compute  the  angle of zero 
lift of the  local  section  and  its  zero-lift  pitching  moment.7  For  the 
n C/c, station,  an  initial  value of x is  selected  and  the  quantities 

Ya and  yb  are  computed  as  shown  in  figure A-5. The  quantity Ya is 
the  coordinate of the  surface  as  given  by  equation ( A - 6 ) .  The  quantity 
yb is computed  from  the  following  expression 

th 

(')% x - x 
- n j V  

yb - sin E tan E 
- 

V V 
(A-25)  

The  values  of ya and  yb  are  compared,  and  if  they  do  not  agree  within 
a  specified  limit,  the  value of x  is  changed  and  the  ya  and  yb  re- 
computed  and  compared.  This  process  is  repeated  until  agreement  is 
obtained,  which  will  occur  when  x = x . Then  the  camber  can  be  obtained 
by the  relation 

n 

cn = yncos E, - (xn - x 
V 

(A-  2 6 )  

This  is  done  for  each  of  the 13 chordwise  stations  at  every  spanwise 
station of interest. 

- .. .. . " ~ . .  . .  . .~ 

7The  values of 4/cv correspond  to  "Spacing ( 4 ) "  of tables 1 and 4 of 
reference 9. 
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Figu 

X 
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X 

. r e  A-1.- Coordinate  axis  systems  for  pafawing 
conical   surface.  

P '  

I 
Y 1, X 

Figure A-2.- Parawing  planform i n  the  
u n i n f l a t e d   s t a t e .  
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B I 

Figure A-3.- End view  along  cone  axis of t h e  
inf la ted   parawing .  

= t  C' 

tan-' z* 
L 

A B 
- x  

Figure A-4.- Parawing  planform i n  t h e  
i n f l a t e d   s t a t e .  

Y 

Figure A-5.- Camber coord ina tes .  

52 



APPENDIX  B 

COMPARISON OF WEISSINGER AND MTJLTHOPP  M3THODS 

Comparisons  were  made  for  a  number of wings  between  the  aerodynamic 
characteristics  computed  using  the  Weissinger-Pankhurst  method  and  those 
computed  with  the  Multhopp  method.  The  purpose was twofold:  first,  as 
a  check  on  the  accuracy of the  Weissinger-Pankhurst  calculative  method; 
and  second, as an evaluation  of  the  magnitudes  of  the  effects  neglected 
or  approximated  in  the  Weissinger-Pankhurst  method.  These  effects  are 
generally  associated  with  chordwise  variations of induced  camber  and 
loading  and  any  sweep  effects  on  Cmo  which  the  Weissinger-Pankhurst 
method  is  unable to  take  into  account. 

The  first  consideration  is  the  difference  in  chord  distribution 
between  the  Weissinger  and  Multhopp  calculative  methods.  The  chord 
lengths  used  with  the  Weissinger  method  are  computed  from  a  conical  fit 
to  the  canopy  shape  which  considers  the  canopy  trailing  edge  to  be 
straight  in  the  uninflated  state.  Thus,  the  inflated  canopy  trailing 
edge  is  curved,  and  its  projection  onto  the  root  chord  plane  is  curved. 
The  Weissinger  computer  program  can  also  be  run  with  a  planform  chord 
distribution  for  a  straight  planform  trailing  edge,  and  this was done 
for  some  check  cases.  The  Multhopp  program  computes a  chord  distribution 
based  on a  straight  planform  trailing  edge.  For  numerical  computation 
reasons,  however,  the  Multhopp  program  fairs  a  radius Yo any  discontinuous 
slope  change  in a  constant  percent  chord  line,  such as occurs  at  the  root 
section.  An  example of the  differences  in  the  chord  distributions  for a 
high  slackness  wing  is  shown  in  figure  B-1.  The  Multhopp  curve,  with  21 
control  points  across  the  span,  illustrates  the  fairing  at  the  root  chord 
with  a  linear  variation for q > 0.14. The 7-point. Multhopp  results  in 
the  figure  indicate  a  somewhat  larger  deviation  from  linearity  over  the 
span.  The  maximum  difference  between  the  Multhopp  and  conical  canopy 
chords  occurs  near q = 0.2  and  represents  about a  10  percent  difference. 

