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I .  INTRODUCTION 

Stanford  Univers i ty  i s  engaged i n  a program t o  develop a s c i e n t i f i c  

zero-g s a t e l l i t e ,  and t o  perform a gyro test of genera l  r e l a t i v i t y  i n  a 

s a t e l l i t e .  The program was conceived by Stanford  i n  1961 and is des-  

c r i b e d  i n  d e t a i l  i n  a proposal f o r  suppor t  [Ref.  1 3  submit ted t o  NASA 

i n  November 1962, and i n  Engineering S t a t u s  Reports No. 1 [Ref.  23, 

No. 2 [Ref.  31, and No, 3 [Ref. 41.  

On t h e  b a s i s  of Ref. 1, a g r a n t ,  NsG-582, was awarded t o  S tanford  

by NASA on 8 May 1964, w i t h  a r e t r o a c t i v e  s t a r t i n g  d a t e  of 1 October 

1963. The p resen t  r e p o r t  desc r ibes  r e sea rch  performed i n  t h e  Department 

of Aeronaut ics  and Ast ronaut ics  du r ing  t h e  f o u r t h  ha l f -year  of t h e  NASA 

gran t  pe r iod ,  from May 1965 through October 1965, and d i s c u s s e s  t h e  

p re sen t  s t a t u s  of t h e  program. 

A d e t a i l e d  pre l iminary  a n a l y s i s  of t h e  dynamics, c o n t r o l  and uses  

of t h e  drag- f ree  s a t e l l i t e  and of  unsupported gyroscopes,  a long  w i t h  a 

t r a j e c t o r y  e r r o r  a n a l y s i s  and a gyro random-drif t -error  a n a l y s i s  a r e  

given i n  Refs .  5 ,  6 ,  and 7 .  

A sys temat ic  program of  breadboard development and s imulated opera- 
1 9  

t i o n  of a two-dimensional 

u s ing  an a i r -cushion  v e h i c l e ,  has  been descr ibed  i n  previous s t a t u s  

r e p o r t s ,  p a r t i c u l a r l y  Ref.  4 .  During t h e  present  r e p o r t  per iod  t h i s  

r e sea rch  reached t h e  po in t  where, w e  b e l i e v e ,  f e a s i b i l i t y  of  t h e  zero-g 

s a t e l l i t e  concept has been e s t a b l i s h e d ,  so t h a t  t h e  next  s t e p  t o  t ake  

i s  a crngrem to prove o u t  the concepts  i n  f l i g h t .  

e f f o r t  was devoted,  du r ing  the p re sen t  r e p o r t  per iod ,  t o  developing a 

f l i g h t  program t h a t  w i l l  be of s c i e n t i f i c  va lue  and w i l l  a l s o  permit  

thorough f l i g h t  eva lua t ion  of a zero-g s a t e l l i t e  c o n t r o l  s y s t e m .  

f l i g h t  proposal  for an aeronomy experiment [Ref.  81 was prepared j o i n t l y  

w i t h  P ro fes so r  Gordon J. F.  MacDonald of U C U ,  and was presented t o  t h e  

YASA Of f i ce  of Space Sciences i n  a meeting on October 2 9 ,  1965. The 

proposal  is o u t l i n e d  b r i e f l y  i n  Sec. 11-A. This  proposal  r e p r e s e n t s  t he  

cu lmina t ion  of con t inu ing  d i scuss ions  and planning between Stanford  

Univers i ty  and UCLA which began i n  1964. 

zero-g, d rag- f ree  s a t e l l i t e "  i n  t h e  l abora to ry  

Accordingly,  a major 

A 

I n  p repa ra t ion  f o r  t h e  aeronomy 
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experiment and t h e  r e l a t i v i t y  experiments t h a t  a r e  t o  fo l low,  a number 

of companies have been interviewed a s  cand ida te s  f o r  a Phase 0 s tudy .  

During the p re sen t  r e p o r t  per iod ,  t he  engineer ing  e f f o r t  on t h e  

c o n t r o l  system des ign  and i t s  eva lua t ion  us ing  an a i r -cushion  v e h i c l e  

has  cont inued.  These resu l t s  a r e  a l s o  o u t l i n e d  i n  Sec.  11, and i n  

g r e a t e r  d e t a i l  i n  t e c h n i c a l  r e p o r t s  which a r e  i n  p repa ra t ion .  

On November 1 9 ,  1965, w e  took p a r t  i n  a p r e s e n t a t i o n  t o  t h e  NASA 

Advisory Committee on Astronomy a t  t h e  K i t t  Peak Astronomy Center  i n  

Tucson, Arizona. The p r i n c i p a l  purpose of t h e  p r e s e n t a t i o n  was t o  

d e s c r i b e  t h e  progress  and p lans  of P ro fes so r  Fairbank 's  group i n  

developing a s p e c i a l  low-temperature gyro w i t h  which t o  perform t h e  

Schiff-Pugh t e s t  of genera l  r e l a t i v i t y  i n  a s a t e l l i t e .  I n  a d d i t i o n ,  

w e  desc r ibed  b r i e f l y  t h e  a c t i v i t i e s  i n  engineer ing  suppor t  of t h a t  

experiment ,  and showed a f i l m  of a i r -cushion-vehic le  s imula t ion  t e s t i n g  

of t h e  zero-g s a t e l l i t e .  (P ro fes so r  Lange a l s o  desc r ibed  some r e l a t e d  

A i r  Force gyro development i n  t h e  engineer ing  group,  which may w e l l  be 

b e n e f i c i a l  t o  t h e  NsG-582 program, but  which is not  sponsored by i t . )  

- 2 -  
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11. SUMMARY OF PROGRESS DURING REPORT PERIOD 

A. AERONOMY EXPERIMENT SATELLITE 

L 

A program t o  develop and opera te  drag-free e a r t h  s a t e l l i t e s  i n  two 

o r b i t a l  f l i g h t s  has been proposed formal ly  t o  t h e  O f f i c e  of Space 

Sciences by S tanford  Universi ty  and UCLA i n  Ref. 8. For each f l i g h t  

t h e r e  would be two major o b j e c t i v e s :  (1) t o  prove o u t  i n  f l i g h t  t he  

drag- f ree ,  zero-g s a t e l l i t e  con t ro l  s y s t e m  t h a t  would be  used sub- 

sequent ly  i n  a gyro tes t  of general  r e l a t i v i t y  i n  a s a t e l l i t e  [Ref .  1 3 ,  

and (2) t o  o b t a i n  new and important d a t a  about t he  d e n s i t y  of t h e  

e a r t h ' s  atmosphere and i t s  dynamic behavior  dur ing  a solar-maximum 

period [Ref .  91. 

