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FOREWORD 

This compilation was prepared by TRW Systems Group, Redondo Beach, C a l i f o r n i a .  

The compilation r ep re sen t s  the  r e s u l t s  of work undertaken on a s e r i e s  of  

programs with the  ob jec t ives  of advancing the  a r t  of valve technology used 

on l i q u i d  chemical propulsion spacec ra f t  engines.  The compilation i s  pub- 

l i s h e d  i n  two volumes. Volume I r epor t s  t he  r e s u l t s  of t h e  work accomplished 

on the Mechanical Controls  (Moving Pa r t s )  s tudy including instrumentat ion 

and technology support  i nves t iga t ions .  This  volume (Volume 11) r epo r t s  on 

the  Nonmechanical Controls  (No Moving Pa r t s )  and represents  those  con t ro l s  

having no moving o r  s l i d i n g  p a r t s  including f l u i d i c s  and e l e c t r o - f l u i d  

modulation devices .  The program was o r ig ina t ed  and managed by t h e  J e t  

Propulsion Laboratory under t h e  technica l  d i r e c t i o n  of M r .  Louis R.  Toth. 

The NASA Program Manager was M r .  Frank E .  Compitello, Code RPL,  Off ice  of 

Advanced Research and Technology. 

The work performed on the  program was accomplished by TRW Systems Group, 

Science and Technology Divis ion,  Technology Laboratory. Mr. R .  J .  Sa lv insk i  

of t he  Applied Technology Department was t h e  Program Manager. M r .  C .  Mangion 

of the  Applied Technology Department was t h e  major con t r ibu to r  and au thor  

of Volume 11. 



INTRODUCTION 

The purpose of t h e  Advanced Valve Technology Compilation i s  t o  document 
i n  a  s i n g l e  source the  r e s u l t s  of the  e f f o r t s  expended during the  p a s t  
s e v e r a l  years  on advancing t h e  s t a t e  of the  a r t  of valves and con t ro l s  
used on l i q u i d  chemical rocke t  engines f o r  manned and unmanned space 
explora t ion  veh ic l e s .  The con t ro l s  s tud ied  were those  used with e a r t h  and 
space s t o r a b l e s  and cryogenic p rope l l an t s  a t  p ressures  t o  1000 p s i a  and 
opera te  f o r  per iods of up t o  t en  yea r s .  The t e n  year  requirement was 
considered i n  conjunct ion with missions beyond J u p i t e r  t o  t h e  outer  p l a n e t s ,  
Sa turn ,  Uranus, Neptune and Plu to .  Considerations were given t o  e l e c t r i c a l ,  
pneumatic (hot and cold gas) and hydraul ic  ac tua ted  valves and a c t u a t o r  
concepts .  

Funct ional  requirements f o r  valves and ac tua to r s  inc lude  zero leakage, 
s e r v i c e  l i f e  (1,000 t o  10,000 cyc le s ) ,  low weight,  minimum s i z e ,  minimum 
pres su re  drop and minimum power consumption. Environmental parametr ic  
requirements inc lude  zero g r a v i t y ,  r a d i a t i o n ,  shock and v i b r a t i o n ,  s t e r i l i -  
za t ion  (300°F temperature soak, and/or e thylene oxide s t e r i l a n t ) ,  thermal 
shock, thermal cyc l ing ,  vacuum and o the r  e f f e c t s  a n t i c i p a t e d  by opera t ing  
f o r  per iods  of two, f i v e  and t e n  years  i n  t h e  space and p lane tary  
environments. Thrust  l e v e l s  used f o r  s p e c i f i c  va lve  and cont ro l  appl ica-  
t i o n s  were 50 l b ,  200 l b  and 1000 l b .  

Two broad c l a s se s  of va lve  and cont ro ls  technology a r e  emerging which f i n d  
a p p l i c a t i o n  t o  c o n t r o l l i n g  the  flow of gaseous pressurants  and l i q u i d  
p r o p e l l a n t s .  The two c l a s s e s  of flow a r e :  1) Mechanical Controls (moving 
p a r t s )  and 2) Nonmechanical Controls (no moving p a r t s ) .  

The f i r s t  c l a s s  inc ludes  those  valves represented by mechanical elements 
such a s  diaphragms, s e a l s ,  hydraul ic ,  pneumatic and e l e c t r i c a l  a c t u a t o r s .  
The second c l a s s  r ep re sen t s  a  group of f l u i d  con t ro l s  t h a t  have no s l i d i n g  
o r  moving p a r t s  and inc lude  f l u i d i c s  and e l e c t r i c  and magnetic f l u i d  
i n t e r a c t i o n  devices .  

The va lve  compilation is produced i n  two volumes, Volume I  Mechanical 
Controls  and Volume I 1  Nonmechanical ContFols. The compilation i s  d iv ided  
i n t o  e i g h t  s ec t ions  which make up the  two volumes. 

Volume I  - Mechanical Controls  

1.0 In t roduct ion  

2.0 Operat ional ,  Functional and Environmental Considerations 

3.0 Mater ia l s  

4.0 Valves 

5 . 0  Leakage and Sea l  Technology 

6 .0  Valve Actuators 

7 . 0  I n s t r m e n t a t i o n  and Measurement 

Volume I I  - Nomechanical Controls 

8.0 F lu id i c s  



Flu id i c s  is a new technology which i s  based on t h e  u t i l i z a t i o n  of f l u i d  
dynamic phenomena t o  performing sens ing ,  s i g n a l  ampl i f ica t ion  and process-  
ing ,  and power ampl i f i ca t ion  i n  con t ro l  func t ions  without moving p a r t s .  
Hybrid devices  based on f l u i d i c  p r i n c i p l e s  a s  wel l  as  f l u i d i c  components 
a r e  being considered f o r  spacec ra f t  l i q u i d  propulsion a p p l i c a t i o n  because 
of t h e  unique c a p a b i l i t i e s  they  o f f e r .  The e l imina t ion  o r  minimization 
of moving mechanical p a r t s  allows t h e  design of more rugged components, 
with improved r e l i a b i l i t y ,  t h a t  can be f a b r i c a t e d  from a wide range of 
ma te r i a l s .  These c h a r a c t e r i s t i c s  coupled with f l u i d  opera t ion  r e s u l t s  
i n  components t h a t  a r e  i n s e n s i t i v e  t o  extreme temperature,  r a d i a t i o n ,  
v i b r a t i o n ,  and shock environments. 

The major source of t h e  ma te r i a l  used i n  compiling t h e  Volume I1 compila- 
t i o n  were taken from t h e  following re ferences :  

1. Advanced Valve Technology, Inter im Report No. 06641-6004-R000, 
November 1966, Contract  NAS 7-436. 

2. Advanced Valve Technology, Inter im Report No. 06641-6014-R000, 
Volume I ,  Spacecraf t  Valve Technology, Volume 11, Mater ia l s  
Compatibi l i ty  and Liquid Propel lan t  Study, November 1967, 
Contract NAS 7-436. 

3 .  Advanced Valve Technology, Inter im Report No. 06641-6023-R000, 
Volume 11, Nonmechanical Cont ro ls ,  January 1969, Contract  
NAS 7-436. 
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8 . 0  FLUIDICS 

8.1 INTRODUCTION 

The F lu id i c s  Sect ion summarizes nonmechanical con t ro l  s tud ie s  which were 
concerned with the  app l i ca t ion  of f l u i d i c s  technology t o  l i qu id  chemical 
propulsion systems. These s t u d i e s  were performed with the  primary objec- 
t i v e  of advancing the  a r t  of propulsion system f l u i d  cont ro ls  through 
ana lys i s ,  design,  and f e a s i b i l i t y  demonstrations.  The major t a sks  which 
were undertaken t o  meet these  ob jec t ives  include:  

1. Comprehensive l i t e r a t u r e  and pa t en t  searches and a  survey 
of t he  leading government agencies and companies involved 
with f l u i d i c s .  

2 .  A review of t he  p rope r t i e s  and parameters of f l u i d  mechanics 
pe r t a in ing  t o  f l u i d i c s  and the  d e f i n i t i o n  of accepted t e r -  
minology and symbology. 

3.  A s tudy of t h e  operat ing p r i n c i p l e s ,  conf igura t ions ,  and 
app l i ca t ions  of the  b a s i c  f l u i d i c  components and considera- 
t i o n  of performance r e l a t i v e  t o  p rope l l an t s ,  s p e c i f i c  
func t iona l  parameters and the  space environment. 

4 .  Applicat ion s t u d i e s  and inves t iga t ions  of new concepts.  

8 .1 .1  Def in i t i on  and Role of F lu id i c s  

A f l u i d i c  system i s  one i n  which sensing,  con t ro l ,  s i g n a l  processing o r  
ampl i f ica t ion  func t ions  a r e  performed through the  use  of f l u i d  dynamic 
phenomena, i . e . ,  no moving mechanical p a r t s  (Reference 1 ) .  The r o l e  of 
f l u i d i c s  i n  t he  evolu t ion  of f l u i d  systems can be compared t o  t he  r o l e  of 
e l e c t r o n i c s  i n  t he  evolu t ion  of e l e c t r o n i c  systems. Common usage de f ines  
a  f l u i d  system wi th  one f l u i d i c  device a s  a  f l u i d i c s  system j u s t  a s  an 
e l e c t r i c a l  system with one e l e c t r o n i c  device is  c a l l e d  an e l ec t ron ic s  
sys  tem. 

Although f l u i d  power con t ro l  devices and systems have been used f o r  many 
years  i n  a  wide v a r i e t y  of app l i ca t ions ,  he re to fo re ,  they could not  be  
employed e f f e c t i v e l y  a t  low power l eve l s  because of the  complexity and 
r e l a t i v e  u n r e l i a b i l i t y  of minia tur ized  mechanical devices .  Therefore,  
r e a d i l y  a v a i l a b l e  e l e c t r i c a l  and e l e c t r o n i c  devices  and c i r c u i t s  were 
p re fe r r ed  f o r  low power l eve l  con t ro l  func t ions  such as  sensing,  s i g n a l  
t ransmission,  switching,  and ampl i f ica t ion .  With the  growing a v a i l a b i l i t y  
of a  wide v a r i e t y  of f l u i d i c  cont ro l  elements, power elements,  and i n t e r -  
face  t ransducers ,  a  new generat ion of f l u i d  con t ro l  systems a r e  being 
developed which o f f e r  improved r e l i a b i l i t y  p o t e n t i a l  through the  e l imina t ion  
of moving mechanical p a r t s .  The r o l e  of f l u i d i c s  i s  not  l imi ted  t o  t hese  
low power l e v e l  con t ro l  funct ions but  encompasses the  e n t i r e  range of 
f l u i d  power and p rope l l an t  feed systems. 



Fluid ics  o f f e r s  unique c a p a b i l i t i e s  which a r e  leading t o  a  new genera t ion  
of valves and con t ro l s  f o r  aerospace systems, P r a c t i c a l l y  any f l u i d  can 
be used and some f l u i d i c  elements w i l l  opera te  equal ly  well  on gases  o r  
l i qu ids  o r  bo th ,  The primary advantage f l u i d i c s  o f f e r s  occurs when f l u i d s  
a r e  used f o r  performing a l l  func t ions ,  and components such as  s enso r s ,  l o g i c  
devices ,  and ampl i f i e r s  can be  conveniently coupled toge ther  d i r e c t l y .  
Such a  system e l imina tes  t he  need f o r  i n t e r f a c e  devices ,  t h a t  i s ,  t h e  
t ransducers  between t h e  e l e c t r i c a l  and f l u i d  po r t ions  of t he  system. This  
s impl i fy ing  c h a r a c t e r i s t i c  a s  wel l  as  a  wide range of a v a i l a b l e  f a b r i c a t i o n  
ma te r i a l s ,  inc luding  high temperature a l l oys  and ceramics,  makes f l u i d i c  
systems capable of opera t ing  i n  extreme temperature,  r a d i a t i o n ,  v i b r a t i o n ,  
and shock environments. An obvious advantage i s  t h a t  t h e r e  a r e  no moving 
p a r t s  t o  s e i z e  o r  wear o u t .  

The Basis f o r  F lu id i c s  

Most f l u i d i c  elements u t i l i z e  f l u i d  dynamic phenomena which has been know 
f o r  many yea r s .  This includes wall  attachment (Coanda E f f e c t ) ,  j e t  de f l ec -  
t i o n ,  t u rbu len t  mixing, momentum exchange, vor tex  genera t ion ,  t u rbu len t  
d i f fus ion ,  boundary l aye r  s epa ra t ion ,  and the  t r a n s i t i o n  from laminar t o  
t u rbu len t  flow. Wall attachment,  f o r  example, i s  observed when water s p i l l s  
over the edge, r ea t t aches ,  and runs down the  s i d e  of a  t ipped  g l a s s .  The 
d e f l e c t i o n  s f  a  rocke t  engine exhaust flow by the  perpendicular  i n j e c t i o n  
of a  secondary f l u i d  involves a  more complex combination of j e t  d e f l e c t i o n ,  
momentum exchange and boundary layer  separa t ion .  The j e t  pump is  another  
example of t he  app l i ca t ion  of f l u i d i c  p r i n c i p l e s .  

The i n i t i a l  recogni t ion  of f l u i d i c s  a s  a  s epa ra t e  technology was preceded 
by s e v e r a l  s i g n i f i c a n t  events .  In  1904, P rand t l ,  while  i n v e s t i g a t i n g  flow 
sepa ra t ion  i n  a  wide angle d i f f u s e r  discovered t h a t  flow sepa ra t ion  could 
b e  va r i ed  by applying s u c t i o n  a t  t he  boundary l aye r  of the  d i f f u s e r  
(Reference 2) .  By i n s t a l l i n g  con t ro l  p o r t s  a t  each s i d e  of  t h e  d i f f u s e r ,  
he found t h a t  when suc t ion  was appl ied  t o  one s i d e  of t he  d i f f u s e r ,  t he  
discharge f l u i d  would adhere t o  t h a t  s i d e  (Figure 8-1) .  When s u c t i o n  was 
appl ied  a t  t he  con t ro l  p o r t s  on both s ides  of the  d i f f u s e r ,  t h e  d ischarge  
flow expanded and f i l l e d  the  e n t i r e  d i f f u s e r .  Prandt l  could have made t h e  
f i r s t  l og i c  element by i n s t a l l i n g  an output duct  on each s i d e  of t h e  
d i f f u s e r .  

In  1916, Tesla  invented t h e  va lvular  conduit (Figure 8-2) which has been 
acclaimed a s  t he  f i r s t  pure f l u i d  device with no moving p a r t s .  This device  
is a c t u a l l y  a  f l u i d i c  diode which o f f e r s  low r e s i s t a n c e  t o  flow i n  one 
d i r e c t i o n  and a  high r e s i s t a n c e  i n  t he  oppos i te  d i r e c t i o n  (Reference 3 ) .  

During the 1930%, Henrie Coanda discovered what has been c a l l e d  t h e  Coanda 
Ef fec t ,  which i s  of major importance t o  f l u i d i c  technology. Coanda observed 
t h a t  when a  f r e e  j e t  was introduced near  an ad jacent  curved o r  f l a t  p l a t e ,  
t he  j e t  would adhere t o  t h e  p l a t e  and follow the  p l a t e ,  even though the  new 
flow path diverged a s  much as  45 degrees from the  o r i g i n a l  flow d i r e c t i o n ,  
This phenomena is explained by the  f a c t  t h a t  t he  emerging j e t  stream e n t r a i n s  
nlolecuies of f l u i d  in adjacent space be ".. LU 4"- LIIG 1 idLgG ---- v e l o c i t y  g rad ien t  a t  



t h e  edge of t he  j e t  (Figure 8 - 3 ) .  Near t h e  ad j acen t  p l a t e  t he  en t r a ined  
f l u i d  is  not e a s i l y  rep laced  whereas on t h e  oppos i t e  s i d e  of t h e  j e t ,  
en t r a ined  f l u i d  i s  e a s i l y  rep laced  by ambient f l u i d .  This condi t ion  r e s u l t s  
i n  t he  formation of a low p res su re  bubble o r  vo r t ex  and t h e  development of 
a  t r ansve r se  p re s su re  g r a d i e n t  across  t he  j e t  which bends the  j e t  toward 
and even tua l ly  a g a i n s t  t h e  ad jacent  p l a t e .  

Figure 8-2 .  T e s l a l s  Valvular  Conduit 

SUCTION 

Figure 8-1.  P rand t l  D i f fuse r  

ENTRAINMENT FLOW 

SEPARATION BU 

Figure 8 - 3 .  The Coanda Ef fec t  
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8 . 2  FLUIDIC STMDARDS 

The f l u i d i c  terminology, nomenclature, graphic symbology, and d e f i n i t i o n s  
used during t h i s  s tudy a r e  based pr imar i ly  on MIL Standard 1306 (Reference 4) 
and SAE ARP 993A, F l u i d i c  Technology (Reference 1 ) .  

