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FOREWQRD 

S ince  November 1966, As t ro  Research Corporat ion has  been 
conducting s t u d i e s  of t h e  f e a s i b i l i t y  of  a s o l a r - s a i l  v e h i c l e  t h a t  
employs long, narrow b l a d e s  made from t h i n  f i l m s .  This  work has  
been performed under Con t rac t  NAS7-427 f o r  Nat iona l  Aeronaut ics  
and Space Adminis t ra t ion .  
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SUMMARY 

Stud ies  have been performed on t h e  f e a s i b i l i t y  of a l a r g e  
s o l a r - s a i l  v e h i c l e  us ing  long, narrow b lades  and ope ra t ing  i n  t h e  
manner of a h e l i c o p t e r  r o t o r .  This  veh ic l e ,  t h e  Heliogyro, is 
supe r io r  t o  o t h e r  propuls ion  and a t t i t u d e - c o n t r o l  systems f o r  many 
missions r e q u i r i n g  l a r g e  t o t a l  impulse and long f l i g h t  t i m e s .  

Secondary u s e s  of t h e  extremely l a r g e  s u r f a c e  a r e a s  inhe ren t  
i n  t h e  s o l a r - s a i l  concept inc lude  atmospheric braking and micro- 
meteoroid sampling. 

A conceptual  conf igu ra t ion  has  been evolved i n  which t h e  t h i n  
aluminized f i l m  b lades  a r e  unro l led  from spools  dur ing  deployment. 
Cen t r i fuga l  f o r c e s  a r e  used f o r  s t i f f e n i n g  t h e  long, narrow s o l a r  
s a i l s .  

Control  of t h e  a t t i t u d e  of t h e  s a i l  w i th  r e s p e c t  t o  t h e  s o l a r  
rays  is accomplished by p ivo t ing  t h e  deployment spools  and thus  
r o t a t i n g  t h e  long b l ades  about t h e i r  lengthwise axes. Combinations 
of c o l l e c t i v e  and cyc l ic  b lade  p i t c h  can provide  a l l  of  t h e  
requi red  c o n t r o l  responses.  

Resu l t s  of t h e  var ious  t h e o r e t i c a l  ana lyses  which have l e d  t o  
t h i s  Heliogyro s o l a r - s a i l e r  concept a r e  summarized. Evaluat ions 
of a number of missions a r e  presented.  The d e s i r a b i l i t y  of an 
experimental  program t o  develop technology and e s t a b l i s h  f eas+  
i b i l i t y  i s  indica ted .  
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INTRODUCTION 

The presence o f  man and man-made dev ices  i n  space i s  moti- 
va ted  t o  a g r e a t  e x t e n t  by  t h e  oppor tun i ty  t o  u t i l i z e  " l o c a l l y  
accessible r e sourcesn  i n  t h e  form of m a t e r i a l s ,  energy, impulse,  
o r  information.  

The va lue  of s o l a r  r a d i a t i o n  as a l o c a l l y  a v a i l a b l e  source  
of power f o r  space missions has  long been recognized. For i n s t a n c e ,  
t h e  concept  of conve r t ing  s o l a r  energy t o  e l e c t r i c a l  power and 
subsequent u s e  of t h i s  power t o  produce t h r u s t  has  r ece ived  a g r e a t  
d e a l  of  a t t e n t i o n  and has  given rise t o  t h e  development o f  a s o l a r -  
cell-powered e l e c t r i c - p r o p u l s i o n  technology. 

U s e f u l  t h r u s t  from s o l a r  photons can a l s o  be ob ta ined  d i r e c t -  
l y .  Hence t h e  use of r a d i a t i o n  p r e s s u r e  t o  provide  propuls ion  
f o r  i n t e r p l a n e t a r y  space f l i g h t  has  been an a t t rac t ive  p o s s i b i l i t y  
f o r  a number of  y e a r s  (Refs.  1-6). Since  " s o l a r  s a i l i n g "  r e q u i r e s  
no expendable p r o p e l l a n t ,  it can provide  t h r u s t  f o r  an  i n d e f i n i t e  
t i m e  and t h u s  impart  t h e  v e l o c i t y  increments r equ i r ed  f o r  a series 
of s e p a r a t e  space missions.  The a v a i l a b l e  p r e s s u r e s ,  however, a r e  
extremely low (approximately one newton p e r  100,000 square  m e t e r s  
i n  t h e  v i c i n i t y  of t h e  e a r t h )  so t h a t  very l a r g e  s a i l  areas a r e  
r equ i r ed  t o  produce reasonable  fo rces .  

Radia t ion  p r e s s u r e  is produced when l i g h t  is i n c i d e n t  upon 
a s o l i d ,  absorbing,  o r  r e f l e c t i n g  s u r f a c e .  I n  t h e  c a s e  of complete 
r e f l e c t i o n  from smooth s u r f a c e s ,  t h e  p r e s s u r e  i s  normal t o  t h e  
s u r f a c e  and is p r o p o r t i o n a l  t o  t h e  square  of  t h e  cos ine  of  t h e  
i n c i d e n t  angle .  I n  t h i s  r e s p e c t ,  photon p r e s s u r e  i s  s i m i l a r  t o  
aerodynamic p r e s s u r e  developed i n  f ree  molecular  flow. The analogy 
between photon p r e s s u r e  and aerodynamic p r e s s u r e  l e a d s  t o  t h e  
c h a r a c t e r i z a t i o n  of  t h e  s o l a r  s a i l  a s  an  i n t e r p l a n e t a r y  f l y i n g  
machine ( R e f .  7 ) .  Force i n  t h e  d i r e c t i o n  of o r b i t a l  motion is  
obta ined  by i n c l i n i n g  t h e  s u r f a c e  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  of  
t h e  i l l umina t ion .  

The Hel iogyro s o l a r  s a i l e r  i s  a new s t r u c t u r a l  des ign  concept  
f o r  cons t ruc t ing ,  deploying, and c o n t r o l l i n g  t h e  r equ i r ed  l a r g e  
s a i l  a r ea .  Although s u f f i c i e n t l y  l i gh twe igh t  m a t e r i a l s  a r e  a v a i l -  
a b l e  f o r  making sa i l s ,  p r a c t i c a l  t echniques  have n o t  p rev ious ly  
been a v a i l a b l e  f o r  u n f u r l i n g  and r i g i d i z i n g  such l a r g e  a reas .  
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The mechanics of t h e  s o l a r  s a i l  i n  o r b i t  around t h e  sun have 
been descr ibed i n  a number of papers  (Refs. 2,  4, 6, and 8 ) .  The 
parameter most commonly used  t o  c h a r a c t e r i z e  t h e  performance of a 
s o l a r  s a i l  i s  t h e  l i g h t n e s s  number, h . I t  is defined a s  the  
r a t i o  of t h e  r a d i a t i o n  f o r c e  on t h e  s a i l  t o  t h e  a t t r a c t i v e  f o r c e  
of t h e  s u n ' s  g r a v i t a t i o n a l  f i e l d  

is t h e  r a d i a t i o n  p res su re  f o r  normal incidence,  A is PO where 

t h e  s a i l  a r ea ,  and 

exer ted  upon t h e  s p a c e c r a f t .  Since both  p and FG vary 

inve r se ly  a s  t h e  square of t h e  d i s t a n c e  from t h e  sun, t h e  l i g h t -  
nes s  number is independent of p o s i t i o n  w i t h i n  t h e  s o l a r  sys t em.  

i s  t h e  g r a v i t a t i o n a l  f o r c e  of t h e  sun FG 

0 

The l i g h t n e s s  number, h of t h e  s a i l  and suppor t ing  s t r u c t u r e  
S I  

is  a l s o  r e l a t e d  t o  t h e  f a m i l i a r  propulsion-system s p e c i f i c  impulse, 
I , (i.e.,  t h e  impulse pe r  u n i t  of propulsion-system weight ) .  

F igure  1 shows t h e  r e l a t i v e  performance ranges f o r  " s t a t e -o f -  
a r t ' '  and "advanced" ve r s ions  of s o l a r  s a i l s  , solar-energy-powered 
e l e c t r i c a l  propuls ion and chemical propuls ion systems. 

* SP 

The m a t e r i a l  most commonly considered f o r  t he  s o l a r  s a i l  i s  
a very t h i n  s h e e t  of p l a s t i c  w i th  aluminized su r faces .  The a l u m -  
inum coa t ing  i s  a good r e f l e c t o r  and a l s o  p r o t e c t s  t he  p l a s t i c  
f i l m  from damage due t o  u l t r a v i o l e t  rays .  Mylar f i lms  t h a t  a r e  
one-quarter of a thousandth of an inch t h i c k  a r e  commercially 
produced i n  l a r g e  q u a n t i t i e s .  The manufacture of f i lms  t h a t  a r e  
one-twentieth of a thousandth of an inch t h i c k  i s  considered t o  
be f e a s i b l e .  F igure  2 shows t h a t  t hese  f i lms  w i l l  permit  l i g h t -  
nes s  numbers of 0.3 t o  be a t t a i n e d  wi th  a reasonable  percentage 
of payload weight on t h e  Heliogyro s o l a r  s a i l e r .  

S o l a r  sa i l s  are n o t  u s e f u l  a s  propuls ive  devices  f o r  low 
e a r t h  o r b i t s .  Aerodynamic e f f e c t s  overcome t h e  s o l a r  p re s su re  

* Excerpted from suppor t ing  s t u d i e s  performed by R.H. MacNeal, 
MacNeal-Schwendler Corporation Report  MSR-13, October 1968. 
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f o r  a l t i t u d e s  of less than about  500 m i l e s  above t h e  e a r t h .  The 
l a r g e  drag  a r e a s  of  t h e  sails  may, however, be employed for  aero- 
dynamic braking a t  extremely high a l t i t u d e s .  This  c o n s t i t u t e s  
one of s e v e r a l  secondary u s e s  of t h e  l a r g e  deployed s u r f a c e  a r e a s  
inhe ren t  i n  t h e  s o l a r - s a i l  concept. 
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HELIOGYRO CONCEPT 

S t r u c t u r a l  Design 

The c r i t i c a l  requirements  f o r  s t r u c t u r a l  des ign  are: 1) t o  
maximize t h e  r a t i o  of  r e f l e c t i n g  s u r f a c e  area t o  s t r u c t u r a l  weight,  
so a s  t o  produce a l a r g e  l i g h t n e s s  number, 2)  t o  package t h e  l a r g e  
s u r f a c e s  w i t h i n  t h e  volume of a b o o s t e r  payload i n  a manner t h a t  
w i l l  permi t  re l iable  deployment, and 3 )  t o  provide  a means f o r  
changing t h e  d i r e c t i o n  of  t h e  r e s u l t a n t  r a d i a t i o n  f o r c e ,  t hus  per- 
m i t t i n g  maneuvers of t h e  v e h i c l e  w i t h i n  t h e  s u n ' s  g r a v i t a t i o n a l  
f i e l d .  

The deployed s u r f a c e  a r e a  and t o t a l  v e h i c l e  weight  are d e t e r -  
mined by performance requirements  and t h e  p r o p e r t i e s  of a v a i l a b l e  
m a t e r i a l s .  The s i z e  of t h e  packaged Hel iogyro is determined by t h e  
payload dimensions of  e x i s t i n g  b o o s t e r  rocke t s .  Within t h e s e  con- 
s t r a i n t s ,  des ign  t r a d e o f f  s t u d i e s  can be performed on t h e  s e l e c t i o n  
of shape of s a i l ,  on t h e  method f o r  deploying and r i g i d i z i n g  it, 
and on t h e  technique  f o r  c o n t r o l l i n g  t h e  d i r e c t i o n  of t h e  r e s u l t a n t  
f o r c e .  

Cons idera t ion  i s  given t o  a number of  s a i l  shapes and r i g i d i -  
z a t i o n  techniques  i n  Reference 7.  It  is  concluded t h a t  long,  
r e c t a n g u l a r  s t r i p s ,  stowed by winding on spoo l s ,  r e p r e s e n t  t h e  best  
compromise f o r  s a i l  shape. C e n t r i f u g a l  f o r c e  is  s e l e c t e d  a s  t h e  
p r e f e r r e d  method f o r  r i g i d i z i n g  t h e  long, narrow s a i l s  on t h e  basis 
of  minimum weight  and minimum complexity.  

The o r i e n t a t i o n  of s o l a r  s a i l s  could be changed by shading of  
one r e f l e c t i n g  s u r f a c e  by another ,  o r  by s h i f t i n g  of t h e  c e n t e r  o f  
g r a v i t y  of t h e  payload. I n  t h e  c a s e  o f  long, narrow b lades ,  t h e  
s i m p l e s t  method of  o r i e n t a t i o n  i s  t o  p i t c h  t h e  b l ades  about  t h e i r  
lengthwise axes. The r e s u l t a n t  magnitudes and d i r e c t i o n s  of t h e  
r a d i a t i o n  f o r c e s  on t h e  b l ades  can then  be c o n t r o l l e d  by a c e n t r a l l y  
l o c a t e d  mechanism. 

I n  summary, t h e  s t r u c t u r a l  des ign  concept  developed f o r  t h e  
Heliogyro s o l a r  sa i le r  employs long, narrow b lades  which are 
r i g i d i z e d  by c e n t r i f u g a l  f o r c e  and which a r e  r o t a t e d  about  t h e i r  
lengthwise axes t o  provide  s p i n  to rque  and p r e c e s s i o n a l  moments. 
The choice  of long, narrow b l a d e s  i s  based p r i m a r i l y  on boos ter -  
r o c k e t  volume c o n s t r a i n t s .  C e n t r i f u g a l  f o r c e  w a s  s e l e c t e d  t o  
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s t i f f e n  t h e  long, narrow b l a d e s  because no o t h e r  technique  was 
found t o  be s u i t a b l e  f o r  t h e  extreme l e n g t h s  r equ i r ed .  Blade p i t c h  
w a s  s e l e c t e d  €or  t h e  c o n t r o l  system because o f  i t s  mechanical s i m -  
p l i c i t y  and because it can provide  a l l  of  t h e  ,desired c o n t r o l  
responses .  \ 

To i l l u s t r a t e  t h e  Hel iogyro des ign  concept  and to  exp lo re  t h e  
p r a c t i c a b i l i t y  of  a s m a l l  experimental  f l i g h t  model, a p re l imina ry  
des ign  was made of  a two-blade conf igu ra t ion .  A s  shown i n  F igu res  
3 and 4,  it resembles a h e l i c o p t e r  r o t o r  i n  t h a t  it uses  long, 
narrow b lades  which are s t i f f e n e d  by c e n t r i f u g a l  f o r c e s  and are 
c o n t r o l l e d  by p i t c h  mechanisms. Technical  c h a r a c t e r i s t i c s  of  t h i s  
experimental  model a r e  summarized i n  Table I. 

TABLE I. TECHNICAL CHARACTERISTICS OF EXPERIMENTAL 
TWO-BLADE MODEL HELIOGYRO 

Gross Weight 550 lb  

Non-Sail Weight 200 l b  

Lightness  N u m b e r  0 .1  

Blade M a t e r i a l  

Blade A r e a  

Blade T i p  Radius 

Blade Chord 

1/4-mil Mylar w i t h  1500 
ii of aluminum coa t ing ,  
each s i d e  

180 000 f t 2  

18 600 f t  

4.84 f t  

Ro ta t iona l  Per iod  6 minutes  

Blade R o o t  S t r e s s  1000 p s i  

Blade T i p  Speed 326 ft/sec 

Root Coning Angle 0.000425 r a d i a n  

P o l a r  Moment of I n e r t i a  1 .28  x l o 9  lb - sec2 - f t  

The deployment sequence f o r  t h e  two-blade model is shown i n  
F igu re  5. A s m a l l  angular  v e l o c i t y  (about  2 r e v o l u t i o n s  p e r  second) 
i s  produced by r o c k e t  motors i n  o r d e r  t o  develop i n i t i a l  t e n s i o n  i n  
t h e  b lades .  The b l a d e s  are t h e n ' u n r o l l e d  about  300 fee t  and p i t ched  

5 



c o l l e c t i v e l y .  S o l a r  r a d i a t i o n  s p i n s  t h e  b l ades  a s  shown. The 
b l a d e s  a r e  then  g radua l ly  un ro l l ed  as t h e  angular  momentum inc reases .  