A comparison  of  predicted  aerodynamic  performance  for  the  wing of 
figure  B-1,  illustrating  the  influence of both  chord  distribution  and 
chordwise  effects,  is  shown  in  table  B-I.  Four  cases  were  computed. 
The  first  two  cases  are  based  on  Weissinger  calculations  using  first  the 
actual  (cone  fit)  chord  and  then a  linear  chord  variation  (straight  plan- 
form  trailing  edge).  The  last  two cases  are  based  on  Multhopp  calculations 
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first  with 21 span  and 6 chord  points  and  then  with 7 span  and 1 chord 
points.  The  latter  case  should  correspond  most  closely to  the  Weissinger 
run  with  a  linear  chord  variation  since,  with  only  one  chord  station,  the 
Multhopp  flow  model  is  that of an  uncambered  twisted  wing.  The  two 
Weissinger  and  the  7-point  Multhopp  cases  agree  very  closely,  except  for 
the  Multhopp  lift-curve  slope.  The  reason  for  the  high CL, value  for 
Multhopp  is  not  known.  It  should  be  noted  that  these  three  Cmo  values 
do not  include  the  effect of the  moment  due  to  camber. A comparison of 
the  21-point  Multhopp  case  with  the  other  three  indicates  the  magnitude 
of the  chordwise  effects  neglected  in  the  Weissinger  method.  The  greatest 
difference  occurs  in ao. With  the  relatively  high  camber of this  wing 
(up to 10 percent),  the  loading  due to  camber  cannot  be  considered  as 
concentrated  at  the  quarter  chord,  as  assumed  in  the  present  application 
of the  Weissinger  method  to  cambered  wings.  The  Weissinger  method,  how- 
ever,  gives  a  good  estimate of the  lift-curve  slope,  induced  drag,  center 
of pressure,  and  moment-curve  slope,  as  well  as  Cmo  when  the  Pankhurst 
correction  for  moment  due to camber  is  added. 

Comparisons of Weissinger  and  Multhopp  predictions  for  a  number of 
wings  are  given  in  table  B-11.  The  Weissinger  results  were  obtained 
using  the  actual  chord  distributions  from  the  cone  method.  The  Multhopp 
results  were  obtained  using 21 spanwise  and 6 chordwise  control  points. 
The  first  three  wings  have NASA planforms  and  the  same 28 value,  and 
illustrate  the  effect of aspect  ratio  on  the  agreement  between  the  two 
methods.  The  major  differences  occur  in a,, Cmo, and  Cma.  The 
weissinger  method  overpredicts a0 and  Cmcl at  low  aspect  ratio  and 
underpredicts  the  two  at  high  aspect  ratio.  The  Cmo  values of 
Weissinger,  which  include  the  correction  for  camber,  are  consistently 
low,  but  the  difference  decreases  with  increasing  aspect  ratio.  The  next 
series of three  wings,  also NASA planforms,  illustrates  the  slackness 
effect  at  a  constant,  moderate  aspect  ratio.  For low slackness,  the 
methods  agree  well,  except  for Cmo. The  agreement  remains  good  to  high 
slackness,  except  for ao. It  should be  noted  that  the  Cmo  calculation 
of  the  Weissinger  method  requires  taking  the  difference  between  two  num- 
bers  which  are  large  compared  to  their  difference.  Thus,  small  inaccura- 
cies  in  either  one  will  affect  their  difference  considerably.  The  last 
three  rigid  wings of moderate  to  high  aspect  ratio  and  moderate  slackness 
were  used  as  the  basis  for  drawing  conclusions  on  the  basic  canopy 
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a .er ,adynamic prediction  methods.  The  agreement  is  good  for  all  values 
except  Cma,  where  the  maximum  difference  is  about 14 percent. 