The s a t e l l i t e s  would be launched from t h e  P a c i f i c  Missile Range i n t o  

a po la r  o r b i t  by Scout launch v e h i c l e s .  The o r b i t s  would have a pe r igee  

of about  130 k i lometers  near  t he  equator  and an apogee of 470 t o  1000 

k i lome te r s ,  and would c a r r y  s u f f i c i e n t  f u e l  f o r  a drag- f ree  l i f e  of  

about t en  days and 150 o r b i t s .  During t h i s  t i m e ,  t h e  t r a n s l a t i o n a l  

c o n t r o l  s y s t e m  would c o n t r o l  t h e  s a t e l l i t e  t o  fo l low a purely g r a v i t a -  

t i o n a l  o r b i t ,  unaf fec ted  by aerodynamic d rag  or o t h e r  f o r c e s .  A t  t h e  

end of t h e  d rag - f r ee  l i f e  of t h e  second s a t e l l i t e  (and perhaps a l s o  of 

t he  f i r s t ) ,  t h e  proof mass would be caged e l e c t r o s t a t i c a l l y  t o  a c t  a s  

an acce lerometer ,  and the  sys t em would ga the r  a d d i t i o n a l  a i r - d r a g  d a t a  

f o r  t he  remainder of i t s  o r b i t a l  l i f e  (about 55 t o  200 more o r b i t s ) .  

T r a n s l a t i o n a l  c o n t r o l  w i l l  be e f f e c t e d  v i a  cold-gas t h r u s t e r s  us ing  

s t a t e -o f - the -a r t  v a i v e s .  Average thrust m c s t  exactly balance  t h e  d rag  

on t h e  v e h i c l e ,  which w i l l  be e s s e n t i a l l y  aerodynamic f o r  t h e s e  expe r i -  

ments. Thrust  w i l l  be accura te ly  measured cont inuous ly ,  a s  w i l l  r e l a t i v e  

motion between s a t e l l i t e  and proof mass. These  measurements, t oge the r  

wi th  t r a c k i n g  d a t a ,  w i l l  l e a d  t o  a s e l e c t e d  g loba l  mapping of ( accu ra t e ly  

i n f e r r e d )  aerodynamic dens i ty  versus  l o c a t i o n  and t i m e .  

These d a t a  w i l l  have important s c i e n t i f i c  va lue  because a t  p re sen t  

our  knowledge of t h e  condi t ion  e x i s t i n g  wi th in  t h e  upper atmosphere 

(above 200 km) is based pr imar i ly  on deduct ion from d e n s i t y  p r o f i l e s  

determined by s a t e l l i t e  drag measurement. The d e n s i t y  is obta ined  more 
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or less d i r e c t l y ,  but  temperature  and composition a r e  based on model 

c a l c u l a t i o n s .  Model c a l c u l a t i o n s ,  i n  t u r n ,  depend heav i ly  on t h e  assumed 

atmospheric condi t ion  a t  a r e fe rence  l e v e l .  By convent ion,  t h e  r e fe rence  

l e v e l  is taken t o  be a t  120 km. This  l e v e l  i s  assumed because rocke t  

vapor experiments i n d i c a t e  t h a t  somewhere between 110 and 140 km con- 

v e c t i v e  mixing g ives  way t o  d i f f u s i v e  mixing. A number of s t u d i e s  

c a r r i e d  o u t  a t  U C U  show t h a t  t h e  observed d e n s i t y  p r o f i l e  can be 

reproduced by using any of a wide range of cond i t ions  a t  t h e  r e f e r e n c e  

l e v e l .  These c a l c u l a t i o n s  demonstrate  q u a n t i t a t i v e l y  t h a t  t h e  s a t e l l i t e  

d rag  da ta  a t  a l t i t u d e s  above 200 km a lone  cannot  provide informat ion  

u s e f u l  i n  determining atmospheric composition and temperature  i n  t h e  

reg ion  of 100-200 km. I n  t h i s  r e g i o n ,  c o n d i t i o n s  change most r a p i d l y  

and,  i n  a v e r y  r e a l  s e n s e ,  t he  s t r u c t u r e  of t h e  e n t i r e  upper atmosphere 

depends i n  a very s e n s i t i v e  way upon t h e  temperature  and composition of 

t he  atmosphere between 100-200 km. 

The r eg ion  between 100-200 km has been probed by a number of r o c k e t s .  

The r o c k e t s  y i e ld  information r ega rd ing  in s t an taneous  composition and 

sometimes dens i ty  a t  a p a r t i c u l a r  po in t  w i t h i n  t h e  atmosphere.  A l a r g e  

v a r i a t i o n  i n  important parameters has  been observed.  For example, t h e  

number d e n s i t y  of atomic oxygen deduced from rocke t  obse rva t ion  a t  

120 km v a r i e s  by a t  l e a s t  a f a c t o r  of f o u r .  I t  i s  no t  c l e a r  whether 

t h i s  v a r i a t i o n  is due t o  s p a t i a l  or tempera1 inhomogeneity w i t h i n  t h e  

atmosphere.  T h u s ,  it i s  extremely important  t o  determine t h e  behavior  

of t h e  atmosphere wi th in  t h e  r eg ion  of 100-200 km. Only by d i r e c t  

obse rva t ion  over extended pe r iods  of t i m e  w i l l  it be p o s s i b l e  t o  

determine whether t h e  hea t  in t roduced  i n t o  t h e  atmosphere by t h e  

abso rp t ion  of u l t r a v i o l e t  r a d i a t i o n  i s  convected,  conducted,  or r a d i a t e d  

throughout our atmosphere. Furthermore,  t hese  d i r e c t  obse rva t ions  w i l l  

e l u c i d a t e  whether or not  photochemical a s s o c i a t i o n  i s  coupled w i t h  

d i f f u s i o n ,  an important process  i n  de te rmining  t h e  s t r u c t u r e  of t h e  

upper atmosphere. The de termina t ion  of d e n s i t y  a t  130 k m  t o  150 km, 

combined wi th  rocket obse rva t ion  of t h e  chemical composi t ion ,  can y i e l d  

da t a  t h a t  w i l l  p e r m i t  extending t h e  d e s c r i p t i o n  t o  t h i s  most important  

po r t ion  of t h e  atmosphere. 