Blade Conf igura t ion  

The s ize ,  shape, and gene ra l  performance c h a r a c t e r i s t i c s  of 
t h e  Heliogyro may be determined wi thou t  a d e t a i l e d  eva lua t ion  of 
t h e  des ign  of t h e  long, f l e x i b l e  b l ades .  I n  o r d e r  t o  i n v e s t i g a t e  
maneuvering c a p a b i l i t y ,  r o t a t i o n a l  speed, deployment sequence, and 
stress d i s t r i b u t i o n ,  however, t h e  b l a d e  c o n f i g u r a t i o n  must be 
analyzed. A d e t a i l e d  a n a l y s i s  of  t h e  mechanics of  a t h i n ,  f l e x i b l e  
b l a d e  sub jec t ed  t o  c e n t r i f u g a l  f o r c e  and photon p r e s s u r e  i s  pre- 
s en ted  i n  Reference 7.  A summary of t h e  c h a r a c t e r i s t i c s  of  t h e s e  
b l a d e s  i s  t r e a t e d  i n  t h i s  s e c t i o n .  

P r a c t i c a l  m a t e r i a l s  f o r  s o l a r - s a i l  c o n s t r u c t i o n  t o  achieve  
s u i t a b l e  l i g h t n e s s  numbers have rece ived  cons ide rab le  a t t e n t i o n .  
I t  has  been shown (Ref. 2 )  t h a t  t h e  maximum p o s s i b l e  l i g h t n e s s  
number r e s u l t i n g  as a ba lance  between o p a c i t y  and f i l m  th i ckness  
is about  5.0. M e t a l  f i l m s  about  500 Angstroms i n  th i ckness  would 
be requ i r ed  t o  achieve  t h i s  upper l i m i t .  Aluminum s h e e t s  approxi- 
mately 3000 Angstroms t h i c k ,  depos i ted  on f i l m s  which sublime i n  
space have been proposed ( R e f .  l), and a l i m i t e d  amount of  exper i -  
mental  work has  been performed. A more p r a c t i c a l  cand ida te  
m a t e r i a l  f o r  s o l a r  s a i l s  is a Mylar s h e e t  covered on bo th  s i d e s  by 
a depos i ted  aluminum f i l m .  Mylar is t h e  l i g h t e s t  cont inuous f i l m  
c u r r e n t l y  a v a i l a b l e  i n  l a r g e  product ion  q u a n t i t i e s .  Samples of  
one-twent ie th  m i l  Mylar have been produced, and quar te r -mi l  
aluminized Mylar s h e e t s  a r e  a v a i l a b l e  i n  r o l l s  56 inches  wide a t  a 
c o s t  of less than  2 c e n t s  p e r  square  f o o t .  

I n  F igu re  2 t h e  r e l a t i o n s h i p  i s  shown between l i g h t n e s s  number, 
payload weight  f r a c t i o n ,  and s h e e t  t h i c k n e s s  f o r  a Mylar s h e e t  
coa ted  w i t h  an aluminized f i l m  3000 Angstroms t h i c k .  For a given 
t h i c k n e s s  of  Mylar, t h e  s e l e c t i o n  o f  t h e  combination of  l i g h t n e s s  
number and payload weight  f r a c t i o n  is made on t h e  b a s i s  of pe r fo r -  
mance requirements .  For example, f o r  tenth-mil  Mylar, a heavy 
payload can be c a r r i e d  w i t h  a l i g h t n e s s  number of  0.1, o r  a l i g h t  
payload can be c a r r i e d  wi th  a l i g h t n e s s  number o f  0.4. Also, f o r  
s t anda rd  quar te r -mi l  Mylar, a p r a c t i c a l  l i g h t n e s s  number is approxi- 
mately 0.1, 

Long exposure of  s o l a r  s a i l s  t o  t h e  space environment has  been 
considered ( R e f .  5 ) .  Hazards inc lude  temperature  extremes, micro- 
meteoroids ,  p ro ton  bombardment, and u l t r a v i o l e t  r a d i a t i o n .  
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Temperature does n o t  appear t o  be a c r i t i c a l  problem f o r  t h e  mate- 
r i a l s  and stress leve ls  be ing  considered f o r  t h e  Hel iogyro un le s s  
missions a r e  considered t h a t  involve  t r a j e c t o r i e s  i n  t h e  c l o s e  
v i c i n i t y  of t h e  sun. S o l a r  p ro tons  w i l l  cause  s p u t t e r i n g  of t h e  
aluminum c o a t i n g ;  r e c e n t  d a t a ,  however, ( R e f .  9) has  shown t h e  
e ros ion  ra te  t o  be of t h e  o r d e r  of one Angstrom p e r  year .  Micro- 
meteoroids w i l l  p i e r c e  t h e  sails and may cause  s o m e  loss i n  s u r f a c e  
r e f l e c t i v i t y ,  b u t  t h e  p ropor t ion  of  t h e  s u r f a c e  area punctured i n  
one year  i s  of t h e  o r d e r  of  A t  t h e  low stress l e v e l s  planned, 
t h i s  w i l l  n o t  a f f e c t  t h e  s t r u c t u r a l  i n t e g r i t y .  U l t r a v i o l e t  r a d i -  
a t i o n  w i l l  cause d e t e r i o r a t i o n  of  exposed Mylar, b u t  t h e  aluminum 
c o a t i n g  e f f e c t i v e l y  e l i m i n a t e s  t h i s  source  of  damage. The gene ra l  
conclus ion  is t h a t ,  f o r  most a p p l i c a t i o n s ,  no unsurmountable prob- 
l e m s  of m a t e r i a l  d e t e r i o r a t i o n  due t o  t h e  space environment have 
been discovered.  

Three types  of b l a d e  deformations a r e  analyzed i n  Reference 7. 
V e r t i c a l ,  o r  f l apwise  d e f l e c t i o n s  inc lude  coning which affects  
t h r u s t  and may in t roduce  p r e c e s s i o n a l  to rques .  Inp lane  o r  chord- 
w i s e  d e f l e c t i o n s  inc lude  bending camber o r  c u r l i n g .  The t h i r d  
deformation is t w i s t  o r  b l a d e  p i t c h .  A coupl ing  a n a l y s i s  of  f l a p -  
w i s e ,  chordwise, and t w i s t i n g  d e f l e c t i o n s  has  n o t  been completed, 
b u t  i n t e r e s t i n g  conclus ions  have been drawn from a n a l y s i s  of  each 
of t h e  t h r e e  modes s e p a r a t e l y .  

C e n t r i f u g a l  f o r c e  i s  t h e  main s t i f f e n i n g  agen t  f o r  each of 
t h e  t h r e e  types  of deformation, Bending s t i f f n e s s  is important  
on ly  dur ing  t h e  i n i t i a l  s t a g e s  of deployment and is  n e g l i g i b l e  f o r  
t h e  extended b lades .  

The v e r t i c a l  d e f l e c t i o n  of t h e  b l ades  f o r  t h e  two-blade model 
v e h i c l e  i s  shown i n  F igu re  6 f o r  an  assumed stress a t  t h e  b l a d e  
r o o t  of 1000 p s i .  The o r d i n a t e  is t h e  parameter w/BoR where w 
is t h e  d e f l e c t i o n  normal t o  t h e  b l ade ,  is t h e  coning ang le  a t  
t h e  b l a d e  r o o t ,  and R is t h e  b l a d e  t i p  r ad ius .  The r o o t  coning 
ang le  shown f o r  t h i s  example i s  0.000425 r ad ian ,  and t h e  mean con- 
ing  ang le  s e l e c t e d  a t  t h e  75 p e r c e n t  chord p o i n t  is 0.00024 r ad ian .  
The a c t u a l  b l a d e  shape is shown; t h e  maximum d e f l e c t i o n  from t h e  
mean coning ang le  l i n e  occur s  a t  t h e  t i p  and i s  0.4 f o o t  o r  about  
1 2  pe rcen t  of t h e  b l a d e  chord. 

Bo 

Large coning ang le s  a r e  undes i r ab le  f o r  t h r e e  reasons.  F i r s t ,  
t h e  t h r u s t  due t o  s o l a r  i l l u m i n a t i o n  p a r a l l e l  t o  t h e  a x i s  of r o t a -  
t i o n  varies a s  cos  6 . Second, i f  t h e  d i r e c t i o n  of  i l l u m i n a t i o n  
is n o t  p a r a l l e l  t o  t h e  axis of r o t a t i o n ,  coning produces a s t eady  

3 
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precess iona l  to rque  on t h e  v e h i c l e -  Third,  cu rva tu re  produces 
mechanical coupl ing between chordwise deformation and b lade  t w i s t .  

A primary requirement of  b lade  p i t c h i n g  d e f l e c t i o n  i s  t h a t  it 
be p o s s i b l e  t o  t w i s t  t h e  ent i re  b lade  by imposing a cons t an t  t w i s t  
angle  a t  t h e  b l ade  roo t .  I n  F igure  7 is shown t h e  v a r i a t i o n  of  
p i t c h  angle  8 , along t h e  span of t h e  b l ade  f o r  two t w i s t  condi- 
t i o n s .  The upper curve is f o r  a cons t an t  p i t c h  angle ,  , a t  
t h e  blade r o o t  and shows t h a t  t h e  p i t c h  angle  a t  t h e  t i p  i s  equal  
t o  about 3 6  percen t  of t h e  imposed r o o t  p i t c h  angle.  The lower 
curve shows t h e  t w i s t  r e s u l t i n g  from a chordwise o f f s e t  of t h e  
center of p re s su re  from t h e  t ens ion  a x i s  of t h e  blade.  The normal- 
i z i n g  f a c t o r ,  e x  , is 

where Pn i s  t h e  p re s su re  component normal t o  t h e  su r face ,  cro 
is  t h e  spanwise stress a t  t h e  r o o t ,  c i s  t h e  b lade  chord, t is 
t h e  b lade  th i ckness ,  and xcp-xt i s  t h e  center-of-pressure o f f s e t .  
For t h e  two-blade example, t h e  p i t c h  angle  a t  t h e  t i p  f o r  a one- 
inch o f f s e t  of t h e  c e n t e r  of p re s su re  is about 0 .1  rad ian .  Thus, 
it is necessary t o  accu ra t e ly  c o n t r o l  t h e  chordwise l o c a t i o n s  of 
t h e  c e n t e r  of p re s su re  and c e n t e r  of g r a v i t y  i n  order  t o  maintain 
b l ade  t r i m .  

The b l ade  w i l l  t e n d  t o  camber o r  c u r l  about a spanwise a x i s  
due  t o  d i f f e r e n t i a l  expansion. The chordwise membrane stress is 
too small  t o  prevent  camber, b u t  chordwise b a t t e n s  a t  100-foot 
i n t e r v a l s  would be adequate;  t h e  weight i nc rease  would be about 
one pe rcen t  of t h e  s a i l  weight. 

Chordwise deformation of a b lade  subjec ted  t o  30 degrees of 
p i t c h ,  and wi th  b l ade  t w i s t  a s  shown i n  F igure  7 ,  has been computed. 
The n e t  loading on t h e  outboard po r t ion  of t h e  b lade  causes  the  
b l ade  t i p  t o  l a g  behind t h e  b lade  roo t .  For t h e  two-blade veh ic l e  
t h i s  chordwise d e f l e c t i o n  is about  three feet .  

Two o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  Heliogyro t h a t  depend 
on t h e  l eng th  of t he  b l ade  a r e  t h e  r o t a t i o n a l  per iod  and t h e  cen- 
t r i p e t a l  a c c e l e r a t i o n  a t  t h e  b lade  t i p .  The r o t a t i o n a l  per iod  i s  
given by  
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and t h e  t i p  a c c e l e r a t i o n  is given by  

2a 
0 - -  - 

' t ip  p~ 

where p is  t h e  d e n s i t y  of t h e  b l a d e m a t e r i a l  and o0 is t h e  
stress a t  t h e  b l a d e  r o o t .  These parameters  a r e  p l o t t e d  i n  F i g u r e  
8 a s  a f u n c t i o n  of t h e  b l a d e  r a d i u s ,  R . 

For o p e r a t i o n  i n  near  e a r t h  o r b i t s ,  t h e  r o t a t i o n a l  per iod  
should be s m a l l  compared to  t h e  o r b i t a l  per iod .  The e f f e c t  o f  per-  
t u r b i n g  f o r c e s  due t o  g r a v i t y  g r a d i e n t  become s e r i o u s  i f  t h e s e  
t i m e s  become n e a r l y  equal .  Assuming t h e  o r b i t a l  per iod  t o  be 100 
minutes,  t h e  r o t a t i o n a l  pe r iod  should be less than  20  minutes.  
From F igure  8, t h e  maximum blade r a d i u s  is about  60 000 fee t  u n l e s s  
t h e  r o o t  stress is increased  above 1000 p s i .  

C e n t r i p e t a l  a c c e l e r a t i o n  can be used i n  manned v e h i c l e s  t o  
provide  ztn a r t i f i c i a l  g r a v i t a t i o n a l  f i e l d .  From F igure  8, f o r  t h e  
1000-psi r o o t  stress l i m i t ,  a one-tenth g a c c e l e r a t i o n  e x i s t s  a t  a 
r a d i u s  of  about  3 5  000 feet .  

Con t ro l  C h a r a c t e r i s t i c s  

The means by which c o n t r o l  forces and c o n t r o l  moments a r e  
exe r t ed  on t h e  Heliogyro are shown i n  F igu re  9. F igu re  9 ( a )  
i l l u s t r a t e s  t h e  use  of c y c l i c  p i t c h  t o  produce a s t eady  component 
of f o r c e  i n  t h e  p lane  o f  t h e  r o t o r .  F igu re  9 ( b )  shows a r o l l i n g  
moment produced by a combination of  c y c l i c  and c o l l e c t i v e  p i t c h ,  
C o l l e c t i v e  p i t c h  a l s o  produces s p i n  torque  and reduces t h e  com- 
ponent of f o r c e  normal t o  t h e  r o t o r  plane.  

A d e r i v a t i o n  of t h e  equa t ions  f o r  t h e  f o r c e s  and moments on 
a r o t o r  due t o  s o l a r  i l l u m i n a t i o n  i s  presented  i n  Reference 7. 
The coord ina te  geometry used i n  t h i s  d e r i v a t i o n  i s  shown i n  Fig- 
u r e  10. A summary of  t h e  c o n t r o l  c h a r a c t e r i s t i c s  assuming i d e a l  
r e f l e c t i v i t y  i s  as  follows: 

Case I: Steady f l i g h t  w i t h  no coning ( f3  = 8 = 0 ) .  

2 L i f t :  L = p % R c  - s i n y  - cos y 
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3 
Drag: D = po n RC COS y 

where po is  t h e  t o t a l  r a d i a t i o n  p r e s s u r e  and nb 
is t h e  number of  b l ades .  

C a s e  2: Longi tudina l  moment due t o  coning i n  s t eady  f l i g h t  

n c - sin2Y r ' s i n @  d r  f 1 M = -  
y 2"o b 

0 

C a s e  3: 

C a s e  4: 

Cyc l i c  p i t c h  r equ i r ed  t o  achieve  zero l o n g i t u d i n a l  
moment i n  s t eady  f l i g h t .  P = c o n s t a n t ;  8 = a s i n $ ,  
where a i s  smal l .  1 

1 

- s i n 2 y  C O S P  
a =  2 2 1 2 1 cos  P cos  y + - * s i n  y 

4 

Combined c y c l i c  and c o l l e c t i v e  p i t c h  r equ i r ed  t o  
achieve  zero l o n g i t u d i n a l  moment i n  s t eady  f l i g h t ,  
P = c o n s t a n t ;  8 = Bo f bl cos$  where Bo and bl 
a r e  s m a l l  and c o n s t a n t  a long t h e  span. 