The  results of the  Weissinger-Multhopp  comparisons  for a, are  sum- 
marized  in  figure B-2. The  upper  and  lower  sets of curves  contain  the 

. same  results  and  differ  only  in  the  manner  of  presentation.  These  results 
indicate  two  simultaneous chordivise effects  occurring  that  are  neglected 
in  the  Weissinger  method.  The  first  effect is associated  with  induced 
camber  produced  primarily  by  the  trailing  vortex  system.  This  effect 
becomes  significant  at low aspect  ratio.  Figure B-2 indicates  that  the 
Weissinger  method  overpredicts cxo by  as  much as 4 O  for  a NASA planform 
of aspect  ratio 1 and  a  high  slackness.  The  second  effect  is  associated 
with  the  chordwise  loading  due  to  high  camber  at  high  slackness. In this 
case  the  chord  loading  is  concentrated  further  aft  than  the  quarter  chord, 
and  the  Weissinger  method  underpredicts ao. For  a  given  aspect  ratio, 
the  difference  increases  with  increasing  slackness  and  can  attain  a  value 
of - 4 O  at  aspect  ratio 3 and 2 0  = 150°. 

The  results of the  Weissinger-Multhopp  comparisons  for  Cmo  are  sum- 
marized  in  figure B-3. The  values  predicted  by  the  Weissinger-Pankhurst 
method  in  figure B-3 consist of the sum of the  moment  at  zero  wing  lift 
on  the  equivalently  twisted  (and  uncambered)  wing  and  the  moment  due  to 
camber.  The  latter  is  evaluated  by  using  the  Pankhurst  method to obtain 

values  at  the 7 Weissinger  span  stations  and  integrating  these  over C m0 
the  span  using  equation ( 3 ) .  The  results  of  figure B-3 indicate  that  the 
Weissinger-Pankhurst  method  underpredicts  Cmo  by  an  amount  that  increases 
with  increasing  slackness  and  decreasing  aspect  ratio.  The  differences 
represented  in  figure B-3 are  differences  between  two  theoretical,  inviscid 
aerodynamic  prediction  methods  and  are  due  primarily to chordwise  effects, 
which  the  Weissinger  method  is  unable  to  take  into  account,  a  sweep  effect 
neglected  in  the  Pankhurst  method  in  obtaining  the  moment  due to  camber, 
and  possibly  some  inaccuracy  due  to  the  integration  method. In addition 
to  these  differences,  there  are  viscous  effects  on  Cmo  which  are  dis- 
cussed  in  the  RESULTS  section. It should  be  noted  that  the  results of 
figure B-3 can  be  used as a correction  to  the  Weissinger-Pankhurst  method 
for NASA planform  wings,  in  the  absence  of  the  Multhopp  computer  program. 
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TABLE B-I 

F 
cL 

‘m 

CD /CL2 

a 

a 

i 

OL0 

‘m 

qCP 

xcp/c r 

s/cr 2 

0 

COMPARISON O F  PREDICTED  AERODYNAMIC  PERFORMANCE  FOR A NASA 
PLANFORM WI-NG O F  ASPECT RATIO 2.57, .A = 50°, and 28 = 158O 

Weissinger 

Planform  Chords 

2.7365 

-. 1654 

.1252a 

18.463 

. 0 645’ 

.4091 

.4611 

.643 

C i r c u l a r  Cone Chords 

2.7223 

- .1685 

. 1247a 

18.569 

.06591b 

.4114 

.4623 

.643 

r ~~ ~ 

Multhopp 

m = 2 1 ,  n = 6 

2.7196 

-. 1735 

. 1265a 

21.820 

- .00580 

.4025 

.465 

.643 

m = 7 , n = l  

2.8023 

-. 1667 

. 124ga 

18.541 

. 0698’ 

.3935 

.461 

.643 

aThese  values are f o r  a f l a t  wing  of  the  appropriate  planform  and  aspect  ratio and were 
used  only t o   e v a l u a t e   t h e   d i f f e r e n c e s  between t h e   t h e o r e t i c a l  methods. 

bNo co r rec t ion  added f o r  moment a t  zero wing l i f t  due t o  camber. With the   co r rec t ion  
f o r  camber, the  value  for   the  Weissinger  method w i t h   c i r c u l a r  cone  chords i s  -0.0138. 