. 
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Carefu l  and r a t h e r  comprehensive f e a s i b i l i t y  s t u d i e s  have been made 

of v e h i c l e  and o r b i t  combinations t o  maximize the recovery of c r u c i a l  

aeronomical data .  The veh ic l e  s e l e c t e d ,  F ig .  1, has a d iameter  of  

279 inches  and weighs 300 pounds, i nc lud ing  75 pounds of n i t rogen  p l u s  

f r eon  f o r  drag-compensating t h r u s t i n g .  

a r e  descr ibed  i n  more d e t a i l  i n  Ref. 8 ,  where v e h i c l e  and orb i t -parameter  

a l t e r n a t i v e s  a r e  cons ide red ,  t oge the r  wi th  t h e  r e su l t s  of t r a d e - o f f  

s t u d i e s .  

The o r b i t a l  miss ions  s e l e c t e d  

The aeronomy mission r e q u i r e s  a t h rus t - sens ing  s y s t e m  having an  

accuracy of one percent  and a high frequency response so t h a t  d e t a i l s  

of t h e  t h r u s t  p r o f i l e  w i l l  not be omi t ted .  A primary des ign  requirement 

has been t o  achieve t h i s  w i t h  o f f - the - she l f ,  f l igh t -proven  va lves .  Our 

s o l u t i o n  is to  mount a l i g h t w e i g h t  nozz le  w i t h  a p r e c i s i o n  force-  

reba lance  system so t h a t  measurement of t h e  r e s t o r i n g  f o r c e  w i l l  i n d i c a t e  

t h r u s t  d i r e c t l y .  

We have been s tudying  c a r e f u l l y  t h e  development of a low-g e l e c t r o -  

s t a t i c  acce lerometer  system wi th  t h e  Honeywell Company, i n  connect ion 

w i t h  a program of b a s i c  i n e r t i a l  instrument  r e sea rch  a t  S tanford  

Univers i ty  sponsored by t h e  United S t a t e s  A i r  Force.  We a r e  developing 

a method of t h r e e - a x i s  l abora to ry  s imula t ion  of t he  low-g environment 

f o r  such an ins t rument ,  and contemplate a p o s s i b l e  f l i g h t - t e s t  program 

a t  a l a t e r  t i m e .  Honeywell has prepared a t a s k ,  c o s t ,  and d e l i v e r y  

proposal f o r  such an instrument which w e  a r e  s tudying  a t  t h i s  t i m e .  

The instrument  is  a modi f ica t ion  of t h e  e x i s t i n g  e l e c t r o s t a t i c  gyro t o  

-e......- pr;s,,,;t and 

(2) measurement of  suspension vo l t age  t o  i n d i c a t e  a c c e l e r a t i o n  ove r  a 

dynamic range of  10 . D e t a i l s  a r e  given i n  Ref. 8. The background of 

t h i s  A i r  Force program h a s ,  of cour se ,  c o n t r i b u t e d  heav i ly  t o  ou r  des ign  

of an acce lerometer  mode f o r  the aeronomy s a t e l l i t e .  ( I t  should be 

noted t h a t  t h i s  program i s  sepa ra t e  from Honeywell's own e l e c t r o s t a t i c  

accelerometer  development. That development could  he lp  t h e  program 

proposed he re  a t  a l a t e r  d a t e . )  

(1) operatinn a t  Low suppor t  f o r c e  l e v e l s  and l a r g e r  gaps,  

3 

I n  p repa ra t ion  for  a Phase 0 s tudy of t h e  aeronomy s a t e l l i t e  program, 

w e  have interviewed a number of  companies t h a t  w e  f e e l  c o l l e c t i v e l y  

- 5 -  
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e r e p r e s e n t  a thorough cross s e c t i o n  of s a t e l l i t e  technology and f l i g h t  

experience.  

have benefited from our  d i scuss ions  wi th  the  companies and 

have been encouraged by t h e i r  i n t e r e s t  and enthusiasm i n  our  program. 

The exchange of i d e a s  and information has  occurred through v i s i t s  by 

the  company r e p r e s e n t a t i v e s  to  S tanford  o r  through our  v i s i t s  t o  t h e  

company's f a c i l i t i e s .  The f a m i l i a r i t y  gained by these  d i s c u s s i o n s  w i l l  

enhance and exped i t e  our  working w i t h  t he  companies chosen f o r  t h e  

Phase 0 s t u d i e s .  

B .  CONTROL SYSTEM ANALYSIS 

Robert Farquhar has  completed a comparative s tudy (us ing  the  two 

TR-48 ana log  computers i n  the s laved  mode) of t h e  l imi t - cyc le  f u e l  

consumption of a symmetrical  d rag- f ree  s a t e l l i t e  which is  sp inning  about 

i ts  a x i s  of maximum i n e r t i a .  Two c o n t r o l  mechanizat ions,  a bang-bang 

sys t em wi th  dead zone and hys t e re s i s  and a pulse-width,  pulse-frequency 

modulated s y s t e m  ( s i m i l a r  t o  t h e  one used on t h e  Agena pneumatic a t t i t u d e  

c o n t r o l  s y s t e m ) ,  were compared, both wi th  and without  measurement no i se  

i n  t h e  r e l a t i v e - p o s i t i o n  sensor .  

I n  a d d i t i o n ,  William E. Davis has cuiiipieted a d i g i t a l  S t ~ d y  ~f the 

l i m i t - c y c l e  f u e l  consumption of an a r b i t r a r i l y  tumbling drag- f ree  

s a t e l l i t e .  Again,  two con t ro l  mechanizat ions,  bang-bang w i t h  dead zone 

and h y s t e r e s i s  and t h e  der ived-rate  system developed by JPL f o r  t h e  

Mariner a t t i t u d e  c o n t r o l  s y s t e m ,  were compared, bo th  w i t h  and without  

measurement no i se  i n  the  pos i t i on  senso r .  

The r e s u l t s  of t hese  two s t u d i e s  i n d i c a t e  t h a t  t h e  pulse-width,  

pulse-frequency modulated s y s t e m  probably r e p r e s e n t s  t h e  b e s t  t r a n s l a -  

t i on -con t ro l  mechanization fo r  t h e  drag- f ree  s a t e l l i t e .  However, t h e s e  

s t u d i e s  have r a i s e d  a number o f  new ques t ions  which w i l l  be t h e  s u b j e c t  
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of  f u t u r e  a n a l y t i c a l  i n v e s t i g a t i o n s .  Farquhar 's  a n a l y t i c a l  f i n d i n g s  a r e  

be ing  w r i t t e n  i n t o  a f i n a l  r e p o r t  which w i l l  appear s h o r t l y ,  and t h e  

r e s u l t s  of  Davis'  work w i l l  be included i n  h i s  Ph.D. t h e s i s .  