- - s i n @  s i n 2 y  

s i n  y 3 * c o s y - - *  2 2 1 
2 

8 % b l -  
0 

C a s e  5: Longi tudina l  c o n t r o l  moment f o r  no coning; P = 0, 
9 = 8, f bl cos$, where b l  is s m a l l  and c o n s t a n t  
a long  t h e  span 

1 2 
1 2  + - * t a n  Bo 
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Case 6: Lateral  c o n t r o l  moment f o r  no coning;  f-l = 0, 
8 = 8, + al s i n $ ,  where a is s m a l l  1 

- -  1 s i n  2 y + I t a n  2 8 sin’y) I r d r  2 4 0 

C a s e  7: Spin c o n t r o l  moment f o r  no coning: $ = 0 , 0 = 8 
0 

0 0 
- 

0 
MZ - - 

0 

C a s e  8: Cont ro l  f o r c e s  f o r  no coning and normal inc idence  
of i l l u m i n a t i o n ;  f3 = 0, y = 0, and 8 = Bo + b l  COS$ 

where b l  i s  smal l  and c o n s t a n t  a long t h e  span 

R 

1 1 3 2 
F = - - 2 Po bl % c / ( c o s  e 0 - s i n  e 0 0 case 0 d r  Y 

0 

F Z = po nb c [cos3@ 0 d r  

0 

Case 9: Lateral  c o n t r o l  f o r c e  f o r  no coning and normal i n c i -  
dence of  i l l umina t ion :  f-l = 0, y = 0 and 8 = bl COS$ 

where b l  is  n o t  s m a l l  b u t  is c o n s t a n t  a long  t h e  
span 
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-1 3 5 n R c  [bl .-  0.875b1 + 0.318b -t - 1 F = - -  
Y 2 * ’ 0  b 1 

The c o n t r o l  c h a r a c t e r i s t i c s  of t h e  Hel iogyro may be i l l u s t r a t e d  
by t h e  example of  t h e  two-blade v e h i c l e  desc r ibed  ear l ier .  The 
r a t e  a t  which r o t a t i o n a l  speed can be changed by col lect ive p i t c h  
f o r  t h e  c o n d i t i o n  of  no coning and normal inc idence  of  s o l a r  
i l l u m i n a t i o n  may be computed from Case 7 above. For a 30-degree 
p i t c h  ang le  a t  t h e  b l a d e  r o o t ,  t h e  t i m e  t o  s p i n  up t o  t h e  f i n a l  
r a t e  of  0.0175 r a d i a n  p e r  second is 3.3 days. 

The r a t e  a t  which t h e  s p i n  a x i s  can be precessed  by t h e  s imul-  
taneous a p p l i c a t i o n  of c o l l e c t i v e  and c y c l i c  p i t c h  may be computed 
from C a s e  5. I f  t h e  c o l l e c t i v e  p i t c h  ang le  is s e l e c t e d  t o  be 30 
degrees ,  and t h e  c y c l i c  p i t c h  ang le  taken  t o  be 1 0  degrees ,  then  
t h e  p r e c e s s i o n a l  r a t e  i s  4.5 degrees  per day, 

I t  is shown i n  C a s e  2 t h a t  coning produces a s t eady  moment 
tending  t o  p r e c e s s  t h e  s p i n  a x i s  i n  a cone about  t h e  a x i s  of 
i l l u m i n a t i o n .  The magnitude of  t h i s  moment i s  c a l c u l a t e d  t o  be 
0.063 f t  l b  f o r  an i l l u m i n a t i o n  ang le  o f  35 degrees ,  and t h e  
r e s u l t i n g  p r e c e s s i o n a l  r a t e  i s  0.0143 degree  p e r  day. A n  occa- 
s i o n a l  c o r r e c t i o n a l  maneuver would be requ i r ed  on a long voyage. 

Deployment 

The deployment sequence f o r  t h e  two-blade c o n f i g u r a t i o n  i s  
shown i n  F igures  5 and 11. A sma l l  angular  v e l o c i t y  i s  produced by 
r o c k e t  motors i n  o r d e r  t o  develop i n i t i a l  t e n s i o n  i n  t h e  b lades .  
The v e h i c l e  i s  a l s o  o r i e n t e d  i n  space  t o  be perpendicular  t o  t h e  
s o l a r  r a d i a t i o n .  Excessive s p i n  rates would be requ i r ed  i f  t h e  
t o t a l  r equ i r ed  angular  momentum w e r e  provided by t h e  i n i t i a l  sp in .  
I n s t e a d ,  t h e  b l a d e s  a r e  p i t ched  c o l l e c t i v e l y  a f t e r  they  have been 
un ro l l ed  a s h o r t  d i s t a n c e .  The c o l l e c t i v e  p i t c h  provides  a s p i n  
to rque  from t h e  photon p r e s s u r e  and s u p p l i e s  t h e  added angular  
momentum needed as t h e  b l ades  are unro l l ed .  

During i n i t i a l  deployment t h e  angular  momentum of t h e  payload 
package is t r a n s f e r r e d  t o  t h e  u n r o l l i n g  b l a d e s ;  t h e  s p i n  torque  i s  
t r a n s f e r r e d  p r i m a r i l y  by chordwise bending. To p rec lude  wr ink l ing  
of  t h e  b l ade ,  a des ign  c r i t e r i o n  is t h a t  t h e r e  be no compressive 
stresses i n  t h e  t r a i l i n g  edges du r ing  t h e  i n i t i a l  deployment. For 
t h i s  case, t h e  u n r o l l i n g  speed, R , is  
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where bdo i s  t h e  i n i t i a l  r o t a t i o n a l  speed. For  t h e  case of  t h e  
two-blade veh ic l e ,  t h i s  i n i t i a l  deployment t o  a r a d i u s  o f  326 feet  
must be g r e a t e r  than  71  seconds. 

The i n i t i a l  deployment r a d i u s  is e s t a b l i s h e d  by t h e  r equ i r e -  
ment t h a t  t h e  coning ang le  be kep t  c o n s t a n t  du r ing  t h e  gradual  
payout phase, i n  o r d e r  t o  minimize t h e  d e l e t e r i o u s  e f f e c t s  of  
l a r g e  coning mentioned on page 11. This  c r i t e r i o n  r e s u l t s  i n  a 
c o n s t a n t  r a t i o  of  b l a d e  r a d i u s  t o  b l a d e  r o o t  stress, and i n  con- 
s t a n t  c e n t r i p e t a l  a c c e l e r a t i o n  a t  t h e  b l a d e  t i p .  For t h e  two- 
b l a d e  conf igu ra t ion ,  i f  it is assumed t h a t  t h e  i n i t i a l  angular  
momentum from r o c k e t  sp inup  is 900 f t - lb - sec ,  t h e  r e s u l t i n g  i n i t i a l  
r a d i u s  i s  326 f e e t  i n  o r d e r  t o  a s s u r e  c o n s t a n t  t i p  c e n t r i p e t a l  
a c c e l e r a t i o n  dur ing  t h e  remaining slow payout.  The t i m e  f o r  t h e  
complete deployment i s  computed t o  be 14.5 days based on t h e  
b lade- root  stress l e v e l  of  1000 p s i .  The corresponding r o t a t i o n a l  
per iod  of t h e  deployed Heliogyro i s  6 minutes.  

S p a c e c r a f t  Conf igura t ions  

Pre l iminary  des igns  have been made of c o n f i g u r a t i o n s  of  l a r g e  
s p a c e c r a f t  i n  o r d e r  t o  i l l u s t r a t e  t h e  performance and load-car ry ing  
c a p a b i l i t i e s  of t h e  Hel iogyro s o l a r - s a i l e r  concept .  The p r i n c i p a l  
c o n s t r a i n t s  i n  se . l ec t ing  v e h i c l e  s i z e  have been t h e  dimensional and 
payload weight  c a p a b i l i t i e s  of t h e  Sa tu rn  V b o o s t e r  system. The 
g ross  weight  of  t h e  s p a c e c r a f t  has  been chosen t o  be 100 000 l b  
and t h e  dimensions of t h e  stowed c o n f i g u r a t i o n  have been s e l e c t e d  
t o  f i t  w i t h i n  a c y l i n d e r  t h a t  is 60 feet  long and 20 f e e t  i n  
diameter.  

I t  has  been assumed t h a t  0.05 m i l  Mylar w i l l  be a v a i l a b l e  f o r  
t h e  c o n s t r u c t i o n  of t h e  b l ades .  For such m a t e r i a l ,  a good compro- 
m i s e  between performance and load-car ry ing  c a p a b i l i t y  is obta ined  
w i t h  a l i g h t n e s s  number e q u a l  to 0.3 and a payload weight  f r a c t i o n  
equal  to  0.484. Once g r o s s  weight  and l i g h t n e s s  number have been 
s p e c i f i e d ,  t h e  r equ i r ed  s a i l  a r e a  i s  determined. For t h i s  case ,  
t h e  s a i l  a r e a  is 97.5 x LO6 square  feet .  

The g e n e r a l  arrangement of t h e  f i r s t  o f  two proposed configur-  
a t i o n s  is shown i n  F igu res  12, 1 3 ,  and 14. The system c o n s i s t s  of an  
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axisymmetric a r r a y  of b l ades  connected t o  a s t r u c t u r a l  r i n g ,  and 
a c e n t r a l l y  l o c a t e d  payload capsu le  t h a t  i s  a t t a c h e d  t o  t h e  r i n g  
by means of cab le s .  The r i n g  is d iv ided  i n t o  24 segments, sepa- 
r a t e d  by hinges.  The h inges  a r e  mechanical ly  ac tua t ed  and kep t  
i n  synchronism dur ing  deployment by a c o n t r o l  c a b l e  w i t h i n  t h e  
r ing .  The cables suppor t ing  t h e  c e n t r a l  capsu le  a r e  payed o u t  
under t ens ion  dur ing  deployment. An e l e c t r i c a l  motor t h a t  s u p p l i e s  
b l a d e  p i t c h  is l o c a t e d  a t  t h e  c e n t e r  of  each r i n g  segment. A de- 
t a i l e d  ske tch  of t h e  stowed c o n f i g u r a t i o n  is shown i n  F igu re  14. 

Opera t iona l  c h a r a c t e r i s t i c s  of t h e  pinwheel model ( r o t a t i o n a l  
pe r iod ,  t i p  speed,and coning angle)  a r e  included i n  Table 11 f o r  a 
b lade- root  stress equal  t o  3000 p s i .  F i n a l  deployment from t h e  
unfolded r i n g  c o n d i t i o n  is achieved i n  a manner s i m i l a r  t o  t h a t  
f o r  t h e  experimental  two-blade model. The c o n f i g u r a t i o n  i s  f i r s t  
spun up by r o c k e t  motors t o  produce a moderate r a d i a l  a c c e l e r a t i o n :  
t h e  b l ades  a r e  then  un ro l l ed  t o  a predetermined r a d i u s ,  p i t ched ,  
and g radua l ly  payed o u t  a s  photon p r e s s u r e  i n c r e a s e s  angular  momen- 
tum.  The es t imated  t i m e  f o r  deployment i s  about  e i g h t  days.  

The gene ra l  arrangement of  t h e  second c o n f i g u r a t i o n  i s  shown 
i n  F igu re  15. The system c o n s i s t s  of  a number of p a r a l l e l  b l ades  
w i t h  two payload capsu le s  l o c a t e d  half-way from t h e  c e n t e r  t o  t h e  
b l a d e  t i p s .  The p i t c h  mechanisms of  t h e  b l a d e s  are s laved  t o g e t h e r  
by a c o n t r o l  cable t h a t  is d r i v e n  by an e lec t r ic  motor. The b l a d e s  
between t h e  two capsu le s  a r e  no t  movable. A l l  of t h e  b l ades  a r e  
a t t ached  t o  booms t h a t  extend from t h e  payload capsu le s  and t h a t  
a r e  hinged t o  permi t  f o l d i n g  i n t o  t h e  stowed conf igu ra t ion .  

The axes of t h e  movable b l ades  a r e  d i r e c t e d  toward t h e  c e n t e r  
of r o t a t i o n .  The axes of t h e  f i x e d  b l ades  a r e  curved s l i g h t l y  out -  
ward from t h e  center of r o t a t i o n  due t o  t h e  a c t i o n  of  c e n t r i f u g a l  
f o r c e  . 

A d e t a i l e d  v i e w  of  t h e  stowed c o n f i g u r a t i o n  i s  shown i n  F igu re  
16. The main e f fec t  of r e s t r i c t e d  packaging volume is  t o  l i m i t  t h e  
l e n g t h  of t h e  b l a d e  at tachment  booms, which have been s e l e c t e d  t o  
have an o v e r a l l  l e n g t h  equal  t o  500 feet .  Each boom segment car -  
ries fou r  10-foot-wide b l a d e s  pe r  s i d e  which could,  i f  d e s i r e d ,  be 
rep laced  by a s i n g l e  b l a d e  40 feet  wide. The t o t a l  t i p - t o - t i p  span 
of t h e  b l ades  is 244 000 f e e t ,  o r  about  46 m i l e s .  

One important  des ign  f e a t u r e  o f  t h e  p a r a l l e l  b l a d e  configura-  
t i o n  is t h a t  a r t i f i c i a l  g r a v i t y  is provided w i t h i n  t h e  payload 
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capsules .  Design d a t a  given i n  Table I1 show t h a t ,  i f  t h e  blade-  
r o o t  stress is equal  t o  5000 p s i ,  t h e  a r t i f i c i a l  g r a v i t y  is equal 
t o  0.066 g. The most e f f e c t i v e  means f o r  provid ing  a l a r g e r  cen- 
t r i f u g a l  f o r c e  f i e l d  i s  t o  i n c r e a s e  b l ade  stress, which would 
r e q u i r e  t h e  development of a s u i t a b l e  material  t h a t  is s t r o n g e r  
than  Mylar. 

TABLE 11. TECHNICAL DATA 

C h a r a c t e r i s t i c  

Gross Weight ( l b )  

Non-sail Weight ( l b )  

Lightness  Number 

Blade Mate r i a l  

B l a d e  A r e a  ( f t  ) 
2 

Number o f  Movable Blades 

Number of Fixed Blades 

Blade T i p  Radius ( f t )  

Blade Chord ( f t )  

Ro ta t iona l  Per iod ( m i n )  

A r t i f i c i a l  Gravi ty  f o r  
Passengers (9 's)  

Blade Root S t r e s s  ( p s i )  

Blade T i p  Speed ( f t / s e c )  

Root Coning Angle ( r a d i a n s )  

FOR LARGE HELIOGYRO SOLAR SAILERS 

Unmanned 
Pinwheel 
Model 

Manned 
P a r a l l e l  Blade 
Model 

100 000 100 000 

48 400 48 400 

0-3 0.3 

1/20-mil Mylar wi th  1500 a l u m i -  
num coat ing ,  each s i d e  

97.5 x 106 97.5 x 106 

96 80 

0 40 

101 400 122 000 

10 10 

18.4 17.5 

0 

3000 

568 

0.0048 

0.066 

5000 

732 

0,00237 

It w i l l  be noted t h a t  t h e  c e n t r i f u g a l  load on t h e  payload cap- 
s u l e s  is supported by c a b l e s  r a t h e r  than be ing  beamed t o  t h e  b lades .  
The main reason f o r  t h i s  arrangement is t h a t  t h e  increased load i n  
t h e  b l ades  would r e q u i r e  a r e d u c t i o n  by about a f a c t o r  of two i n  
t h e  a r t i f i c i a l  g r a v i t a t i o n a l  f i e l d .  The e s t i m a t e d  weight of  t h e  

15 



cables, i f  made from u n i d i r e c t i o n a l  g l a s s  lamina te  and s t r e s s e d  t o  
100 000 p s i ,  is about  2000 pounds. 