Wing 

A = 1, AA = 5' 
28 = 149O 

A = 2 ,  AA = l o o  
28 = 149O 

A = 3, AA = 15O 
28 = 149O 

A = 2.5, AA = 3O 
28 = 85O 

A = 2.5, AA = 8' 
28 = 125O 

A = 2.5, AA = 15O 
28 = 159O 

Rigid Wing No. 3 
A = 5.45, 28 = 103O 

Rigid Wing No. 6 
A = 4, 28 = 103O 
Rigid Wing No.  8 
A = 3, 28 = 103' 

TABLE B- I1 

COMPARISON O F  WEISSINGER AND MULTHOPP RESULTS 

Theory 

W 
M 

W 
M 

W 
M 
W 
M 

W 
M 

W 
M 

W 
M 

W 
M 

W 
M 

aO 
(deg) 

6.37 
2.51 

12.94 
13.64 

20.09 
24.21 
7.47 
7.31 

12.74 
13.24 
18.31 
21.43 

12.66 
13.72 

11.51 
12.07 
10.50 
10.70 

c a , b  
mO 

-0.0177 
- .0001 

- .0159 
.0027 

- .0199 
- .0237 
- .0126 
- .0037 

- .0156 
- .0051 
- .0125 
- .0043 

.126 

.127 

-044 
.0513 
.oo 
.0088 

cL a 

1.261 
1.332 

2.269 
2.284 
2.984 
2.989 
2.677 
2.670 

2.673 
2.670 
2.673 
2.670 

3.360 
3.480 

3.174 
3.203 
2.910 
2.913 

a 
cm a 

-0.114 
- .185 

- .195 - .214 
- .131 
- .118 
- .161 
- -181 

- .161 - .181 

- -166 
- -181 

- .464 - .497 

- .309 
- -362 
- -208 
- .239 

C 

c /CL2 
Di 

0.318 
.319 

.160 

.161 

. lo8  

. l l O  

.129 

.130 

.129 
,130 
.128  
.130 

.0604 

.0613 

.082 

.083 

. lo8  

. lo9 

7CP x /(b/2) CP 

0.421 

.693 .401 

.684  .407 

.639 .397 

.631  .404 

.589  -394 

.588 .400 

.745  .403 

.748  .412 

.755 ,403 

.746 .411 
,755  .403 
.745 .410 
3 5 1  .398 
* 554 ,405 

1.036  .407 
1.012  .416 

2.326 .410 
2.204 

a The re ference   quant i ty   for  Cmo and Cma i s  t he  mean aerodynamic  chord,  and the  moment v P 

3 
bThe Weissinger   values   include  the  correct ion  for  moment a t   z e r o  wing l i f t  due t o  camber E 

ca lcu la ted  by equation  (3) . x 
a 

center  i s  a t  the   quar te r  mean aerodynamlc  chord. % 

'These va lues   a re   for  a f l a t  wing of  the  appropriate  planform and a s p e c t   r a t i o  and were used 
only t o  eva lua te   the   d i f fe rences  between t h e  two theo re t i ca l   p red ic t ion  methods. 



Appendix B 

1.0 

0.8 

0 . 6  

h < 
U 

0.4 

0 . 2  

0 

R i  

i 
A =I 50° 

A. = 35O 

A = 2.57 

28 = 156O - Mu1 thopp (m = 7, n = 1) 

0 0 . 2  0.4  0.6 0.8 1.0 

Figure B-1.- Comparison  of  theoretical  chord  distributions 
for  a  NASA  planform  parawing. 
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Appendix B 

6 1 1 
NASA planforms 

4 

2 -  

0 '  
\ 

-2  

. 28 149O -4 

" 1 2 8 O  

I 

-6 
0 1 2 3 4 5 

A 

(a) Aspect rat io   effect   at  constant  slackness. 

A A = 5.45 

0 40 80 120 160 2 0 0  

28, degrees 

(b) Slackness effect  at  constant  aspect  ratio. 
Figure B-2.- Summary of comparisons of Multhopp  and 

Weissinger predictions  for  angle  of  zero l i f t .  
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Appendix B 

x 

I 

Q 
E 

V 
W 

II 

EO 

Q 
V 

-0. 

