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PREFACE 

Th i s  NASA conference p u b l i c a t i o n  c o n t a i n s  t h e  proceedings of  t h e  Thi rd  
I n t e r n a t i o n a l  Symposium on t h e  Sc ience  and Technology of Low Speed and Motor- 
less F l i g h t  h e l d  a t  t h e  NASA Langley Research Center ,  Hampton, V i rg in i a ,  
March 29-30, 1979. The symposium was cosponsored by t h e  Langley Research 
Center (LaRC) and t h e  Soaring Soc i e ty  of America (SSA). Oran Nicks, Deputy 
Di rec tor  of t h e  Langley Research Center ,  and James Nash-Webber, Massachuset ts  
I n s t i t u t e  o f  Technology and p a s t  chairman of t h e  SSA Technical  Board, were 
g e n e r a l  cochairmen. Pe r ry  Hanson, NASA LaRC, was t h e  symposium o rgan ize r  and 
t echn ica l  program chairman. H e w i t t  P h i l l i p s ,  NASA LaRC ( R e t i r e d ) ;  Joseph Gera, 
NASA LaRC: and Robert  Lamson, Chairman of t h e  SSA Technica l  Board, se rved  a s  
chairmen f o r  t h e  t e c h n i c a l  s e s s ions .  

The purpose of t h e  Symposium was t o  provide  a forum f o r  t h e  in te rchange  of 
information on r e c e n t  p rog re s s  i n  t h e  s c i ence  and technologies  a s s o c i a t e d  wi th  
l o w  speed and motor less  f l i g h t .  Twenty-eight papers  were presen ted  i n  t h e  a r e a s  
of low speed aerodynamics, new m a t e r i a l s  a p p l i c a t i o n s  and s t r u c t u r a l  concepts ,  
advanced f l i g h t  i n s t rumen ta t i on ,  s a i l p l a n e  op t imal  f l i g h t  t echniques ,  and s e l f -  
launching and u l t r a l i g h t  g l i d e r  technology'. Th i s  NASA conference p u b l i c a t i o n  
c o n t a i n s  t h e s e  p r e s e n t a t i o n s  and a paper ,  which was n o t  p resen ted ,  on proposed 
d e f i n i t i o n s  f o r  va r ious  c a t e g o r i e s  of s a i l p l a n e s  and g l i d e r s .  

The use of t r a d e  names or manufac turer ' s  names i n  t h i s  p u b l i c a t i o n  does 
no t  c o n s t i t u t e  a n  o f f i c i a l  endorsement of such products  o r  manufacturers ,  e i t h e r  
expressed or implied,  by NASA. The included pape r s  a r e  l a r g e l y  a s  submit ted.  
The p h y s i c a l  q u a n t i t i e s ,  whether i n  t h e  I n t e r n a t i o n a l  System of U n i t s  (SI) or  
U.S. Customary Uni t s ,  a r e  r e t a i n e d  a s  submit ted by t h e  au thors .  
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MINIMUM ALTITUDE-LOSS SOARING I N  A 

SPECIFIED VERTICAL WIND DISTRIBUTION 

Bion L. P ie rson  and Imao Chen 
Iowa S t a t e  Un ive r s i t y  

SUMMARY 

Minimum a l t i t u d e - l o s s  f l i g h t  of a s a i l p l a n e  through a given v e r t i c a l  wind 
d i s t r i b u t i o n  is  d iscussed .  The problem i s  posed a s  an  opt imal  c o n t r o l  problem, 
and s e v e r a l  numerical s o l u t i o n s  a r e  obta ined  f o r  a s i n u s o i d a l  wind d i s t r i b u t i o n .  

INTRODUCTION 

The problem of determining t h e  opt imal  s a i l p l a n e  t r a j e c t o r y  through a pre- 
s c r i b e d  v e r t i c a l  wind d i s t r i b u t i o n  f o r  minimum a l t i t u d e  l o s s  i s  formulated and 
solved a s  an  opt imal  c o n t r o l  problem. The f l i g h t  is  assumed t o  t a k e  p l ace  i n  
a v e r t i c a l  p l ane  over a f i x e d  range, and t h e  r o t a t i o n a l  o r  p i t c h  dynamics of 
t h e  s a i l p l a n e  a r e  neg lec t ed .  S a i l p l a n e  l i f t  c o e f f i c i e n t  s e rves  a s  t h e  c o n t r o l  
func t ion  i n  t h e  non l inea r  point-mass equatYons of motion. 

For o s c i l l a t o r y  v e r t i c a l  wind d i s t r i b u t i o n s ,  t h i s  problem belongs t o  t h e  
c l a s s  of "optimal dolphin  soaring" problems. I n  q u a l i t a t i v e  terms, t h e s e  
problems e x h i b i t  s o l u t i o n s  f o r  which t h e  s a i l p l a n e  speed i s  decreased i n  
upcurren ts  t o  prolong t h e  a l t i t u d e  ga in  and increased  i n  downcurrents t o  l e s s e n  
t h e  a l t i t u d e  l o s s  ( r e f .  1 ) .  E a r l i e r  s o l u t i o n s  t o  t h e s e  problems have assumed 
e i t h e r  p i ecewise - s t a t i c  f l i g h t  ( equ i l i b r ium g l i d e  through segments of cons tan t  
v e r t i c a l  wind--see, f o r  example, r e f e r e n c e  2 )  o r  q u a s i - s t a t i c  f l i g h t  (kinematic  
equat ions  of motion only--see, f o r  example, r e f e r e n c e s  3 through 6 ) .  Thus, 
t h e  primary d i s t i n g u i s h i n g  f e a t u r e  of t h i s  paper i s  t h e  use of t h e  f u l l  non l inea r  
t r a n s l a t i o n a l  equat ions  of motion and t h e  corresponding use of a modern opt imal  
c o n t r o l  a lgo r i thm f o r  numerical  s o l u t i o n s .  Addi t iona l  r e sea rch  on t h e  a p p l i -  
c a t i o n  of op t imal  c o n t r o l  theory  t o  dynamic s a i l p l a n e  performance problems may 
be  found i n  r e f e rences  7 through 9 .  

PROBLEM FORMULATION 

A b r i e f  d e r i v a t i o n  of t h e  equa t ions  of motion used h e r e  i s  provided i n  
t h e  Appendix. The b a s i c  assumptions a re :  f l i g h t  i n  a v e r t i c a l  plane,  uniform 
g r a v i t y  a c c e l e r a t i o n  g and atmospheric d e n s i t y  p, a point-mass s a i l p l a n e  of 
cons tan t  mass m, and v e r t i c a l  wind of magnitude W. I f  t h e  v e r t i c a l  wind d i s -  
t r i b u t i o n  is f u r t h e r  assumed t o  be  independent of a l t i t u d e  (W = W(x)), t hen  
t h e  right-hand s i d e s  of t h e  equat ions  of motion do no t  depend on a l t i t u d e  Y.  
The a l t i t u d e  equat ion  (10A) can t h e r e f o r e  be incorpora ted  i n t o  t h e  performance 
index  ( a l t i t u d e  l o s s )  



J = Y(O) - y ( t f )  = ltf (- ? )d t  
0  

- - - ltf (W + V s i n  y ) d t  
0  

and need n o t  be regarded a s  a d i f f e r e n t i a l  c o n s t r a i n t .  

Furthermore, i t  w i l l  be  convenient t o  r ega rd  t h e  range X as t h e  independent 
v a r i a b l e  r a t h e r  than  t h e  t ime t .  Since t h e  f i n a l  range, X ( t f )  = X f ,  is  t o  be 

s p e c i f i e d ,  t h i s  change of v a r i a b l e s  w i l l  r e s u l t  i n  a f ixed  "end-time" opt imal  
c o n t r o l  problem which i s  i n h e r e n t l y  e a s i e r  t o  so lve  than a  v a r i a b l e  "end-time" 
problem. The range equat ion  (9A) can a l s o  be omit ted from cons ide ra t ion  as a 
d i f f e r e n t i a l  c o n s t r a i n t .  It must be  t a c i t l y  assumed, however, t h a t  t h e  opt imal  
t r a j e c t o r y  w i l l  n o t  inc lude  any k ind  of looping maneuver which would r e s u l t  i n  
ze ro  va lues  f o r  V cos y. Using (9A) then,  t h e  performance index (1) becomes 

W + V s i n  y  
v cos y  I dx 

and t h e  remaining equat ions  of motion, (11A) and (12A), become 

dV - -  a 
dX - - [ P V  CDS/(2m) + [(V cos y j ( d ~ / d ~ )  + g l s i n  y  1 / ( v  cos y) ( 3 4  

= ( PVC~S/ (2m) - [cos  y(dW/dX) + g/V] cos y  1 / (V cos y)  dX (3b) 

r e s p e c t i v e l y .  

F i n a l l y ,  t h e  nondimensional q u a n t i t i e s  

a r e  in t roduced .  The r e s u l t i n g  opt imal  c o n t r o l  problem may be  s t a t e d  a s  fol lows.  
Find t h a t  c o n t r o l  func t ion  u(x),  0 - < x - < 1, which minimizes t h e  augmented 
performance index  

s u b j e c t  t o  t h e  second-order dynamic system 

dv - 2 
dx  = - [rlCg(u)v f ( 1  + S )  s i n  y ]  / ( v  cos y)  , V ( ~ )  = v o  



2 2 
= [17C~(u)v - ( 1  + J )  cos y ]  / ( v  cos y) , y(0)  = yo dx 

and s u b j e c t  t o  t h e  t e r m i n a l  s t a t e  c o n s t r a i n t s  

*, = ~ ( 1 )  - Yo = 0 

2 
where CD(u) = al + a C + a j  CL 

2  L 

2 
C, (u) = CL (2 s i n  u - 1 )  

max 

and where w(x) i s  t h e  p re sc r ibed  wind d i s t r i b u t i o n ,  ; = (dw/dx) (dx/dt)  
= (dw/dx)v cos  y,  and x i s  t h e  f i x e d  range.  Minimum a l t i t u d e - l o s s  equ i l i b r ium 

f  
g l i d e  ( s t i l l  a i r )  va lues  a r e  adopted f o r  t h e  f ixed  and equal  i n i t i a l  and t e rmina l  
s t a t e  va lues ,  v  and y . Seve ra l  a d d i t i o n a l  explana tory  comments a r e  requi red .  

0 0 

F i r s t ,  no t e  t h a t  minimum ( s t a l l )  and maximum ( f l u t t e r )  s t a t e  i n e q u a l i t y  
c o n s t r a i n t s  on t h e  a i r s p e e d  a r e  enforced Gsing i n t e g r a l  i n t e r i o r  pena l ty  
func t ions  ( r e f .  10)  shown i n  terms two and t h r e e ,  r e s p e c t i v e l y ,  of equat ion  
(5) . Thus, a  sequence of opt imal  c o n t r o l  problems (5) - (10) must b e  solved 
f o r  s p e c i f i e d  p o s i t i v e  p e n a l t y  cons t an t s  K and K2.  The pena l ty  cons t an t s  a r e  

1 
then increased  between subproblems. The s o l u t i o n  obta ined  from each subproblem 
is used a s  s t a r t i n g  d a t a  f o r  t h e  subsequent subproblem. The sequence of sub- 
problems i s  terminated when each pena l ty  func t ion  va lue  i s  s u f f i c i e n t l y  small. 

Secondly, i t  may b e  observed t h a t  t h e  l i 5 , t  c o e f f i c i e n t  i s  bounded v i a  t h e  
t ransformat ion  (9 ) .  That is, f o r  any va lue  of t h e  c o n t r o l  func t ion  u(x) ,  t h e  
c o n t r o l  i n e q u a l i t y  c o n s t r a i n t s  

< C,(u) 5 CL - c L  - (11) 
max max 

a r e  s a t i s f i e d  where C 
L 

is  a s p e c i f i e d  cons t an t .  Also, no te  t h a t  a  q u a d r a t i c  

drag  p o l a r  (8)  i s  used?laX~ore a c c u r a t e  drag  p o l a r s  may be used i n s t e a d  provided 
t h a t  an a n a l y t i c a l  r e l a t i o n  i s  a v a i l a b l e  between C and C,. F i n a l l y ,  i t  should 

D 
be  observed t h a t  f o r  a  f i x e d  wing loading,  t h e  nondimensional aerodynamic 
parameter q i n  equat ion  (10) i s  p ropor t iona l  t o  t h e  s p e c i f i e d  t e rmina l  range X 

f "  

This  i s  t h e  b a s i c  opt imal  c o n t r o l  problem considered h e r e .  A v a r i a t i o n  of 
t h i s  problem w i l l  a l s o  b e  presented  l a t e r .  



NUMERI CAL RESULT S 

A l l  computations have been performed on coupled IBM 360/65 and I t e l  AS/5 
computers u s ing  a FORTRAN I V  compiler and double p r e c i s i o n  a r i t h m e t i c .  The 
numerical  i n t e g r a t i o n  of t h e  r equ i r ed  d i f f e r e n t i a l  equat ions  has  been performed 
us ing  a s tandard  fourth-order  Runge-Kutta method wi th  100 f i x e d  uniform 
i n t e g r a t i o n  s t e p s .  

The numerical  r e s u l t s  have been obta ined  f o r  t h e  case  of a s i n u s o i d a l  wind 
d i s t r i b u t i o n  

and t h e  Nimbus I1 open-class s a i l p l a n e  us ing  t h e  g rad ien t  p r o j e c t i o n  a lgor i thm 
presented  i n  r e f e rence  11. The s i n u s o i d a l  wind d i s t r i b u t i o n  (12) i s  simply 
an i d e a l i z e d  model of an o s c i l l a t o r y  v e r t i c a l  wind which s a t i s f i e s  a "cont inui ty"  
condi t ion :  t h e  i n t e g r a l  of w(x) over t h e  f i x e d  range i s  zero.  The va lues  
f o r  t h e  c o e f f i c i e n t s  

of t h e  q u a d r a t i c  d rag  po la r  (8) f o r  t h e  Nimbus I1 have been obta ined  from a 
l ea s t - squa res  f i t  of d a t a  taken from t h e  manufacturer 's  v e l o c i t y  p o l a r .  For 
s tandard  s e a  l e v e l  cond i t i ons  and a  wing loading ,  mg/S, of (32) (9.81) 
t h e  aerodynamic parameter i n  equat ion  (10) is  given by q = 0,01916 X,. 
Addi t iona l  cons tan t  d a t a  chosen include:  

C~ 
= 1.4, ( g ~ f ) %  vstallL= 1 8  m / s  

1 
and (gX )$ vmax = 70 m / s .  F i n a l l y ,  i n  q u a l i @ f i v e  terms, t h e  g rad ien t  p r o j  ec- 
t i o n  meEhod is  a d i r e c t  method i n  t h e  sense  t h a t  t h e  c o n t r o l  func t ion  u(x) 
i s  changed dur ing  each i t e r a t i o n  s o  a s  t o  produce bo th  a decrease  i n  t h e  per- 
formance index va lue  (eq. (5)) and f u l l  s a t i s f a c t i o n  of t h e  t e r m i n a l  s t a t e  
c o n s t r a i n t s  ( eqs . (7 ) ) .  

S p e c i f i e d  I n i t i a l  S t a t e  

I n  t h i s  case ,  t h e  i n i t i a l  and f i n a l  s t a t e  a r e  t o  be  h e l d  f i x e d  and equal .  
I n  p a r t i c u l a r ,  t h e  va lues  

(gXf))i v  = 28.1676 m / s  and yo = - 0.019106 r a d  
0 

(14) 

are t o  be  used i n  equat ions  (6) and (7) and correspond t o  t h e  minimum a l t i t u d e -  
l o s s  equ i l i b r ium g l i d e  cond i t i ons  f o r  t h e  Nimbus I1 i n  s t i l l  a i r  wi th  a  d rag  
p o l a r  given by equat ions  (8) and (13) .  The v e r t i c a l  wind amplitude i s  chosen 
a s  ( g ~ f ) %  wA = 2 m / s ,  and a f i x e d  range  of 1000 meters  i s  used. 

The r e s u l t i n g  opt imal  t r a j e c t o r y  and t h e  corresponding opt imal  l i f t  
c o e f f i c i e n t  d i s t r i b u t i o n  are presented  i n  f i g u r e s  1 and 2,  r e s p e c t i v e l y .  The 
opt imal  f l i g h t  can be  d iv ided  i n t o  t h r e e  succes s ive  segments: an i n i t i a l  cliinb, 
a  maximum C a r c ,  and a  d ive  followed by a  s h o r t  pull-up. The i n i t i a l  climb 

L 
i s  i n t u i t i v e l y  reasonable  s i n c e  t h e  s a i l p l a n e  must g a i n  a s  much a l t i t u d e  a s  



p o s s i b l e  whi le  i n  t h e  i n i t i a l  upcurrent .  The maximum C a r c  i s  a con t inua t ion  
L of t h e  f i r s t  phase and l a s t s  a s  long a s  t h e  wind is  s t rong  enough t o  s u s t a i n  

i t .  The fo l lowing  d i v e  is made t o  pass  through t h e  downcurrent a s  qu ick ly  a s  
poss ib l e .  The f i n a l  pull-up i s  necessary  t o  meet t h e  t e rmina l  state c o n s t r a i n t s  
( 7 ) .  The s t a l l  speed i n e q u a l i t y  c o n s t r a i n t  w a s  a c t i v e  f o r  t h i s  s o l u t i o n ,  b u t  
t h e  maximum speed c o n s t r a i n t  was no t .  

The minimum a l t i t u d e  l o s s  f o r  t h i s  opt imal  t r a j e c t o r y  i s  only  12.19 m. 
By comparison, t h e  minimum a l t i t u d e  l o s s  dur ing  an equ i l i b r ium g l i d e  i n  s t i l l  
a i r  over  t h e  same 1000 m range is 19.11 m. Th i s  r e p r e s e n t s  a  36% a l t i t u d e -  
l o s s  reduct  i on .  

Free b u t  Equal I n i t i a l  and F i n a l  S t a t e s  

Here, t h e  i n i t i a l  and f i n a l  speed and l o c a l  f l i g h t  pa th  a n g l e  va lues  a r e  
no longer  s p e c i f i e d ,  b u t  t h e  r e s p e c t i v e  i n i t i a l  and f i n a l  va lues  a r e  s t i l l  
requi red  t o  be equal .  The g rad ien t  p r o j e c t i o n  algori thm, a s  descr ibed  i n  
r e f e rence  11, can accomodate t h e  a d d i t i o n  of t h e  two c o n t r o l  parameters  v(0)  
and y(0)  r e p r e s e n t i n g  v a r i a b l e  i n i t i a l  s t a t e s .  However, t h e  presence of t h e s e  
same two c o n t r o l  parameters  i n  t h e  t e rmina l  s t a t e  c o n s t r a i n t s  n e c e s s i t a t e s  a  
f u r t h e r  mod i f i ca t ion  t o  t h e  p ro j  e c t i o n  ope ra to r  equat ions .  

Since t h e  opt imal  t r a j e c t o r i e s  a r e  nqw be ing  s e l e c t e d  from a l a r g e r  c l a s s ,  
a d d i t i o n a l  performance ga ins  a r e  expected. However, f o r  a  f i n a l  range of 1000 
m, t h e  minimum a l t i t u d e  l o s s  improves only 1.4%: from 12.19 m t o  12.01 m. 
For comparison purposes,  t h e  opt imal  t r a j e c t o r y  is  a l s o  shown i n  f i g u r e  1. 
I n  t h i s  case ,  t h e  opt imal  t r a j e c t o r y  e x h i b i t s  a  h ighe r  a l t i t u d e  ga in  dur ing  
t h e  climb phase, a  longer  maximum C a r c  and a  l e s s e r  a l t i t u d e  l o s s  i n  t h e  

L downcurrent when compared wi th  t h e  previous  s o l u t i o n .  The i n i t i a l  (and f i n a l )  
a i r speed  has  increased  approximately 1.2 m / s  t o  29.384 m / s .  

E f f e c t s  of Wind Amplitude 

The i n i t i a l  and f i p a l  s t a t e s  a r e  aga in  f r e e  but  equal .  For an increased  
wind amplitude of (gX )3 w = 5 m / s ,  a  s u b s t a n t i a l  improvement is obta ined  a s  

£ A  
may be noted from t h e  opt imal  t r a j e c t o r y  shown i n  f i g u r e  3. A n e t  a l t i t u d e  
ga in  of 5.158 m is  now a v a i l a b l e  over t h e  1000 m coucse. C lea r ly ,  f o r  h igher  
ampli tudes of an o s c i l l a t i n g  v e r t i c a l  wind, more energy can be e x t r a c t e d  from 
t h e  wind t o  s u s t a i n  cross-country f l i g h t .  

E f f e c t s  of Varying t h e  Fixed Range 

The wind amplitude i s  he ld  f ixed  a t  5 m / s ,  and f r e e  bu t  equal  i n i t i a l a n d  
f i n a l  s t a t e s a r e a g a i n  considered.  Changes i n  t h e  f i n a l  range X a f f e c t  only f  
t h e  cons tan t  aerodynamic parameter q and t h e  c h a r a c t e r i s t i c  l eng th  and t ime 
used i n  t h e  nondimensional izat ion.  Varying X i s  equiva len t  t o  vary ing  t h e  f  
frequency of t h e  s i n u s o i d a l  wind d i s t r i b u t i o n  f o r  sus t a ined  f l i g h t s .  



Upon reducing X from 1000 m t o  500 m, a  r a d i c a l l y  d i f f e r e n t  opt imal  tra- 
f  

j e c t o r y  was obtained.  The corresponding opt imal  t r a j e c t o r y  and opt imal  C 
L 

d i s t r i b u t i o n  a r e  shown i n  f i g u r e s  4 and 5 ,  r e s p e c t i v e l y ,  and w i l l  be  r e f e r r e d  
t o  a s  a Type I1 s o l u t i o n .  I n  t h i s  case,  a  d i v e - f i r s t  c l imb- la te r  f l i g h t  p a t t e r n  
i s  observed. The average speed i s  much h igher ,  and t h e  n e t  a l t i t u d e  ga in  is  
cons iderably  h igher  than  f o r  t h e  e a r l i e r  Type I t r a j e c t o r y .  The n e t  a l t i t u d e  
ga in  of 23.10 m exceeds t h a t  achieved on t h e  previous Type I s o l u t i o n  f o r  double 
t h e  range.  For t h e  Type I1 t r a j e c t o r i e s ,  t h e  maximum speed i n e q u a l i t y  c o n s t r a i n t  
is  a c t i v e  r a t h e r  t han  t h e  s t a l l  speed c o n s t r a i n t .  

By employing t h e  r e s u l t s  of previous Type I s o l u t i o n s  as s t a r t i n g  da ta ,  
i t  was p o s s i b l e  t o  a l s o  o b t a i n  a  Type I s o l u t i o n  f o r  Xf = 500 m. However, t h i s  
Type I r e l a t i v e  minimum s o l u t i o n  y i e l d s  a  n e t  a l t i t u d e  l o s s  of 4.45 m. Thus, 
a t  l e a s t  f o r  r e l a t i v e l y  sma l l  X and l a r g e  W , t h e  Type I1 s o l u t i o n  is  dec idedly  
s u p e r i o r  t o  Type I s o l u t i o n s .  1s a  ma t t e r  oQ conjec ture ,  t h e  Type I1 s o l u t i o n  
may cease  t o  e x i s t  f o r  s u f f i c i e n t l y  l a r g e  f i n a l  ranges and/or  f o r  s u f f i c i e n t l y  
small wind ampli tudes.  Two a d d i t i o n a l  s o l u t i o n s  were a l s o  obtained:  a Type 
I s o l u t i o n  f o r  Xf = 750 m and a  Type I1 s o l u t i o n  f o r  X = 625 m. 

f  

E f f ec t  of Wing Loading 

I f  t h e  nominal wing loading,  mg/S, i s  increased  by 15%, t h e  aerodynamic 
parameter q becomes 0.01666 X ( s e e  equat ion  (10)) .  Nothing e l s e  is  changed. 

f  
I n  t h i s  case ,  a Type I s o l u t i o n  was obtained f o r  X = 1000 m, W = 5 m / s  and f r e e  

f  A 
bu t  equa l  i n i t i a l  and f i n a l  s t a t e s .  The r e s u l t i n g  opt imal  t r a j e c t o r y  provides 
a  n e t  a l t i t u d e  gain of 1 .14 m which is  n e a r l y  4 m l e s s  than  t h e  comparable 
5.16 m obtained e a r l i e r  f o r  t h e  nominal wing loading .  Both t h e  opt imal  
t r a j e c t o r i e s  and t h e  opt imal  l i f t  c o e f f i c i e n t  h i s t o r i e s  f o r  t h e  two s o l u t i o n s  
a r e  v e r y  s i m i l a r .  

The key r e s u l t s  f o r  t h e  e i g h t  opt imal  s o l u t i o n s  presented  he re  a r e  
summarized ir! t a b l e  I. 

CONCLUSIONS AND DISCUSSION 

The opt imal  c o n t r o l  problem t r e a t e d  he re  i s  of a t  l e a s t  moderate d i f f i c u l t y  
i n  view of t h e  s t a t e  v a r i a b l e  i n e q u a l i t y  c o n s t r a i n t s  present .  Re la t ive ly  few 
numerical  s o l u t i o n s  a re .  c u r r e n t l y  a v a i l a b l e  because of t h e  cons ide rab le  compu- 
t a t i o n a l  e f f o r t  involved. However, s e v e r a l  t e n t a t i v e  conclusions emerge from 
t h e  computat ional  r e s u l t s  ob ta ined  thus  f a r  . 

1 )  For a  s i n u s o i d a l  v e r t i c a l  wind d i s t r i b u t i o n ,  which se rves  as a  simple 
model of a  zero  range-averaged o s c i l l a t o r y  wind, s u b s t a n t i a l  a l t i t u d e  
sav ings  a r e  a v a i l a b l e  when compared wi th  opt imal  equ i l i b r ium g l i d e s  
i n  s t i l l  a i r .  The r e l a t i v e  advantage i n c r e a s e s  f o r  h igher  wind 
amplitudes.  



2) Equal i n i t i a l  and f i n a l  s t a t e  vec tor  elements can b e  t r e a t e d  a s  addi- 
t i o n a l  c o n t r o l  parameters i n  t h e  opt imal  c o n t r o l  a lgo r i thm and there-  
f o r e  v a r i e d  as p a r t  of t h e  opt imiza t ion  process .  The a d d i t i o n a l  
a l t i t u d e  ga ins  obta ined  i n  t h i s  ca se  are, however, r a t h e r  small .  

3) For r e l a t i v e l y  s h o r t  ranges and h igh  wind amplitude, i t  i s  p o s s i b l e  
t o  o b t a i n  opt imal  t r a j e c t o r i e s  which e x h i b i t  an unexpected "dive f i r s t ,  
climb l a t e r "  maneuver sequence. Optimal t r a j e c t o r i e s  of t h i s  second 
type  involve  h ighe r  speeds and b e t t e r  f i n a l  a l t i t u d e  g a i n s  than t h e  
usua l  "dolphin" s t y l e  opt imal  t r a j e c t o r y .  

4 )  A s  expected, an i n c r e a s e  i n  s a i l p l a n e  wing loading  i n c r e a s e s  t h e  min- 
imum a l t i t u d e  l o s s  when o the r  cond i t i ons  a r e  he ld  f ixed .  

The most s u r p r i s i n g  f i n d i n g  of t h i s  s tudy  i s  t h e  apparent  ex i s t ence  of 
two d i s t i n c t  types  of extremal  s o l u t i o n s  a t  l e a s t  f o r  r e s t r i c t e d  ranges of t h e  
parameters involved.  Clear ly ,  t h e  Type I1 t r a j e c t o r y  deserves f u r t h e r  r e sea rch  
e f f o r t .  

There i s  a l s o  a need t o  o b t a i n  r e s u l t s  f o r  o t h e r  wind d i s t r i b u t i o n s  and 
t o  make d e f i n i t i v e  comparisons w i t h  previous op t imiza t ion  s t u d i e s  which do n o t  
i nco rpora t e  t h e  f u l l  t r a n s l a t i o n a l  equat ions  of motion. The r e l a t e d  problem 
of minimum-time f l i g h t  through a  given v e r t i c a l  wind d i s t r i b u t i o n  f o r  a  s p e c i f i e d  
a l t i t u d e  l o s s  i s  of perhaps even gcea t e r  i n t e r e s t .  Research on t h i s  l a t t e r  
problem i s  c u r r e n t l y  underway. 
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APPENDIX: DERIVATION OF THE EQUATIONS OF MOTION 

The s a i l p l a n e  v e l o c i t y  vec to r ,  r e l a t i v e  t o  t h e  surrounding a i r ,  i s  
given by ( s e e  f i g u r e  6) 

-r T where R i s  t h e  i n e r t i a l  v e l o c i t y  vec to r  f o r  t h e  s a i l p l a n e ,  and W = [0,  W(X,Y)] 
is  t h e  d e t e r m i n i s t i c  v e r t i c a l  wind d i s t r i b u t i o n .  The angle  y shown i n  f i g u r e  
6 i s  t h e  usua l  f l i g h t  pa th  angle  f o r  t h e  ca se  of no wind. I n  t h e  i n e r t i a l  
(X,Y)-coordinate frame, t h e  t r a n s l a t i o n a l  equat ions  of motion f o r  unpowered 
f l i g h t  i n  a  uniform g r a v i t y  f i e l d  may be  w r i t t e n  a s  

4 .-. 
where L and 3 a r e  t h e  usua l  aerodynamic l i f t  and drag  fo rces ,  r e s p e c t i v e l y ,  G 
i s  t h e  weight fo rce ,  and m i s  t h e  cons tan t  s a i l p l a n e  mass. Equation (2A) can 
be  rear ranged  t o  y i e l d  

where g i s  t h e  cons tan t  g r a v i t y  a c c e l e r a t i o n .  

P r imar i ly  because of t h e  d e f i n i t i o n s  of l i f t  and drag,  i t  is  d e s i r a b l e  
t o  r e w r i t e  equat ion  (3A) wi th  r e spec t  t o  a  r o t a t i n g  ( 5 , ~ ) - c o o r d i n a t e  frame 
def ined  by t h e  u n i t  v e c t o r s  $ d i r e c t e d  toward V,  and $ , d i ~ e c t e d  normal 
t o  V a long  t h e  l i f t  vec to r .  !&e i n e r t i a l  t ime d e r i v a t i v g  of V, r e f e r r e d  t o  
t h i s  r o t a t i n g  frame, is  then  given by 

-. 
where ê  = < $5 

x 2 . Note t h a t  any vec to r  i n  t h e  plane,  say  A, can be expressed 
i? 

i n  t h e  r o t a t i n g  (<,n)-frame us ing  t h e  fol lowing r o t a t i o n  mat r ix .  

-s iny cosy 

Using equat ion  (5A), one ob ta ins  

The term, g + fi = g + i (aw/ax)  + ? ( a w / a ~ ) ,  is  o f t e n  r e f e r r e d  t o  a s  t h e  apparent  
g r a v i t y  a c c e l e r a t i o n .  



F i n a l l y ,  us ing  equat ions  (4A) and (6A) and t h e  usua l  express ions  f o r  
l i f t  and drag ,  equat ion  (3A) can b e  w r i t t e n  i n  s c a l a r  form a s  fo l lows .  

From equat ion  (lA) and t h e  i n v e r s e  of equat ion  (5A), t h e  kinematic  equat ions  
may b e  w r i t t e n  as 

X = v cos  y 

Therefore,  equat ions  (7A) and (8A) become 

t = -  2 
pv CDS/(2m) - [(V cos y)  (awlax) 

+ (W + V s i n  y)  (aW/aY) + g ]  s i n  y (11A) 

= pVCLS/(2m) - [cos y(aW/aX) + (W/V + s i n  y)  (aW/aY) 

+ g/Vlcos Y (12A) 



TABLE I. Summary of Optimal So lu t ions  

WIND ALTITUDE 
TYPE RANGE AMPLITUDE v(0) = V( l>  y(0)  = ~ ( 1 )  CHANGE 

m m / s  m / s  rad  . m 

a  f ixgd  boundary cond i t i ons  

wing loading  increased  15% 



RANGE, X,  m 
Figure 1.- Optimal t r a j e c t o r i e s  of Type I: WA = 2 m / s ,  

Xf = 1000 m y  V s t a l l  = 18 m / s ,  C L ~ ,  = 1.4. 

RANGE, X ,  m 

Figure 2.- Optimal l i f t  c o e f f i c i e n t  d i s t r i b u t i o n  f o r  f ixed and equal boundary 
condit ions:  WA = 2 m / s ,  Xf = 1000 m y  Vscall = 18 m / s ,  C4, = 1.4. 



RANGE, X ,  m 

F i g u r e  3 .- Optimal Type I t r a j e c t o r y  f o r  high wind amplitude: WA = 5 m / s ,  

Xf = 1000 m y  VStall = 1 8  m l s ,  Chx = 1.4. 

RANGE, X, m 

Figure  4.- Optimal Type I1 t r a j e c t o r y :  WA = 5 m / s ,  Xf = 500 m y  V,, = 70 m / s .  
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RANGE, X,  m 

Figure 5.- Optimal l i f t  c o e f f i c i e n t  d i s t r i b u t i o n  f o r  Type I1 t r a j e c t o r y :  
WA = 5 m / s ,  Xf ,= 500 m, V,, = 70 m / s .  

Figure 6 . -  Velocity vector  diagram. 



A STUDY OF COURSE DEVIATIONS DURIZiG CROSS-COUNTRY SOARING 

Steven M. Sliwa 
Langley Research Center 

David J. Sliwa 
University of I l l i n o i s  a t  Urbana-Champaign 

ABSTRACT 

Severa1,models a r e  developed f o r  studying t h e  impact of deviations from 
course during cross-country soaring f l i g h t s .  Analyses a re  performed a t  t h e  
micro-strategy and macro-strategy l eve l s .  Two ty-pes of lift sources a re  
considered: concentrated thermals and thermal s t r e e t s .  The s e n s i t i v i t y  of t h e  
optimum speed solutions t o  various model, p i l o t i ng  and performance parameters 
i s  evaluated. Guides a r e  presented t o  provide t h e  p i l o t  with c r i t e r i ons  f o r  
making in-f l ight  decisions. I n  general ,  course deviations a r e  warranted during 
weak lift conditions, but a r e  l e s s  j u s t i f i a b l e  with moderate t o  strong lift 
conditions. 

INTRODUCTION 

There have been many attempts t o  develop optimum p i lo t i ng  s t r a t eg i e s  f o r  
t h e  v e r t i c a l  plane of cross-country soaring ( f o r  example, references 1 through 
5 ) ,  which bas ica l ly  y ie ld  an optimal airspeed given t h e  airmass cha rac t e r i s t i c s ,  
but l i t t l e  has been done with t h e  hor izontal  plane. References 6 through 8 
point out t h a t  subs tan t ia l  departures from t h e  optimum speed-to-fly r e s u l t  i n  
small degradations i n  achieved speed. I n  f a c t ,  t he  biggest contributing fac tors  
influencing average speed a r e  maximizing t h e  achieved rate-of-climb i n  l i f t  and 
minimizing t h e  atmospheric sink r a t e  between regions of l i f t .  So it seems t h a t  
cross-country soaring performance i s  most influenced by t h e  p i l o t ' s  decisions 
made i n  t h e  hor izontal  plane. 

This paper w i l l  address i t s e l f  t o  developing some models r e f l ec t i ng  t yp i ca l  
course deviation decisions a p i l o t  i s  l i k e l y  t o  be confronted with during a 
cross-country soaring f l i g h t .  The accompanying analysis  should provide guide- 
l i n e s  fo r  t h e  p i l o t  t o  r a t i ona l l y  se lec t  f l i g h t  paths which optimize t h e  
ant ic ipated lift conditions. Two types of convective lift conditions a r e  
considered: soaring conditions where t h e  regions of lift a r e  s m a l l  r e l a t i v e  t o  
t h e  distance flown ( c i r c l i ng  required) and conditions where t h e  regions of l i f t  
a r e  of t h e  order of t h e  distance flown (thermal s t r e e t  f l y ing ) .  I n  addi t ion,  
two categories of models a r e  investigated.  Micro-strategy models a r e  used t o  
analyze t h e  choice of lift along a desired course l i n e .  Macro-strategy models 
a r e  used f o r  studying t h e  influence of choosing a course l i n e  t o  a goal. 



The analysis  contained herein assumes parabolic performance polars  with 
numerical examples computed f o r  parameters t yp i ca l  of a modern standard c l a s s  
sa i lp lane.  The p i l o t  i s  assumed t o  f l y  a t  t h e  optimal airspeed f o r  a l l  course 
choices since perturbations a r e  assumed t o  have a minor e f f ec t .  Since f i n a l  
g l ides  a r e  not considered and po t en t i a l  energy i s  conserved, a l l  models begin 
and end at t h e  same a l t i t u d e ,  cloudbase. Furthermore, a l l  solut ions  neglect 
su rv ivab i l i ty ,  i. e.  , they assume t h e  p i l o t  w i l l  complete t h e  t a s k  no matter  
which choices a r e  made. Final ly ,  a l l  s i t ua t i ons  assume t h a t  t h e  p i l o t  i s  f a r  
from a ground referenced goal  and t h a t  t h e  l i f t  i s  not ground referenced so t h e  
influence of wind can be neglected. 
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R Distance flown along s t r e e t ,  Fig. 12 

R* Distance t o  f l y  along s t r e e t  f o r  optimum time 



Distance t o  f l y  along s t r e e t  f o r  time equal t o  not making course 
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Distance of individual  l egs  of course deviation,  Fig. 9 
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T~ 
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T,tn 
Time t o  f l y  course deviation 

V Airspeed while cruis ing,  knots 

V* Optimum speed-to-fly between l i f t ,  knots 
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'at 
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V c ~  Airspeed while climbing i n  a s t r e e t ,  knots 
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v~ Average ground speed a f t e r  a complete glide/climb thermal cycle ,  knots 

'GS 
Average ground speed a f t e r  a complete glide/climb thermal s t r e e t  l i f t  
cycle ,  knots 

'MIN 
Airspeed f o r  minimum s ink  r a t e ,  knots 
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vs Sink r a t e  f ly ing  a t  airspeed V ,  knots 
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W, X, Y, Z Geometry l a b e l s  f o r  course deviat ion models 

x Tota l  deviat ion dis tance ,  Fig. 1 

x2 Deviation dis tance  l eg s ,  Fig. 1 

Deviation dis tance  r a t i o  

Distance between p a r a l l e l  s t r e e t  and course l i n e ,  Fig. 9 

Spacing dis tance  r a t i o  

Ratio of average rate-of-climb on course t o  average rate-of-climb 
along course deviat ion 

Ratio of average atmospheric s ink r a t e  between lift sources t o  
average rate-of-climb i n  l i f t  

Ratio of average ground speed on course deviat ion i n  augmented l i f t  
t o  ground speed acheived on course with average lift conditions 

Angle between thermal s t r e e t  and course l i n e  

Angle of thermal model course deviat ion 

PRESENTATION OF RESULTS 

Thermal Models 

Micro-Strategy 

The f i r s t  case considered i s  depicted i n  f igure  1. It represents  a 
frequent decision confronting t h e  p i l o t  during cross-country soaring. The pi lo t ,  



a f t e r  departing t h e  th=al at X a t  cloudbase, must. choose between staying 
on course along path XZ and achieving t h e  average rate-of-climb f o r  t h a t  
time of day a t  thermal Z o r  deviating along XY t o  t h e  thermal at  Y, which 
looks a s  i f  it might y i e ld  a higher achieved rate-of-climb. Then t h e  p i l o t  
re turns  t o  t h e  course a f t e r  deviating t o  Y by f ly ing  t o  thermal Z .  Given 
t h e  geometry, t h e  question remains how much grea te r  must be t h e  rate-of-climb 
a t  thermal Y than t he  rate-of-climb a t  thermal Z t o  y ie ld  t h e  same time 
for  both t h e  d i r ec t  course and t h e  extended route.  

Figure 2 shows t h e  r e s u l t  f o r  a sa i lp lane representa t ive  of t h e  standard 
c lass .  The required rate-of-climb i n  t h e  thermal a t  Y i s  p lo t ted  against  t h e  
non-dimensional deviation distance r a t i o  fo r  a var ie ty  of average lift 
conditions assuming t h e  p i l o t  f l i e s  t h e  optimum airspeed,  t he  calcula t ion of 
which i s  shown i n  Appendix A. The curves i n  f igure  2 can be t r e a t e d  a s  time 
boundaries. Points t o  t h e  above and l e f t  of a curve ind ica te  t h a t  a deviation 
would be f a s t e r  than staying on course whereas points t o  t h e  bottom and r igh t  
represent condit ions f o r  which staying on course would be more p rof i t ab le .  

The importance of deviating f o r  minor gains i n  l i f t  when t he  conditions 
a re  weak i s  shown by examining t h e  curve f o r  1 knot average rate-of-climb on 
course. A 25% course elongation requires  a l i t t l e  over 2 knots rate-of-climb 
i n  t h e  thermal a t  Y .  I f  t h e  expected rate-of-climb i n  Z were 4 knots 
(moderate lift condi t ions) ,  a 25% course deviation r a t i o  would need t o  have an 
achieved rate-of-climb b e t t e r  than 15 knots, t o  r e su l t  i n  t h e  same time t o  t h e  
top  of t h e  thermal a t  Z. The implication i s  t h a t  when lift conditions a r e  
weak (1-2 knots average rate-of-climb), course deviations would be advantageous 
fo r  modest gains i n  lift. However, f o r  moderate t o  strong lift conditions 
( 4  knots and above average rate-of-climb), s izeable  gains i n  l i f t  w i l l  permit 
only minor deviations from t h e  course l i n e .  

This r e s u l t  i s  fu r ther  emphasized i n  f igure  3 where t h e  deviation distance 
r a t i o  i s  p lo t ted  against  a non-dimensionalized l i f t  r a t i o  fo r  a number of lift 
conditions. The weak conditions warrant subs tan t ia l  deviation dis tance r a t i o s  
even i n  non-dimensional form while, i n  con t ras t ,  t he  stronger conditions begin 
t o  coincide upon a boundary requiring l a rge  lift r a t i o s  fo r  any appreciable 
distance r a t i o .  

The influence of sa i lp lane performance upon t h e  p i l o t ' s  decisions i s  shown 
i n  f igure  4. Rate-of-climb required a t  thermal Y i s  p lo t ted  as  a function of 
deviation distance r a t i o  f o r  t h r ee  c lasses  of sa i lp lanes .  Sailplane A i s  t h e  
standard c l a s s  a i r c r a f t  considered previously; sa i lp lane B represents a one- 
design sport  c l a s s ;  and a i r c r a f t  C represents a sa i lp lane  i n  t he  open c l a s s .  
It is read i ly  apparent t h a t  sa i lp lane performance has a minor e f f ec t  on t h e  
p i l o t ' s  willingness t o  deviate from course. However, the re  i s  a t rend f o r  
sa i lp lanes  of l e s s e r  performance t o  be wi l l ing t o  make s l i g h t l y  g rea te r  course 
deviations. 

The previous curves were developed with an assumed average atmospheric 
subsidence equal t o  20 percent of t h e  rate-of-climb (reference 9 ) .  As expected, 
s l i gh t  course extensions with t h i s  model can be j u s t i f i e d  with reduced sink r a t e  



( f igure  5 ) .  However, t h e  influence of sink r a t e  on t h e  p i l o t ' s  decision t o  
deviate from course, assuming t h a t  both f l i g h t  paths undergo t h e  same average 
sink r a t e ,  i s  negl igible .  

An important var iable  i n  t he  geometry shown i n  f igure  1 i s  d l /d .  It 
impacts t h e  performance of t h e  extended course by determining how much of t h e  
a l t i t u d e  t o  be regained w i l l  be done i n  t h e  stronger thermal at Y. The 
generalized r e s u l t s  f o r  d ' /d  of .25, .5,  and .75 a r e  shown i n  f igure  6 f o r  
average l i f t  conditions of 2 knots and 6 knots. It i s  read i ly  apparent from 
f igure  6 t h a t  subs tan t ia l ly  l a rge r  course deviations can be j u s t i f i e d  with 
l a rge r  values of d l / d .  The grea te r  t h e  dis tance between X and Y f o r  a 
given deviation dis tance r a t i o ,  t h e  g rea te r  t h e  a l t i t u d e  which i s  gained i n  t h e  
stronger l i f t  a t  Y ,  therebyincreasing t h e  achieved speed. 

The net r e s u l t  of t h e  foregoing analysis  i s  t h a t  t h e  deviation angle, Y, 
should be kept a s  small a s  possible.  This i s  especia l ly  t r u e  fo r  moderate t o  
strong l i f t  conditions. This r e su l t  i s  i n  basic agreement with t h e  macro- 
s t ra tegy  model presented i n  reference 1 0  which i s  of s imilar  format t o  t h e  
micro-strategy model considered here. 

It should be noted t h a t  t he  preceding r e s u l t s  can be d i r e c t l y  applied t o  a 
more generalized - model including mul t ip le  g l i de / c i r c l e  cycles along t h e  course 
l i n e  segments XZ and E. This i s  t r u e  a s  - long as t h e  deviation f l i g h t  path 
includes only one g l i de / c i r c l e  cycle along YZ. The reason multiple thermals 
do not a f f ec t  t h e  analysis  i s  due t o  t h e  s impl i f icat ion t h a t  net  ground speed 
i s  a function of achieved rate-of-climb, so  t h e  time t o  reach cloudbase a t  t h e  
end of a segment w i l l  be t h e  same no matter how many thermals a r e  used. 

The r e s u l t s  of another micro-strategy analysis  a r e  shown i n  f igure  7. Speed 
r a t i o ,  achieved ground speed with v e r t i c a l  a i r  motion between thermals normal- 
ized by achieved ground speed with no v e r t i c a l  a i r  motion between thermals, i s  
p lo t ted  against  sink r a t i o ,  which i s  t h e  r a t i o  of average v e r t i c a l  a ir  motion 
between l i f t  sources t o  achieved rate-of-climb i n  l i f t  f o r  a var ie ty  of l i f t  
condi t ions ,  Negative sink r a t i o s  a r e  indicat ive  of what p i l o t s  c a l l  "reduced 
sink," i . e . ,  pos i t ive  v e r t i c a l  a i r  motion too weak t o  y ie ld  a pos i t ive  rate-of- 
climb, but s t i l l  r e s u l t  i n  a reduction of t h e  r a t e  a t  which a l t i t u d e  i s  l o s t .  
The curves i n  f igure  7 a re  continued i n  t h e  negative sink r a t i o  d i rec t ion  u n t i l  
"zero sink" ( t he  point  a t  which t h e  net a l t i t u d e  l o s s  during cruis ing i s  zero) 
i s  achieved. 

Speed r a t i o s  g rea te r  than 1 can be in te rpre ted  a s  deviation distance r a t i o s .  
For example, a speed r a t i o  of 1.1 implies t h a t  a p i l o t  could deviate from h i s  
s t r a igh t  l i n e  course by 10% and s t i l l  have t h e  same achieved ground speed f o r  
a complete g l i de / c i r c l e  cycle. If t h e  p i l o t  deviates from course any l e s s ,  f o r  
t h e  indicated l i f t  and sink condit ions,  a net  gain i n  cross-country speed w i l l  
r e s u l t .  These r e s u l t s  r e i t e r a t e  t h e  necess i ty  f o r  minimizing sink r a t e  by 
making minor deviations during inter-thermal c ru i se  t o  optimize t h e  achieved 
cross-country performance. 



Macro-Strategy 

Macro-strategies involve t h e  choice of courses t o  a desired goal ra ther  
than t h e  f l i g h t  path se lec t ion  t o  individual  sources of lift. Macro-strategies 
a r e  used t o  f l y  through regions of improved l i f t  conditions. So once a macro- 
s t ra tegy i s  developed, an undetermined number of micro-strategies a r e  used t o  
f l y  t h e  prescribed course. 

The r e s u l t s  of t h e  thermal macro-strategy model a r e  shown i n  non-dimensional 
form i n  f igure  8. Speed r a t i o  i s  p lo t ted  a s  a function of lift r a t i o  fo r  a 
var ie ty  of average lift conditions. As before, t h e  non-dimensionalized speed 
r a t i o  can be in te rpre ted  a s  t h e  deviation distance r a t i o  boundary required f o r  
equal time t o  reach t h e  goal. It i s  immediately obvious,by comparing f igures  
3 and 8 , tha t  decisions on t h e  macro-strategy l e v e l  have a much grea te r  impact 
upon t he  achieved cross-country soaring performance than decisions a t  t h e  
micro-strategy leve l .  A lift r a t i o  of 2.0 y ie lds  more than twice t h e  speed 
r a t i o  f o r  a l l  lift conditions fo r  t h e  macro-strategy case i n  comparision with 
t h e  micro-strategy case. The importance of choosing courses t h a t  w i l l  pass 
through more favorable sectors  i s  of g rea te r  importance f o r  weak conditions a s  
opposed t o  moderate or  strong thermal conditions. 

As before,  although sai lp lane performance and sink between thermals w i l l  
a f f ec t  achieved groundspeed, they have l i t t l e  influence upon t h e  p i l o t ' s  
decision of when t o  make course deviations. 

S t r ee t  Models 

Many times t he  p i l o t  w i l l  have occasion t o  u t i l i z e  convective lift while 
cruising along course l i n e .  This condition where t h e  regions o r  l i f t  make up 
a subs tan t ia l  port ion of t he  f l i g h t  path i s  usually referred t o  as  s t ree t ing .  
Making e f fec t ive  use of these  l a rge  regions of l i f t  usually involves speeding 
up i n  sink and slowing down i n  l i f t .  There have been several  analyses of t h i s  
mode of f ly ing ,  f o r  example, references 2 through 5 and 11 through 1 4 .  In  t h i s  
paper, however, s implif ied and conservative control  laws have been implemented 
fo r  studying thermal s t r e e t  f ly ing.  For t h e  most p a r t ,  t h e  p i l o t  f l i e s  a t  t he  
speed f o r  minimum sink r a t e  while i n  lift u n t i l  cloud base i s  reached, a t  which 
time t he  p i l o t  speeds up and f l i e s  so a s  t o  maintain a l t i t ude .  The p i l o t  
cruises  between l i f t  a s  d ic ta ted  by t h e  equations of Appendix B. As it turns  
out ,  t h i s  procedure i s  not f a r  from t h e  optimum a s  demonstrated i n  reference 5. 

Micro-Strategy 

The f i r s t  model t o  be considered i s  shown i n  f igure  9 .  The p i l o t  has 
reached cloud base a t  Point W and i s  t ry ing  t o  get  t o  Point Z. He must 
decide i f  f ly ing s t r a igh t  t o  Z or  deviating t o  use t he  thermal s t r e e t  along - 
XY w i l l  y ie ld  t h e  f a s t e s t  time t o  cloud base a t  Point Z. It i s  assumed t h a t  



- 
t h e  p i l o t  i s  capable of achieving an average rate-of-climb along XY equal t o  

11 
S 

half  t h e  rate-of-climb obtainable from c i r c l i ng  i n  thermals on course = 0.5.  

Optimal i n t e r - l i f t  cruis ing speeds a r e  obtained from Appendices A and B. The 
p i l o t  uses t h e  control  law previously mentioned f o r  cruis ing i n  t he  l i f t  along - 
XY. 

The r e s u l t s  a r e  shown i n  f igures  10 and 11 f o r  t h i s  model. Boundaries of 
deviation distance r a t i o ,  S /D,  y ie lding t h e  same time t o  cloudbase at Z a r e  
p lo t ted  against  average l i f t  conditions f o r  a var ie ty  of s t r e e t  length  r a t i o s ,  
s'/D, i n  f igure  10. As ant ic ipated,  t h e  geometry of t h e  s i t ua t i on  confronting 
t h e  pi lo t .  has a much grea te r  influence on h i s  decision than rate-of-climb, s a i l -  
plane performance o r  i n t e r - l i f t  s ink.  Obviously, t h e  g rea te r  t h e  length of - 
XY (sv ) , t h e  g rea te r  t h e  distance t h e  p i l o t  should be wi l l ing t o  transverse t o  
improve h i s  cross-country soaring performance. Course deviations f o r  weak 
conditions can be about 10% longer than f o r  moderate t o  strong conditions. 

A more convenient way f o r  t h e  p i l o t  t o  p ic tu re  how f a r  of a course 
deviation i s  warranted i s  shown i n  f igure  11. It i s  a p lo t  of curves showing 
allowable spacing-distance r a t i o ,  y/D, against  achieved rate-of-climb fo r  s t r e e t  
length r a t i o s  of 0.2 and 0.8. Spacing distance r a t i o s  of about 35% and 45% 
respect ively  a r e  j u s t i f i ed  f o r  weak cdnditions while spacing distance r a t i o s  
of about 25% and 35% a r e  allowed f o r  moderate t o  strong thermal conditions. 

The second micro-strategy thermal s t r e e t  model i s  shown i n  f igure  12. The 
p i l o t  has jus t  reached cloudbase i n  a thermal a t  X and des i res  t o  reach cloud- 
base at t h e  thermal a t  point Z. He must decide between f ly ing  d i r e c t l y  on 
course o r  deviating t o  use t h e  s t r e e t  along XY and then fly&g t o  Z.  It i s  
assumed t h a t  t h e  average v e r t i c a l  atmospheric veloci ty  along XY i s  equivalent 
t o  t h a t  which would y i e ld  hal f  - t h e  rate-of-climb from thermalling a t  points  X 
or  Z. The p i l o t  f l i e s  along XY at  t h e  speed which y ie lds  no net  a l t i t u d e  
change and then f l i e s  along YZ a t  t h e  speed-to-fly indicated by t h e  methods of 
Appendix A. 