A n  a r t i s t ' s  v i e w  of one of  t h e  payload capsu le s  is shown i n  
F igu re  17.  Also v i s ib le  i n  t h e  f i g u r e  are a cable-car f o r  t r ans -  
p o r t a t i o n  t o  t h e  o t h e r  payload capsule ,  and a s m a l l e r  docked 
s p a c e c r a f t .  Other  f e a t u r e s  o f  the p a r a l l e l - b l a d e  c o n f i g u r a t i o n  
t h a t  a r e  considered t o  be important  f o r  long,  manned space voy- 
ages  a r e  t h e  a c c e s s i b i l i t y  of a l l  moving p a r t s  and t h e  roominess 
of t h e  c r e w  compartments. 

The deployment sequence i s  a s  follows: A f t e r  t h e  b l a d e  sup- 
p o r t  booms have been unfolded,  t h e  c o n f i g u r a t i o n  i s  spun up by 
means of r o c k e t  motors a t  t h e  boom t i p s .  The non-movable b l ades  
a r e  then  payed o u t  t o  a predetermined d i s t a n c e ,  a f t e r  which t h e  
movable b l ades  are payed o u t  a small  d i s t a n c e  and p i tched .  F i n a l l y  
b o t h  sets  of b l a d e s  are  g radua l ly  payed o u t  a s  photon p r e s s u r e  
i n c r e a s e s  angular  momentum. Lag h inges  f o r  t h e  movable b l ades  
m u s t  be provided i n  o r d e r  t o  permit t h e i r  axes t o  p o i n t  toward t h e  
c e n t e r  of r o t a t i o n  dur ing  deployment. 
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MISSION SPECTRUM 

C l a s s i f i c a t i o n  

Hel iogyro a p p l i c a t i o n s  can be c l a s s i f i e d  g e n e r a l l y  by t h e  
n a t u r e  of  t h e  primary f u n c t i o n  of  t h e  deployed su r face .  The f irst  
is r e l a t e d  t o  producing t h r u s t  and o r i e n t a t i o n  torques:  t h e  second 
is r e l a t e d  t o  us ing  t h e  deployed s o l a r - s a i l  s u r f a c e  t o  i n t e r c e p t  
ma t t e r  and energy. A summary of t h e s e  c a t e g o r i e s  o f  miss ions  is 
given below. S p e c i f i c  a p p l i c a t i o n s  are d iscussed  i n  more d e t a i l  
i n  t h e  subsequent s e c t i o n .  

U t i l i z a t i o n  of  Thrust . -  

(1) I n t e r p l a n e t a r y  t r a v e l  

Modes: Flyby o r  c a p t u r e  

D e s t i n a t i o n s  outbound: Mars, J u p i t e r ,  Sa tu rn ,  aster- 
o i d s ,  e x t r a t e r r e s t r i a l  moons, 
escape from s o l a r  system 

D e s t i n a t i o n s  inbound: Venus, Mercury, Sun 

D e s t i n a t i o n s  non-ec l ip t ic :  Comets, p o l a r  reg ions  
o f  s o l a r  s y s  t e m  

( 2 )  Travel i n  p l a n e t a r y  o r b i t  

P l ane ta ry  escape 

S t a t i o n  v i s i t i n g  

0 rb i t changing 

Moon-centered s a t e l l i t e s  

( 3 )  S t a t i o n  keeping and midcourse c o n t r o l  

I n t e r p l a n e t a r y  t r a j e c t o r y  t r i m  

24-hour o r b i t s  
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Spacing of  mul t ip l e  s a t e l l i t e  systems 

Synodic s a t e l l i t e s  ( l i b r a t i o n  p o i n t s )  

(4)  A t t i t u d e  c o n t r o l  

Space f ixed  

Sun, e a r t h  o r  moon centered  

Scanning 

U t i l i z a t i o n  of s u r f a c e  area.- 

(1) I n t e r c e p t i o n  of mat te r  

Micrometeorites 

P lane ta ry  atmosphere 

Atmospheric dens i ty  probe 

Capture drag brake 

( 2 )  I n t e r c e p t i o n  of e lectromagnet ic  energy 

O p t i c a l  and r ada r  t a r g e t  

Dipole and a r r a y  antennas f o r  low-frequency commun- 
i c a t i o n  and r a d i o  astronomy 

I l lumina t ion  of p l a n e t a r y  n i g h t s i d e s  

Lunar sun shade 

E f f e c t  upon l o c a l  meteorology 

D i s c u s s  ion 

U t i l i z a t i o n  o f  Thrus t  f o r  I n t e r p l a n e t a r y  Travel.-  In t e rp l ane -  
t a r y  t r a v e l  r e q u i r e s  a c o n t r o l l e d  t h r u s t  c a p a b i l i t y  f o r  midcourse 
o r i e n t a t i o n  and t r a j e c t o r y  con t ro l .  Moreover, long-durat ion t h r u s t  
can s i g n i f i c a n t l y  reduce t h e  t r a v e l  t i m e  ( o r ,  f o r  a given boos te r ,  
i n c r e a s e  t h e  s p a c e c r a f t  mass) once t h e  s p a c e c r a f t  is i n j e c t e d  i n t o  
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an ear th-escape o r b i t  by t h e  primary boos ter .  I n  a d d i t i o n ,  t h e  
t h r u s t  may be used t o  e n t e r  i n t o  and escape from high  p l a n e t a r y  
o r b i t s .  Analys is  shows, however, t h a t  such maneuvers are g e n e r a l l y  
q u i t e  c o s t l y  i n  t i m e ,  p a r t i c u l a r l y  f o r  miss ions  t o  heavy p l a n e t s .  
For in s t ance ,  t h e  descen t  i n t o  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  
r e q u i r e s  about  700 days i f  t h e  l i g h t n e s s  number is equal  t o  0.1, 
and about  230 days i f  t h e  l i g h t n e s s  number i s  equal  to  0-3, 

Severa l  modes of  i n t e r p l a n e t a r y  t r a v e l  can be considered,  
i.e, p l a n e t a r y  f lyby ,  p l a n e t a r y  capture ,  f l yby  r e t u r n ,  and c a p t u r e  
r e tu rn :  t h e  l a t t e r  two modes may be considered p r i m a r i l y  f o r  
manned e x p l o r a t i o n s  of  t h e  p l a n e t a r y  system. 

D e s t i n a t i o n s  w i l l  a f f e c t  t h e  systems requirements  f o r  t h e  
Heliogyro. S ince  photon f l u x  decreases  w i t h  t h e  square  of t h e  
d i s t a n c e  from t h e  sun, t h e  a b i l i t y  of a l l  solar-powered p ropu l s ion  
systems t o  produce t h r u s t  d iminishes  r a p i d l y  on outbound journeys.  
Optimal s a i l  ang le s  a r e  g e n e r a l l y  smal l  ( ze ro  t o  35 degrees  from 
perpendicular  t o  t h e  photon f l u x ) .  Devia t ions  from specu la r  
r e f l e c t i v i t y  w i l l  t h e r e f o r e  n o t  s e r i o u s l y  a f f e c t  t h e  mission per- 
formance parameters .  

Typical  outbound miss ions  of  primary i n t e r e s t  a r e  Mars, 
J u p i t e r ,  Sa turn ,  a s t e r o i d s ,  and p l a n e t a r y  moons, p a r t i c u l a r l y  
those  of J u p i t e r  and Sa turn .  

The use  of  t h e  Hel iogyro f o r  s o l a r  s a i l i n g  t o  J u p i t e r  and 
beyond h a s  been i n v e s t i g a t e d  i n  some d e t a i l  by c a l c u l a t i n g  a num- 
ber of t r a j e c t o r i e s  s t a r t i n g  w i t h  escape from e a r t h .  

A s o l a r  s a i l  w i t h  a AS = 0.3 n e a r l y  doubles  t h e  launch 
v e h i c l e  c a p a b i l i t y ,  
w i th  c u r r e n t  technology, y i e l d s  a s i g n i f i c a n t  i n c r e a s e  i n  m a s s .  
These comparisons are e s p e c i a l l y  a t t r a c t i v e  when it is  r e a l i z e d  
t h a t  t h e  unpowered s p a c e c r a f t  must supply a t t i t u d e  c o n t r o l  and 
midcourse c o r r e c t i o n  o u t  of  i ts  weight,  whereas, t h e  Heliogyro 
has  t h e s e  f u n c t i o n s  supp l i ed  wi thou t  c o s t  i n  weight.  The a t t a i n -  
a b l e  s p a c e c r a f t  masses a r e  c e r t a i n l y  impressive,  even f o r  t h e  
s h o r t e r  t i m e s .  

Even As = 0.2 , which is almost  ach ievable  

Inbound missions t o  Venus, Mercury, o r  t o  a s t i l l  c l o s e r  
v i c i n i t y  of the  sun b e n e f i t  from increased  photon f l u x  b u t  w i l l  
be l i m i t e d  by t h e  s a i l ' s  a l j i l i t y  t o  wi ths t and  r a d i a t i o n  equ i l ib r ium 
temperatures .  F u r t h e r  i n v e s t i g a t i o n s  w i l l  be r equ i r ed  t o  e s t a b l i s h  
meaningful l i m i t s  t o  such mission o b j e c t i v e s .  
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A number of  o t h e r  t r a j e c t o r y  p r o f i l e s  can  be considered.  
These may involve  e c l i p t i c  o r b i t s  w i th  m u l t i p l e  f lyby  miss ions  
such as Venus - Mars. A m u l t i p l e  mission t o  t h e  o u t e r  p l a n e t s ,  
J u p i t e r ,  Sa turn ,  Neptune, and Uranus can be contemplated f o r  t h e  
1976 t o  1978 oppor tun i ty .  T h i s  oppor tun i ty  w i l l  r e c u r  only  i n  
t h e  yea r  2052 and t h e r e f o r e  r e p r e s e n t s  a t r u l y  e x c i t i n g  "once i n  
a l i f e t i m e "  oppor tun i ty  f o r  ou r  genera t ion .  Vigorous development 
of  t h e  Heliogyro technology may make t h i s  concept  a s e r i o u s  con- 
t ende r  f o r  i n c l u s i o n  i n t o  t h i s  mission.  

Non-ec l ip t ic  t r a j e c t o r i e s  near  t h e  sun w i l l  be of i n t e r e s t  i n  
surveying t h e  o the rwise  i n a c c e s s i b l e  p o l a r  r eg ions  of t h e  sun. 

I n t e r c e p t i o n  of  comets i s  another  miss ion  which w i l l  r e q u i r e  
d e v i a t i o n  from e c l i p t i c  p l ane  o r b i t s .  Two known comets t h a t  e n t e r  
t h e  inne r  s o l a r  system are Encke 's  Comet and H a l l e y ' s  Comet. 
Encke 's  C o m e t  has  a p e r i h e l i o n  of  0.34 astronomical  u n i t ,  an 
o r b i t a l  i n c l i n a t i o n  t o  t h e  e c l i p t i c  of 12.4 degrees ,  and a per iod  
of  r ecu r rence  of 3.29 years .  H a l l e y ' s  Comet has  a p e r i h e l i o n  of 
0.59 as t ronomica l  u n i t  and an o r b i t a l  i n c l i n a t i o n  of  162.2 degrees .  
I t  is  expected t o  r e c u r  every 76 years .  S ince  t h e  l a s t  wel l -def ined 
obse rva t ion  was i n  1910, t h e  yea r  1986 may provide  an oppor tun i ty  
f o r  i n t e r c e p t i o n  of t h e  l a r g e s t  known r e t r o g r a d e  body a c c e s s i b l e  
w i t h i n  t h e  conf ines  of t h e  inne r  s o l a r  system, b u t  which i s  pos- 
s i b l y  of e x t r a - s o l a r  o r i g i n .  

U t i l i z a t i o n  of Thrus t  f o r  T rave l  Within t h e  E a r t h ' s  Gravi- 
t a t i o n a l  F i e l d .  - U s e  o f  t h e  Heliogyro f o r  t r ave l  i n  e a r t h ' s  o r b i t  
i s  less a t t r a c t i v e  than i ts  use  f o r  i n t e r p l a n e t a r y  space t r a v e l  
due t o  t h e  r e l a t i v e l y  long t i m e  r equ i r ed  t o  e f f e c t  l a r g e  changes 
i n  o r b i t a l  a l t i t u d e .  There a r e ,  n e v e r t h e l e s s ,  a v a r i e t y  of t r a n s -  
p o r t  miss ions  w i t h i n  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  where t h i s  
disadvantage i s  e i t h e r  i n o p e r a t i v e  o r  r e l a t i v e l y  unimportant,  and 
f o r  which t h e  l a r g e  t o t a l  impulsive c a p a b i l i t y  and endurance of 
t h e  Heliogyro p r e s e n t  a s i g n i f i c a n t  advantage over  o t h e r  propul- 
s i o n  systems. 

One such a p p l i c a t i o n  i s  t h e  u s e  of  t h e  Heliogyro a s  a main- 
tenance  v e h i c l e  f o r  a number of s a t e l l i t e s  s t a t i o n e d  i n  synchronous 
o r b i t .  The t i m e  r e q u i r e d  f o r  a Heliogyro of r e l a t i v e l y  l o w  perform- 
ance ( l i g h t n e s s  number = 0.1) t o  change i t s  o r b i t a l  p o s i t i o n  by 
180 degrees  i s  equa l  t o  about  14 days. The t i m e s  f o r  sma l l e r  
p o s i t i o n  changes decrease  a s  t h e  square  r o o t  of  t h e  angle  change. 
A competing chemical-propulsion system wi th  a comparable payload- 
to-weight r a t i o  would be exhausted of f u e l  a f t e r  about  2 5  s t a r t s  
and s t o p s .  
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Anothe r j app l i ca t ion  i s  t h e  use  of  the Hel iogyro as a l o g i s t i c s  
t r a n s p o r t  from low t o  h igh  o r b i t a l  a l t i t u d e s  i n  s i t u a t i o n s  where 
t h e  round- t r ip  t r a v e l  t i m e  is r e l a t i v e l y  unimportant.  Such an  
a p p l i c a t i o n  might be t h e  f e r r y i n g  of  s t r u c t u r a l  m a t e r i a l s  f o r  t h e  
e s t ab l i shmen t  o f  a base on the  moon. 
t h e  launch v e h i c l e s  could be approximately doubled by us ing  
chemical p ropu l s ion  t o  p l a c e  t h e  payload i n  a low (1000 m i l e )  
o r b i t  and t h e  Heliogyro f o r  t r a n s f e r  to  an  o r b i t  around t h e  moon. 
The c o s t  s av ing  would be s u b s t a n t i a l ,  provided t h a t  several round- 
t r i p s  w e r e  accomplished by each Heliogyro t r a n s p o r t .  

The payload c a p a b i l i t y  of  

O t h e r  ea r th-centered  a p p l i c a t i o n s  i n  which t h e  s p e c i a l  f e a t u r e s  
of t h e  Hel iogyro might be advantageous a r e  t h e  c o l l e c t i o n  of  man- 
made d e b r i s  andlmapping miss ions  t h a t  r e q u i r e  c o n t i n u a l  changes i n  
o r b i t  a l t i t u d e  and i n c l i n a t i o n .  

U t i l i z a t i o n  of  Thrus t  f o r  S t a t i o n  Keeping. - S t a t i o n  keeping 
a t  s p e c i f i c  l o c a t i o n s  i s  a major t a s k  f o r  l o n g - l i f e  s a t e l l i t e  
systems, r e q u i r i n g  s m a l l ,  c o n t r o l l a b l e  t h r u s t  over  long du ra t ions .  
Obvious s t a t ion -keep ing  t a s k s  e x i s t  i n  p r e s e n t  24-hour communica- 
t i o n  s a t e l l i t e s  such as Syncom. Other  unique l o c a t i o n s  f o r  s a t -  
e l l i t e s  are t h e  l i b r a t i o n  p o i n t s  o r  synodic  s a t e l l i t e s  i n  the  
earth-moon system. 

