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I .  INTRODUCTION 

Stanford Universi ty  is  engaged i n  a program to  perform the  Schiff  

Gyro T e s 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 ,  and t o  develop con t ro l  

technology assoc ia ted  wi th  doing so. 

ford  i n  1961 and is  descr ibed i n  d e t a i l  i n  a proposal f o r  support  [Ref. 11  
submitted t o  NASA i n  November, 1962, i n  Engineering S ta tus  Report Nos. 1 

t o  9 [Refs. 2 through l o ] ,  and i n  companion S t a t u s  Reports from the  

Physics Department. 

The program was conceived by Stan- 

On the b a s i s  of Ref. 1, a Grant -- NsG582 -- w a s  awarded t o  Stanford 

by NASA on 8 May 1964 wi th  a r e t r o a c t i v e  s t a r t i n g  da te  of 1 October 1963. 

The present  r epor t  desc r ibes  research  performed i n  the  Department of 

Aeronautics and Ast ronaut ics  dur ing  the  t e n t h  half-year of the  NASA grant  

period from May, 1968, through October,  1968, and d iscusses  present  s t a t u s  

of the  program. 

The cooperat ive engineer ing e f f o r t  wi th  the  Stanford Physics 

Department has continued t o  concent ra te  on the  engineer ing design aspec ts  

of the  gyro and te lescope readouts ,  and the  conceptual development of the  

e l e c t r o n i c s  instrumentat ion and a t t i t u d e  c o n t r o l  systems.  The te lescope 

s imulator  a t  Davidson's is  c u r r e n t l y  being modified t o  give improved l i g h t  

t ransmiss ion ,  fol lowing the  promising r e s u l t s  a l ready descr ibed i n  the 

Ninth Semi-Annual Report (Physics Por t ion) .  

The a t t i t u d e  c o n t r o l  s t u d i e s  have l ed  t o  an extremely i n t e r e s t i n g  a d  

promising new concept f o r  improving the  poin t ing  accuracy of the gyro- 

te lescope  s t r u c t u r e  by means of an inner  servo-loop dr iven  by a supercon- 

duc t ing  ac tua to r  w i th in  the cryogenic environment. Important progress 

has a l s o  been made i n  the  t h r u s t e r  mechanization f o r  the  a t t i t u d e  con t ro l  

j e t s ,  and a test chamber has been designed and constructed f o r  eva lua t ing  

valve performance i n  the  labora tory .  

W e  have f e l t  s t rong ly  from the beginning t h a t  t o  be successfu l  i n  an 

o r b i t a l  experiment a s  d i f f i c u l t  a s  the  Gyro T e s t  of General R e l a t i v i t y ,  it 



is  e s s e n t i a l  t h a t  w e  achieve engineer ing experience wi th  s impler  s a t e l l i t e  

s y s t e m s .  It  is important t o  do so i n  a way t h a t  w i l l  both con t r ibu te  

d i r e c t l y  t o  the  ob jec t ives  of the  General R e l a t i v i t y  experiment and a l s o ,  

i f  poss ib l e ,  produce s c i e n t i f i c  and technological  r e s u l t s  of importance 

i n  t h e i r  own r i g h t  while being r e l a t i v e l y  inexpensive. 

i na ry  s a t e l l i t e  experiments have the re fo re  been conceived and pursued 

s t rong ly  a t  Stanford Univers i ty ,  and a t  t h i s  t i m e  w e  be l ieve  important 

s t e p s  have been made toward accomplishing both: 

Two such prelim- 

One is  a piggy-back f l i g h t  of a cryogenic dewar, intended t o  
demonstrate f o r  t he  f i r s t  t i m e  t he  f e a s i b i l i t y  of maintaining 
supe r f lu id  helium i n  space.  It w i l l  p e r m i t  eva lua t ion  of the  
thermal des ign  i n  a zero-g environment and w i l l  a f fo rd  us 
cons iderable  experience i n  the  instrumentat ion of a payload. 
Severa l  of the  concepts u t i l i z e d  i n  the  space dewar, includ- 
ing  the  use of mul t ip le  hea t  exchanges and a high-conductivity 
supe r f lu id  p lug ,  have already been designed i n t o  the  helium 
dewar f o r  the  labora tory  experiment which is present ly  under 
cons t ruc t ion  by AGS, I n c . ,  Waltham, Massachusetts,  

* The o the r  prel iminary experiment is  designed t o  prove out  i n  
o r b i t  the  concept of a zero-g gyro environment, a s  proposed 
i n  Ref. 1, to  provide experience i n  a s a t e l l i t e  f l i g h t  pro- 
gram, and a t  the  same t i m e  t o  produce important s c i e n t i f i c  
da ta .  Two types of da t a  may be c o l l e c t e d  -- aeronomy and 
geodesy. The aeronomy da ta  w i l l  al low improvement i n  the  
dynamic modeling of the  e a r t h ' s  atmosphere. The geodesy da ta  
w i l l  al low determinat ion of the Love numbers which descr ibe  
the  response of the  e a r t h  t o  t i d a l  fo rces  and of the  higher 
zonal harmonics i n  a s p h e r i c a l  harmonic expansion of t he  
e a r t h ' s  f i e l d .  T h i s  experiment,  c a l l e d  a Drag-Free S a t e l l i t e ,  
has been c a r e f u l l y  analyzed and demonstrated i n  labora tory  
physical  s imulat ion.  The dynamics, c o n t r o l ,  and uses of t he  
Drag-Free S a t e l l i t e  and of unsupported gyroscopes, along 
wi th  a t r a j e c t o r y  e r r o r  a n a l y s i s ,  a r e  descr ibed i n  Refs. 11, 
12 and 13. 

Planning w i t h  t he  Marshall  Space F l i g h t  Center f o r  the  dewar f l i g h t  

is proceeding w e l l .  