P r i o r  t o  analyzing t h e  model, it i s  necessary t o  determine t h e  optimum 
method of f ly ing  t h e  s t r e e t  and t h e  s e n s i t i v i t y  t o  var ia t ions  from t h e  optimal 
procedures. Figure 1 3  i s  a s e r i e s  of p lo t s  showing speed r a t i o ,  i . e . ,  t h e  
speed obtained by deviating t o  f l y  t h e  s t r e e t  at angle @ normalized by t h e  
speed obtained f ly ing s t r a igh t  ahead i n  t h e  c l a s s i c a l  c i r c l e /g l i de  manner, a s  a 
function of breakaway distance r a t i o ,  R/D,  f o r  a var ie ty  of s t r e e t  angles. 
Speed r a t i o s  g rea te r  than one correspond t o  f l i g h t  path extensions which would 
y ie ld  a f a s t e r  time t o  cloudbase a t  Z than t h e  straight-ahead choice. Fig- 
ure 1 3  shows t h e  following: 1) the re  a r e  many ways t o  f l y  t h e  thermal s t r e e t  so 
as  t o  obta in  a speed r a t i o  greater  than 1; 2)  t he r e  e x i s t s ,  l o r  thermal s t r e e t  
angles l e s s  than about 60°, an optimal distance along t h e  s t r e e t  t o  break away 
and begin f ly ing  toward Z t o  optimize speed r a t i o ;  3) t h i s  optimum breakaway 
dis tance i s  highly sens i t ive  t o  s t r e e t  angle and not very sens i t ive  t o  rate-of- 



climb; 4 )  t h e  g rea tes t  speed r a t i o s  a r e  obtained wizh small angles and weak 
l i f t  condit ions;  and, 5)  optimum speed r a t i o  is  highly sens i t ive  t o  breakaway 
point f o r  weak l i f t  and small s t r e e t  angles. 

The breakaway point which y ie lds  equal time t o  f l y  t h e  s t r e e t  and t h e  
s t ra igh t  ahead g l i de / c i r c l e  cycle and t h e  breakaway point f o r  t h e  optimumtime 
by f ly ing  t h e  s t r e e t  i s  ana ly t ica l ly  derived i n  Appendix C .  The locus of 
breakaway points  f o r  equal time ( s t r a igh t  ahead versus deviating along t h e  
s t r e e t ) ,  R 1 / D ,  and optimum time, ,%*ID, i s  shown a s  a function of obtainable 
average rate-of-climb thermalling fo r  a var ie ty  of s t r e e t  angles i n  f igure  1 4 .  
The optimum breakaway point  from t h e  s t r e e t  i s  not g r ea t l y  affected by average 
rate-of-climb whereas t h e  breakaway point f o r  equal time can be extended 
along t h e  s t r e e t  subs tan t ia l ly  during weaker conditions a s  compared with 
moderate t o  strong l i f t  conditions. As expected, f igure  15 ,  which shows obtain- 
able  speed r q t i o  f o r  a var ie ty  of thermal s t r e e t  angles,  indicates  t h a t  t h e  
l a rges t  gains i n  speed r a t i o  from flying t h e  thermal s t r e e t  a r e  possible with 
weak conditions and/or small thermal s t r e e t  angles. 

The influence of s t r e e t  angle on breakaway points  fo r  optimum time and 
equal time i s  shown i n  f igure  16. It i s  c l ea r  t h a t  deviating along a s t r e e t  
i s  not benef ic ia l  f o r  s t r e e t  angles of 60' or  more. I n  addi t ion,  it can be 
observed t h a t  the re  i s  a very l a rge  margin between t h e  locus of points  equal 
time and optimum time, indicat ing t h a t  t h e  p i l o t  can choose a l a rge  number of 
breakaway points  and s t i l l  improve h i s  performance. Even so,  it would probably 
be benef ic ia l  f o r  t h e  p i l o t  t o  study t h i s  'plot and develop ru l e s  of thumb fo r  
deciding upon t h e  optimum breakaway point  given a geometry and l i f t  condition. 
For example, neglect obtainable average rate-of-climb thermalling and j u s t  
decide by reference t o  s t r e e t  angle--15' f l y  an RID of 90%; 30' f l y  an YD 
of 70%; 45' f l y  an R I D  of 50%; and 60' and grea te r  f l y  s t ra igh t  ahead 
ignoring t h e  s t r e e t .  The magnitude of t h e  benef i t s  t o  be obtained from devi- 
a t ing  along s t r e e t s  a s  a function of s t r e e t  angle i s  demonstrated i n  f igure  17. 

Macro-Strategy 

The equations f o r  studying t h e  e f f ec t  of s t r ee t i ng  a r e  developed i n  
Appendix B. The macro-strategy model t o  be considered i s  bas ica l ly  t h e  same a s  
considered previously except t h a t  some port ion of t h e  course deviation i s  under 
t he  influence of convective l i f t .  As before, it i s  assumed t h a t  t h e  average 
v e r t i c a l  a i r  veloci ty  encountered while cruis ing i s  equivalent t o  hal f  t h e  
achieved rate-of-climb i n  thermals. 

It i s  assumed t h a t  a f t e r  a long enough s t r e t ch  of cloud s t r e e t  f ly ing t h a t  
t h e  net change i n  a l t i t u d e  i s  constrained t o  be zero. This i s  va l id  only at t h e  
macro-strategy l e v e l  because t h e  p i l o t  might be wi l l ing,  i n  t h e  shor t  term, t o  
t o l e r a t e  slow loses  of a l t i t u d e  i n  order t o  make progress along t h e  desired 
course. The required r a t i o  of distance flown while climbing t o  t o t a l  distance 
covered i s  p lo t ted  i n  f igure  18 against  achieved rate-of-climb i n  thermals fo r  
3 sa i lp lanes .  The spor t  c l a s s  sa i lp lane requires  considerably more of t h e  f l i g h t  
pa3h i n l i f t t han  t h e  other two classes  studied. It should a l so  be remembered t h a t  



t h i s  assumes s t a t i c  equilibrium f l i g h t  and neglects t h e  performance differences 
due t o  t h e  dynamics of pul l ing up and pushing over, which should increase t h e  
di f ferences  between c lasses .  Some of these  dynamic e f f ec t s  have been studied 
previously, f o r  example, reference 14 .  

The importance of deviating from course t o  be able t o  c ru i se  while 
climbing i s  shown i n  f igure  19. Speed r a t i o  i s  shown a s  a function of ra te -  
of-climb achievable by thermalling f o r  th ree  r a t i o s  of distance covered while 
climbing i n  thermal s t r e e t s  t o  t o t a l  d is tance covered. Here it i s  assumed, 
t h a t  i n  order t o  have no net change i n  a l t i t u d e  a f t e r  a long period of t ime,  
one of two approaches must be taken: 1) i f  t he r e  i s  more l i f t  avai lable  than 
necessary t o  maintain a l t i t u d e ,  t h e  excess w i l l  be used t o  increase speed at 
cloudbase u n t i l  no net change i n  a l t i t u d e  w i l l  occur; o r ,  2 )  i f  t he r e  i s  not 
enough l i f t  avai lable  t o  maintain a l t i t u d e ,  t h e  p i l o t  w i l l  c i r c l e  t o  cloudbase 
a t  t h e  end of t h e  c ru i se  a t  t h e  average rate-of-climb expected i n  thermals a t  
t h a t  time. The four th  curve i s  a locus of points  obtained from f i g w e  18 
showing t h e  achieved performance i f  t h e  r a t i o  of distance covered climbing t o  
t o t a l  distance covered were a t  t h e  correct  value t o  y ie ld  no net  a l t i t u d e  
change from climbing by cruis ing a t  t h e  speed fo r  minimum sink and cruis ing 
between lift a t  t h e  appropriate speed-to-fly (~ppendix  B).  

Several assumptions have been made during t he  development of t h e  s t r e e t  
f ly ing  analyses which need t o  be considered. The authors have studied t h e  
influence of sa i lp lane performance and inter-thermal sink and found t h a t ,  
although t h e  cross-country performance may be s ign i f ican t ly  affected,  t h e  
p i l o t ' s  decision i n  regards t o  non-dimensionalized course deviations i s  not 
a l t e red .  The assumption t h a t  t h e  average v e r t i c a l  atmospheric ve loc i ty  
encountered while climbing i s  50% t h a t  of t h e  v e r t i c a l  a i r  veloci ty  obtainable 
i n  thermals at t h e  time does influence various pa r t s  of t h e  analysis .  It i s  
f e l t ,  however, t h a t  t h i s  does not have a major ?Impact upon t he  t rends  demon- 
s t r a t ed  i n  t h i s  paper. Furthermore, neglecting winds i n  these  analyses 
probably would a f f ec t  t h e  decisions a p i l o t  would make during cross-country 
s t r e e t  f ly ing.  Thermal s t r e e t s  a r e  usually fostered by gent le  winds and t h e  
inclus ion of t h i s  f ac to r  warrants fu r ther  research. As exemplified i n  
reference 15,  t h e  p i l o t  would probably be wi l l ing t o  make fur ther  progress 
against  t h e  wind i n  s t r e e t s  than t h e  optimum solutions f o r  s t i l l  a i r  reported 
herein.  

SUMMARY OF RESULTS 

Several t r ends  came out of t h e  analysis  of t h e  thermal models i n  t h i s  
paper. It i s  apparent t h a t  decisions t o  deviate from course a r e  of much 
grea te r  s ignif icance a t  t he  macro-strategy l e v e l  than t h e  micro-strategy l eve l .  
A p i l o t  can enhance h i s  performance by choosing sectors  of t h e  sky t o  improve 
h i s  achieved rate-of-climb. A t  both t h e  micro- and macro-strategy l eve l s  it 
i s  c l ea r  t h a t  subs tan t ia l  deviations from course may be warranted f o r  weak 
lift whereas when t h e  thermal conditions a r e  moderate o r  strong,  only very 
minor course deviations can be j u s t i f i ed .  I n  a l l  cases, cross-country 
soaring performance can be augmented by making course deviations with t h e  



smallest poss ible  deviat ion angles. This indicates  t h a t  p i l o t s  should make 
course change decisions a s  soon a s  poss ible  and be wi l l ing  t o  ignore l i f t  not 
near t h e  course, which i s  especia l ly  t r u e  f o r  moderate o r  strong lift. 

A l a rge  improvement i n  average cross-country speed i s  a t t a i nab l e  by 
cruis ing while climbing, such a s  i n  s t r e e t i ng  conditions. I n  t h e  s t r e e t  models 
considered, t h e  percentage of t h e  f l i g h t  path i n  lift had a big influence upon 
t h e  achieved performance and p i l o t ' s  decision c r i t e r i a .  In  t h e  case of t h e  
p a r a l l e l  s t r e e t  micro-strategy model, s t r e e t s  with spacing dis tance  r a t i o s  of 
30% o r  l e s s  could be j u s t i f i e d  t o  increase  t h e  a t t a ined  cross-country speed. 
Deviation dis tance  r a t i o s  can be extended by about 10% f o r  weak condit ions as  
compared t o  moderate o r  strong lift conditions. 

The study of s t r e e t s  at an angle t o  t h e  course l i n e  r e s u l t s  i n  some 
i n t e r e s t i ng  observations. There e x i s t s  an optimum point of breakaway f r o m t h e  
s t r e e t  t o  minimize t h e  time required t o  reach t h e  t op  of t h e  next thermal. 
This breakaway point i s  pr imar i ly  a function of s t r e e t  angle. Although t h e  
optimum augmentation of speed i s  highly sens i t ive  t o  breakaway point f o r  weak 
conditions a t  small s t r e e t  angles, f o r  most combinations of s t r e e t  geometry and 
l i f t  condit ions the re  e x i s t s  a range of poss ible  solutions which y ie lds  a f a s t e r  
time than t he  s t r a i gh t  ahead g l i de / c i r c l e  cycle. It can be shown t h a t  cloud 
s t r e e t s  at an angle g rea te r  than 60 degrees a r e  not benef ic ia l  and should not 
be used t o  improve average ground speed. 

CONCLUDING REMARKS 

Several assumptions have been made which may a f f ec t  t h e  app l i c ab i l i t y  of 
t h e  r e s u l t s  reported upon herein. A premise f o r  a l l  t h e  cases studied was t h a t  
su r v ivab i l i t y  i s  ignored. Speed was considered as  t h e  performance function 
t o  be optimized whereas i f  t h e  p i l o t  was concerned about not being able t o  
complete t h e  f l i g h t ,  a l t i t u d e  conservation would be of prime importance. 

A const ra int  f o r  each exercise  was t h a t  net  a l t i t u d e  l o s s  would be zero; 
hence, the  r e s u l t s  a r e  not applicable t o  f i n a l  g l ides .  A poss ible  focus of 
fu tu re  research may be t o  study t h e  impact of course deviat ions upon f i n a l  
g l ides .  Also, it was a r b i t r a r i l y  assumed f o r  t h e  s t r e e t  models t h a t  average 
lift i n  a s t r e e t  was approximately 50% of t h e  l i f t  found i n  thermals a t  t h a t  
time. This has an obvious impact upon t h e  performance gains of deviat ing t o  
use s t r e e t s ,  but general  t r ends  of t h e  analyses a r e  s t i l l  va l i d .  

A s ign i f i can t  l im i t a t i on  of t h e  approach presented i n  t h i s  paper i s  t h e  
assumption implied by considering lift a s  so le ly  a i r  referenced. This negates 
t h e  influence of winds f o r  reaching ground referenced goals o r  l i f t  sources. 
It i s  expected t h a t  decisions reached during t h e  s t r e e t  analys is  w i l l  be 
sh i f t ed  i n t o  t he  wind. For example, t h e  p i l o t  w i l l  probably want t o  make more 
progress i n t o  t he  wind while i n  lift than otherwise indicated by t h e  breakaway 
point solut ions .  Since thermal s t r e e t s  a r e  usually formed i n  l i g h t  t o  medium 
winds, t he  inclus ion of winds i n  t h e  foregoing analyses i s  cur ren t ly  being 
undertaken by t he  authors. 



The models developed i n  t h i s  paper a r e  simplif ied and general i n  nature.  
It i s  hoped t h a t  they o r  a l i n e a r  superposition of more than one of them a r e  
representa t ive  of t yp i ca l  l i f t  geometries a p i l o t  may encounter during a cross- 
country soaring f l i g h t .  The r e s u l t s  presented i n  t h i s  paper a re  not meant t o  
be cockpit a i d s  f o r  in te rpre t ing  t h e  most promising f l i g h t  paths. Instead,  they 
i l l u s t r a t e  t h e  d e s i r a b i l i t y  and ind ica te  an approach, f o r  ana ly t ica l ly  studying 
t y p i c a l  course se lect ion decisions beforehand, enabling t h e  p i l o t  t o  more 
e f fec t ive ly  evaluate t he  po ten t ia l  t r adeof fs  f o r  a r r iv ing  upon a more optimal 
solut ion while i n  f l i g h t .  



APPENDIX A 

OPTIMUM SPEED-TO-FLY CALCULATIONS FOR THERMAL MODELS 

To f a c i l i t a t e  t h e  calcula t ions  required i n  t h i s  paper and i n  other 
invest igat ions  (reference 1 6 ) ,  ana ly t ica l  expressions needed t o  be derived f o r  
t h e  famil iar  inter-thermal speed-t o-fly solut ion (reference 1 ) . Although t h e  
defining equations a r e  ea s i l y  derived and have been presented i n  numerous 
publications ( fo r  example, references 3 and 5 ) ,  a closed form ana ly t ica l  
solut ion f o r  calcula t ing numerical r e s u l t s  i s  not generally avai lable  i n  t h e  
l i t e r a t u r e  and i s  given below. The graphical  in te rpre ta t ion  of t h e  r e s u l t s  
which i s  widely used by p i l o t s  i s  shown i n  f igure  20. The f i r s t  case considered 
i s  where t h e  sa i lp lane performance i s  known and i s  assumed t o  be parabolic;  t h e  
average rate-of-climb i n  t h e  next thermal i s  known; t h e  r a t i o  of sink r a t e  
between thermals t o  rate-of-climb i n  them i s  known; and t h e  optimum speed-to- 
f l y  between t h e  thermals and t h e  corresponding average ground speed i s  desired.  
The sa i lp lane performance r e l a t i on  i s :  

where 

The defining equation can be found from f igure  20 o r  by derivation t o  be 

By applying t h e  def in i t ion  of sink r a t i o ,  11, and u t i l i z i n g  equations ( ~ 1 )  , (k2 1, 
and C~37, equation ( ~ 4 )  becomes t h e  following four th  degree polynomial: 

The root of '  i n t e r e s t  was found t o  be calculated by t h e  following re la t ions :  



The average ground speed f o r  a complete g l i de / c i r c l e  cycle i s  given by 

The second case considered i s  where t h e  sa i lp lane performance i s  known i n  
t h e  form a s  before,  t h e  s ink r a t i o  can be assumed, t h e  desired average ground 
speed i s  known, and t he  optimum speed-to-fly and t h e  required rate-of-climb 
given t he  preceding a re  t o  be found. The defining equation can be ea s i l y  
a t t a ined  from f igure  20 by equating t h e  slope of t h e  tangent l i n e ,  

t o  t h e  slope sf t h e  sa i lp lane polar  found by d i f f e r en t i a t i ng  equation [Al) 

The defining equation f o r  t h e  optimum solut ion becomes 

Use Newton's method fo r  estimating roots .  Let 



then,  

W 
A good i n i t i a l  guess f o r  Vi could a r b i t r a r i l y  be Vo + 5 ( 1  + TI);. A f a i r  

amount of accuracy can be obtained with jus t  f i v e  i t e r a t i o n s  i n  t h i s  manner. 
The required rate-of-climb f o r  an average ground speed of VG i s  given by t h e  
following r e l a t i o n  : 



OPTIMUM SPEED-TO-FLY CALCULATIONS FOR THERMAL STREETS 

The defining r e l a t i ons  and a geometric in te rpre ta t ion  ( f igure  21) of t h e  
optimum speed-to-fly between lif't, given t h e  sa i lp lane performance, t h e  i n t e r -  
lirt sink r a t i o ,  t h e  rate-of-climb and t h e  speed a t  which t h e  l i f t  i s  t rans-  
versed (vCL),  were presented i n  reference 5. The defining equation i s  

Assuming a parabolic polar ,  equations ( ~ l ) ,  ( ~ 2  ) , and (A3 ) , t h e  following f i f t h  
degree polynomial can be derived 

Newton's i t e r a t i v e  method of egtimating r e a l  roots  was used t o  solve t h e  
f i r t h  degree equation fo r  t h e  desired root.  

Let 

then 

* 
A good value f o r  t h e  i n i t i a l  guess of Vi 

might a r b i t r a r i l y  be t h e  

solut ion t o  t h e  thermal model problem developed i n  Appendix A. A near optimum 
value fo r  t h e  climbing veloci ty ,  VCL, would be t h e  speed f o r  minimum sink r a t e ,  

'MIN* 



The average ground speed f o r  a complete cycle,  a s  pictured i n  f igure  22, 
i s  ca lcula ted a s  follows: 

These equations were derived assuming t h a t  t h e  net  a l t i t u d e  change a f t e r  
each cruise/climb cycle was zero. Referring t o  f igure  22, a r e l a t i on  can be 
derived t o  y i e ld  t h e  proportion of t h e  f l i g h t  path which must be under t h e  
influence of lift t o  r e s u l t  i n  no net a l t i t u d e  change a f t e r  each cycle 
kCR/hCL = 1) 

Star t ing  with 

and 

The following equation i s  derived 

A p lo t  of R /R a s  a function of is fo r  t h r ee  sa i lp lanes  i s  shown i n  
f igure  18. CL 



I n  t h e  event t h a t  the re  i s  a l a rge r  proportion of t h e  f l i g h t  path under t h e  
influence of l i f t  than required f o r  no net  a l t i t u d e  change, then t h e  p i l o t  needs 
t o  c ru i se  a t  a ve loc i ty  which gives a sink r a t e  equal t o  t h e  v e r t i c a l  a ir  velo- 
c i t y  t o  keep from climbing i n t o  t h e  cloud. This airspeed can be calculated a s  
follows : 



APPENDIX C 

CALCULATION OF BREAK-AWAY POINTS FROM 
A CLOUD STREET AT AN ANGLE TO THE DESIRED COURSE 

Using t h e  geometry defined i n  f igure  12,  a r e l a t i o n  can be defined t o  
determine t h e  appropriate breakaway points  i n  terms of sa i lp lane performance 
parameters and atmospheric l i f t  condit ions.  The f i r s t  case considered i s  
f inding t h e  breakaway point ,  t h e  distance t o  be flown along t h e  s t r e e t ,  2 ,  t o  
y ie ld  t he  same time t o  t h e  top  of t h e  thermal a s  Z as  by f ly ing  d i r e c t l y  from 
X t o  Z.  The time t o  f l y  along t h e  s t r e e t ,  f l y  t o  Z and then climb t o  cloud- 
base a t  Z i s  given by: 

then 

Using t h e  Law of Cosines 

2  
n2 = D + a2 - 2 ~ 2  cos + 

Squaring equation L C ~ )  y i e ld s  

Subst i tu t ing equation ( ~ 5 )  i n t o  ( ~ 6 )  gives 



From t h e  def in i t ion  of completing e i t h e r  route i n  equal time and from t h e  
assumptions of Appendix A ,  Vn and V a r e  equal s ince  they a r e  both calcu- D 
l a t e d  based on t h e  thermal a t  Z ,  t h e  following can be wri t ten:  

Subst i tu t ing ( ~ 8 )  i n to  ( ~ 7 )  r e s u l t s  i n  

I f  we define t h e  following constant ,  

then equation ( ~ 9 )  can be solved f o r  t h e  roots  a s  follows 

The second case considered i s  t he  solut ion f o r  t h e  non-dimensionalized 

R * breakaway point ,  -, f o r  minimum time t o  reach t h e  t op  of t h e  thermal a t  Z. D 
Star t ing  with equation ( ~ 4 )  and subs t i tu t ing  t h e  square root  of equation ( ~ 5 )  
i n t o  it, t h e  following function i s  obtained: 

The minimum time solut ion f o r  T i s  found by d i f f e r en t i a t i ng  with respect  t o  
R and s e t t i ng  it t o  zero. 

Rn 

3 38 



d -T r o = -  K R - D cos 0 
I + -  1 

dR Rn 4 
( ~ 1 4 )  

(D2 + t2 - &a cos 0) 

Rearranging ((214) and subs t i tu t ing  i n  equation ( ~ 1 0 )  gives t he  
following quadratic equation : 

The root of i n t e r e s t  from equation ( ~ 1 5 )  i s  

R lk - = cos 0 - K12 (1 - cos2 0) 
D v' ( 1 - K t 2  ) 
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Figure 1. - Micro-strategy thermal model. 
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Figure 2. - Required rate-of-climb a t  Y a s  a function of deviation distance 
r a t i o  f o r  micro-strategy thermal model. 
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Figure 3. - Deviation distance r a t i o  a s  a function of l i f t  r a t i o  fo r  micro- 
s t ra tegy thermal model. 
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Figure 4. - Required rate-of-climb a t  Y versus deviation distance r a t i o  
i l l u s t r a t i n g  impact of sa i lplane performance f o r  micro-strategy 
thermal model. 
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Figure 5 .  - Required rate-of-climb a t  Y versus deviation distance r a t i o  
i l l u s t r a t i n g  impact of sink r ,at io fo r  micro-strat egy thermal model. 
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Figure 6. - Required rate-of-climb a t  Y versus deviation distance r a t i o  
i l l u s t r a t i n g  impact of d l / d  f o r  micro-strategy thermal model. 
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Figure 7 .  - Speed r a t i o  versus s i n k ' r a t i o  f o r  micro-strategy thermal analysis.  
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Figure 8. - Speed r a t i o  versus l i f ' t  r a t i o  f o r  macro-strategy thermal model. 



Figure 9. - Micro-strategy model with thermal s t r e e t  p a r a l l e l  t o  course l i n e .  
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Figure 10. - Deviation distance r a t i o  versus average rate-of-climb f o r  p a r a l l e l  
thermal s t r e e t  micro-strategy model. 
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Figure 11. - Spacing distance r a t i o  versus average rate-of-climb f o r  p a r a l l e l  
thermal s t r e e t  micro-strategy model. 
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Figure 12.  - Micro-strategy model with thermal s t r e e t  a t  an angle with course 
l i n e .  
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Figure 13. - Speed r a t i o  versus breakaway distance r a t i o  f o r  a thermal s t r e e t  
a t  an angle t o  course l i n e .  
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Figure 14. - Breakaway distance r a t i o s  f o r  equal time and optimum time versus 
average rate-of-climb f o r  a thermal s t r e e t  a t  an angle t o  course 
l i n e .  
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Figure 15. - Speed r a t i o  versus rate-of-climb f o r  a var ie ty  of s t r e e t  angles 
fo r  a thermal s t r e e t  a t  an angle t o  course l i n e .  
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Figure 16. - Influence of thermal s t r e e t  angle upon breakaway distance r a t i o  
f o r  a thermal s t r e e t  a t  an angle t o  course l i n e .  
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Figure 17. - Speed r a t i o  versus thermal s t r e e t  angle fo r  micro-strategy thermal 
s t r e e t  model. 
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F igure l8 .  - Required climb distance r a t i o  versus average ratecof-climb f o r  
thermal s t r e e t  macro-strategy analysis.  
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Figure 20. - Sailplane polar showing optimum speed-to-fly constructions f o r  
thermal soaring . 
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Figure 21. - Sailplane polar showing optimum speed-to-fly constructions f o r  
thermal s t r e e t  soaring. 

Figure 22. - Flight p ro f i l e  of a glide/climb cycle f o r  thermal s t r e e t  soaring- 

353 



Page intentionally left blank 



ON GLOBAL OPTIMAL SAILPLANE FLIGHT STRATEGY 

G. Sander and F. X. L i t t  
Univers i ty  of  ~ i s g e ,  Belgium 

SUMMARY 

The present  paper concentrates on the  de r iva t ion  and i n t e p r e t a t i o n  of the  
necessary condit ions t h a t  a  s a i l p l a n e  cross-country f l i g h t  has t o  s a t i s f y  t o  
achieve the  maximum global  f l i g h t  speed. Simple r u l e s  a r e  obtained fo r  t w o  
spec i f  i c  meteorological  models. The f i r s t  one uses concentrated l i f t s  of var i- 
ous s t r eng ths  and unequal distance.  The second one takes i n t o  account f i n i t e ,  
non-uniform spa= amplitudes f o r  the  l i f t s  and allows, therefore ,  f o r  dolphin- 
s t y l e  f l i g h t .  In both models, a l t i t u d e  c o n s t r a i n t s  cons i s t ing  of upper and 
lower l i m i t s  a r e  shown to be e s s e n t i a l  t o  model r e a l i s t i c  problems. Numerical 
examples i l l u s t r a t e  the  d i f fe rence  with e x i s t i n g  techniques based on l o c a l  
op t ima l i ty  condit ions.  

INTRODUCTION 

The problems associa ted  with the  optimizat ion of s a i l p l a n e  f l i g h t  pa ths  t o  
achieve maximum cross-country speeds have recen t ly  received s p e c i a l  a t t e n t i o n  
i n  the  l i t e r a t u r e .  This has been st imulated by t h e  modern competitive soar ing  
which c o n s i s t s  almost exclus ively  i n  racing and by the  development of high 
performance s a i l p l a n e s  allowing fo r  new, highly e f f i c i e n t  f l i g h t  techniques. 
S t a r t i n g  wi th  the  now c l a s s i c a l  MacCready [ 1 1  r e s u l t s ,  most of the invest iga-  
t ions  have been concerned e s s e n t i a l l y  with l o c a l  optimizat ion problems, t h a t  
is, f inding the  optimum f l i g h t  s t r a t e g y  fo r  var ious  s p e c i f i c  s i t u a t i o n s  
encountered i n  a  s h o r t  sec t ion  of a  f l i g h t  [ l  t o  101. 

I n  recent  papers [2, 4, 5, 8 1 t h e  optimum speeds t o  f l y  i n  a  v a r i e t y  
of atmospheric v e r t i c a l  ve loc i ty  d i s t r i b u t i o n s  have been determined from the  
b a s i c  assumption t h a t  the  corresponding f l i g h t  segments had t o  be crossed 
with zero net  a l t i t u d e  l o s s .  Conditions under which a t r a n s i t i o n  from the  
c i r c l i n g  mode of climb t o  the dolphin or  ess ing  modes has t o  be decided have 
been examined [4 1 . Although such r e s u l t s  y i e l d  extremely valuable guidel ines  
f o r  s e l e c t i n g  a f l i g h t  s t r a t egy ,  they only  optimize the  speed over a  l imi ted  
por t ion  of the  t o t a l  f l i g h t .  

I t  is w e l l  known, however, i n  optimizat ion theory t h a t  a  succession of 
l o c a l l y  optimum so lu t ions  does not ,  i n  general ,  l e a d  t o  a  g loba l ly  optimum 
r e s u l t  [ill. It is worth point ing  o u t  t h a t  a  g loba l ly  optimum f l i g h t  s t r a t e g y  
can only be determined i f  the  assumption is made t h a t  the  d i s t r i b u t i o n  of 
atmospheric v e l o c i t i e s  over the  whole f l i g h t  path is known i n  advance and 
is independent of t i m e .  Although t h i s  is never achieved i n  p rac t i ce ,  it is 
f e l t  t h a t  the  de r iva t ion  of g lobal  op t ima l i ty  condit ions a l l w s  f o r  a  new 
i n s i g h t  i n t o  the  s a i l p l a n e  f l i g h t  technique by g iv ing a p o s t e r i o r i  the deci- 
s ions  t h a t  the  p i l o t  should have taken and t h e  influence of f a c t o r s  t h a t  have 



been up t o  now neglected i n  the  ana lys i s ,  such a s  the  e f f e c t  of the unequal 
d i s t r i b u t i o n  and s t r e n g t h  of the  l i f t s  and the  e f f e c t  of minimum and maximum 
a l t i t u d e  l imi ta t ions .  Such a l t i t u d e  c o n s t r a i n t s  reveal  an e s s e n t i a l  ingredient  
i n  the  formulation. Their necess i ty  appears as  follows. I f  they a r e  absent 
and i f  the  l i f t s  a r e  of unequal s t rength ,  the  g loba l ly  optimum so lu t ion  turns  
out  t o  be t r i v i a l  and c o n s i s t s  of a  g l i d e  u n t i l  the  maximum l i f t  e x i s t i n g  
along t h e  path is reached and a  climb t o  an a l t i t u d e  t h a t  allows completion 
of the t a sk ,  the  speed on both segments corresponding to the  MacCready s e t t i n g  
for  t h a t  s t ronges t  l i f t  [ I  21 . 

The present  paper provides simple r u l e s  f o r  g lobal  op t ima l i ty  f o r  t w o  
simple atmospheric models. These appear to be i n  agreement with the  techniques 
i n t u i t i v e l y  used by good competition p i l o t s .  

In both atmospheric models used i n  the  following, the  hor izon ta l  (wind) 
v e l o c i t y  of the a i r  mass is assumed t o  be e i t h e r  zero or  t o  be taken i n t o  
account by an appropr ia te  modificat ion of the  polar  equation. The v e r t i c a l  
v e l o c i t y  ( l i f t )  of the  a i r  mass ci is defined by the  so-called n e t t o  value. 
It is constant  i n  the  v e r t i c a l  d i r e c t i o n  between the  a l t i t u d e  l i m i t s .  The 
f l i g h t  pa th  is supposed t o  be cons t i tu ted  by a  succession of segments of var i -  
a b l e  lengths  i n  which the  a i r  mass e x h i b i t s  v e r t i c a l  v e l o c i t i e s  ci which a r e  
cons tant  along a  given segment but vary from one to the  o ther .  The a l t i t u d e  - 
c o n s t r a i n t s  c o n s i s t  i n  constant  upper and lower l i m i t s  denoted h  and h. 
Note t h a t  v a r i a b l e  a l t i t u d e  l i m i t s  could be e a s i l y  incorporated. For siGplic- 
i t y  the  lower a l t i t u d e  l i m i t  is taken a s  zero (h - = 0 ) .  

Concentrated L i f t  Model 

In a  f i r s t  model, the  lengths  of the  segments where a  pos i t ive  v e r t i c a l  
v e l o c i t y  is encountered a r e  supposed t o  be neg l ig ib le ,  t h a t  is, the  l i f t s  a r e  
considered as  concentrated. The a i r  mass between the  l i f t s  is supposed t o  be 
s t ab le .  Climbing is the re fo re  achieved only by c i r c l i n g  a t  f ixed  loca t ions  
corresponding t o  the  l i f t s .  I f  a  l i f t  is not used, its cross ing is supposed not  
t o  a f f e c t  the  g l i d e  and the  dynamical aspects  of the  t r a n s i t i o n  from g l id ing  
t o  c i r c l i n g  a r e  not  considered. The model is i l l u s t r a t e d  i n  f i g u r e  1 which is 
drawn i n  the  v e r t i c a l  plane. The s igns  of the  v e l o c i t i e s  a r e  taken according 
t o  the  p o s i t i v e  s ign  of the axes . 

The f l i g h t  c o n s i s t s  of a  succession of climbs i n  the  se lec ted  l i f t s  fo l -  
lowed by a  g l i d e  a t  constant  speed which poss ib ly  crosses  discarded l i f t s .  The 
p i l o t  c o n t r o l s  the  s e l e c t i o n  of the  l i f t s  where he decides t o  ga in  a l t i t u d e ,  
the  amount of a l t i t u d e  gained, and t h e  speed t o  f l y  between the  se lec ted  l i f t s .  
During t h e  climbs the  v e r t i c a l  speed of the  s a i l p l a n e  is simply taken a s  the  
a lgebra ic  sum of the a i r  mass v e r t i c a l  v e l o c i t y  and the  minimum sinking speed 
of the g l i d e r .  The increase  of s inking speed due t o  va r i a t ions  i n  bank angle  
is not considered e x p l i c i t e l y  and should be incorporated i n  the  polar d e f i n i t i o n .  



The v a r i a t i o n s  i n  a l t i t u d e s  a r e  given by 

where the  s ink ing  speed w(vi )  is given by t h e  polar  equat ion.  The c l a s s i c a l  
q u a d r a t i c  approximation has been used f o r  numerical examples 

The t i m e  spent  a t  each s t e p  c o n s i s t s  of the  sum of the  t i m e  used i n  climb- 
ing and t h e  t r a n s i t i o n  t i m e  between l i f t s  

The achieved r a t e  of c l imb is t h e  sum of the  a i r  mass v e l o c i t y  C i  and t h e  
g l i d e r  minimum s ink ing  speed y,. The c o n s t r a i n t s  on the  a l t i t u d e  and a l t i t u d e  
ga ins  a r e  expressed by 

A c o n t r o l  c o n s t r a i n t  Ahi 2 0 ( 4 )  

I n i t i a l  and t e rmina l  b = O  h 2 n = 0  
c o n s t r a i n t s ,  say 

A l t i t u d e  c o n s t r a i n t s  > h2i+l 5 6 ;  h2i  = 0 (6) 
a t  each s t e p  

i = O,l,... ,n-1 

The mathematical problem can be t r e a t e d  by the  c l a s s i c a l  d i s c r e t e  opt imal  con- 
t r o l  theory  [ 111 and c o n s i s t s  of f i nd ing  the  sequence (s) Ahor vOI Ahl # vl # . . . , 
vn-1 which s a t i s f y  the  r e l a t i o n s  (11, ( 4 ) ,  ( 5 ) ,  and (6) and minimizes t h e  t o t a l  
f l i g h t  time 



Dist r ibuted  L i f t  Model 

I n  t h i s  second model, the  length  of the  segments is always f i n i t e  and non- 
vanishing. Between l i f t s  the  a i r  mass may present  negative v e r t i c a l  v e l o c i t i e s  
so  t h a t  any des i red  a i r  mass v e r t i c a l  balance can be achieved. The model is 
i l l u s t r a t e d  i n  f i g u r e  2. An important d i f f e rence  with the  preceding model is 
brought by the  p o s s i b i l i t y  of cross ing a  l i f t i n g  segment a t  a  hor izonta l  speed 
v i  less than the  speed corresponding t o  the  minimum sinking speed wm. This 
is achieved by using the  equivalent  polar i l l u s t r a t e d  i n  f i g u r e  3 and already 
used i n  other  s imi lar  works [41 . For hor izon ta l  speeds l e s s  than t h a t  corre- 
sponding t o  the  minimum sinking speed, the  sinking speed remains constant .  This 
appears t o  be s u f f i c i e n t l y  accura te  t o  s imulate the  t r a n s i t i o n  from pure dolphin 
f l i g h t  t o  ess ing  or  c i r c l i n g  or  a  combination of equivalent  manoeuvers achieved 
t o  c r o s s  a  l i f t i n g  a rea  i n  the  t i m e  required t o  gain a  c e r t a i n  amount of a l t i -  
tude. Note t h a t  the  same approximation is used as  the  bas i s  fo r  speed c o n t r o l  
i n  some modern instrumentat ion.  I n  the  numerical appl ica t ions ,  the  quadra t ic  
approximation (2)  remains app l i cab le  a t  speeds higher than v(wm). 

The v a r i a t i o n s  i n  a l t i t u d e  a r e  governed by 

I f  V i  2 v(wm), then w = wm = Constant and thus  the  a l t i t u d e  gain  is e n t i r e l y  
con t ro l l ed  by the  equivalent  hor i zon ta l  speed v i .  The a l t i t u d e  gain  no longer 
appears a s  an e x p l i c i t  c o n t r o l  var iable .  The t i m e  spent  i n  each segment is 
given by 

while the  a l t i t u d e  c o n s t r a i n t s  read 

A t  i n i t i a l  and terminal  h , = O  h n = O  
po in t s  

- 
A t  each s t e p  O 5 h i S h  i = 1,2,.  ..,n-1 ( 1 1 )  

The mathematical problem c o n s i s t s  of f inding t h e  sequence(s) vO, v1, ..., 
vn,l s a t i s f y i n g  the  r e l a t i o n s  (8) , (1 0) , and (1 I-) and minimizing the  t o t a l  
f l i g h t  t i m e  



NECESSARY OPTIMALITY CONDITIONS 

The f i r s t - o r d e r  necessary condi t ions  f o r  op t ima l i ty  can be deduced by t h e  
c l a s s i c a l  methods of d i s c r e t e  optimal c o n t r o l  [ 111 . Such methods have been 
used i n  previous work [ 4, 61 . A d e t a i l e d  treatment can be found i n  [ 12, 131 
f o r  the  t w o  atmospheric models presented here, a s  w e l l  as  f o r  c e r t a i n  more c o m -  
p lex  s i t u a t i o n s .  The conclusions a r e  summarized as  follows. 

Concentrated L i f t  Model 

The Hamiltonian tu rns  out  t o  be 

I t  has t o  be maximized with r e spec t  to Ahi or  v i  fo r  each i. The so-cal led 
ad j o i n t  va r i ab les  p i  have t o  s a t i s f y  the  r e l a t i o n s  

where the  X i  a r e  Lagrange m u l t i p l i e r s .  From those condit ions,  it can be 
shown El21 t h a t  a reduced s e t  of a d j o i n t  va r i ab les  rlor n l ,  ..., n n - l r  $,, . . . , $ 1  and of Lagrange m u l t i p l i e r s  P I ,  ~ 2 ,  . . . , - 1  can be derived which, 
in  an optimal  so lu t ion ,  have t o  s a t i s f y  the  fol lawing a n d i t i o n s  



Dist r ibuted  L i f t  Model 

The optimal  so lu t ion  ( h i ,  v i )  must be such t h a t  the  Hamiltonian 

is maximized with r e spec t  t o  v i  fo r  each i. The a d j o i n t  var iables  p i  have 
t o  s a t i s f y  the  r e l a t i o n s  

(2) 
X i  ( h i  - 6) = 0 

(1 1 (2) 
where X i  and X i  a r e  Lagrange m u l t i p l i e r s .  Again a set of reduced var i -  
ables  and Lagrange m u l t i p l i e r s  

allows t o  present  the  op t ima l i ty  condi t ions  i n  a  more s u i t a b l e  form which tu rns  
out  t o  be [ 131 

(2) - 
p i  ( h i  - h) = 0 

(2) 
P i  6 O 

* ( v i )  
V i  - - w(vi) - c i  + 'bi = O 

dv: 



PHYSICAL INTERPRETATION 

The i n t e r p r e t a t i o n  of t he  two s e t s  of o p t i m a l i t y  condi t ions  fo l lows  s i m i l a r  
l i n e s .  A f i r s t  conclusion is drawn frcan equat ion (19) o r  (25) which governs 
the  speed t o  f l y  i n  a segment. Note t h a t  equat ion (25) reduces t o  equat ion  (19) 
i f  t he  a i r  mass v e r t i c a l  v e l o c i t y  ci is zero,  a s  assumed i n  the  f i r s t  model. 
From f i g u r e  3, the  reduced a d j o i n t  v a r i a b l e  $ appears  t o  correspond t o  a 
c l a s s i c a l  MacCready s e t t i n g  and indeed equat ion (25) appears  i n  most o ther  works 
on opt imiza t ion  [ 4, 5, 81 . In  t he  fol lowing,  t he  no ta t ion  MCS (ci) denotes  t he  
s e t t i n g  corresponding t o  an a i r  mass v e l o c i t y  ci a s  def ined by equat ion  (25 ) .  
The next  i n t e r p r e t a t i o n  concerns the  Lagrange m u l t i p l i e r s  i n  equat ion ( I S ) ,  

(1 1) 
( 1 6 ) ,  or (24) .  These m u l t i p l i e r s  a r e  ze ro  i n  e n t e r i n g  (p2i or  i or  leav- 

\ 

a Segment i f  the  LAL (lower a l t i t u d e  l i m i t )  o r  UAL (upper 
is no t  reached. 

From equat ion (20) o r  (26) t h e  important conclusion is drawn t h a t  t he  MCS 
cannot  change from a segment t o  t h e  next  one unless  e i t h e r  t he  UAL o r  the  LAL 
has been reached,  t h a t  is ,  i f  one of t he  Lagrange m u l t i p l i e r s  P becomes nega- 
t i v e .  I f ,  and only  i f ,  t h e  UAL is reached, then the  MCS may be reduced. Con- 
verse ly ,  t h e  MCS may be increased  only  i f  the LAL is touched. To proceed fur-  
ther  with t h e  i n t e r p r e t a t i o n  r e q u i r e s  d i s t i n g u i s h i n g  between the  two models. 

Concentrated L i f t  Model 

The reduced a d j o i n t  v a r i a b l e s  rli appears  from equat ion  (17) a s  i n d i c a t o r s  
of whether t h e  l i f t s  C i  may be used (rli = 0) t o  cl imb o r  no t  (rli > 0 ) .  With 
these  r e s u l t s  i n  mind, it becomes easy  t o  deduce from equat ions (1 8 )  , (20) , 
and (21) t h e  l o g i c  f o r  de r iv ing  i t e r a t i v e l y  t h e  optimum so lu t ion .  

Consider t he  beginning of the  f l i g h t  a t  a l o c a t i o n  where a l i f t  A e x i s t s .  
Denote by B t h e  f i r s t  l i f t  s t ronge r  than A along t h e  f l i g h t  path. The follow- 
ing i t e r a t i v e  reasoning can be made. I f  B can be reached from the  UAL i n  A wi th  
a MCS (A) , t h a t  is, a MCS corresponding t o  the  l i f t  A, then one has t o  climb 
i n  A j u s t  enough t o  reach B a t  LAL wi th  a MCS(A). I f  B cannot be reached wi th  
MCS(A) even when climbing a t  UAL i n  A, then cl imb t o  UAL i n  A and look f o r  t he  
next  best l i f t ,  denoted C, between A and B. Evident ly  C < B and C 5 A. Try 
t o  reach B a t  LAL wi th  a MCS i n f e r i o r  to MCS (A) bu t  super ior  t o  MCS (C) . I f  t h i s  
is impossible  because C cannot be reached, then r e s t a r t  the  reasoning wi th  A 
unchanged and B rep laced  by C; i f  t h i s  is impossible  because B cannot  be reached, 
then take  a MCS (C) t o  reach C and r e s t a r t  the  reasoning with B unchanged and 
A replaced by C. 



Consider now the  case where a l i f t  A is stronger than a l l  remaining ones 
on the  f l i g h t  path. Denote by B the  s t ronges t  of the  remaining l i f t s ,  Unless 
i n  the  s p e c i a l  case where the  t a s k  could be ended from A with a MCS(A) without 
climbing up t o  the  UAL, one necessa r i ly  has t o  climb up t o  the UAL and take  a 
MCS superior  t o  the  MCS (B) but  equal  or  i n f e r i o r  to the  MCS (A) . I f  the  t a sk  
cannot be ended, reach B with a MCS(B) and climb i n  it up t o  the  UAL. Repeat 
the  reasoning i n  B fo r  the  next  s t ronges t  l i f t .  I f  B cannot be reached from 
A with MCS (B) , look f o r  the best l i f t  between A and B, denoted C,  and t r y  i f  
B can be reached a t  LAL with a MCS between MCS (B) and MCS (C) . I f  necessary 
climb i n  C i f  the  MCS is equal MCS(C). I f  it is impossible t o  reach C a t  LAE 
with a MCS (C) look fo r  the  best l i f t ,  say D ,  between A and C and repeat  the  
reasoning. I f  the re  is no l i f t ,  t r y  MCS ( 0 )  . I f  it s t i l l  does not work, the  
f l i g h t  is evident ly  impossible. 

A combination of the  two reasonings proposed above f o r  increas ing o r  
decreasing l i f t s  allcws the  cons t ruct ion  of the  optimal so lu t ion .  Note t h a t  
it is not  necessa r i ly  unique. 

It is worth point ing ou t  t h a t  the  optimal so lu t ion  leads  always when going 
from a l i f t  A t o  a l i f t  B t o  use a MCS corresponding t o  the  weaker of the  t w o  
l i f t s .  I f  A > B the  UAL has t o  be taken i n  A while B has t o  be reached a t  LAL 
i f  A < B. Similar  conclusions have been obtained independently by a va r i a t iona  
approach i n  [ 1 41 . 

Dist r ibuted  L i f t  Model 

In t h i s  model, the decis ion  t o  ga in  a l t i t u d e  i n  a l i f t  is d ic ta t ed  by equa 
t i o n  (27). I f  $i > wm + c i  the  speed v i  is l a rge r  than v~(w, )  and there- 
f o r e  is uniquely determined by equation (25) .  The l i f t  has then t o  be crossed 
a t  the  corresponding speed. This appears to be a pure dolphin mode. I f ,  and 
only i f ,  $i = Wm + c i  the  decis ion  of climbing may be taken a s  the  speed v i  
becomes equal  t o  or smaller than the  speed v(wm). Indeed, due to the  form use 
f o r  the equivalent  polar ,  the  speed v i  cannot be computed by equation (25) . 
Its value is d i c t a t e d  by the  need t o  ga in  a c e r t a i n  amount of a l t i t u d e  i n  t h a t  
l i f t ,  given by 

I f  the  speed v i  is i n f e r i o r  to v i  (wm),  Ahi is l a rge r  than the  value 
obtained i n  pure dolphin mode which implies t h a t  some s o r t  of manoeuver l i k e  
ess ing  and/or c i r c l i n g  is achieved while f l y i n g  through the  segment. 

Except fo r  the  process of gaining a l t i t u d e  i n  a non-dolphin mode, the  con- 
c lus ions  reached fo r  the  preceding model a r e  s t i l l  val id .  From equation (26) 
the  MCS may not  be changed unless  the  a l t i t u d e  l i m i t s  a r e  reached. It may 
increase  only  i f  the  LAL is  touched and may decrease only when reaching t h e  UAI 
The process f o r  cons t ruct ing  numerically an optimum so lu t ion  is a s  follows. 



S t a r t  by t r y i n g  t o  use the  MCS of the  bes t  e x i s t i n g  l i f t ,  say A, for  a l l  
the segments, I f  the  LAL is not  reached, increase the  s e t t i n g  u n t i l  e i t h e r  
the t a sk  can be ended or the  LAL is reached. A t  t h a t  point ,  the  MCS may be 
increased. 

I f  the  MCS corresponding t o  the  bes t  l i f t  a l l w s  reaching the  LAL before 
the segment where it occurs, look f o r  the  s t ronges t  l i f t  between the  present  
point  and A. Denote it by B. Then t r y  t o  reach A a t  the  LAL with a MCS (B) . 
I f  t h i s  is not  poss ib le ,  climbing i n  B is allowed. I f  B cannot be reached with 
a MCS(B), look fo r  the  best l i f t  between the  present  point  and B and repeat  the  
reasoning a s  necessary, keeping i n  mind the  r u l e s  t h a t  allow climbing i n  a l i f t  
and those t h a t  a l l w  changing the  MCS. 

NUMERICAL EXAMPLES 

Concentrated L i f t  Model 

A s  a simple example, a 300 km f l i g h t  is schematized i n  f i g u r e  4. The l i f t s  
a r e  e q u i d i s t a n t  (10 km) f o r  s impl ic i ty  although it is by no means implied i n  
t h e  preceding r u l e s  fo r  opt imal i ty .  The l i f t  s t r eng ths  a r e  indica ted  i n  m/sec 
along the  y-axis. They increase  progress ively  during the  f l i g h t ,  then decrease, 
but a r e  i n  genera l  unequal. The a l t i t u d e  l i m i t s  a r e  0 and 1000 m. The s a i l -  
plane polar is approximated by 

and corresponds t o  a d ry  open c l a s s  ship.  The optimal  s t r a t egy  f o r  t h a t  l i f t  
d i s t r i b u t i o n  and a l t i t u d e  c o n s t r a i n t s  is i l l u s t r a t e d  i n  f i g u r e  4. The MCS f o r  
each g l i d e  is indicated.  It follows as a simple and sys temat ic  app l i ca t ion  of 
the r u l e s  f o r  op t ima l i ty  e s t ab l i shed  above. Note t h a t  the  f l i g h t  s t r a t e g y  con- 
sists i n  h i t t i n g  sys temat ica l ly  the  a l t i t u d e  l i m i t s ,  except a t  110 km and 170 km 
where the  a l t i t u d e  j u s t  necessary f o r  reaching the  next  best l i f t  a t  LAL is 
gained. Note a l s o  t h a t  the  MCS is not always equal  t o  the  s t r eng th  of one of 
the t w o  l i f t s  def in ing the  g l ide .  F ina l ly ,  note t h a t  t h i s  example j u s t i f i e s  
the p r a c t i c a l  r u l e  of f l y i n g  "low" when t h e  l i f t s  a r e  improving and keeping 
"high" when they a r e  de te r io ra t ing .  The c r u i s i n g  speed fo r  t h a t  f l i g h t  is 
81 . 01 km/h. 

As a test f o r  the  s e n s i t i v i t y  of the  speed with respect  t o  the  MCS, the  
same problem has been solved with the  a d d i t i o n a l  c o n s t r a i n t s  of keeping the  same 
MCS which implies the  same speed between any t w o  se lec ted  l i f t s .  The optimal 
MCS fo r  t h a t  s i t u a t i o n  has been obtained i n  [131 i n  the  form 



where L is t h e  t o t a l  l eng th  of the  f l i g h t  (300 km) and ci + wm is the  
achieved r a t e  of c l imb i n  each s e l e c t e d  l i f t .  Note t h a t  t h e  s e l e c t i o n  of t he  
l i f t s  is h igh ly  dependent upon t h e  a l t i t u d e  l i m i t s ,  I n  t h e  p re sen t  example 
IlJ = 1.23 m/sec and t h e  corresponding cons t an t  speed between the  thermals  is 
133 km/h. The new cons t ra ined  opt imal  speed becomes 79.51 km/h which d i f f e r s  
by o n l y  1.85% froan the  exac t  optimum. Although some r e s t r i c t i o n s  have t o  be 
mentioned (see [131) concerning t h e  a p p l i c a b i l i t y  of  equat ion  (29) i n  a gene ra l  
ca se ,  it i n d i c a t e s  c l e a r l y  t h a t  i n  an atmosphere corresponding t o  t he  p re sen t  
model, t he  MCS is much less important than t h e  c o r r e c t  s e l e c t i o n  of t he  l i f t s .  
This  is aga in  we l l  known f o r  many competi t ion p i l o t s  [ 151 . 

D i s t r i b u t e d  L i f t  Model 

The f l i g h t  po lar  has been approximated by 

which corresponds a l s o  t o  a d r y  open c l a s s  g l i d e r  and t o  t he  model used i n  [41 
and [ 51 . Three d i s t r i b u t i o n s  of l i f t s  have been s e l e c t e d  and a r e  presented  i n  
f i g u r e s  5, 6,  and 7 and denoted f l i g h t s  I ,  11, and 111. These f l i g h t s  a r e  a l l  
200 km long and correspond t o  d i f f e r e n t  weather condi t ions .  I n  f l i g h t  I t h e  
l i f t s  a r e  r e l a t i v e l y  concent ra ted  except  a t  two p laces  and t h e i r  s t r e n g t h s  a r e  
r a t h e r  d i f f e r e n t  f r m  each o the r .  The l eng th  of the  l i f t i n g  zones r e p r e s e n t s  
36% of the  t o t a l  which is r a t h e r  c r i t i c a l  f o r  t he  t r a n s i t i o n  £ram thermaling 
t o  dolphining 141. The a i r  mass balance is p o s i t i v e ,  t h a t  is, t h e  average over 
t he  d i s t a n c e  of t h e  a i r  mass ( n e t t o )  v e r t i c a l  v e l o c i t i e s  y i e l d s  0.39 m/sec. 
In f l i g h t  I1 the  l i f t i n g  zones r ep re sen t  31% of the  d i s t a n c e  and t h e i r  s t rength :  
a r e  much more s i m i l a r  t o  each o t h e r .  The l i f t i n g  and s ink ing  a r e a s  e x a c t l y  bal- 
ance each o t h e r ;  t h a t  is, not  on ly  t h e  average v e r t i c a l  v e l o c i t y  is zero,  bu t  
the  a i r  mass is organized i n  a success ion  of c e l l s  which a r e  20 t o  40 km long 
where the  exac t  a i r  mass balance is a l s o  achieved. This  a l lows f o r  using t h e  
classical r u l e s  f o r  l o c a l  o p t i m a l i t y  [41 i n  c ros s ing  t h e s e  cells and compares 
wi th  t h e  g l o b a l l y  opt imal  so lu t ion .  I n  f l i g h t  I11 t h e  l i f t s  a r e  weaker and 
t h e i r  s t r e n g t h s  s t i l l  c l o s e r  t o  each o t h e r .  The l i f t i n g  zone r e p r e s e n t s  49% of 
the  t o t a l .  The a i r  mass balance y i e l d s  0.236 m/sec and t h e  l i f t i n g  zones are 
aga in  organized i n  c e l l s  i n  which approximately t h e  same a i r  mass balance is 
maintained. For each of these  atmospheric m o d e l s  t h r e e  upper a l t i t u d e  l i m i t s  
have been considered = 1000 m, 1500 m, and 2000 m. The LAL has been kep t  
a t  h = 0 which is e v i d e n t l y  n o t  n e c e s s a r i l y  t h e  ground l e v e l .  