The fol lowing is a b r i e f  summary of Farquhar 's  r e s u l t s :  Figure 2 

shows the  geometry f o r  t h e  equat ions  of motion of t h e  sp inning  drag- f ree  

s a t e l l i t e .  The unprimed a x i s  set is  f i x e d  i n  t h e  s a t e l l i t e  whi le  t he  

primed set is chosen w i t h  t h e  x a x i s  p a r a l l e l  t o  t h e  component of 

t h e  d rag  vec tor  which is i n  t h e  x-y plane of t h e  s a t e l l i t e ,  and w i t h  

t h e  z a x i s  p a r a l l e l  t o  t h e  s a t e l l i t e  s p i n  v e c t o r .  The unprimed 

r e fe rence  frame s lowly r o t a t e s  due t o  t h e  s a t e l l i t e ' s  o r b i t a l  motion, 

bu t  t h i s  r a t e  is s u f f i c i e n t l y  slow (compared t o  t h e  t r a n s l a t i o n - c o n t r o l  

dynamics) t h a t  i t  may be taken t o  be an i n e r t i a l  r e f e r e n c e .  

Figure 3 shows a s i m p l i f i e d  block diagram of t h e  v e h i c l e  and c o n t r o l  

system dynamics. The s i g n a l s ,  x and y ,  which i n d i c a t e  t h e  r e l a t i v e  

p o s i t i o n  between t h e  proof mass and t h e  s a t e l l i t e  c a v i t y  t o g e t h e r  w i t h  

t h e  measurement no i se  (s imulated by two EA1 Model 201 A ' s )  a r e  f e d  

through lead-lag f i l t e r s  t o  t h e  c o n t r o l  s y s t e m .  The angular  r a t e  g a i n ,  

w, which could be precommanded i n  a s y s t e m  whose s p i n  r a t e  was r e l a t i v e l y  

c o n s t a n t ,  m u l t i p l i e s  t h e  x and y s i g n a l s  and provides  a d d i t i o n a l  

r a t e  information.  A d i s a b l i n g  swi t ch  was provided t o  measure t h e  e f f e c t  

of no t  inc luding  t h e  angular - ra te  terms i n  t h e  mechanizat ion.  

F igures  4 and 5 show block diagrams of t h e  c o n t r o l  command s y s t e m .  

The bang-bang s y s t e m  inc ludes  a dead zone,  5 ,  i n  o r d e r  t o  prevent  

excess ive  f u e l  consumption due t o  two-sided l i m i t  cyc les .  (See R e f .  6 

and a l s o  Farquhar 's  r e p o r t ,  Ref.  10.) There i s  a t rade-of f  i n  dead- 

zone s i z e  between f u e l  consumption and t h e  accuracy  w i t h  which t h e  

proof mass  is cen te red ,  The h y s t e r e s i s ,  6 ,  i s  necessary  i n  o r d e r  t o  

o b t a i n  small  con t ro l  impulses and hence smal l  r a t e s  so t h a t  t h e  s y s t e m  

phase poin t  spends t h e  maximum amount of t i m e  i n  t h e  dead zone. 

The pulse-width, pulse-frequency s y s t e m  was developed i n  i t s  p resen t  

form f o r  t h e  a t t i t u d e  c o n t r o l  system of t h e  Agena s p a c e c r a f t  i n  o r d e r  

t o  o b t a i n  good dead-beat response combined w i t h  low l i m i t - c y c l e  f u e l  

consumption, and t h e s e  c h a r a c t e r i s t i c s  a r e  a l s o  p r e s e n t  i n  t h e  drag- 

f r e e  s a t e l l i t e  t r a n s l a t i o n  c o n t r o l  system. The b a s i c  c i r c u i t ,  which i s  
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shown i n  F ig .  5 ,  c o n s i s t s  of an i n t e g r a t o r  followed by a Schmidt t r i g g e r  

(which provides t h e  dead-zone and hys t e re s i s  c h a r a c t e r i s t i c s  shown i n  

F ig .  5 ) .  The output  of t h e  Schmidt t r i g g e r  is  f ed  back i n t o  t h e  

i n t e g r a t o r .  T h i s  c i r c u i t  p rovides  a t r a i n  of r e c t a n g u l a r  pu l se s  a t  i t s  

o u t p u t .  The pulse-width and pulse-frequency both vary  w i t h  i n p u t  i n  

such a way t h a t  t h e  average va lue  of t h e  output  is a l i n e a r  func t ion  

of  t h e  input  u n t i l  t h e  i n p u t  becomes l a r g e  enough t h a t  s a t u r a t i o n  occurs .  

Thus i t  se rves  i n  e f f e c t  a s  a modulator f o r  t he  c o n t r o l  jets.  

1. Analog-Computer Simulat ion Resu l t s  

Figure 6 shows photographs of the  two EA1 TR-48 ana log  computers 

which were used i n  Farquhar 's  s tudy .  They have the  s p e c i a l  f e a t u r e  t h a t  

one computer may be slowed t o  fo l low t h e  commands of t h e  second. T h i s  

was necessary  because t h e  number of a m p l i f i e r s  necessary  t o  s o l v e  t h e  

problem exceeds 48.  

Prel iminary runs  of t h e  analog s imula t ion  were used t o  determine 

nominal va lues  f o r  t h e  v a r i a b l e  parameters .  The c o n t r o l  parameters  w e r e  

v a r i e d ,  one a t  a t i m e ,  about  the  nominal c a s e  and t h e i r  e f f e c t  on t h e  

fuel-consumption r a t e  was recorded.  Four d i f f e r e n t  c a s e s  were observed 

f o r  every parameter v a r i a t i o n .  De ta i l ed  r e s u l t s  of  these s t u d i e s  a r e  

given i n  Ref. 10 .  

The analog s imula t ion  showed t h a t  t he  p u l s e w i d t h ,  pu lse-  

frequency con t ro l  s y s t e m  has  s u p e r i o r  no i se  r e j e c t i o n  c h a r a c t e r i s t i c s  

i n  comparison to  s t r i c t l y  on-off c o n t r o l .  I n  a d d i t i o n ,  t h e  P.W.P.F. 

s y s t e m  is more economical even wi thout  n o i s e  i n p u t s .  