The i n f e r i o r  and s u p e r i o r  conjunct ion  p o s i t i o n s  can be shown 
t o  be uns t ab le ,  r e q u i r i n g  an ac t ive  t h r u s t - c o n t r o l  system. They 
a r e  of p a r t i c u l a r  i n t e r e s t  a s  r e l a y  s t a t i o n s  i n  earth-moon opera- 
t i o n s ,  t h e  i n f e r i o r  p o s i t i o n  f o r  communication t o  the  near  s i d e ,  
and t h e  s u p e r i o r  p o s i t i o n  f o r  o p e r a t i o n s  on the  f a r  s i d e  of  t h e  
moon. The two s e x t i l e  p o s i t i o n s  a r e  i n h e r e n t l y  s t a b l e ,  r e q u i r i n g  
only  t r i m  and p o s s i b l y  damping of  o r b i t a l  o s c i l l a t i o n s ;  t h e r e f o r e ,  
t h e  c o n t r o l  system requirement  can be reduced and the  Hel iogyro 
b l ades  may be ree fed  to  minimize d i s tu rbances .  These p o s i t i o n s  
may be o f  i n t e r e s t  f o r  communication r e l a y  between earth and f a r  
s i d e .  

Locat ions nea r  t h e  oppos i t i on  p o i n t  may be of primary 
s c i e n t i f i c  i n t e r e s t  i n  i n v e s t i g a t i n g  e lec t romagnet ic  and g rav i -  
t a t i o n a l  effects a s s o c i a t e d  wi th  earth-moon eclipse phenomena. 
These effects may be examined by observ ing  two-body effects upon 
g raz ing  rays .  

U t i l i z a t i o n  of Large Sur face  A r e a  fo r  I n t e r c e p t i o n  of Matter .  - 
The measurement o f  f l u x  r a t e s  f o r  meteoroids  t h a t  a r e  l a r g e  enough 
t o  p e n e t r a t e  man-rated s p a c e c r a f t  r e q u i r e s  e i t h e r  a very l a r g e  
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s u r f a c e  o r  a very  long t i m e .  The blades of  a Heliogyro can be used 
f o r  t h i s  purpose,  s i n c e  t h e i r  s u r f a c e  a r e a  must, i n  any case, be 
very l a r g e  i n  o r d e r  t o  provide  s i g n i f i c a n t  t h r u s t .  The gene ra l  
i dea  i s  t o  expose t h e  b l a d e s  t o  t h e  micrometeoroid f l u x  f o r  a 
c e r t a i n  t i m e ,  and then  t o  scan  them w i t h  p h o t o e l e c t r i c  devices  f o r  
h o l e s  of va r ious  s i z e s  w h i l e  r e e l i n g  them i n .  The b l ades  would 
then  be redeployed to  c o l l e c t  more meteoroid h o l e s  f o r  an a d d i t i o n a l  
t i m e ,  etc.  

A p re l imina ry  des ign  of a v e h i c l e  f o r  mapping t h e  d i s t r i b u -  
t i o n  of  micrometeoroids between E a r t h  and Mars has  been s tud ied .  
The g r o s s  weight  of  t h e  v e h i c l e  would be about  730 pounds, includ-  
ing  280 pounds of  0.1-mil aluminized Mylar b l ades  f o r  primary 
propuls ion ,  a t t i t u d e  c o n t r o l ,  and meteoroid c o l l e c t i o n ;  150 pounds 
of t h i n  s teel  p l a t e  f o r  o b t a i n i n g  d a t a  f o r  e s t a b l i s h i n g  c o r r e l a t i o n s  
between ho le  s i z e  and p e n e t r a t i n g  power; and 300 pounds of i n s t r u -  
ments, equipment, and s t r u c t u r e .  The t r a v e l  t i m e  from Ear th  t o  
Mars is about  200 days. The Nel iogyro b l ades ,  which have a t o t a l  
s u r f a c e  a r e a  equal  t o  524 000 square fee-ir., would be scanned a t  
two-week i n t e r v a l s .  C a l c u l a t i o n s  based on near -ear th  meteroid 
f l u x  d e n s i t i e s  show t h a t  approximately 50 p a r t i c l e s  capable  of  
punctur ing  1 mm s t ee l  p l a t e s  would be i n t e r c e p t e d  by t h e  b l ades  
i n  each two-week pe r iod .  

Other a p p l i c a t i o n s  involv ing  i n t e r c e p t i o n  of ma t t e r  involve  
those  where t h e  s u r f a c e  a r e a  is exposed t o  extremely tenuous 
atmospheres i n  t h e  v i c i n i t y  of p l a n e t s .  Such missions may have 
s c i e n t i f i c  va lue  i n  measuring u l t r a - h i g h - a l t i t u d e  atmospheric 
d e n s i t i e s  by observ ing  o r b i t  decay of f u l l y  o r  p a r t i a l l y  deployed 
Heliogyro-equipped s p a c e c r a f t .  Another a p p l i c a t i o n  may involve 
t h e  a c t u a l  u t i l i z a t i o n  of  atmospheric d rag  t o  descend from near- 
p a r a b o l i c  t o  c i r c u l a r  p l a n e t a r y  orbits i n  m u l t i p l e  g raz ing  o r b i t s  
of i n i t i a l l y  h igh  e c c e n t r i c i t i e s ,  p repa ra to ry  t o  descen t  t o  t h e  
p l a n e t a r y  s u r f a c e .  S ince  t h i s  e f f e c t  can m a t e r i a l l y  reduce t h e  
weight  o f  r e t r o p r o p u l s i o n  and e n t r y  h e a t  s h i e l d ,  cons ide rab le  
payoff i n  miss ion  e f f e c t i v e n e s s  can be expected. 

Analys is  of an  e a r t h  r e t u r n  mission shows t h a t  v e l o c i t y  
decrements of about  1000 ft /sec pe r  o r b i t  can be achieved a t  
p e r i g e e  a l t i t u d e s  of 200 km. The t i m e  r equ i r ed  f o r  descen t  from 
a h igh  o r b i t  t o  a low one i s  thereby  very s u b s t a n t i a l l y  reduced 
from t h e  t i m e  r equ i r ed  i f  photon p r e s s u r e  i s  t h e  on ly  a v a i l a b l e  
p ropu l s ive  effect .  
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U t i l i z a t i o n  of  Large Sur face  A r e a s  f o r  I n t e r c e p t i o n  o f  E lec t ro -  
magnetic Energy. - The l a r g e  s u r f a c e  a r e a s  a v a i l a b l e  w i l l  l end  
themselves t o  a p p l i c a t i o n s  where s u b s t a n t i a l  amounts of electromag- 
n e t i c  r a d i a t i o n  w i l l  be i n t e r c e p t e d  and e i t h e r  absorbed and 
r e r a d i a t e d  o r  r e f l e c t e d  e i t h e r  d i f f u s e l y  o r  s p e c u l a r l y .  S c i e n t i f i c  
missions us ing  t h i s  p rope r ty  can involve  i t s  use  a s  f a r  ranging  
p a s s i v e  t a r g e t s  e i t h e r  f o r  o p t i c a l  o r  r a d a r  t r ack ing .  Such u s e  
may s e r v e  f o r  p r e c i s e  measurement of  d i s t u r b i n g  f o r c e s .  From 
these ,  it is p o s s i b l e  t o  determine i n t e r p l a n e t a r y  o r  p l a n e t a r y  
g r a v i t a t i o n a l  f i e l d s  and t o  measure t h e  d e n s i t y  of extremely 
tenuous atmospheres surrounding p l a n e t s  o r  comets. 

Another p o s s i b i l i t y  exists i n  us ing  t h e  long, s l e n d e r  b l a d e  
conf igu ra t ions  i n h e r e n t  i n  t h e  Hel iogyro concept  as d i p o l e  and 
a r r a y  antennas f o r  extremely low-frequency radio-astronomy s t u d i e s  
o r  f o r  deep space  communication. 

I n t e r c e p t i o n  of s o l a r  r a d i a t i o n  may a l s o  s e r v e  d i r e c t  pur- 
poses.  One is t h a t  o f  i l l u m i n a t i o n  of  p l a n e t a r y  o r  l u n a r  n i g h t  
s i d e s .  Conversely,  l o c a l  cl imate may be a f f e c t e d  by us ing  t h e  
l a r g e  s u r f a c e  a r e a  t o  c a s t  shadows on p l a n e t a r y ,  l u n a r ,  o r  e a r t h  
su r faces .  I n  t h e  c a s e  of l u n a r  a p p l i c a t i o n s ,  a Heliogyro placed 
i n t o  an  approximately 28-day l u n a r  o r b i t  can reduce day temperature  
on a luna r  base.  U s e  of penumbra and a p p r o p r i a t e  b l a d e  spac ing  can 
gene ra t e  a wide range of e f f e c t s ,  from s l i g h t  r educ t ion  of s o l a r  
r a d i a t i o n  t o  complete shadow and e s s e n t i a l l y  l o c a l  n i g h t  s i t u a t i o n s .  
Modulation of t h e  effect  i s  p o s s i b l e  by use of  b l a d e  p i t c h  c o n t r o l ,  
i n h e r e n t  i n  t h e  Heliogyro des ign .  S i m i l a r l y ,  l o c a l  t e r r e s t r i a l  
meteorology may be a f f e c t e d  by c o n t r o l l e d  removal of s o l a r  energy 
i n f l u x  a t  c o n t r o l l e d  t i m e s  and l o c a t i o n .  This  could conceivably 
create o r  r e i n f o r c e  l o c a l  wind p a t t e r n s  and be ins t rumen ta l  i n  a i r -  
p o l l u t i o n  c o n t r o l .  Considerable  f u r t h e r  s tudy  w i l l  be r equ i r ed  
t o  determine s u i t a b l e  o r b i t s  and magnitude of  c l imat ic  effects 
t h a t  can be genera ted  by t h i s  means. 

Two p o s s i b l e  modes o f  o p e r a t i o n  can be considered.  The f i r s t  
involves  a near-synchronous o r b i t  of h igh  e c c e n t r i c i t y  i n  which 
t h e  s p a c e c r a f t  casts a shadow on a f i x e d  p o s i t i o n  r e l a t i v e  t o  t h e  
p l a n e t a r y  su r face .  For  t h e  e a r t h ,  t h i s  r e q u i r e s  a 24-hour e l l ip -  
t i c a l  o r b i t  w i t h  a major semi-axis of  6.61 e a r t h  r a d i i ,  o r  
approximately 36  000 km. For t h e  moon, t h e  o r b i t a l  pe r iod  f o r  
t h i s  mode w i l l  be approximately 28  days and t h e  o r b i t a l  semi-axis 
would be approximately 1 5  000 km, 



The second mode involves  lower o r b i t s ,  and thus  non-stat ionary 
shadows w i t h  r e s p e c t  t o  t h e  p l ane ta ry  su r face .  To o b t a i n  s u f f i c i e n t  
effect, m u l t i p l e  s a t e l l i t e  systems may have to  be employed. 

I n  e i t h e r  case ,  very l a r g e  s u r f a c e  a r e a s  are necessary t o  
o b t a i n  s i g n i f i c a n t  e f f e c t s .  Advances i n  m a t e r i a l s  technology w i l l  
be r equ i r ed  i n  forming t h i n  metal l ic  f i l m s ,  poss ib ly  d i r e c t l y  i n  
t h e  space environment by vacuum-deposition methods. 
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SPECIFIC HELIOGYRO APPLICATIONS 

P l a n e t a r y  Escape 

An important  and d i f f i c u l t  maneuver t h a t  h a s  rece ived  con- 
s i d e r a b l e  a t t e n t i o n  i n  t h e  l i t e r a t u r e  on s o l a r  s a i l s  is t h e  
p l a n e t a r y  escape maneuver ( R e f s .  2 ,  5 ,  and 6 ) .  The reasons  €or 
t h e  d i f f i c u l t y  are  t h a t  t h e  g r a v i t a t i o n a l  a t t r a c t i o n  i n  a l o w  
p l a n e t a r y  o r b i t  is much l a r g e r  t han  t h e  s o l a r - r a d i a t i o n  p res su re ,  
and t h a t  special  means a re  r equ i r ed  t o  d e r i v e  an increment of 
angular  momentum f r o m  t h e  sun du r ing  each r e v o l u t i o n  around t h e  
p l a n e t .  

Two proposed p l a n e t a r y  escape  maneuvers f o r  t h e  Hel iogyro are  
shown i n  F igu re  18. I n  F igu re  1 8 ( a )  t h e  v e h i c l e  i s  placed i n t o  a 
c i r c u l a r  p o l a r  o r b i t  w i t h  both  t h e  p l ane  of t h e  o rb i t  and t h e  p l ane  
of t h e  v e h i c l e  normal to t h e  d i r e c t i o n  of i l l umina t ion .  Cyc l i c  
p i t c h  is used t o  gene ra t e  a f o r c e  i n  t h e  d i r e c t i o n  of o rb i t a l  
motion. I n  F igure  18(b) t h e  v e h i c l e  is p laced  i n  an e q u a t o r i a l  
o r b i t  w i t h  t h e  p l ane  of t h e  r o t o r  normal t o  t h e  d i r e c t i o n  of  
i l l umina t ion .  Both c y c l i c  and c o l l e c t i v e  p i t c h  are  employed dur- 
ing  each o r b i t a l  r e v o l u t i o n  t o  produce a n e t  average force i n  t h e  
d i r e c t i o n  of o r b i t a l  motion. 

Comparison shows t h a t  t h e  f o r c e s  a v a i l a b l e  f o r  p l a n e t a r y  
escape i n  t h e  p o l a r  and e q u a t o r i a l  o r b i t s  a r e  about equal .  S l i g h t -  
l y  l a r g e r  t h r u s t s  a re  p o s s i b l e  w i t h  more complicated maneuvers. 
For example, t h e  reg ions  of  c o l l e c t i v e  and c y c l i c  p i t c h  could be 
overlapped i n  t h e  e q u a t o r i a l  o r b i t ,  o r  t h e  ax i s  of  r o t a t i o n  could 
be precessed t o  provide  a f avorab le  o r i e n t a t i o n  of  t h e  e n t i r e  
vehic le .  

An approximate a n a l y s i s  of  c i r c u l a r  p l a n e t a r y  orbits shows 
t h a t  t h e  t i m e  t o  escape t h e  p l a n e t  f r o m  an i n i t i a l  o r b i t a l  a l t i -  
tude,  h i  , above t h e  s u r f a c e  i s  

1 

r 5 
mvgO 0 t =  e F,,,(hi + ro)$ 
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where FJ' 
mv i s  t h e  mass of  t h e  v e h i c l e ,  and go is t h e  g r a v i t a t i o n a l  
a c c e l e r a t i o n  a t  t h e  s u r f a c e  of  t h e  p l a n e t  whose r a d i u s  i s  
For o p e r a t i o n  i n  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d ,  t h e  escape t i m e  
is p l o t t e d  i n  F igu re  19. The importance of l i g h t n e s s  number w i t h  
regard  t o  t h e  t i m e  f o r  p l a n e t a r y  escape is c l e a r .  For manned 
i n t e r p l a n e t a r y  voyages, it is probably d e s i r a b l e  t o  have t h e  v e h i c l e  
c l i m b  i n  an unmanned cond i t ion  from a l o w  e a r t h  o r b i t  t o  a f a i r l y  
high one i n  o r d e r  t o  minimize r a d i a t i o n  hazard i n  t he  Van Al l en  be l t .  

i s  t h e  average f o r c e  i n  t h e  d i r e c t i o n  of o r b i t a l  motion, 

ro ~ 

The escape t i m e  f o r  p l a n e t s  o t h e r  than  e a r t h  may a l s o  be c a l -  
cu la t ed .  The escape t i m e s  f o r  t h e  f i rs t  s i x  p l a n e t s ,  r e l a t i v e  t o  
t h e  escape t i m e  from e a r t h ,  a r e  t a b u l a t e d  below. 