The numerical ly  obta ined  opt imal  s o l u t i o n s  a r e  i l l u s t r a t e d  i n  t a b l e s  I, 
11, and I11 i n  d i g i t a l  form and i n  f i g u r e s  8 ,  9,  and 10 i n  graphic.al  form. The 
s a t i s f a c t i o n  of t he  o p t i m a l i t y  cond i t i ons  descr ibed  above a r e  e a s i l y  v e r i f i e d .  
The l i f t s  i n  which ga in ing  a l t i t u d e  i n  c i r c l i n g  o r  e s s ing  a r e  i nd ica t ed  a s  w e l l  
a s  t h e  corresponding equ iva l en t  h o r i z o n t a l  speed which is then smal le r  than 
the speed of minimum s ink  v(wm) = 20.52 m/sec. I n  the  o the r  segments, c ros sed  
i n  dolphin mode, t h e  optimum MCS is given. Note t h a t  % = 0.47 m/sec. The 
inf luence  of the  a l t i t u d e  l i m i t s  is i l l u s t r a t e d  by t h e  fol lowing t ab l e :  



where Ah is t h e  allowed a l t i t u d e  range and v is t h e  optimum average speed 
i n  km/h. The a p p l i c a t i o n  of va r ious  non-globally opt imal  f l i g h t  s t r a t e g i e s  
based on the  use of e x i s t i n g  r u l e s  f o r  opt imizing t h e  speed i n  each ind iv idua l  
meteoro logica l  c e l l  [4, 51 r e s u l t e d  i n  average speed from 5 t o  15% i n f e r i o r  
depending on t h e  allowed a l t i t u d e  l i m i t s  and on t h e  va r ious  cond i t i ons  s e l e c t e d  
i n  applying t h e s e  r u l e s .  

CONCLUS IONS 

F l i g h t  I 

F l i g h t  I1 

F l i g h t  I11 

Simple r u l e s  f o r  ob ta in ing  numerical ly  t h e  optimum f l i g h t  s t r a t e g y  i n  two 
meteoro logica l  models have been obtained.  Their a p p l i c a t i o n s  r e v e a l  t h a t  t he  
a l t i t u d e  l i m i t s  imposed f o r  t he  f l i g h t  may have, a s  known from experience,  a 
much more s i g n i f i c a n t  in f luence  on the  achieved speed than  the  s e l e c t i o n  of MCS. 
Addi t iona l  i n v e s t i g a t i o n  is requi red  t o  dete'rmine the  r e l a t i o n  beween the  var i- 
ous p o s s i b l e  weather p r o f i l e s  and t h e  optimum f l i g h t  s t r a t e g i e s  a s  we l l  a s  
a l t i t u d e  l i m i t s  in f luence .  The i n  f l i g h t  recording of  such atmospheric p r o f i l e s  
over r a t h e r  long d i s t a n c e s  would al low f o r  s tudying s y s t e m a t i c a l l y  t h e  optimum 
s o l u t i o n  corresponding t o  a number of c l a s s i c a l  s i t u a t i o n s  . 

Ah = 1500 m 

97 -94 

81 . 2  

87.98 

Ah = 1000 m 

v = 94.5 

v = 73.76 

v = 85.87 

Ah = 2000 m 

100.19 

83.10 

88.16 

-. 

Ah = Unlimited 

100.57 

84,20 

88.16 - 



SYMBOLS 

A,B,C f l i g h t  polar  c o e f f i c i e n t s  

A j r r l  j r ! J i  

Qi 

- 
i 

UAL, LAL 

MCS 

a i r  mass n e t t o  v e r t i c a l  ve loc i ty  

a l t i t u d e  

upper a l t i t u d e  l i m i t  

Hamiltonian 

f l i g h t  segment length 

a d j o i n t  va r i ab le  

elapsed time 

t o t a l  f l i g h t  time 

hor izon ta l  speed 

s a i l p l a n e  sinking speed 

minimum sinking speed 

Lagrange m u l t i p l i e r s  

reduced a d j o i n t  va r i ab le  = MCS 

index of a  f l i g h t  segment 

upper (lower) a l t i t u d e  l i m i t s  

MacCready s e t t i n g  
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TABLE I.- OPTIMAL SOLUTION FOR FLIGHT I 

bout = altitude at the end of the segment (meters) 

Mode = D for dolphin 

C for climbing with v i  c vi(wm) 

MCS, v i  = mlsec 



TABLE 11.- OPTIMAL SOLUTTON FOR FLIGHT I1 

bout = altitude at the end of the segment (meters) 

3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 

Speed 

Mode = D for dolphin 

C for climbing with v i  < vi(w,) 

0.53 
0.53 
1.03 
1.03 
2.03 
1.03 
1.03 
1.03 
1.03 
1.03 
1.03 
2.03 
0.53 
0.53 
0.53 
0.53 
0.53 
1.53 
0.78 

MCS, v i  = m/sec 

541 
0 

617 
0 

1000 
443 
237 
181 
895 
278 

0 
1000 
729 
144 
890 
781 

0 
1000 

0 

7 3 . 7 6  k m l h  

20.5 
38.4 
8.3 

38.4 
10.1 
41.7 
38.4 
30.8 
7.2 

38.4 
41.7 
10.1 
38.4 
34.8 
10.6 
30.8 
34.8 
7.6 

36.7 

8 3 . 1 0  k m l h  

D 
D 
C 
D 
C 
D 
D 
D 
C 
D 
D 
C 
'D 
D 
C 
D 
D 
C 
D 

0.53 
0.53 
1.03 
1.03 
2.03 
2.03 
2.03 
2.03 
2.03 
2.03 
2.03 
2.03 
1.53 
1.53 
1.53 
1.53 
1.53 
1.53 
1.53 

541 
0 

617 
0 

2000 
1398 
1165 
1014 
1149 
450 
149 

2000 
1711 
1055 
1215 

200 
1092 

20.5 
38.4 
8.3 

38.4 
5.0 

47.6 
44.7 
38.4 
30.8 
44.7 
47.6 
5.5 

44.7 
41.7 
30.8 

107438.4 
41.7 
8.6 

041.7 

D 
D 
C 
D 
C 
D 
D 
D 
D 
D 
D 
C 
D 
D 
D 
D 
D 
C 
D 



TABLE 111.- OPTIMAL SOLUTION FOR FLIGHT 111 

bout = altitude at the end of the segment (meters) 

Mode = D for dolphin 

C for climbing with v < vi(wm) 
i 

MCS, v. = m/sec 
1 



Figure 1.- Concentrated l i f t  model. 

Figure 2.- Dis t r ibuted  l i f t  model. 



Figure 3.- The equivalent polar. 

CONCENTRATED LIFT MODEL 
distances (km) 

Figure 4.- Optimum flight strategy. 



DISTRIBUTED LIFT MODEL 
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Figure 5,- Lift distribution for flight I, 

DISTRIBUTED LIFT MODEL 
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Figure 6.- Lift distribution for flight 11. 
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DISTRIBUTED LIFT MODEL 
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E = ai = -236 m 
L sec 

LIFTING ZONES = 49% 

Figure 7.- Lift distribution for flight 1x1. 

8 climbing with vi < vi(wm) 

Figure 8.- Optimal solution for flight I. 



@ climbing with vi < v i ( ~ )  

Figure 9.- Optimal solution for flight 11. 

O climbing with vi < ~ ( w , )  

Figure 10.- Optimal solution for flight 111. 
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BALANCE TRAINING OF THE EQUILIBRIUM ORGAN AND ITS 

EFFECT ON FLIGHT STRATEGY 
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INTRODUCTION 

It is known that sailors, rope dancers, ballet dancers and astronauts have 
trained their sense of equilibrium. 

The question is whether the glider pilot by his long-duration circling in 
thermals has also acquired a training of his equilibrium sense. More than 
the motor pilot with his long straight flights, the glider pilot's equilibrium 
sense is severely taxed by the simultaneously performed circling and steady ob- 
serving of instruments and the aerial region. 

To investigate this, an experimental program was conducted with the pendu- 
lar platform of the Oto-Rhino-Laryngology Clinic, which was developed for the 
investigation of disturbances of the equilibrium. 

EXPERIMENT 1 

The test person was standing upright and free on the pendular platform 
which was oscillating in a sinusoidal pattern around the vertical axis with 

2 various angular accelerations from 17 to 520 degreeslsec . 
The arms were crossed over the chest, the eyes blindfolded and the ears 

covered with noise protection capsules to eliminate the visual and acoustic 
spatial orientation (fig. 1). 

The oscillation of the body, which deviates from the oscillation of the 
platform due to the stato-motoric counter regulation, was picked up by a po- 
tentiometer and recorded to an oscillograph, together with the signal from the 
oscillation of the platform. 

The principle of measurement is based on the physiological and neuro- 
anatomical process. The nervus vestibularis from the equilibrium organ 



cooperates with the nerves from eyes, cerebellum, tractus vestibulospinalis 
and reflection circuits from the muscle and ligament spindle, for instance 
from neck and legs (fig. 2). 

RESULTS 1 

The first experiment investigated short-term training. It lasted for 20 
minutes with an angular acceleration of 415 degrees/sec2. The amplitude of the 
body oscillation decreased in the beginning and increased again later on 
(fig. 3). Since the absolute height of the amplitude is different due to the 
different mass of inertia of the test persons, only the relative changes were 
correlated. 

The enveloping curves of 10 glider pilots were compared by setting the 
minima to a base line (fig. 4). 

The training's effect, which is the adaptation of the test person to the 
oscillating angular acceleration, can be seen from the envelope. It decreases 
steeply in the first minutes, flattens off later and arrives at its minimum 
after about 14 minutes. Thereafter it increases again steeply and the test 
person arrives at his fall-down threshold where he avoids falling by gripping 
hold with his hands. 

The reason for the flattening is the overlapping of muscle and other 
fatigue over the training effect. 

In the first minutes we see a linear decrease of the envelope which would 
reach a training maximum of 100% after 4,3 + 1 minutes. 

CONCLUSIONS 1 

For the practice we can draw the following conclusions: 

1. About 4,3 + 1 minutes after entrance in a thermal in circling flight, the 
pilot has reached the maximum adaptation of his equilibrium sense to the 
changing accelerations. 

For 10 minutes more we see an optimal disposition to changing accelerations. 
During this time he should be capable of utilizing the thermal best. 
Later fatigue effects are superimposing and it should be recommended that 
he flies straight for awhile to recover. 

2. The glider student with 5 minute start and landing flights does not acquire 
reasonable training of his equilibrium to acceleration. To give him this 
training, the instructor of glider students should include thermal fligllts 
at an early stage. 

3. We know from accident statistics that prior to outfield landings the pilot 
tries to work thermals by performing steep turns in low altitude. At that 



t ime h i s  equ i l i b r ium sense  by t h e  long-duration s t r a i g h t  f l i g h t  is  d i s -  
o r i en t ed  when h e  suddenly e n t e r s  curved f l i g h t  cond i t i ons ,  and he  needs 
about 4 minutes aga in  t o  adapt  t o  t h e  changing a c c e l e r a t i o n s .  

Af t e r  he has  begun c i r c l i n g ,  t h e  p i l o t  imagines t h a t  t h e  speed of h i s  
s t r a i g h t  f l i g h t  s t i l l  e x i s t s  and he  begins  t o  p u l l  f o r  optimum ascent  
speed. I n  r e a l i t y  by t u r b u l e n t  air  and by changing l i f t  t h e  c r i t i c a l  speed 
i s  a l r eady  reached. 

This  phenomenon can b e  s t u d i e d  i n  an a c c e l e r a t i o n  d i s o r i e n t a t i o n  chamber i n  
which t h e  p i l o t  is  moving i n  a c i r c u l a r  pa th  wh i l e  he  i s  a c c e l e r a t e d  is 
d i f f e r e n t  d i r e c t i o n s .  

EXPERIMENT 2 

I n  t h e  second experiment t h e  long-term t r a i n i n g  e f f e c t  was i n v e s t i g a t e d  on 
35 g l i d e r  p i l o t s .  The t e s t  person was p laced  on a s c a l e ,  s t and ing  once on t h e  
t i p s  of t h e  t o e s  and once on t h e  h e e l s  ( f i g .  5). Eyes and e a r s  were covered 
again. The a t tempts  t o  r e g u l a t e  t h e  equ i l i b r ium caused a change i n  fo rce  on 
t h e  s c a l e  which was recorded by means of fo rce  t r ansduce r s  on an osc i l l og raph  
( f i g .  6 ) .  

Af t e r  t h i s  t e s t  t h e  p i l o t  was placed on t h e  pendular p la t form f o r  24 
minutes. The eyes had t o  be  opened and c losed  according t o  a predetermined 
scheme ( f i g .  7).  The angular  a c c e l e r a t i o n  w a s  r a i s e d  s t e p  by s t e p  wi th  breaks 
of t h e  o s c i l l a t i o n s  between each change. A f t e r  t h i s  o s c i l l a t i n g  t e s t  t h e  
p i l o t  was placed on t h e  s c a l e  again.  

RESULTS 2 

It can b e  seen  t h a t  ampli tude and frequency have decreased compared t o  t h e  
t e s t  be fo re  t h e  t r a i n i n g  on t h e  pendulum ( f i g .  8 ) .  

The e f f e c t  of t r a i n i n g  c o r r e l a t e s  w i t h  t h e  number of f l i g h t  hours .  A l l  
t e s t  persons ( g l i d e r  p i l o t s  and non-pi lots)  had a t r a i n i n g  e f f e c t  of 20% 
( f i g .  9 ) .  A f t e r  30 hours  a s t e e p  i n c r e a s e  begins which reaches 70% a t  60 
hours .  The rea f t e r  s a t u r a t i o n  begins  which reaches 95% a f t e r  160 hours.  

Inc luding  t h e  f l i g h t  experience by p l o t t i n g  t h e  t r a i n i n g  e f f e c t  a g a i n s t  t h e  
t o t a l  f l i g h t  hour s lyea r s  of f l y i n g  changes t h e  e f f e c t .  Again t h e  inc rease  
s t a r t s  a f t e r  30 hours lyear  b u t  is  much s t e e p e r ,  reaching  80% a f t e r  60 hours /  
year  ( f i g .  10 ) .  It can be  deduced from t h e s e  r e s u l t s  t h a t  a g l i d e r  p i l o t  who 
does not  f l y  more than  30 hours  pe r  year  does no t  add any ga in  t o  h i s  t r a i n i n g .  
Before s t a r t i n g  c r o s s  country f l i g h t  a t  t h e  beginning of t h e  season i t  would 
be  use fu l  t o  b u i l d  up t r a i n i n g  wi th  30 f l i g h t  hours  as soon as poss ib l e .  

Af t e r  16  + 4 y e a r s  t h e  p i l o t  has  a r r i v e d  a t  h i s  maximum t r a i n i n g .  I n  t h e  
i n v e s t i g a t e d  group t h e  p i l o t s  began t h e i r  i n s t r u c t i o n  i n  f l y i n g  w i t h  19 f 4 
years  of age. The e f f e c t  of t r a i n i n g  decreases  aga in  a f t e r  35 k 4 yea r s  of age 
( f i g s .  11 and 12) .  S imi l a r  r e s u l t s  a r e  known from o t h e r  d i s c i p l i n e s  of s p o r t s .  



CONCLUSIONS 2 

The question to be answered after knowing these results was whether it is 
possible to train the glider pilot on the pendular platform prior to beginning 
a season. This would be advantageous for the improvement of safety for every- 
body and of success for the contestants. 

Up to now we have only subjective reports from pilots, who felt a positive 
influence of such a training. 

In the summary we can conclude from the second experiment that the effect 
of training is dependant upon 

1. Age 
2. Number of years flying 
3. Flight hours 
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Figure  1.- Pendular platform.  The test person is  o s c i l l a t e d  around t h e  
v e r t i c a l  a x i s  w i th  angular  a c c e l e r a t i o n s  between 17 and 520 deglsec .  
Ears  and eyes a r e  covered. 
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Figure 2 . -  Combined ac t ion  of the  equilibrium sense nerves. 
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Figure  3 . -  Time h i s t o r y  of amplitude of body o s c i l l a t i o n .  Af t e r  a 
decrease  i n  t h e  beginning i t  inc reases  aga in  l a t e r .  
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Figure  4.- Envelope of short-term t r a i n i n g .  It shows 100% e f f e c t  of 
t r a i n i n g  a f t e r  4 , 3  minutes,  l a s t i n g  f o r  10  more minutes.  
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TEST I V  
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0 oscill. - FLight hours 1976 -49 

L 
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Figure  6.- Long-term t r a i n i n g .  O r i g i n a l  record ings  f o r  two d i f f e r e n t  
t e s t  persons.  1 kilopond (kp) = 9.8  newtons. 
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SCHEME OF EXCITATION 

Figure 7.- Excitat ion scheme. The equilibrium sense i s  excited according 
t o  t h i s  scheme. The eyes a r e  open or closed, the  accelera t ion i s  
ra i sed  s t ep  by s t ep  with breaks between. 



F O R M U L A S  

- I:' valid for toes 

TE = ~ffect of training 

AG = Average amplitude of oscillations during 5 sec 
(difference in weight on scale) 

n = number of oscillations during 5 sec 

%v For the heels divide 2 and - accordingly 
A G ~ ~  OII 

E X A M P L E S  

* mamrment error eliminated 

Average TE from I = 28 + 55 + 58 = 47 % 3 

Average TE from I1 =loo + loo + loo + 80 = 95 % 4 

Figure 8.- Calculations, formulas, and examples. 
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Figure 11. - Effec t  of t r a i n i n g  versus  f l i g h t  years .  
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Figure 12.- E f f e c t  of t r a i n i n g  versus  age r e l a t e d  f l i g h t  years .  



A MONTE CARLO APPROACH TO COWETITION STRATEGY 

Michael P. Te te r  
Coming Glass Works 

The c l a s s i c  MacCready approach t o  maximize cross-country soa r ing  speeds 

has  many drawbacks. P i l o t s  race t o  ge t  maximum scores ,  not  t o  maximize 

speed over a s h o r t  length  of a course. Maximum scores  r e q u i r e  a c o n s i s t e n t l y  

high average cross-country speed, b u t  absolu te ly  no landouts  i n  a t y p i c a l  

contes t .  I f  a p i l o t  r e fuses  t o  accept  weak l i f t ,  he w i l l  have a good t i m e  

almost regardless  of t h e  speed a t  which he f l i e s .  This presumes t h a t  he 

w i l l  make i t  around t h e  course, however. Real s t r a t e g y  is no t  s o  simple. 

Variables which must be  taken i n t o  account o t h e r  than the s t r e n g t h  of the  

nex t  thermal a r e  t h e  following: 

1 )  Height of clouds 

2)  Distance between thermals 

3) Time of day 

4) Water b a l l a s t  

5) Present  a l t i t u d e  

6 )  Weather changes 

7) L i f t  organiza t ion  

8) Distance t o  goal  

This l ist  is n e i t h e r  complete n o r  arranged i n  order  of importance. Most 

competition p i l o t s  recognize these  f a c t o r s  and attempt t o  take  them i n t o  

account i n  t h e i r  dec is ion  making. The b igges t  problem, however, is how t o  

q u a n t i t a t i v e l y  make trade-offs  between these  f a c t o r s .  



I n  an attempt t o  model these fac to r s ,  a three-dimensional model of t h e  

atmosphere was crea ted  mathematically, and simulated sa i lp lanes  were "flown" 

on hypothet ica l  t a sks  which consis ted  of a start, soar ing f l i g h t  t o  a tu rn  

point ,  soar ing f l i g h t  back, and a f i n a l  g l ide  t o  the  goal. The s o l a r  hea t ing  

curve was taken i n t o  account, and a f t e r  a t r i g g e r  temperature was reached, 

thermals were created  a t  random whose s t reng th  var ied  but depended on the  

d i f ference  between the t r i g g e r  temperature and the ground temperature. These 

thermals were created a t  ground l e v e l  and had a f ixed hor izonta l  and 

v e r t i c a l  extent .  The thermals w e r e  of elongated vor tex  r i n g  type and t h e i r  

t y p i c a l  v e r t i c a l  ve loc i ty  d i s t r i b u t i o n  i s  shown i n  f igure  1. These thermals 

ascended a t  a speed equal  t o  one-half t h e i r  maximum v e r t i c a l  ve loc i ty  

component i n  the  center  of the thermal, y ie ld ing  severa l  r e a l i s t i c  phenomena. 

The slowing down as t h e  top of the  thermal w a s  reached and the  dropping out  

of t h e  bottom of the  thermal i f  one was too low a r e  two such phenomena. A 

s h e l l  of s ink  surrounded each thermal t o  make t h e  t o t a l  v e r t i c a l  movement 

of air  zero. There were four  s t ages  i n  the v i s i b l e  l i f e  of t h e  thermal. 

F i r s t  they were i n v i s i b l e ;  second as  t h e i r  tops neared the  cloud base,  they 

became wisps. Next, as t h e i r  centers  reached the cloud base, they became 

mature clouds, and f i n a l l y  a s  t h e i r  bottoms reached t h e  cloud base,  t h e  

clouds began diss ipat ing.  These four  s t a t e s  of v i s i b i l i t y  were used f o r  

p i l o t  decisions. 

Sai lp lane  performance was based on a quadrat ic  polar ,  and the two 

constants  w e r e  taken t o  be maximum LID and speed a t  maximum LID. Water 

b a l l a s t  was taken i n t o  account by increas ing t h e  speed of maximum LID as  the  

square root  of the  wing loading, which a f fec ted  both c ru i s ing  speed and 

c i r c l i n g  speed. The thermals w e r e  centered a s  they were encountered, 



t y p i c a l l y  t a k i n g  two c i r c l e s  t o  completely c e n t e r  t h e  thermal.  The f i n a l  

g l i d e  was s t a r t e d  whenever t h e  s a i l p l a n e  w a s  w i t h i n  213 of t he  maximum g l i d e  

angle  of t h e  f i n a l  goa l ,  b u t  t h e  s a i l p l a n e  w a s  allowed t o  climb longer  i f  

time could be  saved by doing so. On a t y p i c a l  f l i g h t ,  t h e  p o s i t i o n s  and 

v e l o c i t i e s  of t h e  thermals  i n  t h e  atmosphere, a s  w e l l  a s  those  of t h e  sail-  

plane,  were updated every  second, s o  t h a t  a two hour f l i g h t  would t y p i c a l l y  

involve 7200 updates of over  100 thermals  a s  w e l l  as t h e  p o s i t i o n ,  c r u i s i n g  

speed, a l t i t u d e ,  and d i r e c t i o n  of t h e  s a i l p l a n e .  

The two fundamental dec i s ions  w e r e  whether o r  no t  t o  c i r c l e  and where t o  

head next .  A l l  c i r c l i n g  dec i s ions  w e r e  made by a speed-r ing s e t t i n g ,  and 

s i m i l a r l y  a l l  c r u i s i n g  speeds through s i n k  o r  l i f t  were determined by t h e  

same s e t t i n g .  The dec i s ion  about d i r e c t i o n  was determined by t h e  p re sen t  

s t a t e  of t h e  v i s i b l e  clouds and t h e  d i r e c t i o n  t o  t h e  goal .  A l l  clouds were 

ranked according t o  t h e i r  s t a g e  of development, d i s t a n c e  from t h e  s a i l p l a n e ,  

and how c l o s e  they l a y  t o  t he  course l i n e .  

A t y p i c a l  day was determined p r imar i ly  by t h e  thermal  s t r e n g t h  and t h e  

cloud base.  Thermal h e i g h t s  were c o r r e l a t e d  wi th  s t r e n g t h s  by us ing  t h e  

r e l a t i o n s h i p s  i n  Charles  Lindsay's pamphlet on s o a r i n g  meteorology. The 

number of thermals  which were chosen t o  r e s i d e  i n  t h e  a r e a  of i n t e r e s t  was 

determined by t h e i r  spac ing  which was taken t o  be  2-112 times t h e i r  he igh t .  

The a c t u a l  p o s i t i o n s  w e r e  determined a t  random, al though i n  some s t u d i e s  

t hese  p o s i t i o n s  were c o r r e l a t e d  t o  form cloud s t r e e t s .  Usual ly 50 s a i l p l a n e s  

were launched through t h e  s t a r t  g a t e  w i t h i n  20 minutes of each o t h e r ,  each 

one having i t s  s t r a t e g y  def ined  through some speed-ring s e t t i n g  procedure. 

These f l i g h t s  were sco red  by us ing  a s imple  approximation t o  t h e  r u l e s  f o r  



s c o r i n g  n a t i o n a l  championships. Bas i ca l ly ,  t h e  f a s t e s t  f l i g h t  got  1000 

p o i n t s ,  and t h e  r e s t  of t h e  f i n i s h e r s  were scored  p ropor t iona te ly .  Those 

who landed out  go t  400 p o i n t s  m u l t i p l i e d  by t h e  f r a c t i o n  of t h e  t a s k  d i s t a n c e  

completed. No r e l i g h t s  w e r e  permit ted.  Usual ly 10 days of s t a t i s t i c a l l y  

equ iva l en t  weather  were flown. This  is  equ iva l en t ,  roughly, t o  one n a t i o n a l  

championship flown t o  eva lua t e  each s t r a t e g y  i n  each weather  condit ion.  

Seve ra l  s imple r e s u l t s  became immediately apparent .  F i r s t ,  wa te r  

b a l l a s t  should be  c a r r i e d  even s l i g h t l y  below t h e  speed break-even po in t .  

The reason i s  t h a t  t h e  a b i l i t y  t o  c r u i s e  f a s t e r  and achieve a g r e a t e r  f r a c t i o n  

of t h e  s a i l p l a n e ' s  maximum g l i d e  angle  i n  s ink ing  a i r  i n c r e a s e s  t h e  chances of 

completing t h e  task .  Second, t h e  s a i l p l a n e  is  most vu lne rab le  t o  landing  out  

when low, and f o r  bo th  speed reasons and g r e a t e s t  completion p r o b a b i l i t y ,  

t he  f i r s t  thermal  a f t e r  t h e  g a t e  i s  ' c r i t i c a l .  A good start enhances t h e  

s c o r e  even more than  t h e  time saved s i n c e  t h e  few hundred f e e t  d i f f e r e n c e  

between a good s t a r t  and a mediocre s t a r t  can e a s i l y  be t h e  d i f f e r e n c e  between 

landing  out and completing t h e  course.  

To i l l u s t r a t e  a p a r t i c u l a r  example, namely, t he  e f f e c t  of s e t t i n g  t h e  

speed r i n g ,  a t y p i c a l  s o a r i n g  day was chosen. Cloud base  was chosen t o  b e  

6000 f e e t ,  and thermals  ranged from 300 t o  900 f e e t  p e r  minute w i th  t h e  

average be ing  about  600 fpm. The s a i l p l a n e s  were launched from 1:00 t o  1:20 

p.m. and had speed-r ing s e t t i n g s  ranging from 60 t o  600 fpm. This  w a s  done 

f o r  10 days i n  which t h e  d e t a i l e d  thermal  l oca t ions ,  r a d i i ,  s t r e n g t h s ,  and 

h e i g h t s  were s h u f f l e d ,  b u t  on average t h e  condi t ions  remained the  same. A 

100 mi l e  out-and-return t a s k  w a s  flown. The e f f e c t  of speed-ring s e t t i n g  

on time t o  complete t h e  t a s k  is  shown i n  f i g u r e  2 .  The b a r s  represent  one 

s t anda rd  dev ia t ion  on the t imes.  One conclusion is obvious: t h e  h ighe r  t h e  



s e t t i n g ,  t h e  f a s t e r  t h e  speed. The conclusion,  however, t h a t  t h e  way t o  win 

is  t o  f l y  f a s t  and accept  only g r e a t  l i f t  is erroneous. The reason is shown 

i n  f i g u r e  3. The percent  of t a s k  completions drops of f  r ap id ly  wi th  a r i n g  

s e t t i n g  above 240 fpm. The fundamental trade-off between t a s k  completion 

and speed i s  obvious. Figure 4 shows t h a t  most days were won by p i l o t s  who 

flew w i t h  a r i n g  s e t t i n g  of 360 fpm, b u t  t h e  t o t a l  con te s t  was won by a 

p i l o t  who f lew a t  a r i n g  s e t t i n g  of 180 fpm. The reason f o r  t h i s  is t h a t  

each of t h e  p i l o t s  who f lew a t  h ighe r  s e t t i n g s  landed out  a t  l e a s t  once dur ing  

the  10 days. No one who flew a t  a r i n g  s e t t i n g  of g r e a t e r  than  500 fprn made 

i t  around t h e  course even once. The s t a t i s t i c a l  r e s u l t s  shown i n  f i g u r e s  2 

and 3 w e r e  then used t o  p r e d i c t  t h e  d i s t r i b u t i o n s  of winners of 1250 

s e p a r a t e  1, 5,  and 10 day con te s t s  made up of 64 p i l o t s .  The p i l o t s  were 

s p l i t  i n t o  groups of 8 ,  each group f l y i n g  a t  1 of 8 speed s e t t i n g s  ranging 

from 60 fprn t o  480 fpm. F igure  5 shows t h e  r e s u l t s .  I n  gene ra l ,  t h e  longer  

t he  c o n t e s t ,  t h e  more conserva t ive  t h e  winner. This is  i n  keeping wi th  t h e  

words of George Moffat who f e l t  t h a t  t o  win a c o n t e s t ,  you must f i r s t  keep 

from l o s i n g  i t .  The g r e a t e s t  p r o b a b i l i t y  of winning a s i n g l e  day l a y  i n  a 

speed-ring s e t t i n g  of 420 fpm, b u t  t he  chances of landing  ou t  a r e  n e a r l y  80%. 

For a 5 day c o n t e s t ,  t h e  g r e a t e s t  chance of winning came wi th  a r i n g  

s e t t i n g  of 300 fpm. This  corresponds t o  most reg iona ls .  For a 10 day 

c o n t e s t ,  t h e  g r e a t e s t  p r o b a b i l i t y  of winning i n  t h i s  model l i e s  i n  a s e t t i n g  

of 180 fpm. The optimum s t r a t e g y  would l i e  i n  t h a t  s e t t i n g  which over an 

i n f i n i t e  amount of t i m e  would g ive  t h e  b e s t  average. Due t o  t h e  extremely 

heavy pena l ty  f o r  landing ou t ,  t h i s  s t r a t e g y  i s  conserva t ive .  It makes 

no d i f f e r e n c e  whether a p i l o t  averages 950 over  9 days and lands out  once 

f o r  200 p o i n t s ,  o r  whether he averages 875 over  t h e  10 day con te s t  by f l y i n g  



more conserva t ive ly .  Unfortunately,  t h e  optimum long range s t r a t e g y  l ies 

between 800 and 850 p o i n t s  per  day which is too  l i t t l e  t o  win a s h o r t  c o n t e s t .  

Bas i ca l ly ,  t o  win a championship, whether i t  b e  r eg iona l  o r  n a t i o n a l ,  a p i l o t  

must t a k e  r i s k s  i n  excess  of optimum long range s t r a t e g y  and have a l i t t l e  

luck.  The c r u c i a l  assumption he re  is  t h a t  a l l  p i l o t s  a r e  equa l ly  capable,  

b u t  t h a t  t h e r e  is  an even d i s t r i b u t i o n  of conservat ism and rashness  expressed 

by a speed-ring s e t t i n g .  I n  r e a l i t y ,  t h e r e  a r e  many d i f f e r e n t  l e v e l s  of 

a b i l i t y  i n  any s i n g l e  con te s t  and no one f l i e s  80 kno t s  a l l  t h e  way i n t o  t h e  

ground. Never the less  i n  some d i l u t e d  form, i t  is f e l t  t h a t  t he  conclusion is 

v a l i d .  One must push and be  a l i t t l e  lucky i n  o rde r  t o  win. The s h o r t e r  t h e  

c o n t e s t ,  t h e  h a r d e r  one must push. 
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Figure  1. - Thermal s t r u c t u r e .  



SPEED RlNG SETTING 
' (FPM) 

Figure  2.- E f f e c t  of speed-r ing s e t t i n g  on t i m e  t o  complete t h e  t a s k .  
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Figu re  3. - Trade-off between t a s k  completion p r o b a b i l i t y  and 
speed-r ing s e t t i n g .  



1 20 240 300 360 480 
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Figure 4.- E f f e c t  of speed-ring s e t t i n g  on number of days won. 

l DAY 

SPEED RING SETTING (FPM) 

Figure  5. - E f f e c t  of speed-ring s e t t i n g  on s t a t i s t i c a l  chance 
of winning. 



Page intentionally left blank 



A GENERAL METHOD FOR THE LAYOUT OF AILERONS AND ELEVATORS 

OF GLIDERS AND MOTORPLANES 

Manfred Hiller 
Institute A for Mechanics 
University of Stuttgart 

SUMMARY 

A method is described which allows the layout of the spatial driving mech- 
anism of the aileron for a glider or a motorplane to be performed in a system- 
atic manner. In particular, a prescribed input-output behaviour of the mech- 
anism can be realized by variation of individual parameters of the spatial four- 
bar mechanisms which constitute the entire driving mechanism. By means of a 
sensitivity analysis, a systematic choice of parameters is possible. At the 
same time the forces acting in the mechanism can be limited by imposing maximum 
values of the forces as secondary conditions during the variation process. 

INTRODUCTION 

The driving mechanism of the aileron and of the elevator of a glider or a 
motorplane is realized by a series-connection of spatial four-bar mechanisms, 
which transfer the movement of the control stick into the movement of the 
aileron. Generally, the relation between the movements is nonlinear. In 
the past, the layout of driving mechanisms has been performed mostly by means 
of the well known graphical techniques for plane mechanisms, treating parts of 
the spatial mechanism as plane problems. Today, as the driving mechanisms are 
getting more and more complicated, these techniques are no longer providing 
satisfying results (refs. 1 and 2). 

Replacing the graphical techniques by a numerical method for the optimal 
layout of spatial transfer mechanisms, a given design can be modified in the 
desired way. The individual spatial four-bar mechanisms of the train are re- 
garded as transfer elements, which can be treated separately. By means of a 
steepest descent method, the angular displacement of the stick and the aileron 
can be adjusted iteratively to a prescribed input-output behaviour. Thereby, 
individual parameters have to be chosen for variation (ref. 3 ) .  

The proposed method has been applied successfully to the layout of the 
driving mechanism of the aileron for the experimental glider fs-29$<, with the 
desired differentiation of the displacement of the aileron. Two main experi- 

fi fs-29, an experimental glider with variable wing geometry, developed by the 
Akademische Fliegergruppe, University of Stuttgart, 1975. 

399 



ences showed that some improvements of the method are still necessary: 

1. During the variation process, the loads acting in the 
mechanism may exceed maximum values, particularly if 
somewhere in the train for a certain position the 
angle between a crank and the corresponding coupler is 
either close to zero or close to 180 degrees. Consid- 
ering prescribed maximum values of the loads as second- 
ary conditions during the variation process, the acting 
loads can be limited. 

2. Primarily, the choice of the parameters to be varied 
is arbitrary. Submitting the initial values of the 
geometrical data of the mechanism to a sensitivity 
analysis, a more systematic choice of the parameters 
is possible. 

OPTIMAL LAYOUT OF SERIES-CONNECTED SPATIAL FOUR-BAR MECHANISMS 

In a train of p series-connected spatial four-bar mechanisms, a single 
spatial four-bar mechanism consists of two rigid cranks - r and s with skew- 
lying axes of rotation - u and w , 'and of the coupler d , whichis hinged to 
the cranks (figure 1). The bottoms of the vectors r azd s are connected 
by the vector R . The whole system has only one degree of freedom, and a 
rotation of the-input-crank - r about an input-angle B produces a unique 
rotation of the output-crank s about the output-angle y . The rotations of 
the cranks - r and - s can be zescribed by the pairs 

consisting of the vectors which describe the axes of rotation, and of the 
rotation angles. With respect to an initial position z o ,  2, for the rota- 
tions of the cranks - r and - s , the following homogeneous vector functions 
are valid: 

where T(u,P) - and U(w,y) - are the tensors of rotations: 



U(w,y) - = cosy I + (1-cosy)wow t siny D - - ( 6  

Here, I is the unit matrix, uou and wow are the dyadic products of the - - - - 
axis-vectors, while the skew-symmetric matrices C and D are composed by the 
axis-vectors - u and - w . The unchangeable length of the coupler 

yields the following algebraic equation for the output-angle y : 

acosy t bsiny = c 

with 

Therefore, the output-angle y is a nonlinear function of the input-angle B , 
and of the describing vectors 2, r, &, 2, 2 : 

By a series-connection of several spatial four-bar mechanisms, a spatial 
transfer mechanism is realized (figure 2 ) .  The j-th four-bar mechanism is 
described by the vectors 

and by the following correspondence of angles 



The output-angle 
j 

is a nonlinear function of the input-angle B1 
and of the vectors given by equation (13): 

By variation of a set of arbitrary chosen components of the vectors 
u., r., R . ,  w., s. , the input-output behaviour of the kinematical train can be 
- -1 -3 -1 -3 
c anged in such a way that to a given number of m input-angle positions B1 , 
the output-angles y. can be adjusted to prescribed values s 

. . The varia- 
tion of the paramete$s follows from a steepest descent method, 4inimizing 
iteratively the least-squares error 

where the set of parameters is summarized in the parameter-vector x of 
dimension n , the prescribed output-angles in the nominal-value vecfor ys 
of dimension m , and the actual outpuk-angles are summarized in the vector - y . 

o t e r-th iteration step, we have an improvement of the parameter- 
""' Fr-19 vector x - 

where the improvement - 5(r) is given by the solution of the algebraic equation 

Here, A(~T') is the Jacobian matrix of partial derivatives of the 
nominal-value vector with respect parameter-vector, during the r-th 
iteration step. For the vector d 

The proposed method enables an optimal adjustment of the actual output- 
angles to the set of prescribed nominal values with respect to the least-squares 
error, with only few iteration steps necessary for convergence. To make the 
iteration method applicable, a set of kinematically compatible data at the 
beginning of the iteration process is required. 



EXTENDED METHOD CONSIDERING MAXIMUM LOADS AS SECONDARY CONDITIONS 

Regarding only slow motions of the transfer mechanism, the inertial forces 
of the system may be neglected, and the loads acting in the hinges and the 
bearings can be calculated statically. Furthermore, in real systems the dead 
loads of the cranks and the couplers may be neglected, because they are small 
in comparison to the acting forces. The hinged articulations between the 
cranks and the couplers are regarded as ideal constraints, and consequently 
the coupler forces are directed along the coupler itself. 

Cutting the j-th four-bar mechanism in a train of p series-connected 
spatial four-bar mechanisms, the coupler force of the preceding four-bar 
mechanism acts as an input-load, whereas the output-load is the coupler force 
of the succeeding four-bar mechanism. Thus, we have a propagating flux of 
forces passing through the whole train (figure 3). For the coupler force of 
the j-th four-bar mechanism, we obtain 

which is a function of the coupler force of the preceding four-bar mechanism, 
and of the geometrical data of the j - 1  and the j-th four-bar mechanism, 
respectively (see ref. 4 ) .  From equation (20) it follows that according to 
the numerator, the geometry of the preceding four-bar mechanism is responsible 
for the zeros of the coupler force, while the geometry of the regarded four-bar 
mechanism is responsible for the poles of the coupler force, according to the 
denominator. 

The engineering design of a spatial transfer mechanism is often character- 
ized by prescribed constraints, which can be either geometrical boundaries due 
to limitations in the available space, or which can be restrictions for the 
permissible loads in the mechanism. During the iteration process, these con- 
straints may be violated, due to the variation of the parameters. Considering 
the constraints as secondary conditions in the iteration method, this can be 
avoided. In case of permissible loads, the corresponding secondary conditions 
are inequalities which have to be considered in a specific way. In the follow- 
ing, the restriction of the coupler force which is of most importance will be 
discussed in more detail. 

Generally, the coupler force, designated as f. , is a nonlinear function 
of the input-angle , and of the describing vecTJrs of the four-bar rnecha- 
nisms, according to equation(20): 



During t h e  i t e r a t i o n  process ,  t h e  coupler  f o r c e s  w i l l  change, due t o  t h e  
v a r i a t i o n  of t h e  des igna ted  parameters .  I f  t h e  r e s i d u a l  components of  t h e  
desc r ib ing  vec to r s  a r e  regarded t o  be cons t an t ,  t h e  coupler  f o r c e  depends only 
on t h e  input-angle B1 , and on t h e  parameter-vector - x : 

Now, it may happen t h a t  i n d i v i d u a l  coupler  f o r c e s  exceed maximun va lues  
f o r  c e r t a i n  p o s i t i o n s  of t h e  t r a i n ,  p a r t i c u l a r l y  i f  somewhere i n  t h e  t r a i n  
t h e  ang le  between a crank and t h e  corresponding coupler  i s  e i t h e r  c l o s e  t o  
zero o r  c l o s e  t o  180 degrees.  Thereby, on ly  t h e  magnitude of  t h e  coupler  f o r c e  
i s  of  i n t e r e s t ,  f o r  i t s  d i r e c t i o n  i s  given by t h e  d i r e c t i o n  of t h e  coupler .  
Furthermore, compressive f o r c e s  a r e  more important than  t e n s i o n  f o r c e s .  If 
f . o  i s  t h e  pe rmis s ib l e  va lue  of t h e  j - t h  coupler  f o r c e ,  t h e  d i f f e r e n c e  be- 
t aeen  t h e  a c t u a l  and t h e  pe rmis s ib l e  f o r c e  i s  given by 

and t h e  fo l lowing  secondary cond i t i oq  i s  v a l i d :  

Hence, t h e  i t e r a t i o n  method may be s p l i t  i n t o  two p a r t s .  A s  long  a s  
equat ion  (24)  i s  not  v i o l a t e d ,  t h e  i t e r a t i o n  process  ope ra t e s  i n  t h e  way de- 
s c r ibed  above. The r - t h  i t e r a t i o n  s t e p  i s  given by equat ion  (17): 

I f  equat ion  (24)  i s  v i o l a t e d  dur ing  t h e  r - t h  i t e r a t i o n  s t e p  f o r  a t  l e a s t  one 
index j ( input -angle  B1 f i x e d ) ,  we have 

Consequently, t h e  parameter-vector x  has t o  be co r r ec t ed .  I n  a  f i r s t  
s t e p ,  t h e  i n t e r s e c t i o n  p o i n t  5 of  t h e  c o r r e c t i v e  v e c t o r  E ( ~ )  wi th  t h e  
s u r f a c e  of s e  a r a t i o n  g j  ( B1 ,x)=O has t o  be determined. 1n-a second s t e p ,  
t h e  v e c t o r  - Sfr)  can be separa ted  i n  two coniponents : 



Then, the component 5 )  has to be projected into the tangential plane 
of the surface gj(Bl,x)=O , at point 5 . Thus, we have the new corrective 
vector for the r-th iteration step (flgure 4): 

which is the most favorable correction referring to the secondary condi- 
tion (24). If 

the iteration process continues with the next step. If, on the other hand 

the vector x has to be corrected again. Starting from point x 1 (r) 
Y 

and proceediEg against the gradient agj (Bl ,x)/ax - , we arrive after The second 
correction at point - x"(~) , for which 

is valid (figure 5 ) ,  and the iteration process will be continued with the next 
step. By means of the described correcting procedure, the variation of the 
parameter-vector - x occurs in the neighbourhood of the surface of separation 

if the secondary condition (24) is violated. Until now, the input-angle B1 
was assumed to be fixed. Actually, we have an assignment of m input-angles 
B1 to m prescribed output-angles y , and consequently, the secondary j 
condition (24) has to be checked for every input-angle position (3, . In prac- 
tical cases, the coupler forces will exceed their maximum values only for small 
domains of angular positions, due to the kinematical reasons mentioned above, 
so that the secondary condition (24) has to be examined only for individual 
angular positions. 



PARAMETER SENSITIVITY AND CHOICE OF PARAMETERS 

Primarily, the choice of the set of parameters for the iteration process 
is arbitrary. In practical applications, one difficulty arises from the ques- 
tions, which parameters shall be chosen, and how many parameters shall be 
varied? As each component of the five vectors 

which describe a spatial four-bar mechanism, may serve as parameters, we 
have a set of 15 available parameters for every four-bar mechanism. According- 
ly, the number of parameters increases in a train of series-connected four- 
bar mechanisms. By means of a systematic sensitivity analysis applied to the 
initial data of the train, before starting the iteration, it is possible to 
get some information about the kinematical behaviour with respect to variations 
of individual components of the vectors involved. 

Designating the indicated four-bar mechanism with index-number j 0 
, where 

the changed vectors are 

the output-angles of the train are given on the one hand by 

and on the other hand by the new values 

Thus, the changed vectors (equation (33)) are not only influencing the 
transfer behaviour of the four-bar mechanism 'with index-number j 0 

, but also 
the behaviour of all subsequent four-bar mechanisms, while the preceding four- 
bar mechanisms remain unchanged. 



The difference 

serves as a measure for the sensitivity of the transfer behaviour of the kine- 
matical train against changes in its vectors. 

For a complete sensitivity analysis, it is necessary to examine the influ- 
ence of the individual components separately. Moreover, the vector components 
have to be changed in the same way, to enable the comparison between different 
sensitivities. Among the different possibilities of changing the vector com- 
ponents, the method where the ratio of change remains constant has proved to 
be the most successful. If in a certain vector one component is equal to zero, 
another component which is not equal to zero serves as reference value. The 
difference angle Ayj is plotted versus the input-angle P1 , and for the 
j-th and ali subsequent four-bar mechanisms we have a family of 15 curves 
each, which are representing the sensitivity of the j-th four-bar mechanism. 
By means of the plotted curves, a more systematic choice of the parameters for 
the variation process is possible. 

The sensitivity analysis has been performed on the basis of the initial 
data of the kinematical train. During the iteration process, the sensitivities 
of the selected parameters, as well as the sensitivities of the residual compo- 
nents involved will change, because of their nonlinear interdependence. There- 
fore, it is suitable to subject the whole system to another sensitivity analy- 
sis at the end of the iteration process. It might also be taken into consider- 
ation to control the sensitivity of the system during the iteration process, 
but the required numerical effort is considerable. 

The advantages of the proposed sensitivity analysis consist not only in a 
more systematic choice of parameters for the optimal layout of the transfer 
mechanism, but at the same time it enables an estimation of the deviations in 
the transfer behaviour, which arise from manufacturing defects or from bearing 
play in the hinges. 

PROGRAM SYSTEM 

For application, a sophisticated and user-oriented program system has been 
developed, the more important aspects of which are: 

1. The determination of the kinematical transfer behaviour 
and of the range of kinematical compatibility of the 
train, by a stepwise change of the input-angle P1 . 

2. The determination of the transfer behaviour of the 
coupler forces for a given input load, by a stepwise 
change of the input-angle P1 . 



3. The determination of the output-angles and of the 
coupler forces, as well as the influences caused 
by the changes of parameters. 

4. A systematic analysis of the individual four-bar 
mechanisms, concerning domains of kinematical 
compatibility and poles in the coupler forces, as 
well as angular positions, for which the train 
becomes unstable. 

5. A systematic sensitivity analysis of the kinematical 
train, which enables on the one side a systematic 
choice of parameters for variation, and which provides 
on the other side information about the influence of 
inaccuracies on the transfer behaviour of the train. 

APPLICATIONS 

In the following, the application of the described method to the driving 
mechanism of the aileron for the glider fs-29 will be discussed in more de- 
tail. The fs-29 is an experimental glider developed at the University of 
Stuttgart. Due to telescoping wings, the wing span of the glider can be varied 
during flight. The driving mechanism of the aileron consists of 10 series- 
connected spatial four-bar mechanisms. By means of the variation method in its 
original version, the driving mechanism has been laid out successfully, assign- 
ing desired aileron deflections to given stick positions. But a large number 
of computer runs were necessary, trying various sets of parameters (consisting 
of 2 or 3 parameters). The parameters were components of the cranks re and 
s. in the neighbourhood of the aileron. Flight tests showed that for-zertain 
-3 
positions of the mechanism the coupler forces exceeded permissible values. By 
application of the extended variation method, these disadvantages can be avoid- 
ed. 

The numbering of the series-connected four-bar mechanisms starts with 
the stick, as the input-movement of the stick produces the output-movement of 
the aileron. Table 1 shows the initial data of the driving mechanism (all dis- 
tances in meters). The data of the involved four-bar mechanisms (except the 
four-bar mechanisms 8, 9, 10) are given in the same cartesian coordinate system: 
x-axis Z axis of pitch, y-axis f axis of yaw, z-axis Z axis of roll. The re- 
quired four assignments of stick position to aileron deflection are shown in 
table 2. The transfer behaviour of the coupler forces will be tested by a unit 
input-load acting on the stick. Figure 6 and figure 7 show the input-output 
behaviour of the individual four-bar mechanisms as a function of the stick de- 
flection . Before starting the variation process, a sensitivity analysis 
for the four-bar mechanisms 7, 8, 9, and 10 has been performed. The sensitivi- 
ties of the cranks S Y and Z ~ O e l 0  -9 , respectively, are shown in fig- 
ure 8 and figure 9. '?The influence of -rg , -9 s on four-bar mechanism 10 is 
not displayed.) Satisfactory optimization results are obtained by combinations 
of parameters with high and low sensitivity, from which the parameter combina- 



tion r 9,l ' rl~,l has been selected. Here, r and r 
9 9: 10,l 

are the 

x-components of the cranks r and r10 , respectively. -9 

The behaviour of the aileron deflection yip as a function of the stick 
position B1 is shown in figure 11. The approximation of the prescribed val- 
ues of table 2 is within an accuracy of 0.6 degrees. (The curve yg(Bl> is 
given by figure 10.) Due to the variation process, the coupler force fg has 
completely changed its behaviour (see figure 12). However, the maximum values 
can be considerably reduced by prescribing maximum limiting values of the 
coupler forces as secondary conditions, as shown in figure 13. In this case, 
the accuracy of the required assignment is reduced, but still sufficient. 

During flight, the input-output displacement propagates from the stick to 
the aileron, whereas, looking to the forces, the aerodynamic forces on the ai- 
leron are the input-loads, which have to be balanced by the pilot through the 
stick. In this case, the application of the variation method gets more compli- 
cated, because the transfer mechanism has to be investigated in both directions 
(see ref. 4). Figure 14 shows an example, where critical values of the coupler 
force in the seventh four-bar mechanism have been reduced. The input-load at 
the aileron has been the constant moment 2 = (23.34,0,0) [~m] . 

CONCLUSIONS 

The layout of spatial transfer-mechanisms consisting of series-connected 
spatial four-bar mechanisms can be performed more effectively if the graphical 
techniques are replaced by a numerical method. Within this method, the indi- 
vidual four-bar mechanisms are treated analytically as transfer elements. By 
variation of selected parameters, the input-output behaviour of the train can 
be adjusted to prescribed values. The acting loads in the mechanism can be 
limited, considering maximum values of the loads as secondary conditions during 
the variation process. The effectiveness of the proposed method has been dem- 
onstrated at the layout of the driving mechanism for the aileron of a glider. 
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TABLE 1.- I N I T I A L  DATA OF AILERON D R I V I N G  MECHANISM 

OF THE EXPERIMENTAL GLIDER, fs-29 

f our-bar 
mechanism 

1 

2 

3 

4 

5 

6 

7 

- 

8 

9 

10 

2 .  [ml -1 

0.1250 
0.0400 

-0.0450 

0.0000 
-0.0200 
-0.88 10 

0.0000 
-0.0960 
-0.3820 

-0.0060 
-0.2430 
-0.1490 

Cml -1 

0.0000 
0.0430 
0.0150 

0.0800 
0.0000 
0.0000 

0.0000 
0.0610 

-0.0210 

0.0000 
0.0400 

-0.0430 

0.0000 
-0.0690 
-0.0400 

0.0900 
-0.0070 
-0.0665 

0.0000 
0.0420 

-0.0270 

0.0020 
-0.0170 

0.0470 

0.0220 
-0.0490 

0.0120 

0.0400 
0.0000 

-0.0020 

s . [m] -1 

0.0000 
-0.0062 

0.0596 

0.0000 
0.0650 

-0.0100 

0.0000 
0.0580 
0.0060 

-0.0800 
0.0000 
0.0000 

u .  
-1 

0.0000 
-0.0190 

0.2000 

0.0000 
-0.3875 
-0.0400 

1.0000 
0.0000 
0.0000 

1.0000 
0.0000 
0.0000 

0.0000 
0.5900 

-0.1000 

0.0000 
1.0000 
0.0000 

-1.0000 
0.0000 
0.0000 

0.0810 
0.0000 

-0.0030 

-0.0030 
0.0000 

-0.0835 

0.0000 
1.0000 
0.0000 

W. 
-1 

0.0000 
-0.387 5 
-0.0400 

1.0000 
0.0000 
0.0000 

1.0000 
0.0000 
0.0000 

0.0000 
0.0590 

-0.1000 

0.0000 
1.0000 
0.0000 

-1.0000 
0.0000 
0.0000 

1.0000 
0.0000 
0.0000 

-0.0030 
0.0000 

. -0.083 5 

0.0000 
-1.0000 
0.0000 

-1.0000 
0.0000 
0.0000 

-0.0570 .0600 1 -0.0080 O.OOOO 
0.1120 

0.1150 
-0.0510 
-0.0090 

0.0000 
0.0290 

-0.0900 

-0.0480 
0.0220 
0.0510 

0.5860 
-0.0200 
-0.0640 

0.0500 
0.0400 

-0.0740 

0.1350 

-0.0250 
0.0590 

-0.0150 

0.0000 
-0.0125 
0.0480 

0.0500 
0.0000 

-0.0015 

-0.0480 
0.0280 
0.0510 

0.0000 
-0.0405 

0.0045 



TABLE 2.-  INPUT/OUTPUT ANGULAR RELATIONSHIPS FOR STICK 

AND AILERON OF f s - 2 9  GLIDER 

i n p u t - a n g l e  
a t  s t i c k  8, Lo] 

o u t p u t - a n g l e  
a t  a i l e r o n  V l o  1°1 

-22 .1  

-25.0 

-12.7 

-12.6 

1 4 . 1  

8 . 9  

26.4 

1 5 . 0  



Figure 1: The spatial four-bar mechanism. 

~ 
Figure 2: The spatial transfer mechanism. 

$wj-1= uj 

Figure 3: Coupler force. 



Figure 4: Correction step 1 for secondary condition.. 

Figure 5: Correction step 2 for secondary condition. 



Figure 6: Input-output behaviour of four-bar mechanisms 1 to 8. 