S ince  only small  d i f f e r e n c e s  were noted  when the ra te -gyro  

swi tch  was open, t h i s  po r t ion  of t h e  c o n t r o l  could  be removed t o  

s i m p l i f y  t h e  s y s t e m .  However, t h i s  change i s  only  warran ted  when t h e  

angular  r a t e s  a re  s u f f i c i e n t l y  sma l l .  

The s imula t ion  has a l s o  shown t h a t  bo th  c o n t r o l  s y s t e m s  au to-  

m a t i c a l l y  commutate t he  je ts  f i x e d  on t h e  r o t a t i n g  v e h i c l e  so t h a t  t h e y  

f i r e  t o  oppose the  drag  f o r c e ,  except  t h a t  there i s  a smal l  c o n t r o l  

component perpendicular  t o  t h e  d rag  d i r e c t i o n  which s t a b i l i z e s  t h e  

c ross -ax is  motion. Furthermore,  t h e  c o n t r o l  systems accomplish t h i s  
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commutation without r e q u i r i n g  measurements of t h e  magnitude or d i r e c t i o n  

of t h e  d rag  fo rce .  

2.  Digital-Computer Simulat ion Resu l t s  

The r e s u l t s  of Will iam R.  Davis'  a n a l y s i s  of the  a r b i t r a r i l y  

tumbling d rag - f r ee  s a t e l l i t e  on t h e  B-5500 d i g i t a l  computer a r e  q u a l i -  

t a t i v e l y  s i m i l a r  t o  Fa rquha r ' s .  

There a r e ,  however, enough d i f f e r e n c e s  so t h a t  i t  w i l l  be 

necessary  t o  do some a d d i t i o n a l  a n a l y s i s  be fo re  a d i r e c t  comparison 

can be made. The JPL der ived - ra t e  c o n t r o l  system was much less s e n s i -  

t i v e  t o  n o i s e  and consumed less f u e l  than the bang-bang system, a l though 

i ts  convergence i n  the  l a r g e  or dead-beat response  was somewhat s lower.  

Davis has  shown conc lus ive ly ,  however, t h a t  i t  is  p o s s i b l e  t o  cause  an 

a r b i t r a r i l y  tumbling drag- f ree  s a t e l l i t e  t o  chase  the  proof mass even 

though the  c o n t r o l  system is  of the  h ighly  non l inea r  on-off t y p e ,  and 

even though t h e r e  i s  no i se  on t h e  r e l a t i v e - p o s i t i o n  measurements. 

Furthermore,  t h i s  t r a n s l a t i o n  c o n t r o l  can be  accomplished by measuring 

only  the  t h r e e  r e l a t i v e  p o s i t i o n s  x ,  y ,  and z ,  without  any knowledge 

of  t h e  v e h i c l e  a t t i t u d e .  There i s  one drawback, however, i n  t h e  

a r b i t r a r i l y  tumbling case: The body angu la r  r a t e s  w w and wz 

must be obtained from r a t e  gyros ,  s i n c e ,  f o r  an a r b i t r a r y  body, these 

r a t e s  a r e  r ap id ly  changing f u n c t i o n s  of t i m e  so t h a t  t h e  ga ins  cannot  

be commanded from the  ground, a s  t h e y  can i n  t h e  c a s e  of a s y m m e t r i c  

s a t e l l i t e  sp inning  about i t s  maximum-inertia a x i s .  As i n  t he  symmetric 

c a s e ,  i f  t h e  angular  ra tes  a r e  no t  e x c e s s i v e ,  then  t h e  angu la r - r a t e  

terms may be omitted i n  t he  mechanization w i t h  l i t t l e  or no degrada t ion  

i n  performance. 

x '  y '  

3. Basic  Theore t i ca l  S t u d i e s  

The s t u d i e s  by Farquhar and Davis of l i m i t  c y c l e  f u e l  consump- 

t i o n  i n  t he  presence of measurement n o i s e  by ana log  or d i g i t a l  s imu la t ion  

i s  b a s i c a l l y  a problem i n  the  f i e l d  of s t o c h a s t i c  d i f f e r e n t i a l  equa t ions .  

There a r e  a number of b a s i c  d i f f i c u l t i e s  of bo th  a p r a c t i c a l  and a 
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t h e o r e t i c a l  n a t u r e  a s s o c i a t e d  wi th  de te rmining  t h e  response of a non- 

l i n e a r  system t o  a random process .  A s  p a r t  of h i s  d o c t o r a l  r e sea rch  

Don McNeal has  i n v e s t i g a t e d  some of t h e s e  problems. 

There a r e  two b a s i c  approaches which can be used t o  determine 

the  s t a t i s t i c a l  p r o p e r t i e s  of t h e  ou tpu t  of a non l inea r  s y s t e m  whose 

input  i s  a r q  white"  random process .  (The inpu t  can be assumed t o  be 
1 s  whi tevg  s i n c e  any s t a t i o n a r y  random process  can be genera ted  by pass ing  

white"  n o i s e  through an appropr i a t e  l i n e a r  f i l t e r .  ?? Hence, i f  t h e  inpu t  
11 11 t o  t h e  non l inea r  s y s t e m  is not w h i t e ,  then t h e  corresponding l i n e a r  

sys t em can be augmented to  the non l inea r  s y s t e m  and t h e  inpu t  t o  t h e  

combined sys t em w i l l  be "white. 1 
t h e  non l inea r  equat ions  about a nominal t r a j e c t o r y .  The covar iance  

matr ix  of the output  i s  then t h e  s o l u t i o n  of a t ime-varying, d e t e r m i n i s t i c ,  

mat r ix  d i f f e r e n t i a l  equat ion  which can be e a s i l y  solved on a d i g i t a l  

computer. I f  t h e  i n p u t  process  is  Gaussian,  then the output  of t h e  

l i n e a r i z e d  sys t em i s  a l s o  Gaussian and is  completely s p e c i f i e d  by i ts  

covar iance  mat r ix .  I f  t h e  input  i s  n o t  Gaussian,  t h e  covar iance  mat r ix  

does no t  completely s p e c i f y  the  s t a t i s t i c a l  p r o p e r t i e s  of t h e  ou tpu t  but  

does g ive  an  e s t ima te  of t he  ou tpu t  d i s p e r s i o n .  T h i s  is gene ra l ly  

s u f f i c i e n t  f o r  engineer ing  purposes,  

11 The f i r s t  approach i s  t o  l i n e a r i z e  

The problem wi th  l i n e a r i z a t i o n  is  t h e  necessary  assumption t h a t  

t h e  d i f f e r e n c e  between t h e  d i s tu rbed  t r a j e c t o r y  and t h e  nominal t r a j e c t o r y  

is smal l .  I n  many problems, of cour se ,  t h i s  i s  no t  a v a l i d  assumption. 