Extensive design s tudy and s imula t ion  a t  Stanford f o r  both aeronomy 

and geodesy missions have l ed  t o  a sequence of f l i g h t  proposals.  A 

proposal [Ref. 141 t o  f l y  a Drag-Free S a t e l l i t e  i n  a new aeronomy mission 

and an addendum [Ref. 151 t o  the  f l i g h t  proposal were submitted t o  NASA, 

and two preliminary presenta t ions  w e r e  made before  the  Planetary Atmos- 

pheres Subcommittee of the NASA Space Science S tee r ing  Committee. The 

mission would have explo i ted  the  a b i l i t y  of t h e  Drag-Free S a t e l l i t e  
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i n  a unique way t o  ob ta in  atmospheric dens i ty  da t a  extensive i n  space and 

t i m e  i n  a crucial a l t i t u d e  regime. The subcommittee judged t h e  mission 
to  be w e l l  conceived and t h e  engineer ing t o  be I 1  unusually sound" but  was 

r e l u c t a n t  to  recommend funding i t  a t  t he  expense of a l l  o t h e r  aeronomy 

experiments f o r  s e v e r a l  years .  The proposal was decl ined.  

Subsequently, the  c a p a b i l i t y  of the  Drag-Free S a t e l l i t e  t o  perform a 

geodesy mission was descr ibed  by Stanford i n  a presenta t ion  t o  NASA's 

Jerome Rosenberg and h i s  s t a f f  from Geonautics, Inc . ,  on 20 Ju ly  1967, 

and l a t e r  a r e p o r t  [Ref. 161 was prepared g iv ing  more d e t a i l e d  information. 

I n  November a proposal [Ref. 171 was j o i n t l y  submitted by Stanford and 

Professor  Kaula,of the  I n s t i t u t e  of Geophysics and Planetary Physics of 

UCLA, t o  eva lua te  more p rec i se ly  t h e  optimum choice of o r b i t  for a geodesy 

mission and t o  prepare a preliminary design and s p e c i f i c a t i o n  f o r  t he  

Drag-Free S a t e l l i t e  t o  perform it .  This s tudy is proceeding, funded 

through NASA's E lec t ron ic s  Research Center. 

On s e v e r a l  occasions beginning i n  1962 w e  discussed applying the  

drag-free p r i n c i p l e  t o  the  Navigational S a t e l l i t e  developed a t  the  Johns 

Hopkins Applied Physics Laboratory (APL). U n t i l  recent ly ,  the s a t e l l i t e  

ephemeris p red ic t ion  had been l imi ted  by u n c e r t a i n t i e s  i n  knowledge of the  

e a r t h ' s  g r a v i t a t i o n a l  f i e l d ,  Recent improvements i n  d a t a  handling tech- 

niques have now so improved the g r a v i t a t i o n a l  model t h a t  unce r t a in t i e s  i n  

su r face  fo rces  ( p r i n c i p a l l y  r a d i a t i o n  pressure and atmospheric drag) are 

the  l i m i t i n g  f a c t o r s .  Although always i n t e r e s t e d ,  t h i s  win ter  APL decided 

the  drag-free p r i n c i p l e  was the  next  appropr ia te  s t e p  i n  the  development 

o f  the  Navigational S a t e l l i t e  System. Because of our work i n  t h i s  a rea  

w e  were i n v i t e d  t o  propose a d is turbance  compensation system (DISCOS) 

which could be added t o  t h e  e x i s t i n g  s a t e l l i t e .  The concept and p re l im-  

i na ry  d e t a i l s  were worked ou t  coopera t ive ly  wi th  APL and submitted i n  May, 

1968 [Ref. 181. 

t h a t  w e  w i l l  be preparing hardware f o r . f l i g h t  i n  1970. This experience 

w i l l  be inva luable  t o  us i n  our  prepara t ion  f o r  the  General R e l a t i v i t y  

experiment. The f l i g h t s  w i l l  a l s o  

W e  understand t h a t  our proposal has been approved and 

(1) Provide f l i g h t  demonstrations of t h e  drag-free con t ro l  
concept ,  
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(2) Produce a d d i t i o n a l  valuable  da ta  on the  e a r t h ' s  g rav i ty  
f i e l d ,  and 

(3) Contr ibute  a s t e p  toward much broader u s a b i l i t y  of 
navigat ion s a t e l l i t e s ,  p a r t i c u l a r l y  toward t h e i r  use  f o r  
c i v i l  purposes. 

Since its incept ion ,  t h i s  p ro j ec t  has been p r inc ipa l ly  funded by 

NASA under Research Grant NsG-582 wi th  supplemental support  from the  

U. S. A i r  Force under our i n i t i a l  con t r ac t  AF33(615)-1411 and present ly  

under c o n t r a c t  F33615-674-1245, This S t a t u s  Report descr ibes  the work 

performed under the  combined funding. 
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11. SUMMARY OF PROGRESS DURING REPORT PERIOD 

A .  INSTRUMENTATION OF THE RELATIVITY SATELLITE 

The a n a l y s i s  of the  problems assoc ia ted  wi th  da t a  processing and 

instrumentat ion by Mr. Van Pat ten  and D r .  E v e r i t t  has continued. The work 

i n  the  f i r s t  p a r t  of the  l a s t  six-month per iod has yielded an important 

new concept which has added considerably t o  our  confidence a s  t o  the  

s u i t a b i l i t y  of t he  instrumentat ion system descr ibed i n  the  F i f t h  and 

Eighth Semi-Annual S ta tus  Reports (Physics Por t ion) .  The concept is t h a t  

of an inne r  po in t ing  loop f o r  t he  gyro-telescope assembly, It has been 

descr ibed i n  d e t a i l  i n  the  Ninth Semi-Annual S t a t u s  Report (Physics 

Por t ion ) ,  May, 1968. 

i nc reas ing  the  te lescope  poin t ing  accuracy t o  such l e v e l s  (< 0.1 a r c  sec) 

t h a t  e r r o r s  due t o  te lescope  non l inea r i ty  should be reduced t o  the  des i red  

l e v e l  of .001 a r c  sec. Without the  inner  po in t ing  loop i t  had been 

necessary t o  cons ider  var ious  more complex a l t e r n a t i v e s  a s  l i s t e d  i n  the  

r e fe rence ,  besides  in t roducing  accuracy problems such a s  l a r g e r  no ise  

equiva len t  angle  and zero  o f f s e t  i n  t he  case  of a te lescope with a 

defocused image. The in t roduc t ion  of t he  inner  servo allows us  t o  use a 

te lescope  wi th  f u l l  accuracy by opera t ing  a t  or near  the  d i f f r a c t i o n  

l i m i t  . 

