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ABSTRACT 

I n v e s t i g a t i o n  of problems re la ted  t o  t h e  l a n d i n g  and 
c o n t r o l l i n g  of a mobile  p l a n e t a r y  v e h i c l e  a c c o r d i n g  t o  a 
s y s t e m a t i c  p l a n  of e x p l o r a t i o n  of Mars has  been unde r t aken .  
Problem areas r e c e i v i n g  c o n s i d e r a t i o n  i n c l u d e :  u p d a t i n g  of 
atmosphere pa rame te r s  d u r i n g  e n t r y ,  a d a p t i v e  t r a j e c t o r y  ccn-  
t r o l ,  unpowered aerodynamic l a n d i n g ,  t e r r a i n  model ing and 
o b s t a c l e  s e n s i n g ,  v e h i c l e  dynamics a n d ' a t t i t u d e  c o n t r o l ,  and 
chromatographic  sys tems d e s i g n  c o n c e p t s .  The s p e c i f i c  tasks 
which have been unde r t aken  a r e  d e f i n e d  and t h e  p r o g r e s s  
which has  been made  d u r i n g  t h e  i n t e r v a l  J u l y  1, 1968 t o  
J u n e  3 0 ,  1969 i s  summarized. P r o j e c t i o n s  f o r  work t o  be 
unde r t aken  d u r i n g  t h e  n e x t  s i x  months p e r i o d  are i n c l u d e d .  
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A n a l y s i s  and Design of a Capsule  Landing System 
and S u r f a c e  Veh ic l e  Con t ro l  System f o r  Mars E x p l o r a t i o n  

I. I n t r o d u c t i o n  

The planned e x p l o r a t i o n  o f  t h e  p l a n e t  Mars i n  t h e  
1 9 7 0 ' s  i n v o l v e s  t h e  l a n d i n g  o f  an e x c u r s i o n  module on t h e  
m a r t i a n  s u r f a c e .  Fo l lowing  a s u c c e s s f u l  l a n d i n g ,  t h e  e x p l o r -  
a t i o n  o f  t h e  m a r t i a n  s u r f a c e  would be promoted c o n s i d e r a b l y  
i f  t h e  e x c u r s i o n  model i s  mobile and i f  i t s  motion can  be 
c o n t r o l l e d  a c c o r d i n g  t o  a spec i f ic  p l a n  o f  e x p l o r a t i o n .  Con- 
t r i b u t i n g  t o  t h e  fo rmidab le  problems t o  be f aced  by such  a 
m i s s i o n  are t h e  e x i s t e n c e  of a n  atmosphere whose pa rame te r s  
are a t  t h i s  t i n e  r a t h e r  u n c e r t a i n  w i t h i n  broad l i m i t s  and t h e  
i n f o r m a t i o n  t r a n s m i s s i o n  d e l a y  t i m e  between M a r t i a n  and E a r t h  
c o n t r o l  u n i t s .  With t h e  suppor t  o f  NASA Gran t  NGL-33-018-091, 
a number o f  i m p o r t a n t  problems o r i g i n a t i n g  w i t h  t h e  f a c t o r s  
no ted  above have been i n v e s t i g a t e d  by a f a c u l t y - s t u d e n t  team 
a t  R e n s s e l a e r .  

The problems under s t u d y  f a l l  i n t o  two broad cate- 
U p n r i e s :  (a) c a p s u l e  l a n d i n g  and  (b) c o n t r o l  of a mobi le  
e x p l o r a t i o n  u n i t ,  from which a c o n s i d e r a b l e  number o f  s p e c i f i c  
t a s k s  have been d e f i n e d .  T h i s  p r o g r e s s  r e p o r t  d e s c r i b e s  t h e  
tasks  which have been under taken  and documents t h e  p r o g r e s s  
which h a s  been achieved  i n ' t h e  i n t e r v a l  J u l y  1, 1968 t o  
J u n e  30, 1969 and p r o j e c t s  a c t i v i t y  f o r  t h e  n e x t  pe r iod  end- 
i n g  December 31, 1969. 

11. D e f i n i t i o n  o f  Tasks 

The u n c e r t a i n t y  i n  m a r t i a n  atmosphere pa rame te r s  
and t h e  d e l a y  t i m e  (o rde r  of t e n  minutes )  i n  round t r i p  com- 
mun ica t ion  between Mars and E a r t h  u n d e r l i e  un ique  problems 
r e l e v a n t  t o  m a r t i a n  and /o r  o t h e r  p l a n e t a r y  e x p l o r a t i o n s .  A l l  
phases  o f  t h e  mis s ion  from l a n d i n g  t h e  c a p s u l e  i n  t h e  ne igh -  
borhood o f  a d e s i r e d  p o s i t i o n  t o  t h e  s y s t e m a t i c  t r a v e r s i n g  o f  
t h e  surface and t h e  a t t e n d a n t  d e t e c t i o n ,  measurement, and 
a n a l y t i c a l  o p e r a t i o n s  must be consummated w i t h - a  minimum o f  
c o n t r o l  and i n s t r u c t i o n  by e a r t h  based u n i t s .  The d e l a y  t i m e  
r e q u i r e s  t h a t  on board systems c a p a b l e  of making r a t i o n a l  
d e c i s i o n s  be developed and t h a t  s u i t a b l e  p r e c a u t i o n s  be t a k e n  
a g a i n s t  p o t e n t i a l  c a t a s t r o p h i c  f a i l u r e s  such  as v e h i c l e  f l i p -  
o v e r .  F i v e  major  t ask  a reas ,  which a re  i n  t u r n  d i v i d e d  i n t o  
a p p r o p r i a t e  s u b - t a s k s ,  have been d e f i n e d  and are l i s t e d  below. 

A. T r a j e c t o r y  Con t ro l  

I 
A .  1. Mar t i an  Atmosphere Updat ing  - U n c e r t a i n t y  i n  
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m a r t i a n  atmosphere pa rame te r s  p r e c l u d e  a p r i o r i  
t r a j e c t o r y  and l a n d i n g  s p e c i f i c a t i o n s .  The 
o b j e c t i v e  of  t h i s  t a s k  i s  t o  d e v e l o p  methods f o r  
u p d a t i n g  m a r t i a n  atmosphere pa rame te r s  on’ t h e  b a s i s  
of  measurements ob ta ined  d u r i n g  e n t r y .  The updated 
pa rame te r s  w i l l  be used by an a d a p t i v e  t r a j e c t o r y  
c o n t r o l  s y s t e m ,  Task A . 2 . ,  and d u r i n g  unpowered 
aerodynamic l a n d i n g ,  Task B. 

- 

A . 2 .  Adaptive T r a - j e c t o r y  C o n t r o l  - I f  updated 
m a r t i a n  atmosphere pa rame te r s  can  be o b t a i n e d  d u r i n g  
e n t r y ,  an  a d a p t i v e  t r a j e c t o r y  c o n t r o l  sys tem can be 
used t o  a c h i e v e  t h e  d e s i r e d  v e l o c i t y ,  r ange  and 
a l t i t u d e  parameters  p r i o r  t o  t h e  f i n a l  l a n d i n g  phase .  
T h i s . t a s k  i s  concerned w i t h  methods by which t o  
a c h i e v e  t h e  d e s i r e d  t e r m i n a l  c o n d i t i o n s  g iven  t h e  
a v a i l a b i l i t y  of updated a tmosphe r i c  p a r a m e t e r s .  

B. Unpowered Aerodynamic Landing.  The e x i s t e n c e  of an 
atmosphere on Mars, s l i g h t  as it i s ,  o f f e r s  an  
o p p o r t u n i t y  f o r  unpowered l a n d i n g  of t h e  c a p s u l e  
th rough  t h e  u s e  of  aerodynamic f o r c e s .  The o b j e c t -  
i v e  o f  t h i s  task i s  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  
o f  d e v i c e s  u t i l i z i n g  aerodynamic f o r c e s  t o  e f fec t -  
an  a c c e p t a b l e  l a n d i n g  approach  and touchdown. 

C. S u r f a c e  Nav iga t ion  and P a t h  C o n t r o l .  Once t h e  
c a p s u l e  i s  landed and t h e  r o v i n g  v e h i c l e  i s  i n  an 
o p e r a t i o n a l  s t a t e ,  i t  i s  n e c e s s a r y  t h a t  t h e  v e h i c l e  
can be d i r e c t e d  t o  proceed under  remote c o n t r o l  
from t h e  l a n d i n g  s i t e  t o  s p e c i f i e d  p o s i t i o n s  on t h e  
m a r t i a n  s u r f a c e .  Th i s  t a s k  is  concerned w i t h  t h e  
problems o f  t e r r a i n  model ing,  p a t h  s e l e c t i o n  and 
n a v i g a t i o n  between t h e  i n i t i a l  and t e r m i n a l  s i t e s  
when major  t e r r a i n  f e a t u r e s  p r e c l u d i n g  d i r e c t  p a t h s  
are t o  be a n t i c i p a t e d .  
c a p a b i l i t y  must be des igned  t o  minimize e a r t h  c o n t r o l  
r e s p o n s i b i l i t y  excep t  i n  t h e  most a d v e r s e  c i r -  
cumstances .  

On board d e c i s i o n  making 

C.l. T e r r a i n  Sens ing  - The problem of  g r o s s  n a v i -  
g a t i o n  and p a t h  s e l e c t i o n ,  r e q u i r e s  major  t e r r a i n  
f e a t u r e  i n f o r m a t i o n .  The o b j e c t i v e  o f  t h i s  t a s k  i s  
t o  d e f i n e  a sys tem which w i l l  p r o v i d e  t h e  r e q u i r e d  
i n f o r m a t i o n  d e s c r i b i n g  t h e  s u r r o u n d i n g  t e r r a i n  t o  
p e r m i t  p a t h  s e l e c t i o n  d e c i s i o n s  t o  be made. 
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C.2. 
It can be expected t h a t  many minor o b s t a c l e s  w i l l  
be encoun te red  by a r o v i n g  v e h i c l e .  
o f  t h i s  t a s k  i s  t o  i n v e s t i g a t e  and d e f i n e  methods 
of  s h o r t  r ange  o b s t a c l e  d e t e c t i o n  t o  p r o v i d e  t h e  
i n f o r m a t i o n  n e c e s s a r y  f o r  s t e e r i n g  maneuvering 
c o n t r o l  components t o  avoid such o b s t a c l e s  and t o  
a l l o w  t h e  g r o s s  n a v i g a t i o n  p l a n  t o  be implemented. 

S h o r t  Range O b s t a c l e  Sens ing  and Avoidance - 
T h e . o b j e c t i v e  

D.  Veh ic l e  Dynamics and A t t i t u d e  D e t e c t i o n  System 

D . l .  V e h i c l e  Dynamics - A s  t h e  v e h i c l e  n e g o t i a t e s  
t h e  m a r t i a n  s u r f a c e  a c c o r d i n g  t o  p e r i o d i c  i n s t r u c t -  
i o n s  from E a r t h ,  it w i l l  e n c o u n t e r  an u n c e r t a i n  
t e r r a i n .  Depending on t h e  a p p a r a t u s ,  i n s t r u m e n t s  
and d e v i c e s  w i t h  which t h e  v e h i c l e  i s  equipped t o  
meet m i s s i o n  o b j e c t i v e s ,  p a r t i c u l a r  r e q u i r e m e n t s  
as t o  v e h i c l e  r e a c t i o n ,  i . e . ,  f o r c e s ,  o r i e n t a t i o n ,  
e t c . ,  t o  t h e  t e r r a i n  may have t o  be s a t i s f i e d .  I n  
a d d i t i o n ,  t h e  r e sponse  of  t h e  v e h i c l e  t o  p o t e n t i a l  
t e r r a i n  f e a t u r e s  of  a p p r o p r i a t e  s c a l e  and r e p e t i -  
t i o u s  n a t u r e  must n o t  be u n a c c e p t a b l e .  The o b j e c t -  

i . e . ,  d imens ions ,  a r r angemen t s ,  s u s p e n s i o n  d e t a i l s ,  
s a t i s f y i n g  mis s ion  r e q u i r e m e n t s .  

i v t :  u i  iiiis iask  i s  iu e s i a u L i s i i  , - .  v e i i i c i e  parameiers, 

D . 2 .  A t t i t u d e  D e t e c t i o n  Systems - E f f e c t i v e  
a t t i t u d e  d e t e c t i o n  sys tems , w i l l  be r e q u i r e d  n o t  
on ly  w h i l e  t h e  v e h i c l e  i s  s t a t i o n a r y  t o  p e r m i t  
planned e x p e r i m e n t a t i o n  t o  be unde r t aken  and t o  
make e s s e n t i a l  t e r r a i n  measurements b u t  a l s o  when 
t h e  v e h i c l e  i s  i n  motion t o  p r o v i d e  i n f o r m a t i o n  f o r  
t h e  e f f e c t i v e  i n t e r p r e t a t i o n  of  o b s t a c l e  d e t e c t o r  
s i g n a l s  and t o  p rov ide  alarms i f  t h e  s l o p e  of  t h e  
l o c a l  t e r r a i n  approaches  c r i t i c a l  v a l u e s .  

E .  Chemical A n a l y s i s  of Specimens.  

A major  o b j e c t i v e  of  m a r t i a n  s u r f a c e  e x p l o r a t i o n  
w i l l  be t o  o b t a i n  chemica l ,  b iochemica l  o r  b i o l o g i c a l  
i n f o r m a t i o n .  Most expe r imen t s  proposed f o r  t h e  
mis s ion  r e q u i r e  a g e n e r a l  d u t y ,  chromatographic  
s e p a r a t o r  p r i o r  t o  chemica l  a n a l y s i s  by some d e v i c e .  
The o b j e c t i v e  o f  t h i s  t a s k  i s  t o  g e n e r a t e  fundamenta l  
d a t a  and concep t s  r e q u i r e d  t o  o p t i m i z e  such  a 
chromatographic  s e p a r a t o r  a c c o r d i n g  t o  t h e  
a n t i c i p a t e d  mis s ion .  



The t a s k s  de f ined  above have been pursued by a team of  s i x  
f a c u l t y  members and twenty-two s t u d e n t s .  O f  t h i s  group o f  
s t u d e n t s ,  t e n  have r e c e i v e d  some f i n a n c i a l  s u p p o r t  from t h e  
p r o j e c t  w h i l e  t h e  remainder  are p a r t i c i p a t i n g  w i t h o u t  remuner- 
a t i o n  i n  o r d e r  t o  f u l f i l l  t h e i r  academic r equ i r emen t  o f  
e n g i n e e r i n g  p r o j e c t .  Details o f  t h e  s t u d e n t  team i n c l u d i n g  
t h e i r  d e g r e e  o b j e c t i v e s  and achievements ,  and s u p p o r t  
r e l a t i o n s h i p  are  g iven  i n  S e c t i o n  V .  S e c t i o n s  111 and I V  
which f o l l o w  sumniarize t h e  p rogres s  which h a s  been made d u r i n g  
t h e  p r i o r  pe r iod  and p r o j e c t  a c t i v i t i e s  f o r  t h e  coming y e a r ,  
J u l y  1, 1969 t o  J u n e  30, 1970. 

1 
1 
I 
I 
I 

111. Summary of Resul ts  

Task A. T r a j e c t o r y  Con t ro l  

The c o n t r o l  o f  t r a j e c t o r y  p r i o r  t o  t h e  f i n a l  l a n d i n g  phase 
i n v o l v e s  two major problem a r e a s  b o t h  o f  which o r i g i n a t e  w i t h  
t h e  p r e s e n t  u n c e r t a i n t i e s  of t h e  pa rame te r s  o f  t h e  m a r t i a n  
atmosphere.  The f i r s t  of these areas i s  concerned w i t h  t h e  
d e v e l ~ p e n t  ~f m p t h n r l s  hy w h i  r h  t n  iiprlat-e t h e  atmosphere pa ra -  
m e t e r s . d u r i n g  e n t r y  and an  assessment  of t h e  i m p l i c a t i o n s  o f  
measurement e r r o r s .  The second o f  t h e s e  areas i s  r e l a t e d  t o  
t r a j e c t o r y  c o n t r o l  i n  t e r n s  o f  t e r m i n a l  v e l o c i t y  u s i n g  t h r u s t  
o r  d r a g  d e v i c e s  t o  permi t  for a p r o p e r  t r a n s i t i o n  i n t o  t h e  
f i n a l  l a n d i n g  phase.  

Task A . l .  Updat ing of  M a r t i a n  Atmosphere Pa rame te r s  - 
R . J .  Car ron ,  R . E .  Janosko ,  and J . R .  Morgan 
F a c u l t y  Advisor:  P r o f .  C . N .  Shen 

T h i s  t a s k  i s  concerned w i t h  t h e  development and 
e v a l u a t i o n  of  methods by which t o  de t e rmine  m a r t i a n  
atmosphere pa rame te r s  d u r i n g  e n t r y .  These pa rame te r s  
would be used by an  a d a p t i v e  c o n t r o l  sys t em,  Task A.2 . ,  
t o  a c h i e v e  t h e  d e s i r e d  t e r m i n a l  c o n d i t i o n s  o f  v e l o c i t y ,  
a l t i t u d e  and r ange  ang le  f o r  t h e  e n t r y  v e h i c l e  p r i o r  
t o  t h e  f i n a l  l a n d i n g  p h a s e ,  Task B. 

The i n i t i a l  e f f o r t  w a s  focused on a method up- 
d a t i n g  t h e  pa rame te r s  o f  a modi f ied  ad iaba t ic  d e n s i t y  
model a p p l y i n g  t o  t h a t  r e g i o n  o f  t h e  atmosphere below 
t h e  t r o p o p a u s e ,  Ref .  1. S ince  t h e  non-conven t iona l  t e c h -  
n i q u e s  which have been sugges t ed  f o r  v e h i c l e  t r a j -  
e c t o r y  c o n t r o l  (Ref. 2 , 3 )  r e q u i r e  knowledge of  the 
a tmosphe r i c  parameters  a t  a l t i t u d e s  above t h e  t ropopause ,  
s e v e r a l  a d d i t i o n a l  e f f o r t s  have been unde r t aken  t o  
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ex tend  t h e  scheme t o  h i g h e r  a l t i t u d e s .  I n  a d d i t i o n ,  
t h e  method o f  u p d a t i n g  pa rame te r s  d e s c r i b e d  i n  R e f .  1 
has  been a p p l i e d  t o  t h e  t r a j e c t o r y  c o n t r o l  scheme 
o u t l i n e d  i n  R e f .  2 .  D e t a i l s  o f  t h e s e  a c t i v i t i e s  are 
summarized below. 

1. Upda t ing  o f  Parameters  f o r  t h e  Region below t h e  
Tropopause 

The g e n e r a l  approach t o  t h e  problem can  be  summar- 
i z e d  as f o l l o w s .  The e n t r y  v e h i c l e  i s  presumed t o  be 
in s t rumen ted  so  as t o  p rov ide  d e n s i t y - a l t i t u d e  d a t a  a t  
a p p r o p r i a t e  i n t e r v a l s  d u r i n g  t h e  t r a j e c t o r y .  These 
d a t a  are  t h e n  used t o  modify t h e  pa rame te r s  o f  t h e  
a d i a b a t i c ’  a tmospher ic  model below t h e  t ropopause .  The 
p a r t i c u l a r  scheme w h i c h  h a s  been developed u s e s  a t r a n s -  
formed form of  t h e  a d i a b a t i c  e q u a t i o n  w i t h  t h e  independ-  
e n t  v a r i a b l e ,  a l t i t u d e , i n  a modi f ied  form s o  as t o  
t r a c k  i n  t h e  d i r e c t i o n  of  t r a v e l .  The problem o f  
minimiz ing  t h e  e f f ec t  of measurement e r r o r  was i n v e s t i -  
ga t ed  from a s t a t i s t i c a l  v i ewpo in t  and t h e  method o f  
modi f ied  least  s q u a r e s  was s e l e c t e d  as t h e  s o l u t i o n  t o  
t h i s  probiem. 