I t  i s  then necessary t o  resort t o  d i r e c t  numerical  i n t e g r a t i o n  of t h e  

n o n l i n e a r ,  s tochast ic  differential equat ion .  This  i s  t h e  second techni -  

que mentioned previous ly .  

Numerical i n t e g r a t i o n  of s t o c h a s t i c  d i f f e r e n t i a l  equa t ions  

p re sen t s  c e r t a i n  d i f f i c u l t i e s  which do no t  appear i n  t he  i n t e g r a t i o n  

of d e t e r m i n i s t i c  d i f f e r e n t i a l  equa t ions .  For example, t h e  usua l  e r r o r  

ana lyses  made f o r  Adams or Runge-Kutta methods do n o t  apply t o  s t o c h a s t i c  

equa t ions  because of t h e  nonanalyt ic  n a t u r e  of t h e  inpu t  process .  I t  

has  a l s o  been shown by McNeal and Duncan t h a t  some of t h e  s tandard  

l i b r a r y  i n t e g r a t i o n  packages y i e l d  i n c o r r e c t  s t a t i s t i c a l  in format ion  

even when t h e  s t o c h a s t i c  equat ions a r e  l i n e a r .  While t h i s  r e s u l t  i s  
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no t  completely understood,  i t  i s  c e r t a i n l y  connected w i t h  the  problem 

of approximating a cont inuous random process  wi th  a sequence of random 

v a r i a b l e s ,  since t h i s  i s  what t he  computer must do.  Future  a n a l y t i c a l  

s t u d i e s  w i l l  h e  d i r e c t e d  toward t h e  s p e c i f i c a t i o n  of an i n t e g r a t i o n  

method which w i l l  i n t e g r a t e  s t o c h a s t i c  d i f f e r e n t i a l  equat ions  s a t i s -  

f a c t o r i l y .  

Alan Fleming has i n v e s t i g a t e d  the  asymptot ic  s t a b i l i t y  of t h e  

s t a t e - space  o r i g i n  f o r  s i m p l i f i e d  models of t h e  body-fixed, on-off 

c o n t r o l  of both t h e  t r a n s l a t i o n  and t h e  a t t i t u d e  f o r  an a x i a l l y  sym- 

m e t r i c a l  spinning drag- f ree  s a t e l l i t e .  Although i t  has  been shown pre-  

v ious ly  by analog-computer s imula t ions  t h a t  t h e  on-off c o n t r o l  l a w s  

used f o r  t hese  two s y s t e m s  can be expected t o  be a sympto t i ca l ly  s t a b l e ,  

u n t i l  r e c e n t l y  an a n a l y t i c a l  demonstrat ion of  t h i s  s t a b i l i t y  could not  

be produced. (See Refs .  11 and 12.) 

Fleming has been a b l e  t o  o b t a i n  Lyapunov f u n c t i o n s  f o r  t h e s e  

sys t ems  and has shown t h a t :  

1. Both the  two- and three-dimensional t r a n s l a t i o n a l  
con t ro l  s y s t e m s  a r e  a sympto t i ca l ly  s t a b l e  a t  t he  
o r i g i n  f o r  i n i t i a l  s t a t e  c o n d i t i o n s  w i t h i n  a 
c e r t a i n  s p h e r i c a l  r eg ion  of t h e  o r i g i n .  The s i z e  
of t h e  sphere  i s  d i r e c t l y  p ropor t iona l  t o  t h e  f o r c e  
magnitude of t h e  on-off t h r u s t e r s  and i n v e r s e l y  
propor t iona l  t o  t h e  r a t i o  of t h e  p o s i t i o n  and 
ve loc i ty  ga ins  (as  seen i n  an i n e r t i a l  frame) of  
the on-off c o n t r o l l e r  i n p u t .  

2 .  The a t t i t u d e  c o n t r o l  of an a x i a l l y  s y m m e t r i c  
spinning body causes  t h e  s t a t e - space  o r i g i n  t o  be 
asymptot ica l ly  s t a b l e  i n  t h e  l a r g e  f o r  a c l o s e d  
s e t  of  va lues  f o r  t h e  swi tch ing  s u r f a c e  o r i e n t a -  
t i ons  i n  s t a t e  space .  

I t  should be noted t h a t  t h e  Lyapunov f u n c t i o n s  mentioned above 

d e f i n e  only  s u f f i c i e n t  cond i t ions  f o r  s t a b i l i t y ,  and t h a t  t h e  t r u e  

s t a b i l i t y  condi t ions  a r e  less r e s t r i c t ive ,  

L t .  Col. Robert D o  Smith and P ro fes so r  h n g e  have developed a 

technique f o r  computing t h e  e f f e c t s  of t h e  f o r c e  e r r o r  (see Ref .  13) on 

t h e  drag- f ree  s a t e l l i t e  t r a j e c t o r y  f o r  o r b i t s  of  a r b i t r a r y  e c c e n t r i c i t y .  

Methods based on l i n e a r i z i n g  around c i r c u l a r  o r b i t s  s u f f e r  from the  
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d e f e c t  t h a t  t h e  neglec ted  nonl inear  terms give  r ise t o  long-term s e c u l a r  

components which can be s i g n i f i c a n t  over  t i m e  pe r iods  of t h e  o rde r  of 

one yea r .  The a n a l y s i s  of Lange and Smith is based on t h e  theory  of 

Floquet  and does n o t  s u f f e r  from t h i s  d e f e c t .  A paper on t h i s  r e s u l t  

[ R e f .  121 was presented  a t  the XVI  Congress of t h e  IAF and w i l l  be 

publ ished i n  t h e  proceedings of t h a t  meeting. William R .  Davis has 

extended t h e  work of Lange and Smith us ing  t h e  theory  of  symplect ic  

ma t r i ces .  Davis '  r e s u l t s  reduce t h e  l abor  of computing the  inve r se  of 

t h e  sys t em s t a t e - t r a n s i t i o n  matr ix .  This  i nve r se  is  requ i r ed  i n  the  

pe r tu rba t ion  c a l c u l a t i o n s .  This m a t e r i a l  is be ing  publ i shed  a s  an A I M  

t e c h n i c a l  no te  and w i l l  be included i n  Davis' d o c t o r a l  thesis.  