8 .2.1 Fuadamental Theory 

The important p rope r t i e s  and parameters of f l u i d  mechanics p e r t a i n i n g  t o  
f l u i d i c s  ( i n  p a r t i c u l a r ,  f l u i d  pressure ,  f l u i d  flow, and f l u i d  r e s i s t a n c e )  
a r e  given a genera l  t reatment  i n  References 5 and 6 and a more d e t a i l e d  
t reatment  i n  Reference 7.  Sec t ion  3.0,  Fluid Mechanics, of t h e  Aerospace 
F lu id  Component Designers Handbook (Reference 8) provides an e x c e l l e n t  
d e f i n i t i o n  of t he  fundamental theory and equations of f l u i d  flow. 

8.2.2 Units ,  Dimensions, and Nomenclature 

MIL Standard 1306 (Reference 4) def ines  t he  b a s i c  q u a n t i t i e s  i n  both t h e  
i n t e r n a t i o n  system (SI) and engl i sh  (Standard) u n i t s  and recommends t h a t  
a l l  cu r r en t  and f u t u r e  work should be  documented and repor ted  i n  S I  u n i t s .  
The b a s i c  q u a n t i t i e s  used i n  t h i s  s tudy along with the  accepted symbols of 
both the  §I and engl i sh  u n i t s  a r e  tabula ted  i n  Appendix 8A. This informa- 
t i o n  was adapted from References 4 and 8.  

Terms common t o  f l u i d i c s  a r e  def ined  i n  both M I L  Standard 1306 and SAE ARP 
993A. Appendix 8B conta ins  a terminology l i s t  ex t r ac t ed  from t h e s e  sources .  

The f i r s t  s e t  of symbols f o r  f l u i d i c  c i r c u i t r y  was presented by General 
E l e c t r i c  Company personnel a t  t he  October 1962 Flu id  Amplif icat ion Symposium 
h e l d  a t  t he  Harry Diamond Laborator ies ,  Washington, D .  C .  (References 9 and 
10) .  Since then  t h e  National Fluid Power Associat ion (NFPA) and t h e  F lu id i c s  
Panel of t he  Socie ty  of Automotive Engineers (SAE) Committee A-6 (Aerospace 
F lu id  Power and Control Technology) have done a g r e a t  dea l  of work i n  
def in ing  f l u i d i c  s tandards .  Both organizat ions a r e  i n  agreement wi th  regards 
t o  graphica l  symbology. Appendix 8C lists the  accepted graphica l  symbols 
which a r e  def ined i n  both SAE ARP 993A (Reference 1) and MIL Standard 1306 
(Reference 4) . 



8.3 SURVEYS 

The nomechanical  con t ro l  s t u d i e s  were supplemented by searches and agency 
in te rv iews  t o  determine the  ex ten t  of e x i s t i n g  da t a  and t o  eva lua te  t he  
major app l i ca t ions  and the  problem a r e a s .  Most of t h i s  information i s  
covered i n  o ther  s e c t i o n s  of t h i s  r e p o r t ,  The f l u i d i c  l i t e r a t u r e  and 
pa t en t  b ib l iog raph ie s  and the  f l u i d i c  sub jec t  index prepared from the  
survey ma te r i a l  a r e  def ined below and ava i l ab l e  i n  Reference 11. 

This bibl iography (Reference 11) was compiled from a  wide v a r i e t y  of 
government, domestic, and fore ign  sources by the  Technical Information 
Center of TRW Systems Group. En t r i e s  were r e s t r i c t e d  t o  f l u i d i c  (no moving 
p a r t )  devices ,  moving p a r t  l og ic  elements,  and the  support ing technology. 
The l ists a r e  comprehensive from about mid 1965 t o  da t e  and important 
re ferences  were picked up back t o  about 1962. Each of t he  1,034 e n t r i e s  
is  l i s t e d  i n  a lphabe t i ca l  o rder  by author  o r  by the  publ i sh ing  agency 
when no au thor  was given.  

The e a r l i e r  l i t e r a t u r e  concentrated pr imar i ly  on f l u i d i c  components and 
the  f l u i d  dynamic phenomena r e l evan t  t o  f l u i d i c s .  The cu r ren t  t rend  i n  
t he  l i t e r a t u r e  i s  toward systems and appl ica t ions .  Considerat ion i s  a l s o  
being given t o  t he  s c a l i n g  of elements and the  e f f e c t s  of environmental 
extremes on element performance. Some i n t e r e s t  is a l s o  evolving i n  hydrau l i c  
f l u i d i c s  and f l u i d i c  t o  hydraul ic  i n t e r f a c e s .  A primary need is seen  f o r  
f l u i d i c  sensors  and i n t e r f a c e s  t o  engender t h e  use of analog and hybrid 
f l u i d i c  con t ro l s .  Formal ana lys i s  has made some inroads a t  t he  component 
l eve l  b u t  no s i g n i f i c a n t  system e f f o r t  was found. Approximate methods of  
sys temat ic  design a r e  being used which take advantage of  t he  systems 
design methods a l ready  developed i n  the  f i e l d s  of mechanics, e l e c t r o n i c s ,  
and hydrau l i c s .  The use r  problems most prominent a r e  r e p e a t a b i l i t y  among 
elements and c i r c u i t  in te rconnect ions .  

This b ib l iography (Reference 11) was compiled by t h e  TRW Systems Patent  
Of f i ce  through a  search  of t he  United S t a t e s  Pa ten t  F i l e s .  I t  contains  
416 e n t i r e s  which a r e  arranged sequen t i a l l y  by pa t en t  number. The l i s t i n g s  
a r e  comprehensive from 1961 t o  d a t e  with a  few i s o l a t e d , e n t r i e s  da t ing  back 
t o  1920. The pa t en t  search  was l imi ted  t o  f l u i d i c  (no moving p a r t )  devices  
and t h e  support ing technology. 

A s i g n i f i c a n t  number of t he  l i s t e d  pa t en t s  a r e  on d i g i t a l  elements and 
c i r c u i t s .  This includes b a s i c  d i g i t a l  devices and the  means of optimizing 
element performance. The d i g i t a l  c i r c u i t  pa ten ts  encompass comparison 
mat r ices ,  s h i f t  r e g i s t e r s ,  m u l t i - s t a t e  adders ,  un ive r sa l  r e g i s t e r s ,  b inary  
counters  and non-destruct ive readout memory and inc lude  a  ca l cu la t ing  
machine and a  d i g i t a l  computer. Analog f l u i d i c  elements,  s enso r s ,  and 
t ransducers  of a l l  types were a l s o  pa ten ted .  In t he  analog area  psimary 
emphasis was seen i n  summing and in t eg ra t ing  c i r c u i t s ,  Sensors included 
r a t e ,  temperature,  angular  v e l o c i t y ,  acce l e ra t ion ,  and a t t i t u d e  measuring 
devices .  Several  e lect-r ical  t o  f l u i d i c  t ransducers  were ev ident ,  p r imar i ly  
a c o u s t i c a l l y  dr iven  types ,  Power elements including d i v e r t e r  va lves ,  p re s su re  



r e g u l a t o r s ,  and an a t t i t u d e  con t ro l  t h r u s t e r  were a l s o  patented.  Prominent 
among t h e  many app l i ca t ions  pa ten ted  were tu rb ine  speed c o n t r o l s ,  r e s p i r a t o r s ,  
ca rbu re to r s ,  t imers ,  and a  d i g i t a l  ac tua to r .  

A f l u i d i c  sub jec t  index (Reference 11) was organized so  t h a t  t h e  f l u i d i c  
l i t e r a t u r e  and pa t en t  b ib l iog raph ie s  could be  used e f f e c t i v e l y  i n  ob ta in ing  
information i n  a  s p e c i f i c  a r e a  of i n t e r e s t .  The ca tegor ies  l i s t e d  below 
were se l ec t ed .  

I C a p a b i l i t i e s  XI Pneumatic Logic - Moving Pa r t s  

I 1  Commercial Applicat ions X I 1  D i g i t a l  Systems 

111 Aerospace Applicat ions XI11 Analog Systems and Frequency 
Modulation 

IV Propulsion Applicat ions 
XIV Hybrid Systems 

V Basic F lu id  Flow 
XV Component Performance 

VI D i g i t a l  Components 
XVI Analysis and Design 

VII Analog Components 
XVII Instrumentat ion and Tes t  

VIII  Valves and Power Elements 
XVIII Fabr ica t ion  

I X  Passive Elements and 
Interconnects  XIX Symposia, Bibl iographies  and 

X Sensors and I n t e r f a c e  
Devices 

Books 



8.4 FLUIDICS STATE OF THE ART 

F l u i d i c  devices  a r e  ava i l ab l e  t o  perform a  wide v a r i e t y  of con t ro l  c i r c u i t  
func t ions .  An understanding of t he  p r i n c i p l e s  of opera t ion ,  performance 
c h a r a c t e r i s t i c s ,  and l i m i t a t i o n s  i s  e s s e n t i a l  t o  the  successfu l  app l i ca t ion  
of t hese  devices and t o  the  a n a l y s i s ,  design, and t e s t  of c i r c u i t s .  The 
var ious  f l u i d  i n t e r a c t i o n  phenomena t h a t  form the  b a s i s  of f l u i d i c  technol-  
ogy a r e  discussed and r e l a t e d  t o  s t a t e  of t he  a r t  f l u i d i c  devices .  Component 
performance i s  summarized a s  wel l  a s  expected performance gains  i n  t he  next 
5 yea r s .  Methods of f a b r i c a t i o n ,  ma te r i a l s ,  and assoc ia ted  t e s t  equipment 
a r e  a l s o  covered. 

The s t a t e  of the  a r t  of b a s i c  f l u i d i c  devices  and i n t e r f a c e  elements a r e  
summarized i n  Table 8-1 r e l a t i v e  t o  compat ib i l i ty ,  func t iona l  parameters 
and the  space environment. This cha r t  p resents  r a t i n g s  which a r e  est imated 
based on information from var ious  sources including the  l i t e r a t u r e  and 
pa t en t  searches ,  agency in te rv iews ,  in-house eva lua t ions ,  and performance 
ana lyses .  Aerojet-General Report NASA CR-294, "Engine Operating Problems 
i n  Space, The Space Environment," was used a s  the source of da t a  on the  
space environment. 

R e l i a b i l i t y  r a t i n g s  a s  assigned t o  t he  var ious  combinations of f l u i d i c  
components, p rope l l an t s ,  and parameters a r e  def ined a s  fol lows:  

Def in i t i on  

Poor - a  se r ious  problem e x i s t s  f o r  which 
t h e r e  is no s a t i s f a c t o r y  s o l u t i o n  

F a i r  - a  problem e x i s t s ,  bu t  a  remedy may 
be ava i l ab l e  

S a t i s f a c t o r y  - i . e . ,  wi th in  the  s t a t e  of 
t he  a r t  

Information upon which t o  make a  judgment 
is  unavai lab le  

N A Combination is  not  appl icable  

8 . 4 . 2  Basic Device Phenomena 

Most f l u i d i c  devices can be charac te r ized  by a t  l e a s t  four  b a s i c  func t iona l  
p a r t s :  a supply p o r t ,  an output p o r t ,  one o r  more con t ro l  p o r t s  and an 
i n t e r a c t i o n  region (Figure 8-41, These p a r t s  have been r e spec t ive ly  com- 
pared t o  t he  cathode, p l a t e ,  con t ro l  g r i d ,  and i n t e r e l e c t r o d e  region i n  a  
vacuunt tube.  The supply j e t  ( f l u i d  s t r e a m )  i n  the  f l u i d i c  device i s  i n t r o -  
duced i n t o  the  interaction region and d i r e c t e d  toward the  o u t p u t p o r t  o r  
r e c e i v e r .  Ttae degree of pressure  and flow recovery i n  the  r ece ive r  i s  
inf luenced by the  d e t a i l s  of t bc  devicc conf igura t ion .  Control flow is 
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d i r e c t e d  i n t o  the i n t e r a c t i o n  reg ion  t o  modify t h e  d i r e c t i o n  and d i s t r i b u t i o n  
of t he  supply flow so t h a t  a  change i n  output r e s u l t s  a t  t he  r ece ive r .  
Useful ampl i f i ca t ion  occurs ,  because the  change i n  output energy is  usua l ly  
achieved with a  much smal le r  change i n  con t ro l  energy. 

F lu id  i n t e r a c t i o n  phenomena as  p re sen t ly  used i n  f l u i d i c  devices can be 
divided i n t o  th ree  b a s i c  ca t egor i e s :  

1 .  J e t  I n t e r a c t i o n  - where the  cont ro l  flow d i r e c t l y  modulates 
the supply flow. The supply j e t  must be  e s s e n t i a l l y  uncon- 
s t r a i n e d  by su r f aces  o the r  than the  top  and bottom p l a t e  i n  
the i n t e r a c t i o n  region.  

2 .  Surface I n t e r a c t i o n  - where the  presence of an adjacent  s u r f a c e  
is e s s e n t i a l  t o  t he  con t ro l  ac t ion .  

3 .  Vortex Flow - where the  ex is tence  of a  vor tex  f i e l d  i n  t h e  
i n t e r a c t i o n  region i s  e s s e n t i a l  t o  the  device func t ion .  

8 . 4 . 2 . 1  J e t  I n t e r a c t i o n  - In j e t  i n t e r a c t i o n  devices ,  cont ro l  a c t i o n  i s  
achieved through the  d i r e c t  impingement of con t ro l  flow on the  f r e e  source 
(supply) j e t .  The i n t e r a c t i o n  mechanisms included i n  t h i s  category a r e  
beam d e f l e c t i o n ,  impact modulation, and con t ro l l ed  turbulence.  

Beam d e f l e c t i o n  i s  achieved by i n s t a l l i n g  one o r  more con t ro l  p o r t s  o r i en t ed  
approximately 90 degrees t o  the  c e n t e r l i n e  of t he  supply j e t  (Figure 8-5) .  
The vec tor  d i r e c t i o n  of flow from the  supply j e t  i s  then var ied  by flow from 
the  con t ro l  j e t .  The angular  de f l ec t ion  or  modulation angle of t he  supply 
i s  e s s e n t i a l l y  a l i n e a r  func t ion  of the cont ro l  momentum f o r  the small  
modulation angles normally used i n  p r a c t i c a l  f l u i d i c  devices .  Therefore,  
f o r  a properly designed r e c e i v e r ,  the  beam d e f l e c t i o n  e f f e c t  can be used t o  
develop a l i n e a r  propor t iona l  ampl i f i e r .  

Two a x i a l l y  opposed supply j e t s  a r e  used t o  achieve the  impact modulation 
e f f e c t .  When the  momenta of t he  two supply j e t s  is  equal ,  a  p lanar  impact 
region is es t ab l i shed  midway between the  two supply j e t s  (Figure 8-6) .  The 
shape and loca t ion  of t h e  impact region can be va r i ed  by modifying t h e  
momentum of one of the  supply j e t s .  This i s  accomplished by in t roducing  
a  con t ro l  flow d i r e c t l y  i n t o  o r  t r ansve r se ly  across  one of t he  supply j e t s .  
This w i l l  e i t h e r  i nc rease  o r  decrease the  momentum of t he  j e t  such t h a t  t he  
impact region is d isp laced  a x i a l l y .  When an appropr ia te  r ece ive r  is loca ted  
near  t he  impact region t h e  t r ansve r se  r a d i a l  flow from the  impact reg ion  
i n t o  the  r ece ive r  can then be modulated by the  con t ro l  ac t ion .  

When a laminar supply flow i s  e j ec t ed  from a nozzle  i n t o  a  d is turbance  f r e e  
medium, the  j e t  flow w i l l  remain laminas f o r  a  considerable  d i s t ance  down- 
stream from the  nozzle and then abrupt ly  become tu rbu len t  (Figure 8-7).  
Control led turbulence is  achieved by introducing a  con t ro l  flow near  t h e  
e x i t  of t h e  supply j e t .  This flow d i s tu rbs  the  supply j e t  causing the  
po in t  of tu rbulen t  breakdown t o  move a x i a l l y  upstream toward the  supply 
j e t  nozzle ,  A r ece ive r  o r  ou tpu t  loca ted  between the  uncontrol led turbulence 
po in t  and t h e  con t ro l l ed  turbulence po in t  w i l l  sense  a  s i g n i f i c a n t  change i n  
5 n 5 v n > ~  I n - r n l  c 4 n - m  "rho o n o r r r x r  r a r n x r a r 3 h l a  from the  scldrce j e t  is much 
U ' . U A . & J  Zhr" U I )  .,All&" C'1.d "l lUl5J A V U V Y  " L U " * V  

g r e a t e r  i n  t he  laminar region than i n  t he  tu rbu len t  reg ion .  
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8.4 .2 .2  Surface I n t e r a c t i o n  - Some devices depend upon the  inf luence  of  a 
nearby o r  adjacent  su r f ace  on the  supply flow t o  perform t h e i r  func t ion .  
The most important e f f e c t s  a r e :  (a)- t h e  attachment of a stream t o  a s u r f a c e  
and (b) s epa ra t ion  of flow from a curved su r f ace .  In  each case ,  the  con t ro l  
func t ion  is provided by a con t ro l  flow although the  su r f ace  supports  and is  
e s s e n t i a l  t o  t he  device opera t ion .  