Figure 7: Input-output behaviour of four-bar mechanisms 9 and 10. 
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Figure 8: Sensitivity of the cranks r and s 
-9 -9 

Figure 9: Sensitivity of the cranks r and s . 
-10 -10 



Figure 10: Output-angle y9  before (--- ) and after (- ) variation. 

Figure 11: Aileron deflection y l o  before (--- ) and after (- ) variation. 
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Figure 1 2 :  Coupler f o r c e  f  be fo re  (-- - -1 and a f t e r  (- ) v a r i a t i o n .  

F igure  1 3 :  Limited coupler  f o r c e  f 9  



Figure 14: Coupler force f 7  before (--- ) and after (- ) variation. 



EXPERIMENTAL INVESTIGATION I N T O  THE FUSIBILITY 

Piero Morelli and Giulio Romeo 
Poli tecnico d i  Torino, I t a l y  

SUMMARY 

Research work i n  t he  Poli tecnico d i  Torino and rea l iza t ions  ( fabr ica t ions )  
of extruded aluminium a l loy  s t ruc tures  during t h e  past  years i s  b r i e f l y  reviewed. 
The design c r i t e r i a  and t h e  rea l iza t ion  of t he  main s t ruc ture  of a sa i lp lane  
wing made of a  few extruded p ro f i l e s  longi tudinal ly  connected one t o  t h e  other 
a r e  then i l l u s t r a t e d .  S t ruc tura l  t e s t s  recent ly  ca r r ied  out a r e  reported upon. 

INTRODUCTION 

Early research work and t he  f i r s t  r ea l i za t ions  on t he  M-300 sa i lp lane  pro- 
totypes were reported upon i n  reference 1. Figure 1 i l l u s t r a t e s  t h e  cross sec- 
t i o n  of t h e  M-300 extruded s t ruc tures :  f i r s t  and second r ea l i z a t i on  of t h e  
a i lerons  ( a , b ) ,  t a i l p l ane  ( c ) ,  wing spar ( d ) .  An aluminium a l loy  AlMgSi ~ ~ 1 6  
(A.A. 6063-~6) was employed f o r  t h e  extrusion except f o r  t h e  spar,  which was of 
A.A. 7075. 

In more recent years t h e  same s t ruc tu r a l  concept was adopted by t he  firm 
Caproni Vizzola Costruzioni Aeronautiche, manufacturer of t h e  two-seater s a i l -  
plane Calif  A-21s ( r e f . 2  and 3 ) .  Figure 2 i l l u s t r a t e s  some of the  par t s  of t h i s  
g l ider  which were rea l ized  by extrusion using t he  same aluminium a l loy  mentioned 
above: airbrake ( a ) ,  f l a p  ( b ) ,  a i l e ron  ( c ) ,  elevator ( d ) ,  and leading edge of 
t h e  wing cen t r a l  pa r t  ( e ) .  The a i l e ron  and e levator  extruded p ro f i l e s  incorpo- 
r a t e  t he  hinge ( A ) .  I n  t h e  a i l e ron  leading edge lodging is  provided ( B )  f o r  t h e  
counterweight, uniformly d i s t r ibu ted  along t h e  span f o r  s t a t i c  and dynamic 
balance. 

In t h e  M-300 and Calif extruded s t ruc tures  the  o r ig ina l  wall thickness of 
1.8 t o  2.0 mm was reduced t o  design values of .5  t o  .8 rnm by chemical mil l ing 
of the  outer surface.  

A l l  these  s t ruc tures  are  bas ica l ly  r i b l e s s .  They proved l i g h t  and la rge ly  
adequate i n  s t rength  and s t i f f n e s s .  

One of t h e  M-300 prototypes is  s t i l l  ac t ive .  The Calif two-seater has been 
s e r i e s  produced with t h e  extruded pa r t s  mentioned here since 1975; except t h e  
extruded a i rbrake which was introduced i n  1978. 



Advantages and l i m i t a t i o n s  of t h e  extruded s t r u c t u r e s  were discussed i n  
references  1, 2, 3.  They a r e  b r i e f l y  summarized here .  

Main advantages a r e  : 

1. Reduction of manhours requi red  t o  r e a l i z e  t h e  s t r u c t u r e ,  mainly during t h e  
assembling s t age .  

2. Reduction of cos t  i n  a  s e r i e s  production when t h e  cos t  of t h e  expensive ex- 
t r u s i o n  d i e s  can be d i s t r i b u t e d  over a  high number of p i eces .  

3. Correct  reproduction of sec t ion  contours with consequent aerodynamic b e n e f i t .  

The p r a c t i c a l l i m i t a t i o n s  a r e  p r i n c i p a l l y  t h e  following: 

1. The extruded p r o f i l e  has necessa r i ly  a  constant  c ross  sec t ion .  Through s u i t -  
ab le  mechanical and chemical opera t ions ,  however, it i s  poss ib le  t o  achieve 
a  c e r t a i n  degree of c ross  sec t ion  v a r i a t i o n  along t h e  beam a x i s .  

2.  The maximum l i n e a r  dimension and ne t  a r e a  of t h e  p r o f i l e  sec t ion  a r e  l i m i t e d  
by t h e  power of t h e  ava i l ab le  ex t rus ion  p ress .  

3. The d i f f i c u l t y  of extruding inc reases  with h igh  s t r e n g t h  aluminium a l loy  
such a s  2024 o r  7075. 

4. A minimum wal l  th ickness  i s  imposed by t h e  ext rus ion  process ,  which i s  some- 
t imes excessive i n  r e l a t i o n  t o  t h e  s t r e n g t h  and weight/s trength r a t i o  re-  
qui red .  

A wide f i e l d  of poss ib le  app l i ca t ions  seem t o  e x i s t  notwithstanding t h e s e  
l i m i t a t i o n s ,  p a r t i c u l a r l y  f o r  g l i d e r s  and l i g h t  powered a i r c r a f t .  

A g l i d e r  has been conceived, which i s  s i m i l a r  t o  t h e  M-300 from which it i s  
der ived  and i s  s u i t a b l e  f o r  a  wide use  of extruded s t r u c t u r e s ,  whose l o c a t i o n s  
a r e  ind ica ted  by t h e  shadowed a reas  i n  f i g u r e  3. 

The r e a l i z a t i o n  of t h e  c e n t r a l  p a r t  of t h e  wing of t h i s  g l i d e r  i s  t h e  aim 
of t h e  research  work s t a r t e d  a  few years  ago a t  t h e  Po l i t ecn ico  d i  Torino, a f t e r  
t h e  completion of t h e  f i r s t  s t age  which l e d  t o  t h e  r e a l i z a t i o n  of t h e  above de- 
sc r ibed  M-300 extruded p a r t s .  

THE DESIGN OF AN "EXTRUDED" WING 

The wing i l l u s t r a t e d  i n  f i g u r e  3 i s  15 m span with rectangular- trapezoid 
planform, t h e  c e n t r a l  rec tangular  p a r t  being extended over 9 m. 

It i s  a  three-piece wing: t h e  c e n t r a l  p a r t  i s  a  f l a t  s i n g l e  p iece  connected 
t o  t h e  fuse lage  by a  b p o i n t  attachment; t h e  ou te r  t rapezoid  panels  a r e  a t t ached  
t o  t h e  ends of t h e  c e n t r a l  p a r t  and g ive  t h e  wing t h e  requi red  d ihedra l  angle .  



The c e n t r a l  p a r t  i s  conceived a s  a combination of extruded. p r o f i l e s :  a 
poss ib l e  t y p i c a l  c ros s  s e c t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  4 ( a i r f o i l  FX 67-K- 
- l 7 0 / l i  ) , which i s  pu re ly  i n d i c a t i v e  of t h e  b a s i c  i dea .  Corresponding t o  t h e  
a i r f o i l  maximum th i ckness  a  box s t r u c t u r e  can be seen which c a r r i e s  p r a c t i c a l l y  
a l l  bending loads  and a good p o r t i o n  of t h e  s h e a r / t o r s i o n  loads .  The o the r  two 
t h i n  walled extruded p r o f i l e s  a r e  r i v e t e d  t o  t h e  c e n t r a l  box and c o n t r i b u t e  t o  
t h e  shea r / t o r s ion  s t r e n g t h  and s t i f f n e s s  of t h e  whole s t r u c t u r e .  The extruded 
p r o f i l e  a t  t h e  t r a i l i n g  edge i s  a  f l a p .  

The wing s t r u c t u r e  i s  intended as b a s i c a l l y  r i b l e s s ,  a s  f a r  a s  t e s t s  w i l l  
confirm t h a t  r i b s  can be e l imina ted .  

I n  o rde r  t o  provide t h e  c e n t r a l  box wi th  t h e  r equ i r ed  bending s t r e n g t h  and 
s t i f f n e s s  under t h e  p re sc r ibed  loading  condi t ions  (accord ing  t o  t h e  OSTIV A i r -  
worthiness  Requirements, r e f . 4 )  a  c e l l u l a r  s t r u c t u r e  was adopted f o r  t h e  d o r s a l  
and v e n t r a l  pane ls .  This  m-dlti-cell s t r u c t u r e  w a s  t e n t a t i v e l y  designed t o  pre- 
vent  gene ra l  and l o c a l  e l a s t i c  i n s t a b i l i t y .  

The c e n t r a l  box i s  made of two p r o f i l e s  joined by r i v e t i n g  t h e  two halfwebs 
along t h e  span (A.A. 6061-~6) .  

The l a r g e  bending deformation,  t y p i c a l  of a  high aspec t  r a t i o  s a i l p l a n e  
wing, combined wi th  t h e  absence of r i b s  makes t h e  problem of r e s i s t i n g  t h e  
"crushing " loads  a  b a s i c  one. One of t h e  main ob jec t ives  of t h e  t e s t i n g  pro- 
gram i s  t o  a s c e r t a i n  how f a r  t h e  webs a lbne  a r e  capable of wi ths tanding  t h e  
crushing loads .  

The c e n t r a l  box s e c t i o n  i s  reduced along t h e  span by chemical ly e t ch ing  
t h e  ou te r  s u r f a c e  of each of t h e  two p r o f i l e s  so  t h a t  t h e  o r i g i n a l  w a l l  t h i ck -  
ness  of t h e  s k i n  panels  i s  decreased from 2.3 mm down t o  .8 mm a t  a  spanwise 
s t a t i o n  about 2.65 m from t h e  wing c e n t e r l i n e .  This  t h i ckness  i s  then  kep t  con- 
s t a n t  over  t h e  r e s t  o f  t h e  wing. 

F igure  5  shows t h e  r educ t ion  of s k i n  th i ckness  along t h e  span i n  two poss- 
i b l e  ways. A s t e p  r educ t ion  (above) o r  a  continuous t a p e r i n g  (below) can b e r e a l -  
i zed ,  t h e  l a t t e r  r e q u i r i n g ,  however, a d d i t i o n a l  equipment f o r  chemical m i l l i n g  
a t  v a r i a b l e  t ime of immersion. 

F igures  6 and 7  show t h e  c e n t r a l  box c ros s  s e c t i o n s  a t  t h e  wing r o o t  and 
at a  spanwise s t a t i o n  from 2.65 m on. 

EXPERIMENTAL PROGRAM AND RESULTS 

Seve ra l  problems a r e  t o  be faced i n  t h e  r e a l i z a t i o n  o f  a wing as descr ibed  
i n  t h e  preceding paragraph.  

A pre l iminary  experimental  i n v e s t i g a t i o n  was considered necessary  i n  order  
t o  check t h e  fo l lowing  p o i n t s :  

1. The c a p a b i l i t y  of t h e  c e l l u l a r  pane ls  t o  wi ths tand  t h e  high design com~ression 
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s t r e s s e s  without incurr ing l o c a l  i n s t a b i l i t y  phenomena a t  low load  f a c t o r s .  

2. The capab i l i ty  of t h e  box s t r u c t u r e  t o  withstand t h e  design bending moments 
and, i n  p a r t i c u l a r ,  t h e  crushing loads due t o  bending deformation. 

3. The c a p a b i l i t y  t o  obta in  t h e  c e n t r a l  box p r o f i l e s  by extrusion of a s u i t a b l e  
mate r i a l  a t  an acceptable degree of accuracy and reasonable cos t .  

4. The f e a s i b i l i t y  of s a t i s f a c t o r y  chemical mi l l ing  i n  r e l a t i o n  t o  t h e  par- 
t i c u l a r  aluminium a l l o y  adopted f o r  t h e  extrusion.  

With reference t o  points  1 and 2, it was decided t o  check t h e  general  de- 
s ign of t h e  c e n t r a l  box s t r u c t u r e ,  and of t h e  c e l l u l a r  panels i n  p a r t i c u l a r ,  by 
r e a l i z i n g  a "simulated1' extruded s t r u c t u r e  and submitting it t o  pure compression 
and pure bending t e s t s .  The cross sec t ion  of t h e  simulated s t r u c t u r e  i n  f i g u r e 8  
shows i t s  conventional construction through Z-stringers and metal shee t ,  both of 
dura l ,  connected by r i v e t s .  

Notwithstanding t h e  d i f ference  i n  mater ia l  and some geometrical f ea tu res  
these  t e s t s  gave some valuable indicat ions  ( r e f . 2 )  so  t h a t  t h e  r e a l i z a t i o n  of 
t h e  expensive ext rus ion d ies  could be undertaken with reasonable confidence. 

The two extruded p r o f i l e s  were then obtained, having t h e  cross sec t ion  
shown i n  f igure  6. 

Several  attempts were necessary, with modification of t h e  d i e ,  before an 
acceptable degree of accuracy of t h e  sec t ibn  contour was achieved. 

The aluminium a l l o y  employed on t h e  f i r s t  extruded p r o f i l e s  was not s a t i s -  
f ac to ry  (inadequate values of t h e  y i e l d  and rupture s t r e s s ) .  A d i f f e r e n t  alumin- 
i u m  a l l o y  was then used of higher s t r eng th  bu t ,  perhaps, r a t h e r  poor p l a s t i c  
c h a r a c t e r i s t i c s .  

It should be remarked here t h a t ,  i n  our I t a l i a n  s i t u a t i o n ,  t h e  choice of 
mate r i a l s  f o r  ext rus ion i s  extremely l imi ted .  I n  f a c t ,  s ince  our f a c t o r i e s  a r e  
not furnishers  of t h e  a i r c r a f t  indust ry ,  t h e  supply of a small quant i ty  of 
extrusions such a s  required f o r  research can only be made of a mater ia l  of 
current  use,  i . e .  having r a t h e r  low s t reng th  c h a r a c t e r i s t i c s .  

Pure bending t e s t s  were planned and ca r r i ed  out on severa l  specimen,1000 mrn 
long, of t h e  r e a l  extruded s t r u c t u r e  using t h e  bending t e s t  machine of t h e  Isti-  
t u t o  d i  Progetto d i  Aeromobili - Pol i tecnico d i  Torino. 

Figure 9 shows t h e  t e s t i n g  equipment. Figures 10 and 11 show t h e  def lec t ion 
curves measured onspecimenswith wa l l  thickness of 2.3 and .8 mm, i . e .  having 
t h e  cross  sec t ions  i l l u s t r a t e d  i n  f igure  6 and 7 ,  respect ively .  

Figure 12 shows t h e  t y p i c a l  f a i l u r e  i n  coapression due t o  bending which 
occurred on one of t h e  t=.8 mm specimen. 

The r e s u l t s  of these  t e s t s  were encouraging, although of s t i l l  l imi tedval i -  



d i t y  f o r  two main reasons: 

1. Since t h e  ends of t h e  specimen a r e  r i g i d l y  a t tached t o  t h e  t e s t  machine, only 
a  r a t h e r  shor t  c e n t r a l  por t ion  of t h e  s t r u c t u r e  i s  f r e e  from t h e i r  r e s t r a i n -  
ing  influence.  Therefore, t h e  c a p a b i l i t y  of t h e  s t r u c t u r e  t o  withstand t h e  
crushing loads cannot be f u l l y  evaluated. 

2. Shear i s  not present .  

Test ing on a  f u l l  s c a l e  s t r u c t u r e  was the re fo re  planned. 

A t e s t  s t r u c t u r e  was prepared corresponding t o  t h e  c e n t r a l  box of t h e  rec-  
tangular  p a r t  of t h e  sa i lp lane  wing i l l u s t r a t e d  i n  f i g u r e  3. 

The span of t h i s  t e s t  specimen was 7.67 m, l e s s  than t h e  9.0 m span of t h e  
wing rectangular  p a r t ,  due t o  l i m i t a t i o n s  of t h e  ava i l ab le  equipment fo r  chem- 
i c a l  mi l l ing .  

The skin  thickness was reduced spanwise through chemical mi l l ing  by .3 mm 
s t eps  from 2.3 down t o  .8 mm a s  shown on t h e  upper p a r t  of f i g .  5 .  Two exten- 
sions were added a t  both ends of t h e  s t r u c t u r e  t o  al low t h e  appl ica t ion of con- 
centrated loads corresponding t o  t h e  a c t u a l  d i s t r i b u t e d  load ca r r i ed  by t h e  
ovter  por t ions  of t h e  wing ( s e e  f i g u r e  1 3 ) .  

The spanwise wing lift and mass d i s t r i b u t i o n s  were evaluated and then re-  
placedby tenconcentra ted  loads,  giving a  good approximation of t h e  bending 
moment and shear d i s t r i b u t i o n  ( see f i g u r e  1 3 ) .  

Figure 1 4  shows t h e  s t r u c t u r e  under t h e  load corresponding t o  load f a c t o r  
n=8. 

The incremental load was 2,413 N corresponding t o  a  un i ty  load  f a c t o r  in- 
crement. The ul t imate  load  was 24,074 N corresponding t o  a  r a t h e r  high ul t imate  
load f a c t o r  of 9.975. 

The s t r u c t u r a l  f a i l u r e  occurred a t  a  load f a c t o r  n=8.72. 

As shown by f i g u r e  1 5 ,  t h e  dorsa l  c e l l u l a r  panel between t h e  f i t t i n g s ,  sirnu- 
l a t i n g  t h e  wing-fuselage attachments, collapsed under t h e  combined e f f e c t s  of 
compression and crushing loads.  In  t h i s  a rea  both webs were l a r g e l y  cut  out t o  
allow t h e  connection of t h e  f i t t i n g s  t o  t h e  s t r u c t u r e .  

Figure 16  shows t h e  de f lec t ion  curves of t h e  whole s t r u c t u r e  a t  load fac-  
t o r s  of 2, 4 ,  6 and 8 .  It can be seen t h a t ,  a t  high load f a c t o r s ,  t h e  deflec-  
t i o n  of t h e  l e f t  wing becomes a  l i t t l e  higher i f  compared with t h e  other wing. 
This i s  presumably due t o  t h e  growing e l a s t i c  buckling of t h e  dorsa l  panel 
caused by t h e  l a r g e  cut-outs of t h e  wing c e n t r a l  p a r t  where t h e  f a i l u r e  
f i n a l l y  occurred ( f i g .  1 5 ) .  

The de f lec t ions  a t  d i f f e r e n t  s t a t i o n s  a r e  p l o t t e d  versus load f a c t o r  i n  
f igure  17. 



S t r a i n  gage measurements showed: a )  a s l i g h t  e l a s t i c  buckling of both 
webs i n  t h e i r  l ong i tud ina l ly  compressed p a r t  a t  load f a c t o r s  above n= 4 ; b )  no 
buckling whatever of  t h e  dor sa l  panels  along t h e  span; and c )  a maximum'local 
normal s t r e s s  of 235 N/mm2 a t  n=8 on both  d o r s a l  and v e n t r a l  panels .  

CONCLUSIONS 

The f a i l u r e  under bending having occurred a t  a very  high load f a c t o r  
( ~ 8 . 7 2 )  and i n  t h e  c e n t r a l  p a r t  of t h e  s t r u c t u r e  where t h e  webs can be e a s i l y  
r e in fo rced ,  t h e  r e s u l t  of t h i s  f i r s t  s t a t i c  t e s t  can be considered successfu l .  
There i s  a reasonable confidence t h a t ,  a f t e r  reinforcement of t h e  web cut-outs 
i n  t h e  c e n t r a l  po r t ion  of t h e  s t r u c t u r e ,  t h e  r e s i d u a l  load  f a c t o r  increment 

d ~ 9 . 9 7 5 - 8 . 7 2 0 =  1.255 w i l l  be a t t a i n e d .  

Although t o r s i o n  s t a t i c  s t r e n g t h  and f a t i g u e  l i f e  a r e  t o  be demonstrated 
before  a s t r u c t u r e  of t h i s  type  can be assessed t o  be adequate f o r  a s a i l p l a n e  
wing, t h e  r e s u l t  of t h e  a c t u a l  shear/bending t e s t  should probably be considered 
of b a s i c  importance a s  it p r a c t i c a l l y  demonstrates t h e  f e a s i b i l i t y  of a r i b l e s s  
s t r u c t u r e  made of a few extruded p r o f i l e s  l o n g i t u d i n a l l y  connected one t o  t h e  
o the r .  
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FIG.1- M-300 EXTRUDED STRUCTURES 



FIG.2 - CALIF A-21s EXTRUDED STRUCTURES 



FIG.3 - GLIDER DESIGNED FOR WIDE 
USE OF EXTRUDED STRUCTURES 

FIG. 4 - TYPICAL CROSS SECTION OF AN "EXTRUDED" WING 



FIG.5 - SKIN THICKNESS REDUCTION ALONG THE SPAN 

FIG.6 - CENTRAL BOX ROOT SECTION 



FIG.7 - CENTRAL BOX OUTER SECTION 

FIG.8 - CROSS SECTION OF "SIMULATED" STUCTURE 



FIG.9 - EXTRUDED SPECIMEN TESTED AT BENDING MACHINE 
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FIG. 1 0  - DEFLECTION, CURVES OF THE EXTRUDED 
SPECIMEN t=2.3mm UNDER BENDING TEST 
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FIG. 11 - DEFLECTION CURVES OF THE EXTRUDED 
SPECIMEN t = . 8 m m  UNDER BENDING TEST 



FIG.12 - BENDING FAILURE OF THE tz.8 EXTRUDED SPECIMEN 
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FIG.13 -- LOAD DISTRIBUTION ON TEST STRUCTURE 



FIG.14- STRUCTURE AT LOAD FACTOR n = 8  

FIG.15 - STRUCTURE FAILURE 
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TREATMENT OF THE CONTROL MECHANISMS OF LIGHT AIRPLANES 

I N  THE FLUTTER CLEARANCE PROCESS 

Elmar J. Breitbach* 
Langley Research Center 

SUMMARY 

Recently, it has become more and more evident  t h a t  many d i f f i c u l t i e s  
encountered i n  the  course of a i r c r a f t  f l u t t e r  analyses can be t r aced  t o  s t rong 
local ized  n o n l i n e a r i t i e s  i n  the  con t ro l  mechanisms. To cope w i t h  these prob- 
lems, more r e l i a b l e  mathematical models paying s p e c i a l  a t t e n t i o n  t o  c o n t r o l  
system n o n l i n e a r i t i e s  may be es t ab l i shed  by means of modified ground v i b r a t i o n  
t e s t  procedures i n  combination with s u i t a b l y  adapted modal synthes is  approaches. 
Three d i f f e r e n t  concepts a r e  presented i n  d e t a i l .  

INTRODUCTION 

A t  f i r s t  glance the  f l u t t e r  c learance  of soaring and l i g h t  a i rp lanes  does 
not  seem to r a i s e  any se r ious  problems which cannot be solved by means of 
today's a e r o e l a s t i c  tools .  This is t r u e  even fo r  the  determination of the  
unsteady aerodynamic loads a s  long a s  cases  with l a rge  aspect  r a t i o s  a t  compa- 
rably  low speeds a r e  considered. The elastodynamical c h a r a c t e r i s t i c s  can be 
determined by using common experimental o r  a n a l y t i c a l  methods i f  s t r u c t u r a l  
l i n e a r i t y  can be assumed t o  be a proper approximation. However, a s  experience 
has shown, the  c o n t r o l  mechanisms of l i g h t  a i rp lanes1  a r e  genera l ly  nonlinear 
t o  such a l a r g e  ex ten t  t h a t  s e t t i n g  up a dependable mathematical model r equ i res  
s p e c i a l  a t t e n t i o n ,  including modificat ions t o  s tandard l inea r i zed  procedures. 

I n  the  f i r s t  p a r t  of t h i s  paper some of the most f requent ly  occurring types 
of control-system n o n l i n e a r i t i e s  a r e  described.  To g e t  an idea of the  influence 
of some t y p i c a l  n o n l i n e a r i t i e s  on the  a e r o e l a s t i c  s t a b i l i t y  the  r e s u l t s  of  wind 
tunnel  f l u t t e r  t e s t s  on a nonlinear wing a i l e r o n  model a r e  presented. After 
tha t ,  it is shown i n  de . t a i l  how the  a e r o e l a s t i c  equations of l i g h t  a i r p l a n e s  
with loca l i zed  n o n l i n e a r i t i e s  may be formulated by using various s u i t a b l y  modi- 
f i e d  ground v i b r a t i o n  test (GVT) procedures a l l  based on the  well-known modal 
synthes is  approach. The shortcomings a s  w e l l  a s  the  usefulness of the  d i f f e r e n t  
concepts a r e  discussed. 

*NRC-NASA Senior Resident Research Associate. 
l ~ i g h t  a i r p l a n e s  a s  sued i n  t h i s  paper include both powered and unpowered 

vehic les  where the  power t o  the  f l i g h t  c o n t r o l  system is supplied by the  p i l o t  
without e l e c t r i c a l  o r  hydraulic  boost through a system of cables ,  pul leys ,  push- 
rods, bel lcranks,  o r  o ther  mechanical linkages. 



SYMBOLS 

a ,  b hinge a x i s  coordinates of con t ro l  surfaces  and t abs ,  respect ive ly  

~ ~ B I C  mass, damping, and s t i f f n e s s  matrices,  respect ive ly ,  defined i n  terms 
of geometrical displacements 

AA,AB,AC matrices of mass, damping, and s t i f f n e s s  changes, respect ive ly ,  
defined i n  terms of geometrical displacements 

Ce equivalent  l i n e a r  s t i f f n e s s  of a nonlinear fo rce  d e f l e c t i o n  diagram, 
defined i n  equations (1 ) and (2)  

e,f center-of-gravity coordinates of c o n t r o l  surfaces  and tabs ,  
r e spec t ive ly  

F fo rce  o r  moment ac t ing  on a con t ro l  surface  o r  t a b  

g column matrix of c o n s t r a i n t  funct ions  gg 

h bending de f l ec t ion  of t h e  quarter-chord l i n e  of l i f t i n g  surface  

Iv,Itv mass moments of i n e r t i a  per span u n i t  of con t ro l  surface  and tab ,  
respect ive ly ,  r e fe r red  t o  the  cen te r  of g r a v i t y  

I R ~ , I R ~ , I R ~  mass moments of i n e r t i a  of c o n t r o l  surface  re fe r red  t o  the main 
axes of i n e r t i a  

R span width coordinate 

m~ control-surface mass 

mv,mtv mass per u n i t  span of con t ro l  surface  and tab ,  r e spec t ive ly  

MIDIK general ized mass, damping, and s t i f f n e s s  matrices, r e spec t ive ly  

AM,AD,AK general ized matrices taking i n t o  account mass, damping, and s t i f f n e s s  
changes, r e spec t ive ly  

P column matrix of ex te rna l  fo rces  

9rP column matrices of general ized coordinates 

Q column matrix of general ized fo rces  

t t i m e  

T i n e r t i a  energy 

u column matrix of geometrical  d e f l e c t i o n s  

U s t i f f n e s s  energy 

438 



V f l i g h t  speed 

W damping energy 

x IY transformation matrices, defined i n  equations (53) and (55) 

01 r o t a t i o n  about the  quarter-chord l i n e  of l i f t i n g  surface  

13 control-surface r o t a t i o n  about the  hinge l i n e  

Y t a b  r o t a t i o n  about t a b  hinge l i n e  

rl r o t a t i o n  of a c o n t r o l  surface  re fe r red  t o  its center  of g r a v i t y  

0 damping loss angle 

X column matrix of Lagrange's m u l t i p l i e r s  Xg 

A diagonal  matrix of the square values of the  normal c i r c u l a r  
frequencies 

@ IY modal matr ices 

w c i r c u l a r  frequency 

I un i ty  matrix 

0 zero matrix 

j = imaginary u n i t  

Subscripts:  

A,B,C,R,v,t  subs t ructures  indices  

R c o n s t r a i n t  index, k = 1 ,  2, . . . , 0 

r normal mode index 

O r €  indices  r e f e r r i n g  t o  a c o n s t r a i n t s  and E independent coordinates 

NL index r e f e r r i n g  t o  nonlinear p roper t i e s  

L index r e f e r r i n g  t o  l i n e a r  p roper t i e s  

Superscr ip ts  : 

T transposed matrix 

AIB indices  r e f e r r i n g  t o  subs t ructures  A and B 

1 n 
I r e a l ,  imaginary p a r t  



GENERRt REMARKS 

Sources of Control-System Nonlinearities 

Aeroelastic investigations are usually carried out on the basis of simpli- 
fied linearized mathematical models. In many cases this approach has been ade- 
quate to ensure sufficient flutter safety margins for light airplanes. However, 
in the last few years, it has become evident that disregarding nonlinear phenom- 
ena can lead to hazardously misleading results. For example, it is shown in 
reference 1 that so-called concentrated or localized nonlinearities in control 
systems have a significant effect on the flutter behavior. Nonlinearities of 
this kind may be produced by such things as 

(1 ) Backlash in the joints and linkage elements 

(2) Solid friction in control-cable and pushrod ducts as well as in the 
hinge bearings 

(3j Kinematic limitation of the control-surface stroke 

(4) Application of special spring tab systems provided for pilot handling 
relief 

The most critical parts of a control mechanism where localized nonlinearities 
may arise are shown schematically in ,figure 1 . 

An aeroelastic investigation may become even more complicated if it is 
necessary to account for items such as the following: 

(1) Preload changes due to maneuver loads and specially trimmed flight 
attitudes 

(2) Changes in friction and backlash over an airplane's lifetime 

(3) Additional mass, stiffness, and damping forces randomly activated by 
the pilot 

Coping with all these difficulties requires special measures throughout the 
flutter clearance process. First, the ground vibration test (GVT) used to 
determine the elastodynamical coefficients of the flutter equations has to be 
modified so that a consistent and superpositionable set of orthogonal, or 
well-defined nonorthogonal, normal modes can be measured. 

In reference 2 a proposed experimental approach employs a high frequency 
auxiliary excitation superimposed upon the much lower sinusoidal excitation to 
be tuned to the several normal frequencies. Thus, "slip-stick" effects and 
related nonlinearities in the control mechanisms can be minimized. The method 
requires additional test and control devices capable of exciting all controls 
simultaneously. 

Of course, the simplest solution appears to be to build control-surface 
mechanisms without either friction or backlash. However, aside from a consider- 



able  increase i n  manufacturing cos ts ,  t he re  is no guarantee t h a t  such an i d e a l  
condit ion could be kept unchanged for  the  l i f e t i m e  of an a i rp lane .  Moreover, 
a f r i c t i o n l e s s  c o n t r o l  system is not  necessa r i ly  equivalent  t o  b e t t e r  handling 
q u a l i t i e s ,  because f r i c t i o n  helps  give the  p i l o t  the  " fee l"  of f l y i n g  the  
a i r  plane, 

From an exper imenta l i s t ' s  s tandpoint ,  there  a r e  some simpler,  but  e f f e c t i v e ,  
methods using s p e c i a l  modal coupling and modal superposi t ion approaches. A 
de ta i l ed  p resen ta t ion  of some of these methods is given i n  the  subsequent sec- 
t i o n s  of t h i s  paper. They w i l l  be r e fe r red  t o  a s  Concepts I ,  11, and 111. 

I l l u s t r a t i v e  Examples of Control-System Nonl inea r i t i e s  

To g e t  a r e a l i s t i c  impression of control-mechanism n o n l i n e a r i t i e s ,  the  
force  d e f l e c t i o n  diagrams F ( B )  of the  rudder and a i l e r o n  system (antisymmet- 
r i c a l  and symmetrical case)  of a soaring a i rp lane  (ASW-15, A. Schleicher,  
Poppenhausen. W. Germany) a r e  shown i n  f i g u r e s  2(a)  , 3(a)  , and 4 ( a )  . Using the  
p r inc ip le  of the  ene rge t i c  equivalence ( r e f s .  1 and 3) the  s t i f f n e s s  and damp- 
ing p roper t i e s  of a nonlinear force  de f l ec t ion  diagram can be approximated by 
the  so-cal led equivalent  complex s t i f f n e s s :  

1 II 

The c o e f f i c i e n t s  Ce ( B )  and Ce ( B )  , representing s t  i f  fness  and damping, respec- 
t i v e l y ,  can be ca lcu la ted  from 

I 2lT 
ce(B) = - 1 F(B c0.s 4,  -Bw s i n  4)  cos 4 d4 

lTB . $ = O  1 
Ce(B) = - 3 F(B cos 4 ,  -$w s i n  0) s i n  4 d4 

.rrB $=O J 
where the  c i r c u l a r  frequency w = 2l~f  (where f is frequency i n  he r t z )  and 
the  in teg ra t ion  va r i ab le  4 = w t .  Damping can a l s o  be expressed by the  l o s s  
angle 
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The functions C, (8) and Ce(8) corresponding to the force deflection diagrams 
of figures 2 (a) , 3 (a) , and 4(a) are plotted in 2 (b) , 3 (b) , and 4 (b) , respec- 
tively. Figure 3(b) shows that the antisymmetric aileron hinge stiffness in the 
range of the normal aileron stroke varies between 390 N-m and 44 N-m. Because 
of the stiffness variation, the normal frequency of the antisymmetrical aileron 
vibration (wing assumed to be fixed) varies over a wide range, between 2.4 Hz 
and 7.4 Hz. At least two other antisymmetric normal modes lie in this frequency 
range and are consequently characterized by highly amplitude-dependent portions 
of aileron vibrations. Similar effects can also be observed for the symmetric 
aileron mode and for the rudder vibration. 

The effects of strong nonlinearities on the flutter behavior have been dem- 
onstrated in some wind-tunnel tests carried out on a nonlinear wing-aileron mode. 
in the low-speed wind tunnel of DFVLR ~Gttingen. The nonlinear flutter bound- 
aries for a backlash-type and for a spring-tab-type aileron hinge stiffness are 
shown in figure 5. Unlike the flutter boundaries of linear systems, both curves 
are characterized by a considerable dependence of the critical flutter speed on 
the aileron amplitude. Thus, the flutter boundary of the spring-tab-type system 
varies between V = 12.5 m/s and V = 24 m/s. The backlash-type system shows 
a flutter boundary variation between V = 13.5 m/s and V = 20 m/s. More 
detailed information, especially about the geometric and elastodynamic data of 
the wing-aileron model, is presented in reference 1. 

MATHEMATICAL MODELING USING MODAL SYNrTHE SIS CONCEPTS 

As mentioned previously, the determination of the elastodynamic character- 
istics by means of GVT can be affected severely by localized nonlinearities in 
the control mechanisms. It will be shown in the following discussion that the 
uncertainties resulting from these nonlinear effects can be avoided by applying 
experimental-analytical concepts based on the well-known modal synthesis 
approach. 

Each of these concepts can be used to set up the aeroelastic equations of 
the actual airplane including all control-mechanism nonlinearities. The non- 
linear force deflection diagrams of the different controls can be determined 
by static or dynamic tests. 

Three different concepts will be presented. They may be briefly described 
as follows: 

Concept I: Measurement of a set of orthogonal normal modes with the con- 
trol surfaces rigidly clamped; separate determination of the control- 
surface normal modes with the rest of the airplane rigidly fixed. 

Concept 11: GVT on a configuration artificially linearized by replacing 
the nonlinear control-mechanism elements by linear and lightly damped 
dunmy devices; thus, a set of orthogonal normal modes for the entire 
system is available. 



Concept 111: Measurement of a set of orthogonal normal modes with the 
control surfaces removed; separate determination of the normal modes of 
the control surfaces in uncoupled condition. 

Concept I 

The governing equations of motion of an aeroelastic system, formulated in 
terms of physical coordinates, can be written in matrix notation as follows: 

where 

A mass matrix 

B damping matrix 

C stiffness matrix 

u column matrix of the physical displacements; and u are first 
and second derivatives with respect to time t 

P column matrix of external forces, for instance, unsteady aerodynamic 
forces 

It is obvious that parts of the matrices B and C are nonlinear because of 
the localized nonlinearities of the controls. 

Controls without tabs.- If the GVT is carried out with the controls rigidly 
clamped to the adjacent structure, a set of n largely linear normal modes 
@Ar can be measured and combined in the modal matrix 

The modes satisfy the orthogonality condition 

where 

MA diagonal matrix of the generalized masses MA, 

2 
K A diagonal matrix of the generalized stiffnesses K u  = wArMAr 



A A diagonal matrix of the square values of the circular normal 
frequencies WA, 

The generalized damping matrix DA (not necessarily diagonal) is defined by 

Next, assuming that the control surfaces are rigid in the frequency range of 
interest, a number of additional control-surface rotation modes with the 
adjacent main structure at rest can be determined and combined in the modal 
matrix 

The physical displacements of the complete structure are related to the gener- 
alized coordinates by 

where the column matrix of the generalized coordinates qr and qv is 

and 

The basic idea of this modal superposition is outlined in figure 6, Substitut- 
ing equation (9) into equation (4) and premultiplying it by QT yields 

where 



The mat r ices  MA, KA, and DA measured i n  a GVT a r e  def ined  i n  t h e  equa- 
t i o n s  (6 )  and (7 ) .  The d iagonal  ma t r i ce s  MB, DB, and KB con ta in  t h e  gener- 
a l i z e d  masses, damping va lues ,  and s t i f f n e s s e s  of  the  cont ro l - sur face  r o t a t i o n  
modes. I n  t h e  case  of nonl inear  hinge s t i f f n e s s  and damping, t h e  ma t r ix  elements 
of K g  and DB a r e  

n 

where cAv(8) and Cev(8) can be determined from equat ion  (2 )  . The term By, 
denotes  t he  c o n t r o l  r o t a t i o n  i n  t h e  a c t i o n  l i n e  of  t h e  c o n t r o l  a c t u a t o r  force .  
The mat r ix  MB can be determined by c a l c u l a t i o n  o r  measurement t ak ing  i n t o  
account no t  on ly  the  control-surface mass bu t  a l s o  the  moving mass of such 
a t t ached  hardware a s  pushrods, cab les ,  and c o n t r o l  s t i c k .  The elements of t h e  
coupling mat r ix  

can be found by i n t e g r a t i o n  over su r f aces  SgV of t h e  c o n t r o l s  

where the  fol lowing terms correspond t o  t h e  vth c o n t r o l  with t a b  locked t o  t h e  
c o n t r o l  

mv mass of t h e  c o n t r o l  su r f ace  per  u n i t  span 

IV mass moment of i n e r t i a  per u n i t  span r e f e r r e d  t o  t h e  c e n t e r  of g r a v i t y  

e v d i s t a n c e  between cen te r  of g r a v i t y  and hinge a x i s  ( s ee  f i g .  7) 

a v  d i s t a n c e  between hinge a x i s  and the  quarte'r-chord p o i n t  ( s ee  f i g .  7) 

A l l  t he se  d a t a  a s  w e l l  a s  t h e  ampli tudes h,, a,, and By ( s ee  f i g .  7) a r e  
func t ions  of t h e  span coord ina te  R. I n  ca se  of an i d e a l  locking of t he  con- 



trols, n e i t h e r  hinge s t i f f n e s s  f o r c e s  nor hinge damping f o r c e s  a r e  genera ted  i n  
t he  normal modes @ A r e  Hence, 

Extension t o  c o n t r o l s  with tabs.-  The above procedure can e a s i l y  be 
extended t o  systems with c o n t r o l s  and t a b s  ( spr ing  t abs ,  t r i m  t abs ,  o r  geared 
t a b s )  by in t roducing  the  t a b  movement a s  a s e p a r a t e  degree of freedom. For 
t h i s  s p e c i a l  case t h e  main GVT conf igu ra t ion  is cha rac t e r i zed  by c o n t r o l s  
locked t o  t h e  ad j acen t  a i r p l a n e  s t r u c t u r e  and t a b s  locked t o  t he  c o n t r o l s .  
This  l e a d s  t o  t h e  same s e t  of normal modes QAr a s  def ined  i n  equat ion  (5) .  
Furthermore, t he  degrees of freedam of t he  c o n t r o l s  a r e  s e p a r a t e l y  determined 
with t h e  main s t r u c t u r e  a t  r e s t  and with t a b s  locked to t h e  c o n t r o l s .  The 
r e s u l t i n g  normal modes a r e  i d e n t i c a l  t o  t he  ones def ined  by equat ion  ( 8 ) .  
F i n a l l y ,  i n  a t h i r d  s t e p  t h e  t a b  modes QCv a r e  determined with both t h e  main 
s t r u c t u r e  and the  c o n t r o l s  a t  rest. This  concept is schemat ica l ly  i l l u s t r a t e d  
i n  f i g u r e  8. I n  accordance with t h i s ,  u can be expressed a s  a s e r i e s  expan- 
s i o n  of t he  normal mode sets OA, QBI and QC 

where 

Replacement of u i n  equat ion (4 )  by equat ion (18) and p r e m u l t i p l i c a t i o n  by 
aT l e a d s  t o  an equat ion  s i m i l a r  t o  equat ion  ( 1 2 ) .  Because of t h e  a d d i t i o n a l  
t a b  degrees of f r e e d m  the  ma t r i ce s  M, D, K, and Q have the  extended form 



The ma t r i ce s  MA, MB, MAB = KA, K g ,  DA, and DB a r e  i d e n t i c a l  t o  
t he  ma t r i ce s  def ined  i n  equat ions  (6) , (7) , (1 4) , (1 5) , and (16) . The ma t r i ce s  
KC and DC can be determined i n  t h e  same way a s  KB and DB by measuring 
the  nonl inear  f o r c e  d e f l e c t i o n  diagrams of t h e  t a b s  and using equat ion  (2) t o  
c a l c u l a t e  

The term Yva denotes  t h e  t a b  r o t a t i o n  i n  t he  l i n e  where the  f o r c e  a c t i n g  on the 
t a b  is appl ied .  The mat r ix  Mp can be determined by t e s t  o r  c a l c u l a t i o n .  The 
elements of t h e  coupling mat r ix  

can be found by i n t e g r a t i o n  over t h e  t a b  su r f ace  Sa 

where t h e  fol lowing terms correspond t o  t h e  v t h  t a b  ( p a r t  of t h e  Vth c o n t r o l )  

m t ~  mass of t h e  t a b  per u n i t  span 

I t v  mass moment of i n e r t i a  per  u n i t  span r e f e r r e d  t o  t h e  c e n t e r  of g r a v i t y  

f v d i s t a n c e  between t h e  t a b  hinge a x i s  and.  t h e  t a b  c e n t e r  of g r a v i t y  ( s ee  
f i g .  7) 

h d i s t a n c e  between t h e  t a b  hinge a x i s  and the c o n t r o l  hinge a x i s  ( s e e  
f i g .  7) 

The q u a n t i t i e s  Itv, mt-, fv ,  and h a s  w e l l  a s  h,, a,, and yv ( s e e  
f i g .  7) a r e  func t ions  of t h e  t a b  span coord ina te  k t .  The elements of t h e  
coupling mat r ix  

between t h e  c o n t r o l  s u r f a c e s  and the  appe r t a in ing  t a b s  can be c a l c u l a t e d  by 
i n t e g r a t i o n  over t h e  t a b  s u r f a c e  S m  



Provided that the normal modes @A, can be measured with ideally locked control 
and tab hinges, neither hinge damping forces nor hinge stiffness forces are 
generated in @Ar. This leads to 

Concept I1 

As described in references 1, 6, and 7, the replacement of the control non- 
linearities by artificial linear stiffnesses results i.n a modified linearized 
test configuration represented in matrix notation by 

which is formulated in terms of physical displacements. The governing dynamic 
equations of the unchanged nonlinear system can be written in the same form as 
equation (4 )  by subdividing the matrices A, B, and C as follows: 

The term A h L  - AAL represents the difference in the mass distribution 
between the artificial linear system and the real nonlinear system; ABL and 
AcL define the damping and stiffness properties of the artificial linear 
elements; and kNL describe the damping and stiffness properties of 
the replaced nonlinear elements. Development of the arbitrary displacement 
vector u in a series expansion of the measured normal modes QLr of the 
linearized system yields 

Inserting this modal transf ormation into equation (4)  , premultiplying by QLT, 
and taking into account equation (28)  results in generalized equations of motion 
in the same form as equation ( 1 2 ) ,  but with the mass, damping, and stiffness 
matrices now defined as 



The mat r ices  MLI DL, and K L  a r e  measured i n  a  GVT on t h e  l i n e a r i z e d  system. 
Furthermore , 

For s i m p l i c i t y ,  consider  on ly  one c o n t r o l  sur face .  For t he  v t h  c o n t r o l  su r f ace ,  
t h e  modal mat r ix  QL degenera tes  t o  t he  row mat r ix  

and ABNL - ABL and ACNL - ACL degenerate  t o  t he  1 x 1 ma t r i ce s  

1 I l  

where the  nonl inear  s t i f f n e s s  and damping va lues  Ce(B) and Ce(B) can be 
determined aga in  by applying equat ion  (2) t o  t h e  measured nonl inear  f o r c e  
d e f l e c t i o n  diagram. The damping and s t i f f n e s s  ma t r i ce s  BL and CL, respec- 
t i v e l y ,  of t h e  a r t i f i c i a l  l i n e a r  element can be measured by means of s imple 
tests. The mat r ix  AMNL - AML can a l s o  be c a l c u l a t e d  by using t h e  modal 
ma t r ix  a s  de f ined  i n  equat ion  (32 ) ,  provided t h e  two p a r t s  of t h e  1 x 1 ma t r ix  
&NL ' A A ~  can be de f ined  a s  moments of i n e r t i a  by r e f e r r i n g  the  removed mass 
of t h e  nonl inear  system, a s  we l l  a s  t h e  a d d i t i o n a l  mass r e s u l t i n g  from t h e  a r t i -  
f i c i a l  l i n e a r i z a t i o n ,  t o  t h e  hinge angle  B. 



Concept I I I 

The a e r o e l a s t i c  equations of an a i rp lane  can a l s o  be es tabl i shed by means 
of both a set of normal modes measured i n  a GVT with c o n t r o l s  removed and r ig id -  
body and some e l a s t i c  normal modes of the  severa l  con t ro l s  (see  f i g .  10) de ter -  
mined experimentally or by f a i r l y  simple ca lcula t ions .  The equations of motion 
of the  coupled system can be set up by means of Lagrange's equations 

where 

The matrices AK and AD i n  equation (35) take  i n t o  account the  e l a s t i c  coupl- 
ing between c o n t r o l  surfaces  and main s t r u c t u r e  by means of t h e  r e a l  hinge s t i f f -  
ness and hinge damping elements. The term on the  r i g h t  s i d e  of equation (34.) 
is formulated i n  terms of Lagrange's undetermined m u l t i p l i e r s  lk which corre-  
spond t o  a number of a c o n s t r a i n t  condit ions 

They express compat ib i l i ty  i n  those coupling po in t s ,  where the  c o n t r o l s  can be 
assumed t o  be r i g i d l y  f ixed t o  t h e  main s t r u c t u r e .  Application of equation (34) 
t o  equations (35) and (36) y i e l d s  

where t h e  elements of the  r x R matrix yT a r e  



Confining the further derivation to the coupling of only two systems, A and 
B (main structure and control surface) results in the following generalized 
mass, stiffness, and damping matrices of the uncoupled system: 

where the submatrices are 

The matrices Air Bi, and Ci describe mass, damping, and stiffness of the 
subsystems A and B in terms of geometrical coordinates; @ is the modal 
matrix of subsystem i. The elements of the diagonal matrices Mi and Ki and 
of the damping matrices Di, which are not necessarily diagonal, can be deter- 
mined by GVT or, as in the case of the controls, by calculation, also. 

According to reference 7 the generalized coupling matrices AK and AD 
can be written as follows: 

When the main structure and control surface are coupled by one single ccnnplex 
hinge stiffness Ce in the action line of the control force, we obtain 

a:, n+2 I 



A B 
The angles of rotation a,, and aar are defined in figure 9. For the special 
case of coupling two systems A and B the compatibility condition for a 
physical degrees of freedom can be expressed by the constraints 

A B 
gJ, = UJ, - UJ, = 0 

A B 
If UR and UJ, are expressed in a series of the normal modes of the systems 
A and B, then 

or in matrix notation 

The aeroelastic equations of motion are defined now by the n~ + ng = m gener- 
alized coordinates. Due to the a constraints there remains a number of 
s = m - a independent generalized coordinates in terms of which the aero- 
elastic equations have to be formulated. To do this, the term yT in equa- 
tion (37) has to be rearranged rowwise so that 

where Yo is a nonsingular a x a matrix. The matrices M, K, D, AH, and 
&I with respect to both their columns and rows and the column matrix q have 
to be rearranged in the same sense. The rearranged equations can be written as 



where 

- - -  
The new structure of the matrices MI D, KI AD, and AK is shown in the 
following equation using as an example 

Thus, A can be determined as follows 

+ ([KO& %o] + Laos I moo]) G) 

From equations (45)  and (46)  it follows that 

Inserting equation (50)  into the first s rows of equation (47)  and taking into 
account equation (51)  results in the following equation 

where 

It can easily be shown that equation (52)  can be transformed to the more con- 
venient equation 



with t h e  u n i t y  ma t r ix  I. It should be mentioned t h a t  a nonsingular  ma t r ix  
Ya can  be determined opt imal ly  by applying common mathematical t o o l s  f o r  t h e  
de te rmina t ion  of t h e  l i n e a r  independence of a given number of vec to r s ,  a s  
descr ibed ,  f o r  example, i n  r e f e rence  8. These methods a r e  a l s o  app l i cab le  
t o  c a s e s  with t h e  number of c o n s t r a i n t s  higher  than  t h e  rank of mat r ix  Yo. 
P r a c t i c a l  a p p l i c a t i o n s  t o  s t r u c t u r a l  dynamics problems a r e  presented  i n  
r e f e rence  9. 

It is obvious t h a t  t he  unsteady aerodynamic f o r c e s  cannot  immediately be 
c a l c u l a t e d  on t h e  b a s i s  of t h e  s e p a r a t e  normal mode sets of t h e  s e v e r a l  sub- 
s t r u c t u r e s  (main s t r u c t u r e  and c o n t r o l  sur f  aces)  . However, t h i s  problem can  
e a s i l y  be solved a s  follows: 

(1) Couple t h e  c o n t r o l s  t o  t h e  main s t r u c t u r e  using the  above descr ibed  
procedure. I n  doing so ,  t h e  a c t u a l  nonl inear  s t i f f n e s s e s  Ce a r e  rep laced  by 
l i n e a r  s t i f f n e s s e s  chosen t o  be an  average r e p r e s e n t a t i v e  of t he  nonl inear  
ones. 

(2)  Ca lcu la t e  t h e  normal mode c h a r a c t e r i s t i c s  of t h i s  l i n e a r l y  coupled 
system and c a l c u l a t e  t h e  unsteady aerodynamic f o r c e s  based on t h i s  s e t  of nor- 
mal modes. 

(3) I n  t h e  c a s e  of hinge s t i f f n e s s  v a r i a t i o n s  o r  nonl inear  f l u t t e r  ca l -  
c u l a t i o n s ,  t h e  combination of concepts  I11 and I1 descr ibed  subsequent ly may 
be used. 

Combined Appl ica t ion  of Concepts I, 11, and I11 

A d e t a i l e d  examination of t h e  p o s s i b i l i t i e s  o f f e r e d  by t h e  t h r e e  concepts  
makes it obvious t h a t  sometimes t h e i r  combined app l i ca t ion  may be very  benefi-  
c i a l .  Four p o s s i b l e  v a r i a t i o n s  can  be o u t l i n e d  as fol lows:  

Cambination of Concept I11 and Concept 11: 

(1) Apply Concept 111, tak ing  i n t o  account  l i n e a r  and l i g h t l y  damped 
hinge coupling elements.  

(2 )  Calcu la t e  t h e  normal mode c h a r a c t e r i s t i c s  of t h e  l i n e a r l y  coupled 
s y s  t e m .  

(3) Vary t h e  l i n e a r  coupling elements  o r  in t roduce  t h e  nonl inear  coupling 
elements  by means of Concept 11. 



Combination of  Concept I11 and Concept I: 

(1) Apply Concept I11 wi th  a completely r i g i d  coupl ing inc luding  t h e  con- 
t r o l  hinge degrees  of  freedom r e s u l t i n g  i n  a con f igu ra t i on  wi th  r i g i d l y  locked 
con t ro l s .  

(2) Take i n t o  account  t h e  c o n t r o l  degrees  of freedom according to Concept I 
by adding a s e p a r a t e  set of c o n t r o l  normal modes wi th  t he  main s t r u c t u r e  a t  r e s t .  

Combination of  Concept I1 and Concept I: 

(1) T e s t  t h e  a i r c r a f t  s t r u c t u r e  wi th  c o n t r o l s  removed as a b a s i c  
con£ igur  a t ion.  

(2) E s t a b l i s h  a n a l y t i c a l l y  a second con f igu ra t i on  with t h e  c o n t r o l s  r i g i d l y  
locked to t h e  main s t r u c t u r e  by applying Concept 11. This can be achieved by 
adding modal mass coupl ing  ma t r i ce s  1IM to t h e  equa t ions  of motion of t h e  b a s i c  
con f igu ra t i on  s i m i l a r  to those  def ined  i n  equa t ion  (31 ) . 

When a s i n g l e  c o n t r o l  su r f ace  is cons idered  t h e  c o e f f i c i e n t s  of t h e  mass 
coupl ing m a t r i x  AM can be w r i t t e n  a s  

where 

The column ma t r ix  %, r e p r e s e n t s  t h e  t r a n s l a t i o n a l  and r o t a t i o n a l  d i sp l ace -  
ments a t  t h e  coupl ing  p o i n t  of t h e  main s t r u c t u r e  i n  r e l a t i o n  to t h e  XYZ a x i s  
system (see f i g .  10) . I f  t h e  c e n t e r  of  g r a v i t y  of t h e  c o n t r o l  l i e s  o u t s i d e  t h e  
coupl ing p o i n t ,  (x,, ys, zS) = (sXI 0 ,  sZ) , t h e  i n e r t i a  ma t r ix  AAR can  be 
w r i t t e n  i n  t h e  form 



where 

mR mass of t he  c o n t r o l  s u r f a c e  

IRxrIRy,IRz mass moments of i n e r t i a  of t h e  c o n t r o l  s u r f a c e  i n  
r e l a t i o n  t o  its cen te r  of g r a v i t y  

(3) Take i n t o  account t h e  c o n t r o l  degrees of freedom according t o  Concept I 
by adding a s e p a r a t e  set of c o n t r o l  normal modes with t h e  main s t r u c t u r e  a t  r e s t .  