The inner  po in t ing  loop provides a means of 

Analysis  of t he  inner  po in t ing  loop and i n t e r r e l a t i o n  wi th  a t t i t u d e  

c o n t r o l  w i l l  be s t a r t e d  dur ing  the  next  r epor t ing  period. 

B. DEVELOPMENT OF A LOW-NOISE GYRO READOUT AMPLIFIER FOR THE RELATIVITY 

EXPERIMENT 

A working model of a low-noise preamplif ier  has been designed and 

breadboarded by David de P i e t r o .  This preampl i f ie r  coupled wi th  a post- 

ampl i f i e r  comprises the  f r o n t  end of t he  gyro readout e l e c t r o n i c s .  

The low-noise preampl i f ie r ,  having a gain of 60 db a t  100 KHZ, 

c o n s i s t s  of t h ree  direct-coupled nondegenerative s t ages  followed by a 
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double-ended d i f f e r e n t i a l  ampl i f i e r  stage wi th  heavy degeneration. 

t o t a l  power d i s s i p a t e d  by t h e  complete preampl i f ie r  c i r c u i t  is 1.5 mw. 
The 

The c i r c u i t  has been d e l i b e r a t e l y  designed wi th  extremely low hea t  

d i s s i p a t i o n  so t h a t  i t  can be placed wi th in  the  cryogenic environment, 

surrounded by a superconducting magnetic s h i e l d  t o  eliminate pickup. The 

c i r c u i t  i t s e l f  w i l l  opera te  a t  about -70' C. A s p e c i a l  inside-out dewar 

box t o  conta in  the  c i r c u i t  is being designed by P. Worden of t he  Physics 

Department. To o b t a i n  maximum poss ib le  readout accuracy the  noise f i g u r e  

of t he  ampl i f i e r  must a l s o  be minimized. This is accomplished by c a r e f u l  

front-end des ign ,  inc luding  use of a low-noise f i e l d - e f f e c t  t r a n s i s t o r ,  

and a novel b i a s  arrangement which allows r e j e c t i o n  of noise  power i n t r o -  

duced by b i a s  resistors. Calcula t ions  show t h a t  0.5 db noise  f i g u r e  is 

a t t a i n a b l e  wi th  t h i s  des ign ,  although so f a r  7 db has been measured. The 

lower noise  f i g u r e  i s  poss ib le  wi th  a properly designed input  t ransformer.  

The preampl i f ie r  output  s i g n a l  is  d i f f e r e n t i a l ,  which provides common 

mode r e j e c t i o n  of no ise  pickup along the  cab le  from the  preampl i f ie r  t o  

the  pos tampl i f ie r .  

C. ATTITUDE CONTROL OF THE RELATIVITY EXPERIMENT 

1. Control  Concepts 

I n  add i t ion  t o  being c e n t r a l  t o  the  success  of t he  R e l a t i v i t y  

experiment,  t h i s  a t t i t u d e  c o n t r o l  problem is i n t r i g u i n g  and chal lenging 

because i t  r e q u i r e s  p rec i se ly  poin t ing  one body by pushing on another body 

which is only loose ly  coupled t o  the  f i r s t .  

The s t u d i e s  repor ted  i n  Ref. 20 and suggest ions of D r .  Chandler 

have l ed  us t o  a t e n t a t i v e  control conf igura t ion  wherein the  inne r  body 

of t he  system, Fig.  1, conta in ing  the  te lescope  and gyros,  is held wi th in  

0.1 a r c  sec of t he  s t a r  by f a s t  cryogenic a c t u a t o r s  pushing aga ins t  the  

middle body. 

w i r e .  The control  of the  outer  body, using t h e  helium-gas t h r u s t e r s ,  w i l l  

be of a s lower,  follow-up na ture .  Analysis and control-system syn thes i s  

of t h i s  sys tem has  been s t a r t e d  t o  assure  t h a t  i t  can provide s u f f i c i e n t l y  

t i g h t  c o n t r o l  w i th  acceptably low weight ,  power and (espec ia l ly)  complexity. 

The middle and ou te r  bodies a r e  connected by l i g h t  tens ion  
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2 .  H e l i u m  Thrus te r  Design 

a .  Basic Concept. The package f o r  the  R e l a t i v i t y  experiment w i l l  

be kept  a t  cryogenic temperatures by ca r ry ing  the  whole package i n  a dewar 

f i l l e d  wi th  l i q u i d  helium. Heat leak ing  through t h e  super insu la t ion  of 

the  dewar causes  the  helium to  b o i l  o f f  a t  a r a t e  of approximately 1 .2  

mg/sec. 

system t o  c o n t r o l  the  a t t i t u d e  and t r a n s l a t i o n  of t he  s a t e l l i t e .  This has 

been shown i n  Ref. 10, pp. 24-25. 