P l a n e t  

Mercury 

Venus 

Ea r th  

Mars 

J u p i t e r  

T i m e  t o  Escape from P l a n e t  
T i m e  t o  Escape from Ear th  

0.056 

0.479 

1.000 

1.06 

128.0 

Sa tu rn  295.0 

I n  a t y p i c a l  voyage t o  Mars, t h e  s p a c e c r a f t  descends i n t o  a 
low Mart ian o r b i t ,  c l i m b s  back o u t ,  and r e t u r n s  t o  e a r t h  a s  f a s t  
as p o s s i b l e .  The mission involves  t h e  fo l lowing  phases  

a )  I n j e c t i o n  i n t o  a low e a r t h  o r b i t  
b) C l i m b ,  i n  an  unmanned cond i t ion ,  t o  a 20  000 m i l e  o r b i t  
c)  Voyage to Mars on a cap tu re  t r a j e c t o r y  
d )  Descent t o  a l o w  Mart ian o r b i t  and r e t u r n  
e) Voyage back t o  e a r t h  on a f lyby  t r a j e c t o r y .  

The e lapsed  t i m e  f o r  t h e  mission has  been computed a s  a func- 
t i o n  of  l i g h t n e s s  number and is  shown i n  F igu re  20. 
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I n t e r p l a n e t a r y  F l i g h t s  

P lane ta ry  f lyby  miss ions  can be considered i n  t w o  phases:  
launch and i n t e r p l a n e t a r y  f l i g h t .  I n  t h i s  a n a l y s i s  t h e  launch 
phase is cons idered  on ly  t o  t h e  e x t e n t  necessary  t o  e s t a b l i s h  
i n i t i a l  c o n d i t i o n s  f o r  t h e  second phase. Simple two-body h e l i o -  
c e n t r i c  o r b i t a l  mechanics and f l i g h t  i n  t h e  e c l i p t i c  p l ane  a r e  
assumed. 

For t h e  geometry o f  f l i g h t  and wi th  t h e  n o t a t i o n  shown i n  
F igure  2 1  ( a ) ,  t h e  equat ions  of  motion may be w r i t t e n  i n  non- 
dimensional form 

2 D-1 - -  u - u+T - 2 
U T T  

- 
L 

U 
u$ + 2UT$ = - 

2 T T  

where t h e  s u b s c r i p t ,  T , denotes  d e r i v a t i v e  wi th  respect t o  t i m e ,  
and where D and E are t h e  non-dimensional d rag  and l i f t  f o r c e s  
on t h e  s a i l ,  a s  def ined  below. 

-. - 

An element of t h e  s a i l  w i l l  produce l i f t  and drag  f o r c e s  i f  
it is o r i e n t e d  a s  shown i n  F igu re  2 1  (b) .  

The elemental  f o r c e s  a r e  

x 3 3 
A 

dD = - dA cos  CP cos  8 

For t r a j e c t o r i e s  which do n o t  d e v i a t e  m a t e r i a l l y  from t h e  e c l i p t i c  
p lane ,  CP is k e p t  a t  i ts  proper  va lue  ove r  t h e  e n t i r e  s a i l  area. 
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The f l i g h t  v e h i c l e  can be considered t o  c o n s i s t  of t h e  pay- 
load  and t h e  p ropu l s ion  system. The propuls ion  system c o n s i s t s  
of t h e  s a i l s  and t h e  mechanisms necessary t o  deploy and c o n t r o l  
them. The payload m a s s  f r a c t i o n  can be w r i t t e n  

h m 

m x - Q = 1 , -  
S V 

where m is t h e  payload mass, mv i s  t h e  t o t a l  v e h i c l e  mass, h 
is  t h e  t o t a l  v e h i c l e  l i g h t n e s s  number, and As is t h e  propuls ion  
system o r  s a i l  l i g h t n e s s  number. The s a i l  l i g h t n e s s  number is 
s i m i l a r  i n  s i g n i f i c a n c e  t o  t h e  s p e c i f i c  impulse parameter f o r  
r o c k e t  propuls ion .  A s p e c i f i c  s t a t e  of s o l a r - r a d i a t i o n  propuls ion  
technology can be expressed by t h e  va lue  of hs , and performance 
t r a d e o f f s  made r e l a t i v e  t o  payload f r a c t i o n  and f l i g h t  t i m e .  

P 

The i n i t i a l  c o n d i t i o n s  f o r  t h e  i n t e r p l a n e t a r y  t r a j e c t o r i e s  
a r e  a f u n c t i o n  of t h e  performance of t h e  launch veh ic l e .  I n  
F igu re  22  i s  shown t h e . v a r i a t i o n  of  excess  v e l o c i t y  w i t h  payload 
f o r  two b o o s t e r  r o c k e t s ,  t h e  Atlas/Centaur  and t h e  T i t a l  I I I C  - 
Burner I1 (1900) .  The excess  v e l o c i t y  is r e l a t e d  t o  t h e  charac- 
t e r i s t i c  v e l o c i t y  increment,  f o r  t h e  b o o s t e r s  by t h e  equat ion:  vc 

2 - (36178) 2 
q = vc 

where t h e  minor i n f l u e n c e  of t h e  type  o f  launch t r a j e c t o r y  is n o t  
included.  The Heliogyro i s  then  assumed t o  escape t h e  e a r t h ' s  
g r a v i t a t i o n a l  f i e l d  w i t h  an excess  v e l o c i t y  of q a t  an  ang le  8 
wi th  t h e  c i r c l e  U = one as t ronomica l  u n i t  from t h e  sun. Thus a t  
t i m e  zero: 

U = l  

u = q s i n $  
7 

$ = 1 + q cos$  
7 

A sample t r a j e c t o r y  is shown i n  F igu re  23. The Heliogyro 
s p a c e c r a f t  reaches  Mars i n  83 days and J u p i t e r  i n  415 days. The 
s a i l  ang le  i s  programmed so as t o  achieve  g r e a t e s t  energy p e r  u n i t  
t i m e .  T h i s  maximum power t r a j e c t o r y  c a l c u l a t i o n  o f f e r s  t h e  
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s i m p l i f i c a t i o n  t h a t  t h e  s a i l  ang le  is a f u n c t i o n  on ly  of i n s t a n t a -  
neous f l i g h t  parameters.  Comparison wi th  t h e  e x a c t  t r a j e c t o r y  
op t imiza t ion  of Kel ley  ( R e f .  8) shows agreement w i t h i n  2 pe rcen t .  
For t h e  sample t r a j e c t o r y  i n  F igu re  23 t h e  s a i l  ang le  dec reases  
r a p i d l y  from t h e  maximum lift ang le  (35.3 degrees)  t o  about  20 
degrees  and then  dec reases  s lowly t o  about  5 degrees  a t  a d i s t a n c e  
of  10 as t ronomica l  u n i t s  from t h e  sun. 

The i n f l u e n c e  of  launch ang le ,  B , and of  s a i l  ang le  e r r o r s  
w e r e  i n v e s t i g a t e d  ( R e f .  10)  and found t o  be minor. For example, 
a l though the  optimum va lue  of @ is no t  zero,  t h e  pena l ty  is 
s m a l l  f o r  making t h i s  s impl i fy ing  assumption. For  a root-mean- 
square  d e v i a t i o n  of  s a i l  angle  of 8 degrees ,  t h e  i n c r e a s e  i n  
f l i g h t  t i m e  i s  about 10  pe rcen t .  By making the  assumptions of  
zero launch-angle and zero s a i l - a n g l e  e r r o r s ,  t h e  J u p i t e r  f l y b y  
mission can be c h a r a c t e r i z e d  by f l i g h t  t i m e  which i s  a f u n c t i o n  
only  of launch excess v e l o c i t y  and v e h i c l e  l i g h t n e s s  number. 

I n  F igu re  24 are shown t h e  basic mission r e s u l t s  presented  a s  
f l i g h t  t i m e  versus  excess v e l o c i t y  f o r  s e v e r a l  va lues  of l i g h t n e s s  
number. The curves  e x h i b i t  t h e  in f luence  of i nc reased  l i g h t n e s s  
number i n  decreas ing  f l i g h t  t i m e .  Booster performance is incor -  
pora ted  i n  t h e  excess  v e l o c i t y .  A s  shown, s h o r t  f l i g h t  t i m e s  a r e  
p o s s i b l e  f o r  e i t h e r  t h e  Mars o r  J u p i t e r  f l y b y  missions.  

I n  o r d e r  t o  in t roduce  t h e  performance o f  s p e c i f i c  launch vehi- 
c les ,  t h e  spacecraft-mass and excess-ve loc i ty  d a t a  shown i n  F igu re  
22  may be combined w i t h  t h e  b a s i c  mission r e s u l t s .  Consider a 
requirement i n  which a given payload mass is t o  be flown near  
J u p i t e r  w i t h  a given b o o s t e r  and u t i l i z i n g  a b a s i c  s o l a r - s a i l i n g  
c a p a b i l i t y .  I n  o r d e r  t o  f i n d  the  minimum f l i g h t  t i m e ,  d a t a  a s  
shown i n  F igu re  25 may be computed and p l o t t e d .  I n  t h i s  c a s e  t h e  
T i t a n  I I I C - B 2  and a payload mass of 227 k g  f o r  t h e  Hel iogyro w e r e  
selected. By vary ing  t h e  l i g h t n e s s  number, t h e  minimum f l i g h t  
t i m e  may be found a s  shown. 

I n  F igu re  26 t h e  optimum f l i g h t  t i m e s  f o r  s p e c i f i e d  payloads 
a r e  shown f o r  va r ious  s a i l  l i g h t n e s s  numbers. Each p o i n t  on t h e s e  
curves  r e p r e s e n t s  an optimum p o i n t  s e l e c t e d  from curves shown i n  
F igu re  25. The r e s u l t s  apply to  t h e  J u p i t e r  f l y b y  mission u t i l i z -  
ing  e i t h e r  t h e  T i t a n  IIIC-Burner 2 o r  t h e  Atlas/Centaur  launch 
vehic le .  

The curves  i n  F igu re  26 f o r  t h e  s a i l  l i g h t n e s s  number, hs = 0 , 
g i v e  t h e  b a l l i s t i c  performance of  t h e  T i t a n  b o o s t e r  w i thou t  s o l a r -  
s a i l  p ropuls ion .  Addi t ion  of  s o l a r  s a i l s  w i l l  app rec i ab ly  i n c r e a s e  
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t h e  payload weight  c a p a b i l i t y  o r  reduce t h e  f l i g h t  t i m e .  

The curves  i n  F igu re  26  f o r  t h e  A t l a s  b o o s t e r  w e r e  s e l e c t e d  
t o  show a nea r - fu tu re  c a p a b i l i t y .  A va lue  of A, = 0.15 can be 
obta ined  w i t h  p r e s e n t l y  a v a i l a b l e  materials,  and As = 0.3 could 
be ob ta ined  w i t h  polymer f i l m s  o f  one-tenth m i l .  A 400-kilogram 
payload could be p laced  i n  t h e  v i c i n i t y  of J u p i t e r  w i t h  t h e  A t l a s /  
Centaur.  The Hel iogyro would weigh 945 kg, have a v e h i c l e  l i g h t -  
ness  number of  0.17, and a s a i l  area of 0 .1  square  k i lometer .  For 
comparison, t h e  performance c h a r a c t e r i s t i c s  of a solar-powered elec- 
t r i c  p ropu l s ion  system f o r  t h e  J u p i t e r  f l y b y  mission are a l s o  shown. 
D a t a  a r e  taken  from Reference 13 and ref lect  d i r e c t ,  outbound tra- 
j e c t o r i e s ,  optimized f o r  launch d a t e  and maximum gross  payload. 

A t t i t u d e  Cont ro l  

The a p p l i c a t i o n  of  t h e  Heliogyro t o  a t t i t u d e  c o n t r o l  was 
suggested by t h e  s u c c e s s f u l  employment of s o l a r  r a d i a t i o n  f o r  t h i s  
purpose on t h e  Mariner program. I n  t h i s  s tudy,  c o n s i d e r a t i o n  has  
been given t o  a p p l i c a t i o n s  r e q u i r i n g  s imultaneous a p p l i c a t i o n  of  
l a r g e  f o r c e s  and moments about  two o r  t h r e e  axes. 

The example chosen f o r  i n v e s t i g a t i o n  w a s  t h e  l a t e r a l  c o n t r o l  
system f o r  a l a r g e  radio-astronomy antenna, t h e  LOFT (see Ref. 11). 
Th i s  o r b i t i n g  low-frequency t e l e scope  has  a diameter  o f  1500 meters 
and is requ i r ed  t o  scan  t h e  celest ia l  sphere  and t o  p o i n t  a t  spe- 
c i f i c  o b j e c t s  i n  space.  The c o n f i g u r a t i o n  chosen f o r  a n a l y s i s  is  
shown i n  F igu re  27. I t  w i l l  be noted t h a t  t h e  Heliogyro b l ades  
s p i n  i n  a d i r e c t i o n  o p p o s i t e  t o  t h a t  o f  t h e  scanning antenna. Th i s  
is done i n  o r d e r  t o  reduce t h e  n e t  angular  momentum of t h i s  system 
t o  zero thereby  minimizing c o n t r o l  to rque  requirements .  

I n  t h i s  case t h e  moment requirements  are of  two types:  to rque  
about  t h e  s p i n  a x i s ,  and moment about an a x i s  perpendicular  t o  t h e  
s p i n  axis. Torque about t h e  s p i n  a x i s  i s  r equ i r ed  t o  b r i n g  t h e  
antenna up t o  t h e  d e s i r e d  s p i n  ra te .  Spin to rque  w i l l  a l s o  be 
requ i r ed  dur ing  subsequent ope ra t ion  t o  r e p l e n i s h  l o s s e s  i n  angular  
momentum due t o  eddy c u r r e n t  i n t e r a c t i o n  w i t h  t h e  e a r t h ' s  magnetic 
f i e l d .  

Lateral  c o n t r o l  moments ( p i t c h  and yaw) a r e  requi red  t o  
change t h e  p o i n t i n g  a x i s  o f  t h e  antenna and a l s o  t o  overcome moments 
produced by t h e  n a t u r a l  environment. The major sources  of  environ- 
mental  l a t e ra l  moment are g r a v i t y  g r a d i e n t  and s o l a r - r a d i a t i o n  
p res su re .  The magnitude of t h e  r equ i r ed  c o n t r o l  moment can vary 



depending on s e v e r a l  parameters .  Some o f  t h e  more important  
parameters  a re :  

1. O r b i t a l  a l t i t u d e :  g rav i ty -g rad ien t  t o rque  i s  i n v e r s e l y  
p ropor t iona l  t o  t h e  cube of t h e  d i s t a n c e  from t h e  c e n t e r  of the  
e a r t h .  

2.  Mass d i s t r i b u t i o n :  g rav i ty -g rad ien t  to rque  can be re- 
duced t o  n e a r l y  zero by making t h e  moments of i n e r t i a  about  t h e  
s p i n  a x i s  and a t r a n s v e r s e  a x i s  n e a r l y  equal.  

3 .  D i s t r i b u t i o n  and a r e a  o f  antenna r e f l e c t i n g  s u r f a c e s  
determine t h e  moment due t o  s o l a r - r a d i a t i o n  p res su re .  

The o r i g i n  and magnitude of  l a t e r a l  c o n t r o l  moment under d i f -  
f e r e n t  des ign  cond i t ions  a r e  given below. 

34 000 km 

The l a t e r a l - c o n t r o l  moment system must be capable  of s lewing 
the . an tenna  between any two o r i e n t a t i o n s  i n  less than  one day. 
This  requirement r u l e s  o u t  systems t h a t  depend e n t i r e l y  on environ- 
mental  f o r c e s  (such as g rav i ty -g rad ien t  schemes),  b u t  it does n o t  
r u l e  o u t  systems (such a s  rocket-motor p ropu l s ion )  t h a t  t a k e  
advantage of  environmental  f o r c e s  t o  reduce t h e  long-time average 
moment. A l l  systems must be capable  of d e l i v e r i n g  t h e  maximum 
requ i r ed  moment a t  any t i m e .  The d u r a t i o n  of  t h e  mission is  
assumed t o  be f i v e  yea r s .  