Computer r e s u l t s  s i m u l a t i n g  t h e  d e s c e n t  from t h e  
t r o p o p a u s e  h e i g h t  of a d e s i g n  atmosphere t o  t h e  surface 
i n d i c a t e  t h a t  t h e  scheme does  upda te  t h e  pa rame te r s  
p r o p e r l y .  The parameters  converge  r a p i d l y  from t h e i r  
r e f e r e n c e  v a l u e s  t o  t h o s e  o f  t h e  a c t u a l  a tmosphere as 
s e e n  i n  F i g u r e s  1 and 2 .  

It was found t h a t  t h e  pa rame te r  we igh t s  used i n  
t h e  modi f ied  l ea s t  s q u a r e s  s o l u t i o n  g r e a t l y  a f f e c t  t h e  
performance of t h e  system. The b e h a v i o r  o f  t h e  sys tem 
c a n  be c o n t r o l l e d  by proper  m a n i p u l a t i o n  o f  t h e s e  
w e i g h t s ,  R e f .  ( 4 , 5 ) .  A d e t a i l e d  t e c h n i c a l  r e p o r t  on 
t h i s  method i s  provided i n  R e f .  1. 

2 .  Ex tens ion  t o  Regions Above t h e  Tropopause 

Although t h e  scheme o u t l i n e d  above was shown t o  be 
e f f e c t i v e  i n  u s i n g  measured d a t a  w i t h  e r r o r  t o  modify 
atmosphere pa rame te r s  from an  i n i t i a l l y  assumed re fer -  
ence  atmosphere t o  t h o s e  f o r  t h e  a c t u a l  a tmosphere ,  i t  
i s  l i m i t e d  i n  i t s  a p p l i c a t i o n  t o  o n l y  t h e  r e g i o n  o f  t h e  
a tmosphere  below t h e  t ropopause .  Accord ing ly ,  e f f o r t s  
were made t o  s e e k  methods by which t o  use d a t a  t o  be 
o b t a i n e d  d u r i n g  e n t r y  above t h e  t ropopause  t o  e s t a b l i s h  
t h e  atmosphere a t  an e a r l i e r  t i m e  i n  t h e  e n t r y  
p r o c e s s e s .  U n f o r t u n a t e l y ,  none of  t h e  schemes which 
were conceived and t e s t e d  proved t o  be s a t i s f a c t o r y .  
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N e v e r t h e l e s s ,  t h e  knowledge which was gained does  pro-  
v i d e  some u s e  i n s i g h t s  of t h e  problem. 

Two of  t h e  main t h r u s t s  were based on o f f - l i n e  
schemes. One o f  t h e s e  sought  t o  f i n d  f u n c t i o n a l  
r e l a t i o n s h i p s  between the  a l t i t u d e  and t h o s e  "ad iaba t ic"*  
parameters  f i t t i n g  t h e  atmosphere i n  t h e  e x p o n e n t i a l  
r e g i o n ,  i . e .  above t h e  t ropopause .  It was hoped t h a t  
such  r e l a t i o n s h i p s  would d e f i n e  t h e  a tmosphe r i c  models 
un ique ly  and t h a t  ear ly  ( i . e .  h igh  a l t i t u d e )  measure- 
ments would p rov ide  a b a s i s  f o r  p r e d i c t i n g  t h e  a c t u a l  
a tmosphere.  These hopes d i d  n o t  m a t e r i a l i z e .  The 
second approach at tempted t o  match t h e  c o e f f i c i e n t s  of  
e q u a l  powers a f t e r  t h e  e x p o n e n t i a l  and a d i a b a t i c  models 
had been expanded i n  power se r ies .  Such a c o r r e l a t i o n  
would have pe rmi t t ed  a p r e d i c t i o n  of t h e  complete  
a tmosphere u s i n g  h igh  a l t i t u d e  measurements .  However, 
t h e  c o e f f i c i e n t s  which were d e r i v e d  were i n c o n s i s t e n t  
and e f f o r t s  t o  minimize e r r o r s  r e s u l t e d  i n  e x c e s s i v e l y  
complex f o r m u l a t i o n s  of dubious p o t e n t i a l .  

A t  t h i s  p o i n t ,  t h e  e f f o r t  was t u r n e d  t o  an o n - l i n e  
n ~ ~ r c ~ m n f n r  - ~ n A - i - 4 n f i  c t r , A r r  r ~ h 4 - h  r 7 - m  CI A : v n m t  n-rtnnn:fin 

U J / - I U U L . L * A b  " L U U Y  V " 1 1 1 b I . 1  Y V U U  u U A & . L L L  ~ ' ~ L L L I Y I U L I  r- u ~ ~ ~ -  L - 
of t h e  o r i g i n a l  scheme, R e f .  1, d i f f e r i n g  o n l y  i n  two 
r e s p e c t s :  a) a l l  of t h e  measured d a t a  o b t a i n e d  bo th  
above and below t h e  t ropopause were used and b)  a 
we igh t ing  sys tem f a v o r i n g  l a t e r  p o i n t s  ( i . e .  lower 
a l t i t u d e  d a t a )  was inc luded .  I n  t e s t i n g  t h i s  method i t  
was found t h a t  w i t h  s u i t a b l e  we igh t ing ,  convergence t o  
t h e  c o r r e c t  parameters  was o b t a i n e d ;  however, t h e  con- 
vergence  was s l o w  and no advantage ove r  t h e  o r i g i n a l  
scheme, R e f .  1 was pe rce ived .  

3 .  A p p l i c a t i o n  of Parameter  Updat ing Scheme t o  Adapt ive 
T r a j e c t o r y  Con t ro l  Sys t em 

The parameter  upda t ing  scheme, R e f .  1, was a p p l i e d  
t o  t h e  s e n s i t i v i t y  guidance c o n t r o l  t e c h n i q u e ,  Task 2 . A . ,  
d e s c r i b e d  i n  R e f .  2 ,  t o  de te rmine  t h e  e f f e c t i v e n e s s  o f  
t h e  o v e r a l l  method and t o  a s s e s s  t h e  s i g n i f i c a n c e  o f  
a tmosphe re 'p rope r ty  measurement e r r o r .  The e f f e c t s  of 
measurement e r r o r  a r e  twofold.  F i r s t ,  t h e r e  i s  a d e l a y  
i n  t h e  upda t ing  scheme i n  converg ing  t o  t h e  t r u e  v a l u e s .  

* S i n c e  t h e  d e n s i t y  of t h e  atmosphere above t h e  t ropopause  
i s  expected t o  be r e l a t e d  t o  a l t i t u d e  by a two-parameter  
e x p o n e n t i a l  model,  i t s  c o r r e l a t i o n  by a t h r e e - p a r a m e t e r  
a d i a b a t i c  'model can on ly  produce e q u i v a l e n t  a d i a b a t i c  pa ra -  
meters which l a c k  t h e  p h y s i c a l  s i g n i f i c a n c e  of t h o s e  
a p p l y i n g  below t h e  t ropopause .  
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Second, t h e r e  i s  t h e  e r r o r  i n  t h e  f i n a l  v a l u e s  once 
s t e a d y  s t a t e  c o n d i t i o n s  a r e  reached due t o  t h e  measure- 
ment e r r o r s .  The f i r s t  e r r o r  causes  t h e  c o n t r o l  
scheme t o  converge t o  the t e r m i n a l  s t a t e  s lower  t h a n  
w i t h  immediate updat ing .  The second causes  e r r o r s  i n  
t h e  p r e d i c t e d  t e r m i n a l  s t a t e s .  

An e f f e c t i v e  c o n t r o l  scheme i s  one which con- 
v e r g e s  t o  t h e  d e s i r e d  f i n a l  v a l u e s  b e f o r e  t h e  c r a f t  
a r r i v e s  a t  t h e  t e r m i n a l  h e i g h t  and does  n o t  d e v i a t e  
s i g n i f i c a n t l y  f r o m  d e s i r e d  t e r m i n a l  c o n d i t i o n s  because  
o f  measurement e r r o r s .  

The a d a p t i v e  c o n t r o l  s i m u l a t i o n  program, Ref .  2 ,  
has  been modif ied s o  as t o  use  t h e  o r i g i n a l  parameter  
u p d a t i n g  scheme and encouraging r e s u l t s  have been 
o b t a i n e d .  The r e s u l t s  f o r  a s i m u l a t i o n  i n  which a W4-1 
r e f e r e n c e  atmosphere was assumed a l o n g  w i t h  a VM-2 a c t u a l  
a tmosphere are shown i n  F i g .  3 and 4 .  For a s t a n d a r d  
d e v i a t i o n  i n  measurement o f  0.004,  t h e  p e r c e n t  d e v i a t i o n  
i n  f i n a l  s t a t e s  between t h e  c a s e s  w i t h  and w i t h o u t  
measurement e r r o r  i s  0.2%, i . e .  t h e  e r r o r  i s  halved by 
t h e  a d a p t i v e  c o n t r o l  s y s t e m .  

It should be noted t h a t  t h e  o p t i m a l  we igh t ing  pa ra -  
meters employed i n  t h e  u p d a t i n g  scheme are a f u n c t i o n  of 
t h e  p a r t i c u l a r s  of  t h e  r e f e r e n c e  and a c t u a l  a tmosphere 
invo lved .  The weights  used i n  above s i m u l a t i o n  d i f f e r  
f rom t h o s e  deduced f o r  t h e  vr\I-4: VM-8 s i t u a t i o n  s t u d i e d  
i n  d e t a i l  i n  Ref.  1. Since  t h e  p r i n c i p a l  e f f e c t  of  non- 
o p t i m a l  we igh t s  i s  t o  reduce t h e  r a t e  o f  convergence t o ’  
c o r r e c t  pa rame te r s ,  i t  remains t o  deve lop  r a t i o n a l  t e c h -  
n i q u e s  f o r  a d j u s t i n g  t h e  we igh t s .  

I n  a d d i t i o n ,  i t  should be noted  t h a t  t h i s  simu- 
l a t i o n  assumed t h a t  t h e  a c t u a l  a tmosphere could be d e s -  
c r i b e d  by t h e  a d i a b a t i c  model up  t o  t h e  a l t i t u d e  of 
90,000 f ee t  a t  which c o n t r o l  a c t i o n  was i n i t i a t e d .  T h i s  
i s  b e l i e v e d  t o  be a good approximat ion  f o r  t h e  c a s e  
invo lved .  

It should be mentioned t h a t  a measurement e r r o r  as 
l a r g e  a s  10% was a l s o  u s e d  i n  t h e  s i m u l a t i o n .  The up- 
d a t i n g  scheme behaved we l l  and t h e  t e r m i n a l  e r r o r s  were 
o f  t h e  same magnitude as  t h o s e  ob ta ined  w i t h  a 4% 
measurement e r ro r .  This  i n d i c a t e s  t h a t  t h e  r e l a t i o n s h i p  
between measurement e r r o r  and t e r m i n a l  s t a t e  e r r o r  i s  
n o t  a d i r e c t  p r o p o r t i o n a l  r e l a t i o n s h i p  and t h a t  
measurement e r ro r  i s  not c r i t i c a l .  
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++ Martian Surface Circular  Velocity = 11,558 f t / sec  



I 
1 
I 
I 
I 
i 
I 
8 

1 
I 
1 
I 
I 
I 
I 
II 
I 
8 

1 m 

11 

It i s  concluded t h a t  t h e  combined c o n t r o l  and up- 
d a t i n g  scheme c a n ,  w i t h  some improvements,  p r o v i d e  t h e  
requ . i red  t r a j e c t o r y  c o n t r o l .  

Task  A . 2 .  Adapt ive T r a j e c t o r y  C o n t r o l  

P r i n c i p a l  e f f o r t s  have been d i r e c t e d  a l o n g  two 
l i n e s .  The f i r s t  o f  t h e s e  h a s  been concerned w i t h  t h e  
development of  methods by which t o  compute t h e  e f f ec t s  
of b o t h  d e n s i t y  parameter  d e v i a t i o n s  and r e t r o - p r o p u l -  
s i o n  c o n t r o l  changes and  has  r e s u l t e d  i n  t h e  formu- 
l a t i a n  o f  a t echn ique  based on s e n s i t i v i t y  a n a l y s i s .  
The second l i n e  of e f f o r t  has  cons ide red  t r a j e c t o r y  con- 
t r o l  i n  terms o f  d i s c r e t e  v a r i a t i o n  o f  t h e  b a l l i s t i c  
c o e f f i c i e n t .  

Task A . 2 . a .  S e n s i t i v i t y  Guidance f o r  En t ry  i n t o  an  
Unce r t a in  Mar t i an  Atmosphere - P.  J. C e f o l a  
F a c u l t y  Advisor:  P r o f .  C . N .  Shen 

The o b j e c t i v e  was t o  d e v e l o p  a guidance  scheme which 
w u u i d  r e s u l i  i I i  a reFerence ie rmina i  c u n d i t i u n ,  
c a p s u l e  v e l o c i t y  and range a n g l e  a t  a s p e c i f i e d  a l t i t u d e ,  
whatever  t h e  a c t u a l  atmosphere encountered  on Mars e n t r y .  
It i s  assurned t h a t  an  on-board sys t em f o r  u p d a t i n g  atmos- 
p h e r e  pa rame te r s  i s  a v a i l a b l e .  

i. e .  

S e n s i t i v i t y  Analys is  i s  a p p l i e d  t o  t h e  e n t r y  
dynamics i n  or'der t o  compute t h e  e f f ec t s  o f  b o t h  d e n s i t y  
parameter  d e v i a t i o n s  and c o n t r o l  changes .  Af te r  t h e  
a tmosphe r i c  parameters  a re  t r a c k e d ,  t h e  c o n t r o l  i s  d e t e r -  
mined on-board by u s i n g  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  
p r e v i o u s l y  compiled.  
i n t r o d u c i n g  a new s e n s i t i v i t y  e q u a t i o n  which r e d u c e s  t h e  
on-board computat ion s i n c e  a l l  t h e  r e q u i r e d  t e r m i n a l  
s e n s i t i v i t y  c o e f f i c i e n t s  are  now produced by t h e  s o l u t i o n  
o f  one e q u a t i o n .  
r e f e r e n c e  d e n s i t y  and VM-1 a c t u a l  d e n s i t y  showed t h a t  t h e  
t e r m i n a l  v e l o c i t y  and range a n g l e  e r r o r s  were reduced by 
a t  l eas t  90% i n  comparison w i t h  t h o s e  r e s u l t i n g  from t h e  
u n c o n t r o l l e d  VM-1  t r a j e c t o r y .  The e f f e c t s  o f  d e l a y s  i n  
o b t a i n i n g  i n f o r m a t i o n  d e s c r i b i n g  t h e  ac tua l  atmosphere 
and o f  i n a c c u r a c i e s  i n  t h a t  i n f o r m a t i o n  were a l s o  i n v e s t i -  
ga ted .  

Con t ro l  u p d a t i n g  i s  provided  by 

Numerical s i m u l a t i o n  assuming a VM-2 

Second 
w i t h  a 'view 
i n  t h e  case 
pa rame te r s .  

o r d e r  s e n s i t i v i t y  f u n c t i o n s  are i n v e s t i g a t e d  
towards improving guidance  sys t em performance 
o f  l a r g e  d e v i a t i o n s  i n  t h e  a tmosphe r i c  

P rev ious  workers have d e r i v e d  h i g h e r  o r d e r  
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s e n s i t i v i t y  e q u a t i o n s  u s i n g  a s i n g l e  n - t h  o r d e r  d i f f e r -  
e n t i a l  e q u a t i c n  t o  model t h e  p h y s i c a l  sys tem.  However, 
t h e  s t a t e  v e c t o r  d e s c r i b e d  by n f i r s t  o r d e r  e q u a t i o n s  
g i v e s  a more g e n e r a l  approach f o r  dynamical  sys t ems .  A 
new v e c t o r - m a t r i x  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  second 
o r d e r  s e n s i t i v i t y  c o e f f i c i e n t s  o f  a g e n e r a l  sys t em i s  
o b t a i n e d .  
f o r c i n g  f u n c t i o n  depends on t h e  p r e s e n t  a l t i t u d e  i n  a 
p l a n e t a r y  e n t r y  problem i n  c o n t r a s t  t o  t h e  f i r s t  o r d e r  
s e n s i t i v i t y  f o r c i n g  f u n c t i o n  which i s  independent  o f  t h e  
p r e s e n t  a l t i t u d e .  Th i s  p o i n t  i s  i m p o r t a n t  i n  t h e  
c a l c u l a t i o n  o f  t h e  t e r m i n a l  v a l u e s  o f  t h e  second o r d e r  
s e n s i t i v i t y  c o e f f i c i e n t s .  With t h e  f i r s t  o r d e r  c o e f f i -  
c i e n t s ,  i t  was p o s s i b l e  t o  d e s c r i b e  a l l  t h e  t e r m i n a l  
v a l u e s  by u s i n g  t h e  a d j o i n t  s e n s i t i v i t y  e q u a t i o n .  
t h e  second o r d e r  c o e f f i c i e n t s ,  t h i s  p rocedure  i s  o n l y  
p o s s i b l e  f o r  a c e r t a i n  approximat ion  t o  t h e  second o r d e r  

It i s  found t h a t  t h e  second o r d e r  s e n s i t i v i t y  

For  

s e n s i t i v i t y  

R e f .  2 
a p p l i c a t i o n  

Task A . 2 . b .  

f o r c i n g  f u n c t i o n .  

d e s c r i b e s  i n  d e t a i l  t h e  development and 
o f  t h e  proposed guidance  scheme. 

Adapt ive  T r a j e c t o r y  C o n t r o i  w i t h  Discre te  
Change i n  E a l l i s t i c  C o e f f i c i e n t  and a 
Sequence of Discrete Changes i n  F l i g h t  P a t h  
Angle - L .  Hedge 
F a c u l t y  Advisor :  P r o f .  C . N .  Shen 

The e n t r y  guidance s y s t e m  f o r  a M a r t i a n  v e h i c l e  
must meet c e r t a i n  t e r m i n a l  c o n s t r a i n t s  a t  a t e r m i n a l  
a l t i t u d e  i f  t h e  s o f t  l a n d i n g  of t h e  c a p s u l e  on t h e  
s u r f a c e  i s  t o  be s u c c e s s f u l .  However, due t o  t h e  e x i s t -  
i n g  u n c e r t a i n t y  i n  t h e  a c t u a l  c h a r a c t e r i s t i c s  o f  t h e  
M a r t i a n  a tmosphere ,  t h e  gu idance  sys t em must be a b l e  t o  
compensate f o r  d e v i a t i o n s  from t h e  assumed r e f e r e n c e  
a tmosphere .  T r a j e c t o r i e s  o b t a i n e d  from aerodynamic 
b r e a k i n g  a re  p a r t i c u l a r l y  s e n s i t i v e  t o  a c t u a l  atmos- 
p h e r e .  D e v i a t i o n s  i n  t h e  a tmosphe r i c  pa rame te r s  which 
d e s c r i b e  t h e  atmosphere c a u s e  i m p o r t a n t  changes i n  t h e  
t e r m i n a l  c o n d i t i o n s ;  and  a c c o r d i n g  t o  p r e s e n t  estimates,  
t h e  parameter  d e v i a t i o n s  may be q u i t e  large.  

. S i n c e  t h e  d e n s i t y  of  t h e  Mars atmosphere i s  much 
lower t h a n  t h a t  found on E a r t h ,  and t h e  aerodynamic d r a g  
on t h e  e n t r y  c a p s u l e  i s  p r o p o r t i o n a t e l y  lower ,  two t e c h -  
n i q u e s  have been sugges t ed .  They a r e :  ( i )  a l t e r i n g  t h e  
b a l l i s t i c  c o e f f i c i e n t  of t h e  v e h i c l e ,  and ( i i )  l e n g t h e n -  
i n g  (o r  s h o r t e n i n g ) t h e  f l i g h t  p a t h  i n  t h e  a tmosphere .  
T h e r e f o r e ,  f o r  c o n t r o l s  i n  a guidance  scheme which 
compensates  € o r  t h e  a tmosphe r i c  u n c e r t a i n t y  o f  Mars, t h i s  
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i n v e s t i g a t i o n  has  been concerned w i t h  u s i n g :  
d i s c r e t e  change i n  t h e  b a l l i s t i c  c o e f f i c i e n t  
a l t e r i n g  t h e  e f f e c t  s u r f a c e  a r e a  o€ d r a g  (A) - - 

(ii), a sequence o f  sma l l  d i s c r e t e  changes i n ' t h e  f l i g h t  
p a t h  a n g l e  by a p p l y i n g  an impu l s ive  f o r c e  p e r p e n d i c u l a r  
t o  t h e  d i r e c t i o n  o f  t h e  v e l o c i t y .  