The helium gas thus  produced can be used i n  a co ld  gas t h r u s t e r  

b .  Coanda Valve. A bas i c  requirement f o r  the  con t ro l  system i s  

t h a t  it has t o  work f o r  a period of a t  l e a s t  one year  without any f a i l u r e  

whatsoever. This has led  to  a search for methods of modulating the  helium 

gas flow t o  t h e  ind iv idua l  t h r u s t e r s  t h a t  do not  involve mechanically 

moving p a r t s .  S ix  methods have been discussed i n  Ref. 10, pp. 27-28. Of 

t h e s e ,  a valve u t i l i z i n g  the  Coanda Ef fec t  (attachment of f l u i d  j e t  t o  

ad jacent  curved wa l l )  has been chosen f o r  d e t a i l e d  s t u d i e s .  It i s  

descr ibed i n  Ref. 10, pp. 28-31. An experimental  program has been 

i n i t i a t e d ,  s ince  l i t t l e  is known about t he  e f f e c t  under the condi t ions  

p reva i l i ng  i n  the  R e l a t i v i t y  s a t e l l i t e  (small  Reynolds Number, supersonic  

j e t ) ,  and s ince  t h e o r e t i c a l  i nves t iga t ion  of t h e  problem i s  p roh ib i t i ve ly  

d i f f i c u l t .  During the  r e p o r t  per iod ,  a test  chamber or var i ab le  dens i ty  

wind tunnel"  has been b u i l t  f o r  t h i s  purpose, and preliminary measurements 

have been performed. 

? t  

c .  T e s t  Chamber. The tes t  chamber is a c y l i n d r i c a l  chamber (14" 

diameter by 4" high i n t e r n a l l y )  i n  which the  pressure  can be var ied  

between 760 mm Hg and about 30 microns -- ul t imate  vacuum wi th  no gas input  

(see Fig. 2 ).  It is connected t o  the  same Stokes 50 cfm single-s tage 

vacuum pump t h a t  is  used f o r  t he  Experimental Program i n  Thrust D e t e r m i -  

na t ion  [Ref. 8 ,  pp. 5-19]. T e s t  nozzles  and o t h e r  test  geometries a r e  

arranged in a gap 1/4" high t h a t  l i es  immediately below a l a rge  p l ex ig l a s s  

window. The test geometry can be set up ou t s ide  the  test chamber on a 

mounting p l a t e  which is  then bol ted  to  a support ing s t r u c t u r e  in s ide  the  

chamber. The flow f i e l d  generated by the  test nozzles  is inves t iga ted  

wi th  probes ( p i t o t  probe, temperature probe) t h a t  a r e  mounted on a 

r o t a t i n g  arm. The s h a f t  on which the  arm is  mounted goes through the  
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chamber wa l l  t o  permit angular  pos i t ion ing  of t he  probes. 

of t he  arm ( i . e , ,  t h e  r a d i a l  pos i t i on  of the  probes) can be ad jus ted  from 

ou t s ide  by a mechanical throughfeed. Th i s  method of moving the probes i n  

polar  r a t h e r  than r ec t angu la r  

flow f i e l d  i s s u i n g  from a Coanda Nozzle is e s s e n t i a l l y  r a d i a l  r a t h e r  than 

p a r a l l e l .  

A l s o ,  the length  

ti coordinates"  has  been chosen because the 

Instrumentat ion so f a r  includes two 'hatheson" rotameter f lowmeters, 

and o i l  and mercury manometers t o  compare the pressure  a t  var ious  po in t s  

i n  the  path of t he  gas flow w i t h  the chamber pressure.  The l a t t e r  is a l s o  

measured wi th  an absolu te  mercury manometer t o  f O . l  mm Hg. A thermocouple 

gauge i s  used t o  check leak t i gh tness  of the  chamber. F i g . 3  shows the  

instrumentat ion diagram. 

d .  T e s t  Resul t s .  So f a r ,  three types of tests have been 

performed : 

1) General sys tem check-out 

2) 

3) Coanda Ef fec t  i n  a s teady s t a t e .  

Symmetrical plane helium gas je ts  a t  l o w  Reynolds 
numbers and d i f f e r e n t  Mach numbers 

1) System Check-Out. Here a r e  to  be mentioned the 

c a l i b r a t i o n  of the flowmeters,  of the o i l  manometers, and of the p i t o t  

probe. 

P i t o t  tubes give pressure readings t h a t  d i f f e r  from the t r u e  

s t agna t ion  pressure a t  probe Reynolds Numbers below 40 due t o  viscous 

e f f e c t s .  The error depends on probe shape, Reynolds Number, Mach Number, 

and, a t  p ressures  below 1 mm Hg, a l s o  on probe temperature. A rough 

idea of t h e  e f f e c t  has been obtained by i n v e s t i g a t i n g  symmetrical jets 
w i t h  Reynolds Numbers between 170 and 27 w i t h  d i f f e r e n t  p i t o t  probe heads. 

F i r s t ,  s e v e r a l  hypodermic needles  were tried. They r e s u l t e d ,  however, i n  

a p roh ib i t i ve ly  s l o w  manometer response. Next, con ica l  probe heads w i t h  

15O cone ha l f  angle  and wi th  .015", .O2Oi1 and .030" bore diameters were 

t r ied.  No d i f f e rence  i n  pressure reading could be detected among them. 

However, l a rge  d i f f e r e n c e s  i n  response (the response t i m e  cons tan t  v a r i e s  

w i t h  the minus f o u r t h  power of t he  bore diameter) and i n  r e so lu t ion  of 
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t he  flow f i e l d  were observed. 

head compatible wi th  the  size of the  gas je ts  was used subsequently. 