For  t h e  Heliogyro a t t i t u d e - c o n t r o l  c o n f i g u r a t i o n  on LOFT as 
shown i n  F igu re  27, t h e  r e f l e c t o r  b l a d e  p i t c h  is c o n t r o l l e d  a s  
fol lows : 

8 = 8 + al s i n $  + bl cos$ 
0 
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where $ = L I T '  is measured from a r e fe rence  p l ane  t h a t  con ta ins  
t h e  a x i s  of r o t a t i o n  and t h e  d i r e c t i o n  of  t h e  i l l umina t ion .  The 
c o n t r o l  parameters ,  8, , al , and b l  are c a l l e d ,  r e s p e c t i v e l y ,  
c o l l e c t i v e  p i t c h ,  l o n g i t u d i n a l  c y c l i c  p i t c h ,  and l a t e r a l  c y c l i c  
p i t c h  i n  conformiGy w i t h  s t anda rd  h e l i c o p t e r  p r a c t i c e .  

There are two modes of c o n t r o l  t h a t  w i l l  produce a l a t e r a l  
moment on t h e  antenna. I n  t h e  f i r s t  mode a l a t e r a l  force is 
produced on t h e  r e f l e c t o r  b l ades  which, when m u l t i p l i e d  by t h e  
d i s t a n c e  between the  p l ane  of t h e  r e f l e c t o r  and the  c e n t e r  of  
g r a v i t y  of t h e  antenna,  produces t h e  d e s i r e d  moment. I n  t h e  
second mode t h e  components of  f o r c e  on t h e  b l ades  i n  t h e  d i r e c t i o n  
of t h e  a x i s  of t h e  antenna a r e  modulated d i f f e r e n t i a l l y  so a s  t o  
produce a moment when they a r e  m u l t i p l i e d  by t h e  d i s t a n c e  from 
t h e  b l a d e s  t o  t h e  ax i s .  The formulas f o r  t h e  c o n t r o l  moments 
about t h e  y-ax is  are: 

Mode 1: 8 = a s i n 4  1 

Mode 2: 8 = 8 + b COS$ 
0 1 

2 2 2 2 
1 0 

c (R2 - R ) s i n e o  cos  8 ( cos  y 3 
M = - b  p y 4 1 o n b  

1 2 1 2 2 - - s i n  y -I- - t a n  Bo s i n  y) 6 1 2  

a = l o n g i t u d i n a l  c y c l i c  p i t c h  

bl = l a t e r a l  c y c l i c  p i t c h  

8 = c o l l e c t i v e  p i tch  

1 where 

0 

= r a d i a t i o n  p r e s s u r e  f o r  normal inc idence  PO 

% = number of b l a d e s  

c = b l a d e  chord 
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= i n n e r  b l a d e  r a d i u s  

R2 = o u t e r  b l a d e  r a d i u s  

cg 

R1 

4, = d i s t a n c e  from b l a d e  p l ane  t o  c.g.. of antenna 

y = angle  between a x i s  of antenna and d i r e c t i o n  of  t h e  
s o l a r  i l l u m i n a t i o n  

fi = r o t a t i o n a l  speed 

T = t i m e  

The formulas f o r  t h e  moments about  t h e  x-axis  a r e  s i m i l a r ,  

I n  t h e  d e r i v a t i o n  of t h e  above formulas it is assumed t h a t  
t h e  c y c l i c  p i t c h  ang le s ,  al and b l  , a r e  small .  Although t h e  
c o l l e c t i v e  p i t c h  angle ,  Bo , v a r i e s  a long t h e  span, a weighted 
average is assumed i n  t h e s e  formulas.  For purposes  of e v a l u a t i n g  
t h e  performance of t h e  des ign  concept ,  t h e  fo l lowing  numerical  
va lues  w e r e  s e l e c t e d  f o r  t h e  parameters  l i s t e d  above. 

a = 20° 

b = 20° 

1 

1 

e = 300 

PO 

% = 3  

0 

-6 = 0.1882 x 10  lb / f t2  

c = 10 f t  

R1, R2: t o  be determined by moment requirements  

&cg: 1500 f t  

Y : a l l  va lues  t o  be considered 

2 
Consider Cont ro l  Mode 1. The average va lue  of  cos  Y over  t h e  

s u r f a c e  of a sphere  i s  1/3. Thus t h e  average moment c a p a b i l i t y  i s  
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-4 
= 5.14 x 10  (R2 - R1) 

- 
Sur face  A r e a  of Weight of 

Three Blades Three Blades R2 - R1 
( f  t- lb) ( f t )  ( ft2 1 ( lb)  

1.0 1 950 58 500 114 

10.0 19 500 585 000 1 140 

11 400 6 
100.0 195 000 5.85 x 10 

The fo l lowing  t a b l e  g i v e s  p e r t i n e n t  des ign  information f o r  - 
var ious  va lues  of M . Q u a r t e r  m i l  aluminized Mylar is assumed i n  
c a l c u l a t i n g  b l a d e  welghts  . 

Consider Cont ro l  Mode 2. The average a b s o l u t e  va lue  of 

(cos  y-- s i n  y + - t a n  8 s i n  y) over  t h e  s u r f a c e  of a sphere  i s  

approximately 0.306. Thus t h e  average moment c a p a b i l i t y  is 

2 1  2 1 2 2 
6 12 0 

2 2 2 
c s i n 8  cos  8 (R2 - R1 1 Y 4  1 o nb 0 

3 - 
M = - x 0.306 b p 

-6 2 2 
= 1.76 X 10 (R2 - R1 ) 

C l e a r l y  t h e  inne r  r a d i u s  should be made a s  l a r g e  as p r a c t i c a l  
i n  o r d e r  t o  produce t h e  maximum moment. Using a va lue  of  10  000 f t ,  

L - M = 17.6[(?) - l ]  

Y 
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The fo l lowing  - table g i v e s  p e r t i n e n t  des ign  informat ion  f o r  
va r ious  va lues  of My . 
i n  c a l c u l a t i n g  b l a d e  weight.  

Q u a r t e r  m i l  aluminized Mylar i s  assumed 

I ( f  t- lb) 

L 100.0 

The second c o n t r o l  mode l e a d s  t o  a much sma l l e r  b l a d e  weight  
than  t h e  f i r s t  c o n t r o l  mode. The weight  of a complete system t o  
produce 10  f t - l b  of l a t e r a l  moment should be no more than about  
250 lb. 

Two o t h e r  cand ida te  l a t e r a l - c o n t r o l  systems, r o c k e t  motors 
and i n t e r a c t i o n  wi th  t h e  e a r t h ' s  magnetic f i e l d ,  w e r e  eva lua ted  
f o r  a p p l i c a t i o n  t o  t h e  LOFT. I t  was concluded t h a t  chemical 
rocke t s  could n o t  be used due t o  excess ive  weights .  A t  synchronous 
a l t i t u d e s  e l e c t r i c a l - p r o p u l s i o n  r o c k e t s  would be compet i t ive  i n  
weight  i f  s p e c i f i c  impulses i n  t h e  range o f  5000 t o  8000 seconds 
could be developed. The magnetic i n t e r a c t i o n  system is l i g h t e s t  a t  
t h e  low o r b i t i n g  a l t i t u d e  of  6000 k i lometers .  The s o l a r - r e f l e c t o r  
system is t h e  l i g h t e s t  system f o r  t h e  synchronous a l t i t u d e  and can 
a l s o  provide  t h e  f o r c e s  and moments needed f o r  s t a t i o n  keeping. 

Micrometeoroid Survey 

The use  of  a Heliogyro f o r  a d e t a i l e d  meteoroid f l u x  survey 
i n  t h e  s o l a r  system is of i n t e re s t  s ince t h e  s p a c e c r a f t  has  t h e  
a b i l i t y  t o  exp lo re  va r ious  r eg ions  a t  w i l l ,  and t o  r e t u r n  t o  near- 
e a r t h  space  f o r  t ransmiss ion  of  s t o r e d  da ta .  Because t h e  l a r g e  
a r e a s  of t h e  b l ades  w i l l  r ecord  meteoroid s i z e  r a t h e r  than  mass, 
an a d d i t i o n a l  a r r a y  of  s teel  p l a t e s  is  provided so t h a t  c o r r e l a t i o n  
between p a r t i c l e  diameter  and p e n e t r a t i n g  power can be made. 
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Measurement of  f l u x  r a t e s  f o r  meteoroids  which a r e  l a r g e  
enough t o  p e n e t r a t e  s p a c e c r a f t  r e q u i r e s  e i t h e r  l a r g e  s u r f a c e  a r e a s  
o r  long t i m e s .  S ince  t h e  s u r f a c e  a r e a  o f  t h e  b l a d e s  of  t h e  Hel io-  
gyro must i n  any c a s e  be very l a r g e  i n  o r d e r  t o  provide  s u f f i c i e n t  
t h r u s t ,  t h e  concept  of scanning t h e  s o l a r  s a i l  f o r  h o l e s  of va r ious  
s i z e s  has  been i n v e s t i g a t e d .  

The accumulation o f  ho le s  i n  t h e  t h i n  Mylar b l ades  may be 
measured and counted by p h o t o e l e c t r i c  dev ices  t o  determine micro- 
meteroid f l u x  ra te  'as a f u n c t i o n  of par t ic le  diameter .  S ince  t h e  
s u r f a c e  a r e a  i s  very l a r g e ,  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  of p a r t i c l e  
s i z e  can  be determined t o  a h igh  degree of  accuracy. By redeploying 
t h e  b l a d e s  a t  f r e q u e n t  i n t e r v a l s ,  in format ion  on t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  a s  a f u n c t i o n  of  d i s t a n c e  from t h e  sun and p l a n e t s  
could be obta ined .  

I n  o r d e r  t o  o b t a i n  informat ion  on t h e  d i s t r i b u t i o n  of  p a r t i c l e s  
b y , p e n e t r a t i n g  power, a d d i t i o n a l  appara tus  may be c a r r i e d  a long  t o  
measure t h e  number of p e n e t r a t i o n s  of s tee l  p l a t e s  o f  d i f f e r e n t  
t h i cknesses .  Such appara tus  cannot  o b t a i n  t h e  same q u a n t i t y  of  
information as is  provided w i t h  regard  t o  p a r t i c l e  s i z e  by t h e  
Mylar s h e e t s ,  except  a t  p r o h i b i t i v e  weight .  (See Fig.  2 8 ) .  How- 
eve r ,  a c o r r e l a t i o n  between p a r t i c l e  d i a m e t e r  and p e n e t r a t i o n  
power may be e s t a b l i s h e d  so t h a t  t h e  l a r g e  amount of in format ion  
c o l l e c t e d  by t h e  Mylar b l a d e s  can be used t o  assist i n  c a l c u l a t i n g  
p e n e t r a t i n g  power d i s t r i b u t i o n .  The mass a d d i t i o n  t o  t h e  space- 
c r a f t  w i l l  thereby  be minimized. 

To e s t a b l i s h  a method of c o r r e l a t i o n ,  l e t  it be supposed t h a t  
average f l u x  ra tes  wi th  regard  t o  p e n e t r a t i n g  power and t o  p a r t i c l e  
diameter  a r e  measured by independent means f o r  t h e  s a m e  t i m e  span 
and t h e  s a m e  f l i g h t  t r a j e c t o r y  ( i .e . ,  by independent experiments 
on board t h e  s a m e  s p a c e c r a f t ) .  The f l u x  rates Nd (number of 
p a r t i c l e s  p e r  u n i t  a r e a  wi th  diameter  l a r g e r  than  d ) and Nt 
(number of  p a r t i c l e s  p e r  u n i t  area p e n e t r a t i n g  a p l a t e  of  t h i ckness ,  
t ) can then  be graphed a s  shown i n  F igu re  29. 

The d i s t r i b u t i o n s  a r e  shown a s  bands of  vary ing  wid ths ,  i n d i -  
c a t i n g  t h e  v a r i a t i o n  of  s t a t i s t i c a l  r e l i a b i l i t y  of t h e  measurements. 

A c o r r e l a t i o n  between diameter ,  d , and p l a t e  t h i ckness ,  t , 
is p o s t u l a t e d  i n  t h e  form 

t = f ( d )  * d 
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L e t  f ( d )  be p l o t t e d  from t h e  a v a i l a b l e  experimental  d a t a  
for equal  values  of f l u x ,  i .e./ f o r  Nd = Nt . The graph of t 
versus d w i l l  have t h e  gene ra l  appearance shown i n  F igure  30. 

For small  p a r t i c l e s ,  t h e  var iance  of p l o t t e d  p o i n t s  from a 
smooth curve w i l l  be smal l  due t o  t h e  l a r g e  number of measured 
p o i n t s  ( p a r t i c l e  f l u x  is approximately i n v e r s e l y  p ropor t iona l  t o  
t h e  cube of p a r t i c l e  d iameter ) .  For l a r g e  p a r t i c l e s  t h e  var iance 
of t is presumed t o  be so l a r g e  t h a t  t h e  measured d a t a  a r e  
inadequate.  The smooth curve obta ined  f o r  smal l  p a r t i c l e s  i s  
ex t r apo la t ed  i n t o  t h e  l a r g e  p a r t i c l e  range, t ak ing  some account 
of t h e  measured d a t a  i n  t h a t  range. 

The r e s u l t i n g  smoothed curve of f ( d )  i s  then used wi th  t h e  
d i s t r i b u t i o n  of p a r t i c l e  diameter t o  produce t h e  d i s t r i b u t i o n  of  
p a r t i c l e  p e n e t r a t i n g  power. The curve of f ( d )  versus  d is 
used f o r  s i t u a t i o n s  o t h e r  than t h e  one from which  it was der ived,  
i .e. ,  f o r  s h o r t e r  t i m e  i n t e r v a l s  and f o r  l o c a l i z e d  reg ions  of 
space. 

Inhe ren t  assumptions a r e  t h a t  t h e  mean p a r t i c l e  d e n s i t y  i s  
r e l a t i v e l y  i n s e n s i t i v e  t o  p a r t i c l e  s i z e ,  and t h a t  t h e  mean p a r t i c l e  
dens i ty  does no t  vary g r e a t l y  between d i f f e r e n t  l o c a t i o n s  i n  space. 
N o  assumption i s  made, and indeed nothing can be learned  about t h e  
dens i ty  d i s t r i b u t i o n  of p a r t i c l e s  w i th  t h e  s a m e  mass. A l l  t h a t  is 
s a i d  i s  t h a t  p a r t i c l e  f l u x  based on p e n e t r a t i n g  power and p a r t i c l e  
f l u x  based on diameter a r e  s t a t i s t i c a l l y  c o r r e l a t e d  and t h a t  t h e  
experimental ly  observed c o r r e l a t i o n  can be ex t r apo la t ed  wi th  
r e s p e c t  t o  p a r t i c l e  s i z e  and wi th  r e s p e c t  t o  l o c a t i o n  i n  space. 
The experiments themselves can de termine  whether t h e s e  a s s e r t i o n s  
a r e  va l id .  

As a b a s e l i n e  concept,  it i s  assumed t h a t  t h e  system must 
o b t a i n  r e l i a b l e  s t a t i s t i c s  f o r  t h e  d i s t r i b u t i o n  of meteoroids 
t h a t  are capable  of  p e n e t r a t i n g  a one m i l l i m e t e r  s t ee l  p l a t e .  
Technical  d a t a  reviewed i n  Reference  1 2  shows t h a t  f o r  a w i d e  range 
of condi t ions ,  t h e  p l a t e  t h i ckness  f o r  p e n e t r a t i o n  is r e l a t e d  t o  
p a r t i c l e  mass by the  empir ica l  formula 
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where m = mass of p a r t i c l e  
P 

P 
V = v e l o c i t y  of p a r t i c l e  

6 = 0.65 x 10 cm/sec 
vO 

Ftu = u l t i m a t e  t e n s i l e  s t r e n g t h  of t a r g e t .  

I f  it is assumed t h a t  

6 v = 3 x 10 cm/sec 
P 

as  determined from meteor obse rva t ions  by Whipple, e t .  a l . ,  and 

10 
t u  = 10 dynes/cm2 ( 1 4 2  000 p s i )  

then t h e  p a r t i c l e  mass t h a t  w i l l  produce p e n e t r a t i o n  i n  a 1 mm 
p l a t e  is 7.9 x 10-6 gram. 