Assuming a knowledge of  t h e  r e f e r e n c e  a tmospher ic  
parameters  and a method of  t r a c k i n g  t h e  a c t u a l  pa ra -  
meters, t h e  approach t o  t h e  problem has  been t o  f i n d  an 
a l t i t u d e  f o r  changing t h e  d r a g  s u r f a c e  which minimizes  
t h e  d e v i a t i o n  o f  t h e  a c t u a l  t e r m i n a l  c o n d i t i o n s  from t h e  
r e f e r e n c e  t e r m i n a l  c o n d i t i o n s .  The sequence of  impu l s ive  
changes i n  t h e  f l i g h t  pa th  a n g l e  can t h e n  be employed 
as a t r i m . t o  reduce  t h e  remain ing  e r r o r s  i n  t h e  a c t u a l  
f i n a l  c o n d i t i o n s .  

A r e f e r e n c e  v a l u e  f o r  t h e  b a l l i s t i c  c o e f f i c i e n t  has  
been e s t a b l i s h e d  by NASA ( . 3 0  s l u g s / f t 2 ) .  To de te rmine  
t h e  e f f e c t  o f  a change i n  t h e  d r a g  s u r f a c e  on t h e  f i n a l  
v a l u e s  of  t h e  s t a t e  v a r i a b l e s ,  t h e  a r e a  r a t i o  was v a r i e d  
as a f u n c t i o n  o f  a l t i t u d e .  S i m u l a t i n g  t h i s  procedure  

v a l u e s  of  t h e  a r e a  r a t i o  n e c e s s a r y  t o  compensate f o r  
d e v i a t i o n s  from a r e f e r e n c e  set  of  a tmospher ic  pa ra -  
meters. It a l s o  determined t h e  a l t i t u d e  a t  which t h e  
b a l l i s t i c  c o e f f i c i e n t  i s  changed as a f u n c t i o n  of  a c t u a l  
a tmosphere.  

- . ~ n w  " " L A  t h o  b l a b  +-c)ncln L C I L I  b- of pc:Esib14 2tmcspheres deterF?ir!ed t h e  

However, t h e  accuracy  of such  a procedure  i s  
dependent  on t h e  accuracy of  t h e  a c t u a l  a tmospher ic  pa ra -  
meters from an upda t ing  scheme when t h e  change i n  a r e a  
i s  made. I f  improved va lues  of t h e  pa rame te r s  are 
ob ta ined  a f t e r  t h e  b a l l i s t i c  c o e f f i c i e n t  i s  changed, a 
sequence o f  d i s c r e t e  changes i n  t h e  f l i g h t  p a t h  a n g l e  
may be used t o  minimize t h e  r e s u l t i n g  s t a t e  v a r i a b l e  
e r r o r s .  

It has  been found t h a t  such  a proposed guidance 
scheme i s  a b l e  t o  compensate f o r  a c e r t a i n  range  of. 
a tmospher ic  parameter  d e v i a t i o n .  From a good e s t i m a t e  
o f  t h e  a tmospher ic  composi t ion ,  a r e f e r e n c e  t r a j e c t o r y  
can be chosen which has t h e  r e q u i r e d  t e r m i n a l  condi -  
t i o n s .  Then based upon s m a l l  d e v i a t i o n s  i n  t h e  r e f e r -  
ence  pa rame te r s ,  t h e  b a l l i s t i c  c o e f f i c i e n t s  can be 
a l te red  s o  t h a t  t h e  t e r m i n a l  c o n d i t i o n s  a r e  s a t i s f i e d .  
Then i f  i n a c c u r a t e  estimates of  t h e  a c t u a l  a tmospher ic  
parameters  e x i s t  a t  t h e  a l t i t u d e  of  change i n  t h e  d r a g  
s u r f a c e ,  t h e  t e r m i n a l  e r r o r s  which r e s u l t  may be c o r -  
r e c t e d  by s m a l l  s t e p  changes i n  t h e  f l i g h t  p a t h  a n g l e  
o f  t h e  v e h i c l e .  
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I f  t h e  f i n a l  v e l o c i t y  c o n s t r a i n t  i s  cons ide red  as 
an  i n e q u a l i t y ,  i t  i s  only n e c e s s a r y  t o  keep t h e  
b a l l i s t i c  c o e f f i c i e n t  less t h a n  .30 s l u g s / f t 2  t o  i n s u r e  
t h a t  t e r m i n a l  v e l o c i t y  a t  twenty  thousand f e e t  above 
t h e  s u r f a c e  i s  less  than  one thousand f e e t  p e r  s econd .  
T h e r e f o r e ,  t h e  changing o f  t h e  d rag  s u r f a c e  area need 
o n l y  be employed t o  make t h e  c a p s u l e  r e a c h  a r e f e r e n c e  
r a n g e  p o i n t .  

I f  t h e  composi t ion o f  t h e  a c t u a l  a tmosphere i s  
s imi l a r  t o  t h a t  o f  t h e  assurned r e f e r e n c e  a tmosphere ,  
t h e r e  e x i s t s  an a l t i t u d e  a t  which changing  t h e  d r a g  sur-  
face by a f a c t o r  of two w i l l  r e s u l t  i n  z e r o  r ange  e r r o r  
(see F i g .  5 and 6 ) .  However, i f  t h e  a c t u a l  a tmosphe r i c  
compos i t ion  d i f f e r s  g r e a t l y  from t h e  r e f e r e n c e  atmos- 

. p h e r e ,  t h e  r e f e r e n c e  range can  o n l y  be reached by a 
change i n  t h e  b a l l i s t i c  c o e f f i c i e n t  which i s  much 
greater  t h a n  a f a c t o r  o f  two. The f l i g h t  range  f o r  
unpowered aerodynamic e n t r y  i s  ex t r eme ly  s e n s i t i v e  t o  
t h e  composi t ion  o f  t h e  atmosphere.  T h e r e f o r e ,  a d r a g  
c o n t r o l  scheme a l o n e  i s  s u f f i c i e n t  o n l y  i f  a good 
est imate  o f  t h e  a tmospher ic  compos i t ion  i s  known b e f o r e  
the missinn: 

It has  a l s o  been found t h a t  a sequence  o f  d i s c r e t e  
changes i n  t h e  f l i g h t - p a t h  a n g l e  i s  v e r y  e f f e c t i v e  i n  
r e d u c i n g  small  e r r o r s  due t o  changing  t h e  b a l l i s t i c  
c o e f f i c i e n t  a t  t h e  wrong a l t i t u d e .  Both bounded and 
unbounded c o n t r o l  have been c o n s i d e r e d  and a comparison 
of t h e  two methods i s  i m p o r t a n t ,  T a b l e s  1 and 2 .  The 
change i n  t h e  b a l l i s t i c  c o e f f i c i e n t  was used t o  r educe  
a n  u n c o n t r o l l e d  e r r o r  o f  twenty  two thousand y a r d s  t o  
o n l y  s i x  thousand ya rds .  T h i s  i s  f o r  a VM-8 r e f e r e n c e  
a tmosphere ,  VM-4 a c t u a l  a tmosphere ,  and changing t h e  
b a l l i s t i c  c o e f f i c i e n t  by a f a c t o r  of two. 

The r ange  e r r o r  u s i n g  f o u r  c o r r e c t i o n s  o f  unbounded 
magnitude i s  reduced from s i x  thousand y a r d s  t o  o n l y  
n i n e t y  y a r d s .  However t h e  v e l o c i t y  changes n e c e s s a r y  a t  
each  a l t i t u d e  are q u i t e  l a rge  f o r  a v e h i c l e  which w i l l  
weigh approximate ly  f i v e  thousand pounds. They r a n g e  
from two hundred and e i g h t y  two f e e t  p e r  second f o r  t h e  
f i r s t  c o r r e c t i o n  t o  one hundred and t e n  f e e t  p e r  second 
f o r  t h e  f o u r t h  c o r r e c t i o n ,  T a b l e  1. 

A bounded s t e p  change seems t o  be a much b e t t e r  
s o l u t i o n  from b o t h  t h e  numer i ca l  r e s u l t s  and p h y s i c a l  
l i m i t a t i o n s .  The range e r r o r  f o r  bounded c o n t r o l  i s  
la rger  t h a n  t h a t  f o r  unbounded c o n t r o l .  However, t h e  
e r r o r  f o r  a bound o f  one hundredth  of a r a d i a n  i s  s t i l l  
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l ess  t h a n  one m i l e .  More impor t an t  i s  t h e  f a c t  t h a t  
t h e  magnitude of t h e  v e l o c i t y  changes are  v e r y  s m a l l ,  
e s p e c i a l l y  when compared t o  t h e  v e l o c i t y  changes 
n e c e s s a r y  f o r  unbounded c o n t r o l .  Fo r  a bound o f  . 0 1  
r a d i a n s ,  t h e  v e l o c i t i e s  range  from e i g h t y  f i v e  f e e t  
p e r  second t o  e i g h t  f e e t  pe r  second.  

Deta i l s  o f  t h i s  s tudy  are provided  i n  Reference  3 .  

Task B.  Unpowered Aerodynamic Landing 

Accomplishing a s o f t  l and ing  on the p l a n e t  Mars can be  a 
p a r t i c u l a r l y  d i f f i c u l t  mi s s ion .  The atmosphere o f  t h e  p l a n e t  
i s  so  t enuous  ( s u r f a c e  d e n s i t y  on t h e  o r d e r  o f  100-th t h e  
d e n s i t y  of  t h a t  o f  E a r t h ' s )  t h a t  t h e  t e c h n i q u e s  employed f o r  
E a r t h  r e - e n t r y  seem by themselves  i n a d e q u a t e .  These pro-  
posed methods o f  s o f t  l a n d i n g  u s u a l l y  employ a l a rge ,  b l u n t  
body f o r  e n t r y ,  p a r a c h u t e ,  b a l l o o n ,  o r  d e p l o y a b l e  wing f o r  
d e s c e n t ,  and r e t r o t h r u s t  r o c k e t s  f o r  s o f t  touchdown. 

The combined weight  of  such a sys t em would t end  t o  p re -  
c lude t h e  development of  sma l l  l a n d i n g  c a p s u l e s  due t o  a v e r y  
u n f a v o r a b l e  payload f r a c t i o n .  On Mars t h e  d T f f i c u l t i e s  are  
aggrava ted  by t h e  e x i s t e n c e  o f  ex t remely  h i g h  s u r f a c e  winds 
(200 f t / s e c .  w i t h  h i g h e r  g u s t s ) .  
be  a b l e  t o  c o u n t e r a c t  t h e s e  winds so  as t o  l and  a t  z e r o  
ground speed .  While f l i g h t  i n t o  a headwind a t  z e r o  ground 
speed  would impose e x t r a  f u e l  r equ i r emen t s  on a r e t r o t h r u s t -  
suppor t ed  l a n d i n g  v e h i c l e ,  it w i l l  a c t u a l l y  improve t h e  pe r -  
formance o f  a d e v i c e  which employs aerodynamic l i f t  f o r  sup-  
p o r t ,  such as t h e  au togyro .  

A s o f t  l a n d i n g  c a p s u l e  must 

The unpowered r o t a r y  wing, which seems t o  be t h e  best  
aerodynamic means o f  p r o v i d i n g  t h e  d e c e l e r a t i o n  d u r i n g  d e s -  
c e n t  and o f  c o u n t e r i n g  t h e  s u r f a c e  wind, o f f e r s  t h e  advantage  
t h a t . k i n e t i c  ene rgy  can be s t o r e d  i n  t h e  r o t a t i n g  hub and 
wing assembly.  T h i s  makes it  p o s s i b l e  t o  hover  b r i e f l y  
b e f o r e  touchdown wi thou t  expending f u e l ,  and make c o n t a c t  
w i t h  t h e  ground ve ry  r a p i d l y .  

T h i s  t ask  i n v o l v e s  a number o f  phases  which are con- 
s i d e r e d  s e p a r a t e l y  below and i n c l u d e s  problems i n :  d e s c e n t  
s i m u l a t i o n ,  a n a l y s i s  o f  t r a n s i e n t  b l a d e  motion,  hub d e s i g n ,  
b l a d e  p i t c h  c o n t r o l  sys tem,  d e s i g n  and f a b r i c a t i o n  o f  
i n f l a t a b l e  b l a d e  s e c t i o n ,  and a e r o t h e r m o e l a s t i c  b l a d e  a n a l y s i s .  
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Task B. 1. Descent  S imula t ion  l.l_.l__-. I n c l u d i n g  - T r a n s i e n t  
Blade Analys is  - T.N.  Kershaw 
F a c u l t y  Advisor:  P r o f .  G . N .  Sandor  

----_- 
__I- 

E v a l u a t i o n  of the f e a s i b i l i t y  o f  t h e  unpowered 
r o t a r y  wing concep t  as an a l t e r n a t i v e  t o  more conven- 
t i o n a l  schemes f o r  c o n t r o l l e d  d e c e l e r a t i o n  and s o f t  
l a n d i n g  r e q u i r e s  t h a t  methods f o r  o b t a i n i n g  r e l i a b l e  
d e s c e n t  s i m u l a t i o n s  be developed .  
has  been achieved  towards t h i s  g o a l  o f  r e l i a b l e  d e s c e n t  
s i m u l a t i o n s  i s  summarized below. 

The p r o g r e s s  which 

Blade element  t h e o r y  has  been employed t o  d e v e l o p  
t h e  mathemat ica l  d e s c r i p t i o n  o f  t h e  performance of  a 
r i g i d  ro t ' o r  d u r i n g  d e s c e n t .  These r e l a t i o n s h i p s  are 
more u s e f u l  t h a n  t h o s e  p r e v i o u s l y  r e p o r t e d  i n  t h e  
l i t e r a t u r e  s i n c e  t h e y  r e su l t  i n  c l o s e d  form s o l u t i o n s  
f o r  performance ove r  a wide r a n g e  o f  f l i g h t  c o n d i t i o n s ,  
expec ted  t o  be encountered i n  e n t r y .  

Of 

1. 

2. 

3 .  

4 .  

The e f f o r t s  d u r i n g  t h e  p a s t  p e r i o d  a s s o c i a t e d  w i t h  
t h e  t a s k  o f  de t e rmin ing  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  

t h e  r o t o r  can  be summarized as i o l l o w s :  

A s t a t e - o f - t h e - a r t  s u r v e y  of  r o t o r  performance 
a n a l y s e s  has  been made  and t h e  r e s u l t s  a re  t a b u -  
l a t e d  i n  Tab le  3. T h i s  t a b u l a t i o n  i n d i c a t e s  t h a t  
w h i l e  t h e  p r e s e n t  e f f o r t s  are n o t  t h e  most g e n e r a l  
of t h o s e  a v a i l a b l e ,  t h e y  do  p r o v i d e  c l o s e d  form 
s o l u t i o n s  o f  s t e a d y  s t a t e  a u t o r o t a t i o n  and a re  
t h e r e f o r e  more i n f o r m a t i v e .  

The e q u a t i o n s  f o r  t h e  con ing  a n g l e ,  6 , have been 
developed and i n c o r p o r a t e d  i n t o  a computer program. 
Resul ts  f rom ear ly  c a l c u l a t i o n s  i n d i c a t e  t h a t  a 
con ing  a n g l e  on t h e  o r d e r  o f  10 t o  25 d e g r e e s  can  
be expec ted  d u r i n g  t h e  d e s c e n t .  

The s e n s i t i v i t y  of t h e  f l i g h t  performance t o  t h e  
t i p - l o s s  f a c t o r ,  B ,  h a s  been i n v e s t i g a t e d  a n d '  
found t o  be minor f o r  t h e  l a r g e  r a n g e  of i n f l o w  
r a t i o s ,  T a b l e  4 .  Thus, t h e  e r ro r  due t o  u s i n g  an  

. i n e x a c t  t i p - l o s s  f a c t o r  i s  o f  minor conce rn .  

The d e s c e n t  s i m u l a t i o n  e q u a t i o n s  and t h e i r  associ- 
a t e d  assumpt ions  f o r  a r i g i d  r o t o r  w i t h  f l a p p i n g  
h inge  have been reviewed. S e p a r a t e  computer pro-  
grams have been developed t o  check  t h e  v a r i o u s  
s i m u l a t i o n  c a l c u l a t i o n s .  These programs employ 
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2 1  

numer i ca l  methods t o  i n t e g r a t e  t h e  b a s i c  b l a d e  
e lement  e q u a t i o n s .  

R e s u l t s  f roin t h e s e  c a l c u l a t i o n s  a r e :  

a .  

b .  

C .  

d .  

‘The 

The c a l c u l a t i o n  o f  t h e  hub p i t c h  a n g l e  r e q u i r e d  
f o r  a u t o r o t a t i o n  u s i n g  second o r d e r  Four i -e r  
se r ies  r e p r e s e n t a t i o n  f o r  t h e  a i r f o i l  d a t a ,  i . e . ,  
c o e f f i c i e n t s  o f  l i f t  and d r a g  as f u n c t i o n s  o f  
a n g l e  o f  a t t a c k ,  has  been shown t o  l a c k  s u f f i -  
c i e n t  accuracy .  Tab le  4 l i s t s  t h e  r e s u l t s  o f  
comparing t h e  second o r d e r  F o u r i e r  series ca l -  
c u l a t i o n s  t o  a h i g h  o r d e r ,  a c c u r a t e  r e p r e s -  
e n t a t i o n  of  t h e  a i r f o i l  d a t a .  

The v a l u e s  of t o r q u e ,  Tab le  5 ,  c a l c u l a t e d  f o r  
hub p i t c h  v a r i a t i o n s  around s t a t e s  o f  a u t o -  
r o t a t i o n  u s i n g  a c c u r a t e  a i r f o i l  d a t a  r e p r e s -  
e n t a t i o n  i n d i c a t e  some o f  t h e s e  a u t o r o t a t i v e  
s t a t e s  a re  s t a b l e ,  w h i l e  o t h e r s  are  n o t .  The 
c r i t e r i o n  o f  s t a b i l i t y  as employed h e r e i n  i s  

a n t e s  a d e c r e a s e  i n  t h e  p i t c h  a n g l e , - t h e  
sys t em t e n d s  t o  b e  s t a b l e .  On t h e  o t h e r  hand 
a n e g a t i v e  t o r q u e  a s s o c i a t e d  w i t h  a d e c r e a s e  
i n  t h e  p i t c h  a n g l e  s u g g e s t s  an  u n s t a b l e  con- 
d i t i o n .  
i n c r e a s e s  i n  p i t c h  a n g l e .  

th-t if 2 py<t:.;e r-sKsr-tl-;e t o r q u e  accorLi;- 

These arguments  a p p l y  i n  r e v e r s e  f o r  

The c a l c u l a t i o n  o f  t h r u s t  u s i n g  second o r d e r  
F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  f o r  t h e  a i r f o i l  
d a t a  has  been shown t o  be r e a s o n a b l y  v a l i d  f o r  
a wide r ange  o f  f l i g h t  c o n d i t i o n s ,  T a b l e  4 ,  
e x c e p t  a t  t h e  lowes t  i n f l o w  r a t i o .  