To speed up measurements, the  l a r g e s t  s i z e  

2) Symmetrical Plane Helium Jets. Measurements were 

performed on je ts  i s s u i n g  from a s lot- type nozzle t h a t  was formed between 

two p lex ig l a s s  blocks [see Fig. 4a]. The s l o t  dimensions were 1/4" high by 

3/8" long while  t w o  wid ths ,  .021" and .040", were used. 

r e s u l t s  were obtained: 

The following 

The d ischarge  c h a r a c t e r i s t i c s  of t he  nozzle depend very 
?? s t rong ly  on t h e  reduced Reynolds Number" 

where 

5 = l o c a l  gas dens i ty  

v = average gas v e l o c i t y  i n  s l o t  

IJ- = v i s c o s i t y  a t  supply condi t ions  

d = s l o t  width 

4, = s l o t  l ength  

H = s l o t  height  

- 

= gas mass flow r a t e ;   xi^ = CGHd . 
This is evident  from Fig.  5 which shows the  r a t i o  of 
measured dynamic head a t  the  nozzle e x i t  t o  the  t o t a l  
a v a i l a b l e  pressure  drop across  the  nozzle p lo t t ed  aga ins t  
t he  reduced Reynolds Number. 

The peak dynamic pressure along the  a x i s  of subsonic jets 
is r e l a t e d  to  t h e  d i s t ance  x from the  nozzle ex i t  by 
the  law 

where 

x = c  d R e ;  o J e  

cJ = 0.04 i n  the present  measurements 

de 

Re = i/(Hp> 

= nozzle e x i t  width 

Jet Reynolds Number 
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J '  
This  formula,  except  for  the  empir ica l  c o e f f i c i e n t  c 
can be deduced from the  theory of laminar je ts  i n  Ref. 3, 
p. 168. It p r e d i c t s  t h a t  a t  a j e t  Reynolds Number of 10, 
which i s  about t he  value t o  be encountered i n  the  Rela- 
t i v i t y  experiment, j e t  momentum decays t o  one ha l f  of i t s  
value a t  t he  nozzle e x i t  a t  a d i s t ance  of only 0.74 
nozzle widths downstream of the  nozzle e x i t .  This con- 
f i rms  the  s ta tement  made i n  Ref. 10 ,  p. 2 8 ,  t h a t  control 
methods based on j e t  momentum ( the  Coanda Valve belongs 
to  t h i s  c l a s s )  a r e  n o t  s u i t a b l e  f o r  t he  R e l a t i v i t y  
experiment. 

Supersonic,  underexpanded jets wi th  Reynolds Numbers 
above 100 e x h i b i t  t he  f a m i l i a r  expansion diamonds which 
a r e  w e l l  known from high Reynolds Number flow. The 
wavelength of t h e  expansion p a t t e r n  allows es t imat ing  
the  nozzle e x i t  Mach Number according t o  the  formula 

h/de = 2 m Me 

where 

h = wavelength of expansion p a t t e r n  

e 

e 

d = nozzle e x i t  width 

M = nozzle e x i t  Mach Number. 

3) Coanda E f f e c t .  Preliminary tests on the  Coanda Ef fec t  

and its dependence on wa l l  temperature were conducted wi th  a nozzle a s  

shown i n  Fig.  4b. So f a r  the  curved wal l  r ad ius  r was 5/32" i n  a l l  

c a ses ,  

hea t e r  t o  hea t  the  curved wa l l .  E l e c t r i c a l  conduct iv i ty  measurements 

i nd ica t ed  the  aluminum laye r  t o  be about 200 % t h i ck .  

p a r t s  of t h e  hea t ing  s t r i p  t h a t  a r e  not  exposed t o  t h e  gas flow was 

prevented by vacuum depos i t i ng  another 500 A of aluminum on those p a r t s ,  

thus l o c a l l y  decreas ing  t h e  r e s i s t ance  and the  power d i s s i p a t i o n .  The 

fol lowing r e s u l t s  were obtained: 

A s t r i p  of ,001" gauge aluminized Mylar was used a s  a r e s i s t i v e  

Overheating t h e  

0 

In s p i t e  of t he  n e g l i g i b l e  thermal i n e r t i a  of the 
r e s i s t i v e  aluminum laye r  and i n  s p i t e  of t h e  excellent.  
i n s u l a t i o n  p rope r t i e s  of p l ex ig l a s s  and Mylar, t he  t i m e  
needed t o  reach thermal equi l ibr ium is  of the  order  of 
f i v e  minutes 

While subsonic and s l i g h t l y  supersonic  je ts  a r e  
de f l ec t ed  toward the curved w a l l  ( c l a s s i c a l  Coanda 
E f f e c t ) ,  the d e f l e c t i o n  angle decreases  a s  t h e  pressure 
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i n  the  chamber ou t s ide  the  nozzle is  lowered. In  the 
tests, t h e  j e t  d e f l e c t i o n  angle  0 [see Ref. 10,  Fig.  
15, p. 291 could be va r i ed  between +30° (toward curved 
wa l l )  and -4' (away from wa l l )  by changing the  down- 
stream pres su re  while t he  supply pressure was kept ' 

cons tan t  . 
The change i n  d e f l e c t i o n  angle due t o  wa l l  hea t ing  seems 
t o  be independent of t he  o r i g i n a l  d e f l e c t i o n .  A t  a j e t  

per Watt of hea t ing  power was measured, 

Reynolds number of 52 ,  a t? gain" of about 2 a r c  degrees 

e .  Conclusions. 

1) The Coanda E f f e c t  or any technique to  modulate the  gas 

flow which is based on j e t  momentum is not f e a s i b l e  i n  the  R e l a t i v i t y  

experiment. 

proposed. The r e s i s t a n c e  of c a p i l l a r y  tubes depends s t rongly  on temper- 

a t u r e ,  t he  dependence inc reas ing  wi th  decreasing Reynolds number. T h i s  

phenomenon can be used t o  make a temperature-controlled,  no-moving-part 

valve t h a t  is p a r t i c u l a r l y  s u i t a b l e  f o r  low Reynolds number flow. 

An a l t e r n a t e  method u t i l i z i n g  c a p i l l a r y  restrictors has been 

2 )  The Coanda Ef fec t  could be observed, even i n  a broader 

sense than expected ( j e t  d e f l e c t i o n  toward and away from curved w a l l ) .  