Conbination of Concept I1 and Concept 111: 

(1) Tes t  t h e  a i r c r a f t  s t r u c t u r e  with r i g i d  c o n t r o l  dummies i n  locked con- 
d i t i o n  as a b a s i c  conf igura t ion .  The r i g i d  dummies a r e  used t o  determine a bet-  
t e r  basic set of normal mode shapes r ep re sen t ing  the  dynamic deformations of 
t h e  coupled system than can  be determined i n  the test conf igu ra t ion  with 
removed c o n t r o l s .  This  procedure can b e s t  be descr ibed  a s  convergence acce l -  
e r a t i o n  by means of i n t e r f a c e  loading.  

(2) E s t a b l i s h  a n a l y t i c a l l y  a second conf igu ra t ion  with t h e  dummy c o n t r o l s  
removed. This  can be achieved i n  accordance wi th  Concept I1 by s u b t r a c t i n g  a 
modal mass coupling mat r ix  &I a s  def ined  i n  equat ion  (56) £ran t h e  equat ions  
of motion of t h e  b a s i c  con f igu ra t ion .  

(3) Apply Concept I11 coupling the  e l a s t i c  c o n t r o l s  t o  t h e  main s t r u c t u r e .  

COMPARATIVE CONSIDERATIONS 

The concepts  presented  o f f e r  a number of p o s s i b i l i t i e s  to inco rpora t e  t h e  
c o n t r o l  systems of l i g h t  a i r p l a n e s ,  which i n  gene ra l  a r e  a f f e c t e d  by s t rong  con- 
c e n t r a t e d  n o n l i n e a r i t i e s ,  i n t o  t h e  f l u t t e r  a n a l y s i s .  Spec ia l  emphasis is p laced  
on t h e  mathematical modeling of t h e  elastomechanical  system based on GVT. I t  
is obvious t h a t  a f i n a l  eva lua t ion  of t h e  a p p l i c a b i l i t y  and accuracy of t h e  d i f -  
f e r e n t  concepts  is r a t h e r  d i f f i c u l t  because, up t o  t h e  p r e s e n t  t ime,  on ly  
Concept I has been appl ied  t o  some e x t e n t  t o  r e a l  a i r p l a n e  s t r u c t u r e s .  Only 
l i t t l e  experience wi th  t h e  o the r  concepts  is a t  hand. Thus, Concept I1 has 
r e c e n t l y  been employed i n  t h e  course  of t h e  f l u t t e r  c l ea rance  process  of t h e  
soa r ing  a i r p l a n e  ASW-15. F l u t t e r  c a l c u l a t i o n s  based on t h i s  concept  p red ic t ed  
t a i l  f l u t t e r  a t  about 200 km/hr. That r e s u l t  w a s  v e r i f i e d  by f l i g h t  f l u t t e r  
t e s t s ,  where t h e  a i r p l a n e  showed nonl inear  f l u t t e r  i n  a speed range from 
175 t o  220 km/hr, s t a r t i n g  with canparably smal l  amplitudes a t  175 km/hr and 
inc reas ing  t o  very  high amplitudes f a r  beyond t h e  regular  rudder s t r o k e  a t  
higher  speeds. This  behavior i n  concurrence wi th  s u b s t a n t i a l  a l t e r  a t i o n s  of 
t h e  f l u t t e r  modes is symptomatic of h ighly  nonl inear  f l u t t e r  cases .  A more 
d e t a i l e d  cons ide ra t ion  of t h i s  s p e c i a l  problem exceeds the  s u b j e c t  of t h i s  
paper and should be reserved  f o r  f u r t h e r  i nves t iga t ions .  

It is a l s o  worth mentioning t h a t  t he  ground v i b r a t i o n  test c a r r i e d  o u t  i n  
accordance wi th  t h i s  concept  took f a r  less test t i m e  than  a normal t e s t  on t h e  
unchanged s t r u c t u r e  ( reduct ion  of about 80%) . 



The first comparative investigation of the Concepts I, 11, and 111 has 
been the special concern of reference 10,  where results are reported for a 
simple plate-type wing-aileron model with largely linear elastodynamical prop- 
erties. Although this model cannot be considered representative in all respects 
of the elastodynamical behavior of real airplanes, it seems to be opportune to 
use the results of this investigation together with the present experience with 
the Concepts I and I1 as a basis for a preliminary assessment concerning the 
advantages and the weak points of different methods. For this purpose a selected 
number of criteria is used taking into consideration several requirements such 
as 

(1)  Test effort required 

(2) Numerical effort required 

(3) General applicability 

(4) Physical consistency 

Table 1 shows in a condensed form how the criteria are met by the several 
concepts. 

CONCLUDING REMARKS 

It has been known for many years that the flutter clearance of light air- 
planes can be highly afflicted by uncertainties stemming from strong localized 
nonlinearities in the control mechanisms. It is shown that the establishment 
of more reliable and accurate mathematical models for the flutter analysis 
requires modified ground vibration test procedures combined with suitably 
adapted modal synthesis approaches. Three basic concepts with several varia- 
tions have been described in detail. They offer a diverse choice of tools for 
carrying out both approximately linearized and nonlinear flutter investigations. 

A canparative consideration has been made as to the capacity as well as 
the drawbacks of the different concepts. However, because of lack of practical 
experience with Concepts I1 and 111, it is not possible at present to make a 
conclusive evaluation. 



REFERENCES 

1. Breitbach, E.: Effects of Structural Non-Linearities on Aircraft Vibration 
and Flutter. AGARD Report No. 665, Sept. 1977. 

2. Dat, R.; ~rgtout, R.; and Lafont, J. M.: Eassais de Vibration d'une Struc- 
ture Camportant du Frottement Sec. La Rech. ~e)ros~atiale, No. 3, 1975, 
pp. 169-174. 

3. Bogoljubow, N. N. ; and Mitropolski, J. A.: Asp.totische Methoden in der 
Theorie der nichtlinearen Schwingungen. Akademie-Verlag, Berlin, 1965. 

4. Scanlan, R. H.; and Rosenbaum, R.: Introduction to the Study of Aircraft 
Vibration and Flutter. MacMillan Co., 1951. 

5. ~Gssner, H. G.; and Gollnitz, H.: Theorie und Methode der Flatterrechnung 
von Flugzeugen unter Benutzung des Standschwingungsversuchs. AVA- 
Forschungsbericht 64-01, 1964. 

6. ~ussner, H. G.; and Breitbach, E.: Bestimmung der Korrekturglieder der 
Bewegungsgleichungen bei Aenderungen eines elastomachanischen Systems. 
AVA-Report 69 J 01, 1969. 

7. Breitbach, E.: Investigation of,Spacecraft Vibrations by Means of the Modal 
Synthesis Approach. ESA-SP-121, Oct. 1976, pp. 1-7. 

8. Courant, R.; and Hilbert, I.: Methoden der mathematischen Physik I. Heidel- 
berger ~aschenbi.icher, Springer-Verlag, 1968. 

9. Walton, W. C.; and Steeves, E. C.: A New Matrix Theorem and Its Application 
for Establishing Independent Coordinates for Complex Dynamical Systems With 
Constraints. NASA TR R-326, 1969. 

10. ~Gners, H. : ~erkksichtigung der Ruderfreiheitsgrade im Flatternachweis von 
Flugzeugen. DFVLR-Report IB 253-78 J 07, 1978. 



TABLE 1.- COMPARATIVE CONSIDERATION OF CONCEPTS I, 11, AND I11 

Concept I 

Low - locking t h e  sev- 
e r a l c o n t r o l s a n d  t abs  

Very low - no angle  
measurements 

Low - regular  number 
of  accelerometers ,  no 
angle  measurements 

Regular accuracy 
s u f f i c i e n t  

Low/medium - i n t eg ra t i on  
over mass d i s t r i b u t i o n  
of c o n t r o l s  

Low - most normal modes 
without  hinge angle  

Good - fo r  c o n t r o l s  
without  resonances i n  
the  frequency range of 
i n t e r e s t  

Res t r i c t ed  t o  c o n t r o l s  
without  resonances i n  
the  frequency range of  
i n t e r e s t ,  smal l  s i z e  

No r e s t r i c t i o n s  - low 
number of  nonlinear  
coupling terms 

r 

I 

Concept I1 

Medium - replacement of 
t h e r e a l h i n g e s t i f f -  
nesses  by l i n e a r  ones 

Low - angle measurement 
i n  the hinge s t i f f n e s s  
p o i n t s  

Medium - more acce ler -  
ometers i n  t he  hinge 
s t i f f n e s s  po in t s  

Higher accuracy 
requi red  - angle 
measurement 

Low.- very simple de ter -  
mination of coupling 
mat r ices  

Low/medium - a l l  normal 
modes a f f e c t e d  wi th  
hinge angles  

Exce l len t  - s t a t i c a l l y  
indeterminate coupling 
included 

No r e s t r i c t i o n s  - con- 
t r o l s  can be very 
f l e x i b l e  and l a r g e  

No r e s t r i c t i o n s ,  bu t  

T e s t  
e f f o r t  

Numerical 
e f f o r t  

Phys ica l  
consis-  
tency 
and 
gene ra l  
appl i -  
c a t i o n  

Concept I11 

Medium - removal of  t h e  
c o n t r o l s  

Low/medium - angle  measure- 
ment i n  coupling po in t s ,  
s e v e r a l  subs t ruc tu re s  

Medium/high - high  number 
of  acclerometers  a t  cou- 
p l ing  poin ts ,  s e v e r a l  
subs t ruc tu re s  

Higher accuracy requi red  - 
angle  measurement 

Medium - c a l c u l a t i o n  of 
normal modes of  coupled 
system necessary 

Low/medium - a l l  normal 
modes a f f e c t e d  wi th  
hinge angles  

Good - can be improved by 
i n t e r f a c e  loading,  s t a t -  
i c a l l y  indeterminate 
coupling included 

No r e s t r i c t i o n s  - c o n t r o l s  
can be very f l e x i b l e  and 
l a r g e  

No r e s t r i c t i o n s ,  bu t  higher 

C r i t e r i o n  

Prepara t ion  time 

T e s t  time 

Tes t  equipment 

Measuring 
accuracy 

~ l a s t o d y n a m i c a l  
equat ions  

Unsteady aero- 
dynamic fo rces  

Convergence 

' 

Type of 
c o n t r o l s  

- 
Nonl inea r i t i e s  

higher  number of non- 
l i n e a r  coupling terms 

number of nonlinear  cou- I p l ing  terms 



AILERON CONTROL 

Figure 1.- Schematical sketch of the  control  system of a l i g h t  airplane.  
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Figure 2.- Force de f l ec t ion  diagram and s t i f f n e s s  and damping 
f o r  the rudder system of a soar ing  a i rp lane .  
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Fkgure 3 . -  Force deflection diagram and s t i f fnes s  and damping for  
the  a i leron system of a soaring airplane.  Antisymmetrical case. 
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Figure 4.- Force deflection diagram and s t i f fnes s  and damping for  
the ai leron system of a soaring airplane.  Symmetrical case. 
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Figure 5.- Measured f l u t t e r  boundary of a nonlinear model. 
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Figure 6 .- Modal ~ ~ ~ e r ~ o s i t i o n  according t o  concept I. 
Controls without tabs .  
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Figure 7.- Lifting surface with control surface and tab. 
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Ffgure 8.- Modal superposition according to concept I. 
Controls with tabs. 
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Figure 9.- Modal coupling of a wing control surface system 
according,to concept 111. 
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Rlgure 10.- Modal coupling according to a combination 
of concepts- I and 11. 
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Advanced Composites i n  Sa i lp lanes  mean the  use of carbon and aramid ffb-  
e r s  i n  an epoxy matrix. Weight savings a r e  i n  the  range of 8 to 18% i n  compar- 
i son with g l a s s  f i b e r  s t ruc tu res .  The laminates w i l l  be produced by hand-layup 
techniques and a l l  ma te r i a l  t e s t s  shown here have been done with these  mate- 
r i a l s .  These values may be used fo r  c a l c u l a t i o n  of s t r eng th  and s t i f f n e s s  a s  
w e l l  a s  f o r  comparison of the  ma te r i a l s  t o  g e t  a weight-optimum construct ion.  
Proposals f o r  material-optimum const ruct ion  a r e  mentioned. 

TEWICAL HISTORY 

The f i r s t  f iber- re inforced g l i d e r ,  a Phoenix developed by Prof.  Eppler, 
made its maiden f l i g h t  i n  1957. Now, more than 4000 g l i d e r s  with glass-f iber-  
re inforced s t r u c t u r e s  a r e  i n  the  a i r  a l l  over the  world, Increas ing the  wing 
loading permit ted increases  i n  maximum speed, but s t r u c t u r a l  demands increased 
the  weight a lso .  

A l a rge  span enabled the  cons t ruc to r s  to bu i ld  planes with l i f t  t o  drag 
r a t i o s  of about 50 (ASW 17: 48.5, Nimbus 2: 49) and sinking speeds of 0.50 m/s  
(1.64 f t / s )  . But it was not  poss ib le  to r e a l i z e  wing spans with more than 
22 meters without a very s o f t  wing s t r u c t u r e .  This was poss ib le  when carbon 
f i b e r s  were used i n  the  center  wing s e c t i o n  of the  Akaflieg Braunschweig SB 10 
i n  1972 ( f i g .  1 ) .  With a maximum wing span of 29 meters, t h i s  g l i d e r  has the  
b e s t  g l i d e  r a t i o  of 53 and a s inking speed of 0.41 m / s  (1.35 f t / s ) ,  But the  
p r i c e  of carbon f i b e r s  was very high a t  t h i s  time and so  t h i s  ma te r i a l  was used 
only i n  another prototype,  the  Akaflieg S t u t t g a r t  fs-29 i n  1975, To r e a l i z e  
the  o l d  dream t o  vary the  span during f l i g h t ,  it was absolute ly  necessary t o  
use carbon f i b e r s  i n  the  outer  moving p a r t  of the  wing and i n  the  spar  of the  
inner wing sec t ion ,  When the  Akaflieg Braunschweig b u i l t  the  f i r s t  all-carbon 
g l i d e r  i n  1977/78, they used carbon f i b e r s  t o  reduce weight and t o  s t i f f e n  the  
wing, s o  t h a t  a l l  f l a p s  move only very s l i g h t l y  and the  p i l o t  is able  to han- 
d l e  them. And t h i s  was the  year when carbon f i b e r s  were used i n  a l a r g e r  vol- 
ume i n  d i f f e r e n t  types of commercial g l i d e r s ,  



WEIGHT SAVINGS 

Weight and s t i f f n e s s  problems occur especia l ly ,  and s o  it is not  su rp r i s -  
ing t h a t  most of the  new f l a p  g l i d e r s  use carbon f i b e r s  i n  t h e  spar. The wings 
of some of the  of ten-bui l t  g l i d e r s  a r e  shown i n  f i g u r e  2. A l l  the  planes use 
a spar  with carbon-fiber-reinforced epoxy and t h e  weight savings a r e  i n  the  
range of about 11 to 14%. When carbon f a b r i c  is a l s o  used ins tead  of some 
g l a s s  f i b e r  f a b r i c  l aye r s ,  weight savings increase  up t o  17.4% compared with 
the  f u l l y  equipped wing or up t o  24.3% compared with t h e  wing s t r u c t u r e  i t s e l f .  

I n  the  matter  of fuselages,  weight saving r a t e s  a r e  lower ( f ig .  3 ) ,  
because the re  is a higher weight percent  of con t ro l s  and of the  landing gear. 
When carbon is only used i n  fuselage s t r i n g e r s ,  weight savings a r e  about 8%. 
I f  some g l a s s  l a y e r s  a r e  replaced by aramid o r  carbon f a b r i c ,  the  range w i l l  
increase  t o  about 15%. 

But these  values a r e  not  the  maximum weight savings which can be rea l -  
ized. Looking a t  s p e c i f i c  tens ion s t r eng th  of re inforced epoxy laminates i n  
f i g u r e  4, mass reductions of 50% by s u b s t i t u t i o n  of aramid f i b e r s  and of 40% 
by s u b s t i t u t i o n  of carbon f i b e r s  a r e  poss ib le ,  when bare s t r u c t u r e s  a r e  
considered. 

MATERIAL PROPERTIES 

A l l  ma te r i a l  p roper t i e s  shown i n  the  following f i g u r e s  a r e  test r e s u l t s  
of hand-laminated systems. Most of the tests have been undertaken a t  room 
temperature and normal outdoor humidity. 

Resins were of the  epoxy type, such a s  ~ u t g e r s - ~ a k e l i t e  L02/SL or L20/SL 
or CIBA XB 2878. These r e s i n  systems a r e  normally cured fo r  g l i d e r  purpose 
a t  room temperature f o r  24 hours and postcured a t  60° C (1 40° F) f o r  15 t o  
20 hours. They have shown b e t t e r  i n t e r f a c e  c h a r a c t e r i s t i c s  with carbon and 
aramid f i b e r s  and a l s o  higher temperature s t a b i l i t y  than the  o lder  S h e l l  
Epikote systems. 

The f i b e r  types a r e  mentioned i n  each f igure .  The carbon is usual ly  
untwisted T300 B produced by TORAY. Fabr ic  types which have been used have 
the  following c h a r a c t e r i s t i c s :  

Car bon-UD : TORAY 2002 1 3 0 g/m2 
Carbon fabr i c :  I n t e r g l a s  03040 200 g/m2 l i n e n  
A r  amid-UD: I n t e r g l a s  98616 170 g/m2 
Aramid fabr ic :  I n t e r g l a s  9861 2 170 g/m2 t w i l l  
G l  ass-UD: I n t e r g l a s  92145 220 g/m2 
Glass f ab r i c :  I n t e r g l a s  92125 276 g/m2 t w i l l  

Mater ia l  tests have been done i n  a lo t  of d i f f e r e n t  works ( r e f s .  1 to 5 ) .  
But a l l  laminates have been prepared under the  same condi t ions  and have been 
t e s t e d  a t  the  same test f a c i l i t i e s .  



To use advanced composites - i .e. ,  carbon- and aramid-f iber-reinforced 
epoxy lamina tes  - i n  spa r  f l anges  f o r  g l i d e r s  and l i gh twe igh t  p lanes ,  t e n s i l e  
s t r e n g t h  and modulus a r e  t h e  most important c h a r a c t e r i s t i c s  t o  consider .  Fig- 
ure  5 shows a small  advantage of Kevlar 49 compared wi th  carbon and E-glass 
e s p e c i a l l y  when UD-laminates a r e  intended t o  be used f o r  a wet lamina t ion  pro- 
cess .  For t o r s i o n  s h e l l s ,  f a b r i c s  under d iagonal  o r i e n t a t i o n  a r e  normally 
used. Therefore Kevlar and carbon have t h e  same q u a l i t i e s .  

But a s  spa r  f l a n g e s  may a l s o  be loaded under compression, aramid f i b e r s  
a r e  no t  usable  f o r  t h i s  purpose. Because of i ts  c h a i n l i k e  molecular s t r u c t u r e ,  
t h i s  material .  has only  about 20% of t ens ion  s t r e n g t h  capac i ty  under compression 
load  ( f i g .  6)  . 

I n  a l l  h ighly  loaded s t r u c t u r e s  t h e  s h e l l s  a r e  a l s o  ca r ry ing  loads.  To 
c a l c u l a t e  t h e  load  d i s t r i b u t i o n  between t h e  s h e l l  and s p a r ,  it is necessary t o  
know t h e  e l a s t i c  moduli of t he  m a t e r i a l s  used ( f i g .  7 ) .  

A convent ional  s t r u c t u r e  has a carbon s p a r ,  laminated wi th  rovings or 
UD-tapes and a +45O re in fo rced  s h e l l .  So t h e  very s t i f f  spa r  w i l l  c a r r y  most 
of t he  bending loads ,  whi le  t he  s h e l l  with on ly  10% s t i f f n e s s  i n  carbon o r  
3 t o  4% i n  aramid o r  g l a s s  f i b e r  f a b r i c  w i l l  c a r r y  only  a smal l  p a r t  of t h e  
bending fo rces .  This  is v a l i d  only  when t h e  lamina te  a r e a s  of t he  spar  and 
t h e  s h e l l  a r e  i n  t h e  same range. Due t o  t h e  higher allowed s t r e s s e s  i n  carbon 
compared wi th  g l a s s ,  t he  c r o s s  s e c t i o n s  of s p a r s  decrease whi le  t h e  s h e l l  a r e a  
remains cons tan t .  So t h e  load-carrying r a t i o  is pushed t o  t h e  s i d e  of t h e  
s h e l l  and t h e  wing s t i f f n e s s  increases .  

On t h e  o the r  hand, shear  moduli of 45O laminates  a r e  higher  than  those  of 
O0 o r  90° lamina tes  ( f i g .  8 ) .  A s  t he  shear  a r e a  of t he  s h e l l  is much higher  
than the  a r e a  of t h e  spa r ,  most of t h e  t o r s i o n  and shear  l oads  a r e  c a r r i e d  by 
t h e  s h e l l .  

F igure  9 shows t h e  shear  s t r e n g t h  of epoxy lamina tes  found by tube- tors ion  
t e s t s .  Th i s  t e s t  method genera tes  t he  h ighes t  shear  values,  a s  t h e r e  is no 
problem with f o r c e  in t roduc t ion  i n t o  t e s t  specimens. Carbon lamina tes  with +45O 
f i b e r  o r i e n t a t i o n  show t h e  h ighes t  va lues  compared wi th  aramid o r  g l a s s  f i b e r s .  
Woven m a t e r i a l s  a l s o  produce higher  va lues  than  nonwoven u n i d i r e c t i o n a l  l a y e r s  
o r i e n t e d  under +45O. These l a y e r s  a r e  b e t t e r  t o  handle and t o  o r i e n t .  

In te r laminar  shear  s t r e n g t h  ( f i g .  10)  of carbon lamina tes  is higher  than 
i n  g l a s s  o r  aramid f i b e r  laminates .  The epoxy r e s i n s  used most i n  combination 
with aramid and carbon f i b e r s  i n  Germany a r e  t h e  Rutgers-Bakel i te  L20 and 
CIBA XB 2878. There a r e  on ly  smal l  d i f f e r e n c e s  i n  m a t e r i a l  s t r e n g t h ,  n o t  on ly  
i n  in te r laminar  shear  s t r e n g t h ,  s o  t h a t  t hese  r e s i n s  may be s u b s t i t u t e d  one f o r  
t he  o the r .  Both r e s i n s  have f u l f i l l e d  t h e  a i rwor th ines s  requirements i s sued  
by t h e  Luf tfahrtbundesamt. 

I t  is  no t  necessary t o  use only  lamina te  angles  of oO, 0°/900 o r  +45O, 
which a r e  based on product ion exper iences  t o  save m a t e r i a l  and time dur ing  
f a b r i c a t i o n .  When d i f f e r e n t  angle-ply lamina tes  a r e  used, t h e  t e n s i l e  modu- 
l u s  can be c a l c u l a t e d  a s  shown i n  f i g u r e  11 f o r  UD-tapes i n  a symmetric 
laminate.  



For g l i d e r s ,  temperatures of 54O C (12g0 F) i n  s t r u c t u r e s  with a white 
su r face  a r e  normally not  exceeded. But the  c o e f f i c i e n t s  of thermal expansion 
should be considered ( f i g .  12) .  Additional s t r e s s e s  may occur i n  some mate r i a l  
combinations. This  is a l s o  v a l i d  when carbon is bonded t o  aluminium or  s t e e l .  
I n  t h i s  matter the re  must be a l s o  ant icorros ion coat ings  t o  provide corros ion 
p ro tec t ion  without any adhesive system. S t a i n l e s s  s t e e l s  should be used i n  
t h i s  case,  

A s  shown before, aramid f i b e r s  a r e  not  very useful  f o r  primary s t r u c t u r e s .  
Especia l ly  when weight savings a r e  necessary i n  some p a r t s  of planes,  aramid 
f i b e r s  i n  combination with carbon f i b e r s  can be used t o  increase  the  impact 
r e s i s t i v i t y .  

The low impact energy of pure carbon ( f ig .  1 3) can be improved by combi- 
na t ion  with aramid f i b e r s  ( f ig .  14) .  The h ighes t  gains can be reached with a 
36% carbon f i b e r  weight r a t i o  i n  an aramid-carbon-hybrid laminate ( r e f .  4 ) ,  
where carbon is the  surface  mater ia l .  Such a ma te r i a l  combination may be used 
i n  fuse lages ,  e spec ia l ly  i n  the  cabin area ,  t o  provide l a r g e  impact r e s i s t a n c e  
i n  case  of an accident .  

I f  such hybrid laminates should be subjected t o  high loadings too,  
Poisson% r a t i o  of the  combined mate r i a l s  must be considered ( f i g .  15 ) .  I n  
case of l a r g e  d i f fe rences  i n  Poisson's  r a t i o ,  secondary s t r e s s e s  perpendic- 
u la r  t o  the  loading d i r e c t i o n  w i l l  be generated. 

The inves t iga t ion  of f a t i g u e  usually ends a t  1 o6 t o  1 o7  load cycles.  I n  
case of the  hand-laminated, room-temperature-cured epoxy laminates normally 
used, there  a r e  only l imi ted  v a l i d  test r e s u l t s  avai lable .  The published 
r e s u l t s  a r e  normally v a l i d  f o r  prepreg systems ( f i g .  16) .  Larger d i f f e rences  
between prepreg r e s i n  systems and room-temperature-curing systems a t  opera t ion  
temperatures of planes a r e  not  expected and the  t e s t  r e s u l t s  can be extrapo- 
l a t e d  t o  these  laminates. Fat igue s t r eng th  of carbon epoxy (about 600 N/mm2) 
i s  much higher than of g l a s s  f i b e r  epoxy (about 200 ~ / m r n ~ ) .  But more tests 
have t o  be run with the  new r e s i n  systems, because the  normally used S h e l l  
Epikote/Laromin has poorer q u a l i t y  i n  combination with carbon f i b e r s .  

Specia l  tests on wing s p a r s  have been c a r r i e d  out  with d i f f e r e n t  f i b e r  
r e s i n  systems ( f i g .  17 and re f .  5 ) .  A loading spectrum of various opera t ion  
loads has been run with about 6 mi l l ion  load cycles  o r  9000 hours f l i g h t  s i m -  
u l a t i o n  f o r  g l a s s  f i b e r  spars .  A s  the  l i f e t i m e  of f iber- re inforced g l i d e r s  
is higher than expected, an increased program f o r  carbon s p a r s  with a s a f e  
l i f e  s imulat ion of 12 000 hours has been run. Residual s t r eng ths  of d i f f e r -  
e n t  s p a r s  ind ica te  the  s a f e  l i f e  value of 600 N/rmn2 a t  the  maximum demanded 
opera t ion  temperature of 54O C (1 2g0 F) ( r e f s .  6, 7 ) .  

A new problem appears when carbon f i b e r s  a r e  used i n  a i rp lane  s t ruc tu res .  
Lightning damage may occur t o  unprotected carbon-fiber-reinforced p l a s t i c  
(CFRP) up t o  t o t a l  f a i l u r e  of a 6-mm laminate i n  an a r e a  of 80 mm diameter,  
corresponding t o  a s t r i k e  of 200 kA ( f i g .  18 and re f s .  8 t o  10) . The whole 
carbon-reinforced a rea  must be protec ted  with an aluminium mesh. The weight 
gain is small,  because mesh weight is only 100 g/m2. Damage is  reduced t o  
f a i l u r e  of the  su r face  l aye r s ,  



Dif fe ren t  app l i ca t ions  combining a l l  ma te r i a l  q u a l i t i e s  a r e  poss ib le .  For 
fuselage tubes, f i b e r  winding technology is poss ib le  and has a l ready been t e s t e d  
( f i g s .  19,  20,  and r e f .  1 1 ) .  

For wing s t r u c t u r e s  a combination of  carbon spars ,  carbon t o r s i o n a l  s h e l l ,  
and aramid t r a i l i n g  edge box may be the  weight optimal  s t r u c t u r e  ( f i g .  21) .  In  
the  cockpi t  region hybrid s h e l l s  of  aramid and carbon f a b r i c  may f u l f i l l  t he  
accident  requirements, while the carbon s p a r s  c a r r y  most of the  bending loads. 

Comparing p r i ces ,  a decrease is s t i l l  observed and a more severe decrease 
is expected when automotive i n d u s t r i e s  s t a r t  using these  f i b e r s  o r  new produc- 
t ion technologies a r e  developed. Also new manufacturing methods, such a s  wind- 
ing or prepreg app l i ca t ion ,  have t o  be introduced t o  the  s a i l p l a n e  industry t o  
make the  new mate r i a l s  cost-competitive with the  "oldn g l a s s  f i b e r .  

ABBREVIATIONS 

c m  

GFRP 

SFRP 

carbon-fiber-reinforced p l a s t i c  

glass-f iber-reinforced p l a s t i c  

synthet ic-f iber-reinforced p l a s t i c  
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Figure 1 .- CFRP in  prototypes. 
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Figure 2.- Material substitution in sailplane wings. 
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Figure 4 . -  Speci f ic  tension strength of epoxy laminates. 
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Figure 5.- Tension strength of epoxy laminates. 
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Figure 7.- Young's modulus of  epoxy laminates. 
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Figure  8.- Shear modulus of epoxy lamina tes .  
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Figure  9.- Shear s t r e n g t h  of epoxy lamina tes .  



6 0  

N / M M ~  
50 

INTERLAMINAR 

SHEAR 40 

STRENGTH 

3 0  

2G 

1 C  

E - GLASS FABRIC KEVLP.K 49 - FABRIC T 3CO - FPBRIC 

0' 450 GO 45O c0 45O 

Figure 10.- Interlaminar shear strength. 
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Figure 12.-  Coe f f i c i en t  o f  thermal expansion. 
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Figure 18.- Lightning damage of an unprotected 
carbon-reinforced wing s t r u c t u r e .  

Figure 19.- Carbon f i b e r  winding of a  fu se l age  tube 
with hybrid s t r u c t u r e .  



Figure 20.- Hybrid fuselage tube under bending load. 
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THE ULTRALIGHT SAILPLANE 

J. H. McMasters 

Boei ng Commerci a1 Airplane Company 

Seat t le ,  Washington 

SUMMARY 

The increasing cost of traditional soaring has lead to  a search fo r  less 
expensive alternatives.  During the past decade, the r i s e  in the popularity of 
hang gl i ding, together w i t h  advances made in other branches of ul t r a l  i g h t  
weight a i r c ra f t  design (e.g . , human powered a i r c r a f t ) ,  has demonstrated the 
possibi l i ty  of development of a "new" category of soaring device - the 
"u l t ra l ight  sailplane." As presently envisioned, the u l t ra l ight  sailplane i s  
intermediate in s ize,  cost and performance between current hang gl i ders 
(defined here as a "sailplane" having a foot launch/landing capabili ty) and 
the lower end of the t radi t ional  sailplane spectrum (as  represented by the 
Schweizer 1-26, "Duster" and "Woodstock"). In the design of an u l t ra l ight  
sailplane, safety,  low cost and operational simplicity are emphasized a t  the 
expense of absolute performance. The present paper presents an overview of 
the design requirements for  an u l t ra l ight  sailplane. I t  i s  concluded that by 
a judicious combination of the technologies of hang gliding, human powered 
f l igh t ,  conventional soaring and motor gliding, an operational 1y and 
economically viable class  of u l t ra l ight ,  self-1 aunching sailplanes can be 
developed. 

INTRODUCTION 

The purpose of the present paper i s  t o  summarize and place i n  context the 
technical design trade-offs, performance potential and operational 
character is t ics  of a category of u l t ra l ight  sailplanes which would combine 
several desi reable character is t ics  of present hang gliders,  sailplanes and 
motorgliders into a viable, low-cost a1 ternative or supplement to  a l l  three. 
There are few modern examples of the u l t ra l ight  sailplane envisioned here, and 
a central purpose of t h i s  paper i s  to establish the existence of an 
"ecological niche" for  such devices. 

The remarkable r i s e  i n  the popularity of hang gliding during the past decade 
has paralleled an increase i n  both cost and regulation of t radi t ional  sport 
aviation (powered and unpowered). This has lead to  a rebirth i n  interest  in a 
range of ul t ra- l ight  weight sport a i r c ra f t .  The wretched safety record and 
generally low performance (by modern sailplane standards) of hang gliders has 
resulted in substantial controversy within organizations 1 ike the Soaring 
Society of America (SSA) regarding the wisdom and desi reabi 1 i t y  of associating 



themselves in any way with the vi ta l  new sport of "u l t ra l ight  soaring.'' To 
many participants in t radi t ional  soaring, the term "ul t ra l ight  sailplane" i s  
taken as synonymous with the expl i t ive "hang glider," which conjures visions 
of wretched wood and fabric  (or bamboo and p las t ic )  anachronisms. T h i s  lack 
of discrimination among the possible types of ul t ra- l ight  weight soaring 
devices i s  unfortunate and i s  as wrong-headed as considering "soaring" t o  be 
synonymous w i t h  f iberglass racing sailplanes and contest flying. 

Despite i t s  obvious l i a b i l i t i e s ,  hang gliding has several a t t rac t ive  features,  
not leas t  of which are low cost and simplicity (both in construction and i n  
operation). In view of i t s  advantages, and a surprisingly benign regulatory 
environment, hang gliding has gone its own way, largely oblivious to  the 
outcries of i t s  c r i t i c s .  Progress has been rapid and separate organizations 
have been formed to provide goals and a measure of self  regualtion. A t  
present, hang gliding i s  represented by the US Hang Glider Association 
(USHGA), i t s  British counterpart, the BHGA, and, within the Federation 
Aeronautique Internationale (FAI), by the Commission International du Voile1 
Li bre (CIVL). 

Several authorit ies (including the FAA) have attempted to  define the term hang 
glider and identify i t  as only one element of a larger "ul t ral ight"  matrix. 
Attempts to  rigorously define classes of vehicles whose development i s  a t  a 
rudimentary stage are often inadequate and frequently degenerate into a so r t  
of pointless legal exercise. Regarding the problem of "disassociating" the 
hang glider from other types of soaring device, i t  must be acknowledged tha t  
a l l  b u t  the crudest of modern hang gliders are capable of soaring under 
favorable conditions, and there appears to  be no sat isfactory way to ignore 
these devices when discussing the broad spectrum of possible soaring 
ac t iv i t ies .  

Despite the d i f f icu l ty  of formulating adequate general defintions, the 
following simple morphology i s  considered adequate fo r  purposes of the 
subsequent discussion: 

Hang Glider - An airplane whose dominant mode of f l i gh t  i s  gliding 
or soaring, wherein the p i lo ts  legs serve as the 
primary 1 inch ing  and/or 1 andi ng gear .- 

Ul t r a l  ight Sailplane - Any "lightweight" (by Schweizer 1-26 standards) 
sailplane capable of steady controlled f l i g h t  a t  a 
(zero wind) minimum speed be1 ow 15 m/s (-30kt). 

SOURCES 

While few modern examples of the sort  of u l t ra l ight  sailplane to  be discussed 
here ex is t ,  i t s  possible development must draw heavily on the wealth of data 
and experience gained i n  other branches of low-speed and motor less  f 1 i ght. 
Prior to discussing the prospects fo r  synthesizing t h i s  information into a 
"new" whole, i t  i s  advisable to  indicate some sources of such information. 



A def ini t ive technical history of soaring, charting i t s  evolution from the 
notions of Cayley and Rayleigh, through the experiments of Lilienthal and the 
Wrights, the early experience a t  the Wasserkcppe, and the fundamental 
transit ion which occurred as ridge soaring gave way to cross-country thermal 
and wave soaring, has yet to  be written. Along the way, the classic  
u l t ra l ight  sailplane (perhaps epitomized by the Darmstadt D28 "Mi ndspiel") was 
discarded as competition sailplane performance rose to i t s  present dramatic 
levels. Serious hang gliding died with Lilienthal. The brief summary of th is  
evolution presented by Zacher ( re f .  1) remains the single best semi-technical 
source of information on developments up to  the advent of the current range of 
f i  berg1 ass sai  1 planes , and a popularized overview has been presented by 
Dwi ggi ns ( r e f .  2). Modern sai l  pl ane developments are covered extensi vely in 
the various journals devoted in whole or part  t o  soaring (e.g., Soaring, 
Sailplane and Gliding, AeroRevue, Technical Soaring). Possible future trends 
have been discussed recently in references 3 through 5. 

The history and technology of hang gliding has been documented in several 
sources ( re fs .  6, 7, 8) and an excellent survey a r t i c l e  by MacCready ( r e f .  9) 
describes technical and operational trends for  a range of unpowered hang 
glider type vechicles. Developments in th i s  branch of u l t ra l ight  aviation 
have been very rapid and the interested reader should consult publications 
specif ical ly  devoted to t h i s  sport (e.g., Hang Glider, nee' Ground Skimmer; 
Glider Rider). Perhaps the most important development in "hang gliding" since 
publication of ref. 9 has been the rapid r i s e  of powered (self  launching) hang 
gliders ( ref  .7) ,  both rigid and f lex ib le  winged. 

Good sources of information on related areas of u l t ra l ight  a i r c ra f t  
development (e.  g. ,  human powered a i r c ra f t )  are contained i n  refs.  10 through 
12. Specific background information f o r  the present paper has been published 
i n  references 3, 8, 13 through 16. To place the subsequent discussior; in 
quantitative perspective, the characateristics of tweleve u l t ra l ight  a i r c ra f t  
and small sailplanes are presented in Table 1. 

PRELIMINARY ANAY LSIS 

In order to  discuss the specific design requirements for  an  "u l t ra l ight  
sailplane" which could represent a true a1 ternative to e i ther  the traditional 
sailplane or the modern hang glider,  i t  i s  necessary to  examine the possible 
performance ranges of existing low-speed "a i rc raf t . "  For th i s  purpose i t  i s  
instructive to  examine the vari ation of maximum aerodynamic efficiency 
(maximum lift-drag r a t io )  with the f l i g h t  speed a t  which these values are 
achieved for  a i r c ra f t  operating below 40m/s (-80kt). Such a plot,  with the 
apparent (approximate) bounds of the feas ib le  indicated, i s  shown in Figure 1. 

Lift-drag r a t i o  by i t s e l f  is not an adequate index of soaring performance, and 
Figure 2 has therefore been prepared to  show the approximate ranges of minimum 
sink ra te  as functions of horizontal speed for  some of the same categories of 
device shown i n  Figure 1. The foot launching capabili ty limitation on 
cross-country speed for  hang gliders i s  clearly shown in Figure 2. 



Figures 1 and 2 show that  there exis ts  a rather large void area between the 
performance ranges of current hang gl i ders and sa i  lpl  anes. This i s  presumably 
the performance range or "ecological niche'" of the u l t ra l ight  sailplane. 
While Figures 1 and 2 provide few clues to the size-performance-cost 
trade-offs i n  ultra1 i g h t  design, they remain instructive of the general nature 
of the performance spectrum to be investigated. As in Nature, i f  a vacant 
niche' ex is t s ,  and good reasons for  f i l l i n g  i t  exis t ,  i t  will be f i l l e d  - by 
new genera or species as necessary. 

"Good" reasons for  f i l l i n g  the u l t ra l ight  niche' can be readily identified on 
the basis of an analysis of cost and operational penalties of t radi t ional  
soaring and the performance limitations of hang gliders. Detailed 
cost-perf ormance comparisons fo r  sai  1 planes a re  always controversi a1 , and a 
f u l l  discussion of the many factors  involved i s  f a r  beyond the scope of the 
present paper. However, two brief a r t i c l e s  by Sharp (ref .  17)  and Bell ( r e f .  
18) present interesting insights into the problem of the spiral l ing cost of 
traditional soaring, and allow one to  make the following observations: 

1. In i t i  a1 equipment cost (airframe, instruments, t r a i  1er)  i s  a 
substantial portion of the cost of soaring and probably looms 
largest to  the average p i lo t  contemplating a f i r s t  purchase. 

2. There i s  a direct  relation (with possible substantial sca t te r  around 
the mean) between sai 1 plane cost, empty weight and performance 
increase. Bell ' s  analysis ( re f .  18) supports the in tu i t ive  
conclusion that the cost-performance relation i s  non-1 i near, w i t h  
cost increasing ever more rapidly with increasing performance. 

3. Over several years of ut i l izat ion,  the overall cost per hour of 
soaring dominates the cost consciousness of the enthusiast. These 
costs are stongly influenced ( for  those who neither crash nor travel 
frequently to national contests) by: 

a. The requirements for  aero towing (ei ther  i t s  direct  cost or the 
problem of ava i lab i l i ty  1 imiting sailplane u t i l iza t ion) .  

b. Factors associated with fixed base operations (hangaring, 
tie-down, travel ). 

There are obvious options and alternatives to  the above. Homebuilding can 
reduce airframe costs substantially.  However, many 1 ower cost/performance 
sailplanes for  which plans or k i t s  are presently available suffer from a level 
of structural complexity which limits the i r  appeal to homebuilders due to  the 
large amount of construction time involved. Further, these a i r c ra f t ,  once 
bui l t ,  remain traditional sailplanes carrying the f u l l  burden of operating 
costs associated w i t h  any performance level sailplane (fiberglass or 
otherwise). In principle, motor gliders (or self  1 aunching sailplanes) could 
reduce direct operating costs (e.g., towing, outlandings), and increase 



u t i l i z a t i o n .  Motor g l i d i n g  has no t  y e t  become a  popular  a l t e r n a t i v e  i n  t h i s  
country, due t o  a  number o f  f a c t o r s  besides t h e  ph i l osoph ica l  d i f f i c u l t i e s  o f  
mating an engine t o  a "motor less" soar ing machine. I f  soar ing performance 
comparable t o  unpowered equivalents i s  sought (e.g., PIK 20E, Motor Nimbus), 
equipment cos t  becomes very  high. I f  s i m p l i c i t y  o r  cos t  reduc t i on  i s  sought 
i n  a  convent ional  sa i l p lane  weight vehic le,  power requirements become 
excessive and/or p e r f  ormance de te r i o ra tes  dramati c a l  ly. A l l  too  f requent ly ,  a  
device resembling the  mooncalf o f f - s p r i n g  o f  a  d a l l i a n c e  between a  Piper  
"Cherokee" and a  Ka6 r e s u l t s .  F i n a l l y ,  commerical motor g l i d e r  development 
has been plagued f o r  decades by the  problem o f  a v a i l a b i l i t y  o f  low-cost, 
r e l i a b l e ,  l i gh t -we igh t ,  l i censab le  engines. 

Current hang g l i d i n g  (powered o r  unpowered) may prov ide  an a1 t e r n a t  i v e  t o  
sa i l p lane  soar ing  f o r  some, b u t  many more conservat ive i n d i v i d u a l s  are p u t - o f f  
by the  s a f e t y  record o f  the  sport ,  t he  apparent f l ims iness  o f  t he  equipment, 
and the  lack  o f  s u i t a b l e  i n s t r u c t i o n  o r  f l y i n g  s i t e s  i n  t h e i r  area. Extremely 
1  i g h t  weight s t ruc tu res  and u l t r a - l o w  speeds are i n t r i n s i c  c h a r a c t e r i s t i c s  o f  
the  hang g l i d e r ,  t he  r e s u l t i n g  compromises i n  performance and crash p r o t e c t i o n  
made i n  exchange f o r  t he  freedom and low cost  o f  bas ic  f o o t  launched hang 
g l i d i n g  being c h e e r f u l l y  accepted by i t s  proponents. To many accustomed t o  
1-26 d u r a b i l i t y  and performance, hang g l i d i n g  i s  no a1 t e r n a t i v e  a t  a l l .  

The l a t e s t  b o l d  ex t rapo l  a t i o n  i n  hang g l i d i n g  invo lves  f i t t i n g  "anyth ing 
a i rwor thy"  w i t h  a  "chainsaw" engine. This  development has caused very  ser ious  
concern, even among many o f  those who have been s tou t  advocates , o f  basic  hang 
g l i d i n g .  The sometimes crude, o f t e n  unenl ightened "cut-and- t ry"  na ture  o f  
some o f  these r e t r o f i t s  t o  marginal o r  i napp rop r ia te  a i r f rames seems a  sure 
r o u t e  t o  d i sas te r .  The obvious appeal i s  undeniable, however. 

It should a l so  be noted here t h a t  several  designs f o r  " low-cost" sa i l p lanes  
have r e c e n t l y  appeared. Only two o f  these, however, ( t he  powered vers ion  o f  
"Monerai" and the  American "Eaglet",  c f .  Table 1) s e r i o u s l y  address bo th  the  
problems o f  reducing a i r f rame cos t  ( through reduced s i z e  and complexi ty)  and 
opera t ing  c o s t  (by i nco rpo ra t i ng  a  s e l f  1  aunching capabi 1  i t y )  . Both the  
"Eaglet"  and the "Monerai" remain r e l a t i v e l y  soph is t i ca ted  by contemplated 
u l t r a l i g h t  standards and t h e i r  appeal as a t r u e  a l t e r n a t i v e  t o  convent ional  
sa i l p lanes  remains t o  be f u l l y  demonstrated. 

I n  view o f  t h e  preceeding discussion, i t  appears t h a t  t he  eco log i ca l  n i che '  
f o r  a  safe, u l t r a l i g h t ,  low-cost s a i l p l a n e  indeed e x i s t s  and i s  no t  adequately 
f i l l e d  by o ther  ava i l ab le  types of soar ing equipment. As hang g l i d i n g  matures 
and the  cost  o f  t r a d i t i o n a l  soar ing  cont inues t o  increase, i t  seems u n l i k e l y  
t h a t  over lap between the  two spor ts  w i l l  occur ( thus  l eav ing  the  u l t r a l i g h t  
n i che1  i n t a c t ) ,  and the  requirements f o r  t he  u l t r a l i g h t  a l t e r n a t i v e  w i l l  
increase. If the  favo rab le  prognosis f o r  t he  u l t r a l i g h t  s a i l p l a n e  i s  va l i d ,  
why do so few examples o f  t h i s  type o f  machine e x i s t  a t  present? 



The reasons fo r  the llvacancyll i n  the u l t ra l ight  sailplane niche1 have several 
his tor ical  roots, b u t  i t  may be conjectured that  basically i t s  time has not 
yet come (or returned). Soaring in the US (unlike Europe) is  not a major 
branch of sport avi a t  i on. Potent i a1 domest i c manufacturers of conventional 
sailplanes are faced w i t h  a limited market and the huge expense of co.mplying 
with existing airworthiness cer t i f ica t ion  requirements. Ultralights l ike  the 
"Windspiel" became "obsolete" i n  the early 19301s, and domestic sailplane 
designers have remained enthralled w i t h  the chall enges of developing high 
performance racing sai lpl  anes (or more affordable imitations) ever since. The 
low pr ior i ty  of soaring due to  i ts  limited commercial potential has also 
resulted i n  a 1 ack of the research necessary t o  maintain a strong modern data 
base from which designs can compete e f f ic ien t ly  w i t h  European ( largely German) 
manufacturers. 

As racing sailplane performance and cost have spiral led upward together, an 
al ternat ive presented i t s e l f  on the extreme low end of the soaring spectrum i n  
the form of a rebirth in in te res t  i n  hang gliding. Here, a t  leas t ,  no 
technology gap existed between domestic and foreign manufacturers. In the 
absence of any direct  government regulations on hang g l i d i n g ,  this t u r n  from 
the sublime to the ridiculous has flourished. Hang gliding development has 
brought with i t  a whole new se t  of challenges to  designers, and remarkable 
progress has been made very largely on a cut-and-try basis. As developments 
on both ends of the soaring spectrum mature and s tab i l ize ,  the time may again 
become ripe to  turn attention to  the middle range of u l t ra l ight  sailplanes,  
and a class of machines as different from the "Windspiel" as the Rogallo i s  
f rom the box k i t e  may emerge. 

Regardless of the route future soaring developments take, i t  appears that  
there i s  a valid place f o r  an u l t ra l ight  sailplane i n  the overall scheme. I t  
can be argued t h a t  both the "Eaglet" and "Monerai" are commendable half 
measures of what may eventually be possible, and a large gap s t i l l  remains 
between these machines and the 1-26 on one side and the motorized Mitchell 
Wing ( re f .  19) on the other. The technology exis t s  to design a good 
u l t ra l ight  and the l a s t  stumbling block to  i t s  early realization appears to  be 
lack of a def ini te  goal fo r  i t s  development. Ann Welch's a r t i c l e  ( re f .  15) ,  
advocating establishment of an internationally recognized "Ultralight Class1' 
(100 kg  empty weight l imit)  f o r  record and competition purposes, discusses 
what may be wanted, provided the rules are not too confining, and the 
resulting machines represent clear a1 ternatives to e i ther  present hang gl iders  
or pseudo-racing sailplanes. 

AN ULTRALIGHT SAILPLANE 

On the basis of the preceding discussion i t  i s  now possible to  define in more 
detai l  the concept and design requirements of a I1typical" u l t ra l ight  sailplane. 



Concept 

This  l i g h t  weight  (empty weight  l e s s  than about 1300 N--300 1 bs. ) s a i l p l a n e  
i s  in tended fo r  l o c a l  and 1  i rn i ted  cross-country soar ing.  The a i r c r a f t  may 
be s u i t a b l e  f o r  home cons t ruc t i on  from a  l i m i t e d  number o f  p re fab r i ca ted  
components. Launching i s  t o  be by means o f  o ther  than aero towing (e.g., 
bungee, w i  nch o r  s e l f  -1 aunched by an a i r  r e s t a r t a b l e  engine). 

Design P r i o r i t i e s  

I n  order o f  importance: 

1. Safe ty  (benevolent launch and f 1  i g h t  cha rac te r i s t i cs ,  no unusual 
demands on p i 1  o t  s k i  11, adequate s t r u c u t r a l  s t rength  and 
c o n t r o l a b i l i t y  over the e n t i r e  f l i g h t  envelope, crash p r o t e c t i o n  f o r  
the  p i l o t ) .  

2 .  S i m p l i c i t y  ( i n  bo th  cons t ruc t i on  and operat ion) .  

3. "Low cos t "  ( i n  both cons t ruc t i on  and opera t ion) .  

4. Performance (adequate m i  1  d  thermal soar ing capabi 1  i ty, adequate 
pene t ra t i on  i n t o  winds up t o  15 m/s- 30 k t ) .  

Add i t i ona l  Const ra in ts  

1. The machine should be t ranspor tab le  on noth ing  more e labora te  than a  
simple boat type t r a i l e r ,  towed by a  compact car. 

2. The machine should break down i n t o  components which a l l ow  convenient 
s torage a t  the owner's residence. 

3. There should be minimum requirements f o r ,  or  l i m i t a t i o n  due to ,  
spec ia l  launching s i t e s  (e.g., a  h i l l  o f  s u f f i c i e n t  s lope and he igh t ) .  

4. No comp1 e t e l y  adequate a i rwor th iness  standards (U. S. o r  
i n t e r n a t i o n a l )  p resen t l y  e x i s t  f o r  t h i s  category o f  u l t r a l i g h t  
a i r c r a f t .  U n t i l  such standards are formulated, t he  OSTIV 
A i rwor th iness  Standards f o r  Sa i lp lanes  should be used as a  guide. 

A  t e n t a t i v e  concept f o r  t h e  type o f  machine which might  meet these 
requirements i s  shown i n  F igure  3, together  w i t h  an e x i s t i n g  " f i r s t  
genera t i  on" version. 



TECHNICAL CONSIDERATIONS 

A detailed technical discussion of u l t ra l ight  design trade-offs i s  beyond the 
space limitations of the present paper. Such a study is i n  preparation by the 
author, and, in the inter  i m ,  some additional technical references up-dating 
those i n  ref.  8 are presented. Although absolute performance i s  not the 
primary design goal of the u l t ra l ight  sailplane, i t  remains necessary t o  
examine careful ly  several areas of performance compromi se  involved in meeting 
primary design objectives (e.g,, safety, low-cost, simplicity).  

Aerodynamic Requirements 

In general, sailplane aerodynamic prel irninary design optimization i s  performed 
assuming a "glider" operating i n  rec t i l inear  f l i gh t ,  w i t h  central emphasis 
placed on the achievement of a high lif t- to-drag r a t io  ( m i n i m u m  glide angle) 
a t  a "desired" forward speed. Around th i s  pivot point in the performance 
polar, low sink rates a t  both low ( for  climb) and high (cross-country) speeds 
are juggled until a sat isfactory "racer" has been defined. If thermal soaring 
i s  envisioned, only towards the end of the analysis i s  sink ra te  in a banked 
t u r n  seriously considered. I t  has recently been argued by Eppler ( r e f .  20) 
and Irving ( r e f ,  21) tha t  emphasis on analysis of the rec t i l inear  portion of 
the glide may lead to  non-optimum .sizing (selection of w i n g  area and aspect 
r a t io )  of 15m span sailplanes which must both thermal e f f ic ien t ly  and achieve 
good h i g h  speed performance. Under a variety of conditions (ba l las t  levels 
and thermal models assumed), a racing sailplane optimized for  minimum sink 
ra te  in a turn and a high forward speed in the region around 2-3 m/s ra te  of 
sink should have a somewhat lower than customary aspect ra t io .  In the 15 m 
examples considered, t h i s  means larger area. In these examples, absolute 
rec t i l inear  L / D  suffers somewhat, b u t  average cross-country speed ( i n  the 
MacCready sense) increases, 

For somewhat different reasons, the u l t ra l ight  sailplane presents the same 
two-poi n t  optimizati on problem confronted by the classic  thermal soaring 
racer, with rec t i l inear  maximum L/D being of importance only insofar as i t  
re f lec ts  m i n i m u m  sink rate  ( a t  an arbi t rary bank angle) and high speed 
(penetration) capability. High speed penetration capabili ty i s  basically a 
safety objective, and only secondarily a desireable performance objective i n  
the u l t ra l ight .  Minimum sink r a t e  i s  the fundamental performance objective. 
An indication of banked turn performance i s  shown i n  Figure 4. 