The mechanism of wa l l  attachment is a primary f l u i d  dynamic phenomena 
c a l l e d  the  Coanda Ef fec t .  To understand t h i s  e f f e c t ,  consider  a supply j e t  
emerging i n t o  the  a r ea  bounded on one s i d e  by a wal l  perpendicular  t o  t h e  
j e t  and on the  o the r  s i d e  by another  wal l  angled approximately 30 degrees 
from t h e  supply j e t  c e n t e r l i n e  (Figure 8-8) .  The emerging j e t  e n t r a i n s  
ambient f l u i d  because of high shear  a t  t he  edge of t he  j e t .  On the  angled 
wall  s i d e  of t he  j e t ,  the en t ra ined  f l u i d  i s  no t  e a s i l y  replaced by ambient 
f l u i d  s o  t h a t  a t r ansve r se  s t a t i c  pressure  gradien t  is formed across  t h e  
j e t  which bends t h e  j e t  and fo rces  i t  t o  a t t a c h  t o  t he  angled wal l .  Upon 
attachment,  a low pressure  vor tex  region (or bubble) is formed between the  
j e t  and the  po in t  of attachment.  The vor tex  is  sus ta ined  by separated flow 
near  t he  poin t  of attachment which i s  re turned  t o  t he  mainstream by e n t r a i n -  
ment near  t he  supply nozzle .  The a t tached  j e t  may be detached from t h e  
angled wa l l  by i n j e c t i n g  con t ro l  flow i n t o  the  low pressure  s epa ra t ion  bubble 
s o  a s  t o  reverse  t he  t r ansve r se  pressure  g rad ien t .  The s t a b i l i t y  of t h e  wall  . . 
attachment p lus  t h e  a b i l i t y  t o  a t t ach  and s h i f t  t he  j e t  make t h i s  an extremely 
use fu l  e f f e c t  i n  d i g i t a l  f l u i d i c  devices .  

The sepa ra t ion  e f f e c t  (Figure 8-9) i s  based on t h e  tendency of a f l u i d  stream 
t o  follow an ad jacent  gradual ly  curved su r f ace  a s  long as  the  pressure  
g rad ien t  is  l a r g e r  than t h e  momentum vec to r .  When the  r ad ius  of curva ture  
of t he  su r f ace  i s  sharp ly  reduced, momentum w i l l  predominate a t  some po in t  
downstream and t h e  flow w i l l  s epa ra t e  from the  su r f ace .  The po in t  of separa-  
t i o n  can be inf luenced by i n j e c t i n g  con t ro l  flow upstream of t h e  normal 
s epa ra t ion  po in t .  This reduces the  pressure  g rad ien t  across  t h e  j e t  and thus  
changes the  angle a t  which the  flow leaves the  curved su r f ace .  Several  
f l u i d i c  devices use  t h i s  e f f e c t  t o  modulate t he  source flow i n  one o r  more 
r ece ive r s  loca ted  downstream of the  con t ro l l ed  sepa ra t ion  region.  

8 . 4 . 2 . 3  Vortex Flow - To understand t h i s  e f f e c t ,  consider  a supply flow 
introduced r a d i a l l y  a t  the  c e n t e r l i n e  of a shallow c y l i n d r i c a l  chamber 
(Figure 8-10).  The supply flow en te r s  t h e  vor tex  chamber and proceeds 
r a d i a l l y  inward wi th  minimal r e s i s t a n c e  and flows out  through the  c e n t r a l l y  
loca ted  o u t l e t  o r i f i c e .  The supply p o r t  i s  genera l ly  much l a r g e r  than the  
o u t l e t  o r i f i c e  s o  t h a t  t he  o u t l e t  flow r a t e  is determined by t h e  a rea  of 
t he  e x i t  o r i f i c e  and system pressures .  As con t ro l  flow i s  i n j e c t e d  tangen- 
t i a l l y  i n t o  the  chamber, t h e  supply and con t ro l  flows combine and t h e  
r e s u l t a n t  flow develops a degree of s w i r l ,  dependent on the  r e l a t i v e  mag- 
n i tudes  of the  source and con t ro l  flow momenta. A forced vor tex  f i e l d  is 
developed wi th in  the  chamber which v a r i e s  the pressure  g rad ien t  across  t he  
chamber such t h a t  t he  magnitude as  wel l  a s  the  p a t t e r n  of t he  source flow 
i s  a l t e r e d .  Since the  vor tex  f i e l d  i s  e s s e n t i a l l y  a v a r i a b l e  r e s i s t a n c e ,  
it can s u b s t a n t i a l l y  reduce o r  t h r o t t l e  flow and thus provides a unique 
con t ro l  func t ion  i n  f l u i d i c  devices .  
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The conf igura t ion  of a  bas i c  two-dimensional wal l  attachment ampl i f i e r  is  
shown i n  Figure 8-11, This device u t i l i z e s  two wal l s  s e t  back from the  
supply nozzle ,  con t ro l  p o r t s ,  and channels which def ine  two downstream 
outputs .  Because of the  Coanda e f f e c t ,  the  device is b i s t a b l e ,  i . e . ,  a 
tu rbu len t  f r e e  j e t  emerging from the  supply p o r t  can be made t o  s t a b l y  
a t t a c h  t o  e i t h e r  wal l  downstream of the  cont ro l  p o r t .  The switching 
mechanism i n  the  b i s t a b l e  wal l  attachment device is  i l l u s t r a t e d  i n  Figure 
8-12. Presuming the  supply j e t  i s  i n i t i a l l y  a t tached  t o  the  lower wa l l ,  
f l u i d  i s  i n j e c t e d  through the lower cont ro l  p o r t  i n t o  the  vor tex  bubble. 
When the  r a t e  of i n j e c t e d  f l u i d  exceeds the r a t e  a t  which f l u i d  is  removed 
by entrainment,  t he  p re s su re  on the  lower edge of t h e  j e t  w i l l  i nc rease .  
As t h i s  pressure  becomes g r e a t e r  than the  pressure  on the  upper edge of 
the  j e t ,  the  pressure  d i f f e r e n t i a l  i s  reversed and the  j e t  w i l l  detach,  
c ross  over to ,and a t t a c h  t o  t he  upper wal l  and remain a t tached  even a f t e r  
the  lower con t ro l  flow i s  removed, 

The opera t ing  c h a r a c t e r i s t i c s  of a  wall  attachment ampl i f i e r  can be v a r i e d  
by many parameters including pressure ,  flow, and the  phys ica l  r e l a t i o n s h i p s  
i n  the  i n t e r a c t i o n  region.  The general  e f f e c t s  of varying some of the 
phys ica l  parameters,  loading, and the  power j e t  p ressure  a r e  i l l u s t r a t e d  
i n  Figure 8-13, 

A few examples of the  many log ic  elements which u t i l i z e  wal l  attachment 
a r e  shown i n  Figure 8-14. I t  should be noted t h a t  some of these  devices  
u t i l i z e  a  combination of wall  attachment and beam d e f l e c t i o n  (see Sec t ion  
8 .4 .4)  t o  perform log ic  func t ions .  The d i g i t a l  s t a t e s  of each device can 
be followed by r e f e r r i n g  t o  t he  accompanying t r u t h  t a b l e .  Operation o f  
t he  f l i p - f l o p  o r  b i s t a b l e  wal l  attachment device was explained previous ly .  
In  the  OR/NOR g a t e  the  i n t e r a c t i o n  region i s  phys ica l ly  biased s o  t h a t  t h e  
supply flow w i l l  s t a b l y  a t t a c h  only t o  t he  adjacent  wal l  leading t o  output  
2.  When con t ro l  flow i s  introduced a t  e i t h e r  o r  both of the  con t ro l  p o r t s ,  
the  power stream is  s h i f t e d  t o  output 1  by beam d e f l e c t i o n ,  and when t h e  
cont ro ls  a r e  removed, t he  power stream re tu rns  t o  output 2 .  

The AND ga t e  and ha l f -adder  shown i n  Figure 8-14 a r e  pass ive  elements,  i . e . ,  
devices  t h a t  opera te  on the s i g n a l  power a lone .  In  t he  AND ga t e ,  con t ro l  1 
w i l l  appear a t  output  3 only i f  cont ro l  2 i s  not  p re sen t ,  and con t ro l  2 w i l l  
appear a t  output  1 only i f  con t ro l  i s  i s  not  p re sen t .  These s t a b l e  output  
s t a t e s  a r e  achieved by wall  attachment i n  the  r e spec t ive  output duc ts .  
When con t ro l s  1 and 2 appear simultaneously (presuming equal con t ro l  p re s -  
su re s )  they combine by beam de f l ec t ion  t o  produce a  s i g n a l  a t  output  2 .  
Operation of the ha l f -adder  d i f f e r s  from the  AND ga t e  i n  t h a t  both con t ro l s  
appear a t  output 2 ,  con t ro l  1 by wall  attachment and con t ro l  2 by d e f l e c t i o n  
i n  t he  oppos i te  cusp. When appl ied simultaneously, the  two con t ro l s  combine 
t o  produce a  s i g n a l  a t  output 1. 

Wall attachment ampl i f i e r s  provide a  f a i r l y  high speed of response, average 
e f f i c i ency  and r e l a t i v e l y  high fanout .  V e r s a t i l i t y  and good performance 
have been demonstrated i n  a  number of appl ica t ions  which a r e  s t rong  recom- 
mendations f o r  t h e i r  continued widespread use.  Several  f l u i d i c  counterpar t s  
of the  b a s i c  electronic and log ic  elements have been developed, i n c i u d i ~ i g  a 
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f l i p - f l o p ,  monostabhe switch,  OR/NOR element, ha l f -adder ,  and a  pu l se  
conver te r ,  I n  considering wall  attachment ampl i f i e r  performance, v a r i a t i o n  
of s i z e  i n  t he  range from 10 t o  25 m i l s  (power nozzle  width) o r  v a r i a t i o n  
of t he  aspec t  r a t i o  i n  t h e  range of 1 t o  4 does not  appreciably a f f e c t  
performance. Present  performance f igu res  a r e  based on a i r  da t a ,  however, 
experimental da t a  i nd ica t e s  t h a t  device performance with water o r  o the r  
low v iscos iey  f l u i d  should be s i m i l a r  except t h a t  t he  time response should 
b e  considerably slower.  

Pressure  and flow gains f o r  wal l  attachment ampl i f i e r s  t y p i c a l l y  range 
from 1 t o  15 depending on the  fanout .  To switch a  device,  a  con t ro l  p re s su re  
of 2 t o  15 percent  of the  supply pressure  is  normally required.  This 
switching pressure  can inc rease  approximately 50 percent  with an increase  
i n  fanout  from 1 t o  4 .  The performance of b i s t a b l e  wal l  attachment devices  
i s  summarized i n  Table 8-2. Typical performance curves of 3 commercially 
a v a i l a b l e  wal l  attachment ampl i f ie rs  a r e  shown i n  Figures 8-15, 8-16 and 8-17, 

In  t he  beam d e f l e c t i o n  ampl i f i e r  (Figure 8-18), t he  supply j e t  emerges i n t o  
and flows across  t h e  i n t e r a c t i o n  region and is  divided downstream a t  t h e  
s p l i t t e r .  When t h e r e  is  no con t ro l  flow o r  when t h e  con t ro l  pressures  and 
flows a r e  equal ,  t h e  supply j e t  remains a x i a l l y  centered and equal flows 
i s s u e  from each output  p o r t .  Control flow i s  d i r e c t e d  i n t o  the  i n t e r a c t i o n  
reg ion  from nozzles  on each s i d e  of the  supply j e t  and approximately pe r -  
pendicular  t o  i t s  c e n t e r l i n e .  I f  one con t ro l  fo rce  i s  made s t ronge r  than  
t h e  o the r ,  the  supply j e t  i s  de f l ec t ed  away from t h e  c e n t e r l i n e  i n  t h e  
d i r e c t i o n  of t he  weaker f o r c e  and a  g r e a t e r  po r t ion  of t h e  j e t  e n t e r s  t h e  
output  r ece ive r  on t h a t  s i d e .  In  a  proper ly  designed ampl i f i e r  t he  change 
i n  output  power is g r e a t e r  than  the  change i n  t he  input  con t ro l  power. 

The d e f l e c t i n g  fo rce  provided by the  con t ro l  streams may be e i t h e r  a  p re s su re  
o r  momentum force ,  both fo rces  a r e  present  t o  some degree i n  a l l  beam 
d e f l e c t i o n  ampl i f i e r s .  Momentum forces  w i l l  normally predominate when the  
c o n t r o l s  a r e  s e t  back s e v e r a l  supply nozzle  widths from the  supply j e t  and 
p re s su re  fo rces  w i l l  predominate when t h e  con t ro l  nozzle  is c lose  t o  t h e  
edge of the  supply stream. For propor t iona l  opera t ion  t h e  s t a t i c  p re s su re  
across  t he  supply j e t  downstream of t he  i n t e r a c t i o n  region must be zero. 
To accomplish t h i s ,  beam d e f l e c t i o n  devices  a r e  s p e c i f i c a l l y  designed t o  
prevent  wal l  attachment and the  cu touts  o r  s i d e  chambers on both s i d e s  of 
t he  power j e t  a r e  vented t o  atmosphere o r  i n  some cases  t o  a  constant  
p re s su re  r e s e r v o i r .  The vents  a l s o  provide overflow p o r t s  f o r  t he  excess 
f l u i d  i n  t h e  supply stream and f o r  backflow due t o  output p o r t  loading.  
Many beam d e f l e c t i o n  ampl i f i e r s  a l s o  u t i l i z e  a  vent  (or  centerdump) between 
the  two output  p o r t s  (Figure 8-19). Although a  cons iderable  po r t ion  o f  t h e  
supply j e t  power i s  l o s t  i n  t h i s  centerdump, i t  provides s eve ra l  advantages 
inc luding  increased  s t a b i l i t y  with blocked loads and repea tab le  zero ba lance  
condi t ions  ( d i f f e r e n t i a l  output  pressure  equal t o  zero) over a  wide range 
of power j e t  p ressure ,  which i s  a  neces s i ty  i n  high gain s taged u n i t s .  

The beam d e f l e c t i o n  ampl i f i e r  is the  most widely used of the  seve ra l  types 
of  propor t iona l  f l u i d i c  ampl i f i e r s  ava i l ab l e .  This follows because b e t t e r  
t echn ica l  design information i s  ava i l ab l e  i n  t he  cu r r en t  l i t e r a t u r e  and 
seve ra l  d i s t i n c t  advantages a r e  provided by the  two-dimensional p l ana r  
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conf igura t ion .  This conf igura t ion  makes i t  e a s i e r  t o  hold the  t i g h t  
to le rances  requi red ,  provides the s imples t  method of cascading ampl i f i e r s  
f o r  high gain and f a c i l i t a t e s  the  development of p r a c t i c a l  i n t eg ra t ed  
c i r c u i t s .  Beam d e f l e c t i o n  ampl i f i e r  s i z e  i s  determined by the  width of 
the  power nozzle and the  aspec t  r a t i o .  A l l  of t he  i n t e r n a l  ampl i f ie r  
dimensions a r e  then defined a s  r a t i o s  of the power nozzle width a s  i n  
wal l  attachment devices .  Normally these  devices a r e  made with an aspec t  
r a t i o  of 1 t o  2 f o r  b e s t  performance. 

The s i n g l e  most important c r i t e r i a  i n  beam de f l ec t ion  ampl i f ie rs  i s  t h e  
s i g n a l  t o  noise r a t i o .  Pressure ga in  i s  usua l ly  s a c r i f i c e d  i n  most designs 
i n  favor  of reduced pressure  noise .  Signal  t o  no i se  r a t i o  should be 
g r e a t e r  than 100 i n  a  high power s i n g l e  s t a g e  ampl i f i e r  and as  high a s  
poss ib l e  i n  elements s u i t a b l e  f o r  s t ag ing ;  200 t o  400 has been achieved. 