C .  RESEARCH ON AIR-CUSHION VEHICLE BEHAVIOR 

The work done t h e o r e t i c a l l y  and exper imenta l ly  on t h e  suppor t  

dynamics of t h e  air -cushion-vehicle  s imula to r ,  du r ing  preceding r e p o r t  

p e r i o d s ,  has been summarized i n  Ref. 4 ,  Sec. 11-A 2 ,  and is  descr ibed  

i n  d e t a i l  i n  a r e p o r t  on s imula tor  development which i s  under p repa ra t ion .  

During t h e  p re sen t  r epor t  pe r iod ,  f u r t h e r ,  more b a s i c  flow i n v e s t i -  

g a t i o n s  have been completed by Mr. Rehste iner ,  t o  provide a comprehensive 

undesstanding of such devices  f o r  use i n  the f u t u r e .  A s  i t  happens,  t h e  

s imula to r  v e h i c l e  i t s e l f  i s  not  w e l l  s u i t e d  f o r  such b a s i c  i n v e s t i g a t i o n s  

because of i t s  l ack  of  f l e x i b i l i t y ,  i ts  size and weight ,  and because i t  

was not  poss ib l e  t o  determine the  exac t  shape of i ts  bottom s u r f a c e  

without  a g r e a t  d e a l  of e f f o r t .  Therefore ,  a new s p e c i a l  f low-research 

v e h i c l e  has been designed and b u i l t .  I t  uses  a i2 iiich diamzter bsse 

p l a t e  ( a s  compared t o  28 inch diameter  f o r  t he  s imula to r  veh ic l e )  and 

i s  h ighly  v e r s a t i l e .  Three d i f f e r e n t  base p l a t e s  have been made t o  

s tudy the  e f f e c t  of axisymmetr ical ly  d i s t o r t e d  s u r f a c e s :  a f l a t ,  a 

concave, and a convex one .  The curved s u r f a c e s  a r e  s p h e r i c a l  w i t h  a 

r a d i u s  of cu rva tu re  of approximately 300 f t .  S t a t i c  tests performed 

so  f a r  w i t h  t h i s  new vehic le  have shown complete agreement between t h e  

measured da ta  and t h e  "compressible" theory .  I n  a d d i t i o n ,  wi th  t h e  

convex base p l a t e ,  dynamic i n s t a b i l i t y  has occurred  f o r  t h e  f i rs t  t i m e  

i n  the  form of s t r o n g  v e r t i c a l  v i b r a t i o n s  of t h e  whole v e h i c l e .  An 
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e x i s t i n g  theory g ives  q u a l i t a t i v e  , but  no good q u a n t i t a t i v e  agreement 

w i t h  t h e  observa t ions .  

I t  seems a l s o  t h a t  t h e r e  a r e  two b a s i c a l l y  d i f f e r e n t  s i t u a t i o n s  
7 1  which c o n t r i b u t e  t o  dynamic i n s t a b i l i t y " ;  (1 )  when t h e  th i ckness  of 

t he  suppor t ing  gas  f i l m  inc reases  from the  i n l e t  of t he  gas  t o  t h e  

exhaust  edge,  and (2)  whenever t h e  

bea r ing  i s  compressible .  Future  flow re sea rch  e f f o r t  w i l l  concen t r a t e  

mainly on these  s t a b i l i t y  problems. 

V I  l u b r i c a n t "  of t h e  h y d r o s t a t i c  

The s tudy of t h e  nonaxisymmetrically d i s t o r t e d  p l a t e  i s  mathemati- 

c a l l y  t ed ious  and does no t  seem t o  l ead  t o  very  i n t e r e s t i n g  r e s u l t s .  

I n  add i t ion  t o  t h e  r e sea rch  i n  suppor t  of t h e  a i r -cushion  v e h i c l e  

f o r  s imula t ing  t h e  t r a n s l a t i o n  c o n t r o l  s y s t e m  of a drag- f ree  s a t e l l i t e ,  

a s p h e r i c a l  gas bea r ing  has been des igned ,  I t  w i l l  be used a s  a 

s imula to r  f o r  the sp inning  v e h i c l e  c o n t r o l  system d i scussed  i n  P a r t  B .  

This  s p h e r i c a l  gas  bea r ing  w i l l  have i ts  a x i s  of symmetry  i n c l i n e d  by 

approximately 50' wi th  respect t o  t h e  v e r t i c a l .  Pr;evious gas bea r ing  

t a b l e s  have been designed f o r  nonspinning v e h i c l e s .  The new s p h e r i c a l  

a i r  bear ing  w i l l  have two viscous-flow regimes: one f o r  t h e  a x i a l  and 

a second f o r  the r a d i a l  component of t h e  suppor t  f o r c e .  

D.  EXPERIMENTAL SATELLITE COPJTRQL SYSTEM SIMULATION 

A drag- f ree  s a t e l l i t e  has been s imulated i n  the  l abora to ry  us ing  an 

air-cushion veh ic l e .  The f i r s t  a i r -cushion  v e h i c l e  was desc r ibed  i n  

Ref. 3 and i ts  development and improvements were desc r ibed  i n  R e f .  4 .  

The v e h i c l e  i s  supported on an a i r  f i l m  over  a g r a n i t e  t a b l e .  The 

g r a n i t e  t a b l e  i s  t i l t e d  t o  permit s imula t ion  of t h e  pe r tu rb ing  acce le ra -  

t i o n s  t o  t h e  drag and o t h e r  f o r c e s  i n  o r b i t  i n  t h e  two hor i zon ta l  

d i r e c t i o n s .  A feedback c o n t r o l  s y s t e m  on t h e  v e h i c l e  s enses  t h e  p o s i t i o n  

of t h e  v e h i c l e  with r e s p e c t  t o  a f i x e d  sphe re ,  r e p r e s e n t i n g  t h e  o r b i t i n g  

proof mass, and c o r r e c t s  t h e  v e h i c l e  p o s i t i o n  by a c t u a t i n g  pneumatic 

r e a c t i o n  je t s .  Thus, i n  two axes ,  t he  s i m u l a t o r  o p e r a t e s  i n  p r e c i s e l y  

the  same manner a s  t h e  drag- f ree  s a t e l l i t e .  I n  e a r l y  tests,  t h e  l i m i t a -  

t i o n s  were t h e  degree t o  which t h e  g r a n i t e  t a b l e  could  be l e v e l e d  and 

k e p t  c l e a n .  This l i m i t a t i o n  was removed w i t h  t h e  use of a n  au tomat ic  

b 
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t ab l e - l eve l ing  s y s t e m  and a c o n t r o l l e d  environment room. With t h e  l e v e l  

sensor  housed i n  an oven c o n t r o l l e d  t o  0.001 deg. F ,  short- term accurac i e s  

and r e s o l u t i o n  exceeding 0 .1  a r c  sec have been achieved,  and s t a b i l i t y  

f o r  per iods  of twelve hours i n  t h e  range of 0.2 t o  0.5 a r c  sec have been 

t y p i c a l .  