The change of je t  d e f l e c t i o n  angle w i t h  wal l  temperature o r ,  r a t h e r ,  wi th  

wa l l  hea t ing  power, seems t o  be remarkably independent of pressure 

f l u c t u a t i o n s .  This i s  a very favorable  poin t  i n  app l i ca t ions  i n  an 

e l e c t r i c - t o - f l u i d i c  t ransducer .  

3) The terminal  design needs d r a s t i c  improvement t o  make a 

Coanda valve f e a s i b l e .  

D. FIXED-BASE SIMULATION OF THE FBLATIVITY EXPERIMENT 

W e  cons ider  i t  of v i t a l  importance t o  undertake exhaust ive labora tory  

s imula t ion  of t he  experiment i n  the  presence of vehic le  dynamics, i n  order  

t o  eva lua te  the  design of the  a t t i t u d e  c o n t r o l  and inner  po in t ing  loop, 

and t o  explore  the  e f f e c t s  of r e s i d u a l  a t t i t u d e  motions on the  performance 

of t he  readout  systems. The completion of the  designs of hardware f o r  the  

f i r s t  l abora tory  model now makes it important to  address  the  e n t i r e  simu- 

l a t i o n  problem a s  soon a s  possible .  

- 15 - 
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The arrangement f o r  fixed-base s imulat ion is shown i n  Fig.  6. The 

inne r  p a r t  of t h e  f l i g h t  experiment (Fig. 1) is  represented by a tele- 

scope and one gyro suspended e l e c t r o s t a t i c a l l y  t o  one g. 

w i l l  be suspended i n  a l i q u i d  helium dewar, and w i l l  be r o t a t a b l e ,  r e l a -  

t i v e  t o  the  dewar, by means of cyrogenic a c t u a t o r s ,  j u s t  a s  i n  the  f l i g h t  

vehic le .  

This  i nne r  pa r t  

The telescope can look through the  labora tory  roof a t  Po la r i s .  

The dewar i tself  w i l l  no t  be movable (as  i n  f l i g h t )  but  w i l l  be f ixed  

r i g i d l y  t o  t h e  s i d e r e a l  d r ive .  

simulated e l e c t r i c a l l y  i n  a computer. 

be used i n  the  s imulat ion.  They w i l l  use boi l -off  gas from the dewar, and 

w i l l  opera te  i n  a vacuum chamber, t h e i r  t h r u s t  being reported t o  the  com- 

puter  t h a t  is s imula t ing  veh ic l e  dynamics 

The dynamics of dewar motion w i l l  be 

Actual helium-gas t h r u s t e r s  w i l l  

De ta i led  design of the  s imulat ion i s  proceeding i n  p a r a l l e l  wi th  the  

c o n t r o l  sys tem s t u d i e s  descr ibed above (Section C ) .  

E .  DRAG-FREE SATELLITE CONTROL SYSTEM SIMULATION 

I n  performing f u e l  consumption and con t ro l  e f f ec t iveness  tests on the 

r o t a t i n g  Drag-Free S a t e l l i t e  s imulator  [Refs. 9 and l o ] ,  a c e r t a i n  phe- 

nomenon which w e  c a l l  t rapping" has been encountered. The phenomenon 

was i d e n t i f i e d  wi th  the  a i d  of s t a t e  es t imat ion  techniques implemented on 

our  TR-20 analog computer ad jacent  to  the  s a t e l l i t e  s imulator .  

?f 

The e x i s t i n g  c o n t r o l  mechanization f o r  the  s imulator  c o n s i s t s  of 

pulse-width pulse-frequency modulators wi th  deadbands and lead compensa- 

t i o n  i n  each a x i s  and the  r o t a t i o n a l  cross-coupling terms. The deadbands 

along each body-fixed a x i s  c r e a t e  a square deadspace i n  a plane. I n  

Fig.  7 ,  l i n e s  of c o n t r o l  d i r e c t i o n  a r e  sketched i n  the  f i r s t  quadrant 

around the  deadspace. Note t h a t  i n  the  v i c i n i t y  of t he  deadspace corner ,  

the fo rce  is i n  t h e  wrong d i r e c t i o n  except on the  45' l i n e  (it should 

poin t  toward the  o r i g i n ) .  This f a c t ,  coupled wi th  small  e r r o r s  i n  dead- 

space squareness ,  cross-coupling terms, or mass-center alignment,  gives  

rise t o  cont ro l - force  d i r e c t i o n s  s u f f i c i e n t l y  erroneous t o  cause the  proof 

mass t o  become trapped near  a deadspace corner .  Because the  s a t e l l i t e  is 

spinning,  the  mass c e n t e r  (o r ig in  i n  Fig. 7 )  is  descr ib ing  circles i n  

- 17 - 
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FIG. 7. PLANAR DEADSPACE 

i n e r t i a l  space.  T h i s  s t a t e  i s  s t a b l e  and the  con t ro l  force  cont inues w i t h  

j u s t  the  r i g h t  d i r e c t i o n  and magnitude t o  balance the  c e n t r i f u g a l  force  of 

the  mass c e n t e r ' s  c i r c u l a r  motion, thus wasting propel lan t .  

l a t i o n ,  s m a l l  e r r o r s  (20 percent)  i n  mechanizing the  deadspace were 

s u f f i c i e n t  t o  cause the  veh ic l e  t o  become trapped c o n s i s t e n t l y  even wi th  

pe r fec t  alignment of the  c e n t e r  of mass (c.m.1 and the  sensor  n u l l .  T h i s  

information was provided by t h e  TR-20 which yielded es t imates  of the c . m .  

accura te  to  wi th in  .001". (See Sect ion F below.) 