Unfortunately, the banked t u r n ,  minimum sink ra te ,  optimum sizing problem i s  a 
great deal more complex than the simple rec t i l inear  f l i g h t  problem, For 
fur ther  discussions, the papers by Marsden (ref  22, 23) and Cone ( re f .  24), i n  
addition to those by Eppler ( re f .  20) and Irving ( r e f .  21), should be 
consulted. Any serious u l t ra l ight  design must also consult the report by 
Shenstone and Scott-Hall ( re f .  25). 



While u l t ra l ight  detailed aerodynamic wing design should follow conventional 
sailplane practice (although aspect ra t ios  may be substantially lower), the 
selection of suitable a i r fo i l  sections presents a major problem due to  the 
general lack of experimental data for  appropriate sections optimized a t  
suff ic ient ly  low Reynolds number. Existing data i s  surveyed in refs ,  26 
through 34. The a i r fo i l  selection and design problem i s  further complicated 
by the strong coupling between high-lift/low-drag aerodynamic and simple, 
l ight  weight wing structural requirements. Modern 1 aminar sai lpl  ane sections 
are generally inapplicable to  an airplane wherein the structure i s  unlikely to  
support laminar flow much beyond 30-40% of the wing chord. In t h i s  l ight ,  the 
experience w i t h  sailplanes of 1930-40 vintage ( re fs .  25, 27) provide a f a r  
bet ter  guide to  a i r fo i l  selection and performance than do those of the 1970's. 

Aerodynamically, the u l t ra l ight  i s  an excel1 ent candidate for  a fu l ly  f 1 apped 
wing (preferably involving f laps with a high degree of Fowler motion). 
Unfortunately, t h i s  desirable feature direct ly  confl ic ts  w i t h  the simplicity 
requirement, and cannot be advised fo r  early generations of such a i rc raf t .  
Further data on th i s  topic can be found i n  references 35 through 39. 

Aerodynamic Constraints 

The basic f i r s t  order equations of sailplane motion (cf .  refs .  22, 24, 40) 
show that both minimum sink ra te  and maximum L / D  are (for  equal weight 
vehicles) most powerfully influenced by w i n g  span. High speed performance i s  
1 argely one of prof i l  e/parasi t e  (viscous dependent) drag which increases as 
the square of the f l igh t  speed. Further, whereas weight and/or, wing loading 
increase helps high speed performance, i t  seriously erodes minimum sink 
performance. Overall, then, for  a racing sa'ilplane the trend should be 
towards large span ( t o  regain low-speed performance) and high wing loading and 
extreme aerodynamic "cleanliness" to  maximize h i g h  speed performance. In 
addition, a bet ter  match between desired 1 ow- and high-speed performance can 
be had by use of flaps.  

This simplistic view ignores important aspects of the low-speed thermalling 
(banked t u r n )  mode, however; these e f fec ts  may be part icular ly important in 
attempts to  transfer the above recipe to  an u l t ra l ight .  Increasing span leads 
to  increasing w i n g  weight. Drag cleanup and f laps are contrary to s t ructural '  
simplicity. Most important i s  the "low-speed t u r n  problem" which puts the 
u l t ra l ight  in closer kinship w i t h  the vulture and the HPA than the racirig 
sailplane, and  may ultimately establish a practical upper bound on wing span, 
just  as aeroelastic e f fec ts  a t  high speed ultimately l imit  the span of 
high-performance sai lpl  anes. 

In a steady turn, the radius i s  a purely kinematic function proportional to  
the square of the sai lplane 's  velocity and the reciprocal of the tangent of 
the bank angle. For an u l t ra l ight  type vehicle (vulture,  hang g l ider ) ,  the 
normal thermalling speed may be decreased to  the point where the wing span 



becomes a significant percentage of the turn radius. As discussed in refs.  
41-43, t h i s  si tuation resul ts  i n  substantial gradients of velocity (and hence 
dynamic pressure and Reynolds number) across the span, and a corresponding 
dis tor t ion of the untrimmed span loading accompanied by an outboard s h i f t  i n  
the center of l i f t  which tends to  steepen the turn. To counteract t h i s  
overbanking tendency, powerful trimming devices ( a i  1 erons and rudder) and 
dihedral are required, and/or the bank angle or wing span must be limited. 
Regardless of other precautions, the depressed Reynolds number over the 
inboard semi-span during a t u r n  may aggravate any tendency towards t i p  s t a l l  
w i t h  the danger of a subsequent spin. The vulture 's  solution to  t h i s  problem 
( ref .  24) i s  worth noting, since i t  represents a marvelous example of the 
coupling between structural strength/stiffness,  high-l i f t  aerodynamics and 
minimization of trim drag. 

Structures and Weight 

Surprisingly l i t t l e  good information on u l t ra l ight  structural techniques 
exis ts .  The best sources re la te  to  human powered a i r c ra f t ,  the structures of 
which are generally complex. Of a l l  the aspects of u l t ra l ight  development, 
structural weight reduction and si)nplification are in most need of major 
e f for t .  The author's favorite sources on these topics are references 44 
through 48. 

Launching 

Provision of an alternative to  aero towing for  launching an u l t ra l ight  
sailplane i s  central to  the operational simplicity concept. The success of 
the motorized hang glider makes the notion of a motorized self-launching 
u l t ra l ight  sailplane an a t t rac t ive  idea. The key to success here l i e s  i n  
avail abi 1 i t y  of re1 iable "engines" (internal combustion or otherwise). I t  
should also be noted that either the canard or the flying wing configuration 
seem natural fo r  a powered u l t ra l ight  due to  the ease of low drag integration 
of an engine into the design. Some information on suitable engine/propeller 
combinations are contained in references 49 and 50. 



CONCLUSIONS 

An evaluation of the requirements for  an inexpensive al ternat ive to  
conventional soaring has shown that  an "ecological niche"' apparently exis ts  
for  an u l t ra l ight  sailplane intermediate i n  performance and weight between 
modern hang gliders and traditional sport sailplanes. There appear to  be no 
serious constraints on the ecomonic or operational v iab i l i ty  of such a 
device. Four factors appear to  be central to  progress towards i t s  early 
realization: 

1. Development of simple structural techniques for  minimum time and cost 
construction of wings of adequate aerodynamic quality,  strength and 
s t i f fness .  

2. Availability of rel iable ,  l ight  weight, low powered and low-cost 
engines to provide a self  1 aunchi ng capabi 1 i t y ,  and/or development of 
"minimum" non-aero tow launching methods. 

3. Establishment of sui table  goals for  u l t ra l ight  sailplane performance 
and design (e.g., national or international recognition of an 
Ultralight Class for  record or competition purposes). 

4. Clarification of the relationship of h a n g  gliding (powered or 
unpowered), u l t ra l ight  sai lpl  anes and government (FAA) regulation. 
Whether regulated by the government or not, a suitable se t  of 
airworthiness standards f o r  "ul t ral ights"  needs t o  be developed. 

As a f ina l  thought, i t  can be argued t h a t  the single most important factor 
which made the modern hang glider renaissance flourish as i t  has was the 
structural and aerodynamic model presented a t  the outset by the Rogallo w i n g .  
The u t te r  simplicity of th i s  concept completely outweighed i t s  very modest 
performance. As i t  turned out, this performance was quite good enough to 
launch a new sport and i t s  supporting industry. The great progress i n  hang 
gliding since a few visionaries began diving off sand dunes i n  bamboo and 
pl as t ic  monstrosities has been accompl ished very 1 argely by cut-and-try, 
further t r ibute  to the basic simplicity of the i n i t i a l  concept. I t  now 
remains for  some individual to  make the same sort  of creative leap which could 
usher i n  the modern u l t ra l ight  sailplane. 
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Table 1. A i r c r a f t  Charac te r i s t i cs  

Schweizer 
1-26 

Darmstadt D28b 
" W i  ndsp ie l "  

Maupin 
"Woodstock" 

Hal 1 
"Vector I" 

Monett 
"Monerai " 

Haig/American 
IiEag1 e t "  

Mars ke 
"Monarch 

Hi1 1 "Super- 
f 1 oa ter "  

M i t c h e l l  Wing 

Avi  a f  i bre 
Canard 2FL 

Bennett 
"Phoenix 8" 

Nihon U. 
"Stork Bti 

Wing 
Span 
m ( f t )  

Wing Aspect Weights 
Area R a t i o  Empty Loaded* 
mZ(f t2)  N ( l b )  N ( I b )  

Wing* Est imate 
Loading L/D 
~ / m z ( p s f )  max. Ref. 

51 

1, 53, 54 

52, 55 

52, 56 

52, 57 

52, 58, 59 

52 

52, 62 

52, 60 

6 1 

62, 64 

12, 63 

"Weight assumes p i l o t  p lus  equipment weight o f  800 N - 180 Ib .  
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ANALYTICAL AND SCALE MODEL RESEARCH AIMED AT IMPROVED HANG GLIDER DESIGN 

I l a n  Kroo and Li-Shing Chang 
Stanford Un ive r s i t y  

SUMMARY 

A program of r e sea rch  on t h e  aerodynamics, a e r o e l a s t i c i t y ,  and s t a b i l i t y  
of hang g l i d e r s  has  r e c e n t l y  begun a t  S tanford  Univers i ty  wi th  support  from 
NASA. The r e sea rch  c o n s i s t s  of a  t h e o r e t i c a l  a n a l y s i s  which a t tempts  t o  p r e d i c t  
aerodynamic c h a r a c t e r i s t i c s  us ing  l i f t i n g  s u r f a c e  theory and f in i te -e lement  
s t r u c t u r a l  a n a l y s i s  a s  w e l l  a s  an experimental  i n v e s t i g a t i o n  using 1 /5-sca le  
e l a s t i c a l l y  s i m i l a r  models i n  t h e  NASA Ames  2m x  3m ( 7 ' x 1 0 7 )  wind tunnel .  
Experimental d a t a  w i l l  be  compared wi th  t h e o r e t i c a l  r e s u l t s  i n  t h e  development 
of a  computer program which may be  used i n  t h e  design and eva lua t ion  of u l t r a -  
l i g h t  g l i d e r s .  

This  paper  desc r ibes  t h e  goa l s  and gene ra l  procedures of t h e  i n v e s t i g a t i o n  
begun i n  January 1979. 

INTRODUCTION 

I n  r ecen t  yea r s  t h e  performance and v a r i e t y  of hang g l i d e r  designs have 
increased  d rama t i ca l ly .  F l i g h t  cond i t i ons  and demands t h a t  a r e  placed on hang 
g l i d e r s  a r e  ve ry  d i f f e r e n t  from those  encountered by o l d e r  des igns .  Whereas 
l i f t - t o -d rag  r a t i o s  of 3  were common no t  long ago, some present  des igns  achieve  
g l i d e  r a t i o s  of c l o s e  t o  10 and have been flown c ros s  country f o r  160km (100mi) 
a t  a l t i t u d e s  a s  high a s  6000 m (19,000 f t . )  (Ref. 1 ) .  I n  a d d i t i o n  t o  ( o f t e n  
tu rbu len t )  thermal f l y i n g ,  increased  c o n t r o l l a b i l i t y  has  made l i m i t e d  a e r o b a t i c  
maneuvers poss ib l e .  Severa l  yea r s  ago t h e  r e s u l t s  of NASA wind tunne l  s t u d i e s  
of t h e  Rogallo wing (Ref. 2-7) i n  t h e  1960's could be  used t o  o b t a i n  some idea  
of t h e  c h a r a c t e r i s t i c s  of new designs.  Although no t  a l l  f l i g h t  regimes and 
r e l e v a n t  parameters  were thoroughly i n v e s t i g a t e d ,  t h e  d a t a  t h a t  d i d  e x i s t  proved 
use fu l .  The hang g l i d e r  has  evolved, however, t o  t h e  po in t  t h a t  t h e s e  o r i g i n a l  
i n v e s t i g a t i o n s  can no longer  b e  appl ied .  The f l i g h t  c h a r a c t e r i s t i c s  of modem 
hang g l i d e r s  (Ref. 8) w i th  spans extending t o  31m(36 f t . ) ,  a spec t  r a t i o s  from 
5  t o  7.6 and s a i l s  y i t h  low b i l l o w  and sweep, cannot b e  est imated from t h e s e  
d a t a  f o r  t h e  h igh  b i l l ow ( 4 - 5  degrees) ,  low aspec t  r a t i o  (2.5) "standards".  
Information on t h e  aerodynamic c h a r a c t e r i s t i c s  of p re sen t  designs i s  almost 
e n t i r e l y  q u a l i t a t i v e ,  deduced from l i m i t e d  f l i g h t  t e s t s  of new des igns .  

Many problems t h a t  have been encountered might have been prevented had 
such d a t a  been a v a i l a b l e .  Pitch-down divergence a t  low angles  of a t t a c k  
cont inues t o  b e  an important  problem. T h i r t y  percent  of f a t a l i t i e s  i n  1976 
involved f u l l - l u f f  i ng  d ives  from a l t i t u d e s  i n  excess  of 60 m (200 f t  .) ( ~ e f  . 9) 
al though recovery i s  t h e o r e t i c a l l y  p o s s i b l e  i n  l e s s  t han  15m (50 f t . )  (Ref. 10) .  
S t a t i s t i c s  from hang g l i d i n g  acc iden t s  i n  1977 and 1978 show t h a t ,  d e s p i t e  a  more 



thorough t e s t i n g  program pursued by t h e  indus t ry  i n  t h e  l a s t  few y e a r s ,  such 
i n s t a b i l i t i e s  are a l l  too common even up t o  t h e  present  t ime.  

Work was begun i n  January 1979 on a program of r e sea rch  aimed a t  p rovid ing  
q u a n t i t a t i v e  t o o l s  f o r  u se  i n  t h e  des ign  and eva lua t ion  of modern hang g l i d e r s .  
The i n v e s t i g a t i o n  c o n s i s t s  of two concurrent  and c l o s e l y  i n t e g r a t e d  phases: 

1)  Basic f o r c e  and moment measurements w i l l  b e  made on s c a l e  models i n  
one of t h e  2 m x 3 m  wind tunne l s  a t  NASA Ames Research Center.  Models 
a r e  being cons t ruc ted  t h a t  w i l l  reproduce t h e  geometr ic ,  e l a s t i c ,  and 
aerodynamic p r o p e r t i e s  of a r e p r e s e n t a t i v e  c l a s s  of modern g l i d e r .  

2) A computer program, based on t h e  b e s t  a v a i l a b l e  a n a l y t i c  t o o l s  from 
p o t e n t i a l  aerodynamics and f in i te -e lement  s t r u c t u r a l  methods, f o r  
p r e d i c t i n g  t h e  measured a i r l o a d s  wi th  s t a t i c  a e r o e l a s t i c  c o r r e c t i o n s  
i s  being developed. A f t e r  ref inement  by comparison wi th  t h e  t e s t s ,  
t h i s  program w i l l  b e  promulgated f o r  t h e  a n a l y s i s  of f u t u r e  g l i d e r  
des igns .  

A s  t h i s  r e sea rch  is  t o  be  conducted over  t h e  next  two y e a r s ,  t h i s  paper 
desc r ibes  t h e  goa l s  and gene ra l  approach of t h e  p r o j e c t  wi th  r e s u l t s  t o  b e  
publ ished a t  a l a t e r  da te .  

WIND TUNNEL TESTS 

'Models 

Planned wind tunne l  t e s t s  c o n s i s t  of measurements of t h e  b a s i c  f o r c e s  and 
moments on a group of 115-scale models a t  Reynold's numbers very  c l o s e  t o  t h e  
f u l l  s c a l e  va lue .  

Although t h e r e  e x i s t  today a wide v a r i e t y  of hang g l i d e r  designs and i t  i s  
no longer  p o s s i b l e  t o  t e s t  a "standard" conf igura t ion  and u s e  t h e  r e s u l t s  t o  
p r e d i c t  u n i v e r s a l  c h a r a c t e r i s t i c s  f o r  t h e s e  a i r c r a f t ,  s u f f i c i e n t  s i m i l a r i t y  does 
e x i s t  s o  t h a t  c e r t a i n  c h a r a c t e r i s t i c s  may be  determined from t e s t s  on a l i m i t e d  
number of models and appl ied  t o  many o t h e r  des igns  wi th  s i m i l a r  f e a t u r e s .  I n  
t h i s  way, good approximations t o  t h e  p r o p e r t i e s  of such g l i d e r s  may be  obta ined  
from t e s t s  on a smal l  group wi th  d i f f e r e n t ,  b u t  c a r e f u l l y  s e l e c t e d ,  geometr ies .  
The models s e l e c t e d  span a wide range of g l i d e r  types ,  from t h e  o l d e r  Rogallo- 
type  "standards" t o  more r e c e n t  " intermediate"  and h igh  performance des igns .  
(See Table 1 ) .  The e f f e c t  on o v e r a l l  aerodynamic c h a r a c t e r i s t i c s  of va r ious  
wing t i p  geometr ies ,  s a i l  planforms, and camber and t w i s t  d i s t r i b u t i o n s  common 
t o  many g l i d e r s  w i l l  be  determined from t e s t s  on t h i s  group of models. 

The importance of e l a s t i c  s c a l i n g  has  been demonstrated r e c e n t l y  (Ref. 11) .  
The f l i g h t  c h a r a c t e r i s t i c s  of g l i d e r s  a r e  seen  t o  vary  considerably wi th  
changes i n  loading.  This  i s  caused by t h e  f l e x i b i l i t y  of t h e  frame and defor-  
mation of t h e  s a i l  of t h e s e  u l t r a l i g h t  g l i d e r s .  For t h i s  reason ,  i t  i s  impor- 
t a n t  t h a t  s c a l e  models b e  cons t ruc ted  i n  such a way as t o  remain geometr ica l ly  
s i m i l a r  t o  f u l l  s i z e  g l i d e r s  under corresponding loads .  

Another key assumption underlying t h e  design of f l e x i b l e  models i s  t h e  
a t ta inment  of f u l l - s c a l e  Reynolds' number, Re. This  i s  because r a t h e r  complex 



separated-flow e f f e c t s  a r e  a n t i c i p a t e d  a t  t h e  l a r g e r  va lues  of a and B . 
Since a v a i l a b l e  wind tunnels  ope ra t e  a t  e s s e n t i a l l y  sea- leve l  cond i t i ons ,  i t  
fo l lows  t h a t  any r e s u l t a n t  f o r c e ,  Fm' experienced by t h e  model must equal  
t h e  corresponding Ff a t  f u l l  s c a l e .  (Mach number e f f e c t s  a r e  n e g l i g i b l e  a t  
t h e s e  "microsonic speeds. ") 

Force e q u a l i t y  can be  reasoned from t h e  f a c t  t h a t :  

where t h e  product of speed and t y p i c a l  l e n g t h ,  VR, must be  t h e  same a t  bo th  
s c a l e s .  With a i r  d e n s i t i e s :  

and f o r c e s  p ropor t iona l  t o  'v2R2 , then:  

The combination of equal  f o r c e  and equal  s t r a i n  requirements l e a d  t o  d i f -  
f i c u l t i e s  i n  t h e  cons t ruc t ion  of e l a s t i c a l l y  s ca l ed  models. Consider t h a t  both 
t h e  model and f u l l  s c a l e  g l i d e r s  a r e  cons t ruc ted  of tubes  and cab le s  of approxi- 
mately c i r c u l a r  c r o s s  s e c t i o n s  of r ad ius  r , suppor t ing  t h e  f a b r i c  s a i l s .  
Since r should be  p ropor t iona l  t o  R f o r  aerodynamic s i m i l a r i t y ,  t h e  s t r a i n s  i n  

2  t h e s e  tubes  a r e  p ropor t iona l  t o  FrR/EI o r  t o  F r  /EI ,  wi th  EI t h e  f a m i l i a r  
bending r i g i d i t y .  The seve re  requirement on model cons t ruc t ion  is t o  ensure  

For a  t y p i c a l  g l i d e r ,  assembled of thin-walled aluminum tubes ,  t h i s  q u a n t i t y  i s  
of t h e  o rde r  N (4 x  1b . - l ) .  I f  t h e  same cons t ruc t ion  and 
m a t e r i a l  were employed on t h e  model, one would g e t  

(6) ill = ( m ($)£ 

This  f a c t o r  of 25 a t  one - f i f t h  s c a l e  i s  q u i t e  unacceptable .  S ince  weight i s  
n o t  be l ieved  t o  be  a  very  s i g n i f i c a n t  f a c t o r ,  t h e  s i t u a t i o n  can be  a l l e v i a t e d  
by going t o  so l id - sec t ion  cy l inde r s  of s t i f f e r  m a t e r i a l  on t h e  model. Models 
cons t ruc ted  of s t e e l  i n  t h i s  manner approach t h e  des i r ed  s t i f f n e s s :  

It appears  t h a t  t h e  requirement of equal  s t r a i n s ,  t h e r e f o r e ,  can only b e  
m e t  by some r e l a x a t i o n  of t h e  Reynolds number requirement.  The fol lowing va lues  
correspond t o  t h e  model cons t ruc t ion  above: 
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This  d i f f e r e n c e  is  not  l a r g e  and can be reduced f u r t h e r  wi th  t h e  use  of tubes  
and cab le s  of s l i g h t l y  l a r g e r  than  sca l ed  r a d i i .  

Espec ia l ly  f o r  newer hang g l i d e r  designs wi th  low b i l l ow,  i t  i s  important  
t o  d u p l i c a t e  t h e  s t r e t c h i n g  of t h e  f a b r i c  s a i l  a s  w e l l  a s  t h e  bending of frame 
elements.  This  requirement may be seen  approximately a s  fol lows.  

Requiring equal  s t r a i n s  i n  t h e  model and f u l l - s c a l e  g l i d e r  s a i l s ,  
E = E ~ ,  f o r  geometric s i m i l a r i t y  impl ies  t h a t  

m 
0 - E =  - - p(x)dx - - F p(x)dx = - 
E E dA E t  dx EtR 

1 
i s  t h e  same a t  bo th  s c a l e s .  Now s i n c e  Em = - R and from above we have l e t  

5 f  
F = 113.4 F we r e q u i r e  t h a t  (Et) = 1.8  (Et)  This  can be  achieved wi th  

m f  m f '  
t h e  app ropr i a t e  choice of Dacron f a b r i c .  Values of Et  f o r  Dacron s a i l s  a r e  
given i n  r e f e rence  24, from which i t  can be  seen t h a t  t h e  proper  (Et), may be  
achieved w i t h  two l a y e r s  of materka l  s l i g h t l y  l i g h t e r  than  t h a t  used on 
f u l l - s c a l e  g l i d e r s .  

Data Reduction 

From measurements of t h e  b a s i c  f o r c e s  and moments on these  models, t h e  
fol lowing performance c o e f f i c i e n t s  and s t a t i c  s t a b i l i t y  d e r i v a t i v e s  can be  
ca l cu la t ed .  

Data w i l l  be  obtained gene ra l ly  a t  angles  of a t t a c k ,  a from -45' through 
0 

s t a l l  and a t  s i d e s l i p  angles  B t o  + 20 . Tes t s  w i l l  be  conducted a t  
va r ious  p re s su res  t o  ob ta in  d a t a  on t h e  presumably s i g n i f i c a n t  v a r i a t i o n  of 
t h e s e  q u a n t i t i e s  w i th  t h e  dynamic p re s su re ,  q  ( e l a s t i c  e f f e c t s ) .  Tes t  r e s u l t s  
w i l l  be  co r r ec t ed  f o r  j e t  blockage and w a l l  e f f e c t s .  

Much of t h i s  d a t a  could b e  used immediately f o r  design purposes wi th  l i t t l  
in t e rmed ia t e  manipulat ion.  With t h e  use  of d a t a  on p i t ch ing  moment c o e f f i c i e n t  
t h e  l o n g i t u d i n a l  equat ions  of motion may b e  numerical ly  i n t e g r a t e d  t o  show t h e  
e f f e c t i v e n e s s  of "weight-shift" c o n t r o l ,  inc luding  r equ i r ed  ba r  p re s su re s  ( s t i c  
f o r c e s ) ,  under va r ious  f l i g h t  condi t ions .  S t a l l ,  d i v e  recovery,  and o t h e r  
a s p e c t s  of l o n g i t u d i n a l  motion w i l l  b e  analyzed. A s i m i l a r  a n a l y s i s  f o r  l a t e r a  
motion, tak ing  account of t h e  unusual ly l a r g e  coupling between l o n g i t u d i n a l  
and l a t e r a l  modes a s soc i a t ed  w i t h  hang g l i d e r s ,  w i l l  a l s o  be c a r r i e d  ou t .  A t  
t h e  p re sen t  t ime,  t h e  f i r s t  wind tunnel  model i s  being cons t ruc ted  a t  t h e  
machine shop f a c i l i t i e s  a t  S tanford .  The frame w i l l  have two p o s s i b l e  nose 



angles  and by a t t a c h i n g  d i f f e r e n t  s a i l s  many conf igu ra t ions  may be  t e s t e d .  
Although a  f i n a l  l i s t  of con f igu ra t ions  t o  be  t e s t e d  has  not  y e t  been de t e r -  
mined, a  t e n t a t i v e  group of t e s t  models i s  descr ibed  i n  t a b l e  1. 

THEORETICAL ANALYSIS 

I n  conjunct ion wi th  t h e  t e s t i n g  program, t h e o r e t i c a l  aerodynamic and 
a e r o e l a s t i c  methodology i s  being appl ied  toward t h e  development of a  computer 
program which w i l l  undertake t o  p r e d i c t  some o r  a l l  of t h e  q u a n t i t i e s  measured 
i n  t h e  experimental  p o r t i o n  of t h e  p r o j e c t .  

Severa l  t h e o r e t i c a l  t rea tments  of "parawing" aerodynamics were publ ished 
i n  t h e  1960's (e.g.  Ref. 12-14). L i f t i n g  s u r f a c e  theory  was used t o  p r e d i c t  
l i f t  and moment of va r ious  parawing conf igu ra t ions  wi th  t h e  assumption of a  
p a r t i c u l a r  mode shape (gene ra l ly  taken t o  b e  a  p o r t i o n  of a  r i g h t  c i r c u l a r  
cone).  Induced and p r o f i l e  drags and t h e  e f f e c t s  of r i g i d  leading  edges were 
t r e a t e d .  Recent experimental  work (Ref.11) has  shown, however, t h a t  changes 
i n  s a i l  shape wi th  ang le  of a t t a c k  and dynamic p re s su re  a r e  extremely important ,  
e s p e c i a l l y  f o r  cu r r en t  hang g l i d e r  des igns .  Thus, no t  only i s  t h e  assumption 
of con ica l  canopy shape no longer  v a l i d ,  b u t  no r i g i d  a n a l y t i c  assumption of 
mode shape can b e  used. 

The approach taken i n  t h e  p re sen t  a n a l y s i s  c o n s i s t s  of two major p a r t s :  
1)  The de termina t ion  of a i r l o a d s  f o r  a  'p rescr ibed  mode shape, and 
2) The f l e x i b l e  s t r u c t u r a l  response t o  t h i s  ca l cu la t ed  loading ,  

r e s u l t i n g  i n  a  new approximation f o r  canopy shape. 
The i t e r a t e d  procedure, shown schemat ica l ly  i n  F ig .  1 ,  is  used t o  o b t a i n  a  
s o l u t i o n  f o r  p re s su re  d i s t r i b u t i o n  without  t h e  need f o r  spec i fy ing  t h e  exac t  
s a i l  shape i n i t i a l l y .  

From t h e s e  p red ic t ed  a i r l o a d s ,  f o r c e  and moment c o e f f i c i e n t s  may be  
ca l cu la t ed  and compared wi th  experimental  r e s u l t s .  

Aerodynamics 

Linear ized ,  s teady ,  l i f t i n g - s u r f a c e  theory f o r  incompressible  flow is  used 
i n  t h e  p r e d i c t i o n  of aerodynamic loads  on t h e  g l i d e r .  Under such condi t ions  
t h e  flow over t h e  g l i d e r  s a t i s f i e s  Laplace ' s  equat ion:  v2$ = 0 which 
may be solved wi th  t h e  use  of v o r t e x - l a t t i c e  o r  kernel-funct ion methods. The 
approach taken h e r e  u t i l i z e s  t h e  former method descr ibed  by Woodward and 
Rubbert (Refs. 15,16) wi th  a  code by N a t h a n  (Ref. 17) used a t  S t an fo rd ' s  
computing f a c i l i t i e s .  

The s a i l  i s  d iv ided  i n t o  f i n i t e  elements a s  shown i n  F ig .  2.  Each element 
is  i d e a l i z e d  a s  a  f l a t  pane l  of cons tan t  double t  s t r e n g t h ,  K ,  def ined  a s  t h e  
d i s c o n t i n u i t y  i n  p o t e n t i a l  between t h e  upper and lower s u r f a c e s ,  



A s  shown i n  t h e  appendix, t h i s  l e a d s  t o  t h e  fol lowing express ion  f o r  t h e  
v e l o c i t y  induced a t  p o i n t s  o u t s i d e  t h i s  s u r f a c e  

where [C] i s  t h e  aerodynamic in f luence  mat r ix  descr ibed i n  t h e  appendix. The 
double t  s t r e n g t h  f o r  each panel  i s  chosen s o  t h a t  t h e  flow a t  t h e  s u r f a c e  of 
t h e  g l i d e r  i s  tangent  (zero  s a i l  p o r o s i t y ) .  This  condi t ion  is  s a t i s f i e d  i f  t h e  
normal v e l o c i t y  induced by t h e  system of double ts  j u s t  cance ls  t h e  free-stream 
normal v e l o c i t y :  

S ince  t h e  s u r f a c e  normals and in f luence  n a t r i x  may be  computed from t h e  assumed 
s a i l  geometry and s i n c e  t h e  free-stream v e l o c i t y  i s  given,  t h e  v a l u e  of K can 
be  ca l cu la t ed  over t h e  sur face .  

Once K is  known, t h e  v o r t i c i t y  on t h e  s u r f a c e  is  given by: 

and t h e  loading : 

These p re s su res  a r e  then used t o  c a l c u l a t e  t h e  desir.ed f o r c e  and moment c o e f f i -  
c i e n t s  according t o  s tandard  d e f i n i t i o n s  ( c f .  Ref. 18).  The procedure is  
summarized i n  Fig.  3.  

Figs .  4-6 show t h e  pre l iminary  r e s u l t s  of t h i s  theory  app l i ed  t o  some 
simple planforms f o r  which experimental  d a t a  is  a v a i l a b l e .  (Ref. 19,20) .  Agree- 
ment i s  c l o s e  al though e f f e c t s  of lead ing  edges and dev ia t ion  from con ica l  
geometry a r e  no t  considered. 

It should be  noted t h a t  t h e s e  r e s u l t s  a r e  t h e  p r e d i c t i o n s  of t h e  aero- 
dynamic po r t ion  of t h e  program only.  A r i g i d  mode shape i s  assumed and so  agree- 
ment w i th  experiment can only be  expected a t  in te rmedia te  a . The combination 
of t h i s  p o r t i o n  of t h e  program and t h e  s t r u c t u r a l  a n a l y s i s  descr ibed  below i s  
p r e s e n t l y  underway and r e s u l t s  a r e  no t  y e t  a v a i l a b l e .  

Th i s  a n a l y s i s  does n o t  i nc lude  t h e  e f f e c t  of p i l o t ,  c a b l e  o r  frame i n t e r -  
fe rence .  It a p p l i e s  only t o  unseparated flow and does no t  i nc lude  v iscous  
e f f e c t s .  Correc t ions  t o  t h e  f i r s t  s t a g e  of t h e  a n a l y s i s ,  t ak ing  t h e s e  e f f e c t s  
i n t o  account ,  a r e  being s tud ied  and can, hopefu l ly ,  be implemented i n  l a t e r  
work. 



S t r u c t u r a l  Analysis  

The s a i l  and frame of a hang g l i d e r  c o n s t i t u t e  a r a t h e r  f l e x i b l e  s t r u c t u r e  
assumed t o  be  i n  a s t a t e  of q u a s i - s t a t i c  equi l ibr ium.  Tension members, a x i a l l y  
loaded beams, bending members, and membrane s u r f a c e s  a r e  a l l  involved,  w i t h  
c l e a r l y  de f ined  modal connections. It i s  evident  t h a t  t h e  f in i te -e lement  
method of s t a t i c ,  s t r u c t u r a l  a n a l y s i s  i s  t h e  only  f e a s i b l e  way of r ep re sen t ing  
and ba lanc ing  t h e  complete system of i n t e r n a l  and e x t e r n a l  loads .  

The approach taken h e r e  involves  an  a n a l y s i s  of t h e  g l i d e r  frame by 
c l a s s i c a l  methods and modelling of t h e  s a i l  a s  a membrane wi th  ve ry  small  
f l e x u r a l  r i g i d i t y .  The procedure i s  diagrammed i n  F ig .  7 .  

An incremental  loading  technique a s  descr ibed  by Turner e t  a l .  (Ref. 21) 
i s  used t o  p r e d i c t  t h e  response of t h e  e n t i r e  s t r u c t u r e  t o  t h e  given appl ied  
load.  The p re s su re  d i s t r i b u t i o n  given by the  aerodynamic po r t ion  of t h e  
a n a l y s i s  i s  broken down i n t o  smal l  increments and t h e  change i n  shape due t o  
t h i s  incremental  load  i s  ca l cu la t ed .  This  is  done by expressing t h e  p re s su re ,  
Api, over  each panel  i n  terms of equ iva l en t  nodal  l oads ,  Fi, and c a l c u l a t i n g  
t h e  displacement ,  D i ,  of t h e  nodes by t h e  r e l a t i o n :  

IF} = [S] (D} 

Here, [S] i s  a s t i f f n e s s  mat r ix ,  made up of a l i n e a r ,  e l a s t i c  p a r t  [Se] 
which accounts  f o r  s a i l  s t r e t c h i n g  ( d e s p i t e  t h e  a n i s o t r o p i c  s t r e t c h i n g  behavior  
of t e x t i l e  m a t e r i a l s ,  t h e  g l i d e r  s a i l  i s  assumed i s o t r o p i c  f o r  t h e  e a r l y  s t a g e  
of t h e  i n v e s t i g a t i o n )  and a non-linear geometric p a r t  ISg] which depends 
on t h e  geometry and i n i t i a l  t ens ion .  The a d d i t i o n  of t h i s  geometric s t i f f n e s s  
t o  t h e  convent ional  s t i f f n e s s  ma t r ix  a l lows  t h e  non-l inear  s t rain-displacement  
r e l a t i o n s  a s s o c i a t e d  wi th  t h i s  l a r g e  displacement problem t o  be  incorpora ted  
i n  an approximate manner. 

A method descr ibed  by Argyr i s  (Ref. 22) i s  adapted he re  t o  gene ra t e  t h e  
geometric s t i f f n e s s  mat r ix .  This  method assumes a l i n e a r  s t rain-displacement  
r e l a t i o n s h i p  wi th in  t h e  elements and i s  cons iderably  s impler  than  convent ional  
techniques which r e q u i r e  c a l c u l a t i o n  of t h e  s t r a i n  energy ( c f .  Ref. 23).  

A t  each s t e p  t h e  geometric s t i f f n e s s  mat r ix  is  updated and nodal  f o r c e s  
and incremental  displacements  ca l cu la t ed .  Af t e r  t h e  step-by-step process  i s  
completed, t h e  incremental  displacements  a r e  summed t o  o b t a i n  a new mode shape 
which is  then  used a s  i npu t  t o  t h e  aerodynamic program f o r  another  i t e r a t i o n .  

A code based on t h i s  approach has been developed and is  p r e s e n t l y  being 
checked by comparison wi th  test cases  f o r  which a n a l y t i c  s o l u t i o n s  a r e  
poss ib le .  Pre l iminary  work i n d i c a t e s  agreement t o  w i t h i n  a few percent  i n  
displacement al though f u r t h e r  work is  needed t o  a s s u r e  convergence i n  some 
cases .  



Resu l t s  from t h e  experimental  po r t ion  of t h e  i n v e s t i g a t i o n  w i l l  be used t o  
e s t a b l i s h  t h e  t h e o r e t i c a l  r e s u l t s v  range of v a l i d i t y  and w i l l  guide e f f o r t s  t o  
i nco rpora t e  t h e  e f f e c t s  of v i s c o s i t y ,  i n t e r f e r e n c e ,  leading-edge suc t ion ,  and 
o t h e r  phenomena i n  t h e  a n a l y t i c a l  p o r t i o n  of t h e  research .  

CONCLUDING REMARKS 

The theory  presented h e r e  is  intended t o  provide a  gene ra l  i d e a  of some 
of t h e  methods t o  b e  used i n  t h i s  i n v e s t i g a t i o n .  Much work i s  requi red  be fo re  
t h e  a n a l y s i s  can proper ly  t ake  account of t h e  complex aerodynamic and aero- 
e l a s t i c  e f f e c t s  a s soc i a t ed  wi th  modern hang g l i d e r s .  A t  t h e  t ime of t h i s  
w r i t i n g ,  t h e  aerodynamic and s t r u c t u r a l  r o u t i n e s  have no t  been combined al though 
i t  i s  expected t h a t  t h i s  w i l l  accomplished s h o r t l y .  Wind-tunnel models a r e  
p r e s e n t l y  being f a b r i c a t e d  f o r  t e s t s  t o  be  conducted l a t e r  t h i s  yea r .  Resu l t s  
from both t h e  t h e o r e t i c a l  and experimental  p a r t s  of t h i s  research  w i l l  be  pub- 
l i s h e d  a s  they become a v a i l a b l e .  

APPENDIX 

Aerodynamic In f luence  Matr ix Calcula t ion  

Expressing t h e  v e l o c i t y  p e r t u r b a t i o n  p o t e n t i a l ,  $ ( P ) ,  a t  a  po in t  P, i n  
terms of t h e  va lue  of $ and i ts  normal d e r i v a t i v e  - a$ , on t h e  f l u i d  boundary 
by Green's theorem: an 

where r i s  t h e  d i s t a n c e  between P and P ' ,  a  po in t  on t h e  boundary, S. 

I f  t h e  s a i l  i s  taken t o  be  a  2-dimensional su r f ace ,  then  n  = - nR and, i n  
U 

o rde r  t h a t  t h e  flow be  tangent  t o  t h e  su r f ace ,  

so ;  

and 



I f  K is  assumed cons tan t  over each of t h e  panels  S i ,  then: 

The aerodynamic in f luence  c o e f f i c i e n t  of t h e  reg ion  S on t h e  p o i n t  
'i 

is  
thus  def ined  a s :  j 

Ci j = - /v & (+) ds ;  
s j 

Expressing t h i s  v e l o c i t y  a t  s e v e r a l  p o i n t s  i n  mat r ix  no ta t ion :  
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Drag c o e f f i c i e n t  

'm 
P i t c h i n g  moment c o e f f i c i e n t  (based on k e e l  l eng th  and r e f e r r e d  t o  t h e  
c  / 2  po in t )  r 

C Slope of p i t ch ing  moment curve w i t h  r e spec t  t o  a 
m 
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C 
B 

E f f e c t i v e  d i h e d r a l  ( r o l l i n g  moment c o e f f i c i e n t  due t o  yaw) 

C Yawing moment c o e f f i c i e n t  due t o  s i d e s l i p  
f3 
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e l a s t i c  
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i n d i c i e s  r e f e r  t o  i nd iv idua l  pane ls  
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High sweep, low aspect For comparison with more 
ratio, "standard" recent designs and pre- 

vious wind tunnel studies 

High sweep, medium Comparison with standard 
aspect ratio, Z0 and high performance 
billow "intermediate" designs; effects of "billow" 

High performance Washout not fixed by tips 
medium sweep (35O) 
zero tip chord 

Same as /I3 with 45' Effect of sweep on 

High performance low Effect of this common tip 
billow fixed minimum geometry on C 
twist with "floating" 

High performance low Features common to many 
billow high twist contemporary hang gliders 

Same as /I6 with Effect of twist on per- 
decreased twist formance and stability 

Same as /I6 without Dihedral effects on lateral 
geometric dihedral stability and control 

Same as 116 with "keel Reflex effects on longi- 

at root chord lateral control 

Similar to /I6 with low Common to some of the 
taper planform, low highest performance gliders. 
twist, reflex 

* 
Some configurations can be changed with minor model modifications, which 
results in the need for only 6 airframes for the 10 configurations listed. 
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IMPROVEMENT OF HANG GLIDER PERFORMANCE 

BY USE OF ULTRALIGHT ELASTIC WING 

Je rzy  Wolf 
Aviat ion I n s t i t u t e  

Warsaw, Poland 

SUMMARY 

The problem of t h e  lateral c o n t r o l l a b i l i t y  of t h e  hang g l i d e r  by t h e  
p i l o t ' s  weight s h i f t  i s  considered.  The in f luence  of t h e  span and t h e  t o r s i o n a l  
e l a s t i c i t y  of t h e  wing i s  determined. It i s  s t a t e d  t h a t  an u l t r a l i g h t  e l a s t i c  
wing of a new kind developed by t h e  au thor  i s  most s u i t a b l e  f o r  good c o n t r o l .  
The wing a l s o  has o t h e r  advantageous p r o p e r t i e s .  

INTRODUCTION 

The main problem a f f e c t i n g  t h e  development of u l t r a l i g h t  g l i d i n g  is  t h e  
decrease  of t h e  c o n t r o l  e f f e c t i v e n e s s  of t h e  p i l o t ' s  weight s h i f t  when t h e  wing 
span inc reases .  However, i nc reas ing  t h e  span and consequently t h e  a spec t  r a t i o  
is  t h e  only way t o  improve t h e  l i f t - d r a g  r a t i o  (LID). 

The important  e f f e c t  o f  t h e  a spec t  r a t i o  on t h e  LID f o r  a d e f i n i t e  type  of 
e x t e r n a l  ske l e ton  of t h e  u l t r a l i g h t  wing can be shown as ind ica t ed  i n  f i g u r e  1 
r e f .  1 )  Areas A, B ,  and C i n d i c a t e  t h e  causes of t h e  diminishing of LID. 
Figure  1 shows t h a t  t h e  induced drag  A is  t h e  main p r i c e  of l i f t  product ion and 
can be d i m h i s h e d  mainly by inc reas ing  span. Changing t h e  unadvantageous tri- 
angular  wing planform of t h e  e a r l y  f l e x i b l e  wings improves i t  t o  some degree 
and t h e  a p p l i c a t i o n  of f i n a l  w ing le t s  makes it  p o s s i b l e  t o  improve i t  even more. 
Area B on f i g u r e  1 i l l u s t r a t e s  t h e  i n f l u e n c e  of t h e  wing p r o f i l e  e f f e c t i v e n e s s  
on t h e  hang g l i d e r  LID, which i s  no t  very  s e n s i t i v e  t o  p r o f i l e  shape above an  
a spec t  r a t i o  of 5. F i n a l l y  a r e a  C ,  t h e  s k e l e t o n  drag ,  c o n s t i t u t e s  t h e  main 
f i e l d  of t h e  d e s i g n e r ' s  a c t i v i t y .  It is  ve ry  i n t e r e s t i n g  t h a t  f o r  a l l  wings 
wi th  e x t e r n a l  ske l e ton  (with e x t e r n a l  s p a r s  and s t r u t s  ( a ) ,  w i t h  e x t e r n a l  s p a r s  
and cab le s  ( b ) ,  and wi th  e x t e r n a l  cab le s  only  ( c ) ) ,  an  optimum aspec t  r a t i o  
always e x i s t s .  The maximum of LID can be  explained by t h e  cons iderable  d rag  
inc rease ,  which f o r  some a spec t  r a t i o s  exceeds t h e  decrease  of induced drag.  

It has been shown i n  f i g u r e  1 a l s o  t h a t  t h e  optimum aspec t  r a t i o  can be a 
cons iderable  one f o r  u l t r a l i g h t  wings. It enhances a p p l i c a t i o n  of wings w i t h  
enlarged spans. A d i f f i c u l t y  wi th  h ighe r  a spec t  r a t i o s  i s  t h a t  t h e  l a t e r a l  
c o n t r o l  of s imple hang g l i d e r s  by t h e  p i l o t ' s  body s h i f t  only is  worsened. 



ANALYSIS OF LATERAL CONTROL 

To analyze t h i s  cha l lenging  problem, t h e  t ime t o  bank t h e  wing 60' w a s  
c a l c u l a t e d  (from +30° t o  -30') as shown i n  f i g u r e  2. F i r s t  a completely s t i f f  
wing was cons idered ,  f o r  which t h e  i n e r t i a  f o r c e s  were neglec ted .  Next a wing 
completely e l a s t i c  i n  t o r s i o n  was considered,  f o r  which a l l  t h e  l a t e r a l  aero- 
dynamic moments were neglec ted .  It was a s o f t  wing, l o n g i t u d i n a l l y  s t a b i l i z e d  
aerodynamically,  w i t h  t h e  r o l l  moment of i n e r t i a  f o r c e s  only  considered.  I n  
t h e  f i r s t  c a s e  t h e  responses on t h e  c o n t r o l  f o r c e  moment were aerodynamic 
f o r c e s  and i n  t h e  second case  s o l e l y  t h e  i n e r t i a  fo rces .  These two c a s e s  can  
be regarded a s  boundary l i m i t s  on t h e  r o l l  r a t e s  of a l l  r e a l  wings of hang 
g l i d e r s .  

For t h e  f i r s t  c a s e  t h e  fol lowing r e l a t i o n  was found: 

where 

C~ 
l i f t  c o e f f i c i e n t  

a angle  of inc idence ,  deg 

'lJ bank ang le  i n  f i g u r e  2,  deg 

R wing span,  m 

L l i f t  f o r c e  (L = W1 + W2), daN 

W1 
p i l o t  weight ,  daN 

W2 
g l i d e r  weight ,  daN 

r mean body s h i f t  of t h e  p i l o t ,  rn 

v f l i g h t  speed, m/sec 

t t i m e  t o  bank from -30° t o  +30°, s e c  

and f o r  t h e  second case:  

where m is  t h e  g l i d e r  mass assumed t o  be  uniformly d i s t r i b u t e d  spanwise. 
Furthermore i t  w a s  assumed t h a t  t h i s  m a s s  grows l i n e a r  a s  a func t ion  of t h e  
span according t o  t h e  formula, 



where 

g Ea r th ' s  a c c e l e r a t i o n ,  m/sec 
2 

R* wing span, m y  of hang g l i d e r  weighing W 2 ,  daN 

For t h e  ca l cu la t ed  p r a c t i c a l  examples t h e  same va lues  were assumed: 
W1 = 75 daN, W2 = 25 daN, r = 0,75 m y  + = 60° and fur thermore dCL/da = 0,06, 

v = 8 mlsec, C = 0,7, R* = 12 m. 
L 

The r e s u l t s  of t h e  c a l c u l a t i o n  a r e  shown i n  f i g u r e  3. They concern two 
i d e a l  boundary cases  1 and 5 and t h r e e  known types  of hang g l i d e r s  2, 3 ,  and 4.  
P a r t i c u l a r  curves concern t h e  fol lowing types  of u l t r a l i g h t  wings: 

1 - s t i f f  wing 

2 - Rogallo wing wi th  f l e x i b l e  canopy cha rac t e r i zed  by l i m i t e d  washout 
of t h e  wing 

3 - sa i lw ing  o r  Rogallo hybrid wing of increased  washout 

4 - sa i lw ing  o r  hybrid Rogallo wing wi th  au toma t i ca l ly  changing s a i l b i l l o w  
and washout 

5 - e l a s t i c  wing of maximum a b r i t r a r y  washout 

I n  f i g u r e  3 ,  t h r e e  ranges of bank t i m e  f o r  t h e  mean body s h i f t  r = 0,75 m 
of t h e  p i l o t  weighing 75 daN are shown. The f i r s t  range of t from 0 t o  2 s e c  
is  t h e  s a f e  range of good manoeuvrabi l i ty  of t h e  hang g l i d e r .  It corresponds 
t o  p r a c t i c a l  observa t ions  of g l i d e r s  and BCAR, s e c t i o n  K, f o r  t h e  l i g h t  a i r -  
p lanes  ( r e f .  2 ) .  The second range of t = 2 t o  4 s e c  is ,  under some weather 
cond i t i ons ,  a n  acceptab le  range of s u f f i c i e n t  manoeuvrabi l i ty .  The t h i r d  range,  
t g r e a t e r  t han  4 s e c ,  i s  dangerous f o r  hang g l i d e r s  and can be  accepted only i n  
p a r t i c u l a r  ca ses  as f o r  man-powered a i r p l a n e s  a t  wind speed l e s s  t han  2 m/sec. 

I n  f i g u r e  3 ,  t h e  es t imated  bank time of t h e  h i s t o r i c a l  L i l i e n t h a l ' s  g l i d e r s  
of 7 m span is ind ica t ed  by a c i r c l e .  They were c o n t r o l l e d  l e s s  e f f e c t i v e l y  
than  contemporary hang g l i d e r s .  Thei r  bank t imes of 7 s e c  were w i t h i n  an  unsafe 
range. That exp la ins  t h e  half-century of s t a g n a t i o n  i n  development of t h a t  form 
of g l id ing .  Its r e v i v a l  was p o s s i b l e  when t h e  va lue  of r = 0,2 m was increased  
t o  nea r ly  0,7 m when t h e  harness  f o r  t h e  p i l o t  was invented.  

The bank times ind ica t ed  i n  f i g u r e  3 concern a cons iderably  low f l i g h t  
speed v = 8 m/sec, and i t  i s  known t h a t  t h e  aerodynamic c o n t r o l  e f f e c t i v e n e s s  
diminishes w i t h  t h e  a i r  speed. However t h i s  bad p rope r ty  does not  occur  i n  t he  



case  of hang g l i d e r s  c o n t r o l l e d  by weight s h i f t ,  a s  was expressed by formulas (1) 
and (2) .  This  problem can be  presented c l e a r l y  by t ak ing  i n t o  account t h a t  f o r  
t h e  formula (1) and f o r  t h e  weight c o n t r o l  t h e  r e l a t i o n  CL 1. l / v 2  is v a l i d .  
Next f o r  t h e  formula (2) and aerodynamic c o n t r o l  (when t h e  i n e r t i a  f o r c e s  are 
t h e  only  response on t h e  c o n t r o l  f o r c e ) ,  t h e  c o n t r o l  moment r W 1  % rv2  a p p l i e s .  
Then we o b t a i n  r e l a t i o n s  shown i n  f i g u r e  4. Th i s  t a b l e  shows very  unadvanta- 
geous c h a r a c t e r i s t i c s  ( t  % 1 /v )  of t h e  aerodynamic c o n t r o l  f o r  low speed f l y i n g  
devices  ope ra t ing  nea r  s t a l l  and being intended t o  ope ra t e  l i k e  a parachute.  
On t h e  o t h e r  hand t h e  weight c o n t r o l  has  s u i t a b l e  c h a r a c t e r i s t i c s  a t  low speeds 
and improves when t h e  speed diminishes ( t  % v ) .  It even can  be independent of 
t h e  speed ( t  # f ( v ) )  i n  t h e  case  of t h e  t o r s i o n a l l y  very  e l a s t i c  wing under 
cons ide ra t ion .  Of course ,  t h i s  r e l a t i o n s h i p  remains v a l i d  i f  t h e  wing is  s t a b l e  
dur ing  s t a l l  o r ,  i n  o t h e r  words, i f  t h e  s e p a r a t i o n  is  symmetrical.  

DEVELOPMENT OF 2-77 HANG GLIDER 

The development of an  u l t r a l i g h t  wing of t h i s  kind w a s  very  troublesome 
and took t h e  au thor  about 1 0  years .  I n i t i a l l y  t h e  work concerned a wing w i t h  
a c a b l e  l ead ing  edge ( r e f .  3 )  s t r e t c h e d  by means of a p u l l e y  and a sp r ing  o r  
rubber  rope expanded a long  t h e  s p a r  tube  of t h e  ske l e ton .  These experiments 
showed advantageous f e a t u r e s  of t h e  u l t r a l i g h t  fo ldab le  wing wi th  t h e  canopy 
f ixed  a t  one po in t  of t h e  t i p  t o  t h e  wing s p a r  and having a hinged end r i b .  
The r i b  hinging on t h e  cab le  o r  on t h e  tube  can change t h e  ang le  of a t t a c k  of 
t h e  wing l i p .  The t o r s i o n a l  e l a s t i c i t y  a l lows  self-adjustment  of t h e  wing t o  
t h e  f l i g h t  cond i t i ons  and good l a t e r a l  c o n t r o l  by weight s h i f t  only.  There- 
f o r e  i t  was decided t o  des ign  t h e  experimental  hang g l i d e r  2-77 w i t h  a con- 
s i d e r a b l e  span of 12  m, a r ec t angu la r  wing planform, and a s i n g l e  c e n t r a l  
v e r t i c a l  s t a b i l i z e r  ( r e f .  4 ) .  

This  s imple f l y i n g  plank arrangement was chosen a s  a r e s u l t  of t h e  a u t h o r ' s  
own wide experiments and of an  a n a l y s i s  of p o s i t i v e  swept f l y i n g  wings. Its 
gene ra l  p r o p e r t i e s  a r e  uns t ab le  s t a l l  f o r  l a r g e r  a spec t  r a t i o s  and bad d i v e  
recovery of f l e x i b l e  wings wi th  s o f t  t i p s  and no p r o f i l e d  c e n t r a l  r i b .  These 
p r o p e r t i e s  c r e a t e  l i m i t s  of a narrow speed range due t o  unsafe  c h a r a c t e r i s t i c s  
i n  t u r b u l e n t  wind cond i t i ons .  It was found t h a t  t h e  g r e a t e s t  chance of e l imina t -  
i n g  t h e s e  undes i r ab le  p r o p e r t i e s  i s  by a p p l i c a t i o n  of an  arrangement w i t h  
s l i g h t l y  nega t ive  sweep of t h e  wing. It i s  j u s t  t h e  arrangement of t h e  hang 
g l i d e r  w i t h  reasonable  a p p l i c a t i o n  of a n  e l a s t i c  wing cha rac t e r i zed  by one p o i n t  
connect ion of t h e  sa i l  t i p s  t o  t h e  ske l e ton ,  and by t o r s i o n a l  e l a s t i c i t y  of t h e  
wing plane.  

The hang g l i d e r  2-77 was designed according t o  t h e  gene ra l  r u l e ,  " f i r s t  
s a f e t y  and l a t e r  t h e  performance." The second more s o p h i s t i c a t e d  r u l e  w a s  "do 
n o t  counterac t  t h e  deformation bu t  organize  and e x p l o i t  i t  f o r  s a f e t y  and 
performance purposes." According t o  t h i s  second r u l e  t h e  wing bends and t w i s t s  
cons iderably  around t h e  l ead ing  edge which a c t s  as a spanwise hinge. 