- 0 .  

- 0 .  

28, degrees 

Figure B - 3 . -  Summary  of  comparisons  of  Weissinger-Pankhurst 
and Multhopp  predictions  for wing moment  at  zero  lift of 
NASA planform Wings. 
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Wing 
No. 

1 
2 

3 

4 

5 
6 
7 

8 

9 

TABLE I 

GEOMETRIC PARAMETERS  FOR R I G I D  WINGS 

A = 5.45 

Reference 
No.  

~ 

8 

A 

5.45 

I 
5.45 

4.0 

4.0 

3.0 
3.0 

A = 4.0 A = 3.0 

In f l a t ed  canopy  planforms 

35 .O 50 
40.0 

45 .O 
47.5 
50.0 

45 .O 
50.0 

45 .O 
50.0 v 

C r 
( in . )  

23.57 

I 
23.57 
32.14 

32.14 
42.80 
42.80 

zi ( i n . )  ( in.)  
I 

28 
(de91 

157.8 
135.1 
102.9 

79.2 
0 

102.9 
0 

102.9 
0 

(in.)  

16.70 

I 
16.70 
18.16 
18.16 

19.90 
19-90 

'ref 
( in.)  

15.71 

I 
15.71 
21.44 

21.44 
28.55 
28.55 

cn 
w 



TABLE I1 

GEOMETRIC P A M T E R S  FOR FLEXIBLE PARAWINGS 

aThe value  shown is an average,  the  leading-edge diameter  is  tapered from 0.75 in. at the  root  to 

bCanopy  attachment: F - front 
0.25 in.  at the tip. 

P - pocket 

I 



1 
TABLE I1 

CONCLUDED 

Wing Reference 
No. No. 

35-40 
35-45 

20 

35-50 

35-60 
35-55 

35-65 

45-50 20 
45-55 
45-  60 
45-  65 
45-70 

55-60 

55-70 
55-65 

20 

55-75 

52.5-55 
50.0-55 

2 1  

47.5-55 
45.0-55 
42.5-55 

A I no A C r 

3.06  35.0 40.0 50.0 
2.83  45 .O 
2.58 1 55::; 1 2.30 
2.00 60.0 
1.69  65.0 

2.58  45.0 50.0 50.0 
2.30 

1 .69  65 .O 
1.37  70.0 

2 .o 
1.69 
1.37 
1.04 

2.30 

I 45 .O 
42.5 

50 .O 

I 
39.3 

1 
C For NASA planforms,  canopies  having (ao - a ) / a  > 0.45 cannot l i e  on the  surface of a r igh t  

c i r cu la r  cone. 
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(a )  Planform of u n i n f l a t e d  
wing  panel. 

f 

k" c r +  

(b) Planform of i n f l a t e d  
wing panel.  

Z 

wing t r a i l i n g  edge 

X 
1 

X 
0 

(c) Parawing panel as  par t  of a r i g h t  
c i r cu la r   cone .  

Figure 1.- Parawing lobe a s  par t  of the su r face  of 
a r i g h t  c i r cu la r   cone .  

X 
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Figure 2.- Flow directions  at  local 
spanwise station. 
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1.2 
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0.4 

0 

F l a t   p l a t e   a i r f o i l ,  Reference 11 
"- NACA 0006 a i r f o i l ,  Reference 12 
"- NACA 64-006 a i r f o i l  (M = 0.3)  , Reference 13  

0 10 20 30 40 50 60 70  80 90 

Angle of attack, a, degrees 

(a)  L i f t  coefficient  versus  angle of a t tack.  
Figure 3.- Section  data for uncambered t h i n  a i r f o i l s .  