In  the  simu- 

Inves t iga t ion  of the  system coupled wi th  the  TR-20 es t imator  is 

cont inuing  t o  v e r i f y  our ana lys i s  of t he  phenomenon. This information 

w i l l  now be used t o  develop a s u i t a b l e  replacement design. 

F. DRAG-FREE CONTROL SYSTEM ANALYSIS: STATE ESTIMATION TECHNIQUES 

If a dynamical sys t em is thought t o  obey the  set of sys t em equat ions 



where 
n x = s t a t e  vec to r ,  

‘ 1  9 cons tan t  mat r ices ,  G 

u = known con t ro l  v e c t o r ,  
n 

r t  ?? an e s t ima to r”  or observer t t  f o r  t h i s  system i s  

A x = FS + GU + K(y - I%?) 
where 

A x = est imated s t a t e  vec tor  

K = cons tan t  es t imator  ga in  matrix 

y = measurement vec tor  

H = cons tan t  matrix.  

Recent re ferences  covering the  theory of these  s t a t e  es t imat ion  techniques 

a r e  R e f s .  21 and 22. 

The normalized t r a n s l a t i o n a l  equat ions of planar  motion of a r o t a t i n g  

body i n  body coord ina tes  may be wr i t t en  
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where 

XYY = pos i t i on  of mass cen te r  w i t h  r e spec t  t o  i n e r t i a l  space,  

v ,v  = t i m e  r a t e  of change of p o s i t i o n ,  
X Y  
c c  = c o n t r o l  acce le ra t ions ,  f x  Tfy 

f x  Pfy 

W = sp in  r a t e ,  

= dis turbance  acce le ra t ions ,  

= c e n t e r  of mass displacement. 

d d  
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I f  w e  assume 

d 2  (1) dis turbances  and c . m .  displacement neg l ig ib l e  ( fx  - w x = 0, 
e 

etc.) 

(2) x , y  a r e  measured d i r e c t l y ,  

then one of the  most simple examples of an es t imator  is: 

X 

Y 
d I f  f 

i n  the 

0 

~ 2 

0 

0 

0 

2 
W 

1 

0 

0 

-2w 

+ 

K12 

K22 

'3 2 

K4 2 

and c . m .  displacement a r e  not n e g l i g i b l e ,  e r r o r s  w i l l  be present  

es t imate  of the s t a t e s  (x and v ) .  I f  these errors a r e  n o t  

acceptable  o r  i f  w e  desire knowledge of the unknown q u a n t i t i e s ,  then the  

s t a t e  vec tor  is augmented wi th  these  e r r o r s  a s  cons tan ts  to  be est imated.  

The es t imator  equat ions then become: 

0 0  1 0 0  0 

0 0  0 1 0 0  
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f o r  n e g l i g i b l e  d is turbance  fo rces  but  wi th  c . m .  being est imated.  

sys tem was mechanized on the TR-20 a s  described i n  Sec t ion  E. 

T h i s  

G .  EXPERIMENTAL INVESTIGATION OF THRUST IMPULSE 

The e f f o r t  dur ing  t h i s  period involved completion of design and 

f a b r i c a t i o n  of the valve and completion of the pressure measurement 

instrumentat ion t o  be employed i n  the i n i t i a l  tests. 
body and p a r t  of the valve poppet a r e  shown i n  Fig. 8. 

measurements a r e  to  be made i n  the chamber upstream of the nozzle -- one 

Pa r t  of the  valve 

Two pressure 
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F I G .  8 .  VALVE CONFIGURATION FOR INVESTIGATING PRESSURE TECHNIQUES 
FOR FORCE MEASUREMENT 
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F I G ,  9 .  TEMPERATURE HISTORY DURING BUILDUP 
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w i t h  a small  f a s t  responding t ransducer ,  the  o t h e r  wi th  a l a r g e r  and more 

accura t e  but  slower responding t ransducer  system. The supply pressure 

upstream of the  i n l e t  o r i f i c e  is  a l s o  measured. 

A s impl i f i ed  a n a l y s i s  has been made of t he  s implest  mode of measuring 

t h r u s t  impulse.  In t h i s  method, the  i n l e t  o r i f i c e  shown i n  F i g . 8  is made 

a sonic  o r i f i c e ,  and the  measurement of t h r u s t  impulse is made by i n t e -  

g r a t i n g  the  supply pressure  f o r  the  period of t i m e  the  valve poppet is 

open (valve 

a n a l y s i s  a r e  given i n  Figs .  9 and 10. 

0 open t i m e ”  technique of measurement). The r e s u l t s  of t h i s  

Assuming instantaneous opening of valve poppet, Fig. 9 shows the  

temperature of t he  gas i n  the  chamber upstream of t h e  nozzle.  An approx- 

imate expression f o r  the  equat ion f o r  t h i s  temperature i s  

-DT 7 

( 1 - e  , 

T = r e s e r v o i r  temperature 

BT = nondimensional t i m e  

0 

BT = 3 corresponds t o  one mil l isecond f o r  the  
valve i n  quest ion.  

The temperature a f t e r  c losu re  of the  valve is 

T = T 1 x  2 
- 7 )  4- 1 1 B(T 2 

T1 = temperature a t  i n s t a n t  of valve c losure .  