The f i r s t  v a r i a n t  of 2-77 t e s t e d  i n  1977 had t h e  c a b l e  l ead ing  edge and 
e x t e r n a l  spa r  ( f i g .  5). Its s t a b i l i t y  and c o n t r o l  w a s  e x c e l l e n t  and t h e  only  
drawback was t e a r i n g  of t h e  canopy a s  r e s u l t  of con tac t  w i t h  t h e  w i r e s ,  when 



t h e  g l i d e r  was s t and ing  windward nose down on t h e  ground. This  drawback was s o  
s i g n i f i c a n t  t h a t  a f t e r  1 5  minutes of wind p re s s ing  on t h e  wing t h e  sa i l  had t o  
be r epa i r ed .  

This  d e f e c t  l e d  t o  a modi f ica t ion  of t h e  cons t ruc t ion  by i n s e r t i n g  a spar  
tube  i n t o  t h e  s a i l .  Furthermore t h e  s p a r  w a s  supported by only  t h r e e  w i r e s  s o  
s i t u a t e d  t h a t  t h e  sail  would not  touch t h e  w i r e  under any cond i t i ons .  I n  t h e  
second v a r i a n t  of 2-77 a double membrane a i r f o i l  (dark i n  t h e  p i c t u r e s )  f o r  
50% of t h e  chord w a s  used w i t h  duraluminium s h e e t  p r o f i l e s  s i m i l a r  t o  t hose  i n  
t h e  f i r s t  v a r i a n t .  

This  second v a r i a n t  of 2-77 ( f i g .  6) had an  e x t r a o r d i n a r i l y  wide speed 
range and a very  s o f t  and s t a b l e  s ta l l .  The g l i d e r  was gene ra l ly  f a s t ,  con- 
s i d e r i n g  t h e  area of 20 m2. This  w a s  t h e  r e s u l t  of r e l a t i v e l y  f l a t  s e l f -  
s t a b l e  p r o f i l e s  of t h e  same kind as those  used i n  s i n g l e  membrane ve r s ion .  The 
g l i d e r  w a s  very  s t a b l e  i n  t u r b u l e n t  winds and i ts  l o n g i t u d i n a l  and l a t e r a l  con- 
t r o l  w a s  good. It p a r t i c i p a t e d  i n  hang g l i d e r  competi t ion i n  t h e  Zakopane- 
T a t r a  mountains i n  1978. Af t e r  numerous f l i g h t s  t h e  next  modi f ica t ion  of t h e  
wing ( f i g .  7) was undertaken i n  o rde r  t o  improve i t s  LID above 1 0  which i s  pos- 
s i b l e  f o r  t h e  s t r u c t u r a l  arrangement used and an  a spec t  r a t i o  of 7. 

For t h i s  purpose, new more e f f e c t i v e  s p e c i a l  p r o f i l e s  were developed and 
t h e  planform of t h e  wing was s l i g h t l y  changed. During very  many t e s t  f l i g h t s ,  
sometimes of 1 0  minutes du ra t ion ,  t h e  g l i d e r  demonstrated a very  low minimum 
speed of 20 km/hr and a cons iderable  l i f t  c o e f f i c i e n t  (near ly  2) .  Determination 
of maximum speed w a s  more d i f f i c u l t ,  b u t  speeds of 80 km/hr were reached wi thout  
any problem. 

The mod i f i ca t ions  and t h e  test f l i g h t s  a r e  cont inuing.  The main t a s k  i s  
t o  improve t h e  L I D  t o  t h e  p o s s i b l e  n e a r l y  1 5  wh i l e  main ta in ing  t h e  hang g l i d e r ' s  
s a f e t y  by good s t a b i l i t y  and c o n t r o l l a b i l i t y .  The s a f e t y  achieved i s  due t o  
such p r o p e r t i e s  a s  

- p o s s i b i l i t y  of s t a b l e  and c o n t r o l l a b l e  s t a l l  and parachut ing  from any 
a l t i t u d e  

- i m p o s s i b i l i t y  of s l i p p i n g  t h e  wing and asymmetrical s t a l l  

- i m p o s s i b i l i t y  of s p i n  

- c o n t r o l l a b l e  d iv ing  and easy  recovery from d i v e  

- very  wide speed range and i t s  s a f e  boundaries  (very important  under 
s t r o n g  wind t u r b u l e n t  cond i t i ons )  

- p o s s i b i l i t y  of immediate t r a n s i t i o n  from d i v e  t o  parachut ing  on t h e  same 
s t r a i g h t  l i n e  t r a j e c t o r y ,  l o s i n g  only  a dozen meters  of a l t i t u d e  

The last  of t h e s e  p r o p e r t i e s  i s  a n  ex t r ao rd ina ry  one and deserves  some 
words. It was known t h a t  f o r  t h e  d e f i n i t e  geometry of t h e  g l i d e r  t h e r e  is  one 
speed po la r  f o r  t h e  s t eady  f l i g h t .  But t h e  s p r i n g  wing of 2-77 is very  e l a s t i c  



i n  t o r s i o n  and t h e r e f o r e  i t s  v e l o c i t y  po la r  i s  t h e  envelope of  an  i n f i n i t e  num- 
be r  of p o l a r s  f o r  d i f f e r e n t  t w i s t  ang le s  of t h e  wing. This  i s  shown i n  f i g -  
u r e  8  which exp la ins  t h e  reasons  f o r  t h e  wide speed range of 2-77. On t h e  
r e s u l t i n g  p o l a r ,  f o r  t h e  g r e a t  range of t h e  t r a j e c t o r y  i n c l i n a t i o n  ang le ,  t h e  
two p o i n t s  A and B can be found f o r  which t h e  g l i d e  angle  is  the  same. However, 
t h e  speeds of d i v i n g  and parachut ing  d i f f e r .  For t h e  hang g l i d e r  of f i x e d  
geometry, cons iderable  sweep o r  convent ional  h o r i z o n t a l  t a i l  s t a b i l i z e r ,  a quick  
move from t h e  s t a t e  A t o  B on t h e  s t r a i g h t  l i n e  t r a j e c t o r y  AB i s  p r a c t i c a l l y  
impossible  and occurs  dur ing  p u l l  up manoeuvre o r  a  s l a c k  s t a l l  a long t h e  
curve AB. Large span f l e x i b l e  wings w i t h  cons ide rab le  l ead ing  edge sweep and a 
n e g l i g i b l e  t o r s i o n a l  e l a s t i c i t y  of t h e  s a i l  w i t h  the  u n e l a s t i c  f l e x i b l e  canopy 
s t r e s s e d  between t h e  k e e l  and l ead ing  edge tubes  behave s i m i l a r l y .  

A completely d i f f e r e n t  s i t u a t i o n  occurs  when t h e  hang g l i d e r  has  an  e l a s t i c  
wing, has  no h o r i z o n t a l  t a i l  s u r f a c e  o r  sweep, and has a  low moment of i n e r t i a  
i n  p i t c h .  Then a  sudden t r a n s i t i o n  from ? o i n t  A t o  B on t h e  s t r a i g h t  l i n e  t r a -  
j e c t o r y  i s  p o s s i b l e  a t  a  s u f f i c i e n t l y  l a r g e  and f a s t  i nc rease  of t h e  inc idence  
angle.  Of course  a moderate but  no t  t o o  slow i n c r e a s e  of inc idence  ang le  nor- 
mally r e s u l t s  i n  dynamic climbing. A t  a slow i n c r e a s e  of inc idence  ang le  t h e  
g l i d e r  mushes according t o  t h e  curve AB. 

The dynamic s t a l l  and t h e  manoeuvre of landing  i n  a  d i f f i c u l t  s i t u a t i o n  as 
descr ibed  and explained above is g e n e r a l l y  s imple.  However, t e c h n i c a l l y  t h e  
problem i s  more complicated because t h e  t o r s i o n a l  e l a s t i c i t y  and t h e  time of 
manoeuvre have t o  b e  s u i t a b l e .  These f a c t o r s  cause t h e  d e v i a t i o n  of t h e  r e a l  
t r a j e c t o r y  from t h e  s t r a i g h t  l i n e  AB. B r i e f l y ,  t h e  c o n t r o l  f o r c e s  and manoeuvre 
t i m e  a s soc i a t ed  w i t h  i n s u f f i c i e n t  e l a s t i c i t y  exceed t h e  phys i ca l  c a p a b i l i t i e s  of 
t h e  p i l o t .  On t h e  o t h e r  hand too  much e l a s t i c i t y  h inde r s  dynamic climbing and 
causes pancaking of t h e  g l i d e r .  These problems and o t h e r s  a r e  t h e  s u b j e c t  of 
f u r t h e r  r e sea rch  and t e s t s  of 2-77 (which has made about 400 f l i g h t s  t o  d a t e ) .  
Moreover, 2-77 a c t u a l l y  enables  s h o r t  and p r e c i s e  landings  behind o b s t a c l e s  
us ing  t h e  whole wing a r e a  as a powerful aerodynamic brake. 

The a c t u a l  d a t a  of 2-77 ( f i g .  9) a r e  

Weight, 25 daN 
Span, 12  m 
Length, 5.5 m 
A r e a ,  1 9  m2 
Speed range,  20 t o  90 km/hr 
Lif t - to-drag r a t i o ,  12  
P r o f i l e s ,  s p e c i a l ,  s e l f - s t a b l e  
Maximum chord, 1 .8  m 
Minimum chord, 1 .5  m 

The hang g l i d e r  2-77, which was n o t  descr ibed  he re  t e c h n i c a l l y ,  i nc ludes  some 
e s s e n t i a l  patented improvements. The g l i d e r  based on t h e  a p p l i c a t i o n  of t h e  
u l t r a l i g h t  e l a s t i c  wing is  capable  of performing t h e  dynamic s t a l l  l anding  
process  a t t a i n a b l e  u n t i l  now p r a c t i c a l l y  only  by b i r d s .  

The u l t r a l i g h t  e l a s t i c  wing can be used f o r  t h e  p r a c t i c a l  i n v e s t i g a t i o n  of 
t h e  new unconventional landing  technique,  and f o r  t h e  development of t h e  h igh  



performance deployable f l y i n g  devices  ( f o r  example, hang g l i d e r s  of t h e  c l a s s  2 
of FAI-CIVL r e g u l a t i o n ) .  This  wing can  be  based on t h e  a p p l i c a t i o n  of t h e  
cable  o r  t u b e  l ead ing  edge arrangement. Its a c t u a l  and p o s s i b l e  f u t u r e  l i f t -  
d rag  r a t i o  i s  compared i n  f i g u r e  10  w i t h  t h a t  of o t h e r  u l t r a l i g h t  wing types .  
Because of t h e  p o s s i b i l i t y  of h igh  LID, it i s  very  s u i t a b l e  f o r  o s c i l l a t i n g  
wing propuls ion  of hang g l i d e r s  ( r e f .  5) and has  been p r a c t i c a l l y  proved and 
t r i e d  by t h e  au thor  i n  1976-1977 by u s e  of a n  e l a s t i c  p i l o t  harness  and f o o t  
s t r a p s .  
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Figure 1.- Influence of t h e  induced drag  (area  A ) ,  p r o f i l e  drag ( a rea  B ) ,  and 
skele ton  drag  ( a rea  C)  on t h e  l i f t l d r a g  of t h e  u l t r a l i g h t  wing wi th  exter -  
n a l  ske le ton  having s p a r s  and s t r u t s  ( a ) ,  s p a r s  and cab les  (b ) ,  and only 
cables  ( c ) .  

Figure 2.- Considered bank angles of t h e  hang g l i d e r .  



wing 
soan 

i ro /  Bank angle 60° 

~i1ienthal.s 
gliders 

unsafe region 

0 2 4 6 8 10 
bank time t/eec/ 

Figure  3.- The bank times t f o r  t h e  hang g l i d e r s  c o n t r o l l e d  by mean 
body s h i f t  r = 0,75 m of t h e  p i l o t  weighing W2 = 75 daN as a 
func t ion  of wing span R. 

F igure  4.- Cor re l a t ion  of t h e  bank time t wi th  f l i g h t  speed v. 
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Figure  5.- Experimental hang g l i d e r  2-77 ( f i r s t  v a r i a n t )  w i th  
cab le  l ead ing  edge e l a s t i c  wing. 

F igure  6.- Tube l ead ing  edge hang g l i d e r  2-77 (second v a r i a n t )  
demonstrates t h e  cons iderable  range of t h e  wing t w i s t .  



Figure  7.- Tube l ead ing  edge hang g l i d e r  2-77 ( t h i r d  v a r i a n t )  i n  f l i g h t .  

F igure  8.- Veloc i ty  p o l a r  of e l a s t i c  wing hang g l i d e r .  A,B - t h e  p o i n t s  of 
po la r  curve f o r  d iv ing  and parachut ing on t h e  same f l i g h t  pa th  inc l ina -  
t i o n ;  C - t h e  po in t  of maximum speed; D - t h e  po in t  of minimum speed; 
E - t h e  po in t  of t h e  maximum v e r t i c a l  parachut ing;  F - t h e  po in t  of max- 
imum LID; y - t h e  range of t he  f l i g h t  pa th  i n c l i n a t i o n  angles  f o r  
dynamic parachut ing;  vmax-vmin - t h e  range of f l i g h t  speed. The veloc- 
i t y  p o l a r s  f o r  va r ious  wing twxst a r e  shown by dashed l i n e s .  



Figure 9.- Sketch of the third variant of 2-77. 
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Figure 10.- L i f t l d r a g  as a func t ion  of aspec t  r a t i o  f o r  
var ious  u l t r a l i g h t  wings. 
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ABSTRACT 

Hang gliding was born as a popular sport in France in the 70's. After a period of observation, French Officials 

decided that hang gliders were no longer to be considered as toys, but as a new kind of aircraft. Then, French Govern- 

ment funded a two years'research contract at ONERA on the safety of hang-gliders, in an attempt to set up the most 

adequate acceptance rules. 

S1, 8 x 16 meters wind-tunnel of Chalais-Meudon near Parig, was used for two series of full scale tests, with 15 

different gliders, including two-seaters, and most of them with a dummy pilot. A six component instrumentation pro- 

vided lots of aerodynamic data. Flow visualization was used and showed quite unexpected air flov!s. 

The calculated basic performances were checked in real flight by the author, with some of the same gliders as 

used in the tunnel. 

The flight mechanics computations were then completed, providing both the flight envelopes w i t ,  all sorts of 

limits and a fairly precise idea of the influence of several parameters, such as pilot's weight, wing settings, aero- 

elasticity, etc... The particular problem of luffing dives was thoroughly analysed, and two kinds of causes were 

exhibited in both the rules of luffing and aeroelastic effects. The general analysis of longitudinal stability showed 

a strong link with fabric tension, as expected through Nielsen's and Thwaites' theory. Fabric tension strongly depen. 

ding upon aeroelasticity, that parameter was found to be the most effective design one for positive stability. 

Lateral stability was found to be very similar in all gliders except perhaps the cylindro-conical. The loss of 

stability happens in roll at low angle of attack, whereas i t  happens in yaw at high angle. Turning performance was a 

bit surprising, with a common maximum value of approximately 55' of bank angle for a steady turn. 

Structure calculations began on the basis of an isostatic technique which did not succeed because the leading- 

edges, keel, and cross-spar were separated. Then, a linear finite elements technique was used and gave very adequate 

results for normal loadings, since the comparison with both flight and ground tests was very satisfactory. The prediction 

of ultimate loadings and breaking of the structure is less precise, and would possibly require a non-linear computation 

because of the bendings. 

During the research, all reports about significant casualties happening in France were analysed at ONERA and 

were of great help in the direction of the study. 

The conclusions of the research are, first that none of the normal aeronautical requirements would apply to the 

case of hang-gliders. One good example would be the stall, wn~ch is the base of a good half of a normal aircraft certifi- 

cation. A hang glider would possibly require the half of the certificator's attention on its maximum diving speed. As 



far as certification means are concerned, it i s  intended to make an aerodynamic-test-vehicle which would be devoted 

only to development and stability checks. A structural acceptance could be delivered on the basis of a calculation, plus 

ground-testing, using the ONERA method. 

But probably the most important impact of the research in terms of hang-gliders flight safety was the 
dissemination of this information to French instructors and pilots. 

SYMBOLS 

A 0 A angle of attack 

Cp drag coefficient 

C 3 0 drag coefficient at d = ~(linearized) 

CL lift coefficient 

CL derivative : dcr / d ~  (linearized),lift gradient 

CLP rolling moment due to sideslip-coefficient 

C , pitching moment coefficient 

C lvlo pitching moment coefficient at o( = ~(linearized) 

C derivative cj C M /doc (linearized) 

C MA pitching moment due to sideslip-coefficient 

C N) yawing moment due to sideslip-coefficient 

F force exerted by the pilot on the control bar ( F > 0 corresponds to a nose-up action) 

center of gravity of the vehicle 

C! aerodynamic chord (length of the keel) 

L / ~  fineness ratio 

0 center of the glider (at the crossing of keel and cross-par) 

O,X,Y,z wing axes 

R resulting aerodynamic force on the glider 

V relative air velocity 

V s t o l ~  stalling speed 

3 height of center of gravity,wing axis (see fig.) 

d angle of attack (in degree) 

d g corresponding to maximum L / D 
OO( corresponding to the kink point on Cqacurve 

d corresponding to onset of luffing if d decreases 

dm;, corresponding to minimum sink speed 

dr corresponding to maximum of v m  (minimum flying speed) 

p sideslip 

A E ~  = d r  - dLw,+ 

AS& = d r  - o ( ~  

$ angle between wing-axis 02 and pilot strap (see fig.) ( d>o corresponds to a nose-up action) 

aspect ratio 

A aircraft in trim with control bar free ( F  = 0) 

P luffing limit 

b maneuvering limit (max length of the pilot's arms) - 
T force limit (25% of pilot's weight) 

loss of roll control 

loss of yaw control 
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INTRODUCTION 

In France, hang gliding started to be a popular sport in 1973, when a national association (FFVL) was born. 

There were some hundreds of people flying, almost all claiming to be instructors! As usual, some dramatic 
accidents focused everyones attention on hang gliding, and fairly soon, many flying places became very crowded. 
Some of them were closed because of the problems created by the people watching and their motor-cars. But the 
aeronautical authorities were reluctant to consider them as real aircraft, and preferred initially to classify them as beach 
games, in order not to have to certify them. 

After two years, it was clear that a new kind of aircraft was flying French skies, and something had to be done 

about i t s  flying safety. The DGAC (equiv. to F.A.A.) funded a two years'research at ONERA about the flying 

envelope of ultralight hang-gliders, and requested advice for future specifications. 

In order to avoid difficult similarity problems due to the slackness of fabric, it was decided to go through 

scale 1 tests in S1 Meudon wind-tunnel. The gliders used covered different shapes from the standard Rogallo to the 

Fledgling 1. 

Somewhat unexpected results were obtained, and it was decided to check the main performances in flight, 

which was done successfully. 

Then, the flight mechanics computations were completed, and highlighted some very interesting and specific 

features of these vehicles. 

At the same time structural calculations were undertaken, and constantly cross-checked with in-flight and 

ground-test measurements. 

But the determination of handling, performance and structure specifications remains difficult because of the 

numerous non-linearities encountered in the problem, and the difficulty of defining adequate demonstrations for the 

manufacturers. 

Wind-tunnel testing of a sail-wing mock-up raises difficult scale effect questions. Therefore ONERA decided to 

use S1 Meudon, which allows scale 1 tests of hang-gliders, thanks to its 1 6  x 8 m elliptic facility. Nevertheless, the 

study is not necessarily free of Reynolds problems, as the paragliders' flying speeds places their Reynolds number in 

the range of 1 to 8 million. This could explain a good part of the scattering found in the tunnel results. 

Two series of one month tests were performed with 15 different gliders covering the shapes shown on figure 1. 

STARDARD SWALLOWTAIL SHAPE C Y L ~ ~ D R O .  COHICAL CARARD 

ALBATR055 or DRAGOn PHOEUIX 66 AUSTRALIAII 
SHAPE 

FLEDGLIRG I 

Fig. 1 - Survey of the shapes of gliders used. 



The mounting is basically made of a tetrahedral tubing (fig. 2), 

fixed on three vertical masts, through three dynamometric rings. The 

glider is fixed by means of clutches : 

a) at its "center", on the top of the tetrahedron, 

b) at the control bar on both front struts. 

The rear mast ends with a screw-jack which provides adjustment 

~ ~ ~ ~ ~ ~ ~ ~ t ~ i ~  of the angle-of-attack. The whole of the mounting can rotate about 

a vertical axis for sideslip setting. 

All tests were made under static conditions, and all measure- 

ments had to be strongly filtered because of the effects of wire and 

fabric vibrations. 

Flow visualization revealed quite unexpected air flows, in that : 

- no wing-tip vortex was found around cruise A.O.A. (- 20'). 

- a fairly high vorticing activity was found in the center-part 

of the wing, in spite of sweep angles (< 45O) well below the admitted 

minimum value of - 52' for a vortex flow to be organised over the 

wing. This is almost certainly due to wing twist, which is surprisingly 
Fig. 2 - Wind tunnel arrangement. 

always near to 20°, thus preventing early separation. 

Fig. 3 a) and b) show the results of visualizations respectively made with tufts and smoke, in the tunnel and in 

flight at all AOAs. Fig. 4 indicates the general flow around the wing at cruise angle of attack. 

0(= 10' 0(=18' 0 (=22 '  0(=30' 0(=40" 
rnaxL/= min sink s ta l l  

Fig. 3 - Flow visualization with tufts (a) and smoke (6). 



Possible bur5tin g 

Fig. 4 - Flow visualization, 

cruise A. O.A. 

Two important consequences have to be mentioned. The aerodynamic loading vs. wing-span is less severe than 

expected through a two-dimensional theory. The flow above described remains as long as the shape of the fabric is 

self-adapting to the angle of attack, i.e. between luffing angle and approximately 25'. The latter characteristic pro- 

vides unique capabilities to Rogallo wings in that their flying envelope is significantly increased (by an angle of 10' 

or more) with regard to a normal "rigid" aircraft. Fig. 5 shows the flying envelopes infered from the following defi- 

nition : the usable angles-of-attack AEdare limited by luffing: d luff and stall: dT . 

Fig. 5 - Key A.O.Asused in defining the flight envelopes. 

Under these conditions, one could expect to find numerous non-linearities in the aerodynamic data. In fact, 

there are many, but curiously, the lift coefficient remains pretty linear against H (Fig. 6) as long as the fabric is 

free of luffing and far from stall conditions, which means able to adapt its own shape to the proposed angle of 

attack. The local linearity allows drawing a graph of CLd against aspect ratio h for a l l  the gliders in the study 

(Fig. 7). Then it is possible to compare data of different origins : Fig. 8 and refs. [2, 3, 4, 5, 61. 

But CL is the only coefficient to behave so, and unfortunately the non linearities of the pitching moment CM 

are very strong. Fig. 6 shows typical results obtained at constant wind speed in the tunnel. But these do not repre- 

sent the actual conditions of flying, because the variations of speed induce variable loads on the aluminium 

structure, which is very flexible . Consequently, the shapes of the wings, mainly the billow, are modified, up to 

the point where it was found essential to make tunnel tests at diffeient speeds (precisely 3 speeds in the range 

of 8 to 20 m/s or 18 to 45 m.p.h.1. Fig. 6 shows one example of the necessary interpolation. The impact will be 

analysed in the discussion of longitudinal stability. 
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Fig. 6 - Typical tunnel results. 
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3 4 5 6 A Fig. 8 - Origins of lift gradients used in fig. 7. 

Fig. 7 - Lift gradient vs. aspect ratio. 
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The angles-of-attack limiting the flying envelope, as mentioned above, have to be discussed. The correlated 

analysis of the wing shape and pitching moment at low angle provides a clear explanation of the so-called luffing-dives. 

Fig. 9 shows how quickly and how far the center of pressure moves back when c( decreases, in conjunction with 

a partition of the sail into two parts : 

a) one immediately downstream of the leading edges which flutters and does not provide any lift, 

b) the central part, which is inflated, and probably lifted up by the nose vortices, and which gives a local lift, 

applied in the rear part of the wing. 

Fig. 9 - Mechanism of "aerodynamic luffing" 

This phenomenon is typical of conical wings, obviously very dangerous, and of increased severity with increased 

length of the keel. It could explain many accidents, and will be called "aerodynamic luffing" in this paper. One must 

keep in mind that it happens at positive, but admittedly small, AOA, precisely when the billows are not fully inflated. 

It should not be confused with the cause of tumbling which is  discussed below. 

At negative AOA, the sails tend to invert, but are partly restrained by the cross-spar (if there is one). In that 

case, the shape indicated on Fig. 10 provides a very violent nose-down pitching moment which is able to launch the 

wing in a permanent motion, called tumbling [7]. 

On the other end, the stall can't be defined as precisely as on a normal aircraft, because of the very important 

wing twist. This will necessarily prevent abrupt flow-separation, and systematically provide a nose-down reaction 

of the glider. Thus a Rogallo glider may be fundamentally safe at stall. The stall conditions may be difficult to define 

up to the point that a reference to VItall may no longer be possible. Actually, two events go along with stall. In 

an increase of o( , one first meets a marked kink in the CM = f (c( ) curve at oC (discontinuity on d Cm /da). 
But l ift continues to increase up to i t s  maximum obtained at Mr. Fig. 5 shows the values of Ass = dr - d, 
which are of interest in forecasting the behaviour of the glider at stall. Thus a good correlation was obtained between 

forecast and flight on the stalls obtained after quasi-static slowdowns, the severity of the stall being less with increased 

gap between both events (increased A~oc ). But this does not apply to most of the stalls actually occuring in flight, 

which are more or less dynamic ones, and often more severe than expected. A good study remains to be done on the 
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influence of the local magnitude of CLd on the severity of the stall at a given AS&. 

Fig. 10 - Tumbling. 

FLIGHT MECHANICS 

The first polar curves obtained in the tunnel provided surprisingly high minimum flying speeds, as well as 

scattered typical performance speeds (minimum sink and maximum LID, as presented in fig. 5). The minimas were 

approximately but successfully checked in flight, using a simple but effective instrumentation, which provided through 

telemetry : air-speed, A.O.A., 3-axis-accelerometers, and two structural stresses (Fig. 11 and 12 give the calibrations). 

As an indirect consequence of that verification, we had to consider that a hang-glider i s  often flying in unsteady 

conditions, for example at take-off, landing, initiation of a turn, stall. This is due to the effects of the accelerated 

air-mass around the glider, which probably can't be neglected, and puts a severe limitation on the validity of quasi- 

static models. 

V true 

I . --- 
I I I 0 

0 10 20 30 
'0- true 

Fig. 1 I - Calibration of spoon anemometer. 



b Fig. 12 - Calibration of the angle 

of attack vane. 

--. 
In order to clarify the problem, fig. 14 shows how the actual resulting aelodynamic force R varies in body 

axis. The necessity of equilibrium fixes the center of gravity of the vehicle at a given location for a given o( . 

The overall verification of the calculated performance allowed the estimation of the origins of drag. Fig. 13 
shows the little contribution of pilot's body, but the high level of friction drag. 

I 

60 

50 

40- 

3 0 -  

20-  

lo 

Fig. 13 - Contribution to total drag (typical wing, calculation has to be made in body- 

CD, = 0.06, L/D = 5, V = I0 m/s). axis, using Lilienthal polar curve). 
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If the aerodynamic data CD CL CM were linear, or at least conventional, the intersection G of R and a circle 

centered in 0 would vary regularly. As i t  is not the case, the displacement of point G moves in an odd manner 

against d . 

.? LOW AQBI 

Fig. 14 - Location of  resulting aerodynamic force i n  body axis (unstable wing). 

The problem of longitudinal stability having no analytical solution, a numerical computation was performed, 

giving both pilot's forces F and displacements 8 in body-axis against d . Analysing the significance of these curves 

shows that : 

a) "effortf'- or "control bar free" stability F ( d  ) is typical of stability about 0, pilot's weight being a pure 

pitching moment generator, as seen on figure 15, 

b) "displacement"- or "control bar fixed" stability S ( M )  i s  typical of stability about G, as seen on figure 16. 

The latter being necessarily smaller, "control bar free" stability i s  to be prefered as a safety criterion, which 

would write dF/d d . 

Computations were so organized that F( u )  was the final result to be obtained. As it is rather easy to measure 

pilot forces against speeds F(V) in flight, this was used as means of checking the whole of the calculations. Compa- 

risons are shown on figure 17. 



F 
5 

unsta b l c  forces 

0( 10 10 
10 2 0 30 3O W 

Fig. 15 - "Control bar free" stability. Fig. 16 - "Control bar fixed" stability. 

3 0 1  / SWALLOWTAIL 

Fig. 17 - Comparison of flight test results vs. computations. 



But manyof the gliders in the study still presented significant instabilities at low A.O.A. in spite of having rather 

short keels. Looking at pitching moment curves obtained at different tunnel speeds proved that aeroelastic effects 

often have a negative influence on longitudinal stability at low A.O.A. Figure 18 shows this and gives a physical 

explanation, which was found to be applicable to a wide majority of gliders. The inwards displacement of the front 

part of the leading-edges loosens the fabric around the nose (fig. 191, and local lift dropsdramatically, according to 

Thwaites' and Nielsen's theory on the behaviour of sail wings [8, 91. This i s  a second explanation of the well 

known divergent luffing drives, and will be called "aeroelastic luffing" as opposed to the "aerodynamic luffing" 

described previously. Fortunately, this dangerous effect can be easily suppressed by anchoring one end of the deflectors 

in the middle of the bending part of the leading edges, as shown on figure 18. But, aeroelastic effects on longitudinal 

stability will certainly remain important, and thus become a very effective design parameter for the manufacturer. 

II L E , q ~ i r ~ c ,  E D G E  8 e N P i ~ q  AFFECTS L O N L ~ ~ ~ U D ~ Y ~ L  

S T H ~ ~ L  i T y  rHROiI6,H LOCAL D E C R E R s B  OF t b M X r ' 0 ~  

Fig. 18 - "Aeroelastic luffing". 
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Fig. 19 - Two-dimensional theory of fabric airfoils (Thwaites & Nielsen). 

Fig. 20 - Typical effect of keel camber. 

A more generalized use of Nielsen's and Thwaites' theory shows that there is  a strong relationship between 

longitudinal stability and flying speed. Speed creates tension, and tension governs shape of the profile, as shown on 

figure 19. Consequently a variation of speed can result in a significant displacement of the center of pressurein 

the wrong direction. 

Another feature is favourable to a positive longitudinal stability : the keel camber, as shown on figure 20. 

Lateral stability and handling was found curiously more or less similar with all gliders in the study. It was first 

determined in flight that normal flying allows normal increments of 10' of sideslip, whereas ultimate manoeuvers can 

result in / = 30'. 



Laterally, the most important result is the 

general magnitude of C M j  , which corresponds to 

a marked pitch-down moment. Common sideslip 

effect is to raise the beginning of longitudinal 

instability by several degrees (fig. 21). This results 

in a modification in the shape of the forward wing 

due to sideslip : the fabric tends to flatten itself 

downstream of the leading-edge, and the applica- 

tion of l i f t moves back. The effect on the shape of the 

other wing is negligible in terms of camber. This 

results in a high risk of "tucking into a turn" when 

it is initiated at very low speed, and could explain 

several accidents. 

Lateral stability itself was analysed by means 

Fig. 21 - Effect o f  sideslip on onset o f  longitudinal 
of an old fashioned criterion which looks like the 

instability. "spiral stability" one. 

Its use demonstrated that all gliders in the study would become laterally unstable at both ends of A.O.A. 

envelope because of loss of yawing stability (CNB) at high A.O.A., and because of loss of rolling stability (CQ ) 

at low A.O.A. It was surprising to find such a result, which can't be generalized without care. 

Turning performance was also surprising. The turning equations normally used for aircraft capable of making 
horizontal turns are not adequate for the case of a glidevwith poor LID, which is  only capable of a helicoidal motion. 
An adequate set of equations was used and resulted in the performances given in figure 22. Again, they are rather 
similar with all gliders because of the little scattering in maximum LID. The most important ones are: 

a) it is not possible to make a steady turn if bank angle is bigger than - 60° ; 
b) at a given lower bank angle, there are theoretically two possibilities of making a steady turn, with two 

different A.0.A.s and load factors ; 
c) the rate of descent, or height loss per turn is very sensitive to& at low A.O.A. 

20 4 0  60 

HORIZOIITAL RADIUS 
60 m 

Fig. 22 - Typical wing turn performance. Performance envelope o f  all gliders known. 



STRUCTURE 

In France, in the early years of hang-gliding, no evidence of structural failures was obtained. Some stresses were 

measured in flight or in the tunnel, and no critical figure was found. This was attributed to practical knowledge of the 

manufacturers, and also poor performance (mainly diving speed) of the gliders. Also, the demonstration made about 
turning performance was anything but alarming. But the gliders on the market got improved performances, and some 

problems were encountered. The investigation was started by an analysis of the load factors which may be applied 

in real flight. It appeared that a value of 2 is  difficult to overshoot in steady turn, whereas a symmetric pull-out 
(push-out) would perhaps reach 3 or more. A typical pull-out i s  shown on figure 23. 

L O R D  
FRCTOR 

Fig. 23 - Time-history of a dive recovery. 

Then structure calculations began separately on leading-edges, keels, and cross-spars. That isostatic technique 

did not succeed because it supposed a mandatory partition of the aerodynamic efforts. The real phenomenon required 

a more global approach, which was allowed by the use of a finite element program [lo]. Figure 24 shows a typical 

result, giving both the stresses and displacements. As expected, the use of the program is  easy, but the distribution 

of aerodynamic loading i s  somewhat arbitrary. An effective help was found in using sail  shape identification with 

photography in the tunnel. Close comparison with some flight results and many ground tests gave credit to the 

method. 

Key results are given in figure 25. But the prediction of breaking loads remains difficult, because of the 

scatter found in ground tests. That result will lead to a fairly high safety factor if the calculation i s  accepted as 

a design tool. 



Fig. 24 - Finite elements stresses and displacements as provided by the computer. Swallowtail. Cruise A.O.A. 

SWALLOWTAIL 

Fig. 25 - Comparison of key-stresses 

from computation, flight- and ground-tests. 
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CONCLUSION 

The study was most interesting because of its many aspects and the possibility of constant crosschecking 
between flight and theory. As aircraft, Rogallo wings are really remarkable vehicles. The physical properties 

of a fabric profile which is self-adapting its own shape to A.O.A. provides a very wide flying envelope, and probably 

smoother losses of control. But these shape modifications may induce dangerous stability problems, which can be 

dominated by a good knowledge of aeroelastic effects. Several limits of the flying envelopes were determined, as 

shown on figures 26 to 31. 

But the final aim of the study was a proposal of specifications. Although that question is very difficult to 

answer [ I  I ] ,  it was established that a longitudinal stability criterion should rather refer to "control bar free" curves. 

But the choice of a minimum required value for dF/d ec would be very inadequate because it would result in the 

acceptance of a few gliders which, being very stable, have a very poor maneuverability. A recommended solution 

might be to require neutral stability around cruise conditions (min. sink, and max. LID) and an increasing positive 

stability at low A.O.A. kt stall conditions, the safety problem does not lie in longitudinal stability which is funda- 

mentally very positive, and the certificator's attention should be withdrawn, i f  possible. 

The general problem of hang-gliders acceptance was broadened to the proposal of using two different tools, one 
for aerodynamics and one for structure, Considering that those accidents which are the consequences of aerodynamic 
defects result from abrupt discontinuities (mainly CMdand CM fi ), it was proposed to build a test vehicle, 
temporarily called AUTHOPUL (Automobile pour les Tests et I'HOmologation des Planeurs ul t ra-~6~ers).  This is far 

less precise than a wind-tunnel but i t  is in the financial range of the flying community, and would allow the removal 
of severe instabilities. The second tool is the finite element program for structure calculations, still cross-checked with 

ground tests. 

But consideration of several significant accident reports showed evidence that :he most important effort to be 

made for the safety of lang-gliders lies in the operational field rather than in navigability problems. 

Fig. 26 - Standard. 
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Fig. 30 - Australian shape. 

Fig. 331 - Fledgling I. 
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WIND TUNNEL TESTS OF FOUR FLEXIBLE 
ThJING ULTRALIGHT GLIDERS 
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Moffe t t  F i e l d ,  C a l i f .  94035 

SUMMARY 

The aerodynamic l i f t ,  d rag ,  and p i t c h i n g  moment c h a r a c t e r i s t i c s  of four  
f u l l  s c a l e ,  f l e x i b l e  wing, u l t r a l i g h t  g l i d e r s  were measured i n  t h e  
s e t t l i n g  chamber of a low speed wind tunnel .  The g l i d e r s  were t e s t e d  
over a wide range of ang le  of a t t a c k  and a t  two d i f f e r e n t  v e l o c i t i e s .  
P a r t i c u l a r  a t t e n t i o n  was devoted t o  t h e  l i f t  and p i t c h i n g  moment behavior  
a t  low and nega t ive  ang le s  of a t t a c k  because of t h e  p o t e n t i a l  l o s s  of 
l o n g i t u d i n a l  s t a b i l i t y  of f l e x i b l e  wing g l i d e r s  i n  t h i s  regime. The 
t e s t  r e s u l t s  were used t o  e s t ima te  t h e  performance and l o n g i t u d i n a l  con- 
t r o l  c h a r a c t e r i s t i c s  of t h e  g l i d e r s .  

INTRODUCTION 

The f l e x i b l e  wing u l t r a l i g h t  g l i d e r  has  evolved r a p i d l y  w i t h i n  t h e  l a s t  
s e v e r a l  y e a r s ,  and now b e a r s  l i t t l e  resemblance t o  t h e  o r i g i n a l  parawing 
conf igu ra t ion  developed by NASA. This  evo lu t ion  has  been cha rac t e r i s ed  
mainly by c u t  and t r y  f l i g h t  t e s t i n g  r a t h e r  than  t h e  a p p l i c a t i o n  of 
a n a l y t i c a l  design techniques o r  convent ional  wind tunne l  t e s t i n g .  While 
t h e  evo lu t iona ry  mode of development has  y i e lded  r e l a t i v e l y  advanced 
conf igu ra t ions ,  l i t t l e  p r e c i s e  informat ion  e x i s t s  about t h e  aerodynamic 
c h a r a c t e r i s t i c s  of t h e s e  g l i d e r s .  Such information,  p re fe rab ly  obtained 
from c a r e f u l  f u l l  s c a l e  wind tunne l  t e s t i n g ,  would be u s e f u l  f o r  numerous 
purposes.  For example v i r t u a l l y  no a c c u r a t e  informatioli  on maximum l i f t  
c o e f f i c i e n t s  o r  maximum l i f t - t o d r a g  r a t i o  e x i s t s .  Measuring t h e s e  charac- 
t e r i s t i c s  would be  h e l p f u l  i n  guiding f u t u r e  des ign  ref inements  t o  enhance 
performance. Accurate  test d a t a  on p i t c h i n g  moment c h a r a c t e r i s t i c s  is 
needed because even t h e  b a s i c  s t a t i c  l o n g i t u d i n a l  s t a b i l i t y  and c o n t r o l  
c h a r a c t e r i s t i c s  of f l e x i b l e  wing g l i d e r s  depend on complex a e r o e l a s t i c  



behavior  of t h e  f l e x i b l e  sa i l  and frame. I n  c e r t a i n  unusual f l i g h t  con- 
d i t i o n s ,  a  l o s s  of l o n g i t u d i n a l  s t a b i l i t y  may occur ,  which is be l ieved  
t o  have con t r ibu ted  t o  i n - f l i g h t  s t r u c t u r a l  f a i l u r e s .  The i d e n t i f i c a t i o n  
and s o l u t i o n  of such problems is hindered by a l a c k  of accu ra t e  aerodynamic 
p i t c h i n g  moment d a t a  f o r  va r ious  g l i d e r  conf igura t ions .  

The p r e s e n t  experiments were undertaken t o  provide  a  l i m i t e d  amount of 
t e s t  d a t a  on t h e  l i f t ,  drag,  and p i t c h i n g  moment c h a r a c t e r i s t i c s  of fou r  
t y p i c a l  f l e x i b l e  wing u l t r a l i g h t  g l i d e r s .  The tests were c a r r i e d  ou t  
us ing  convent ional  equipment and in s t rumen ta t ion  i n  t h e  s e t t l i n g  chamber 
of a sma l l  s c a l e  subsonic wind tunnel .  Because of c e r t a i n  l i m i t a t i o n s  of 
t he  f a c i l i t y  and equipment, t h e  range and accuracy of t h e  r e s u l t s  a r e  less 
than might be d e s i r a b l e ;  neve r the l e s s  u s e f u l  information is provided, and 
t h e  f e a s i b i l i t y  of t h e  p re sen t  techniques was evaluated.  

NOTATION 

p i l o t  f l a t  p l a t e  drag  a r e a ,  f t  
2  

wing span, f  t 

average chord, ~ / b ,  f t  

l i f t  c o e f f i c i e n t  , L / ~ S  

drag  c o e f f i c i e n t ,  D / ~ S  

p i l o t  drag c o e f f i c i e n t  , A ~ / S  

p i t c h  moment c o e f f i c i e n t ,  M / ~ s ~  

aerodynamic drag ,  l b  

p i l o t  c o n t r o l  f o r c e ,  p u l l  f o r c e  p o s i t i v e ,  l b  

aerodynamic l i f t ,  l b  

d i s t a n c e  between p i l o t  t e t h e r  p o i n t  and a p p l i c a t i o n  p o i n t  
of Fc, f t  

l i f t - t o -d rag  r a t i o ,  inc luding  p i l o t  d rag  cL/(cD+CD ) 
P 

aerodynamic p i t c h  moment about p i l o t  t e t h e r  p o i n t ,  
p o s i t i v e  nose up, f t - l b  

2 
dynamic p re s su re ,  1/2p V , l b / f t  

2 

r a t e  of s i n k ,  V s i n ( t a ~ ' D / ~ ) ,  f t /min  



pro jec t ed  wing a r e a ,  f t  2 

v e l o c i t y ,  f t / s e c ( o r  mph) 

g l i d e r  empty weight ,  l b  

p i l o t  weight ,  l b  

wing loading ,  l b / f  t2 

angle  of a t t a c k ,  measured wi th  r e s p e c t  t o  k e e l  chord l i n e ,  
degrees 

a i r  d e n s i t y ,  s l u g s / f t  3  

TEST APPARATUS 

The g l i d e r s  were t e s t e d  i n  t h e  30- X 33-ft  s e t t l i n g  chamber of a  7- X 10-ft  
subsonic wind tunnel .  Maximum v e l o c i t y  i n  t h e  s e t t l i n g  chamber is  approxi- 
mately 18  mph, bu t  t h e  t e s t  v e l o c i t y  was l imi t ed  t o  15.8 mph due t o  s t r a i n  
gage ba lance  load  l i m i t s .  The g l i d e r s  were mounted 10  f t  above t h e  f l o o r  
of t h e  s e t t l i n g  chamber a t  t h e  top  of t h e  main support  s t r u t  shown i n  Fig- 
u r e  1. The g l i d e r s  were mounted d i r e c t l y  t o  a  T-bar adapter  frame which 
clamped t o  t h e  g l i d e r s '  t r i a n g u l a r  c o n t r o l  ba r .  The upper end of t h e  T-bar 
frame w a s  a t t ached  d i r e c t l y  t o  t h e  forward end of a  six-component s t r a i n  
gage ba lance  which i n  t u r n  was mounted on top of t h e  main support  s t r u t .  
Details of t h e  mounting system a r e  shown i n  F igure  2. With t h i s  system, 
t h e  ba lance  moment c e n t e r  was loca t ed  ve ry  c l o s e  t o  t h e  p i l o t  t e t h e r  p o i n t  
of t h e  g l i d e r  which was taken t o  be  t h e  aerodynamic f o r c e  and moment r e f -  
e rence  c e n t e r  of t h e  g l i d e r .  The ba l ance  mount could be  r o t a t e d  by remote 
c o n t r o l  t o  v a r y  t h e  g l i d e r  ang le  of a t t a c k .  No p rov i s ion  was made f o r  
s imula t ing  p i l o t  d rag  e f f e c t s .  Drag measurements were made of t h e  g l i d e r s  
a lone  except  f o r  t h e  sma l l  a d d i t i o n a l  c o n t r i b u t i o n  of t h e  T-bar adapter  
frame drag. 

The s t r a i n  gage ba lance  had a normal f o r c e  capac i ty  of 1400 l b ,  an  
axial f o r c e  capac i ty  of 280-lb and a r o l l i n g  moment c a p a c i t y  of 1200-in- 
l b .  Tunnel tu rbulence  and s m a l l  l a t e r a l  asymmetries of t h e  g l i d e r s  
produced h igh  r o l l i n g  moments r e l a t i v e  t o  t h e  ba lance  r o l l  moment cap- 
a c i t y  and t h u s  l i m i t e d  t h e  maximum t e s t  v e l o c i t i e s .  Because of t h e  low 
aerodynamic d rag  a t  t h e s e  v e l o c i t i e s ,  and t h e  r e l a t i v e l y  h igh  ba lance  
a x i a l  f o r c e  capac i ty ,  t h e  accuracy of t h e  drag measurements was moderately 
low. The compromise between ba lance  accuracy and capac i ty  r e s u l t e d  from 
t e s t i n g  very  l a r g e  span models a t  low v e l o c i t i e s  us ing  a  s t r a i n  gage 
ba lance  designed f o r  smal l ,  h igh  speed models, The aerodynamic l i f t  and 
p i t c h  moment were measured wi th  accep tab le  accuracy. 



The four  g l i d e r s  t e s ted  were t y p i c a l  of intermediate t o  moderately high 
performance f l e x i b l e  wing u l t r a l i g h t  g l ide r s .  Wing spans ranging from 
25 t o  30 f t  were chosen i n  order t o  minimize tunnel  wal l  in te r fe rence  
e f f e c t s  a s  much a s  poss ib le  i n  t h e  33-ft wide s e t t l i n g  chamber test sect ion.  
Glider geometric parameters a r e  l i s t e d  i n  Table 1 and the  wing planforms 
a r e  i l l u s t r a t e d  i n  Figure 3. The F lex i  2 and Cirrus 3 a r e  intermediate per- 
formance g l i d e r s  having moderate b i l low s a i l s .  The Astro and Mirage a r e  
moderate t o  high performance g l i d e r s  wi th  higher aspect  r a t i o  and low t o  
zero b i l low s a i l s .  Both have semi-floating t i p  r i b s  t h a t  l i m i t  t h e  minimum 
wing t i p  washout i n  order t o  prevent t h e  development of l a r g e  negative aero- 
dynamic pi tching moments a t  low o r  negative angles of a t t ack .  The Astro was 
t e s t e d  both with and without t h e  f l o a t i n g  r i b s  i n s t a l l e d  t o  assess  t h e i r  
ef fec t iveness .  The Mirage was equipped with s t i f f  cambered aluminum a i r f o i l  
r i b s ;  the  o ther  th ree  g l i d e r s  used f l e x i b l e  p l a s t i c  or  f i b e r g l a s s  bat tens .  
Each of the  g l i d e r s  is shown mounted i n  t h e  wind tunnel s e t t l i n g  chamber i n  
Figure 4. 

The t e s t  procedures were straightforward.  After  making wind off measure- 
ments t o  obta in  model weight t a r e s  a s  a funct ion of angle of a t t a c k ,  the  
g l i d e r s  were t e s ted  a t  two d i f f e r e n t  tunnel  v e l o c i t i e s .  The angle of 
a t t a c k  was var ied  while t h e  tunnel  ve loc i ty  was held constant .  This pro- 
duced a v a r i a b l e  s a i l  loading which resu l t ed  i n  d i f f e r e n t  wing a e r o e l a s t i c  
deformations than would occur i n  normal l g  f l i g h t .  This loading e f f e c t  
w i l l  be discussed i n  more d e t a i l  below. Each g l i d e r ' s  t e s t  angle of a t t a c k  
range was constrained by balance r o l l  moment l i m i t s .  A t  t he  higher tunnel  
v e l o c i t y  a smaller  range of angle of a t t a c k  was t e s ted  than a t  t h e  lower 
ve loc i ty .  

The da ta  was processed a s  follows, For each test po in t ,  t e n  sets of balance 
d a t a  were taken and averaged t o  minimize the  e f f e c t s  of tunnel  turbulence 
and s c a t t e r  i n  the  balance readings. Wind tunnel  wa l l  correc t ions  were 
made t o  cor rec t  t h e  geoiaetric angle of a t t a c k  f o r  t h e  induced upwash of t h e  
tunnel  boundaries. A t  high l i f t  t h e  induced angle was about 2.5'. The 
model fo rces  were resolved i n t o  l i f t  and drag components i n  t h e  corrected 
( fo r  induced angle) wind a x i s  system. No other  tunnel  blockage, bouy- 
ancy, o r  support in te r fe rence  correc t ions  were made. The data  was reduced 
t o  coef f i c ien t  form based on t h e  projected wing area  (not t h e  f l a t  s a i l  
p a t t e r n  areas)  and t h e  wing average chord (wing a rea  divided by wing span). 
The angle of a t t a c k  was taken t o  be t h e  kee l  angle of a t t ack .  The moment 
center  f o r  p i t ch ing  moments was taken a s  t h e  p i l o t  t e t h e r  point .  As noted 
above, the  balance accuracy was l imi ted  by a combination of low aerodynamic 
fo rce  l e v e l s  and high balance f o r c e  capac i t i e s .  While it is d i f f i c u l t  t o  
determine p rec i se  accuracies,  t h e  following are believed t o  be reasona- 
b l e  es t imates  of t h e  accuracy of t h e  da ta  presented below: CL = - + .05, 

CD = - + .03, and C, = + .02. 

EFFECT OF TEST LIMITATIONS 

Before presenting t h e  t e s t  r e s u l t s  i t  w i l l  be  useful  t o  d iscuss  t h e  
s ign i f i cance  of the  two important l imi ta t ions  of the  tunnel  f a c i l i t y  used 
f o r  t h e  present  tests. F i r s t ,  i t  must be emphasized t h a t  the  wind tunnel  



test r e s u l t s  were obtained under condit ions d i f f e r e n t  from those experienced 
by a g l i d e r  i n  steady s t a t e  f l i g h t  (unaccelerated l g  f l i g h t ) .  Aside from 
measurement e r r o r s  and wind tunnel  wa l l  e f f e c t s ,  t e s t i n g  a t  constant  ve loc i ty  
(as i n  t h e  present  t e s t s )  generates a e r o e l a s t i c  e f f e c t s  t h a t  a l t e r  t h e  
measured r e s u l t s  from r e s u l t s  t h a t  would be obtained by an exact duplica- 
t i o n  of a c t u a l  f l i g h t  condit ions,  Keeping t h e  ve loc i ty  constant  a s  t h e  
g l i d e r  angle of a t t a c k  i s  var ied  changes the  t o t a l  aerodynamic s a i l  loading 
a t  each angle of a t t ack .  I n  s teady l g  f l i g h t  the  angle of a t t a c k  and ve loc i ty  
automatical ly change i n  such a way t h a t  the  r e s u l t a n t  aerodynamic fo rce  remains 
constant and equal t o  t h e  t o t a l  weight of t h e  g l i d e r  and p i l o t .  Therefore, f o r  
a given angle of a t t a c k  t h e  tunnel  t e s t  condit ion and the  a c t u a l  f l i g h t  con- 
d i t i o n  would not  i n  general  produce t h e  same l e v e l  of aerodynamic load ac t ing  
on the  s a i l .  Since d i f f e r e n t  loads would generate d i f f e r e n t  a e r o e l a s t i c  de- 
f l e c t i o n s  of the  g l i d e r  s a i l  and frame, the  aerodynamic c o e f f i c i e n t  da ta ,  par- 
t i c u l a r l y  t h e  p i t c h  moment c o e f f i c i e n t ,  would be d i f f e r e n t  f o r  t h e  two con- 
d i t i o n s ~ .  The s a i l  loading e f f e c t  is a l s o  expected t o  be more pronounced f o r  
more f l e x i b l e  s t r u c t u r e s  and higher b i l low s a i l s .  

Of course it would be poss ib le  t o  dup l ica te  t h e  a e r o e l a s t i c  e f f e c t s  of 
s teady f l i g h t  condit ions i n  the  wind tunnel  by appropr ia te ly  varying the  
tunnel  v e l o c i t y  a s  a funt ion of angle of a t t a c k  t o  maintain a constant  
aerodynamic loading,  o r  vary t h e  angle of a t t a c k  f o r  a l a r g e  number of 
test v e l o c i t i e s  and crossplot  the  r e s u l t s  f o r  a constant  load condition. 
This procedure was not  f e a s i b l e  f o r  t h e  present  t e s t i n g  because tunnel  
and balance l i m i t a t i o n s  did not  permit t e s t i n g  a t  a s u f f i c i e n t l y  high range 
of v e l o c i t i e s .  However t h e  r e s u l t s  t h a t  Are presented fo r  two d i f f e r e n t  t e s t  
v e l o c i t i e s  do show t h e  v a r i a t i o n s  t h a t  would be  an t i c ipa ted  from changes i n  
s a i l  loading. 

Because of t h e  r e l a t i v e l y  small test sec t ion  s i z e  compared t o  t h e  g l i d e r  
wing spans, the  data  i s  s i g n i f i c a n t l y  influenced by induced flow e f f e c t s  
of the  tunnel  f l o o r  and w a l l  boundaries. As  noted above, a correc t ion is  
made f o r  t h e  induced angle  of a t t a c k  which accounts f o r  t h e  f i r s t  order 
e f f e c t s  of t h e  tunnel  wa l l s  on wing angle of a t t a c k  and t h e  wing induced 
drag. It does not however, account f o r  the  e f f e c t  of a l t e r i n g  t h e  wing 
span load d i s t r i b u t i o n  and t h e  r e s u l t a n t  secondary e f f e c t  on induced 
drag, For t h e  l a r g e r  span g l i d e r s  t e s ted ,  t h i s  wa l l  e f f e c t  increases  
the  loading a t  t h e  wing t i p s  and would be  expected t o  s l i g h t l y  reduce 
t h e  measured drag by reducing the  induced drag. This i s  due t o  t h e  f a c t  
t h a t  f l e x i b l e  wing g l i d e r s  genera l ly  exh ib i t  s u b s t a n t i a l  t i p  washout which 
degrades t h e  span load d i s t r i b u t i o n  by reducing the  l o c a l  sec t ion  angle 
of a t t a c k  a t  t h e  t i p s .  The e f f e c t  of w a l l  in te r fe rence  is t o  make up p a r t  
of the  l i f t  l o s t  t o  washout. Another e f f e c t  of increasing t h e  wing t i p  
loading due t o  wa l l  e f f e c t s  would be t o  promote t i p  s t a l l i n g  compared t o  
f r e e  a i r  t e s t i n g .  The e f f e c t i v e  reduction i n  washout due t o  wa l l  induced 
e f f e c t s  a t  high l i f t  condit ions was n o t  excessive however, being on the  
order of lo t o  2'. 