The assumption o f  t h e  symmetr ica l  b l a d e  
s e c t i o n  w i t h  r e s p e c t  t o  t h e  t r a n s v e r s e  a x i s  of  
t h e  c r o s s - s e c t i o n  has  been d i s c a r d e d .  The u s e  
of t h i s  assumption r e s u l t e d  i n  a major  e r r o r  
i n  t h e  F o u r i e r  r e p r e s e n t a t i o n  o f  t h e  a i r f o i l  
d a t a .  

p r e s e n t  r o t o r  model w i l l  be ex tended  t o  i n c l u d e  
h i n g e s .  The a n a l y s i s  program w i l l  t h e n  d e s -  l e a d - l a g  

c r i b e  t h e  performance o f  t h e  proposed r o t o r  hub assembly,  
Task B . 2 .  Equat ions  based on t h e  second o r d e r  F o u r i e r  
S e r i e s  r e p r e s e n t a t i o n  o f  t h e  a i r f o i l  d a t a  w i l l . b e  
developed t o  permi t  c a l c u l a t i o n  o f  a u t o r o t a t i o n ,  t h r u s t s ,  
c o n i n g  a n g l e s ,  e t c . ,  developed f o r  t h e  f l a p p i n g  and l e a d -  
l a g  h i n g e  c o n f i g u r a t i o n .  T h i s  a d d i t i o n a l  work, u s i n g  

I .- 
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24 
t h e  r o t o r  w i t h  l e a d - l a g  h i n g e s ,  when combined w i t h  t h e  
r e su l t s  a l r e a d y  obta ined  w i l l  p rov ide  a r e a l i s t i c  
i n s i g h t  i n t o  t h e  performance of t h e  r i g i d  b l a d e  a u t o -  
gy ro  d u r i n g  d e s c r n t  f l i g h t  c o n d i t i o n s .  

A compara t ive  payload f r a c t i o n  a n a l y s i s  i s  
scheduled  f o r  complet ion by September 30, 1969 .  T h i s  
a n a l y s i s  should  permi t  a r e a l i s t i c  e v a l u a t i o n  of t h e  
p o s s i b l e  a p p l i c a t i o n  of t h e  au togyro  as t h e  c o n t r o l l e d  
d e c e l e r a t o r  f o r  atmosphere e n t r y  on Mars and on o t h e r  
p l a n e t s .  

Task B . 2 .  Autogyro Rotor Hub Assembly Design - W.P. R a y f i e l d  
F a c u l t y  Advisor:  D r .  G . N .  Sandor 

The d e s i g n  o f  an ex t remely  l i g h t  w e i g h t ,  h igh-  
r e l i a b i l i t y  r o t o r  conct ro l  hub i s  e s s e n t i a l  t o  t h e  deve lop-  
ment of  a p l a n e t a r y  e n t r y  and l a n d i n g  a u t o g y r o .  For  
t h e  150-pound ea r th -we igh t  m a r t i a n  l a n d e r ,  t h e  i n i t i a l  
hub a l l o t m e n t  o f  f i v e  pounds was t h e  prime o p t i m i z a t i o n  
g o a l .  The hub c a p a b i l i t y  was t o  i n c l u d e  a r o t o r  speed 
and t h r u s t  c o n t r o l  (as a f u n c t i o n  of t h e  c o l l e c t i v e  

mon i to r .  L u b r i c a t i o n ,  s t e r i l i z a t i o n ,  and t e m p e r a t u r e  
r equ i r emen t s  f u r t h e r  r e s t r i c t e d  t h e  d e s i g n  o f  most com- 
ponen t s .  A maximum l o a d i n g  o f  1 2 - G ' s  was assumed. 

1 1  o ~ a d e  pi i -ch) ,  a c y c i i c  pi-cch c o n c r o i ,  and a con ing  a n g l e  

Because o f  t h e  a b i l i t y  o f  a s e l f - c e n t e r i n g ,  c o n i c a l ,  
h y d r o s t a t i c  gas  b e a r i n g  t o  a b s o r b  sudden load  changes ,  
b o t h  a x i a l l y  a'nd h o r i z o n t a l l y ,  and i t s  lack o f  depend- 
ence  upon l i q u i d  l u b r i c a n t s ,  i t  has  been chosen as t h e  
main hub b e a r i n g ,  F i g .  7 .  It w i l l  be c o n s t r u c t e d  o f  a 
h i g h  s t r e n g t h ,  l i g h t  weight a l l o y  such  as t h e  I n v a r .  
The two smooth s h e l l s  of t h e  b e a r i n g  are i n v e r t e d ;  t h e  
i n n e r  i s  a t t a c h e d  t o  t h e  c a p s u l e ,  t h e  o u t e r  t o  t h e  t h r e e  
b l a d e s .  S p r i n g  a c t u a t e d ,  t e f l o n - e n c a s e d  b a l l  b e a r i n g s  
p r o v i d e  a backup system f o r  t h i s  c r i t i c a l  component. 
S i m i l a r  s o l i d  l u b r i c a n t  b e a r i n g s  c a r r y  any s h o r t  
d u r a t i o n  r e v e r s a l  l o a d s .  
l i f e  of  t h e  hub b e a r i n g ,  an  a d a p t a t i o n  o f  a c o n i c a l  
v i b r a t i o n - i n d u c e d  squeeze- f i lm b e a r i n g  proved t o  be t h e  
o n l y  m a r g i n a l l y  f e a s i b l e  due t o  t h e  t h i n  M a r t i a n  
atmosphere.  

I n  an a t t empt  t o  ex tend  t h e  

The e n t i r e  hub assembly can be t i l t e d  a b o u t  a 
b e a r i n g  w i t h i n  t h e  c a p s u l e  t o  e f f e c t  a change i n  t h e  
c y c l i c  b l a d e  p i t c h .  
carries'  gss feed t u b e s  t o  supp ly  t h e  h y d r o s t a t i c  gas  
b e a r i n g ,  and t h e  f l u i d  d e v i c e s  c o n t r o l l i n g  t h e  
c o l l e c t i v e  b l a d e  p i t c h .  

The s t a t i o n a r y  c y l i n d r i c a l  s h e e t  
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Tab le  1. Legend f o r  F i g u r e  

H y d r o s t a t i c  gas  b e a r i n g  - i n n e r  cons  s t r u c t u r e  

Ou te r  cone s t r u c t u r e  

Porous gas  r e s i s t o r  

R e v e r s a l  b e a r i n g  

Nylon r o l l e r  s u r f a c e  

Back-up b e a r i n g  

Rolami te  f o r c e  g e n e r a t o r  

Po lypropy lene  f l a p p i n g  h inge  ( a x i a l  view) 

P o l y s t y r e n e  l e a d - l a g  h inge  ( s i d e  view) 

Mounting area f o r  c o l l e c t i v e  p i t c h  c o n t r o l  mechanism 

C y c l i c  p i t c h  c o n t r o l ,  h u b - t i l t  b e a r i n g  

Hub t i l t - a c t u a t o r  mount 

Coning a n g l e  i n d i c a t o r  rod 

I n d i c a t o r  t u b e  

Swive l  seal  

B a l l  s l o t  s l i d e s  - i n d i c a t o r  head 

Averaging s p r i n g  

I n d i c a t o r  s p a r  

C o l l e c t i v e  p i t c h  c o n t r o l  - s u p p l y  p r e s s u r e  t u b i n g  

Refe rence  p r e s s u r e  t u b i n g  

F l u i d i c  c o n t r o l  e lement  

(Tubing o u t  of p l ane  of i n d i c a t o r  s p a r )  

Capsule  f l e x i b l e  p r e s s u r e  sea l  

B l a d e  p i t c h  a x i s  
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The coning  a n g l e  i s  monitored by a p l a s t i c  s l i d e r -  
c r a n k  l i n k a g e ;  t h e  s l i d e  rod i s  c o a x i a l  w i t h  t h e  hub 
b e a r i n g  and t r ans rn i t s  t h e  coning  s i g n a l  t o  t h e  c a p s u l e .  
To acconmodate con ing ,  f l a p p i n g ,  and l e a d - l a g  b l a d e  
movement, and t o  reduce b l ade  bending moments, two 
mutua l ly  p e r p e n d i c u l a r  h inges  a r e  provided f o r  each  
b l a d e .  Tes ted  t o  n e a r l y  1 m i l l i o n  f l e x e s  under  t h e  
a n t i c i p a t e d  l o a d ,  t h e r m o p l a s t i c  i n t e g r a l  h inges  proved 
f e a s i b l e ,  p r o v i d i n g  l i g h t  we igh t ,  f r i c t i o n l e s s  one-p iece  
component h inges  f o r  t h e  2000 c y c l e s  r e q u i r e d  f o r  t h i s  
mi s s ion .  

All e lements  of t h e  r o t o r  hub have been d e f i n e d ,  
most d e s i g n  parameters  a n a l y t i c a l l y  de t e rmined ,  and 
c e r t a i n  e lements  t e s t e d ,  Ref .  7 .  The t o t a l  weight  of  
t h e  hub assembly has been reduced t o  e l e v e n  pounds,  
e x c l u d i n g  t h e  c o l l e c t i v e  p i t c h  a c t u a t o r  sys tem,  Task B.3. 

c 

F u r t h e r  development of t h i s  d e s i g n  would r e q u i r e  
h igh  q u a l i t y ,  c l o s e  to l e ranced  f a b r i c a t i o n  and s o p h i s -  
t i ca t ed  t e s t i n g  procedures .  

Task B . 3 .  Blade. P i t c h  Con t ro l  System - R. Wepner 
F a c u l t y  Advisor:  P r o f .  G . N .  Sandor  

The problems of  p i t c h  c o n t r o l  and b l a d e  s u p p o r t  
have been i n v e s t i g a t e d .  A p i t c h  c o n t r o l  u n i t  proved t o  
be f e a s i b l e  and has  been des igned  f o r  t h e  b l a d e  s u p p o r t  
scheme i n v o l v i n g  two pe rpend icu la r  p l a s t i c  h i n g e s ,  (see 
Task B.2 . ) .  The o b j e c t i v e  of  t h e  t a s k  was t o  d e s i g n  a 
p i t c h  c o n t r o l  sys tem which would r e c e i v e  a f l u i d i c  
i n p u t  s i g n a l  and f l u i d i c  power, and c o n v e r t  t h i s  i n t o  
an  a n g l e  of a t t a c k  o f  t h e  t h r e e  b l ades  ( p i t c h  a n g l e ) .  
S e v e r a l  c r i t e r i a  were cons ide red .  Loadings o f  t h r e e  
t y p e s  were c o n s i d e r e d :  f r i c t i o n ,  i n e r t i a ,  and ae ro -  
dynamic l o a d i n g  on t h e  b l a d e s .  
be less t h a n  5% of  t h e  3 rd , and  were n e g l e c t e d .  

The f i r s t  two proved t o  

The aerodynamic load ing  was unique i n  t h a t  t h e  
t o r q u e  could assume t w o  p o s s i b l e  v a l u e s :  380 i n - l b / b l a d e  
o r  76 i n - l b / b l a d e .  
t h e  p o s s i b i l i t y  o f  a f r e a k  occur rence  d u r i n g  t h e  l a n d i n g .  
S i n c e  t h e  p r o b a b i l i t y  of t h i s  even t  o c c u r r i n g  i s  
unknown, t h e  d e s i g n  has been-based  on b o t h  p o s s i b l e  
e v e n t u a l i t i e s .  

The h igh  v a l u e  was p o s s i b l e  due t o  
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The d e s i g n  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  8 .  
The c o r e  i s  a p i s t o n - c y l i n d e r  a c t u a t o r .  
t h e  wors t  case c o n t a i n s  t h e  f o l l o w i n g  d e t a i l s :  
t h i c k n e s s  f o r  t h e  a c t u a t o r  o f  0.02"; a p r e s s u r e  d r o p  

The d e s i g n  f o r  
a w a l l  

a c r o s s  t h e  p i s t o n  of 250 p s i g ;  a s t r o k e  o f  5"; and a bo re  
o f  2 .64" .  

It should  be noted t h a t  t h e s e  f i g u r e s  c o n t a i n  a 
s a f e t y  f a c t o r  of two f o r  t h e  wors t  case;  and a s a f e t y  
f a c t o r  o f  10 f o r  t h e  o t h e r  case.  

To c o n t i n u e  w i t h  t h e  rest  o f  t h e  sys tem,  t h e  p i s t o n  
d r i v e s  a f l e x i b l e  c a b l e  (1500 # t e s t )  around t h r e e  gu ide  
wheels  which a re  s i m i l a r  t o  p u l l e y s .  
guided w i t h  t h e  a i d  o f  t h r e e  guide  wheels .  

The c a b l e  i s  

The p u l l e y s  a r e  not  f r i c t i o n  d r i v e s  l i k e  o r d i n a r y  
pul-leys ; r a t h e r ,  t h e y  a r e  p o s i t i v e  c o n t r o l  d r i v e s .  
T h i s  i s  achieved  by a d j u s t i n g  t h e  a c t u a t o r  s t r o k e  t o  an  
a p p r o p r i a t e  v a l u e  such t h a t  t h e  p u l l e y  which r o t a t e  
o n l y  360° d u r i n g  t h e  d e s c e n t .  
t h e  c a b l e  can  be anchored t o  t h e  p u l l e y .  I n  t h i s  way, 
c G r f i p ~ E ~ e  Coi,tLUl uv(=i- i'rir y i i c i i  ang le  can b e  a c h i e v e d .  

With t h i s  r e s t r i c t i o n ,  

The d r i v e  wheels a r e  mounted on f l e x i b l e  s h a f t s .  
I n  t h e  d e s i g n  i l l u s t r a t e d ,  t h e  s h a f t  d iameter  i s  .635", 
t h e  weight  of  t h e  t h r e e  s h a f t s  combined i s  1.4 l b s ,  and 
t h e  l e n g t h  o f  each  i s  approximate ly  8" from hub t o  
b lade .  These dimensions are based on f l e x i b l e  s h a f t s  
s o l d  commercial ly .  
weight  i n  mind. It i s  p o s s i b l e  t h a t  weight  can be 
reduced w i t h  l i g h t e r  m a t e r i a l s  w i t h o u t  s i g n i f i c a n t  
l o s s e s  i n  t o r q u e  c a p a b i l i t y .  

They have n o t  been manufactured w i t h  

The inboard  end of t h e  s h a f t  i s  a t t a c h e d  t o  t h e  
hub wall w i t h  p l a i n  and t h r u s t  T e f l o n  b e a r i n g s .  
t h i s  way, t h e  s h a f t  and t h e  d r i v e  p u l l e y  are  secu red  
t o  t h e  hub. The s h a f t  comes outboard  and i s  th readed  
th rough  t h e  h inge  s t r u c t u r e .  
beyond t h e  second ( l ead - l ag )  h i n g e ,  t h e  s h a f t  i s  
a t t a c h e d  w i t h  t h r u s t  and p l a i n  b e a r i n g s  once a g a i n .  
The s h a f t s  c o n t i n u e  through t h i s  second s e t  of b e a r -  
i n g s  t o  t h e  b l ade  i t s e l f ,  where i t  i s  r i g i d l y  
a t t a c h e d .  

I n  

A t  t h e  h i n g e  segment 

A p i t c h  a n g l e  i n d i c a t o r < i s  s t a t i o n e d  a l o n g  t h e  
t r a v e l  o f  t h e  c a b l e .  
d e v i c e  which will t a p  o f f  t h e  a c t u a l  p i t c h  a n g l e  and 
feed i t  t o  t h e  c o n t r o l  network as a f eedback  i n p u t .  

This  i s  a s m a l l  p i s t o n - c y l i n d e r  
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P i t c h  C o n t r o l  System Schemat ic  ' 

(Scale:  1 / 4  s i z e )  

I 4 
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The advantage  o f  t h i s  sys tem ove r  o t h e r s  cons ide red  
e a r l i e r  i s ,  e s s e n t i a l l y ,  t h a t  i t  p r o v i d e s  c o o r d i n a t i o n  
of t h e  motion of the t .hree b l a d e s .  I n  a d d i t i o n ,  i t  pro-  
v i d e s  dependable  b l a d e  s u p p o r t  ( f l e x i b l e  h i n g e s )  and 
reduced we igh t .  The t o t a l  weight  o f  t h i s  sys t em w i l l  be 
approximate ly  2 pounds. 

It should  be noted h e r e  t h a t  t h e  m a t e r i a l  selected 
f o r  t h e  a c t u a t o r  c y l i n d e r  i s  aluminum. However, t h e  
t r a d e - o f f  between weight and s t r e n g t h  was such  t h a t  a 
heavy m a t e r i a l  such  as s t e e l  can  be used a l s o .  

I n  a l l  c a s e s ,  t h e  d e s i g n  around t h e  wors t  c a s e  con- 
t a i n s  a s a f e t y  f a c t o r  o f  about  2 .  The o t h e r  case 
( l o a d i n g  = 380 i n - l b / b l a d e )  i s  overdes igned  by a f a c t o r  
of  f i v e .  

The c h o i c e  of  p r e s s u r e  d rops  and c y l i n d e r  d i a m e t e r s  
i s  a t r a d e - o f f  between reduced weight  (i. e .  small 
c y l i n d e r )  v e r s u s  s m a l l e r  p r e s s u r e  s u p p l i e s  (i. e .  l a r g e  
p i s t o n ;  large c y l i n d e r ) .  The d e s i g n  chosen was based on 
space  c o n s i d e r a t i o n s  on t h e  hub s i n c e  t h e  e n t i r e  sys tem 
is mnrrntnJ cE CLO n - . t - < A n  ---2 1 -----I.- 

I ' L V  U L l C  L" LllL W U L O L U L  LuLlLedL DULLdCe! u f  ihe  hub. 

The d r i v e  p u l l e y  r a d i u s  i s  0.795".  T h i s  i s  
d i c t a t e d  by t h e  s t r o k e  of  t h e  a c t u a t o r ,  which i s  con- 
s t r a i n e d  by l i m i t a t i o n s  on t h e  p i t c h  a n g l e  i n d i c a t o r .  

A5 mentioned above, t h e  development  of  t h e  p i t c h  
c o n t r o l  u n i t  i s  complete and i s  r e p o r t e d  i n  R e f .  8 .  
More e x a c t  d a t a  concern ing  t h e  aerodynamic l o a d i n g  i s  
r e q u i r e d  b e f o r e  a f i n a l  d e s i g n  can  be made. 

Task B . 4 .  I n f l a t a b l e  Blade Design and F a b r i c a t i o n  - 
J . P .  S a d l e r  
F a c u l t y  Advisor:  P r o f .  G . N .  Sandor 

P l a s t i c  i n f l a t a b l e  b l a d e s  are  p r e s e n t l y  b e i n g  con- 
s i d e r e d  f o r  u s e  i n  a Mars l a n d i n g  by au togyro .  L i g h t -  
we igh t ,  f l e x i b l e  b l ades  a r e  n e c e s s i t a t e d  by t h e  space  
and weight  r e s t r i c t i o n s  on t h e  l a n d i n g  c a p s u l e .  

The p a s t  pe r iod  has. been devoted t o  t h e  s t u d y  of 
b l a d e  d e s i g n  and f a b r i c a t i o n .  The b l a d e  c o n s i s t s  o f  
f o u r t e e n  p r e s s u r e - t i g h t  c y l i n d r i c a l  s p a r s  of  v a r i o u s  
d i a m e t e r s ,  an  o u t e r  s k i n ,  and end p l u g s ,  F i g ,  9 .  The 
c y l i n d e r s  a r e  a r ranged  i n  such  a f a s h i o n  as t o  approx i -  
mate a NACA 0012 a i r f o i l  s e c t i o n  on i n f l a t i o n .  . The 
c y l i n d e r  and o u t e r  s k i n  m a t e r i a l  i s  a 2 m i l  o r  3 m i l  
t h i c k n e s s  o f  DuPond Kapton F i lm (a polyimide f i l m  base  
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w i t h  a c o a t i n g  of Teflon FEP f luo roca rbon  r e s i n ) .  The 
end p lugs  are s o l i d  Tef lon  FEP. 
t h e r m o p l a s t i c ,  permi ts  h e a t  s e a l i n g  t o  be used f o r  a l l  
f a b r i c a t i o n  p r o c e s s e s .  The optimum h e a t  s e a l i n g  r ange  
i s  600 - 6500F wi th  a s e a l i n g  t ime of 0 .5  sec.  

The u s e  of  T e f l o n ,  a 

Using hel ium as t h e  i n f l a t i o n  gas  and 2 m i l  f i l m ,  
t h e  weight  of  a 20 f t .  b l a d e  i s  5 . 6  l b s ,  a lmost  2 l b s .  
above t h e  p r e l i m i n a r y  e s t i m a t e .  
i n  R e f .  9 .  