The d i f f e r e n c e  i n  temperature h i s to ry  dur ing  buildup and decay of t h i s  

hypothe t ica l  valve would lead one t o  suspect  t h a t  the  higher  temperature 

dur ing  pressure  buildup would compensate f o r  the lower temperatures during 

decay. Such is the  case  a s  shown i n  Fig. 10. The increase  i n  s p e c i f i c  

impulse due t o  higher  temperatures during buildup i n  t h r u s t  almost compen- 

s a t e s  for the  decrease i n  s p e c i f i c  impulse t h a t  occurs  due t o  the  reduct ion 
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i n  temperature due t o  t h e  decay t r a n s i e n t .  Fig.10 shows the  percentage 

e r r o r  i n  percent of impulse a s  a func t ion  of t h e  pulse  length.  I f  t he  

model is a reasonable  r ep resen ta t ion  of t he  a c t u a l  va lve ,  Fig.10 shows 

t h a t  d i f f e r e n c e s  i n  buildup and decay t r a n s i e n t s  may not  be a serious 

problem when using the  

impulse.  The t h r u s t  measurement technique t h a t  appears most s u i t a b l e  f o r  

app l i ca t ion  t o  (simple and r e l i a b l e )  spacec ra f t  t h r u s t e r s  i s  the  valve 

open t i m e "  technique,  and e s t a b l i s h i n g  the  l i m i t s  of the  measurement per- 

formance obta inable  from t h i s  approach w i l l  be of major i n t e r e s t  i n  t h i s  

experimental  work. 

t l  valve open time" technique for measuring thrus t  

0 
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111. PLANS FOR THE IMMEDIATE FUTW 

Fur ther  s tudy of t he  i n t e r a c t i o n  between the R e l a t i v i t y  experiment 

instrumentat ion system and the inne r  po in t ing  loop and a t t i t u d e  con t ro l  

s y s t e m  w i l l  t ake  p lace  dur ing  the  next  period. A review of the e l e c t r o n i c  

accuracy requirements and how they r e l a t e  t o  the present  s ta te-of- the-ar t  

w i l l  be conducted. 

Work w i l l  be s t a r t e d  on a wide-dynamic-range, nonsa tura t ing  

post-amplif ier  f o r  app l i ca t ion  w i t h  the  r e l a t i v i t y  gyro readout.  T h i s  

ampl i f i e r  is needed i n  conjunct ion wi th  the  low-noise preamplif ier .  

W e  p lan the following helium t h r u s t e r  research  i n  t h e  coming six 

months: 

(1) Al t e rna te  va lv ing  techniques f o r  use i n  t h e  R e l a t i v i t y  

experiment w i l l  be s tud ied .  

(2) Gasdynamic inves t iga t ion  of s i n g l e ,  supersonic  and 

subsonic Coanda Nozzles w i l l  cont inue.  

(3) The behavior of supersonic  nozzles  and je t s  a t  low 

Reynolds Numbers w i l l  be s tudied .  

(4) The t r a n s i e n t  thermal behavior of a heated wal l  w i l l  be 

s tud ied ,  the goal being a much improved thermal design 

of the  Coanda nozzle  w i t h  a thermal frequency bandwidth 

of 0 t o  50 Hz. 

(5) Two Coanda je ts  w i l l  be combined i n  a symmetrical fashion 

a s  ou t l ined  i n  R e f .  10,  p. 31. The combined j e t  w i l l  be 

s tud ied  i n  an unconfined, open-exhaust regime, a s  w e l l  a s  

i n  a closed i n t e r a c t i o n  chamber w i t h  ex i t  p o r t s ,  loads on 

t h e  p o r t s ,  and vents .  The goa l  is demonstration of the 

bas i c  f e a s i b i l i t y  of an analog e l ec t r i c - to - f lud ic  t r ans -  

ducer u t i l i z i n g  t h e  Coanda Ef fec t .  
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W e  plan dur ing  the  coming s i x  months to  begin a f u l l  dynamic ana lys i s  

of the s y s t e m  f o r  c o n t r o l l i n g  the  a t t i t u d e  of the r e l a t i v i t y  experiment, 

w i t h  t h e  ob jec t  of first e s t a b l i s h i n g  i n  a preliminary way the  values  of 

c o n t r o l  parameters and physical  parameters t h a t  w e  s h a l l  want i n  the  

f l i g h t  v e h i c l e ,  and second providing the b a s i s  f o r  design of the f ixed-  

base s imulat ion described i n  Sect ion XI D (pp. 15-17). 

Analysis  and design of a d rag - f r ee - sa t e l l i t e  t r a n s l a t i o n a l  con t ro l  

sys tem which w i l l  be less suscep t ib l e  to  the t rapping  phenomenon is  

c u r r e n t l y  i n  progress.  A system w i l l  be b u i l t  on the  s imulator  t o  v e r i f y  

the  design.  

Analysis  is  a l s o  cont inuing t o  determine the f e a s i b i l i t y  of bu i ld ing  

an e s t ima to r  i n  the  labora tory  s imulator .  Est imat ion of the cen te r  of 

mass i n  t h i s  c o n t r o l  system al lows the con t ro l  t o  c e n t e r  about it and 

e l imina te s  need f o r  accura te  alignment of the sensor  n u l l  po in t  and the  

c e n t e r  of mass. 

The d a t a  processing problems assoc ia ted  w i t h  output  measurement da ta  

from a system such a s  t h e  drag-free s a t e l l i t e  w i l l  involve a t  l e a s t  small  

n o n l i n e a r i t i e s .  I n  order  t o  determine the e f f ec t iveness  of s eve ra l  s t an -  

dard algori thms which may be used t o  do t h i s  processing,  w e  w i l l  at tempt 

t o  g e t  a n a l y t i c  expressions f o r  t h e  var iances  and means of the  e r r o r s  i n  

those algori thms i n  the  presence of assumed forms i n  those n o n l i n e a r i t i e s .  

Along w i t h  t h i s ,  w e  w i l l  t r y  t o  der ive  a simple j u s t i f i c a t i o n  for the 

app l i ca t ion  of these algori thms to  nonl inear  problems. Success i n  these 

two endeavors might enhance the understanding of nonl inear  f i l t e r i n g  

problems. 

I n  the  experiments on means for  measuring the t h r u s t  of a drag-free 

s a t e l l i t e ,  w e  expect i n  the  next  s i x  months t o  complete assembly of the 

t h r u s t  s tand  and test servo. Concurrently,  w e  w i l l  continue t o  develop 

the a n a l y t i c a l  model f o r  flow i n  the valve and nozzle.  
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