The beam d e f l e c t i o n  ampl i f i e r  f u l f i l l s  many c r i t i c a l  system funct ions and 
i s  p a r t i c u l a r l y  s u i t e d  t o  propor t iona l  con t ro l  func t ions  such as  s enso r s ,  
s t a b i l i z a t i o n  systems, speed con t ro l ,  temperature con t ro l ,  p ressure  con t ro l ,  
and analog computation. The present  s t a t e  of t he  a r t  performance of beam 
d e f l e c t i o n  ampl i f i e r s  i s  summarized i n  Table 8-3. Typical performance 
curves of t h r e e  commercially ava i l ab l e  ampl i f ie rs  a r e  shown i n  Figures 
8-20, 8-21, and 8-22. 

8 .4 .5  Vortex Devices 

The opera t ion  of vo r t ex  devices  r e l i e s  upon the  ampl i f ica t ion  mechanism 
derived by the  conservat ion of angular  momentum i n  a  vor tex  f i e l d .  This 
ampl i f ica t ion  takes  p l ace  i n  a  shallow two-dimensional vor tex  chamber a s  
shown i n  Figure 8-23. A s  discussed i n  Sect ion 8 .4 .2 .3 ,  s w i r l  is  imparted 
t o  a  r a d i a l  supply flow by a  t angen t i a l  con t ro l  j e t  which i s  introduced 
a t  t he  periphery of t he  vor tex  chamber. The degree of s w i r l  and the  
s p e c i f i c  method used t o  genera te  i t  depend on the  p a r t i c u l a r  vor tex  device 
used. A s  the  combined flow proceeds toward the  cen te r  of t h e  vor tex  chamber, 
t he  t angen t i a l  v e l o c i t y  of t he  f l u i d  molecule (Figure 8-23) must i nc rease ,  
s i n c e  the  angular  momentum must be conserved. The v e l o c i t y  increase  is  then  
inve r se ly  propor t iona l  t o  t h e  r a d i a l  l oca t ion  of t he  f l u i d  molecule so  t h a t  
i f  t he  r a t i o  of t h e  ou te r  t o  inner  rad ius  i s  very l a rge ,  the  corresponding 
increase  i n  t h e  t a n g e n t i a l  v e l o c i t y  w i l l  a l s o  be g r e a t ,  In  p r a c t i c a l  vo r t ex  
devices  operat ing on r e a l  viscous f l u i d s ,  the  maximum ampl i f ica t ion  i n  t he  
flow f i e l d  is  l imi t ed  by n o n l i n e a r i t i e s  o r  flow d i s t o r t i o n s ,  such as those  
caused by the  degradat ion of the  t angen t i a l  v e l o c i t y  i n  t he  boundary l a y e r  
a t  t he  end wal l s  of t he  vor tex  chamber. 

8 .4 .5 .1  Vortex Diode - A t y p i c a l  vor tex  diode (Figure 8-24) has a  c i r c u l a r  
chamber with a  t a n g e n t i a l  i n l e t  and an a x i a l  s ink  a t  t he  center  of the  
chamber. Flow through the  t angen t i a l  i n l e t  produces a  high pressure  l o s s  
because of t he  swi r l i ng  flow i n  the  vortex chamber. In  t he  reverse  d i r e c t i o n ,  
flow e n t e r s  through the  a x i a l  s ink  and passes through the  vor tex  chamber 
without swirl s o  t h a t  t he  pressure  loss  i s  much lower. 

The most common performance index f o r  a  f l u i d i c  diode i s  the  r a t i o  of flow 
i n  the  easy d i r e c t i o n  t o  the  flow i n  the  high r e s i s t a n c e  d i r e c t i o n  measured 
a t  a  given upstream pressure .  Vortex diodes a r e  p re sen t ly  l imi ted  t o  a  flow 
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Figure 8-23. Two-Dimensional 
Vortex Chamber 
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Figure 8-24. Vortex Diode 
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r a t i o  of l e s s  than 10 and t h e  most common flow r a t i o  i s  i n  t he  range of 3 
t o  5.  A flow r a t i o  of 6.6 (Reference 12) has  been achieved by t h e  ca re fu l  
shaping of t he  t angen t i a l  i n l e t  p o r t  t o  t he  vo r t ex  chamber. Although t h e  
flow r a t i o s  achieved i n  t he  vor tex  diode a r e  r e l a t i v e l y  low, t h i s  device 
has been found use fu l  i n  many app l i ca t ions .  

8 .4 .5 .2  - The nonvented vortex ampl i f i e r  i n  i t s  
s imples t  form i s  shown i n  Fikure 8-25. I t  i s  s i m i l a r  i n  cons t ruc t ion  t o  
the-vor tex  diode except t h a t - a  t h i r d  opening has been added f o r  a  supply 
stream, while the  o r i g i n a l  supply p o r t  becomes t h e  con t ro l  p o r t .  This con- 
f i g u r a t i o n  is  e a s i l y  constructed i n  two-dimensional form and although pe r -  
formance i s  not  optimized, it i s  adequate f o r  many app l i ca t ions .  

The performance of t he  b a s i c  nonvented vo r t ex  ampl i f i e r  with a  s i n g l e  supply 
and s i n g l e  con t ro l  i n l e t ,  i s  no t  optimum because of the  asymmetry of t h e  
device.  For optimum performance, t h e  supply flow can be introduced i n t o  
the  vo r t ex  chamber around the  circumference of a  but ton conf igura t ion  a s  
shown i n  Figure 8-26. Control flow is then introduced a t  s e v e r a l  po in t s  
t o  ensure axisymmetric mixing of t he  supply and con t ro l  flows. I t  i s  
important t o  note  t h a t  t he  con t ro l  p o r t s  must be  wi th in  t h e  supply flow 
annulus t o  prevent  the  con t ro l  momentum from being d i s s i p a t e d  by a  f r e e  
expansion i n t o  t h e  vor tex  chamber before  mixing occurs.  This conf igura t ion  
is  considered r a t h e r  complex and consequently,  normally made i n  a  t h ree  
dimensional conf igura t ion .  

A p r a c t i c a l  compromise, used by General E l e c t r i c ,  i s  a  dual  i n l e t ,  dual  con t ro l  
conf igura t ion  as  shown i n  Figure 8-27. The two cont ro ls  and two supp l i e s  
a r e  connected e x t e r n a l l y  o r  manifolded toge ther  i n  a  cover p l a t e .  This  
device can be e a s i l y  made i n  a  two-dimensional conf igura t ion  and i t s  per -  
formance i s  almost as  good a s  t he  bu t ton  conf igura t ion .  A f u r t h e r  i nc rease  
i n  performance is  obtained i n  t he  dual  e x i t  nonvented vo r t ex  ampl i f i e r  
(Re fe rence19) .  Dual e x i t s  provide an inc rease  i n  performance of about 70 
percent  over a  s i n g l e  e x i t  vor tex  ampl i f i e r ,  t h a t  i s ,  t h e  maximum flow 
capac i ty  of t h e  ampl i f i e r  is  increased  70 percent  with i d e n t i c a l  con t ro l  
flows. 

A widely used performance c r i t e r i a  f o r  nonvented vor tex  ampl i f i e r s  i s  t h e  
turndown r a t i o .  This is  defined a s  the  r a t i o  of the  maximum and minimum 
o u t l e t  flows a t  a  constant  supply p re s su re .  A t  maximum o u t l e t  flow, w 

0 ' 
t he  con t ro l  p re s su re ,  PC,  is genera l ly  equal t o  o r  l e s s  than the  supply 

and the  supply flow, , i s  0 a t  minimum o u t l e t  flow. p re s su re ,  Ps'  

The con t ro l  t o  supply p re s su re  r a t i o  a t  maximum turndown (when w approaches 
S 

O) must a l s o  be considered i n  a  nonvented vor tex  ampl i f i e r  s i n c e  t h e  con t ro l  
p re s su re  must always be  h igher  than the  supply pressure .  This r a t i o  normally 
v a r i e s  from about 1.05 t o  2 ,  depending on the  phys ica l  conf igura t ion  of t h e  
ampl i f i e r .  Nonvented vor tex  ampl i f i e r  performance is summarized i n  Table 
8-4, i n  terms of t h e  turndown r a t i o  a t  var ious P / P  i n  both a  s i n g l e  and c  S 
dual  e x i t  conf igura t ion .  Amplifier chamber diameters were assumed t o  be 
one inch  o r  g r e a t e r  s i n c e  wall  e f f e c t s  become a f a c t o r  below a chamber 
diameter of one inch and performance w i l l  be  lower than est imated i n  t h e  
t a b l e .  The o u t l e t  o r i f i c e  was a l s o  presumed t o  be son ic  i n  t h e  a i r  operated 
ampl i f i e r s  although performance w i l l  improve somewhat with a subsonic 





o r i f i c e .  Another method of accounting f o r  the  con t ro l  t o  supply p re s su re  
r a t i o  i s  t o  p l o t  nonvented ampl i f i e r  performance a s  a  func t ion  of t he  
normalized con t ro l  pressure  (cont ro l  pressure  d iv ided  by the  supply 
p re s su re ) .  The normalized performance curve of a  commercially a v a i l a b l e  
ampl i f i e r  i l l u s t r a t e s  t h i s  po in t  (Figure 8-28). The performance curve is 
genera l ly  drawn f o r  a  cons tan t  supply pressure  s o  t h a t  f o r  a i r  opera t ion ,  
when t h e  output  p o r t  i s  son ic  throughout t h e  opera t ing  range, one normalized 
curve w i l l  a ccu ra t e ly  def ine  performance over a  wide range of supply pressures  

The nonvented vor tex  ampl i f i e r  can opera te  with any type of f l u i d .  I t  has  
been used with gases ,  water ,  hydraul ic  o i l s ,  l i q u i d  p rope l l an t s ,  and l i q u i d  
metals .  The most e f f i c i e n t  operat ion is  obtained with low v i s c o s i t y  f l u i d s  
such a s  a i r  and water i n  t h a t  t he  modulation range i s  reduced with the  
higher  v i s c o s i t y  f l u i d s .  Operational devices  have been b u i l t  i n  s i z e s  
ranging from 0.072 inches t o  9 inches i n  chamber diameter.  One type of  
nonvented vor tex  ampl i f i e r ,  t he  vortex t h r o t t l e ,  u t i l i z e s  a  gas t o  c o n t r o l  
f l u i d s  such a s  water o r  l i q u i d  p rope l l an t .  Turndown r a t i o s  of up t o  50 
have been repor ted  with the  vor tex  t h r o t t l e .  This  device should f i n d  wide 
app l i ca t ion  i n  t h r o t t l i n g  func t ions  where t h e  mixing of small  percentages 
of gas with the  con t ro l l ed  l i q u i d  is e i t h e r  b e n e f i c i a l  o r  a t  l e a s t  not  
de t r imen ta l .  For i n s t ance ,  low molecular weight gases have been used t o  
s t a b i l i z e  combustion i n  s eve ra l  small  deep t h r o t t l i n g  b ip rope l l an t  rocke t  
engines.  

8 .4.5.3 - The vented vo r t ex  ampl i f i e r  u t i l i z e s  a  
r ece ive r  tube which i s  loca ted  and d isp laced  a x i a l l y  away from the  vo r t ex  
chamber o u t l e t  o r i f i c e  as  shown i n  ~ i ~ u r e  8-29. With no con t ro l  flow t o  
the  ampl i f i e r ,  t h e  output  flow e x i s t s  from the  vor tex  chamber i n  t he  form 
of a  we l l  def ined a x i a l  j e t .  Maximum flow i s  thus  recovered i n  the  r e c e i v e r  
tube and the  recovery c h a r a c t e r i s t i c  is  s i m i l a r  t o  t h a t  achieved i n  t h e  
r e c e i v e r  of a  j e t  p ipe  va lve .  When con t ro l  flow i s  appl ied  a  vortex f i e l d  
is generated wi th in  the  ampl i f i e r  and the  output flow begins t o  form i n t o  a  
hollow conica l  shape such t h a t  some of t he  flow is d ive r t ed  t o  t he  exhaust .  
With maximum con t ro l  flow a s u f f i c i e n t l y  s t rong  vor tex  is generated s o  t h a t  
a l l  of t h e  e x i t i n g  flow fans  out  t o  miss t he  r ece ive r  tube,  and the  output  
flow may be modulated f u l l y  down t o  zero. 

The vented vor tex  ampl i f i e r  i s  o f t en  used a s  a  p re s su re  ampl i f i e r  as  shown 
i n  Figure 8-30. Typical pressure  gain c h a r a c t e r i s t i c s  f o r  t h e  vented 
vo r t ex  p re s su re  ampl i f i e r  a r e  shown i n  Figure 8-31 a t  s eve ra l  supply p re s su res  
and under blocked load condi t ions .  I t  should be noted t h a t  t he  con t ro l  
p re s su re  must exceed the  supply pressure  before  t he  c h a r a c t e r i s t i c  turndown 
p res su re  recovery curves a r e  achieved, i . e . ,  no incremental ga in  i s  exhib i ted  
u n t i l  t h e  con t ro l  pressure  exceeds the  supply p re s su re .  The pressure  ga in  of 
t h i s  p a r t i c u l a r  device i s  about 10, and gains  up t o  s eve ra l  thousand have 
been repor ted  f o r  t he  vented vor tex  pressure  ampl i f i e r .  These high ga ins  
a r e  not  u se fu l ,  however, s i n c e  they occur only a t  a  s i n g l e  po in t  and under 
blocked load condi t ions .  The power e f f i c i ency  f o r  an ampl i f i e r  which provides 
u se fu l  p re s su re  ga in  i s  genera l ly  about 50 percent  f o r  gases and 65 percent  
f o r  l i q u i d s .  Pressure recovery can a l s o  be extremely high (95 percent)  when 
opera t ing  t h i s  mp l i -E ie r  under blocked load condit ions with no turndown, 
al though,  the  flow recovery i s  zero. A l a rge  vented vor tex  ampl i f i e r  (output  
flew of 9 .5  Ib/sec)  has been operated i n  a  power app l i ca t ion  with flow 
recovery of about 95 percent  and pressure  recovery of about 30 percent .  
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Error  de t ec t ion  c i r c u i t r y  i s  r e a d i l y  implemented with a vented vor tex  
ampl i f i e r  s i n c e  t h e r e  i s  s u f f i c i e n t  room around the  ou te r  per iphery of t h e  
vor tex  chamber t o  accommodate a  r e l a t i v e l y  l a rge  number of con t ro l  p o r t s .  
These p o r t s  can be  arranged t o  e i t h e r  a i d  o r  oppose each o the r .  For 
i n s t ance ,  t he  Bendix Research Laborator ies  have demonstrated t h e  use of 
up t o  16 sepa ra t e  summing con t ro l  po r t s  on a  one inch ampl i f i e r .  On t h e  
o the r  hand, i t  i s  very d i f f i c u l t  t o  sum more than two p a i r s  of cont ro l  
p o r t s  i n  a  t y p i c a l  beam d e f l e c t i o n  ampl i f i e r  without s i g n i f i c a n t  l o s s  i n  
ga in  and pressure  recovery.  

The NOR ampl i f i e r  has  found wide acceptance i n  the  design of r e l a t i v e l y  
low power d i g i t a l  c i r c u i t s ,  p a r t i c u l a r l y  i n  i n d u s t r i a l  app l i ca t ions .  I n  
simple terms, the  NOR g a t e  provides an output s i g n a l  when no con t ro l  
s i g n a l s  a r e  p re sen t .  Since the  NOR func t ion  is  the  most b a s i c  and un ive r sa l  
l og ic  concept,  it can be used o r  interconnected t o  provide a l l  o the r  l o g i c  
func t ions  such as AND, OR,  NAND, NOT, and f l i p - f l o p .  

8 .4 .6 .1  - The turbulence ampl i f i e r  cons i s t s  of a 
supply tube and an output  tube p rec i se ly  al igned i n  a  vented cav i ty  and - -  . 

one o r  more con t ro l  input  tubes-perpendicular  t o  t h e  power j e t  a x i s .  The 
supply i s  introduced i n t o  the  vented cav i ty  as  a  laminar stream which i s  
recovered i n  the  output  a t  a r e l a t i v e l y  high p re s su re .  When one o r  more 
con t ro l  flows a r e  introduced a s  shown i n  Figure 8-32, t h e  j e t  becomes 
tu rbu len t  before  reaching t h e  r ece ive r  and the  output pressure  drops 
sha rp ly .  