D e t a i l s  are  provided 

F u t u r e  s t e p s  i n  t h i s  a r e a  would be a c t u a l  b l a d e  
model c o n s t r u c t i o n  and t e s t s ,  and a c o n t i n u a t i o n  of  
a n a l y t i c a l  t r e a t m e n t s  i n c l u d i n g  f a c t o r s  n o t  p r e s e n t  i n  
t h e  c a n t i l e v e r  c a s e ,  such a s  c e n t r i f u g a l  f o r c e  e f f e c t s .  

Task C .  - Sur face  Naviga t ion  and P a t h  Con t ro l  

Task C.l. Long Range Pa th  S e l e c t i o n  - R . J .  Mancini  
F a c u l t y  Advisor:  P r o f .  6 . K .  F r e d e r i c k  

A l ong  range  pa th  se l ec ' c ion  s y s t e m  i s  t o  be 
s p e c i f i e d  f o r  a r o v i n g  Mar t i an  v e h i c l e .  . This  s y s t e m  
w i l l  a c q u i r e  and process  measurements 'of t h e  major  t e r -  
t a i n  f e a t u r e s  i n  o r d e r  t o  make a d e c i s i o n  on a g e n e r a l  
p a t h  t o  t r a v e l  t o  a predetermined mis s ion  s i t e ,  and 
has  been d i v i d e d  i n t o  t h e  f o l l o w i n g  f o u r  f u n c t i o n a l  
areas : 

1. T e r r a i n  Data  A c q u i s i t i o n  
2 .  T e r r a i n  Data P r o c e s s i n g  
3 .  T e r r a i n  Model Genera t ion  
4 .  P a t h  S e l e c t i o n  

The c a l c u l a t i o n  of a s e t  o f  i n d i c e s  was proposed t o  
pe rmi t  q u a n t i t a t i v e  c h a r a c t e r i z a t i o n  of p e r t i n e n t  t e r r a i n  
f e a t u r e s  u s i n g  measurements of  azimuth and e l e v a t i o n  
a n g l e s  and range  ( a r e a  2)  was proposed i n  R e f .  10.  
Three  methods of  t e r r a i n  model ing ( a r e a  3)  u s i n g  v a r i o u s  
combinat ions of t h e s e  methods on s imula t ed  and a c t u a l  
t e r r a i n  d a t a  has  been i n i t i a t e d .  A b r i e f  d e s c r i p t i o n  of 
t h e  t h r e e  methods f o l l o w s :  

1. R e l a t i v e  A l t i t u d e  Method 

Th i s  i s  t h e  c r u d e s t  o f  t h e  t h r e e  methods 
under  c o n s i d e r a t i o n  s i n c e  i t  does n o t  t r y  t o  mathe- 
m a t i c a l l y  r e c r e a t e  t e r r a i n  f e a t u r e s  (t .  e .  s l o p e s )  
and t h u s  should n o t  r e q u i r e  h igh  accu racy  o f  t h e  
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It c o n s i s t s  o f  t h e  f o l l o w i n g  t h r e e  i n d i c e s :  

(a) D i s c o n t i n u i t y  Ir!dex: The purpose  of  t h i s  
i n d e x  i s  t o  s e n s e  r e g i o n s  t h a t  are h idden  i n  
r ange  f o r  a small  increment  i n  e l e v a t i o n  a n g l e ,  
w i t h  azimuth h e l d  c o n s t a n t .  F i g u r e  10 i l l u s -  
t r a t e s  t h e  a p p l i c a t i o n  o f  t h i s  i ndex .  

(b) Ver t ica l  Index:  T h i s  i ndex  s e n s e s  a "s teep"  
s l o p e  by comparing s u c c e s s i v e  r ange  v a l u e s  
a l o n g  a n  azimuth d i r e c t i o n .  F i g u r e  11 i l l u s -  
t r a t e s  i t s  a p p l i c a t i o n .  

(c) R e l a t i v e  A l t i t u d e  Index :  T h i s  index  d e t e r -  
mines i f  t e r r a i n  i s  h i g h  o r  l o w  r e l a t i v e  t o  
t h e  v e h i c l e .  The r a t i o n a l e  f o r  such  a 
c r i t e r i o n  i s  t h a t  a s i g n i f i c a n t  change i n  t h e  
h e i g h t  of t h e  t e r r a i n  may r e q u i r e  a s t e e p  
s l o p e ,  as i n d i c a t e d  i n  F i g u r e  1 2 .  A l i m i t a -  
t i o n  o f  t h i s  t e s t  i s  t h a t  i t  may m i s s  f i n d i n g  

sa fe  h i g h  o r  low t e r r a i n  as an o b s t a c l e .  
Q h t a c l e s  "r .IC47 incIrrectl7 label re12ciXv7elTT 

J 

2. Slope  Method 

T h i s  method a t t e m p t s  t o  make a more r e f i n e d  
es t imate  o f  t h e  p a s s a b i l i t y  o f  t h e  t e r r a i n  by making 
a d i s c r e t e  approximat ion  t o  t h e  s l o p e  o f  t e r r a i n .  
I n  a d d i t i o n  t o  t h e  d i s c o n t i n u i t y  index  ( l . a ) ,  i t  
c o n s i s t s  o f  a s l o p e  index .  

(a )  S lope  Index :  A s  i n d i c a t e d  i n  F i g .  13,  t h e  
s l o p e  o f  t h e  t e r r a i n  c a n  be  approximated by 
t h e  r e l a t i o n s h i p  

where R i  and 
a n g l e .  The index  would be s a t i s i f i e d  if 

B i  are  t h e  r a n g e  and e l e v a t i o n  

( s 1 < t a n  100, f o r  example.  
I 

3 .  Grad ien t  Method 

The second index i n  t h i s  method s e e k s  t o  f i n d  
a t e r r a i n  o b s t a c l e  i n  an  a r e a  o f  t e r r a i n  by ca l -  
c u l a t i n g  a l i n e a r  approximat ion  t o  t h e  magnitude 
o f  t h e  g r a d i e n t  ( s t e e p e s t  s l o p e  i n  any d i r e c t i o n )  

. 
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of  t h e  t e r r a i n  f e a t u r e .  The Grad ien t  Method over -  
comes a l i m i t a t i o n  of  t h e  s l o p e  method above. Con- 
s i d e r  t h e  fo l lowing :  "The s l o p e  a l o n g  a p r o f i l e  of  
t h e  t e r r a i n  i s  only less t h a n  o r  e q u a l  t o  t h e  
s t e e p e s t  s l o p e  t h a t  t h e  v e h i c l e  could encounter  on 
t h e  t e r r a i n  f e a t u r e .  T h e  s l o p e  method c a l c u l a t e s  
t h e  s l o p e  a l o n g  a p r o f i l e  and t h u s  may m i s s  some 
a c t u a l  o b s t a c l e s " .  The Grad ien t  Method i s  t h e  
most s o p h i s t i c a t e d  o f  t h e  methods proposed and should  
be t h e  most s e n s i t i v e  t o  s e n s o r  measurement e r r o r s .  
Th i s  method i s  s i m i l a r  t o  t h e  s l o p e  method wi th  t h e  
e x c e p t i o n  t h a t  an approximat ion  t o  t h e  g r a d i e n t  
r a t h e r  t h a n  j u s t  t h e  s l o p e  i n  t h e  d i r e c t i o n  of t r a v e l  
i s  i n c l u d e d .  

(a) Grad ien t  Index:  T h i s  i ndex  s e e k s  a l i n e a r  
approximation t o  t h e  g r a d i e n t  of  a t e r r a i n  
f e a t u r e  by computing t h e  " in-pa th"  s l o p e  (con- 
s t a n t  azimuth) and t h e  "c ross -pa th"  s l o p e  
( c o n s t a n t  e l e v a t i o n  a n g l e ) .  Then t h e  g r a d i e n t  
i ndex  i s  de f ined  t o  be t h e  s q u a r e  r o o t  of  t h e  
sum of the squa res  of t h e s e  s i o p e s  and must 
be l ess  t h a n  some p r e s e t  l e v e l  f o r  t h a t  
p o r t i o n  o f  t h e  t e r r a i n  t o  be d e s i g n a t e d  as 
p a s s a b l e .  . 

The t e r r a i n  modeling methods d e s c r i b e d  above were 
programmed on a WANG 370 Series  C a l c u l a t o r  (a prograin- 
mable e l e c t r o n i c  d e s k  c a l c u l a t o r )  i n  o r d e r  t o  p rov ide  a 
means of  s i m u l a t i n g  t h e  o p e r a t i o n  of  t h e  model ing 
methods.  

For  example,  u s i n g  t e r r a i n  da t a  from a Geo log ica l  
Survey map w i t h  4 m i l l i r a d i a n  inc remen t s  i n  e l e v a t i o n  
a n g l e  t o  o b t a i n  t h e  d i s c r e t e  s e m o r  d a t a ,  t h e  f o l l o w i n g  
r e s u l t s  were ob ta ined  f o r  one assumed l o c a t i o n  of t h e  
v e h i c l e :  ( i )  t h e  g r a d i e n t  and s l o p e  method each  found 
70% of  t h e  p a s s a b l e  t e r r a i n  i n  a s e c t o r  o f  35 d e g r e e s .  
(ii) i n  az imuth ,  t h e  r e l a t i v e  a l t i t u d e  method found 57% 
of  t h e  p a s s a b l e  t e r r a i n .  A s  t h e  s i z e  of t h e  a n g u l a r  
increment  i n  i n  e l .eva t ion  a n g l e  i n c r e a s e d  , fewer d i s -  
c re te  d a t a  p o i n t s  were a v a i l a b l e  and t h e  e f f e c t i v e n e s s  
o f  a l l  t h r e e  methods dec reased ,  a s y m p t o t i c a l l y  approach-  
i n g  t h e  same e f € e c t i v e n e s s  v a l u e .  

During t h e  n e x t  pe r iod ,  s e c t o r s  of  t e r r a i n  a s  
viewed from d i f f e r e n t  vantage  p o i n t s  w i l l  be used t o  
g e n e r a l i z e  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n .  The 
s e l e c t e d  o b s e r v a t i o n s  i n  t h e  p receed ing  paragraph  are 
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t y p i c a l  o f  t h e  type  of  a n a l y s i s  t h a t  i s  t o  be made. 
Some of t h e  r e s u l t s  expected from t h i s  phase of t h e  
s t u d y  a re :  

1. Q u a n t i t a t i v e  measure o f  t h e  e f f e c t i v e n e s s  o f  t h e  
t e r r a i n  model ing methods t o  f i n d  sa fe  areas of 
t r a v e l  on ce r t a in  t y p e s  o f  t e r r a i n .  

2 .  A measure o f  t h e  e f f e c t  on t h e  model ing methods of  
u s i n g  f i n e r  ( o r  c o a r s e r )  a n g u l a r  i nc remen t s  t o  
o b t a i n  s e n s o r  i n f o r m a t i o n .  

3 .  An i n d i c a t i o n  of t h e  r ange  r e s o l u t i o n  needed t o  
per form se lec ted  model ing t a s k s .  

Task  C.2. S h o r t  Range O b s t a c l e  D e t e c t i o n  System - 
G .  LaBarbera 
F a c u l t y  Advisor :  P r o f .  D .  F r e d e r i c k  

-- 

The g o a l  of a s h o r t  r a n g e  o b s t a c l e  d e t e c t i o n  sys t em 
i s  t o  a l e r t  t h e  v e h i c l e  t o  t h e  p re sence  of o b s t a c l e s  
which i t  cannot  n e g o t i a t e  d i r e c t l y  and t o  i n i t i a t e  
manuevers t h a t  w i l l  avoid such  o b s t a c l e s .  T h i s  t a s k  i s  
s p e c i f i c a l l y  d i r e c t e d  a t  t h e  d e s i g n  and e v a l u a t i o n  o f  a 
d e v i c e  t o  d e t e c t  p o s i t i v e  o r  p r o t u b e r a n c e  t y p e  o b s t a c l e s .  

I n  b r i e f ,  t h i s  system t a k e s  advantage  o f  t h e  
f o l l o w i n g  concep t .  The s h a r p n e s s  of  t h e  image o f  an  
o b j e c t  depends on how w e l l  f o c u s  has  been o b t a i n e d .  A s  
t h e  image p a s s e s  i n  o r  o u t  of f o c u s ,  t h e  l i g h t  forming  
t h e  image i s  e i t h e r  w e l l  c o n c e n t r a t e d  o r  i s  d i s p e r s e d .  
S i n c e  a n o n - l i n e a r  p h o t o r e s i s t i v e  d e t e c t o r  (CdS c e l l )  
w i l l  p r o v i d e  a r e s i s t i v e  change which i s  r e l a t e d  t o  t h e  
d e t a i l e d  p a t t e r n  of i n c i d e n t  l i g h t ,  i t  i s  c o n c e i v a b l e  
t h a t  t h i s  o u t p u t  can  be r e l a t e d  t o  t h e  d i s t a n c e  a t  
which t h e  o b s t a c l e  i s  l o c a t e d .  

The i n v e s t i g a t i o n  of t h i s  f o c u s i n g  method o f  
obstacle d e t e c t i n g ,  u t i l i z i n g  a CdS c e l l  as t h e  focus  
d e t e c t o r  and a s i n g l e  l e n s ,  has  been concluded .  Results 
have ranged from encouraging  t o  comple t e ly  n e g a t i v e .  

. A s  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  R e f .  10,  t h e  
f o c u s i n g  method of r a n g e f i n d i n g  shows much promise due 
t o  i t s  i n h e r e n t  s i m p l i c i t y  and ruggedness .  The  method 
c a n  and w i l l  work i f  a s u i t a b l e  f o c u s - d e t e c t i n g  method 
can  be found.  

U n f o r t u n a t e l y ,  t h e  CdS c e l l s  i n v e s t i g a t e d  h e r e  
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have n o t  proven s a t i s f a c t o r y .  
(h igh  c o n t r a s t  l i n e  t a r g e t s )  t h e y  can  d e t e c t  focus  f a r  
b e t t e r  t h a n  t h e  human eye. 
l i n e  t a r g e t  a re  e q u i v a l e n t  t o  t h e  human eye  a ided  by 30X 
m a g n i f i c a t i o n .  
5-10%. However, when presented  w i t h  a con t inuous  h a l f -  
t o n e  o f  a r b i t r a r y  c o n t r a s t  d i s t r i b u t i o n ,  t h e  c e l l s  would 
n o t  respond i n  a p o s i t i v e  f a s h i o n .  Tests  were run  on a 
t o p o g r a p h i c a l  t e r r a i n  modeling t a b l e  u s i n g  v a r i o u s  
sands  and r o c k  of  approximately 4 t o  6 i n c h  s i z e .  
D i s t a n c e s  involved  were about  f o r t y  t o  f i f t y  i n c h e s .  

Under c e r t a i n  c o n d i t i o n s ,  

Resul ts  w i t h  a Ronchi g r a t i n g  

Res i s t ance  changes amounted t o  about  

Here it must be s t a t ed  t h a t  one i m p o r t a n t  v a r i a b l e ,  
namely c e l l  s t r u c t u r e ,  was n o t  under  d i r e c t  c o n t r o l .  
While geometry could be c o n t r o l l e d  t h e  mater ia l  con- 
s t i t u e n c y  o f ' t h e  ce l l s  o r  t h e  p r o c e s s e s  by which t h e y  
were manufactured could n o t  be c o n t r o l l e d .  
however, t h a t  t h e  t y p e  3 CdS material  used i n  t h e s e  
ce l l s  i s  ve ry  r e p r e s e n t a t i v e  o f  modern, panchromatic  
s u l p h i d e s .  

It i s  f e l t ,  

The f a i l u r e  o f  CdS c e l l s  as a f o c u s  d e t e c t o r  should  -. / J ^ C , , , C  c--- LL-  --I_. 
l l u L  ULLLaLC- L L u I : ~  L L I C  U ~ J L I C ~ ~  I u c u s i i i g  iiieifivci. i n i s  
sys t em remains t h e  only one o f  s e v e r a l  cons ide red  t h a t  
becomes more a c c u r a t e  as t h e  r ange  s h o r t e n s .  P o s s i b l y  
t h e  s o l i d  s t a t e  v i d i c o n  mentioned i n  R e f .  11 could be 
t h e  focus  d e t e c t o r  t h a t  makes t h e  sys t em p r a c t i c a l .  
Here t h e  a n a l y s i s  of  t h e  h igh  f r equency  c o n t e n t  o f  t h e  
o u t p u t  i s  used t o  de te rmine  whether  o r  n o t  t h e  image 
i s  i n  f o c u s .  
u s i n g  a gimbaled m i r r o r  i n  f r o n t  o f  t h e  o p t i c s .  

The f i e l d  of  view problem can  be so lved  

Details of t h i s  s tudy  of  t h e  use o f  n o n - l i n e a r  
p h o t o r e s i s t i v e  c e l l s  f o r  o b s t a c l e  d e t e c t i o n  are pro-  
vided i n  R e f .  1 2  which i s  t o  be i s s u e d  s h o r t l y ,  

Task D.  Veh ic l e  Dynamics and A t t i t u d e  C o n t r o l  

Task D . l .  Dynamics of a Two-Segmented Veh ic l e  - 
J . A .  Hudock 
F a c u l t y  Advisor:  P r o f .  E .  J .  Smith 

The Mar t i an  r o v i n g  v e h i c l e  w i l l  undoubtedly  r e q u i r e  
some ' form o f  p a s s i v e  suspens ion .  
suspens ion  comes from p r e s e n t  t h e o r i e s  abou t  t h e  make-up 
o f  t h e  Mar t i an  s u r f a c e .  T h e , t e r r a i n  o f  Mars i s  expec ted  
t o  be somewhat similar t o  t h a t  o f  t h e  moon i n  t h a t  t h e  
l andscape  i s  d o t t e d  w i t h  craters  and r o c k s  o f  v a r i o u s  
s i z e s .  

T h i s  need f o r  p a s s i v e  

The v e h i c l e  should be c a p a b l e  o f  n e g o t i a t i n g  



many o f  t h e  smaller  o b s t a c l e s  w i t h o u t  damage t o  onboard 
i n s t r u m e n t s  and sys tems,  as w e l l  as t h e  v e h i c l e  i t s e l f .  

P r o t e c t i o n  of! t h e  v e h i c l e  and i t s  equipment from 
t h e  e f f ec t s  o f  an uneven t e r r a i n  can  be provided  by a 
p a s s i v e  s u s p e n s i o n  sys tem,  which due t o  i t s  p a s s i v e  
n a t u r e ,  w i l l  consume no power from t h e  v e h i c l e ’ s  l i m i t e d  
s u p p l y .  The p a s s i v e  suspens ion  sys t em would, i f  
p r o p e r l y  d e s i g n e d ,  reduce  t h e  e f f e c t s  of shock  and 
impulse  f o r c e s  a c t i n g  on t h e  v e h i c l e  f rom uneven t e r -  
r a i n  and r educe  t h e  ampl i tude  and d u r a t i o n  o f  t r a n s i e n t  
o s c i l l a t i o n s  o f  t h e  v e h i c l e  caused by t h e  t e r r a i n .  

P r e l i m i n a r y  s t u d i e s  o f  a p a s s i v e  s u s p e n s i o n  sys t em 
f o r  a s i n g l e  segment v e h i c l e  has  been r e p o r t e d  i n  

‘ R e f .  11. T h i s  suspens ion  was concerned p r i m a r i l y  w i t h  
minimiz ing  t h e  o s c i l l a t i o n s  induced by an uneven t e r -  
r a i n .  The s i n g l e  segment v e h i c l e  w a s  l i m i t e d  t o  t h r e e  
d e g r e e s  o f  freedom, p i t c h  heave and r o l l  and t h e  
e q u a t i o n s  o f  motion used i n  t h e  a n a l y s i s  were l i n e a r i z e d  
abou t  a nominal e q u i l i b r i u m  p o i n t .  