A s  i n  many high-precis ion development programs, improvements i n  one 

a r e a  b r i n g  to  l i g h t  l i m i t a t i o n s  i n  ano the r .  The l i m i t a t i o n s  i n  s imula to r  

performance accuracy a r e  now asymmetries and u n c e r t a i n t i e s  i n  t h e  l a t e r a l  

f o r c e  produced by the  support  f low. One of t h e  p r i n c i p a l  causes  of t h i s  

is  t h e  i r r e g u l a r i t i e s  i n  t h e  base p l a t e  of t h e  e x i s t i n g  a i r -cushion  

v e h i c l e - a  cond i t ion  which w i l l  be c o r r e c t e d  by  the  second-generation 

a i r -cushion  veh ic l e .  

Three months of  concentrated e f f o r t  were made t o  improve t h i s  s i t u a -  

t i o n  us ing  p r e c i s i o n  adjustment of  t h e  mass c e n t e r  and of t h e  c a p a c i t i v e  

pickoff  l o c a t i o n ,  bu t  u n c e r t a i n t i e s  equ iva len t  t o  approximately one a r c  

sec remain,  due t o  t h e s e  fo rces .  Some of t h e s e  f o r c e s  a r e  body f i x e d  

but  depend upon t h e  v e h i c l e  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  t a b l e ,  and 

hence a r i s e ,  appa ren t ly ,  from a combination of the  s u r f a c e  f i g u r e  of 

t he  t a b l e  and of t h e  base p l a t e .  D e t a i l s  of t h i s  work a r e  given i n  a 

r e p o r t  on t h e  air-cushion veh ic l e  which i s  under p repa ra t ion .  This  work 

is  a ided  by the  con t inu ing  fundamental r e s e a r c h  on t h e  n a t u r e  of t h e  

suppor t  f low,  a s  o u t l i n e d  i n  P a r t  C.  

A r a t e  gyro,  which was received l a s t  s p r i n g ,  was mounted on the  

e x i s t i n g  a i r -cushion  veh ic l e  when i t  became apparent  t h a t  the  equipment 

would be ae iayed  f o r  the secmi -gene ra t ion  v e h i c l e .  I t  has  been used t o  

v e r i f y  s u c c e s s f u l l y  t h e  a n a l y s i s  and analog-computer s t u d i e s  t h a t  have 

been completed f o r  a tumbling v e h i c l e .  The gyro ,  which was damaged 

dur ing  t h e  summer, has  been r epa i r ed  and w i l l  now be mounted on t h e  

second-generation air-cushion v e h i c l e .  

During t h e  s p r i n g  and e a r l y  summer, the  mechanization of s e v e r a l  

c o n t r o l  s y s t e m s  was completed f o r  use on t h e  s imula to r .  Tes t s  were 

run to  compare t h e  no i se  s e n s i t i v i t y  and gas-consumption economy of a 

bang-bang, r a t e - c i r c u i t - c o n t r o l l e d  s y s t e m ,  a s  compared wi th  a s y s t e m  

us ing  a r a t e  c i r c u i t  and a pulse-width pulse-frequency t h r u s t  modulator. 

- 19 - 
c 



The q u a l i t a t i v e  r e s u l t s  were immediately s t a r t l i n g .  The presence of 

n o i s e  i n  t h e  system makes t h e  bang-bang sys t em h ighly  i r r e g u l a r  when 

compared wi th  t h e  pulse-width pulse-frequency s y s t e m .  Both s y s t e m s  

opera ted  s a t i s f a c t o r i l y ,  bu t  t h e  q u a n t i t a t i v e  d i f f e r e n c e s  c l e a r l y  

favored t h e  pulse-width pulse-frequency mechanization. Q u a n t i t a t i v e  

r e s u l t s  f o r  t he  h igher  a l t i t u d e s ,  corresponding t o  those  w e  would choose 

for t h e  r e l a t i v i t y  experiment ,  w i l l  have t o  awai t  t h e  completion of t he  

second-generation a i r -cushion  v e h i c l e .  When these  tests a r e  performed, 

a der ived- ra te  sys t em w i l l  a l s o  be mechanized a s  a t h i r d  cand ida te  

s y s t e m .  

E ~ SEC02W-GE?iERATION AIR-CUSHION VEHICLF: 

A prel iminary des ign  of t h e  second-generation a i r -cushion  v e h i c l e  

was completed i n  t h e  f a l l  of 1964. To make t h e  s imula t ion  a s  r e a l i s t i c  

and meaningful a s  p o s s i b l e ,  i t  was decided t o  u s e  f l i g h t  hardware t o  

t h e  l a r g e s t  ex ten t  p o s s i b l e .  Because of t h e  h igh  c o s t  involved i n  

o b t a i n i n g  new f l i g h t  hardware,  i t  was decided t o  approach t h e  J e t  

Propuls ion Laboratory t o  see if s u r p l u s  pneumatic hardware might be 

a v a i l a b l e .  They w e r e  extremely e n t h u s i a s t i c  i n  wanting t o  suppor t  u s  

and by t h e  sp r ing  of 1965 they had ga thered  a v a r i e t y  of pneumatic 

hardware,  su rp lus  t o  t h e i r  needs ,  of t h e  type  r equ i r ed  for t h e  cs imula tor ,  

Due t o  admin i s t r a t ive  d i f f i c u l t i e s  i n  t r a n s f e r r i n g  such equipment,  a 

de l ay  was experienced and t h e  pneumatic p a r t s  d i d  no t  a r r i v e  u n t i l  l a t e  

November 1965. The s t a t u s  of t h e  second-generation a i r -cushion  v e h i c l e  

i s  t h e r e f o r e  unchanged s i n c e  t h e  l a s t  s t a t u s  r e p o r t .  

4 
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