The con t ro l l ed  turbulence e f f e c t  (Section 8 .4 .2 .1)  is  the  primary opera t ing  
p r i n c i p l e  of the  turbulence ampl i f i e r ,  i . e . ,  t he  t r a n s i t i o n  of flow from 
the  laminar t o  t h e  tu rbu len t  condi t ion .  The high ga in  c h a r a c t e r i s t i c  
exhib i ted  by the  turbulence ampl i f i e r  i n  the  t r a n s i t i o n  region i s  very 
usefu l  f o r  d i g i t a l  a p p l i c a t i o n s .  However, the  device i s  not p r a c t i c a l  f o r  
use as  a  propor t iona l  ampl i f i e r  because i n  the  t r a n s i t i o n  region the  output  
s i g n a l  t o  noise  r a t i o  i s  very low and the  output  pressure  i s  q u i t e  s e n s i t i v e  
t o  small  changes i n  t he  supply pressure .  

Typical s t a t i c  performance c h a r a c t e r i s t i c s  of t he  turbulence ampl i f ie r  a r e  
shown i n  Figure 8-33. The curve i n  t he  lower l e f t  quadrant (1) i nd ica t e s  
t he  supply flow over a range 'of  supply p re s su res .  Output pressure  versus 
supply flow and a  family of curves f o r  output  pressure  versus output flow 
a r e  p l o t t e d  i n  t he  upper l e f t  quadrant ( 2 ) .  Output pressure  versus con t ro l  
flow is p l o t t e d  i n  t h e  upper r i g h t  quadrant (3) and con t ro l  pressure  versus 
con t ro l  flow i n  t h e  lower r i g h t  quadrant ( 4 ) .  P l o t t i n g  of t he  curves on a  
s i n g l e  ax i s  enables  fanout  t o  be determined f o r  most any operat ing pressure .  
For example, note  t he  minimum con t ro l  pressure  and flow requi red  f o r  t u r n o f f .  
Then, using the  minimum con t ro l  pressure ,  check the  flow a v a i l a b l e  a t  t h a t  
p ressure  on the  groper  P versus Q curve. Maximum fanout  is  then determined 
by d iv id ing  the  Qo ava i lgb le  by th& Qo requi red .  The method i s  i l l u s t r a t e d  
on the  graph by a  do t t ed  l i n e ,  

The turbulence m - p l i f i e r  normally h a s  a f an - jn  o f  4  t o  6  and a  fan-out of 
about 6 to  10. Supply pressure  range i s  0 . 1  t o  1 p s i g  and t y p i c a l  porter 
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consumption i s  about 69 m i l l i w a t t s  a t  0 , s  p s ig ,  The response time o r  
switching time is i n  the  range of 1 t o  2 mi l l i seconds .  Turn on time is 
gene ra l ly  about twice as  long a s  the  t u r n  o f f  time because of t h e  r e l a t i v e l y  
long i n t e r v a l  requi red  t o  r e e s t a b l i s h  laminar flow following the  t r a n s i t i o n  
t o  t u rbu len t  condi t ions .  The turbulence ampl i f i e r  a l s o  has t h e  advantage 
of e x c e l l e n t  control-output  i s o l a t i o n .  

The prominent disadvantages of t he  turbulence ampl i f i e r  a r e :  (1) s e n s i t i v i t y  
t o  sound and v ib ra t ion  i n  t h e  5,000 cps range; (2) t he  requirement f o r  a  
c l o s e l y  regula ted  supply; (3) t he  r e l a t i v e l y  low supply pressure  l e v e l s  and 
low output  pressure  r ecove r i e s ;  (4) low s i g n a l  t o  noise  r a t i o .  

Applicat ion of t h e  turbulence ampl i f i e r  i n  aerospace systems does not  appear 
p r a c t i c a l  because of the  disadvantages c i t e d  above a s  wel l  a s  t he  i n a b i l i t y  
t o  i n t e g r a t e  the three-dimensional devices  and c i r c u i t s .  A p l ana r  turbulence 
ampl i f i e r  has  been developed (Reference 13) which appears p r a c t i c a l  s i n c e  it 
can be  assembled i n  modular c i r c u i t s .  The performance of t h i s  p l ana r  device  
is s i m i l a r  t o  t h a t  of the three-dimensional turbulence ampl i f i e r  except t h a t  
improved output pressure  recovery and decreased s e n s i t i v i t y  t o  sound and 
v i b r a t i o n  is  claimed. 

8 .4.6.2 - The flow i n t e r a c t i o n  NOR ampl i f i e r  
(Figure 8-34) opera tes  somewhat l i k e  the  turbulence ampl i f i e r .  Laminar flow 
i s  developed i n  t h e  long supply nozzle and the  power j e t  remains laminar a s  
i t  flows through the  i n t e r a c t i o n  cav i ty  and reaches the  output  r e c e i v e r .  
The power j e t  flows ad jacent  t o  t h e  top  p l a t e  as  it moves through the  i n t e r -  
ac t ion  c a v i t y  and the  presence of the  top  wall  reduces the  e f f e c t s  of ambient 
no i se .  Control flow d e f l e c t s  t he  power j e t  t o  t he  s i d e  and away from t h e  
top  p l a t e  t o  reduce the  output  pressure .  A po r t ion  of t he  de f l ec t ed  supply 
j e t  a l s o  tends t o  r e c i r c u l a t e  i n  the  i n t e r a c t i o n  cav i ty  and a c t s  as  a  
p o s i t i v e  feedback which f u r t h e r  d i s r u p t s  t he  j e t  and decreases  t he  output  
even f u r t h e r .  

This NOR ampl i f i e r  has a  supply pressure  range of 1 t o  1 .6  p s i g ,  a  power 
consumption of about 23 m i l l i w a t t s  a t  1 .5  p s ig ,  and a  f an - in  and fan-out  
c a p a b i l i t y  of 4 .  The response o r  switching time w i l l  vary from 1 .5  t o  3 
mil l i seconds  as  t h e  fan-out is  increased from 1 t o  4.  A t y p i c a l  input /  
output  c h a r a c t e r i s t i c  f o r  a  supply pressure  of 1 .5  p s ig  i s  shown i n  Figure 
8-35. 

Commercially ava i l ab l e  flow i n t e r a c t i o n  NOR ampl i f i e r s  a r e  f a b r i c a t e d  i n  2 2  
ampl i f i e r  modules. Although t h i s  ampl i f i e r  i s  adaptable  t o  i n t eg ra t ed  
c i r c u i t s ,  i t  s u f f e r s  from t h e  same disadvantages c i t e d  f o r  t he  turbulence 
ampl i f i e r ,  i n  p a r t i c u l a r ,  low output pressure  l e v e l ,  low s i g n a l  t o  noise  
r a t i o ,  and the  need f o r  a well  regula ted  supply. 

8 .4 .6 .3  - The opera t ion  of t he  laminar 
NOR ampl i f i e r  (Figure 8-36) depends on the  d e f l e c t i o n  of a  laminar supply 
j e t  r a t h e r  than t h e  laminar turbulence t r a n s i t i o n  which i s  c h a r a c t e r i s t i c  
of t he  turbulence ampl i f i e r .  I n  t h i s  device,  t he  a d j a c e n t . s i d e  wall  and t h e  
top and bottom wal l s  a r e  a  s t rong  s t a b i l i z i n g  inf luence  on the  supply j e t  as  
i t  f l o w s  t e  the  ~ u t p u t  p o r t .  When a con t ro l  s i g n a l  i s  appl ied ,  t he  supply 
flow i s  de f l ec t ed  i n t o  the  vent  p o r t .  The add i t i ona l  vent  ho les  i n  t h e  
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s t r a i g h t  wal l  immediately upstream of the  output  p o r t  a r e  requi red  t o  
decrease the s t a e i c  pressure  bui ldup along the  wall  when the  output  po r t  
i s  blocked. The vents  provide improved blocked output  performance as  
wel l  a s  a  s i g n i f i c a n t  increase  i n  t he  blocked output pressure  recovery. 

The laminar NOR ampl i f i e r  uses  a  .020 x ,020 inch power nozzle and consumes 
about 2 m i l l i w a t t s  of f l u i d  power a t  a  supply pressure  of 0 . 1  p s i g .  Response 
time measurements have not been made a s  y e t ,  b u t  response is est imated t o  be  
about 10 mil l iseconds which is  r e l a t i v e l y  slow compared t o  o the r  l o g i c a l  
NOR u n i t s .  Performance curves a r e  not  p re sen t ly  ava i l ab l e ,  bu t  t he  output 
pressure  recovery i s  es t imated t o  be about 50 percent  of t he  supply and 
experimental u n i t s  have shown a fan-out c a p a b i l i t y  of 2 and a  maximum fan-  
i n  c a p a b i l i t y  of 2 .  

I t  i s  a n t i c i p a t e d  t h a t  these  exce l l en t  low power elements w i l l  be  adapted 
t o  minia tur ized  in t eg ra t ed  c i r c u i t s  and should f i n d  widespread app l i ca t ion  
i n  aerospace systems. One obvious app l i ca t ion  i s  i n  start-run-shutdown 
sequencing and o the r  s i m i l a r  d i g i t a l  c i r c u i t s .  R e l i a b i l i t y  es t imates  
should be  high because of the  r e l a t i v e l y  l a rge  power nozzle .  The switching 
time is  c e r t a i n l y  more than adequate f o r  most app l i ca t ions  and usua l ly  w i l l  
be outweighed by t h e  compactness and low power consumption of t he  ampl i f i e r .  

8 .4.6.4 - In  the  impact modulator NOR g a t e ,  
(Figure 8-37) two submerged j e t s  emerge from opposed supply nozzles along 
the-same ax i s  so  t h a t  they impact and form a r a d i a l  j e t ,  The a x i a l  l oca t ion  
of t h i s  r a d i a l  j e t  depends upon the  momentum of each of t he  two impinging 
j e t s .  A concent r ic  o r i f i c e  i s  placed between the  two supply nozzles such 
t h a t  the  r a d i a l  j e t  i s  enclosed i n  an output chamber and separa ted  from a 
vented chamber. Transverse con t ro l  j e t s  a r e  appl ied  t o  t h e  supply j e t  i n  
the  vented chamber, t h i s  reduces the  a x i a l  momentum of t h i s  j e t  s o  t h a t  
the  r a d i a l  j e t  moves i n t o  the  vented chamber and t h e  output pressure  is 
d r a s t i c a l l y  reduced. 

This NOR ga t e  is  p a r t i c u l a r l y  wel l  s u i t e d  t o  l og ic  app l i ca t ions  because of 
i t s  high input  and output impedances and a  high pressure  ga in .  There i s  
a l s o  complete i s o l a t i o n  between indiv idua l  con t ro l  inputs  a s  the  con t ro l  
S igna ls  a r e  appl ied  i n  a  completely vented chamber. Any changes i n  output  
condi t ions  do not  a f f e c t  input  pressure  and flow because of the  concent r ic  
o r i f i c e  s epa ra t ing  the  output and the  vented chambers. 

The impact modulator NOR ga t e  has a  fan- in  of 4  and a  fan-out of 11. 
Supply p re s su re  range i s  0.25 t o  6 p s ig  and power consumption i s  0 .2  wa t t s  
a t  1 p s i g .  Typical  control-output  pressure  c h a r a c t e r i s t i c s  a t  1 ps ig  
supply p re s su re  and switching times a r e  shown i n  Figures 8-38 and 8-39. 
The response o r  switching time averages about 300 microseconds a t  a  supply 
pressure  of 1 ps ig ,  which i s  good when compared t o  o the r  f l u i d i c  l og ic  
elements of s i m i l a r  power d ra in .  I t  should be noted,  however, t h a t  the  
switching time v a r i e s  d r a s t i c a l l y  a s  a  func t ion  of fan-out and turn-of f  
time is  s e v e r a l  t imes longer than the  turn-on time. 

The r e l a t i v e l y  complex three-dimensional conf igura t ion  of t he  impact 
modulator NOR w i l l  l i m i t  i t s  app l i ca t ion  i n  aerospace systems. I n j e c t i o n  
molding appears t o  be the  only log ica l  manufacturing technique a t  the  p re sen t  
time and t h i s  l i m i t s  the  device t o  r e l a t i v e l y  low temperature opera t ion .  



Current  g a t e s  are approximately 3/4 i n c h  i n  d iamete r  1 - l / 4  inches  long and 
n o t  adapmbble t o  i n t e g r a t e d  c i rcui"c: locks .  

8.4,6.5 - The focused j e t  a m p l i f i e r  (Figure  8-40] 
u t i l i z e s  an inwardly  d i r e c t e d  annu la r  j e t  which adheres  t o  t h e  upper  s u r f a c e  
o f  a  flow s e p a r a t o r - b y  w a l l  a t t achment - so  a s  t o  form a  focused j e i  which i s  
c o l l e c t e d  a t  t h e  o u t p u t  t u b e .  The a p p l i c a t i o n  o f  an annu la r  c o n t r o l  s i g n a l  
p r e v e n t s  a t tachment  o f  t h e  power j e t  t o  t h e  f low s e p a r a t o r  and t h e  f low i s  
d i r e c t e d  away from t h e  o u t p u t  tube  s o  t h a t  t h e  o u t p u t  f low i s  g r e a t l y  reduced.  

The o u t p u t  p r e s s u r e  range of t h e  focused j e t  i s  3 t o  14 p s i g  and swi tch ing  
speeds  range from 0 . 3  t o  0 .6  m i l l i s e c o n d s .  The swi tch ing  o f  t h e  j e t  i s  n o t  
colnpletely snap a c t i o n  b u t  t h e  dev ice  i s  n o t  s u i t e d  f o r  p r o p o r t i o n a l  
o p e r a t i o n .  Typica l  f a n - i n  i s  4 and fan-ou t  i s  6 .  

The power consmp"eon of  t h e  focused j e t  i s  r e l a t i v e l y  high because of t h e  
l a r g e  axisymmetrie a s p e c t r a t i o .  The h igh  power requirement  wi th  no  s i g n i f -  
i c a n t  performance g a i n s  w i l l  l i m i t  t h e  a p p l i c a t i o n  o f  t h i s  dev ice .  The 
a x i s y m e t r i c  c o n f i g u r a t i o n  i s . a l s o  cons iderab ly  more expensive  t o  manufacture  
than  a  two-dimensional NOR g a t e .  

X , 4 . 7 . l  - The boundary l a y e r  a m p l i f i e r  (F igure  
8-41] r e l i e s  upon t h e  f o r c e d  s e p a r a t i o n  of a s t ream f lowing over  a  curved 
s u r f a c e  f o r  i t s  o p e r a t i o n ,  With no c o n t r o l  f low,  t h e  supply flow adheres  t o  
t h e  a d j a c e n t  curved s u r f a c e  u n t i l  w e l l  downstream of  t h e  c o n t r o l  d u c t  s o  
t h a t  t h e  supply flow misses  t h e  ou.tput and i s  ven ted .  A s  c o n t r o l  f low i s  
a p p l i e d  i n t o  t h e  boundary l a y e r  o f  t h e  curved s u r f a c e ,  t h e  p o i n t  of separa -  
t i o n  moves upstream s o  t h a t  t h e  supply flow i s  d i r e c t e d  i n t o  t h e  o u t p u t  d u c t .  

A t y p i c a l  boundary l a y e r  a m p l i f i e r  i n  a  two-dimensional c o n f i g u r a t i o n  i s  shown 
i n  F igure  8-42. Bias f low i s  used i n  t h i s  d e v i c e  t o  f o r c e  t h e  power j e t  t o  
unlock and r e t u r n  t o  t h e  o f f  p o s i t i o n  when t h e  c o n t r o l  f low is  removed. The 
number and l o c a t i o n  o f  t h e  c o n t r o l  s l o t s  have a  s i g n i f i c a n t  e f f e c t  on t h e  
c h a r a c t e r i s t i c s  o f  t h e  a m p l i f i e r ,  and t h e  i s l a n d  f u n c t i o n s  t o  e l i m i n a t e  o u t p u t  
h y s t e r e s j s  e f f e c t s .  

The boundary l a y e r  a m p l i f i e r  i s  used p r i m a r i l y  when a  high i n p u t  impedance 
power a m p l i f i e r  i s  r e q u i r e d .  Typical  p r e s s u r e  g a i n s  a r e  2 t o  3 ,  f l ~ w  g a i n s  
20 t o  50, and power g a i n s  60 t o  80 which ho ld  a t  r e l a t i v e l y  low supp ly  p r e s -  
s u r e s  (about 5 p s i g ) .  T h i s  dev ice  i s  l i m i t e d  by i t s  low power g a i n ,  r e l a -  
t i v e l y  complex c o n s t r u c t i o n ,  and slow response  t ime.  