-1  Irle s;‘,g;lt= segliLei-,t -ve;-,lcle l - - J  --.. -e:-- J%”er,l.n,.17 
iiau U L I C  iuaj UL U L  U W U C L L L L  

i n  t h a t  t h e  heave and p i t c h  motions o f  t h e  v e h i c l e  were 
r e q u i r e d  t o  have n a t u r a l  f r e q u e n c i e s  of motion i n  
e x c e s s  of  2 . 5  r a d i a n s - p e r  second.  The s t u d i e s  made by 
Genera l  Motors  and Bendix recommended t h a t  v e h i c l e  
motion have n a t u r a l  f r e q u e n c i e s  between 2 . 0  and 1 . 0  
r a d i a n s  p e r  second and dampening f a c t o r s  between 0 .63  
and 0 .90 ,  o r  s l i g h t l y  underdamped. The s i n g l e  segment 
v e h i c l e  r e q u i r e d  such  a h i g h  f r equency  o f  motion f o r  
t h e  heave and p i t c h  channels  t o  keep t h e  r o l l  motion 
s t a b l e .  Even under  t h e s e  c o n d i t i o n s  r o l l  channe l  motion 
was v e r y  l i g h t l y  damped. 

A two-segment v e h i c l e  w i t h  a f l e x i b l e  connec t ion  
between segments has  an a d d i t i o n a l  v a r i a b l e  i n  t h e  
f l e x i b i l i t y  o f  t h e  coup l ing .  T h i s  f l e x i b i l i t y  p rov ides  
an  added s t a b i l i t y  t o  v e h i c l e  motion n o t  found i n  a 
s i n g l e  segment v e h i c l e .  The model used i n  t h i s  
i n v e s t i g a t i o n  i s  shown i n  F i g u r e  14. B a s i c a l l y  t h e  
v e h i c l e  c o n s i s t s  o f  two r e c t a n g u l a r  segments  connected 
by an e l a s t i c  rod and mounted upon a p a s s i v e ,  suspen-  
s ion ’mode led  as p a r a l l e l  s p r i n g  and dashpo t  a r rangements  

The e q u a t i o n s  o f  motion f o r  t h e  two segment v e h i c l e  
were developed f o r  t h e  heave p i t c h  and r o l l  motion o f  
each  segment.  These e q u a t i o n s  were f u r t h e r  s i m p l i f i e d  
by r e s t r i c t i n g  motion t o  small d e v i a t i o n s  from a 
nominal rest  p o i n t  and r e s u l t i n g  i n  a se t  of  l i n e a r  
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Figure 14. Two-Segment Model 
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d i f f e r e n t i a l  e q u a t i o n s  f o r  v e h i c l e  motion.  The form of  
t h e  e q u a t i o n s  o f  motion f o r  each  segment i s  s i m i l a r  t o  
t h o s e  r e p o r t e d  i n  Ref. 11 w i t h  e d d i t i o n a l  terms 
r e p r e s e n t i n g  t h e  coup l ing  between segments due t o  t h e  
c o n n e c t i n g  r o d .  

The a n a l y s i s  of t h e  two-segment model d i f f e r e d  
from t h a t  made on t h e  s i n g l e  segment v e h i c l e  i n  t h a t  i t  
was made from a f requency  domain a n a l y s i s  r a t h e r  t h a n  a 
t i m e  domain a n a l o g  s i m u l a t i o n .  The f r equency  domain 
uses such  t e c h n i q u e s  as sys t em t r a n s f e r  f u n c t i o n s  and 
r o o t  l o c u s  p l o t s  t o  de t e rmine  t h e  n a t u r a l  f r e q u e n c i e s  
and dampening f a c t o r s  f o r  t h e  channe l s  o f  motion of t h e  
v e h i c l e  model. 

The  r e s u l t s  o f  s t u d i e s  made by Genera l  Motors  and 
Bendix on s e v e r a l  v e h i c l e  c o n € i g u r a t i o n s  were used t o  
p r o v i d e  a s e t  o f  system s p e c i f i c a t i o n s  t o  l i m i t  t h e  
v e h i c l e  r e sponse  i n  a l l  c h a n n e l s  o f  motion t o  be 
between 2 . 0  and 1 . 0  r a d i a n s  p e r  second on n a t u r a l  f r e -  
quency o f  o s c i l l a t i o n  and w i t h  dampening f a c t o r  of 0 .63  
t o  0 . 9 0 ,  A v e h i c l e  whose r e sponse  meets t h e  s p e c i f i -  
c a t i o n s  w i i i  ex'nibiL s a c i s f a c t o r y  perzormance. Ey 
s a t i s f a c t o r y  performance i s  m e a n t  t h a t  t h e  r e s p o n s e  o f  
t h e  v e h i c l e  t o  t e r r a i n  d i s t u r b a n c e s  w i l l  be w i t h i n  
t o l e r a b l e  l i m i t s  f o r  induced o s c i l l a t i o n s  and t h e  e f f e c t s  
of shock and impulse fo rces .  

The s t u d y  o f  t h e  two-segment v e h i c l e  h a s  shown 
t h a t  t h e  suspens ion  parameters  and t h e  e l a s t i c i t y  
d e t e r m i n e ,  t o  a la rge  e x t e n t ,  t h e  v e h i c l e  r e s p o n s e .  By 
choos ing  v e h i c l e  dimensions i n  l i n e  w i t h  t h o s e  used i n  
R e f .  11 and o b s e r v i n g  t h e  e f f e c t  t h a t  t h e  v a r i o u s  s u s -  
pens ion  parameters  had on v e h i c l e  r e sponse  i t  was 
p o s s i b l e  t o  choose parameters  i n  t h e  s u s p e n s i o n  sys t em 
t o  p rov ide  an a c c e p t a b l e  v e h i c l e  r e s p o n s e .  The pa ra -  
meters f o r  t h e  e l a s t i c i t y  and v i s c o u s  dampening o f  t h e  
s u s p e n s i o n  sys tem were somewhat g r e a t e r  t h a n  t h o s e  
r e p o r t e d  f o r  t h e  s i n g l e  segment v e h i c l e .  T h i s  r e s u l t s  
i n  a more s l u g g i s h  r e sponse  t o  d i s t u r b a n c e s  c a u s i n g  
lower a c c e l e r a t i o n s  on t h e  v e h i c l e  performance w h i l e  
s t i l l  hav ing  a r e l a t i v e l y  r a p i d  s e t t l i n g  t i m e .  T h e  
f l e x i b l e  connec t ing  rod se rved  t o  uncouple  t h e  motion 
of  t h e  f r o n t  segment from t h e  r e a r  segment.  I t s  
grea tes t  e f f e c t  was i n  t h e  r o l l  channel  motion o f  b o t h  
segments .  By f i x i n g  a s u i t a b l e  v a l u e  f o r  t h e  connec t -  
i n g  rod e l a s t i c i t y ,  t h e  v a l u e  b e i n g  de termined  by t h e  
r e s t r i c t i o n s  on t h e  r o l l  channe l  f r equency  r e s p o n s e ,  
t h e  r o l l  motion c a n  be k e p t  w i t h i n  t h e  sys t em 
s p e c i f i c a t i o n s .  
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The two-segment v e h i c l e  h a s  a dec-ided advantage  
o v e r  a s ing le - segmen t  v e h i c l e  i n  t h a t  i t s  r e s p o n s e  t o  
d i s t u r b a n c e  i n p u t s  can  be c o n t r o l l e d  by a p a s s i v e  s u s -  
pens ion  sys tem.  T h i s  i s  due t o  t h e  v e h i c l e  added 
f l e x i b i l i t y  i n  conforming t o  t h e  c o n t o u r  of  t h e  t e r -  
r a i n  b o t h  w h i l e  t h e  v e h i c l e  i s  s t a t i o n a r y  and i n  mot ion .  
The a d d i t i o n  o f  a t h i r d  segment and an  a d d i t i o n a l  
f l e x i b l e  c o u p l i n g  may r e s u l t  i n  an  even s u p e r i o r  
v e h i c l e  d e s i g n .  A t h r e e  segment v e h i c l e  would ex tend  
even f u r t h e r  t h e  o v e r a l l  f l e x i b i l i t y  o f  t h e  v e h i c l e  
r e s p o n s e .  T h i s  v e h i c l e  r e s p o n s e  would be w i t h  r e g a r d  
t o  b o t h  induced o s c i l l a t i o n s  as well as induced 
a c c e l e r a t i o n s  caused by t e r r a i n  v a r i a t i o n s .  

Re fe rence  1 3 ,  scheduled t o  be i s s u e d  i n  t h e  n e a r  
f u t u r e ,  p r o v i d e s  d e t a i l s  o f  t h i s  i n v e s t i g a t i o n .  

Task  D.2. A t t i t u d e  D e t e c t o r  Systems - A .  H i m m e l ,  
J .  J e n d r o ,  J.-Mleziva, N .  Pinchuk 
F a c u l t y  Advisor:  P r o f .  E . J .  Smith 

The purpose  of  t h i s  t ask  was t o  d e s i g n  an a t t i t u d e  
s ~ n s i n g  system for f-he M 2 r s  rn17er v ~ h i c l e .  T h r e e  d i f -  
f e r e n t  t y p e s  o f  i n s t r u m e n t a t i o n  were t o  be i n v e s t i g a t e d .  
These sys tems inc luded  Two-Degree-of-Freedom gyro  
s y s  t e m ,  a Pendulous-Two-Degree-of-Freedon1 gyro s y s  t e m  
and a Rate gyro  system. The e n t i r e  group was composed 
o f  f o u r  p e o p l e ,  two o f  which worked on t h e  pendulous 
sys t em and one each  worked on t h e  gy ro  sys t ems .  The 
u t i l i t y  o f  t h e  sys tem was e n v i s i o n e d  t o  p rov ide  bo th  a 
basis  f o r  n a v i g a t i o n  and a mechanism f o r  a v o i d i n g  non- 
n e g o t i a b l e  t e r r a i n .  

It w a s  a n t i c i p a t e d  t h a t  t h i s  v e h i c l e  may e x p e r i e n c e  
la rge  d i s p l a c e m e n t s .  Because of t h i s ,  t h e  sys t em 
t h e r e f o r e  was ana lyzed  w i t h o u t  t h e  a i d  o f  s m a l l  a n g l e  
approx ima t ions .  

The f i r s t  approach t o  t h i s  problem was t o  a t t a c k  
the .dynamics  o f  each d e v i c e .  Upon i n v e s t i g a t i o n  of 
t h e  i n p u t - o u t p u t  r e l a t i o n s h i p s  o f  t h e  s e v e r a l  s y s t e m s ,  
i t  was found t h a t  each  sys t em had one common problem, 
T h i s  problem was t h a t  t h e  o u t p u t s  o f  t h e  a t t i t u d e  
sys tems d i d  n o t  un ique ly  d e f i n e  t h e  o r i e n t a t i o n  o f  t h e  
v e h i c l e .  I n  view of  the s e r i o u s n e s s  o f  t h i s  problem, 
i t  was dec ided  t o  de l ay  t h e  dynamic s t u d i e s  and t u r n  
t h e  major  e f f o r t  t o  f i n d i n g  a unique  v e h i c l e  o r i e n t a -  
t i o n  d e s c r i p t i o n  i n  terms o f  t h e  sys t em s e n s o r . o u t p u t s .  
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A rev iew of t h e  l i t e r a t u r e  r e v e a l e d  ve ry  l i t t l e  
appl  % c a b l e  m a t e r i a l  because of t h e  s i n a l l  a n g l e  
approx ima t ions .  S i n c e  t h e  l a r g e  a n g l e  requi rement  was 
cons ide red  e s s e n t i a l ,  a fundamental  mathemat ica l  
analysis; ' ;  was under taken  and a t r a n s f o r m  r e l a t i n g  t h e  
o u t p u t  o f  t h e  two-degree-of-freedom gyro and t h e  E u l e r  
a n g l e s  was o b t a i n e d .  

The p i v o t a l  p o i n t  i n  t h e  development  of t h i s  t r a n s -  
form i s  t h e  implementat ion of  a l j - t t l e  known a n g u l a r  
momentum theorem. Th i s  theorem, i n  e f f e c t ,  a l l ows  t h e  
r e p r e s e n t a t i o n  of a sequence o f  r o t a t i o n ,  about  t h e  
E u l e r  axes  by t h e  same sequence i n  r e v e r s e  and about  t h e  
t h r e e  o r i - g i n a l  a x e s .  Combining t h i s  theorem wi th  
a p p r o p r i a t e  m a t r i x  m a n i p u l a t i o n s ,  a r e l a t i o n s h i p  i s  
d e r i v e d  which al lowed t h e  d e f i n i t i o n  o f  t h e  v e h i c l e  
o r i e n t a t i o n  i n  terms of t h e  s e n s o r  o u t p u t s  w i thou t  
ambigui ty .  

The a n g u l a r  momentum e q u a t i o n  referred t o  above i n  
m a t r i x  form i s :  

Where t h e  primes i n d i c a t e  t h e  r o t a t i o n s  about  t h e  
new ( r o t a t e d )  a x e s .  

The l e f t  s i d e  o f  t h i s  e x p r e s s i o n  r e p r e s e n t s  an 
E u l e r  sequence of r o t a t i o n s :  

L i s  a r o t a t i o n  about  t h e  o r i g i n a l  z a x i s  

Td i s  a r o t a t i o n  about  t h e  d a u g h t e r  x a x i s  ( t h e  

5;: i s  a r o t a t i o n  about  t h e  granddaughter  y a x i s  

9 th rough an angle  d .  

x 1  a x i s )  through an a n g l e  . 

(y" a x i s )  through an a n g l e  

The z ,  X I ,  and y" axes a r e  E u l e r  axes  and a r e  n o t  
o r t h o g o n a l .  P h y s i c a l l y ,  t h e  l e f t  hand s i d e  of  t h e  

* P r o f .  R.M. L i c h t e n s t e i n  of t h e  R e n s s e l a e r  Department of 
Phys ic s  provided t h e  b a s i c  approach t o  th i s  problem and h i s  
a s s i s t a n c e  i s  g r a t e f u l l y  acknowledged. 
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theorem e x p r e s s i o n  r e p r e s e n t s  a sequence of r o t a t i o n s  
i n  t h e  o r d e r  8 ,  8 ,  9 about  t h e  t h r e e  Eu le r  a x e s .  

The r i g h t  s i d e  of t h e  theorem r e p r e s e n t s  t h r e e  
r o t a t i o n s  about  t h e  o r i g i n a l  x ,  y ,  and z a x e s , l L g , T e , T p ]  
t o g e t h e r  a r e a  r o t a t i o n  sequence th rough  t h e  a n g l e s p ,  
e , and 8 about  t h e  t h r e e  o r thogona l  axes  x ,  y ,  and z .  

With a g imal led  d e v i c e ,  F i g .  15 ,  d = 0 and con- 
s e q u e n t l y  L d  = 1. There fo re :  

The nex t  s t e p  i s  t o  d e f i n e  a un ique  ROTATION m a t r i x ,  R ,  
which d e s c r i b e s  t h e  f i c t i t i o u s  axes  i n  te rms  of  an 
i n e r t i a l  a x e s .  
i n e r t i a l  axes  r e s u l t s  i n :  

The o p e r a t i o n  of  R on t h e  space - f ixed  

A 
i - RSs c 

-Void 

which c a n - b e  ea s i ly  expanded t o  t h e  t h r e e  d imens ions .  

The r o t a t i o n s  about t h e  t h r e e  f i c t i t i o u s  axes  a r e  
now de f ined  i n  terms of t h e  r o t a t i o n s  about  t h e  
i n e r t i a l  c o o r d i n a t e  axes .  

Ty= R S )o R' 1 

where S and Ve are r o t a t i o n s  about  t h e  space - f ixed  
a x e s .  9 

S u b s t i t u t i o n  i n t o  t h e  o r i g i n a l  theorem s t a t e m e n t  
y i e l d s  : 

j, new = R  Ve SJF( j g  (D-3 )  

Three d e v i c e s  a r e  u t i l i z e d .  Each d e v i c e  has  an 
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i n e r t i a l  axis or thogona l  t o  t h e  o t h e r  two: 

A = i g  dev ice  !I1 

j g  d e v i c e  ik2 

dev ice  #3 

- j new - 
2 new EZ: I 

j new = A c kg  e 

(D- 4a)  

(D- 4b) 

(D-4c) 

Applying t h e  above e q u a t i o n s  and (D-3)  t o  e a c h  of t h e  
t h r e e  d e v i c e s  : 

and n o t i n g  t h a t  R - l  = RT, t h e  m a t r i x  "R" i s  o b t a i n e d :  

It i s  i n t u i t i v e l y  obvious from (D-4) t h a t  

k = i g  x j g  
-g - 

The s i g n i f i c a n c e  of t h i s  i s  t h a t  t h e  t h i r d  d e v i c e  i s  
n o t  needed.  k i s  determined by i and j s .  

-g -g 
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For  a two d e v i c e  system: 

I A  B 

where 

A = COS Jo S i n  y2 S i n  (3 - S i n  yl S i n  8 
1 2 1 

B = S i n  ju1 COS 8 sin 50, S i n  8 - S i n  y.', 1 2 
S i n  COS e 

2 2 
c = COS fJl S i n  V J ~  COS Q - S i n  Pl COS el 2 

( D - 7 )  

TLn l 7 - 7 1 - v  n n C r l n n  .-Ific;*--:-m f-Ln ,-.,&<.,~i-~t-in- 

can  t h u s  be ob ta ined  by comparing t h i s  m a t r i x  term by 
t e r m  w i t h  a r o t a t i o n a l  m a t r i x  g e n e r a t e d  by an E u l e r  
sequence .  

L L I L  U U L L I  U L l O l L U  " L L L 1 . L 1 1 , 1 6  L L , L  v *  . L L L , L U L  J "I, cf t h z  vchFc lc  

T h i s  t r a n s f o r m  proved u s e f u l  i n  I t s  a p p l i c a t i o n  t o  
p o s i t i o n  d e v i c e s ,  which i n c l u d e  t h e  g imbal led  pendulum 
and two d e g r e e  o f  freedom g y r o s ,  b u t  because  of  b a s i c  
d i f f e r c n c e s  i n  t h e  r a t e  g y r o  s e n s o r  sys tem these  
r e l a t i o n s h i p s  do n o t  apply  t o  t h e  l a t t e r  c o n f i g u r a t i o n .  

For  t h e  a p p r o p r i a t e  sys t em,  t h i s  d e r i v a t i o n  i s  
g e n e r a l  enough t o  be used a s  o r i g i n a l l y  d e s i r e d ,  b o t h  
f o r  n a v i g a t i o n  and f o r  a v o i d i n g  non-nego t i ab le  t e r r a i n ,  
and no s m a l l  a n g l e  approximat ions  a re  employed. 

F u r t h e r  s t u d y  should be d i r e c t e d  t o  t h e  r a t e  g y r o  
sys t em problem t o  dynamic a n a l y s i s  o f  each sys t em,  and 
t o  a c c o u n t i n g  f o r  t h e  r o t a t i o n  of  t h e  p l a n e t  f o r  t h e  gy ro  . 
sys t ems .  

The aim o f  t h i s  t a s k  was t o ' d e v e l o p  a method f o r  
d e t e r m i n i n g  t h e  v e r t i c a l  r e f e r e n c e  d u r i n g  a r o v i n g  
e x c u r s i o n  on t h e  s u r f a c e  of  Mars. T h i s  s t u d y  has  
i n v e s t i g a t e d  a more g e n e r a l  case;  n o t  o n l y  t h e  v e r t i c a l  
r e f e r e n c e  bu t  also t h e  a t t i t u d e  of  t h e  v e h i c l e , w i t h  
r e s p e c t  t o  i n e r t i a . 1  space .  
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FIGURE 15. Two-Degree of Freedom Gyroscope 
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The t r a n s f o r m a t i o n  shown i n  (D-6)  and (D-7) a l l o w s  

t h e  v e h i c l e ' s  o r i e n t a t i o n  t o  be unambiguously d e f i n e d  
by t h e  gimbal a n g l e  o u t p u t s  of e i t h e r  t h r e e  gy ro  o r  
two gyro  sys tems.  Since t h e  gyro  p r o v i d e s  a s p a c e  
f i x e d  r e f e r e n c e  and s ince  t h e  t r a n s f o r m a t i o n s  a l l o w  
large a n g l e s ,  t h e  end r e s u l t s  o f  t h i s  p r o j e c t  has  been 
a development o f  a s t rapped  down gyro sys t em which,  when 
se t  a t  a n  i n e r t i a l  r e f e r e n c e  p o s i t i o n ,  w i l l  d e t e r m i n e  
t h e  o r i e n t a t i o n  o f  t h e  v e h i c l e  w i t h  r e s p e c t  t o  t h e  
r e f e r e n c e ;  t h a t  i s ,  i t  p rov ides  t h e  same i n f o r m a t i o n  as 
a n  i n e r t i a l  p l a t f o r m  without  a c t u a l l y  u s i n g  an  i n e r t i a l  
p l a t f o r m .  It t h u s  provides  t h e  b a s i s  f o r  n a v i g a t i o n  
and a mechanism f o r  avo id ing  non-nego t i ab le  t e r r a i n .  
The a t t i t u d e  d e t e c t i o n  system may u t i l i z e  as few as two- 
degree-of - f reedom gyros  and i t s  perEormance w i l l  be  
independent  o f  t h e  presence  of a g r a v i t y  r e f e r e n c e .  