Recent d a t a  obtained near  t h e  e a r t h  i n d i c a t e  t h a t  t h e  f l u x  
r a t e  f o r  p a r t i c l e s  w i t h  mass g r e a t e r  than m (grams) i s  about: P 

- 14 2 N = 10 /m pa r t i c l e s /m /see 
P P 

Thus t h e  es t imated  f l u x  r a t e  f o r  p a r t i c l e s  t h a t  w i l l  p e n e t r a t e  a 
1 mm steel  p l a t e  is 

2 - 
N = 10 14/7.9 x = 0.127 x IO-* par t ic les / in  /sec 

P 

Assume t h a t  measurements of t h e  number of ho le s  produced by 
meteoroids a r e  made a t  two-week i n t e r v a l s  and t h a t  50 ho le s  w i l l  
provide s u f f i c i e n t l y  r e l i a b l e  s t a t i s t i c s ,  For a reasonably high 
p r o b a b i l i t y  of count ing 50 ho le s ,  t h e  r equ i r ed  s u r f a c e  a rea  is 



2 
= 45 700 m 70 - - 70 

f l u x  t i m e  0,127 x IOm8 x 14 x 24 x 3600 A =  

2 
= 493 000 f t  

This  corresponds t o  a s i z e  requirement of a Heliogyro weighing 
about 1000 pounds. 

A n  experimental  v e h i c l e  f o r  micrometeoroid surveys might 
include:  

1. 280 lbs of 0 .1  m i l  aluminized Mylar w i t h  a s u r f a c e  a r e a  
equal  t o  350 000 f t 2 .  

2. 150 lbs  of steel  p l a t e s .  

3. 300 lbs of  i n s t r u m e n t s ,  equipment, and s t r u c t u r e .  

The g r o s s  weight  i s  730 lbs and t h e  l i g h t n e s s  number i s  h = 
0.148. The t r a v e l  t i m e  from e a r t h  t o  Mars on a f lyby  miss ion  is  
about 200 days. The t i m e  r equ i r ed  t o  scan  t h e  r eg ion  w i t h i n  t h e  
e a r t h ' s  e f f e c t i v e  g r a v i t a t i o n a l  f i e l d  i s  about 450 days. 

This  Heliogyro (see Fig.  31) would have 4 blades w i t h  t en - foo t  
chord and 1 2  400 f o o t  r ad ius .  Four b l ades  a r e  recommended r a t h e r  
t han  t w o  i n  o r d e r  t o  reduce changes i n  t i p  speed and c e n t r i f u g a l  
stress dur ing  b l ade  r e e f i n g .  One p a i r  o f  b l a d e s  would be deployed 
wh i l e  t h e  o t h e r  p a i r  is r e e l e d  i n .  Thus angular  momentum w i l l  be 
maintained wi thout  l a r g e  changes i n  angular  v e l o c i t y .  

Atmospheric Braking 

The t i m e  r equ i r ed  f o r  a Hel iogyro t o  descend from a h igh  
c i rcu lar  p l a n e t a r y  o r b i t  t o  a low one is r a t h e r  long  i f  photon 
p r e s s u r e  i s  t h e  on ly  p ropu l s ive  e f f e c t  employed. I t  has  been shown 
t h a t  descent  i n t o  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  r e q u i r e s  about  
700 days i f  t h e  l i g h t n e s s  number i s  equal  t o  0.1, and about  230 
days i f  t h e  l i g h t n e s s  number is equal  t o  0.3. The l a r g e  s u r f a c e  
a r e a s  of t h e  Hel iogyro sugges t  t h a t  t h e  descen t  t i m e  can be s i g -  
n i f i c a n t l y  reduced by atmospheric braking.  

D i r e c t  e n t r y  i n t o  t h e  atmosphere and descen t  t o  t h e  s u r f a c e  
from a p a r a b o l i c  o r  hyperbol ic  o r b i t  is n o t  a p r a c t i c a b l e  maneuver 
f o r  t h e  Heliogyro, due t o  t h e  low s t r e n g t h  of t h e  long, s l e n d e r  
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b lades ,  The peak d e c e l e r a t i o n  encountered du r ing  descen t  from 
even a very low c i r c u l a r  o r b i t  i s  about e i g h t  g ' s ,  w h i l e  t h e  
maximum d e c e l e r a t i o n  c a p a b i l i t y  o f  t h e  Hel iogyro i s  less than  one 
g. For d i r e c t  e n t r y  of t h e  Heliogyro i n t o  a p l a n e t a r y  atmosphere 
some means o t h e r  t h a n  t h i n  Mylar b l ades  must be provided t o  pro- 
t e c t  t h e  c r a f t  from high  loads  and temperature  dur ing  e n t r y .  

A more promising maneuver i s  t o  p l a c e  t h e  v e h i c l e  i n t o  a 
p a r a b o l i c  o r b i t  t h a t  i n t e r s e c t s  t he  upper p l a n e t a r y  atmosphere 
such t h a t  a smal l  dec rease  i n  v e l o c i t y  occur s  i n  conjunct ion  w i t h  
a smal l  peak d e c e l e r a t i o n .  The v e h i c l e  w i l l  then  d e s c r i b e  an 
e l l i p t i c  o r b i t  about  t h e  p l a n e t  and r e e n t e r  t h e  p l a n e t a r y  atmos- 
phere  a t  the  same v e l o c i t y  and e n t r y  ang le  a t  which it departed.  
Succeeding o r b i t s  w i l l  have decreas ing  e l l i p t i c i t y  and per iod .  
Eventua l ly  t h e  v e h i c l e  w i l l  be captured by the  atmosphere. A l t e r -  
n a t e l y ,  a f t e r  s e v e r a l  b rak ing  o r b i t s  i ts  c o n t r o l  system can produce 
a c i r c u l a r  o r b i t  o u t s i d e  t h e  s e n s i b l e  atmosphere. 

The t i m e  r equ i r ed  f o r  t h e  maneuver can be c a l c u l a t e d  i n  t e r m s  
of t h e  v e l o c i t y  decrement p e r  o r b i t .  The pe r iod  of t h e  e l l i p t i c  
o r b i t  is 

7 
C 

I-= 

[2 - ($7 3/2 

where v i s  the  v e l o c i t y  a t  p e r i g e e  i n  an  e l l i p t i c  o r b i t ,  vc is 
t h e  v e l o c i t y  of a c i r c u l a r  o r b i t  w i t h  a l t i t u d e  equal  t o  t h e  p e r i g e e  
and T~ is t h e  pe r iod  of  t h e  c i r c u l a r  o r b i t .  

A s  an example, cons ide r  an e a r t h  e n t r y  f o r  which 
h r s  and vc = 25 000 f t / s e c .  L e t  t h e  v e l o c i t y  decrement be 1000 
ft /sec and assume t h a t  t h e  i n i t i a l  t r a j e c t o r y  is pa rabo l i c ,  

v = p v  . 

T~ = 1.42 

Then t h e  t i m e  f o r  succeeding o r b i t s  i s  as shown below. 
0 C 
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O r b i t  N o .  

5 

6 

7 

8 

9 

10 

Per igee  Veloc i ty  
( f  t/sec) 

3 4  000 

33 000 

32  000 

3 1  000 

3 0  000 

29 000 

28 000 

27 000 

2 6  000 

25 000 

35.4 

13.5 

7.5 

5.0 

3.7 

2.9 

2.3 

2.0 

1.7 

1.5-capture 

TOTAL 85.5 h r s  

I n  t h e  example, t h e  t i m e  f o r  t h e  f i r s t  o r b i t  accounts  f o r  
41.4% of  t h e  t o t a l  t i m e .  The t i m e  f o r  t h e  f i rs t  o r b i t  depends on 
t h e  v e l o c i t y  decrement a s  fo l lows ,  

o r  

I f ,  f o r  example, t h e  t i m e  f o r  t h e  f i r s t  o r b i t  ,s 20 days (480  h r s ) ,  
t h e  r equ i r ed  v e l o c i t y  decrement computed is  1 8 2  ft/sec. 

Consider n e x t  t h e  r e l a t i o n s h i p  between v e l o c i t y  decrement and 
peak d e c e l e r a t i o n  du r ing  a g raz ing  encounter  w i t h  a p l a n e t a r y  
atmosphere. F igu re  3 2  shows geometr ica l  r e l a t i o n s h i p s  near  p e r i g e e  
of a p a r a b o l i c  t r a j e c t o r y .  The t r a j e c t o r y  i s  e q u i d i s t a n t  between 
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t h e  c i rc le  wi th  a l t i t u d e  equal  t o  p e r i g e e  and i ts  t angen t  plane.  
Thus, f o r  t h e  ang le  cp << 1 , 

1 - cosy  
p 1 + coscp A z = R  

where RP i s  t h e  p e r i g e e  r ad ius .  

I f  t h e  v e l o c i t y  decrement i s  very smal l ,  t h e  peak dece lera-  
t i o n  w i l l  occur  approximately a t  p e r i g e e  and w i l l  be p r o p o r t i o n a l  
t o  atmospheric dens i ty .  Thus t h e  d e c e l e r a t i o n  i s  

P a = Wmax . -  
0 

pz 

where Nmax is  t h e  peak load  f a c t o r  i n  g ' s  and p is t h e  atmos- 
p h e r i c  dens i ty .  Assuming an exponent ia l  v a r i a t i o n  of atmospheric 
d e n s i t y ,  

where H i s  t h e  scale h e i g h t .  

Then t h e  v e l o c i t y  decrement is 

2gNmax Av = 
V 
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A s  an example, cons ide r  an e a r t h  e n t r y  w i t h  Nmax = 0.1 g , v = 
36 000 ft/sec , and Rp = 20 x 106 f t .  

Then 

av = 636 f t / s e c ,  

which is s u f f i c i e n t  f o r  a s a t i s f a c t o r y  maneuver t i m e .  

The maximum pe rmis s ib l e  d e c e l e r a t i o n  i s  r e l a t e d  t o  des ign  
pa r  ame t e r s by 

a t c  

P 

0 s i n $  m a x =  nb 7 * max N 

where uo is t h e  stress a t  t h e  b l a d e  r o o t ,  t , is  b lade  th i ckness ,  
c i s  b l a d e  chord, nb i s  t h e  number of b l a d e s ,  and Bmax i s  t h e  
maximum value  of  t h e  coning ang le  a t  t h e  r o o t  of t h e  b l ade ,  and 
Wp i s  payload weight.  

A s  an  example assume 

n = 4  

U = 5000 p s i  

t = lom4 inch  

c = 1 2 0  inches  

= 1.0 degree 

b 

0 

'max 
W = 500 l b  

P 

Then N = 0.083 g. max 

The pe r igee  r a d i u s ,  zo ,is determined by t h e  maximum permis- 
sible d e c e l e r a t i o n  

2 A  v * -  W 
1 - - .  - 

0 
max 2 pz N 
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For this example assume 

A = 350 000 ft 

W = 730 lb 

v = 35 000 ft/sec 

2 

= 0.083 max N 

Thus, 

2 4  = 2.82 x 10 -13 lb-sec /ft 
2 x 0.083 x 730 - 

p z  - (350 000) x (35 0 0 0 ) 2  
0 

lb/f t3 
-12 = 8.8 x 10 

which, corresponds to an altitude of about 230 km. 
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CONCLUDING REMARKS 

I n  summary, des ign  concepts  f o r  a new type  of space v e h i c l e  
have been in t roduced ,  and a spectrum of p o s s i b l e  a p p l i c a t i o n s  wi th  
wide u t i l i t y  have been suggested.  I t  appears  t h a t  t h e  weight  and 
performance advantages of  t h e  Heliogyro f o r  long space miss ions  w a r -  
r a n t  a d d i t i o n a l  work i n  t h e  development of  t h e  concept  technology. 

There are a number of  a r e a s  i n  which a d d i t i o n a l  work remains t o  
be done i n  o r d e r  t o  e s t a b l i s h  t e c h n i c a l  f e a s i b i l i t y .  One o f  t h e  
a r e a s  of concern i s  t h e  e f f e c t  of b l ade  deformation on c o n t r o l l a -  
b i l i t y .  I t  has  been shown, f o r  example, t h a t  i n  t h e  absence of 
bending deformations,  a c o l l e c t i v e  p i t c h  ang le  imposed a t  t h e  r o o t  
of  a b l a d e  is propagated t o  t h e  t i p  of t h e  b l a d e  by c e n t r i f u g a l  
s t i f f e n i n g .  The e x t e n t  t o  which f l apwise  and chordwise deforma- 
t i o n s  i n t e r f e r e  w i t h  t h e  spanwise propagat ion of b l ade  p i t c h  is n o t  
known a t  p r e s e n t .  A f u l l y  coupled a n a l y s i s ,  i nc lud ing  dynamic 
e f f e c t s ,  is r equ i r ed  i n  o r d e r  t o  o b t a i n  such knowledge. 

Although c u r r e n t l y  a v a i l a b l e  materials appear t o  be adequate  
f o r  t h e  des ign  of Hel iogyro b l ades ,  s i g n i f i c a n t  i n c r e a s e s  i n  per -  
formance could be ob ta ined  w i t h  better m a t e r i a l s .  Reduction of 
f i l m  th i ckness  i s  an  obvious goa l  t h a t  w i l l  produce e i t h e r  s h o r t e r  
mission t i m e s  o r  l a r g e r  payload weight  f r a c t i o n s .  The development 
of f i l m s  w i t h  h ighe r  s t r e n g t h  is a l s o  d e s i r a b l e ,  p a r t i c u l a r l y  f o r  
l a r g e r  veh ic l e s .  

The p re l imina ry  survey of t h e  mission spectrum f o r  a Helio- 
gyro has  r evea led  an a r r a y  of p o s s i b l e  a p p l i c a t i o n s .  In t e rp l ane -  
t a r y  t r a v e l ,  s t a t i o n  keeping,  a t t i t u d e  c o n t r o l ,  i n t e r c e p t i o n  of 
micrometeoroids o r  e lec t romagnet ic  energy,  and atmospheric  brak-  
i n g  have been b r i e f l y  eva lua ted .  The most i n t e r e s t i n g  a p p l i c a t i o n  
involves  t h e  "space c r u i s e r "  concept  suggested by M r .  Norman J. 
Mayer, o f  NASA Headquarters ,  i n  December 1967. This  broader  m i s -  
s i o n  r o l e  encompasses m u l t i p l e  o b j e c t i v e s  over  a long t e r m  and 
provides  cons ide rab le  l a t i t u d e  i n  choosing o r b i t s ,  t r a j e c t o r i e s ,  
and specific missions.  The independence of t h e  Hel iogyro concept  
from f u e l  requirements  and t h e  m u l t i p l i c i t y  of i t s  p o t e n t i a l  ap- 
p l i c a t i o n s  a r e  w e l l  s u i t e d  t o  t h i s  r o l e .  It  appea r s ,  t h e r e f o r e ,  
t h a t  t h e  development of  t h e  Heliogyro-concept technology i n t o  
p r a c t i c a l  hardware i s  warran ted ,  and t h a t  f u r t h e r  miss ion  s t u d i e s  
should be made i n  o rde r  t o  e s t a b l i s h  d e f i n i t i v e  t e c h n i c a l  and 
o p e r a t i o n a l  cr i ter ia .  
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Figure 3. Sketch of Experimental Two--Blade Model 
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Figure  4. T h r e e  V i e w s  of E x p e r i m e n t a l  T w o - B l a d e  Model 
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Figure  5 .  Deployment Sequence f o r  Two-Blade Model Heliogyro 
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a )  L a t e r a l  f o r c e  produced b y  c y c l i c  p i t c h .  0 = a l  s i n $  
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b) Rol l ing  moment produced by combined c o l l e c t i v e  
and c y c l i c  p i t c h .  8 = + a s i n $  
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Figure  9. Con t ro l  Responses 
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F i g u r e  11. Deployment Sequence 
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Figure 28. Mass of Steel Plate Required 
f o r  Micrometeoroid Experiment 
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F i g u r e  29. Flux R a t e  V a r i a t i o n  w i t h  D i a m e t e r  and Thickness 
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