5 . 4 , ? . 2  - The elbow a m p l i f i e r  (Figure  8-43] i s  
essen"&al ly  a  more complex v e r s i o n  of the boundary l a y e r  a m p l i f i e r .  The 
pr imary d i f f e r e n c e s  a r e  t h a t  i t  has  a p a s s i v e  i n p u t  channel-and two o u t p u t  
d u c t s ,  bkrithout c o n t r o l  f low t h e  momentum f l u x  i n  t h e  a c t i v e  i n p u t  channel  
i s  low n e a r  the o u t l e t  o f  t h e  p a s s i v e  i n l e t  channel  s o  t h a t  t h e  combined 
flow i s  d i r e c t e d  i n t o  t h e  l e f t  ou tpu t  channe l ,  A s  c o n t r o l  f low i s  a p p l i e d ,  
t h e  p o i n t  a t  which flow i n  t h e  a c t i v e  l e g  s e p a r a t e s  from t h e  channel  w a l l  
moves upst reai l  a s  i n  t h e  boundary l a y e r  m p l i f i e r .  A s  "chis occurs ,  t h e  
momentum d i s t r i b u t i o n  a c r o s s  t h e  f low changes such t h a t  t h e  combined flow 
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moves toward t h e  r i g h t  ou tput  channel.  The con t ro l  ac t ion  i s  propor t iona l  
s i n c e  the  po r t ion  of t h e  power s t r e m  which flows i n t o  e i t h e r  of t he  output 
p o r t s  depends upon t h e  momentum d i s t r i b u t i o n  of t h e  combined a c t i v e  and 
pass ive  flows. 

This  ampl i f i e r  provides except iona l ly  high flow ga in ,  however i t  i s  l imi t ed  
t o  low pressures  and low opera t ing  frequencies .  Typical  flow ga in  i s  200 
with a corresponding power ga in  of about 40. The maximum demonstrated gains  
under s t a t i c  condi t ions  a r e  flow ga in  300, pressure  ga in  3 ,  and power ga in  
500. Performance of t h i s  ampl i f i e r  drops d r a s t i c a l l y  a s  t h e  opera t ing  
frequency is  increased.  Typica l ly ,  t he  performance i s  down 3 db a t  10 cps 
and 10 db a t  40 cps.  

8 .4 .7 .3  - The induct ion ampl i f i e r  (Figure 8-44) i s  
e s s e n t i a l l y  a  back t o  back arrangement of two a i r f o i l s .  A s  t he  power j e t  
i s  turned on t h e  flow w i l l  adhere (by asymmetry o r  through the  use o f  a 
b i a s  pressure)  t o  one of  t h e  a i r f o i l  shaped boundaries downstream of t he  
power nozzle .  Presuming t h a t  t h e  flow i s  o r i g i n a l l y  coming out of t h e  
l e f t  output  duct ,  a  c o n t r o l  s i g n a l  must be appl ied  t o  t h e  r i g h t  con t ro l  
duct  t o  switch the  flow. The con t ro l  stream from the  r i g h t  cont ro l  duet  
adheres t o  t he  ou t s ide  wal l  of t h e  r i g h t  output  duc t .  This  flow funct ions  
t o  reverse  t h e  t r ansve r se  p re s su re  gradien t  across  t h e  power j e t  and thus  
cause the  power j e t  flow t o  switch t o  the  r i g h t  output  duc t .  

Except f o r  t h e  switching p r i n c i p l e ,  t he  c h a r a c t e r i s t i c s  of t h i s  device a r e  
s i m i l a r  t o  those of t h e  wall  attachment ampl i f i e r .  

8 .4.7.4 - The edgetone ampl i f i e r  (Figure 8-45) i s  a high 
speed f l i p - f l o p  which u t i l i z e s  a  f l u i d  dynamic phenomena c a l l e d  the  edgetone 
e f f e c t .  Consider a f l u i d  j e t  impinging on the  t i p  of a  wedge such a s  t he  
t i p  o f  t he  s p l i t t e r  shown i n  Figure 8-45. With t h e  proper  ampl i f i e r  configua- 
t i o n ,  t he  supply j e t  w i l l  cont inuously o s c i l l a t e  back and f o r t h  across  t h e  
wedge t i p  a l t e r n a t e l y  shedding v o r t i c e s  on each s i d e .  An output  occurs 
i n  t h e  edgetone ampl i f i e r  when the  power j e t  s t a b l y  o s c i l l a t e s  between the  
t i p  o f  t he  wedge shaped s p l i t t e r  and the  cusp a t  t h e  en t rance  t o  t he  output  
duct i n  use.  The con t ro l s  a r e  u t i l i z e d  t o  switch t h e  power stream t o  t h e  
oppos i te  output  duct where s t a b l e  o s c i l l a t i o n  i s  aga in  e s t ab l i shed .  

The primary func t iona l  d i f f e r ences  i n  the  edgetone a m p l i f i e r  from a t y p i c a l  
wal l  attachment ampl i f i e r  a r e  t he  f a s t e r  switching time (0 .1  mi l l i second o r  
l e s s )  and t h e  lower con t ro l  pressures  required.  

8 . 4 . 7 - 5  - Impact modulation i s  a  j e t  i n t e r a c t i o n  phenomena 
t h a t  i s  achieved by t h e  use of two a x i a l l y  opposed power j e t s  which provide 
a  p l ana r  impact region (see Sec t ion  8 . 4 . 2 , l ) :   here a r e  two ve r s ions  of t h i s  
device,  the  t r ansve r se  impact modulator and t h e  d i r e c t  impact modulator. 

In  t h e  t r ansve r se  impact modulator (Figure 8-46) maximum output  i s  obtained when 
t h e  pamar impact region i s  c l o s e s t  t o  t he  output  duc t .  When a t r ansve r se  
con t ro l  s igna l  i s  appl ied ,  t h e  momentum of t he  l e f t  supply j e t  i s  decreased 
and the  impact region moves t o  t he  l e f t ,  The device func t ions  a s  a  p ropor t iona l  
m p l i f i e r  with nega t ive  ga in  s ince  the  output flow and p re s su re  decrease a s  
t h e  cont ro l  pressure  and flow a r e  increased.  
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A per foxmace  curve of  a t p i c a l  t r ansve r se  i p a e t  modulator i s  shorn i n  
Figure 8-49. The flow ga in  v a r i e s  from 5 t o  30 and t h e  no-load p re s su re  
ga in  i s  between 20 a d  40. Four element cascades have given p re s su re  ga ins  
of about 12,000 which reduces the  average pressure  ga in  p e r  s t a g e  t o  about 
10.5, This  i s  necessary t o  ensure output l i n e a r i t y  and proper  i n t e r s t a g e  
impedance matching, 

In  t h e  d i r e c t  impact modulator (Figure 8-48) t he  supply flows and p re s su res  
a r e  ad jus t ed  so  t h a t  t h e  p l ana r  impact region i s  c l o s e r  t o  t h e  l e f t  supply 
j e t .  A s  t h e  concent r ic  con t ro l  s i g n a l  i s  appl ied,  t he  momentum of  t h e  
l e f t  supply j e t  i s  increased  and t h e  impact region moves t o  t h e  r i g h t .  This  
r e s u l t s  i n  increased output flow and pressure  a s  t h e  con t ro l  flow and p re s su re  
a r e  increased  so  t h a t  t h e  device i s  a propor t iona l  ampl i f i e r  with p o s i t i v e  
ga in ,  

Pressure  ga ins  arp t o  200 have been r epor t ed  f o r  t h e  d i r e c t  impact modulator 
which i s  a s i g n i f i c a n t  improvement over  t h e  t r ansve r se  impact modulator. 
The input  impedance i s  a l s o  v a r i a b l e  and can be ad jus ted  t o  approach i n f i n i t y .  

Impact modulators a r e  a t t r a c t i v e  f o r  propor t iona l  con t ro l  app l i ca t ion  because 
of t h e  h igh  pressure  gain per  s t a g e  and the  high con t ro l  input  impedances. 
Unloaded frequency response i s  r epor t ed ly  q u i t e  high (300 t o  400 cps) ,  
however, t h i s  has not  been r e l a t e d  t o  a p a r t i c u l a r  element s i z e  and response 
w i l l  decrease markedly when t h e  element i s  loaded. Signal  t o  noise  r a t i o  
r a g e s  from 60 t o  300. The d i f f i c u l t y  i n  obta in ing  reproducib le  c h a r a c t e r i s t i c s  
from one device t o  another  i s  one of  t he  major obs t ac l e s  t o  t h e  development 
of impact modulators. The t h r e e  dimensional concent r ic  nozzle  conf igura t ion  
i s  a l s o  q u i t e  expensive t o  manufacture except by i n j e c t i o n  molding. 

8,4,8 O s c i l l a t o r s  

F l u i d i c  o s c i l l a t o r s  r e q u i r e  feedback f o r  operat ion j u s t  l i k e  t h e i r  e l e c t r o n i c  
c o u n t e q a r t s .  There a r e  s eve ra l  types ,  which have been u t i l i z e d  i n  t imer  
c i r c u i t s ,  t e q e r a t u r e  sensors ,  p re s su re  re ferences ,  and i n  analog t o  d i g i t a l  
conver te rs .  

8 .4 -8 .1  Wall Attachment O s c i l l a t o r s  - An ex te rna l  feedback o s c i l l a t o r  which 
u t i l i z e s  a wal l  a t t a c h e n t  f l i p - f l o p  and two output feedback loops is shown 
i n  Figure 8-49. Wen t h e  supply flbw i s  i n i t i a l l y  turned  on, thk power j e t  
w i l l  a t t a c h  t o  e i t h e r  t he  l e f t  o r  r i g h t  wal l  and flow out  t h e  r e spec t ive  
output  duct  a s  i n  a n o m a l  f l i p - f l o p .  Presuming the  power j e t  i s  i n i t i a l l y  
a t tached  t o  t he  r i g h t  wal l ,  p a r t  of t h e  power stream is re tu rned  t o  t h e  r i g h t  
con t ro l  by the  e x t e r n a l  feedback loop so  t h a t  t h e  power j e t  i s  switched t o  
t h e  l e f t  wal l  when the  r i g h t  con t ro l  pressure  reaches t h e  co r r ec t  switching 
pressure .  This process  r epea t s  i t s e l f  on each s i d e  s o  t h a t  t h e  power j e t  
o s c i l l a t e s  a t  a frequency which depends on the  sm of t h e  t r a n s i t  time of 
t he  f l u i d i c  s i g n a l  through the  feedback pa th  and t h e  power j e t  switching 
t irne . 
The coupled con t ro l  o s c i l l a t o r  a l s o  u t i l i z e s  a f l u i d i c  f l i p - f l o p  and a feed- 
back loop jo in ing  t h e  two con t ro l  p o r t s  (Figure 8-50). Assuming t h a t  the  
PIEIIJP-P L"-..a"L J w b  -i5+ a.A ; C  uUUVC"C ohmqg. $-Q a t tach  r i g h t  hral l ,  a r a r e f a c t i o n  waxVr:, he t o  
t h e  suddenly increased  entrainment a t  t h e  r i g h t  con t ro l  p o r t  t r a v e l s  around 
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t h e  con t ro l  passage a ~ d  i s  r e f l e c t e d  a t  t h e  l e f t  cont ro l  p o r t .  This r e f l e c t e d  
wave, a compression, then t r a v e l s  back t o  t he  r i g h t  cont ro l  p o r t  causing t h e  
j e t  t o  switch t o  t h e  l e f t  wal l  and t h e  process  i s  repeated.  

8 .4 .8 .2  Relaxat ion O s c i l l a t o r  - This o s c i l l a t o r  i s  e s s e n t i a l l y  an ex te rna l  
feedback o s c i l l a t o r  with a lumped RCR ( res i s tance-capac i tance- res i s tance!  
network i n  each of  t he  output  feedback loops (Figure 8-51). The RCR network 
makes t h e  r e l a x a t i o n  o s c i l l a t o r  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature and 
p re s su re .  However, c a r e f u l  design i s  necessary i f  p ressure  and temperature 
i n s e n s i t i v i t y  a r e  requi red  toge ther .  

The r e l axa t ion  o s c i l l a t o r  was developed by t h e  Harry Diamond Laborator ies  
f o r  use i n  pneumatic t imers  and log ic  c i r c u i t s  t h a t  must opera te  under 
severe environmental condi t ions  (Reference 14) .  A prototype o s c i l l a t o r  has 
demonstrated l e s s  than + 2% frequency change over  a supply pressure  range 
of 6 t o  30 ps ig .  A frequency v a r i a t i o n  of l e s s  than 1% was a l s o  obtained 

0 
over a temperature range from 77 t o  175 F a t  a cons tan t  pressure .  

8 .4 .8 .3  Pressure  Control led O s c i l l a t o r  - This  o s c i l l a t o r  i s  another  s p e c i a l  
form of t he  e x t e r n a l  feedback o s c i l l a t o r  (Figure 8-49), which v a r i e s  i n  
output frequency a s  an approxjmately l i n e a r  func t ion  of t h e  supply p re s su re .  
This i s  accomplished by varying the  RLC ( resis tance-inductance-capaci tance)  
components i n  t h e  output feedback loops.  The pressure  con t ro l l ed  o s c i l l a t o r  
can use e i t h e r  a wal l  attachment f l i p - f l o p  o r  a j e t  i n t e r a c t i o n  p ropor t iona l  
ampl i f i e r  t o  achieve the  gain necessary f o r  o s c i l l a t i o n .  

The pressure  con t ro l l ed  o s c i l l a t o r  (PCO) i s  used f o r  analog t o  d i g i t a l  con- 
vers ion  i n  f l u i d i c  frequency modulated systems and a s  a pressure  Eeference.  
One experimental PCQ opera tes  with a ga in  of 30 cps p e r  inch  of water (800 
cps p e r  p s i )  a s  shorn i n  Figure 8-52. This  p a r t i c u l a r  o s c i l l a t o r  only has 
a u se fu l  range of about 80 cps but  an important advantage i s  t h a t  it can 
opera te  a t  very low pressures  with exce l l en t  r e s o l u t i o n .  

8 .4.8.4 - This  o s c i l l a t o r  (Figure 8-53) 
u t i l i z e s  a turbulence ampl i f i e r  and a s i n g l e  output  feedback loop a s  used 
i n  t h e  ex t e rna l  feedback o s c i l l a t o r .  When t h e  supply i s  turned on, t h e  
laminar power j e t  i s  recovered i n  t h e  output  tube a s  i n  a t y p i c a l  tu rbulence  
ampl i f i e r .  However, i n  t h i s  case ,  a po r t ion  of  t h e  output flow e n t e r s  t he  
r e t u r n  pa th  a s  shown i n  (A) of Figure 8-53 s o  t h a t  it impinges on the  
power j e t  a s  shown i n  (B) of t h e  f i g u r e .  The r e t u r n  flow causes t h e  power. 
j e t  t o  become tu rbu len t  with t h e  r e s u l t i n g  decrease i n  t he  output pr, '  n s su re .  , 
This  causes the  flow along t h e  r e t u r n  pa th  t o  decrease o r  s top  so  t h a t  t he  
power j e t  rega ins  laminar i ty  and t h e  cyc le  r epea t s  i t s e l f .  

8 .4 .8 .5  - This p rec i s ion  o s c i l l a t o r  (Figure 
8-54) c o n s i s t s  of a temperature compensated tuning fo rk ,  a load s e n s i t i v e  
f l u i d i c  f l i p - f l o p ,  con t ro l  t ransmission l i n e s ,  and a feedback t ransmission 
Pine. The supply stream emerges from an apera ture  i n  one t i n e  ( con t ro l )  s f  
a Lulling fo rk  and i s  a l t e r n a t i v e l y  switched t o  t h e  two dolmstream channels 
as the  control t i n e  o s c i l l a t e s .  The two downstrem channels provide con t ro l  
i npu t s  t o  the  load s e n s i t i v e  f l i p - f l o p  which o s c i l l a t e s  accordingly.  One 
f l u i d  pulse  t r a i n  from the  f l i p - f l o p  i s  f e d  back and impinged on t h e  dr iven 



t i n e  of t he  tuning fork  so a s  t o  maintain o s c i l l a t i o n  of t he  fork  a t  i t s  
n a t u r a l  frequency. The o the r  f l i p - f l o p  output  i s  used a s  the  output s i g n a l  
of t h e  o s c i l l a t o r .  Since the  o s c i l l a t o r  uses  t he  a i r  pu lse  only t o  apply 
s u f f i c i e n t  energy t o  t he  tuning fork t o  s u s t a i n  o s c i l l a t i o n ,  i t  i s  i n s e n s i t i v e  
t o  v a r i a t i o n s  i n  t he  speed of sound of t he  working f l u i d .  