A d d i t i o n a l  d e t a i l s  of t h e  i n v e s t i g a t i o n s  d e s c r i b e d  
above c a n  be  found i n  Ref. 14,  15 ,  16 and 1 7 .  

Task  E .  Chromatographic Systems Ana lys i s  

im-nnrtint nhace nf +he F ~ i t i a l  miski~~c +,e Mzyc is r-- ----- r---- 
t h e  s e a r c h  f o r  o r g a n i c  m a t t e r  and l i v i n g  or.ganisms on t h e  
m a r t i a n  s u r f a c e .  The p r e s e n t  concept  f o r  a t t a i n i n g  t h i s  
o b j e c t i v e  c o n s i s t s  o f  s u b j e c t i n g  samples o f  t h e  atmosphere 
and surface matter t o  c e r t a i n  chemical  and b i o l o g i c a l l y -  
r e l a t e d  r e a c t i o n s  and t h e r e a f t e r  a n a l y z i n g  t h e  p r o d u c t s  pro-  
duced ,  probably  i n  a combinat ion gas  chromatograph/mass 
s p e c t r o m e t e r .  It is  t h e  o b j e c t i v e  o f  t h i s  task t o  g e n e r a t e  
fundamenta l  e n g i n e e r i n g  des ign  t e c h n i q u e s  and sys t em concep t s  
f o r  use i n  o p t i m i z i n g  t h e  des ign  of such  a chromatographic  
s e p a r a t i o n  system. 

Because o f  t h e  v a r i e t y  o f  mix tu res  t o  be s e p a r a t e d  and 
t h e  complex i ty  o f  t h e  s e p a r a t i n g  p r o c e s s ,  a sys t em a n a l y s i s  
based on t h e  mathemat ica l  s i m u l a t i o n  o f  t h e  chromatograph i s  
b e i n g  unde r t aken .  T h i s  technique  w i l l  u s e  ma themat i ca l  
models ,  which w i l l  i n c o r p o r a t e  fundamental  pa rame te r s  
e v a l u a t e d  from r e p o r t e d  exper iments ,  t o  e x p l o r e  v a r i o u s  con- 
c e p t s  t o  d i r e c t  f u r t h e r  expe r imen ta l  r e s e a r c h .  

A mathemat ica l  model of t h e  chromatographic  column, 
based on t h e  uns t eady  s t a t e  mass t r a n s p o r t  o f  a s i n g l e  
chemica l  s p e c i e s  i n  a c a r r i e r  g a s / a d s o r b e n t  sys t em was 
d e r i v e d  e a r l i e r ,  R e f .  18: 

c 



L 
y>k = m x 

( a d s  o r b e n t  phase)  

( a d s o r p t i o n  thermodynamics) 

i n  which 

Y = gas  composi t ion 

y* = gas  composi t ion i n  e q u i l i b r i u m  w i t h  a d s o r b e n t  
phase 

Z = p o s i t i o n  i n  column 

e = t i m e  

= composi t ion  i n  a d s o r b e n t  phase  L X 

= r a t i o  of amount o f  g a s  t o  amount of 
a d s o r b e n t  i n  column 

RO 

m = a d s o r p t i o n  c o n s t a n t  

Pe = column parameter  r e l a t e d  t o  a x i a l  d i f f u s i o n  
o f  t h e  s p e c i e s  

NtOG = column parameter  r e l a t e d  t o  t h e  approach t o  
e q u i l i b r i u m  a d s o r p t i o n  

The second d e r i v a t i v e  appea r ing  i n  t h e  gas  phase e q u a t i o n  
r e p r e s e n t s  t h e  gaseous d i f f u s i o n  of  t h e  a d s o r b i n g  compound i n  
t h e  d i r e c t i o n  o f  c a r r i e r  gas f low.  
R e f .  18, t h i s  t e r m  was n e g l e c t e d ,  because  i n  many s i t u a t i o n s ,  
e s p e c i a l l y  when t h e  d i a m e t e r / l e n g t h  r a t i o  of  t h e  column i s  
s m a l l ,  i t  i s  n o t  of  prime impor tance .  The s o l u t i o n  t o  t h e  
chromatograph e q u a t i o n s ,  assuming t h e  sample was i n j e c t e d  as 
an impu l se ,  was o b t a i n e d ,  Ref. 18, and was compared t o  an 
e x p e r i m e n t a l  chromatogram f o r  p e n t a n e ,  F i g .  16 .  T h i s  model, 
d e s i g n a t e d  as t h e  " f i r s t - o r d e r  model' ' e x h i b i t e d  t h e  b a s i c  
c h a r a c t e r i s t i c s  o f  t h e  expe r imen ta l  d a t a ,  a l t h o u g h  i t  f a i l e d  
s i g n i f i c a n t l y  i n  p r e d i c t i n g  peak s p r e a d i n g .  
a b l y  a c c u r a t e  model i s  r e q u i r e d  i n  sys t em e v a l u a t i o n s ,  new 
s t u d i e s  were unde r t aken .  

I n  t h e  i n i t i a l  s t u d i e s ,  

Because a r e a s o n -  

It was b e l i e v e d  t h a t  t h e  s p r e a d i n g  could  be  a t t r i b u t e d  
t o  e i t h e r  t h e  d i f f u s i o n a l  e f f e c t s  n e g l e c t e d  i n  t h e  f i r s t  
o r d e r  model,  o r  t o  imper fec t  i n j e c t i o n  of t h e  samples  
( i n j e c t i o n  as opposed t o  an impu l se ) ,  o r  t o  a combina t ion  o f  

e 



50 

22 

First Order Model I 

23 24 26 27 28 29 30 

Time, Seconds 

F I G U R E  16. Comparison of Two Chromatograph 
with Pentane Chromatogram 
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b o t h .  
e a c h  o f  whom pursued s p e c i f i c  a s s i g n m e n t s :  

These problems were a t t a c k e d  by a three-member team, 

1. Improvement o f  t h e  m a t h e m a t i c a l  model by c o n s i d e r -  
i n g  t h e  second o r d e r  o r  d i f f u s i o n a l  t e r m .  

2 .  Development o f  methods f o r  p r e d i c t i n g  t h e  column 
p a r a m e t e r s  which appea r  as c o n s t a n t s  i n  t h e  s y s t e m  
e q u a t i o n s .  

3 .  I n v e s t i g a t i o n  o f  t h e  e f fec t  o f  sample i n j e c t i o n  
t i m e  upon t h e  r e s u l t i n g  chromatogram. 

Task  E . l .  Second Order Model Ana lyses  - W.A. Voytus 
F a c u l t y  Advisor :  P r o f .  P.K. Lashmet 

The chromatographic  e q u a t i o n s  have  n o t  been so lved  
i n  c o n v e n i e n t  form.  Lapidus and Amundson, R e f .  1 9 ,  gave 
a f o r m a l  s o l u t i o n  t o  t h e  problem i n  t h e  form o f  i n t e g r a l s  
o f  G r e e n ' s  f u n c t i o n s  but  d i d  n o t  e v a l u a t e  t h e  s o l u t i o n .  
Because o f  t h e  lack o f  a c o n v e n i e n t  s o l u t i o n ,  most work 
h a s  i n v o l v e d  t h e  a n a l y s i s  o f  t h e  s t a t i s t i c a l  moments, 
R e f .  21 ,  21,  22.  These time-moments, d e f i n e d  as 

r -  

e Jo J, y d e  

and which can  be o b t a i n e d  from t h e  t r a n s f o r m  o f  t h e  
s o l u t i o n  t o  t h e  chromatograph e q u a t i o n s  have been  used 

from chromato- t o  estimate column pa rame te r s  Pe and N 
g r a p h i c  d a t a ,  b u t  have  n o t  been used t o  c h a r a c t e r i z e  t h e  
chromatogram from parameter  d a t a .  The o b j e c t i v e  o f  t h i s  
t a s k  was t o  r e l a t e  q u a n t i t a t i v e l y  t h e  t h e o r e t i c a l  
moments t o  t h e  chromatogram. Because t h e  moments are 
r e l a t i v e l y  s i m p l e  f u n c t i o n s  of t h e  column p a r a m e t e r s ,  
s u c h  r e l a t i o n s  would be u s e f u l  f o r  two r e a s o n s :  

t O G  

1. The moments could  be  used t o  c h a r a c t e r i z e  
sys t ems  f o r  p r e l i m i n a r y  estimates. 

2 .  The moments r e su l t s  c o u l d  p o s s i b l y  improve 
t h e  computa t iona l  p r o c e d u r e s  f o r  t h e  Lapidus-  
Amundson i n t e g r a l s  mentioned above.  

Because a comple t e  s o l u t i o n  t o  t h e  chromatogram was n o t  
i n  p r a c t i c a l  form,  t h e  e q u a t i o n s  were s o l v e d  f o r  t h e  
l i m i t i n g  case of e q u i l i b r i u m  a d s o p r t i o n ,  R e f .  23 .  
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M a t h e m a t i c a l l y ,  t h i s  impl ied  

N t O G  ---too; (y - y*)-O 

T h i s  assumpt ion  was not un reasonab le  because  NtOG f o r  
p r a c t i c a l  columns i s  of t h e  o r d e r  o f  lo4  o r  more. 
Because t h e  e q u i l i b r i u m  a d s o r p t i o n  model r e p r e s e n t e d  
f a i r l y  w e l l  t h e  a c t u a l  pen tane  chromatogram, F i g .  1 6 ,  
i t  was b e l i e v e d  t h a t  r e s u l t s  ob ta ined  from t h e  moment 
a n a l y s i s  o f  t h e  model would be  g e n e r a l l y  a p p l i c a b l e .  

Fo r  t h e  e q u i l i b r i u m  a d s o r p t i o n ,  i t  was found t h a t  
t h e  mean t i m e  0 w a s  independent  o f  d i f f u s i o n  and cou ld  
'be computed as 

It was f u r t h e r  found t h a t  t h e  d e v i a t i o n  between t h e  
chromatogram mean t i m e  and t h e  t i m e  when t h e  maximum 
composi t ion  a p p e a r e d , e  cou ld  be c o r r e l a t e d  w i t h  t h e  

A was d e f i n e d  as 
,LmaT: 

i i i u i i i e i i t ~  zs showii iii E 16. 11 . i i i c  ~ u L I c L a L i i i t j  v a I i a u L c  rnL - ̂-I^^ 1 -&2 - - - _  ̂ --  ,I- 1 

F o r  t h e  e q u i l i b r i u m  a d s o r p t i o n  model, t h e  second two 
moments a p p e a r i n g  i n  t h e  a b s c i s s a  o f  t h e  c o r r e l a t i o n  
were computed as f o l l o w s :  

T h i s  c o r r e l a t i o n ,  t h e n ,  p r o v i d e s  a means f o r  e s t i m a t i n g  
t h e  t i m e  of peak appearance ,  knowing o n l y  t h e  sys t em 
pa rame te r s  and t h e  moments as o b t a i n e d  from t h e  t r a n s -  
forms o f  t h e  sys tem e q u a t i o n s .  

To estimate t h e  deg ree  o f  s p r e a d i n g  t h e  v a r i a n c e  

v a r i a n c e  could  be computed from t h e  sys t em moments by 
2 max about  t h e  maximum p o i n t  was i n v e s t i g a t e d .  T h i s  

It was found t h a t  i n  t h e  r a n g e  o f  ( 3 0 6 P e & 1 0 0 0 )  and 

.- 
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( 0 . 0 2 5  m Ro< 4 . 0 )  , which are  r e a s o n a b l e  limits f o r  
p r a c t i c a l  chromatographic  columns, a t  l ea s t  94% of  t h e  
area of t h e  chromatogram was encompassed i n  t h e  t i m e  
i n t e r v a l  ( 8  + 2 ea,). F i g .  18 shows r e s u l t s  f o r  
two v a l u e s  oFa?hG d i f y u s i o n a l  parameter  Pe.  

I n  summary, i t  appears  p o s s i b l e  t o  es t imate  t h e  
basic  c h a r a c t e r i s t i c s  of t h e  chromatogram, knowing o n l y  
t h e  moments which can  be computed froin t h e  column p a r a -  
meters. 
numer i ca l  e v a l u a t i o n  of t h e  more comple te  model 
d e r i v e d  from t h e  Lapidus-Amundson work and t h e  a p p l i -  
c a t i o n  of t h e  moment concept t o  i t .  
c e d u r e s  f o r  t h e  model which  c o n t a i n s  i n t e g r a l s  o f  
modi f ied  Bessel f u n c t i o n s  and compl ica ted  e x p o n e n t i a l s  
are now underway. 

A c t i v i t i e s  remaining i n  t h i s  t a sk  i n c l u d e  t h e  

Computat ional  p ro -  

Task  E . 2 .  T r a n s p o r t  Parameter  E s t i m a t i o n  - D . A .  Reichman 
F a c u l t y  Advisor:  P r o f .  P.K. Lashmet 

When t h e  development of t h e  second o r d e r  model o f  
t h e  chromatograph d i scussed  above h a s  been completed,  
t h e  u s e f u l n e s s  u f  ihe i i n a i  equiii iurl will d e p i d  upu11 

t h e  a v a i l a b i l i t y  of  methods f o r  e s t i m a t i n g  t h e  model 
p a r a m e t e r s ,  NtOG and Pe. Methods f o r  e s t i m a t i n g  NtOG 
have been d i s c u s s e d  e a r l i e r ,  Ref. 18, s o  t h i s  t a sk  has  
as i t s  o b j e c t i v e  t h e  development o f  a s u i t a b l y  a c c u r a t e  
method f o r  t h e  e s t i m a t i o n  of  t h e  P e c l e t  number Pe. 

The P e c l e t  number,which i s  a d i m e n s i o n l e s s  measure 
of d i f f u s i o n  o r  d i s p e r s i o n  i n  t h e  d i r e c t i o n s  o f  car r ie r  
gas f low,  i s  d e f i n e d  as 

Pe = VL - 
D 

i n  which 

v = v e l o c i t y  of  t h e  ca r r i e r  gas 
L = column l eng th  
D = d i f f u s i o n  c o n s t a n t  

The d i f f u s i o n  c o n s t a n t  D h a s ,  i n  g e n e r a l ,  b o t h  t u r b u l -  
e n t  and molecu la r  components. However, as t h e  ca r r i e r  
gas v e l o c i t y  approaches z e r o ,  t h e  d i f f u s i v i t y  approaches  
t h e  molecu la r  d i f f u s i v i t y .  Note t h a t  w i t h  no d i f -  
f u s i o n  o r  d i s p e r s i o n ,  Pe becomes i n f i n i t e ,  and t h e  
second 'o rder  model reduces  t o  t h e  f i r s t  o r d e r  model 
i n v e s t i g a t e d  e a r l i e r  , Ref. 18. 
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I n i t i a l l y ,  e f f o r t s  were c o n c e n t r a t e d  i n  two areas .  
F i r s t ,  a l i t e r a t u r e  s e a r c h  was conducted t o  uncover  
e x i s t i n g  c o r r e l a t i o n s  which could  be a p p l i e d  t o  t h e  
env i s ioned  chromatographic  sys tems.  Although many 
c o r r e l a t i o n s  were found, t h e y  were of l i m i t e d  u s e .  The 
lowes t  Reynolds numbers 

Re = d V P  > 
i n  which 

d = p a r t i c l e  diameter 
v = car r ie r  gas v e l o c i t y  
p = c a r r i e r  gas d e n s i t y  
,U = c a r r i e r  gas v i s c o s i t y  

were about  0.05 w i t h  most of  t h e  d a t a  f o r  Reynolds numbers 
greater t h a n  10.  The Reynolds number (which i s  i n d i c a -  
t i v e  o f  t h e  f l u i d  mechanics o f  t h e  system) should  be i n  
t h e  r ange  ( 0 . 0 1 $ R e < 0 . 1 0 )  f o r  t h i s  p r o j e c t .  E x t r a -  
p o l a t i o n  o f  t h e s e  curves  t o  lower Reynolds numbers was 

molecu la r  d i f f u s i o n  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  
d i s p e r s i o n  p r o c e s s ,  and t h e  c o r r e l a t i o n  c u r v e s  should  
change r a d i c a l l y .  

Est  ccns<dered &"7++le +cBme, "t th., l n q  f - h w  rezaes 

I n  t h e  second a r e a  of i n v e s t i g a t i o n ,  an  a t t e m p t  
was t o  u s e  s imple  geometr ic  models o f  t h e  column t o  
p r e d i c t  d i s p e r s i o n  by a s t a t i s t i c a l  means. 
Ref. 2 4 ,  i nc luded  a random walk model and res t  phase /  
motion phase model. It was de te rmined  t h a t  t h e s e  models 
could  produce o n l y  order-of-magnitude s o l u t i o n s  s o  t h e  
approach was abandoned. 

These models,  

The f i n a l  c h o i c e  o f  an e s t i m a t i o n  t e c h n i q u e  was 
based on t h e  work o f  Johnson,  R e f .  2 5 ,  and Rhodes, 
R e f .  26 .  B a s i c a l l y  t h e  method compares two d i s p e r s i o n  
models t h rough  t h e i r  s t a t i s t i c a l  moments t o  a r r i v e  a t  
a n  estimate o f  t h e  P e c l e t  number. The f i r s t  model i s  
t h e  d i s p e r s e d  p l u g  flow model o f  A r i s ,  R e f .  27 .  T h i s  
model a l l o w s  observed  behavior  t o  be r e l a t e d  t o  t h e  
d i s p e r s i o n  number. The second model i s  t h e  developed 
f l o w ,  continuum model o f  B i s c h o f f ,  ( R e f .  28) which 
a l l o w s  t h e  d i s p e r s i o n  number t o  be r e l a t e d  t o  t h e  
v e l o c i t y  p r o f i l e  i n  t h e  bed. 
e s t i m a t e d  by t h e  Rhodes t e c h n i q u e ,  Ref. 26 .  

The v e l o c i t y  p r o f i l e  i s  

A computer s u b r o u t i n e  has  been w r i t t e n  which com- 
p u t e s  t h e  P e c l e t  number based on t h e  above t e c h n i q u e s  
u s i n g  as i n p u t  d a t a ,  t h e  p h y s i c a l  and chemica l  
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p r o p e r t i e s  o f  t h e  s y s t e m .  These p r o p e r t i e s  i n c l u d e  
mean p a r t i c l e  d i a m e t e r ,  p a r t i c l e  s i z e  r a n g e ,  col-urnn 
d i a m e t e r  and l e n g t h ,  c a r r i e r  gas v e l o c i t y  and t h e  
p h y s i c a l  p r o p e r t i e s  o f  t h e  ca r r i e r  gas  l i k e  d e n s i t y .  
The program r e s u l t s  w i l l  be checked w i t h  some o f  t h e  
o r i g i n a l  d i s p e r s i o n  d a t a  and some r e c e n t l y  r e p o r t e d  
d a t a  a t  low Reynolds numbers, R e f .  29 .  