RESULTS 

Two sets of r e s u l t s  a r e  presented. F i r s t  the  l i f t ,  drag, and p i t c h  
moment c o e f f i c i e n t s  a s  a funct ion of angle of a t t a c k  f o r  two test vel-  



o c i t i e s  a r e  presented  f o r  t h e  f i v e  d i f f e r e n t  g l i d e r  con f igu ra t ions  t e s t e d  
( F l e x i  2,  C i r r u s  3,  Mirage, Astro,  and modified Astro without  f l o a t i n g  
t i p  r i b s ) .  The second s e t  of r e s u l t s  g ives  t h e  l o n g i t u d i n a l  c o n t r o l  and 
performance c h a r a c t e r i s t i c s  der ived  from t h e  b a s i c  wind tunne l  test da ta .  
For t h e s e  r e s u l t s ,  an  a r b i t r a r y  p i l o t  drag increment is added t o  t h e  drag  
d a t a  of each g l i d e r .  

F igures  5 through 9 show C 
L' C ~ )  

and C ys a f o r  a l l  of t h e  g l i d e r  con- m 
f i g u r a t i o n s .  The d a t a  p o i n t s  a r e  l a b e l l e d  a c c  rd ing  t o  t h e  measured t e s t  9 dynamic p re s su re ,  q10.25, 0.38, and 0.64 l b / f t  . For s tandard  s e a  l e v e l  
d e n s i t y  t h e  corresponding test v e l o c i t i e s  f o r  t h e s e  t h r e e  dynamic p re s su res  
a r e  V=9.9, 12.2, and 15.8 mph r e spec t ive ly .  General ly  t h e  e f f e c t s  of in-  
c r eas ing  dynamic p r e s s u r e  a r e  t o  i n c r e a s e  s a i l  loading,  i n c r e a s e  washout, 
and thereby  reduce t h e  l i f t  c o e f f i c i e n t  s l i g h t l y  and i n c r e a s e  t h e  p i t c h  
moment. F igures  10-12 compare t h e  f a i r e d  l i f t ,  drag,  and p i t c h i n g  moment 
curves  of t h e  f i v e  con f igu ra t ions ,  This  comparison provides t h e  most con- 
sise summary of t h e  b a s i c  r e s u l t s .  General ly  t h e  g l i d e r s  can  be d iv ided  
i n t o  two r e l a t i v e l y  d i s t i n c t  c a t e g o r i e s ,  each having c e r t a i n  unique aero- 
dynamic f e a t u r e s .  F i r s t  a r e  t h e  low aspec t  r a t i o ,  moderate b i l l o w  g l i d e r s ,  
t he  F l e x i  2 and t h e  C i r r u s  3. Second a r e  t h e  h igher  a spec t  r a t i o  low b i l l ow 
g l i d e r s  wi th  t h e  f l o a t i n g  t i p  r i b s ,  t h e  Mirage and Astro. 

Consider t h e  l i f t  curves i n  F igure  10, The low aspec t  r a t i o  g l i d e r s  ex- 
h i b i t  a d i s t i n c t  ze ro  s l o p e  n o n l i n e a r i t y  i n  t h e  reg ion  of ze ro  l i f t  due 
t o  s a i l  l u f f i n g ,  With t h e  s a i l  loaded,  t h e  l i f t  curves are q u i t e  l i n e a r ,  
and no s i g n  of s t a l l  i s  ev iden t  even a t  h igh  angles  of a t t a c k  and r e l a t i v e l y  
h igh  l i f t  c o e f f i c i e n t s  (maximum ang le  of a t t a c k  was l imi t ed  by ba lance  
l o a d s ) .  The h igh  a spec t  r a t i o  g l i d e r s  e x h i b i t  v i r t u a l l y  no l u f f i n g  be- 
hav io r  i n  t h e  zero  l i f t  reg ion ,  except  f o r  a mild cu rva tu re  of t h e  l i f t  
curves  n e a r  zero  l i f t .  S t a l l  begins  a t  moderate angles  of a t t a c k  and 
maximum l i f t  c o e f f i c i e n t s  of about 1 .4 are exh ib i t ed  wi th  ve ry  g e n t l e  
s t a l l  behavior .  The modified Ast ro  develops more l i f t  a t  low angles  of 
a t t a c k  than t h e  s tandard  Ast ro  con f igu ra t ion  due t o  reduced t i p  washout 
wi th  t h e  f l o a t i n g  t i p s  removed. I f  t h e  wing were more h igh ly  loaded a t  
low ang le s  of a t t a c k ,  t h e s e  d i f f e r e n c e s  would be  much sma l l e r .  

The d rag  curve comparisons a r e  g iven  i n  F igure  11 and no major s u r p r i s e s  
a r e  t o  be  found, A s  i nd ica t ed  e a r l i e r  t h e  a b s o l u t e  accuracy of t h e  drag 
curves is  l e s s  t han  des i r ed  bu t  t h e  t r ends  appear reasonable ,  The h igh  
a spec t  r a t i o  con f igu ra t ions  e x h i b i t  a r a t h e r  abrupt  i n c r e a s e  i n  t h e  s l o p e  
of t h e  drag  curve  between l o 0  t o  l Z O  ang le  of a t t a c k .  Visua l  observa t ions  
of wool t u f t s  a t t a c h e d  t o  t h e  upper wing s u r f a c e  ind ica t ed  t h a t  t h e  drag  
rise p o i n t  coincided w i t h  t h e  onse t  of f low sepa ra t ion .  The s e p a r a t i o n  
began a t  t h e  wing t i p s  and extended gradual ly  inboard from t h e  t i p s  a s  t h e  
ang le  of a t t a c k  increased .  The wing r o o t  became s t a l l e d  only  a t  t h e  h ighes t  
angles  of a t t a c k  t e s t e d ,  approximately 30' t o  35O. 

The p i t c h i n g  moment curves i n  F igure  12 a r e  p a r t i c u l a r l y  i n t e r e s t i n g .  It 
is  be l i eved  t h a t  t h e  a r t i f i c i a l  loading  cond i t i ons  produced dur ing  t h e  
tunne l  t e s t i n g  inf luenced  both  t h e  a b s o l u t e  p i t c h  moment l e v e l s  as w e l l  
a s  t h e  s l o p e  of t h e  p i t c h  moment curves.  Therefore only  c e r t a i n  con- 
c l u s i o n s  can b e  drawn, 'P i r s t  cons ider  t h e  low aspec t  r a t i o  g l i d e r s  f o r  



which t h e  loading e f f e c t s  a r e  bel ieved most pronounced. I n  t h e  normal 
angle of a t t a c k  range t h e  p i t c h  moments a r e  negative,  i . e e  the re  is  no 
zero moment trim point .  I f  r e s u l t s  were ava i l ab le  a t  higher v e l o c i t i e s  
and the  r e s u l t s  were crossplot ted  f o r  a constant  loading condit ions,  i t  
is believed t h a t  these  curves would i n d i c a t e  trimmed (C =0) s t a b l e  
(dC /ddO) behavior a t  a reasonable angle of a t t a c k  ( a  ' ~ ~ 1 5 0 ) .  As they 
staqd the  r e s u l t s  show l a r g e r  negative values and lower slopes than a r e  
consis tent  wi th  otjserved con t ro l  c h a r a c t e r i s t i c s  of these  p a r t i c u l a r  
g l ide r s .  A t  negative angles of a t t a c k ,  t h e  s a t l s  of t h e  low aspect  r a t i o  
g l i d e r s  become unloaded, and col lapse  agains t  the  g l i d e r  crossbar s t ruc-  
t u r e  r a d i c a l l y  a l t e r i n g  t h e  wing camber and twis t .  The r e s u l t  is negative 
washout a t  t h e  wingtips,  and l a r g e  e f f e c t i v e  camber near t h e  root  of t h e  
wing, both of which contr ibute  t o  y ie ld  a l a r g e  negative p i t c h  moment. 
The p r a c t i c a l  s ign i f i cance  of these  r e s u l t s  i s  t h a t  i f  t r a n s i e n t  negative 
angle of a t t a c k  condit ions were encountered i n  f l i g h t ,  a divergent  p i t c h  
i n s t a b i l i t y  could poss ib ly  r e s u l t .  

The high aspect  r a t i o ,  low bi l low g l i d e r  configurat ions compared i n  Figure 
12 exh ib i t  q u i t e  d i f f e r e n t  behavior although t h e  s a i l  loading e f f e c t s  s t i l l  
appear t o  be s i g n i f i c a n t  because of the  inconsistency between the  measured 
and observed f l i g h t  t r i m  c h a r a c t e r i s t i c s .  The most s i g n i f i c a n t  depar ture  
from the  low aspect  r a t i o  g l i d e r s  is  t h a t  t h e  Astro and Mirage exh ib i t  
a p o s i t i v e  increment i n  p i t c h  moment a s  the  s a i l  unloads i n  t h e  zero l i f t  
region. It is i n t e r e s t i n g  t h a t  t h i s  phenomenon manifests  i t s e l f  i n  t h e  
moment curve but  not  t h e  l i f t  curve. The increase  i n  moment i s  believed 
due t o  t h e  e f f e c t i v e  increase  i n  washout ( i , e .  wing twis t )  a s  t h e  inboard 
por t ion  of t h e  wing unloads and s e t t l e s  onto ( t r a i l i n g  edge down) t h e  
wing cross  spar.  While t h e  f l o a t i n g  t i p  r i b s  of t h e  Astro a r e  e f f e c t i v e  
i n  maintaining s u f f i c i e n t  washout t o  produce p o s i t i v e  p i t ch  moments a t  low 
and negative angles of a t t a c k ,  t h e  lower minimum angle of the  Mirage f l o a t -  
ing t i p  r i b  was evident ly  i n s u f f i c i e n t  t o  produce comparable r e s u l t s .  In te r -  
e s t ing ly ,  while t h e  modified Astro ( t i p  r i b  removed) did exh ib i t  much lower 
p i t c h  moment a t  negative angles of a t t a c k  compared t o  the standard Astro, it 
a l so  exhibi ted  a p o s i t i v e  moment increment a t  the  zero l i f t  point .  It was 
an t i c ipa ted  t h a t  t h i s  conf igura t ion would exh ib i t  t h e  opposite behavior, i . e .  
a negative p i t c h  moment increment due t o  l o s s  of washout a t  negative l i f t  
s imi la r  t o  t h e  low aspect  r a t i o  g l ide r s .  A poss ib le  explanation of t h i s  
behavior is t h a t  camber v a r i a t i o n s  of t h e  pre-tensioned, zero-billow s a i l  
counteracted t h e  l o s s  of washout a t  zero l i f t  condit ions.  

To summarize t h e  p i t c h  moment r e s u l t s ,  t h e  low bil low, tip-rib-supported 
configurat ions exhibited more favorable p i t c h  moment c h a r a c t e r i s t i c s  a t  
negative angles of a t t a c k  than did  the  lower aspect  r a t i o ,  l a r g e r  b i l low 
s a i l  configurat ions.  

Final ly ,  t h e  high aspect  r a t i o  configurat ions exhibited s t a b l e  p i tching 
moment changes a t  s t a l l ,  i .e .  an increased negative slope of t h e  moment 
curve. (The low aspect  r a t i o  g l i d e r s '  test angles of a t t a c k  d id  not  
extend i n t o  t h e  s tal l  region.) This is  somewhat su rpr i s ing  i n  view of 
the  observed separa t ion a t  t h e  wing t i p s  and the  we l l  known tendency of 
moderate and high aspect  r a t i o  swept wings t o  exh ib i t  pitchup tendencies 



a t  s ta l l .  It is  p o s s i b l e  t h a t  t h e  h igh  twist of t h e  p re sen t  f l e x i b l e  
wing conf igu ra t ions  he lps  t o  prevent  such behavior .  

The second set of r e s u l t s  i n  F igures  13-17 was prepared t o  i l l u s t r a t e  
t h e  a p p l i c a b i l i t y  of t h e  wind tunne l  t e s t  d a t a  t o  performance and long- 
i t u d i n a l  c o n t r o l  p r e d i c t i o n s  and t o  i n d i c a t e  t y p i c a l  f l i g h t  charac te r -  
istics of t h e  g l i d e r  types t e s t e d .  'For t hese  r e s u l t s ,  a  nominal wing 
loading  based on manufacturer s p e c i f i c a t i o n s  was assigned t o  each g l i d e r  
and an  incrementa l  p i l o t  d rag  c o e f f i c i e n t  was a l s o  added t o  t h e  drag  coef- 
f i c i e n t  t e s t  da t a .  This  drag  was sca l ed  t o  p i l o t  s i z e  which was r e l a t e d  
t o  p i l o t  weight.  The p i l o t  weight was determined by t h e  i n d i v i d u a l  g l i d e r  
empty weight and t h e  assigned wing loadings.  The p i l o t  d rag  t o  weight 
r e l a t i o n s h i p  i s  g iven  by t h e  fo l lowing  formula 

This  is based on assuming a f l a t  p l a t e  drag  a r e a  of 2.5 f t 2  f o r  a  160-lb 
p i l o t  and r e l a t i n g  p i l o t  s i z e  t o  weight by a  square-cube r e l a t i o n .  Table 
2 g ives  t h e  r e l e v a n t  parameters  f o r  p i l o t  d rag  c a l c u l a t i o n s  f o r  each g l i d e r .  
The g l i d e r  a i r speed ,  s i n k  r a t e ,  and c o n t r o l  f  r c e s  werg c a l c u l a t e d  f o r  - 9 s tandard  s e a  l e v e l  cond i t i ons  P = 2.378X10 s l u g / f t  us ing  appropr i a t e  
r e l a t i o n s .  The c o n t r o l  f o r c e s  were determined from t h e  fo l lowing  
r e l a t i o n  

where & was assumed t o  be  5.0 f t  f o r  a l l  t h e  g l i d e r s .  This  r e l a t i o n  
assumes chat  t h e  p i t c h  moment c o e f f i c i e n t  i s  taken about t h e  p i l o t  t e t h e r  
p o i n t  and t h a t  t h e  p i l o t  c o n t r o l  f o r c e . i s  app l i ed  t o  t h e  c o n t r o l  b a r  a  
d i s t a n c e  R from t h e  t e t h e r  p o i n t .  

A s  d i scussed  above, t h e  e f f e c t s  of t h e  t e s t  loading  condi t ions  a r e  n o t  
be l i eved  very  s i g n i f i c a n t  f o r  l i f t  and drag  c o e f f i c i e n t  d a t a  and thus  t h e  
LID and s i n k  r a t e  performance a r e  be l i eved  t o  be  reasonably v a l i d  i n  t h i s  
r e spec t .  The low accuracy of t h e  drag  c o e f f i c i e n t  d a t a  does l i m i t  t h e  abso- 
l u t e  accuracy of t h e  performance d a t a ;  t h e r e f o r e ,  v a l i d  comparisons between 
t h e  d i f f e r e n t  g l i d e r  types cannot b e  made. Again, t h e  v a r i a t i o n s  i n  LID and 
R/S w i t h  a i r speed  a r e  more accu ra t e .  F i n a l l y  because t h e  test loading  con- 
d i t i o n s  have a  s u b s t a n t i a l  e f f e c t  on t h e  p i t c h  moment c o e f f i c i e n t  r e s u l t s ,  
t h e  c o n t r o l  f o r c e  v a r i a t i o n s  w i t h  v e l o c i t y  a r e  n o t  f u l l y  r e p r e s e n t a t i v e  of 
a c t u a l  f l i g h t  cond i t i ons .  

F igures  13-17 i n d i c a t e  t h a t  maximum LID va lues  occur  only f o r  a r e l a t i v e l y  
narrow v e l o c i t y  range;  t h e  minimum s i n k  r a t e  is  n o t  q u i t e  so  s e n s i t i v e  t o  
v e l o c i t y .  For t h e  Ast ro  and Mirage, t h e  minimum s i n k  rate cond i t i on  coin- 
c i d e s  w i t h  t h e  p o i n t  where wool t u f t  observa t ions  ind ica t ed  t h e  onse t  of 
flow sepa ra t ion .  The e f f e c t s  of test v e l o c i t y  a r e  r e l a t i v e l y  smal l  f o r  
L/D and s i n k  r a t e ,  b u t  a r e  more s u b s t a n t i a l  f o r  t h e  l o n g i t u d i n a l  c o n t r o l  
fo rce .  Even though t h e  p i t c h  moment c o e f f i c i e n t  d a t a  was gene ra l ly  
nega t ive ,  t h e  r e s u l t i n g  c o n t r o l  f o r c e s  a r e  n o t  excessive.  A p o s i t i v e  



slope of t he  control  fo rce  versus ve loc i ty  curve indicates  a s t a t i c a l l y  
s t ab l e  configuration. Nearly a l l  configurations show a very s t ab l e  slope 
near the minimum f l i g h t  speed. The Astro shows a reasonably wel l  behaved 
control  fo rce  var ia t ion  t h a t  i s  s t ab l e  a t  a l l  ve loc i t i e s ,  t r i m s  t o  zero 
force  (although a t  a ra ther  un rea l i s t i c  53 mph) and exhibi ts  a l a rge  in- 
crease i n  s t a b i l i t y  a t  s t a l l .  Final ly ,  the  high l i f t  coef f ic ien t s  y ie ld  
r e l a t i ve ly  low minimum ve loc i t i e s .  

For comparison purposes, the  fa r ied  LID and s ink  r a t e  curves a r e  given i n  
Figures 18 and 19. 

CONCLUDING REMARKS 

Testing of f u l l  sca le  f l ex ib l e  wing u l t r a l i g h t  g l iders  i n  the  s e t t l i n g  
chamber of a subsonic wind tunnel provided useful  information about the  
g l ider  aerodynamic charac te r i s t i cs .  The l imi ta t ion  on maximum t e s t  ve loc i ty  
prevented f u l l  simulation of load conditions corresponding t o  normal f l i g h t .  
Two low aspect r a t i o  moderate bil low g l i de r s  exhibited s a i l  lu f f ing  e f f e c t s  
i n  the  l i f t  curves, increased negative pitching moment a t  negative angles 
of a t tack,  and evidence of high maximum l i f t  coef f ic ien t s .  The higher aspect 
r a t i o ,  low billow configuration l i f t  curves showed only minor evidence cf 
zero l i f t  s a i l  lu f f ing ;  the p i tch  moment curves showed a pos i t ive  moment 
increment a s  l i f t  decreased below zero. The high aspect r a t i o  configurations 
showed gradual l i f t  and increasingly s t a b l e  moment var ia t ions  a t  s t a l l  a l -  
though wool t u f t  flow v i sua l iza t ion  indikated flow separation commencing a t  
the  wing t i p s .  The drag var ia t ion  with angle of a t t ack  increased abruptly 
with the observed onset of flow separation. The e f f ec t  of f loa t ing  t i p  r i b s  
was t o  subs tan t ia l ly  increase the  wing pi tching moment of the  Astro a t  neg- 
a t i ve  angles of a t tack.  The Mirage f loa t ing  t i p  r i b s  appeared t o  be l e s s  
e f fec t ive ,  presumably because of a lower minimum washout angle. Except f o r  
control  fo rce  charac te r i s t i cs ,  performance est imates based on t he  t e s t  data 
appear consis tent  with typical  operating experience. 



TABLE 1 - GLIDER GEOMETRIC PROPERTIES 

P r o j e c t e d  wing a r e a ,  f t  

Wing span ,  i t  

Nose a n g l e ,  d e g r e e s  

Leading edge sweep, d e g r e e s  

Aspect r a t i o  

Root chord,  f t  

Average chord,  f t  

Moment c e n t e r ,  p e r c e n t  of r o o t  chord 
beh ind  r o o t  chord l e a d i n g  edge 

V e r t i c a l  moment c e n t e r ,  d i s t a n c e  below bottom 
of k e e l  t u b e ,  f t  

Bi l low,  p e r  s i d e ,  d e g r e e s  

Number of b a t t e n s  o r  r i b s  p e r  s i d e  

F l o a t i n g  t i p  r i b  minimum washout ( e s t i m a t e d )  , 



TABLE 2 - PILOT DRAG DATA 



Figure 1 - Main suppor t  s t r u t  and T-bar adap te r  frame. 



Figure 2 - Details of glider mounting on T-bar adapter frame. 



MIRAGE 

CIRRUS 3 ASTRO 

Figu re  3 - G l i d e r  wing planforms. 



Figure  4a - F l e x i  2. 



Figure  4b - C i r r u s  3 .  



w Figure 4c - Mirage. 



Figure 4d - Ast ro .  



ANGLE OF ATTACK, a, deg 

F i g u r e  5 - F l e x i  2 l i f t ,  d rag ,  and p i t c h  moment c o e f f i c i e n t  test  d a t a .  
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F i g u r e  6 - C i r r u s  3 l i f t ,  d r a g ,  and p i t c h  moment c o e f f i c i e n t  t e s t  d a t a .  



F i g u r e  7 - Mirage l i f t ,  d r a g ,  and p i t c h  moment c o e f f i c i e n t  t e s t  d a t a .  



ANGLE OF ATTACK, a, deg 

F i g u r e  8 - A s t r o  l i f t ,  d rag ,  and p i t c h  moment c o e f f i c i e n t  test d a t a .  
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Figure  9 - Modified Ast ro  ( f l o a t i n g  t i p  r i b s  removed) l i f t ,  drag,  and &tch  
moment c o e f f i c i e n t  t e s t  da ta .  
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Figu re  10 - Comparison of f a i r e d  l i f t  c o e f f i c i e n t  curves  from Figures  5-9. 
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Figure  11 - Comparison of f a i r e d  drag  c o e f f i c i e n t  curves  from Figures  5-9. 
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Figure 12 - Comparison of faired pitch moment coefficient curves 
from Figures 5-9. 



Figure  1 3  - F l e x i  2 c o n t r o l  f o r c e ,  LID,  and s i n k  r a t e  versus  v e l o c i t y ,  p i l o t  
drag included.  



F i g u r e  14 - C i r r u s  3 c o n t r o l  f o r c e ,  L I D ,  and s i n k  r a t e  v e r s u s  v e l o c i t y ,  p i l o t  
d r a g  inc luded .  



Figure 15 - Mirage c o n t r o l  f o r c e ,  L I D ,  and s i n k  r a t e  ve r sus  v e l o c i t y ,  p i l o t  
drag included.  



F i g u r e  16 - Astro  c o n t r o l  f o r c e ,  LID,  and s i n k  r a t e  v e r s u s  v e l o c i t y ,  p i l o t  
drag inc luded .  



Figure  17 - Modified As t ro  ( f l o a t i n g  t i p  r i b s  removed) c o n t r o l  f o r c e ,  LID,  
and s i n k  r a t e  v e r s u s  v e l o c i t y ,  p i l o t  d rag  inc luded.  
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Figu re  18 - Comparison of f a i r e d  LID v e r s u s  v e l o c i t y  curves .  
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Figure  19 - Comparison of f a i r e d  s i n k  r a t e  ve r sus  a i r speed  curves.  
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CONTEMPORARY SOARING 
NOMENCLATURE 

S. 0. Jenko 
AMTECH Services* 

INTRODUCTION 

Considerable technical progress took place during the past two decades in 
the field of soaring. In contrast, basic terminology in many languages is 
lagging seriously. English, one of the leading languages, is no exception. 
Because of this situation, misunderstandings occur which under some circum- 
stances may result in undesirable consequences, hindering further technical 
developments as well as soaring activities. For years, the author has given 
considerable thought to this terminology problem. The following definitions 
were established and compiled by mid-1973, followed by minor additions (1974 
and 1977). 

PROPOSED DEFINITIONS 

GLIDER (with or without auxiliary power): any manned flying device which is 
not capable of cross-country soaring flight brithout any power, under "normal" 
soaring conditions 
SAILPLANE (with or without auxiliary power): any manned flying device which 
is fully capable of cross-country flight without any power, under "normal" 
soaring conditions 

The above differentiation is based on technological progress from the 
inception of powerless flying. First it was gliding a few feet above the 
slope of a hill. Then, with substantial design improvements of gliders and 
discoveries of various atmospheric phenomena, foundations were laid for 
soaring, that is, flying without any use of power for a substantial length of 
time, gaining altitude, and flying long distance either in one or separate 
flights. 

The ability to reach these basic objectives of soaring depends on the 
skill of the pilot and on atmopsheric conditions as well as on the performance 
of the sailplane. Thus the stipulation of "normal" soaring conditions may 
present a problem. What is a normal soaring day in one area of a country 

, (e.g., Texas) may be a booming day in most other areas. While one could 
specify a certain range for the upward air velocity component (slope wind, up- 
drafts due to various other sources), no such attempt is made here. An 
upward air velocity component of 1 m/sec (approximately 200 fpm) might be 
considered a lower limit of a "normal" soaring condition. 

*Aeromechanical Technology Services. 



A much easier approach to establish the imaginary dividing line between 
a glider and a sailplane would be based on historical developments: for a 
glider LID < 17; for a sailplane L/D - > 17. 

Both criteria (normal soaring condition and LID specification) appear 
to be reasonably equivalent. 

ULTRALIGHT G.LIDER(ULG) (includes hang glider) or SAILPLANE(ULS): a manned 
flying device as described previously having a wing loading w 5 10 kg/m2 
(approximately 2 lb/ft2) 
LIGHT GLIDER(LG) or SAILPLANE(LS): a manned £1 ing device as described pre- S 2 viously having a wing loading w = 10 to 25 kg/m (approximately 2 to 5.1 lb/ft ) 
GLIDER or SAILPLANE: a manned flying device as described previously having 
a wing loading w = 25 to 40 kg/m2 (approximately 5.1 to 8 lb/ft2) 

During the development of gliders and sailplanes over several decades 
the wing loading increased noticeably. What appeared to be a "normal" wing 
loading some 35 years ago is considered "light" today. In view of the in- 
creased interest in hang gliders, human-powered aircraft, and other similar, 
vastly improved sailplanes under development which due to the energy shortage, 
may well be the only means of soaring in the future, an attempt is made to 
define these aircraft. Since the wing loading is one of the factors governing 
the plane's performance, the above specified ranges are in order. 

AUXILIARY POWERED GLIDER(APG) or SAILPLANE(APS); LIGHT AUXILIARY POWERED 
GLIDER(LAPG) or SAILPLANE(LAPS); ULTRALIGHT AUXILIARY POWERED GLIDER (ULAPG) 
or SAILPLANE(ULAPS): a manned flying device as described previously having 
an auxiliary engine to take off and to overfly with power any severe downdraft 
areas which would otherwise result in a landing; power loading p 9 kg/HP 
(approximately 20 lb/HP) 

Since the beginning of soaring, attempts have been made to overcome the 
two inherent disadvantages of a sailplane: inability to take off with initial 
climb and to overfly large areas of sink without landing. Various kinds of 
propulsion were and are being installed as an auxiliary source of power which 
preferably would not decrease the sailplane's performance during the soaring 
phase of flight. 

The above definition should cover any auxiliary power installation re- 
gardless of whether the available power is sufficient for takeoff and initial 
climb or sustention of level flight only. 

The expression "self-launching sailplane" (SLS) for an auxiliary powered 
sailplane (APS) should not be used because it suggests an ultralight (hang) 
glider or sailplane which can be launched by the pilot's feet (i.e., without 
any mechanical power); it is also not consistent with the decades old concept 
of an APS, described above. 



Another expression, "motorglider", denoting an auxiliary powered sailplane 
(APS) appears to be inappropriate for several reasons. Most likely it is an 
old translation of the German word "motorgleiter" by people whose technical 
and linguistic knowledge was rather poor. It is an accepted view here (USA) 
that there is a difference between the two words "motor" (electric) and 
I1 engine" (combustion). The bridge between the two kinds of energy conversion 
devices is rocket propulsion: it can be called either a rocket motor or a 
rocket engine. 

Furthermore, it should be noted that even Germans apparently have pre- 
ferred for some time the term "MOTORSEGLER". Unfortunately there is no 
comparable, elegant translation available in English. 

POWERED GLIDER(PG) or SAILPLANE(PS): a glider or a sailplane converted into a 
powered aircraft; the engine is essential for flying operation 

On occasion a glider or a sailplane is converted into a powered aircraft 
by installing an engine which produces a substantially higher power than re- 
quired for flying an auxiliary powered glider or sailplane. Thus soaring 
flight becomes an exception in the usual flight operation of a powered glider 
or sailplane. 

One, but not the only such example, is the Schweizer SGS 2-32 sailplane 
which has been used in various development, research, and promotional projects. 
In some extreme cases the power installation and other modifications made were 
of such extent that the identity of the original sailplane almost vanished. 

HUMAN POWERED AIRCRAFT(HPA): a manned flying device powered only by human 
efforts 

This definition covers any heavier than air, manned flying device, which 
by its nature is an ultralight sailplane of high performance. 

CONCLUDING REMARKS 

One would expect that in view of substantial technological developments 
resulting in outstanding performance of today's sailplanes appropriate termi- 
nology would be widely in use. Apparently this is not the case. 

This paper presents proposed nomenclature as a beginning effort to im- 
prove the present unsatisfactory condition. It should also serve as a guide 
for comparable improvements in other languages. 



Page intentionally left blank 



ATTENDEES 

BILL ABEYOUNIS 
NASA Langley Research Center  
Hampton, Va . , USA 

W. S. BLANCHARD, JR. 
NASA Langley Research Center  (Re t . ) 
Hampton, Va . , USA 

EDUARD AGUSTO FORREST BLOSSCM 
~ssociacgo B r a s i l e i r a  d e  V& a Vela,  Soaring Socie ty  of America, USA 
S. Paulo, B r a z i l  

KENN ALLEN BLUMENSTOCK 
STEPJ.3EN L. AICHOLZ Columbia P l a s t i c s . ,  Inc. ,  
Media, Pa., USA Columbus, Md., USA 

HOLT ASHLEY RAY BORST 
Stanford  Un ive r s i t y  N. Huntingdon, Pa., USA 
Stanford ,  Ca l i f . ,  USA 

CHARLES LINN BOTZKO 
DONALD D. BAALS Elmore, Ohio, USA 
The George Washington Univers i ty  
J o i n t  I n s t i t u t e  f o r  Advancement STEVE BOWEN 
of F l i g h t  Sc iences ,  Bethlehem S tee1 Corp. 
Hampton, Va. , USA Nashvil le ,  Tenn., USA 

BEN BADENOCH 
Danvi l le ,  C a l i f . ,  USA 

PAUL BAKER 
Williamsburg, Va., USA 

RICHARD W. BARNWELL 
NASA Langley Research Center  
Hampton, Va.  USA 

PATRICK J. BEATTY 
Bedfordview, S. Afr ica  

GERD W. BERCHTOLD 
Technical  Un ive r s i t y  of 
Munich, W. Germany 

WILLIAM D. BERTELSEN 
Ber te l sen ,  Inc.,  
Neponset, Ill. , USA 

WILLIAM R. BERTELSEN 
Ber t e l s e n ,  Inc. ,  
Neponset, Ill., USA 

KEVIN BLACK 
Durham Col lege  
Ontar io ,  Canada 

Munich 

ELMAR BREITBACH 
D ~ R ,  Gottingen, W. Germany 

BRUCE BROSI 
Boston, Mass., USA 

JOE ALLEN BROWNLEE 
Miss i s s ipp i  S t a t e  Un ive r s i t y  
Mis s i s s ipp i  S t a t e ,  M i s s . ,  USA 

GIFFORD BULL 
Miss i s s i p p i  S t a t e  Un ive r s i t y  
Mis s i s s ipp i  S t a t e ,  M i s s . ,  USA 

JAMES BURLEY 
NASA Langley Research Center 
Hampton, Va. , USA 

ROBERT CALLAGHAN 
Ather ton ,  Ca l i f . ,  USA 

JOHN CAMPBELL 
The George Washington Un ive r s i t y  
J o i n t  I n s t i t u t e  f o r  Advancement of 
F l i g h t  Sciences 
Hampton, Va. , USA 



WALTER H. CARNAHAN 
R o c h e s t e r ,  N.Y., USA 

ROBERT A. CHAMPINE 
NASA L a n g l e y  R e s e a r c h  C e n t e r  ( R e t  .) 
Hampton ,  Va. , USA 

ROBERT EDWIN CHENEY 
C h e n e y  Models 
J a c k s o n ,  N.H., USA 

ALEJANDRO CHITTY 
N o r t h  C a r o l i n a  S t a t e  U n i v e r s i t y  
R a l e i g h ,  N.C., USA 

DONALD L. CIFFONE, 
NASA Ames R e s e a r c h  C e n t e r  
Mof f e t t  F i e l d ,  C a l i f . ,  USA 

LES CLANTON 
S a n t a  M o n i c a ,  C a l i f . ,  USA 

DAVID W. CODER 
D a v i d  W. T a y l o r  N a v a l  S h i p  R e s e a r c h  
and D e v e l o p m e n t  C e n t e r  
B e t h e s d a ,  Md., USA 

KENNETH N. COLE 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va., USA 

WILLIAM Be COMPMN I11 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va.,  USA 

W I  L L I  AM CONARD 
T i d e w a t e r  S o a r i n g  S o c i e t y ,  USA 

JAMES DAVID CONNERTON 
C o l u m b i a  P l a s t i c s ,  Inc .  
C o l u m b i a ,  M d . ,  USA 

E. J. CROSS 
M i s s i s s i p p i  State U n i v e r s i t y  
Mississippi S t a t e ,  M i s s . ,  USA 

K. MICHAEL DAY 
A m e r i c a n  S t a n d a r d  Co. 
D e a r b o r n ,  Mich . ,  USA 

DANIEL J. De  VRIES 
Ken twood ,  Mich. ,  USA 

JOHN DeYOUNG 
K e n t r o n  I n t e r n a t i o n a l ,  Inc.  
Hampton,  Va.,  USA 

MICHEL J. DOUTRELOUX 
P l a n t e n  en  M o r e t u s  
A n t w e r p ,  B e l g i u m  

ED DULLAGHAN 
N a v a l  E d u c a t i o n  and T r a i n i n g  C e n t e r  
N o r f o l k ,  Va. ,  USA 

JOHN V. DUNCAN 
S p a r t a n s b u r g ,  S .C. , USA 

JEROME DUPREY 
Durham C o l l e g e  
O n t a r i o ,  C a n a d a  

LEON EDLING 
Kent,  Conn.  , USA 

KLAUS EIKEMEIER 
DFVLR, B r a u n s c h w e i g ,  W. G e r m a n y  

FRAUKE ELBER 
T i d e w a t e r  S o a r i n g  S o c i e t y ,  USA 

WOLF ELBER 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va . , USA 

DONALD ELLIOTT 
C o l u m b u s ,  O h i o ,  USA 

E. ENEVOLDSON 
NASA Hugh L. D r y d e n  F l i g h t  
R e s e a r c h  C e n t e r  
E d w a r d s ,  C a l i f . ,  USA 

RICHARD EPPLER 
U n i v e r s i t y  of S t u t t g a r t  
S t u t t g a r t ,  W. G e r m a n y  

WILLIAM V. FELLER 
NASA L a n g l e y  R e s e a r c h  C e n t e r  ( R e t . )  
Hampton ,  Va.,  USA 



JAMES C. FERRIS 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va.  , USA 

GEORGE W. FISHER 
C h a r l o t t e ,  N.C., USA 

HENRY LEE FISHER 
M o r r i s v i l l e ,  N.C., USA 

DEBORAH M. FLAD 
T o u g h k e n a m o n ,  Pa., USA 

MARINA FORD 
L o o k o u t  M o u n t a i n ,  T e n n . ,  USA 

ROBERT E. FORD 
B i r m i n g h a m ,  A l a . ,  USA 

WILLIAM F. FOSHAG 
A e r o p h y s i c s  C o .  
W a s h i n g t o n ,  D.C., USA 

JEAN M. FOSTER 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va.  , USA 

SAMUEL A. FRANCIS 
M a r i o n ,  Mass . ,  USA 

ROBERT CLAYTON GAIRNS 
Soaring A s s o c i a t i o n  of C a n a d a  

H. DOUGLAS GARNER 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va. ,  USA 

JOSEPH GERA 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va. ,  USA 

SAM GREENHALGH 
N a v a l  A i r  D e v e l o p m e n t  C e n t e r  
W a r m i n s t e r ,  P a . ,  USA 

JAMES B. HALLISSY 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va. ,  USA 

THOMAS E. HEAD 
Severna P a r k ,  Md., USA 

RICHARD F .  HELLBAUM 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va., USA 

ROBERT DALE HELTON 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va., USA 

HEINRICH G. HELWIG 
R e n s s e l a e r  P o l y t e c h n i c  I n s t i t u t e  
T r o y ,  N.Y., USA 

JAMES R. HENRY 
Soaring A s s o c i a t i o n  of C a n a d a  

MANFRED H. HILLER 
U n i v e r s i t y  of S t u t t g a r t  
S t u t t g a r t ,  W. G e r m a n y  

WILLIAM TODD HODGES 
Army S t r u c t u r e s  L a b o r a t o r y  
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va. ,  USA 

HAYWOOD HOLDER 
U.S. Army 
H a m p t o n ,  Va. ,  USA 

REGINALD M. HOLUlWAY 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a  . , USA 

JAMES HOTELLING 
R a l e i g h ,  N.C., USA 

EDWARD BRUCE JACKSON 
N o r t h  C a r o l i n a  S ta te  U n i v e r s i t y  
R a l e i g h ,  N.C., USA 

PETER F . JACOBS 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va., USA 

HARRY A. JAMES 
T e l e d y n e  R y a n  A e r o n a u t i c a l  
San D i e g o ,  ' C a l i f  ., USA 

PERRY W. HANSON 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va . , USA 



CHRISTIAN JANSSEN 
C o r n i n g  G l a s s w o r k s  
C o r n i n g ,  N.Y., USA 

SAM0 ONJEGIN JENKO 
AMTECH Services 
M a n s f i e l d ,  O h i o ,  USA 

DAVID G. JONES 
A s p e n ,  C o l o . ,  USA 

TOM C. JONES 
T i m o n i u m ,  Md., USA 

ROCKY H. W. JOWES 
Newpor  t News,  Va.  , USA 

THOMAS C. KELLY 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va. ,  USA 

WILLIAM L. KING 
Sport F l i g h t ,  Inc. ,  
G a i t h e r s b u r g ,  Md., USA 

ROBERT KNAUFF 
U.S. A i r  F o r c e  
Hamp ton,  V a  . , USA 

ILAN KROO 
Stanford U n i v e r s i t y  
Stanford, C a l i f . ,  USA 

ANDREW M. KUBIAK 
Westland, Mich., USA 

RICHARD KUHN 
NASA L a n g l e y  R e s e a r c h  C e n t e r  ( R e t . )  
H a m p t o n ,  V a  . , USA 

CLAUDIUS LaBURTHE 
ONERA, C h a t i l l o n ,  F r a n c e  

WAYNE A. LaDENDORF 
DEVRY T e c h n i c a l  I n s t i t u t e  
C h i c a g o ,  Ill., USA 

DOUG LAMONT 
Soaring Society of A m e r i c a ,  USA 

EUGENE E. LARRABEE 
M a s s a c h u s e t t s  I n s t i t u t e  of T e c h n o l o g y  
C a m b r i d g e ,  M a s s . ,  USA 

DAVID A. LEEDOM 
Santa B a r b a r a ,  C a l i f . ,  USA 

AUSTIN W. LEFTWICH 
R i c h m o n d ,  Va., USA 

W. LIEBE 
T e c h n i c a l  U n i v e r s i t y  of B e r l i n  
B e r l i n ,  W. G e r m a n y  

F'RANCOIS-XAVIER F I T T  
U n i v e r s i t y  of L i e g e  
~ i & ~ e ,  B e l g i  urn 

ROBERT WARREN LONG 
M o o r e  H a r o n ,  F l a . ,  USA 

PAUL B. MacCREADY 
A e r o  V i r o n m e n t ,  Inc. 
P a s a d e n a ,  C a l i f . ,  USA 

JOHN MacKAY 
M c G i l l  U n i v e r s i t y  
Q u e b e c ,  C a n a d a  

JOSEF MANDLA 
S o a r i n g  A s s o c i a t i o n  of C a n a d a  

HENRY L. MARKISON 
L a n s i n g ,  Mich . ,  USA 

DAVID JOHN MARSDEN 
U n i v e r s i t y  of A l b e r t a  
Alberta , C a n a d a  

GLEN L. MARTIN 
K e n t r o n  In te rna t iona l ,  Inc. 
H a m p t o n ,  Va.  , USA 

PETER MASAK 
Soaring A s s o c i a t i o n  of C a n a d a  

MARK D. MAUGHMER 
P r i n c e t o n  U n i v e r s i t y  
P r i n c e t o n ,  N.J.,  USA 

ROBERT T. LAMSON 
Soaring Society of A m e r i c a ,  USA 



KAY MAYLAND 
T e c h n i s c h e  H o c h s c h u l e  D a r m s t a d t  
W. Ge rmany  

CATHERINE F .  AND JERRY McADEN 
L o r  ton ,  V a  . , USA 

ALBERT M. McCARTY 
N a v a l  A i r  D e v e l o p m e n t  C e n t e r  
W a r m i n s t e r ,  P a . ,  USA 

HUGH McCAY 
H a m p t o n ,  Va. ,  USA 

ESTER M. AND JACK R. McGONIGLE 
McMurry ,  P a . ,  USA 

JOHN H. McMASTERS 
B o e i n g  C o m m e r c i a l  A i r p l a n e  Co.  
Seattle, Wash . ,  USA 

GREGORY R. MOLENAAR 
H a n g  G l i d e r s  I n t e r n a t i o n a l  Co.  
B e t h e s d a ,  Md., USA 

LAWRENCE C. MONTOYA 
NASA H u g h  L. D r y d e n  F l i g h t  
R e s e a r c h  C e n t e r  
E d w a r d s ,  C a l i f . ,  USA 

MARTIN MOORE 
Apex ,  N.C., USA 

P I E R 0  MORELLI 
P o l i t e c n i c o  d i  T o r i n o  
T o r  ino, I t a l y  

RUDOLF MUELLED 
Soaring A s s o c i a t i o n  of C a n a d a  

DIETER AND HROSWITEI C. MUSER 
DFVLR, S t u t t g a r t ,  W. G e r m a n y  

HENRY T. NAGAMATSU 
R e n s s e l a e r  Polytechnic I n s t i t u t e  
T r o y ,  N.Y., USA 

JAMES L. NASH-WEBBER 
M a s s a c h u s e t t s  I n s t i t u t e  of T e c h n o l o g y  
C a m b r i d g e ,  M a s s . ,  USA 

ORAN W. NICKS 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a  . , USA 

W. BARRY NIXON 
P r i n c e t o n  U n i v e r s i t y  
P r i n c e t o n ,  N.J. ,  USA 

WALDO oM[MAN 

NASA L a n g l e y  R e s e a r h  C e n t e r  
H a m p t o n ,  Va. ,  USA 

LACH OHMAN 
B r y a n ,  O h i o ,  USA 

ALLEN ORMSBEE 
U n i v e r s i t y  of I l l i n o i s  
U r b a n a ,  Ill., USA 

CARL ARTHUR OSOJNAK 
B i r m i n g h a m ,  Mich., USA 

BERNARD PAIEWONSKY 
M c C l e a n ,  Va., USA 

STANLEY PELKOWSKJ 
T i d e w a t e r  Soaring Society, USA 

J I M  ALEX PENLAND 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va. ,  USA 

WERNER PFENNINGER 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va. , USA 

J I M  PETERS 
B a l t i m o r e ,  Md., USA 

WILLIAM H. P H I L L I P S  
NASA L a n g l e y  R e s e a r c h  C e n t e r  ( R e  t. ) 
H a m p t o n ,  V a  . , USA 

P. KENNETH PIERPONT 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton ,  Va., USA 

BION LEE PIERSON 
I o w a  S t a t e  U n i v e r s i t y  
Ames,  I o w a ,  USA 



V I C  POWELL 
N a t i o n a l  A e r o n a u t i c  A s s o c i a t i o n  
W a s h i n g t o n ,  D.C., USA 

DECIO PULLIN A 

~ssociacao B r a s i l e i r a  de V o o  a V e l a  
S. P a u l o ,  B r a z i l  

THOMAS H. PURCELL 
F l i g h t  D y n a m i c s ,  I n c  . , 
R a l e i g h ,  N.C., USA 

BALLARD QUASS 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a . ,  USA 

JAMES C. REDDING 
W e b s t e r ,  N.Y., USA 

WILMER H. REED, I11 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va. ,  USA 

MICHAEL M. REISMAN 
C h a t t e n o o g a ,  T e n n . ,  USA 

RONALD E. R W  
N o r t h  C a r o l i n a  State U n i v e r s i t y  
R a l e i g h ,  N.C., USA 

KURT REUPKE 
G r u m m a n  A e r o s p a c e  C o r p .  
B e t h p a g e ,  N.Y., USA 

WILLIAM K. RICKSON 
M i l l b r a e ,  C a l i f . ,  USA 

DONALD R. RILEY 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  Va. ,  USA 

DAVID ROBSON 
B a l t i m o r e ,  Md., USA 

FRANCIS M. ROGALLO 
K i t t y  Hawk,  N.C., USA 

NELSON M. ROGERS 
W r i g h t  P a t t e r s o n  A i r  Force B a s e  
O h i o ,  USA 

G I U L I O  ROMEO 
Politecnico d i  T o r i n o  
T o r i n o ,  I t a l y  

ROBERT A. ROSE 
B i h r l e  A p p l i e d  R e s e a r c h  
H a m p t o n ,  V a  . , USA 

LAWRENCE C. ROSS1 
Salisbury,  Md. , USA 

JOHN F . , ROURKE I JR. 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a . ,  USA 

MURRAY I. ROZANSKY 
MIRCO, H o p e w e l l ,  N . J . ,  USA 

ROBERT RUELLE 
U n i v e r s i t y  of I l l i n o i s  
U r b a n a ,  I l l . ,  USA 

JOHN M. RUSSELL 
M a s s a c h u s e t t s  I n s t i t u t e  of T e c h n o l o g y  
C a m b r i d g e ,  M a s s . ,  USA 

GUY J. SANDER , 
U n i v e r s i t y  of L i e g e  
L i e g e ,  B e l g i u m  

LOYAL WADE SAVARIA 
W o n d e r  V a l l e y  S o a r i n g  School 
F r e s n o ,  C a l i f  ., USA 

PATRICIA LYNN SAWYER 
T i d e w a t e r  Soaring Society, USA 

FREDERIC H. SCHMID 
M e t a i r i e ,  L a . ,  USA 

HARRIS M. SCHURMEIER 
NASA J e t  P r o p u l s i o n  L a b o r a t o r y  
P a s a d e n a ,  C a l i f . ,  USA 

LES E.  SCHWEIZER 
S c h w e i z e r  A i r c r a f t  C o r p .  
E l m i r a ,  N .Y., USA 

GEORGE SEIRMARCO 
T i d e w a t e r  S o a r i n g  Society, USA 



GASTON R e  SERVANT 
H a n g  G l i d e r s  I n t e r n a t i o n a l  C o .  
B e t h e s d a ,  Md.,  USA 

WILLIAM G R I E R  SEWALL 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a . ,  USA 

EDGAR D. SEYMOUR 
G l i d e r  P i lo ts  G r o u n d  School 
R o c h e s t e r  , N .Y. , USA 

DANA SEYMOYR 
T o r  on to, C a n a d a  

NELSON AND REIDUN SHAPTER 
M c L e a n ,  V a . ,  USA 

TIMOTHY M. SHEARS 
G r a n d  R a p i d s ,  M i c h . ,  USA 

YOUNG T .  SHEN 
D a v i d  W. T a y l o r  N a v a l  Ship 
R e s e a r c h  and D e v e l o p m e n t  C e n t e r  
B e t h e s d a ,  Md.,  USA 

S. S I D D I Q I  
U n i v e r s i t y  of I l l i n o i s  
U r b a n a ,  I l l . ,  USA 

DAVID J. S I E G F R I E D  
New B r i t a i n ,  Pa., USA 

ROBERT A. SIMONDS 
LTV C o r p .  
H a m p t o n ,  V a  . , USA 

DAVID J. SLIWA 
U n i v e r s i t y  of I l l i n o i s  
U r b a n a ,  I l l ,  USA 

KENNETH J. SLIWA 
H a r r i s  H i l l  Soaring C o r p .  
E l m i r a ,  N.Y., USA 

SHIRLEY A. SLIWA 
N a t i o n a l  Soaring M u s e u m  
E l m i r a ,  N.Y., USA 

STEVEN M. SLIWA 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a . ,  USA 

A. J. SMITH 
Soaring Society of A m e r i c a ,  USA 

BERNALD S. SMITH 
N a t i o n a l  Soaring M u s e u m  
E l m i r a ,  N.Y., and 
Soaring Society of A m e r i c a ,  USA 

GRANT M. SMITH 
P o p l a r  L a k e ,  I ll . ,  USA 

PAUL M. SMITH 
LTV C o r p .  
H a m p t o n ,  V a .  , USA 

ROBERT E .  SMITH 
P a s c a g o u l a ,  M i s s .  , USA 

STANLEY W. SMITH 
N e w a r k ,  D e l  . , USA 

JAROSLAW S O B I E S K I  
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a  . , USA 

DAN MICHAEL SOMERS 
NASA L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V a .  , USA 

CHARLES M. SOUTHALL, I11 
P o q u o s o n ,  V a  . , USA 

CHRISTOPHER STARBUCK 
W i l d w o o d ,  G a .  , USA 

HERBERT A. STOKELY 
V i r g i n i a  B e a c h ,  V a . ,  USA 

F M Y D  J. AND FRANCES SWEET 
Soaring Society of A m e r i c a ,  USA 

ADAM SWETNICK 
G a i t h e r s b u r g ,  Md., USA 

KATHLEEN K. TAYLOR 
B r o o k h a v e n  N a t i o n a l  L a b o r a t o r y  
U p t o n ,  N.Y., USA 

WALTER TAYLOR 
N e w p o r  t N e w s ,  V a  . , USA 



M. P. TETER 
Corning Glassworks 
Corning, N.Y., USA 

R. VICTOR TURRIZIAOI 
Kentron I n t e r n a t i o n a l  Inc. 
Hampton, Va., USA 

VADYM V. UTGOFF 
U.S. Naval Academy 
Annapolis, Md., USA 

BRIAN UTLEY 
Soaring Soc ie ty  of America, USA 

OTTO WAGNER 
Technical  Un ive r s i t y  of Munich 
Munich, W. Germany 

MICHAEL WATERS 
Spor t  F l i g h t ,  USA 

PETE8 WAY 
Massachusetts I n s t i t u t e  of Technology 
Cambridge, Mass., USA 

QUEN TON E . WEAVER 
Asheboro, N.C., USA 

DAVID V. WEBBER 
Chads Ford, Pa., USA 

TOM WILLIAMS 
North Caro l ina  S t a t e  Un ive r s i t y  
Raleigh,  N.C., USA 

JERZY S. WLF 
Avia t ion  I n s t i t u t e  
War saw, Poland 

LARRY EARL WOODS 
Hydrospeed 
Ontar io ,  Canada 

RAY YOUNG 
Aero Club Alba t ross  
Somervi l le ,  N . J . ,  USA 

JAMES W. YOUNGBLOOD 
NASA Langley Research Center 
Hampton, Va . , USA 



* For sale by the National Technical Information Service, Springfield, V ~ r g i n ~ a  22161 
NASA-Langl ey, 1979 

1. Report No. 

NASA CP-2085, P a r t  11 
2. Government Accession No. 3. Recipient's Catalog No. 

4. Title and Subtitle 

THE SCIENCE AND TECHNOLOGY OF M W  
SPEED AND MOTORLESS FLIGHT 

7. Author(s) 

Per ry  W. Hanson, ccmpiler 
, 

9. Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, VA 23665 

12. Sponsoring Agency Name and Address 

Nat iona l  Aeronautics  and Space Admin i s t r a t im  
Washington, DC 20546 

15. Supplementary Notes 

5. Report Date 
June 1979 

6. Performing Organization Code 

8. Performing Organ~zation Report No. 

L-12973 
10. Work Unit No. 

505-02-23-0 1 
11. Contract or Grant No. 

13. Type of Report and Period Covered 

Conference Pub l i ca t i on  
14. Sponsoring Agency Code 

16. Abstract 

The Third I n t e r n a t i o n a l  Symposium on t h e  Sc ience  and Technology of Low Speed and 
Motor less  F l i g h t  was he ld  a t  t h e  NASA, Langley Research Center ,  March 29-30, 1979. 
The NASA Langley Research Center  sponsored t h e  symposium i n  cooperat ion wi th  t h e  
Soaring Socie ty  of  America (SSA) . The symposium provided a forum f o r  t h e  i n t e r -  
change of information on r e c e n t  p rog re s s  i n  t h e  s c i ence  and technologies  assoc i -  
a t e d  with low speed and motorless  f l i g h t .  This  conference pub l i ca t i on  inc ludes  
28 papers  presented  a t  t h e  symposium and 1 a d d i t i o n a l  paper. The pape r s  d e a l  
wi th  low speed aerodynamics, new m a t e r i a l s  a p p l i c a t i o n s  and s t r u c t u r a l  concepts ,  
advanced f l i g h t  ins t rumenta t ion ,  s a i l p l a n e  opt imal  f l i g h t  techniques,  motor soa re r s ,  
and u l t r a l i g h t  s a i l p l a n e s  and hang g l i d e r s .  

17. Key Words (Su gested by Authorjs)) 
Low speed aerodynamics Composite 
Optimum d e s  i gn m a t e r i a l s  
Low drag  a i r f o i l s  U l t r a l i g h t  
Advanced ins t rumenta t ion  s a i l p l a n e s  
S t r u c t u r a l  a n a l y s i s  Hang g l i d e r s  

18. Distribution Statement 

Unc la s s i f i ed  - Unlimited 

Subjec t  Category 01 
19. Security Classif. (of this report) 

Unc la s s i f i ed  

20. Security Classif. (of this page) 

Unclass i f ied  

21. No. of Pages 

305 

22. Price* 

$11.75 