Although hybrid i n  na tu re ,  t he  tuning fork  o s c i l l a t o r  o f f e r s  such an 
extremely accura te  frequency re ference  t h a t  i t  should no t  be overlooked. 
This  device has a  frequency accuracy of + 0.002 percent  a t  room temperature 
and c 0.05 percent  over  a  temperature range of -35 t o  + 2 0 0 ° ~ ,  when operated 
a t  450 cps . The tuning fo rk  i t s e l f  i s  temperature compensated by t h e  use  
of  s p e c i a l  a l l o y s ,  hea t  t reatment ,  o r  bimetal  cons t ruc t ion .  The t rend  i n  
t h i s  type  device i s  toward small  high frequency tuning fo rks ,  s i n c e  h igher  
f requencies  r e s u l t  i n  smal le r  amplitudes and b e t t e r  accurac ies .  

8 .4.9 Moving P a r t  Devices 

F l u i d i c s  i s  gene ra l ly  assoc ia ted  with con t ro l  and log ic  systems opera t ing  a t  
low power l e v e l s ,  whereas ord inary  moving p a r t  devices  a r e  thought of i n  
terms of  con t ro l l i ng  power func t ions .  With the  advent of f l u i d i c s ,  numerous 
moving mechanical p a r t  devices have become ava i l ab l e  t o  perform c o n t r o l  
func t ions .  Although most of t hese  a r e  i n d u s t r i a l l y  or ien ted ,  they may prove 
use fu l  i n  aerospace app l i ca t ions  where low quiescent  power d ra ins  a r e  re -  
qu i red  and where it i s  simply impossible o r  uneconomical t o  opera te  f l u i d i c  
elements because of l imi t ed  space, weight, and energy. Moving p a r t  devices  
a r e  a l s o  use fu l  i n  hybrid f l u i d i c  systems t o  boost  a  low p res su re  s i g n a l  
(a  f r a c t i o n  of a  p s i )  t o  a  u s e f u l  working p re s su re  i . e . ,  s u f f i c i e n t  t o  
opera te  a va lve  ac tua to r .  These power i n t e r f a c e s  can be e i t h e r  gas t o  
gas ,  gas  t o  hydraul ic  f l u i d ,  o r  even gas t o  l i q u i d  p rope l l an t  i n t e r f a c e s .  

8.4.10 Flu id  I n t e r f a c e s  

The bulk  of  p re sen t  f l u i d i c  app l i ca t ions  a r e  of t h e  hybrid v a r i e t y  i n  t h a t  
t ransducers  a r e  requi red  t o  i n t e r f a c e  wi th  o the r  modes of con t ro l .  Very 
l i t t l e  o r i g i n a l  work has been done t o  develop new devices  i n  t h i s  a r ea ,  and 
most of t he  a v a i l a b l e  i n t e r f a c e  components a r e  adapta t ions  of commercially 
a v a i l a b l e  hardware f o r  hydraul ic  and pneumatic con t ro l .  

8 .4.10.1 E l e c t r i c a l  t o  Fluid Transducers - In an e l e c t r i c a l  t o  f l u i d i c  
(E-F) t ransducer ,  an e l e c t r i c a l  s igna l  produces a  mechanical movement of an 
element i n t o  t h e  a c t i v e  a r e a  of a  f l u i d i c  device.  There i s  a  wide v a r i e t y  
of t h e s e  E-F t ransducers  i n  general  use.  For example, an E-F t ransducer  
f o r  on-off o r  d i g i t a l  opera t ion  can be a  solenoid valve and f o r  propor t iona l  
con t ro l  a  torque motor dr iven f l appe r  va lve .  Several  E-F t ransducers  of 
t h i s  type  a r e  shown i n  Figures  8-55, 8-56, and 8-57. The torque motor dr iven  
E-F  t ransducer  has a  bandwidth of about 300 cps and t h e  bandwidth f o r  t h e  
p i e z o e l e c t r i c  ceramic d i s c  E-F  t ransducer  i s  between 1000 t o  2000 cps.  

P r a c t i c a l  E-F  t ransducers  have been made which u t i l i z e  the  secondary e f f e c t s  
of acous t i c  power, i . e . ,  a cous t i c  streaming and r a d i a t i o n  p re s su re  (References 
15, 16, 19) .  For example, a  turbulence a m p l i f i e r  can be made t o  switch t o  
t h e  NOR condit ion by means of sound waves. The device shown i n  Figure 8-58 
u t i l i z e s  an e l e c t r i c a l l y  induced magnetic f i e l d  t o  p o s i t i o n  o r  o s c i l l a t e  a  
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diaphragm which v a r i e s  t he  d i f f e r e n t i a l  p re s su re  across  a  f l u i d i c  propor t iona l  
ampl i f i e r .  A p i e z o e l e c t r i c  ceramic d i s c  can a l s o  be used i n  p lace  of t h e  
electromagnet ic  d r i v e r  and diaphragm. Each of t hese  E-F  t ransducers  a r e  
capable o r  producing a  r e l a t i v e l y  low pressure  pneumatic s igna l  i n  t he  range 
from s teady  s t a t e  t o  about 2000 cps.  

Many new E-F t ransducers  have been devised i n  which an e l e c t r i c a l  s i g n a l  i s  
converted d i r e c t l y  i n t o  a  f l u i d  s i g n a l ,  (References 18, 19 and 20).  Heat 
has a l s o  been used t o  con t ro l  t h e  separa t ion  p o i n t  i n  a  boundary l a y e r  
ampl i f i e r  and t o  switch t h e  flow i n  a  d i f f u s e r .  The primary disadvantage i n  
t hese  devices  i s  t h a t  considerably more e l e c t r i c  power than equivalent  
pneumatic power i s  requi red  t o  opera te  these  devices .  A few of t hese  concepts 
a r e  i l l u s t r a t e d  i n  Figure 8-59. 

8 .4.10.2 F lu id  t o  E l e c t r i c a l  Transducers - The most widely used f l u i d  t o  
e l e c t r i c a l  (F-E) t ransducers  a r e  simple p re s su re  switches,  p ressure  t ransduc-  
e r s ,  and hot  wire probes.  Most p re s su re  switches and many pressure  t ransduc-  
e r s  a r e  l imi ted  t o  app l i ca t ion  i n  systems with a  bandwidth of l e s s  than 100 
cps because of t h e  add i t i ona l  t ransducer  volume involved. Flush mounted, 
p i e z o e l e c t r i c  pressure  t ransducers  and the  newer semiconductor s t r a i n  gage 
elements (0.10 inch  sensing diameter) a r e  capable of opera t ing  i n  components 
with bandwidths i n  excess of  20,000 cps.  Thermistor o r  hot  wire probes 
have a l s o  been i n s t a l l e d  i n  t he  cont ro l  and output  channels of f l u i d i c  
devices  t o  i n d i c a t e  t h e  presence o r  absence of flow. 

Heater elements o r  hot  f i lms  can be i n s t a l l e d  i n  t h e  output ducts  of a  
propor t iona l  ampl i f i e r  and connected i n  a  br idge  c i r c u i t  a s  shown i n  Figure 
8-60. The br idge  output  vo l tage  i s  then propor t iona l  t o  t h e  d i f f e r e n t i a l  
cool ing of t he  two sensors  by t h e  output  f lows.  Another type of d i f f e r e n t i a l  
E-F t ransducer  u t i l i z e s  a  small  semiconductor o r  wire  s t r a i n  element mounted 
between t h e  output  l egs  of a  propor t iona l  a m p l i f i e r  a s  shown i n  Figure 8-61. 
This t ransducer  w i l l  produce a  s e n s i t i v e  and accura te  output  s igna l  d i r e c t l y  
p ropor t iona l  t o  t h e  ampl i f i e r  d i f f e r e n t i a l  ou tput  p re s su re .  Both of t h e s e  
devices  a r e  capable of bandwidths b e t t e r  than 20,000 cps,  depending on how 
they a r e  i n s t a l l e d  i n  r e l a t i o n  t o  t h e  f l u i d  stream. 

8.4.10.3 Mechanical t o  F lu id  Transducers - One of t he  s implest  mechanical 
t o  f l u i d  fM-F) t ransducers  i s  a  pressure  d iv ide r ,  where the  e x i t  i s  a  v a r i a b l e  
o r i f i c e  cdn t rb l l ed  by t h e  opera t ion  of a  f l a p p e r ,  The f lapper  can be e i t h e r  
a  t r a n s l a t i n g  member o r  a  r o t a t i n g  cam a t tached  t o  t he  mechanical device .  
Another type of M-F t ransducer  i s  t he  i n t e r r u p t a b l e  j e t  which is  e s s e n t i a l l y  
a  turbulence ampl i f i e r  i n  which the  turbulence inducing element i s  an ob jec t  
which in t rudes  i n t o  the  j e t  stream. The i n t e r r u p t a b l e  j e t  can sense t h e  
mechanical i n t r u s i o n  i n t o  the  laminar stream with a  r e p e a t a b i l i t y  of b e t t e r  
than 0.0001 inch.  For d i g i t a l  c i r c u i t r y ,  t h e  concept of t h e  t r a d i t i o n a i  
p l aye r  piano r o l e  would permit the  use of complex programmed inpu t s .  
Another ve r s ion  of t h i s  concept uses  s tandard punch cards a s  t he  input  
s igna l  o r  programming device.  

Analog f l u i d i c  systems r equ i r e  a  d i f f e r e n t i a l  p re s su re  s igna l  a t  t h e  i n t e r -  
face  between t h e  t ransducer  and the  system i n p u t .  The M-F t ransducers  
shown i n  Figure 8-62 a r e  conceived t o  perform t h i s  fiiiictioii. iii  devices  
A, 0  and C t h e  output  nozz les  (P and P ) a r e  each suppl ied from a cons tan t  1 2 
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pressure  source through a  choked o r i f i c e .  As the  d i sp l ac ing  member moves 
c l o s e r  t o  one nozzle  and f u r t h e r  away from the  o the r  t he  r e s u l t i n g  changes 
i n  back pressure  a r e  r e f l e c t e d  i n  t he  d i f f e r e n t i a l  p re s su re  s igna l  P I  minus 

P2. 
The t ransducer  i n  D func t ions  i n  a  s i m i l a r  manner, except t h a t  t he  change 

In o r i f i c e  a r ea  i s  accomplished wi th in  the  t ransducer  i t s e l f .  

8 .4 .10.4 Fluid t o  Mechanical Transducers - Flu id i c  devices  provide a  
r e l a t i v e l y  low output  p re s su re  which can be amplif ied f l u i d i c a l l y  o r  can 
be used d i r e c t l y  t o  d r i v e  o r  ope ra t e  a  v a r i e t y  of devices .  These devices  
a r e  genera l ly  adapta t ions  of e x i s t i n g  pneumomechanical devices ,  f o r  example, 
a  f l u i d i c  s i g n a l  may be used t o  p o s i t i o n  a  spool va lve  i n  a  power c i r c u i t .  
Other t y p i c a l  app l i ca t ions  would be t h e  con t ro l  of a  va lve  with a  diaphragm, 
p i s t o n ,  o r  a  geared gas t u rb ine  ac tua to r .  

8 .4.11 F l u i d i c  Sensors 

The sensing of system v a r i a b l e s  i s  fundamental t o  a l l  con t ro l  func t ions .  
The output  of a  sensor  i s  a  func t ion  of a  system v a r i a b l e  such a s  tempera- 
t u r e ,  p o s i t i o n ,  angular  r a t e ,  o r  acce l e ra t ion .  Whether a  devic2 i s  c a l l e d  
a  s enso r ,  an i n t e r f a c e  element,  o r  a  t ransducer  i s  o f t en  a  mat te r  of opinion 
o r  d e f i n i t i o n .  For example, many of the M-F t ransducers  discussed previous ly  
could be c a l l e d  sensors  because they sense the  phys ica l  p o s i t i o n  of an 
ob jec t  and provide an output  which i s  a  func t ion  of t he  sensed p o s i t i o n .  

The ava i l ab l e  information on f l u i d i c  sensors  i s  r a t h e r  s ca rce  because t h e  
devices  a r e  e i t h e r  c l a s s i f i e d  o r  p rop r i e t a ry  i n  na tu re .  The following 
devices  a r e  r ep re sen ta t ive  of t h e  sensors  which have been repor ted  i n  t h e  
cu r r en t  l i t e r a t u r e  and those which a r e  novel i n  terms of f l u i d i c  p r i n c i p l e s .  

8 .4.11.1 - Pressure s i g n a l s  a r e  normally 
sensed d i r e c t l y  by f l u i d i c  c i r c u i t s .  However, i n  some s i t u a t i o n s  the  f l u i d  
producing t h e  con t ro l  input  d a t a  may be tox ic ,  cor ros ive ,  d i r t y ,  o r  ho t  s o  
t h a t  it may not  be d e s i r a b l e  t o  have t h e  f l u i d  e n t e r  t h e  f l u i d i c  c i r c u i t ,  
This  i s  e s p e c i a l l y  t r u e  where continued exposure t o  ex t e rna l  contamination 
could render  a  system inope ra t ive  o r  where human exposure t o  a  t o x i c  
exhaust gas could be harmful. The high impedance p re s su re  sensor  provides 
a  means by which p re s su re  l e v e l s  can be de tec ted  without flowing the  sensed 
media i n t o  t h e  sensor  (Reference 21).  

The high impedance p re s su re  sensor  (Figure 8-63) i s  e s s e n t i a l l y  a  b i s t a b l e  
wal l  attachment ampl i f i e r  with a  bypass channel from the  supply t o  one 
con t ro l  p o r t .  This  con t ro l  p o r t  i s  designated a s  t h e  con t ro l  input  and t h e  
oppos i te  con t ro l  p o r t  i s  then designated a s  the  b i a s  i npu t .  When the  supply 
f l u i d  i s  turned on, some f l u i d  i s  bypassed i n  t he  c o n t r o l  input  channel where 
it impinges on the  f a r  wal l  causing t h e  stream t o  s p l i t  a s  shown i n  Figure 
8-64. A r e l a t i v e l y  small  p o r t i o n  of t h e  stream is  en t ra ined  by the  power 
j e t  i n  t h e  i n t e r a c t i o n  region and t h e  remaining po r t ion  i s  discharged throygh 
t h e  con t ro l  channel.  A b i a s  i npu t  i s  ad jus ted  t o  cause the  power j e t  t o  
i n i t i a l l y  a t t a c h  t o  t h e  oppos i te  o r  r i g h t  wal l .  When t h e  con t ro l  i n p u t  i s  
r e s t r i c t e d  by e i t h e r  a phys ica l  blockage o r  a  con t ro l  s i g n a l  o f  t h e  proper  
magnitude, t he  power j e t  w i l l  switch t o  the  l e f t  output  p o r t  (Figure 8-65) .  
A v a r i a b l e  b i a s  r e s i s t o r  i s  used t o  ad jus t  t he  s e n s i t i v i t y  af t he  sensor  
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and consequently t h e  cont ro l  pressure  l e v e l  a t  which t h e  supply stream 
switches (Figure 8-66) . 

The p re s su re  sensor  can be modified f o r  use a t  high a l t i t u d e s  o r  i n  o u t e r  
space a s  shown i n  Figure 8-67. This i s  accomplished by in te rconnect ing  the  
vents  and the  b i a s  input  and d ischarg ing  the  flow through a  common o r i f i c e .  
The sensor  w i l l  then func t ion  independently of atmospheric back p r e s s u r e  
provided the  vent pressure  i s  high enough t o  choke the  vent  o r i f i c e .  

8.4.11.2 - Several types of ex t e rna l  feedback f l u i d i c  
o s c i l l a t o r s  have been developed f o r  measuring gas temperature (References 
22, 23 and 24). Although many of t hese  vary i n  conf igura t ion  and des ign ,  
t h e i r  b a s i c  opera t ion  depends on the  f a c t  t h a t  t he  acous t i c  v e l o c i t y  i n  
t he  e x t e r n a l  feedback path i s  a  func t ion  of gas temperature (Figure 8-68).  
Therefore,  i f  t h e  switching time f o r  t h e  a c t i v e  f l u i d i c  element (wall 
attachment f l i p - f l o p )  i n  t he  o s c i l l a t o r  is  assumed t o  be zero,  t h e  o s c i l l a t o r  
frequency i s  : 

where : F = frequency, cps 
uc= acous t i c  v e l o c i t y  of t h e  gas ,  m/s 
R = l ength  of t he  conduit ,  m 

Theore t i ca l ly ,  t he  o s c i l l a t o r  temperature sensor  w i l l  opera te  i n  v i r t u a l l y  
any environment a s  long a s  t he  minimum flow v e l o c i t y  necessary f o r  opera t ion  
i s  maintained. The temperature range f o r  a  given device i s  determined by 
t h e  l i q u i f i c a t i o n  temperature of t h e  working gas a t  low temperatures and the  
melt ing p o i n t  of t h e  sensor  ma te r i a l  a t  e leva ted  temperatures.  