T h i s  s u b r o u t i n e  i s  t o  be cons ide red  as a " t r a n s -  
p o r t  parameter"  program, s o  i t  w i l l  i n c l u d e  NtOG 
e s t i m a t i n g  methods d i scussed  e a r l i e r ,  R e f .  18. T h i s  
parameter i s  a l s o  a f u n c t i o n  o f  many o f  t h e  p h y s i c a l  
pa rame te r s  no ted  above. 

I n  a d d i t i o n  t o  t h e  p r e p a r a t i o n  o f  t h e  computa t iona l  
methods,  t h e  t a s k  w i l l  p r e s e n t  d e s i g n  c u r v e s ,  f o r  r a p i d  
e s t i m a t i o n  o f  Pe and N t O G .  
p r e l i m i n a r y  sys tem a n a l y s i s  such  as t h o s e  b e i n g  
developed by t h e  moment a n a l y s i s  t e c h n i q u e s .  

These w i l l  be u s e f u l  i n  

Task  E . 3 .  Sample I n j e c t i o n  Problem - R . C .  K r u m  
F a c u l t y  Advisor:  P r o f .  P.K. Lashmet 

It was t h e  o b j e c t i v e  of t h i s  t a s k  t o  i n v e s t i g a t e  
t h e  effect  o f  f i n i t e  i n j e c t i o n  time o f  t h e  sample upon 
t h e  chromatogram. I n i t i a l  s t u d i e s  on t h e  f i r s t - o r d e r  
model w i t h  an  impulse  i n j e c t i o n ,  R e f .  18, showed t h a t  
t h e  model r e p r e s e n t e d  an a c t u a l  chromatogram q u i t e  
p o o r l y .  
i m p o s s i b l e ,  t h e  t a s k  was concerned w i t h  e v a l u a t i n g  t h e  
e f fec ts  o f  f i n i t e  i n j e c t i o n  t i m e  which could  accoun t  
f o r  some o f  t h e  d i s c r e p a n c y ,  R e f .  30. 

S i n c e  an impulse i n j e c t i o n  i s  mechan ica l ly  

To o b t a i n  an estimate o f  t h e  e f f ec t  o f  f i n i t e  
i n j e c t i o n  t i m e  upon column performance,  a r e c t a n g u l a r  
p u l s e  was ma themat i ca l ly  convolu ted  w i t h  t h e  impulse 
s o l u t i o n  t o  t h e  sys t em e q u a t i o n s .  Although some work 
was done w i t h  t h e  f i rs t  o r d e r  model, t h e  second o r d e r  
e q u i l i b r i u m  a d s o r p t i o n  model was s e l e c t e d  f o r  t h e  major  
s t u d i e s  as i t  was more r e p r e s e n t a t i v e  o f  sys t em pe r -  
formance, F i g .  16 .  F ig .  1 9  shows t h e  e f fec t  o f  two 
d i f f e r e n t  p u l s e s  upon t h e  chromatogram. The v a r i a b l e s  
s t u d i e d  inc luded  i n j e c t i o n  t i m e ,  t h e  P e c l e t  number Pe ,  
and t h e  thermodynamic f u n c t i o n  m Ro. 
are shown i n  F i g .  20.  The a b s c i s s a  r e p r e s e n t s  t h e  
r a t i o  o f  t h e  i n j e c t i o n  t i m e  t o  t h e  t i m e  t h e  t h e o r e -  
t i c a l  peak emerges from t h e  column 8,. The o r d i n a t e  
i s  t h e  r a t i o  o f  t h e  peak h e i g h t  f o r  t h e  p u l s e  i n j e c t i o n  
t o  t h e  peak h e i g h t  f o r  t h e  impulse f o r c i n g  f u n c t i o n .  
S i n c e  t h e  areas under  t h e s e  chromatograms must be 

T y p i c a l  r e s u l t s  
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e q u a l  ( t h e  area i s  p r o p o r t i o n a l  t o  t h e  amount o f  sample 
i n j e c t e d ) ,  t h e  o r d i n a t e  i s  a l s o  r e l a t e d  t o  t h e  peak 
s p r e a d  i n g  . 

I n  g e n e r a l ,  i t  was concluded t h a t  i n c r e a s i n g  t h e  
i n j e c t i o n  t i m e  had two e f f e c t s  upon t h e  chromatogram. 
F i r s t ,  because  t h e  i n j e c t i o n  f u n c t i o n  was more d i f f u s e  
t h a n  t h e  impulse ,  t h e  output  o r  chromatogram was 
b r o a d e r  and s h o r t e r .  More broadening  occur red  as Pe 
and mRo i n c r e a s e d .  I n  g e n e r a l ,  t h e  s h a r p e r  t h e  t h e o r e -  
t i c a l  impulse peak,  t h e  q u i c k e r  t h e  i n j e c t i o n  t i m e  
caused a l o s s  i n  r e s o l u t i o n .  The second n o t i c e a b l e  
effect  o f  i n j e c t i o n  time was t h e  d e l a y  i n  t h e  appea r -  
ance  o f  t h e  peak. This  was caused by t h e  f i n i t e  
amount o f  t i m e  r e q u i r e d  t o  complete  t h e  t o t a l  i n j e c t i o n  
o f  t h e  sample.  S i n c e  t h e  t o t a l  sample was n o t  i n s i d e  
t h e  column u n t i l  a t ime e y a f t e r  i n j e c t i o n  began,  t h e  
maximum p o i n t  of t h e  output  was de layed  from t h e  impulse  
peak  t i m e  by abou t  er 

A f i n a l  c o r r e l a t i o n  of  t h e s e  e f fec ts  i s  u s e f u l  f o r  
d e s i g n  purposes  i s  given i n  F i g .  2 1 .  These c u r v e s  show 
t h e  maximum i n j e c t i o n  t i m e  a l l o w a b l e  f o r '  a 10% 
r e d u c t i o n  i n  peak h e i g h t  f o r  v a r i o u s  v a l u e s  of Pe and 
mRo. It should  be noted t h a t  t h e s e  c u r v e s  a re  f o r  t h e  
s e c o n d - o r d e r ,  e q u i l i b r i u m  a d s o r p t i o n  model ( N t o G  b e i n g  
i n f i n i t e ) .  
expec ted  t o  move toward t h e  r i g h t .  I n  o t h e r  words,  t h e  
a l l o w a b l e  i n j e c t i o n  times a r e  c o n s e r v a t i v e .  

For  f i n i t e  v a l u e s  of  NtOG, t h e  c u r v e s  a re  

The t a s k s  t h u s  fa r  have developed methods f o r  
approx ima t ing  t h e  chromatogram c h a r a c t e r i s t i c s  t h rough  
moment a n a l y s i s  and have shown l i m i t a t i o n s  imposed by 
f i n i t e  sample i n j e c t i o n  t i m e .  The t r a n s p o r t  parameter  
computa t ions  should  be completed i n  e a r l y  i n  t h e  n e x t  
p e r i o d .  Tasks t o  be pursued i n  t h e  n e x t  p e r i o d  i n c l u d e  
t h e  f o l l o w i n g :  

1. E v a l u a t i o n  of t h e  more comple te  second o r d e r  
model v i a  computa t iona l  means and comparison 
w i t h  d a t a .  

. 2 .  Extens ion  of t h e  c o n c e p t s  t o  samples  c o n t a i n -  
i n g  s e v e r a l  chemical  s p e c i e s .  

3 .  E v a l u a t i o n  of t h e  e f f e c t  of l a r g e  amounts o f  
s o l v e n t  upon d e t e c t i o n  o f  minute  q u a n t i t i e s  of 
mater ia ls .  

I n  a d d i t i o n  t o  t h e s e  s t u d i e s ,  a chromatographic  t e s t  
sys t em i s  b e i n g  c o n s t r u c t e d  by r e n o v a t i n g  a Perkin-Elmer,  
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Model 154-C  chromatograph. N e w  d e t e c t o r s  hav ing  0.04  
second t i m e  c o n s t a n t s  and o t h e r  equipment have been 
o b t a i n e d  and are  b e i n g  i n s t a l l e d .  The equipment should  
be o p e r a t i o n a l  by e a r l y  f a l l ,  1969. 

I V .  P r o j e c t i o n s  of  A c t i v i t y  f o r  t h e  Pe r iod  J u l y  1, 1969 t o  
J u n e  30, 1970 

The f o l l o w i n g  a c t i v i t i e s  are  p r o j e c t e d  f o r  t h e  coming 
p e r i o d  : 

1. The a tmospher ic  parameter  u p d a t i n g  and a d a p t i v e  
t r a j e c t o r y  c o n t r o l  t a s k s  w i l l  be phased o u t  by 
September 1969 and a summary r e p o r t  b r i n g i n g  t h e  
s e v e r a l  s t u d i e s  unde r t aken  i n  t h e  p a s t  i n  t h i s  
area i n t o  a proper  p e r s p e c t i v e  w i l l  be p repa red .  

2. The f e a s i b i l i t y  of t h e  u s e  o f  t h e  r o t a r y  wing 
(au togyro)  concept  f o r  an unpowered l a n d i n g  on Mars 
w i l l  be de te rmined .  The d e c i s i o n s  as t o  f u r t h e r  
work a l o n g  t h e s e  l i n e s  w i l l  depend n o t  on ly  on t h e  
outcome of t h i s  s t u d y ,  which i s  expec ted  t o  be com- 
p l e t e d  by October  1969,  b u t  a l s o  on t h e  q u e s t i o n  
o f  a l l o c a t i o n  of  r e s o u r c e s  between t h i s  t a s k  and 
o t h e r  p r e s s i n g  problems r e l a t e d  t o  t h e  landed 
mobile  v e h i c l e ,  (see T t e m  6 below).  

3 .  Emphasis w i l l  c o n t i n u e  t o  be d i r e c t e d  t o  problems 
r e l a t ed  t o  t e r r a i n  model ing f o r  pu rposes  o f  
d e f i n i n g  t e r r a i n  s e n s o r  r e q u i r e m e n t s  and develop-  
i n g  and e v a l u a t i n g  p a t h  s e l e c t i o n  a l g o r i t h m s .  

4. With t h e  development of unambiguous r e l a t i o n s h i p s  
between measurable  d e t e c t o r  d e f l e c t i o n s  and t h e  
E u l e r  a n g l e s  wi thout  t h e  l i m i t a t i o n  of small 
a n g l e s  as r e p o r t e d  h e r e i n ,  e f f o r t  w j - 1 1  be 
d i r e c t e d  t o  t h e  a n a l y s i s  of  t h e  dynamics o f  
a t t i t u d e  s e n s o r s  and t o  t h e  d e s i g n  of a n  a t t i t u d e  
c o n t r o l  and/or  n a v i g a t i o n  system. 

5. The use o f  Mars o r b i t e r s  f o r  n a v i g a t i o n  o f  t h e  
mobi le  v e h i c l e  w i l l  be  i n v e s t i g a t e d .  The i n i t i a l  
e f f o r t  which w i l l  be  c o n c e n t r a t e d  on problems 
re la ted  t o  t h e  l o c a t i o n  o f  t h e  o r b i t e r s  w i l l  be  
fo l lowed by s t u d i e s  concerned w i t h  t h e  v e h i c l e ,  
t h e  t a r g e t  d e s t i n a t i o n  and o b s t a c l e s .  
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6 .  A major  e f f o r t  r e l a t i n g  t o  t h e  d e s i g n  of a mobile  
v e h i c l e  w i l l  be i n i t i a t e d .  Problems r e l a t e d  t o  
v e h i c l e  c o n f i g u r a t i o n ,  p r o p u l s i o n ,  power s o u r c e s ,  
suspens ion  sys t em,  v e h i c l e  s t a b i l i t y ,  c o n t r o l  and 
guidance  w i l l  be c o n s i d e r e d .  

7. The chromatographic  system s t u d i e s  w i l l  be ex tended  
t o  i n c l u d e :  e v a l u a t i o n  of t h e o r e t i c a l  models 
i n c l u d i n g  expe r imen ta l  s t u d i e s ,  multicomponent 
s e p a r a t i o n s  problems,  and t h e  e f f e c t  o f  l a r g e  amounts 
o f  s o l v e n t  upon t h e  d e t e c t i o n  of  minute  q u a n t i t i e s  
o f  mater ia ls .  

V .  E d u c a t i o n a l  C o n s i d e r a t i o n s  

I n  a d d i t i o n  t o  t h e  t e c h n i c a l  goals  o u t l i n e d  e a r l i e r ,  t h i s  
p r o j e c t  has  t h e  o b j e c t i v e  o f  promoting t h e  e d u c a t i o n  o f  
e n g i n e e r i n g  s t u d e n t s  i n  d i r e c t i o n s  and dimensions n o t  normal ly  
encoun te red  i n  fo rma l  programs o f  s t u d y .  I n  b r i e f ,  t h e  pro-  
j e c t  a c t i v i t y  p rov ides  rea l  problems o f  s u b s t a n c e  whose 
s o l u t i o n  i s  ob ta ined  n o t  by t h e  a p p l i c a t i o n  o f  e x p e d i e n t  
s i m p l i f i c a t i o n s  t o  make them manageable bu t  r a t h e r  a c c o r d i n g  
t o  t h e  t e c h n i c a l  needs t h a t  r e a l i s t i c a i i y  app ly  t o  the 
s i t u a t i o n .  Accord ingly ,  t h e  s t u d e n t s  l e a r n  t o  accommodate t o  
t r a d e - o f f s  between competing v a l u e s  and t o  work w i t h  boundary 
c o n d i t i o n s  and c o n s t r a i n t s  o r i g i n a t i n g  w i t h  t h e  factual  
s i t u a t i o n  and which may be compounded by t h e  i n t e r f a c i n g  o f  
t a s k s .  I n  t h i s  t y p e  o f  environment ,  t h e  s t u d e n t  p e r c e i v e s  
t h a t  h i s  r o l e  i n  p r o f e s s i o n a l  p r a c t i c e  w i l l  normal ly  i n v o l v e  
a s i g n i f i c a n t  amount o f  i n t e r a c t i o n  w i t h  o t h e r  i n d i v i d u a l s  
and t h a t  h i s  work canno t  proceed independen t ly  and w i t h o u t  
c o n s i d e r a t i o n  of and impingement by t h e  work o f  o t h e r s .  
Fu r the rmore ,  he i s  f o r c e d  t o  o b t a i n ,  unde r s t and  and u t i l i z e  
knowledge which i s  on occas ion  f a r  removed from h i s  own 
s p e c i a l i t y  f i e l d  and t o  unde r t ake  r e s e a r c h  wheii n e c e s s a r y  t o  
o b t a i n  t h e  r e q u i r e d  i n f o r m a t i o n .  Although t h e  ve ry  n a t u r e  o f  
t h e  problems and t h e  f a c u l t y  p e r s p e c t i v e  emphasize t h e  r e l e -  
vance  and impor tance  o f  t h e  t e c h n i c a l  g o a l s ,  t h e  p e r i o d i c  
v i s i t s  o f  M r .  E r i c  Suggs of J e t  P r o p u l s i o n ,  and on o c c a s i o n  
o f  o t h e r  NASA r e p r e s e n t a t i v e s ,  t o  rev iew p r o g r e s s  r e i n f o r c e  
t h e s e  c o n c e p t s  d r a m a t i c a l l y .  

From an  e d u c a t i o n a l  p o i n t  o f  view,  t h e  p r o j e c t  has  
proven  t o  be an  u n q u a l i f i e d  s u c c e s s .  Large  numbers o f  
s t u d e n t s  (approximate ly  40 i n  two y e a r s )  have had t h e  un ique  
e x p e r i e n c e s  o f  r e a l - l i f e  involvement i n  e n g i n e e r i n g  problems 
w i t h i n  t h e  c o n t e x t  o f  t h e i r  fo rma l  e d u c a t i o n .  
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P e r t i n e n t  i n f o r m a t i o n  r e g a r d i n g  t h e  p a r t i c i p a t i n g  
s t u d e n t s ,  t h e i r  deg ree  goa ls  o r  achievcnlents , t h e  p e r i o d  o f  
p a r t i c i p a t i o n  and t h e i r  suppor t  r e l a t i o n s h i p  t o  t h e  p r o j e c t  
i s  summarized below. While t h i s  i n f o r m a t i o n  may be of 
g e n e r a l  i n t e r e s t ,  i t s  primary v a l u e  i n s o f a r  as t h i s  p r o g r e s s  
r e p o r t  i s  concerned i s  t h a t  i t  p rov ides  a b a s i s  f o r  e v a l u a -  
t i o n  o f  t h e  p r o g r e s s  made i n  i n d i v i d u a l  t a s k  areas. It should  
be no ted  t h a t  a l l  s t u d e n t s  a r e  meet ing  an academic r e q u i r e -  
ment by t h i s  a c t i v i t y .  

The f o l l o w i n g  s t u d e n t s  m e t  t h e i r  d e g r e e  o b j e c t i v e s  s i n c e  
J u l y  1, 1968: 

Method of S u m o r t  

R. Ca r ron  
P. C e f o l a  
A .  H i m m e l  
R. J anosko  
J .  J e n d r o  
R. K r u m  
J. L a z z a r a  
J. Mlez iva  
J. Morgan 
N .  Pinchuk 
J. S a d l e r  
T. S l i v a  

R. Wepner 
w. Voytus 

M .  Eng. (Mech.Eng.) 
Ph. D.  Eng. (Mech. Eng . ) 
M .  Eng. (EEec.Eng.) 
M.  Eng. (Nech.Eng.) 
M .  Eng. (Mech.Eng.) 
M.  Eng. (Chem.Eng.) 
M .  Eng. (Mech.Eng.) 
M. Eng. (Elec.Eng.1 
B. S .  (Mech. Eng . ) 
M .  Eng. (Elec.Eng.) 
M. Eng. (Mech.Eng.) 
M .  Eng. (Chem.Eng.) 
M .  Eng. (Chem.Eng.) 
M .  Eng. (Mech. Eng. ) 

Cluet t -Pcabody F e l l o w s h i p  
P r o j e c t  Suppor t  (1) 
NSF F e l l o w s h i p  

NSF F e l l o w s h i p  
DuPont T r a i n e e s h i p  
Teaching  A s s i s t a n t  
Teaching  A s s i s t a n t  

Teaching  A s s i s t a n t  
Teaching  A s s i s t a n t  
S e l f  - suppor t ed  
NSF F e l l o w s h i p  
NASA F e l l o w s h i p  

P r o j e c t  Suppor t  (1) 

P a r t i a l  P r o j e c t  Suppor t  i z j  

The f o l l o w i n g  s t u d e n t s  w i l l  c o n t i n u e  on t h e  p r o j e c t  f o r  
v a r y i n g  p e r i o d s  of t i m e  t o  ach ieve  t h e  i n d i c a t e d  d e g r e e  
ob j ec t i v e s  : 

L. 
J. 
R. 
T. 
J .  
J. 
R. 
D. 
P. 

M .  Eng. (Mech.Eng.) P r o j e c t  Suppor t  (1) 
(3)  

Hedge 
Hudock M .  Eng. (Elec.Eng.) P a r t i a l  P r o j e c t ( 7 y p p o r t  
J anosko  Ph.D. Eng. (Mech.Eng.) P r o j e c t  Suppor t  

LaBarbara  M .  Eng. (Elec.Eng.) P r o j e c t  Suppor t  (1) 
L a z z a r a  Ph.D. Eng. (Mech.Eng.) Teaching  A s s i s t a n t  
Mancin i  M.  Eng. (Elec.Eng.) P r o j e c t  Suppor t (1 )  
Reichman M.  Eng. (Chem.Eng.) P r o j e c t  Suppor t  (1) 
R a y f i e l d  Ph.D. Eng. (Mech.Eng.) P a r t i a l  P r o j e c t  Support  (5) 

Kershaw Ph.D. Eng. (Mech.Eng.) P a r t i a l  P r o j e c t  Suppor t  ( 4 )  

(1) S t ipend  p l u s  t u i t i o n  s u p p o r t .  .' 

(2) Ten hours  p e r  week suppor t  f o r  one term. 
(3 )  S t i p e n d  p l u s  t u i t i o n  f o r  one term. 
( 4 )  Sunmer s u p p o r t  o n l y .  
(5) Summer s u p p o r t  p l u s  s t i p e n d  and t u i t i o n  f o r  one t e r m .  
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