2.4 

F l a t   p l a t e   a i r f o i l ,  Reference 11 

Reference 1 4  

2.0 - - Faired  drag  curve used 
drag  calculations,  see 

1.6 

1.2 

0 .8  

0.4 

0 

Angle of attack, a ,  degrees 

(b)  Drag coeff ic ient  v e r s u s  angle of attack. 
Figure 3.- Continued. I 



F l a t   p l a t e   a i r f o i l ,   R e f e r e n c e  11 

Reference 14 

- - - Faired  drag  curve used i n  p r o f i l e -  
0.32 d rag   ca l cu la t ions  

0 4 8 12 16 20  24 28 

Angle of a t t a c k ,  a, degrees 

(c) Drag coef f ic ien t   versus   angle  of a t t a c k ;  low angle 
of attack  range. 

Figure 3 .  - Concluded. 
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1. 

1. 

0 .  

0 .  

-0. 
-20 -10 0 10 20  30 40 50 60 70 

Angle of attack, a ,  degrees 

(a)  Lift   coefficient  versus  angle of attack. 
Figure 4.- Section  data for cambered rectangular  plates  of  aspect r a t i o  5. 



1 . 2  

1.0 

0.8 
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Angle of a t tack,  a ,  degrees 

(b) Drag coefficient  versus  angle of a t tack.  
Figure 4.- Concluded. 
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1.2 
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0.4  

0 

-0 .4  

-0.8 - 

H Linear  range 

0.15 
I 

,o. 10 

0.05 u 
f O  

Angle of attack,  a, degrees 

(a) L i f t  coe f f i c i ent   versus   ang le  of at tack.  
Figure 5 . -  Constructed  section  data for cambered p l a t e s .  
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10 2 I U  2 

-0.15 

- 0.10 

30 4 
Angle of attack,  a, degrees 

(b) Drag c o e f f i c i e n t  versus angle of attack.  
Figure 5 . -  continued. 
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(c)  Drag coeff ic ient   versus  l i f t  coef f ic ien t .  

Figure 5.- Concluc?.ed. 
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-2 
U 

0 
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T Red = 1 . 4 4 ~ 1 0 ~  

a, degrees 

(a) L i f t  c o e f f i c i e n t   v e r s u s   a n g l e  of at tack .  

Figure  6 . -   Sect ion data for a sp l i t t er   p la te   w i th   top   a t tachment  
for a subcrit ical   Reynolds number. 
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a k=222 
o-2LT - 0 20 -10 

0.083 

10 2 0  

01, degrees 

(b) Drag  coefficient  versus  angle  of attack. 
Figure 6.- Concluded. 
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a, degrees 

(a)  Lift  coefficient  versus  angle  of  attack. 
Figure 7.- Section  data fo r  a splitter  plate  with 

top  attachment  for  a  supercritical  Reynolds  number. 
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( 5 )  Drag coefficient  versus  angle of attack. 
Figure 7.-  Concluded. 
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Right-circular-cone  method, AA = 10' - - 
-- Slender-body  theory,  Reference 2 
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Figure 8.- Comparison of triangular  wing  trailing-edge  shapes  given by slender-body 
theory and the  right-circular-cone method. 
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Figure 9.- Induced-drag  correlation  for  triangular  two-lobed parawings. 
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Figure 10.- Induced-drag correlation for  two-lobed  parawings 
of NASA planform. 
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(a) Rigid  Wing No. 1, A, = 35O, 28 = 157.8O. 
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Figure 11.- Comparison  between  experimental  and  predicted characteristics 
of aspect ratio 5.45 rigid wings, A = 50°. 
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(b) Rigid  Wing No. 2, A = 40°, 28 = 135.1O. 
Figure 11.- Continued. 
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(c) Rigid Wing No. 3, A, = 45O, 28 = 102.9O. 

Figure 3.J"- Continued. 
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(d)  Rigid Wing No.  4, A. = 47.S0, 28 = 79.2O. 
Figure 11.- Continued. 
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Figure 11.- Concluded. 
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(b) Rigid  Wing No. 7, A. = 50°. 

Figure 12.- Concluded. 
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characteristics of aspect ratio 3.0 rigid  wings, A = SOo. 
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Figure 15.- Comparison between experiment  and theoretical 
characteristics computed by the iterative nonlinear method 
on  aspect ratio 3.0 rigid  wings, A = 50°. 
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