O s c i l l a t o r  temperature sensors  a r e  b u i l t  by Minneapolis-Honeywell i n  s i z e s  
ranging from 1/4 x 3/8 x 0.09 inches t h i c k  t o  2 x 2 x 1 / 2  inches t h i c k  
which ope ra t e  from about 17 k i locyc le s  down t o  2 k i locyc le s ,  r e s p e c t i v e l y .  
A c a l i b r a t i o n  curve f o r  a  t y p i c a l  2 x  2 inch  sensor  i s  shown i n  Figure 8-69. 
The supply p re s su re  must be s u f f i c i e n t  t o  s t a r t  and s u s t a i n  the  sensor  
o s c i l l a t i o n ,  normally 3 o r  4  p s ig .  Ultimate sensor  accuracy i s  about +0 .2% 
which i s  achieved a f t e r  t he  sensor e x i t  nozzle  i s  choked. The sensor  Fas  a  
response time of  l e s s  than 1 second. Signal  t o  noise  r a t i o  v a r i e s  from 5 
t o  20 depending on t h e  i n l e t  p re s su re .  

8.4.11.3 Vortex Rate Sensor - A t y p i c a l  vo r t ex  r a t e  sensor i s  shown i n  
Figure 8-70. Supply f l u i d  flows through t h e  i n e r t i a l  coupling element, 
through t h e  vortex chamber, and out  t o  vent .  The coupling element i s  usua l ly  
a  porous ma te r i a l  bu t  unifo-mally spaced vanes have a l s o  been used. 

When t h e  ?.ngular r a t e  i s  zero, supply f l u i d  passes  through t h e  coupling r ing  
and flows r a d i a l l y  through t h e  vortex chamber and out  t h e  vent .  When an 
angular  s a t e  i s  imparted t o  t h e  sensor ,  a t angen t i a l  v e l o c i t y  i s  induced 
i n  t h e  supply f l u i d  by the  coupling element which i s  amplif ied i n  t he  
vor tex  chamber due t o  the  conservat ion of angular  momentum. This  increased  
v e l c c i t y  i s  de t ec t ed  with an aerodynarric pi-L ,,off located i n  t he  vent  tubc .  
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The p ickoff  (Figure 8-7:)senses angular r a t e  by measuring the  v o r t i c i t y  
imparted t o  t h e  o u t l e t  flow, i . e . ,  the  p re s su re  d i f f e r e n t i a l  generated 
across  t he  p ickoff  tubes i s  d i r e c t l y  p ropor t iona l  t o  t he  appl ied  angular  
r a t e .  

The performance c h a r a c t e r i s t i c s  f o r  a  t y p i c a l  vortex r a t e  sensor  a r e  
summarized i n  Table 8-5. One of t he  many v a r i e d  app l i ca t ions  a n t i c i p a t e d  
f o r  t he  vor tex  r a t e  sensor  i s  i t s  u t i l i z a t i o n  i n  f l u i d i c  m i s s i l e  con t ro l  
systems. Other app l i ca t ions  a r e  i n  experimental phases and range f rod  
m i s s i l e  a t t i t u d e  con t ro l  t o  l i g h t  a i r c r a f t  con t ro l s .  

8 .4.12 Fabr ica t ion  and Mater ials  

8 .4 .12 .1  - F l u i d i c  devices  can be made by a wide 
v a r i e t y  of manufacturing processes and i n  almost any type of r i g i d  m a t e r i a l .  
~ e c h n i b u e s  f o r  t h e  f a b r i c a t i o n  of t hese  devices  a r e - w e l i  known and no t  
d i  f f i c i l t  . The most important cons idera t ion  i s  t h a t  t he  performance and 
c h a r a c t e r i s t i c s  of  a  f l u i d i c  device a r e  c lo se ly  r e l a t e d  t o  i t s  geometric 
shape, so t h a t  i n  f a b r i c a t i n g  f l u i d i c  devices  i n t r i c a t e  shapes must be held 
t o  p r e c i s e  dimensions. 

The s i z e  of f l u i d i c  devices  v a r i e s  widely because of the  many d i f f e r e n t  
types and a l s o  because of t he  d i f f e r e n t  uses  f o r  t he  same device.  For 
example, f l u i d i c  elements used a s  l og ic  ga t e s  i n  aerospace app l i ca t ions  
a r e  minia tur ized  t o  minimize power consumption, whereas a  s i m i l a r  device 
used a s  a  switch t o  d i v e r t  flow i n  a  p i p e l i n e  i s  much l a r g e r .  Because 
of t h i s  wide d i v e r s i t y  i n  the  s i z e  requi red ,  q u a n t i t i e s  involved, t o l e r ances  
requi red ,  and m a t e r i a l s  used, t he re  i s  no s i n g u l a r l y  b e s t  fabr ic ' a t ion  
technique f o r  f l u i d i c  devices .  

Manufacturing processes  i n  common use inc lude  the  cas t ing ,  thermoforming, 
photoetching, and molding of p l a s t i c s ;  chemical mi l l i ng ,  photoetching, 
e l e c t r i c a l  d i scharge  machining, e lectroforming,  d i e  ca s t ing ,  and powder 
metal lurgy of meta ls ;  and phogoetching, u l t r a s o n i c  machining, and e l e c t r o n  
beam machining o f  ceramics. This l i s t i n g  i s  only r ep re sen ta t ive  of t h e  
wide range of choices  a v a i l a b l e .  

The environmental t o l e r ance  required of a  f l u i d i c  element i s  t he  primary 
cons idera t ion  i n  t h e  choice of ma te r i a l .  F l u i d i c  devices  must have 
s u f f i c i e n t  s t r e n g t h  t o  withstand both s t r u c t u r a l  and hydraul ic  fo rces  
without undue d i s t o r t i o n .  Surf.ace hardness of  t he  mater ia l  must a l s o  be 
considered,  p a r t i c u l a r l y  i f  the  working f l u i d  c a r r i e s  abras ive  p a r t i c l e s .  
Wear i n  s t ream-in terac t ion  devices  i s  c r i t i c a l  i n  the  nozzles and on t h e  
s p l i t t e r .  Other f a c t o r s ,  such as  opera t ing  temperature and compa t ib i l i t y  
with the  working f l u i d ,  a l s o  e n t e r  i n t o  the  s e l e c t i o n .  

I n j e c t i o n  molding of thermoplast ic  ma te r i a l s  appears t o  o f f e r  t h e  cheapest 
method of f a b r i c a t i n g  l a rge  q u a n t i t i e s  of f l u i d i c  elements.  However, t hese  
elements a r e  l i m i t e d  t o  operat ion a t  near  room temperature condit ions and 
with noncorrosive media. In  i n d u s t r i a l  app l i ca t ions ,  i n j e c t i o n  molded 
devices  should provide long term r e l i a b l e  opera t ion ,  p a r t i c u l a r l y  i n  d i g i t a l  
systems. 



There a r e  s e v e r a l  f a b r i c a t i o n  methods which a r e  s u i t a b l e  f o r  two-dimensional 
e lements  f o r  ae rospace  a p p l i c a t i o n s .  The important  methods a r e  d i s c u s s e d  
b,elow . 

8 .4 .12 .2  - This  i s  perhaps  t h e  most economical pro-  
d u c t i o n  method f o r  manufactur ing p a r t s  from thermose t t ing  m a t e r i a l s .  
To le rances  can be h e l d  a s  c l o s e  a s  r e q u i r e d  f o r  most f l u i d i c  e lements .  
F i l l e r s  a r e  used  t o  add s t i f f n e s s ,  c o n t r o l  s h r i n k a g e ,  and reduce t h e  
c o e f f i c i e n t  of thermal  expansion.  Maximum o p e r a t i n g  t empera tu re  i s  about 
400°F f o r  t h e  b e s t  f i l l e d  the rmose t t ing  p l a s t i c  e lements ,  and f i l l e d  epoxy 
e lements  a r e  l i m i t e d  t o  about  300°F. 

8 . 4 . 1 2 . 3  - This  p r o c e s s  was o r i g i n a l l y  developed by 
t h e  Corning Glass Works t o  p r e p a r e  s u b s t r a t e s  f o r  e l e c t r o n i c  c i r c u i t s  and - - 

has  been adapted t o  t h e  manufacture of f l u i d i c  e lements .  A h igh c o n t r a s t  
n e g a t i v e  i s  p l a c e d  upon a  t h i n  s h e e t  of F o t o f o m  g l a s s ,  which i s  a  s i l i c a t e  
g l a s s  c o n t a i n i n g  a  p h o t o s e n s i t i z i n g  i n g r e d i e n t  such a s  t h e  cesium r a d i c a l ,  
~ e ' ~ .  I n  t h e  p r e s e n c e  of u l t r a v i o l e t  l i g h t ,  t h e  exposed g l a s s  absorbs  t h e  
u l t r a v i o l e t  r a d i a t i o n ,  c r e a t i n g  a  c o n t a c t  p r i n t  i n  d e p t h .  The g l a s s  i s  
then  heated t o  about 1200°F so  t h a t  c o l l o i d a l  p a r t i c l e s  of c r y s t a l l i z e d  
l i t h i u m  m e t a s i l i c a t e  appear  a s  a  whi te  opa l  image, which i s  formed i n  t h e  
exposed a r e a s  o f  t h e  g l a s s .  When t h e  g l a s s  s h e e t  i s  immersed i n  a hydro- 
f l u o r i c  a c i d  b a t h ,  t h e  exposed a r e a s  d i s s o l v e  20 t o  30 t imes  f a s t e r  than  
t h e  c l e a r  unexposed a r e a s  o f  t h e  g l a s s .  

F u r t h e r  p rocess ing  c o n v e r t s  t h e  Fotoform g l a s s  t o  a  h i g h e r - s t r e n g t h  p a r t i a l l y -  
c r y s t a l l i n e  m a t e r i a l  c a l l e d  Fotoceram. The f i n i s h e d  Fotoceram elements  
o f f e r  s e v e r a l  impor tan t  advantages  which a r e  normal ly  a s s o c i a t e d  w i t h  
ceramic m a t e r i a l ,  i . e . ,  h i g h  dimensional s t a b i l i t y ,  low m o i s t u r e  a b s o r p t i o n ,  
good shock r e s i s t a n c e ,  and o p e r a t i n g  t empera tu res  approaching 1 0 0 0 " ~ .  Th is  
p r o c e s s  can produce i n t r i c a t e  two-dimensional e lements  down t o  a  nozz le  
width  o f  0.005 i n c h .  An important  c o n s i d e r a t i o n  i n  c i r c u i t  f a b r i c a t i o n  
i s  t h a t  bo th  t h e  Fotoform and Fotoceram p l a t e s  can be  t h e r m a l l y  laminated 
t o  form a  ~ n o n o l i t h i c  s t r u c t u r e .  

8 . 4 . 1 2 . 4  Pho toe tch ing  Metals - This  p r o c e s s  has  r e c e n t l y  become v e r y  
important  i n  t h e  manufacture  of f l u i d i c  e lements  f o r  ae rospace  a p p l i c a t i o n s .  
E s s e n t i a l l y  t h e  p r o c e s s  removes metal  by t h e  chemical  e t c h i n g  o f  p r e f e r e n t i a l l y  
exposed s u r f a c e s .  The p r o c e s s  i s  p r e s e n t l y  l i m i t e d  t o  meta l  s h e e t s  no 
t h i c k e r  t h a n  about  0.020 i n c h ,  because  t h e  dilnensional t o l e r a n c e s  t h a t  can 
be achieved i n c r e a s e  w i t h  i n c r e a s i n g  metal  t h i c k n e s s .  A 0.005 inch  wide 
channel  can be e t c h e d  through a  0.001 inch  t h i c k  s t a i n l e s s  s t e e l  wi th  a  
t o l e r a n c e  o f  0.00025 i n c h  o r  about + 5  p e r c e n t .  Th i s  same 0.005 i n c h  wide 
channel would have a t o l e r a n c e  of +-20 p e r c e n t  i f  e t c h e d  i n  a  0 .005 inch  - 
t h i c k n e s s  o f  t h e  same m a t e r i a l .  

I n  t h e  f a b r i c a t i o n  o f  two-dimensional f l u i d i c  e lements ,  s e v e r a l  l amina t ions  
of etched. s h e e t s  are r c q u i r e d  t o  p rov ide  t h e  r e q u i r e d  a s p e c t  r a t i o .  Photo- 
e t c h i n g  r a n  be used wrth t h e  f o l l o w i n g  meta l s  ( p r e s e n t e d  i n  t h e  o r d e r  o r  
i n c r e a s i n g  d i f f i c u l t y ) :  copper ,  n i c k e l ,  carbon s"teel, s t a i n l e s s  s t e e l ,  alil- 
minum, t i t a n i u m ,  and molybdenum, Operat ing t empera tu re  depends p r i m a r i l y  
on the rnefzl  ~ r s e d  and  t h e  method s e l e c t e d  for s e a l i n g  the l a ~ i n a t e d  s h e e t s .  



8.4 .12 .5  Other Fabr ica t ion  Methods - Many new methods a r e  being considered 
f o r  t h e  f a b r i c a t i o n  of  f l u i d i c  elements. Techniques such a s  e l e c t r o n  and 
l a s e r  beam machining may eventua l ly  make it  poss ib l e  t o  pack 1000 f l u i d i c  
elements i n  one cubic inch .  Coining techniques may soon make it poss ib l e  
t o  manufacture in te rconnected  f l u i d i c  elements by indexing a  d i e  and 
stamping i n  t he  r i g h t  l oca t ion .  However, much work s t i l l  needs t o  be done 
i n  t h e  sea l ing  of  f l u i d i c  elements, p a r t i c u l a r l y  those  f o r  use with high 
temperature working f l u i d s .  To da t e ,  d i f f u s i o n  bonding and furnace braz-  
ing have been used with moderate success i n  t h e  sea l ing  of photoetched 
metal elements, bu t  more e f f i c i e n t  s ea l ing  methods a r e  required i f  t h e  i n -  
herent  r e l i a b i l i t y  of f l u i d i c  elements i s  t o  be achieved. 

8 .4.12.6 - The in te rconnect ion  of f l u i d i c  elements 
with f i t t i n g s  and tubing i s  n e i t h e r  p r a c t i c a l  nor  r e l i a b l e  enough f o r  
aerospace c i r c u i t s .  One t rend  i n  aerospace systems i s  t o  group c i r c u i t  
elements on a  func t iona l  b a s i s  i n  rec tangular  o r  c i r c u l a r  two-dimensional 
p l ana r  a r rays  o r  modules (Figure 8-72). This  allows t h e  incorpora t ion  of 
t h e  maximum number of in te rconnect ions  wi th in  t h e  module. Power supp l i e s ,  
vent connections, and in te rconnect ions  between modules can then be accomplish- 
ed by in t e r spe r s ing  manifolds between t h e  modules (Figure 8-73). The 
number of c i r c u i t  modules t h a t  can be stacked i s  l imi ted  because t h e  supply 
and exhaust p o r t s  a s  wel l  a s  t he  c i r c u i t  in te rconnect ions  must a l l  be 
por ted  through t h e  s tacked c i r c u i t  blocks,  and a  p o i n t  of diminishing r e t u r n s  
i s  eventua l ly  reached. 

Another method i s  t o  b r ing  a l l  t he  connections out  t o  t he  edge of t h e  module. 
Modules can then be s tacked on edge i n  between manifolds which provide t h e  
f l u i d  power supp l i e s  and c i r c u i t  in te rconnect ions .  As shown i n  t h e  phys i ca l  
concept of a  rocke t  engine f l u i d i c  c o n t r o l l e r  (Figure 8-74), t h i s  makes f o r  
a  convenient arrangement i n  t h a t  sensors ,  i n t e r f a c e s ,  and compensating 
volumes can be loca t ed  c lose  t o  the  c i r c u i t  modules. 

For smal le r  f l u i d i c  c i r c u i t s  it may be more convenient t o  f a b r i c a t e  t h e  
manifold and in te rconnect ions  i n  a  s i n g l e  block (Figure 8-75). Then t h e  
f l u i d i c  elements,  sensors ,  and i n t e r f a c e s  a r e  e x t e r n a l l y  a t tached  t o  t h e  
manifold block. This method i s  more convenient f o r  pro to type  app l i ca t ions  
and allows the  modi f ica t ion  o r  replacement of c i r c u i t  elements when r equ i r ed .  

8 .4 .13 .1  In t roduct ion  - A f l u i d i c  con t ro l  system f o r  aerospace app l i ca t ion  
should conta in  s e v e r a l  sensing,  computation, and con t ro l  ac tua t ion  
func t ions  a s  shown i n  Figure 8-76. The block diagram ind ica t e s  t h a t  some 
system ins t rumenta t ion  w i l l  be s e l f  contained, i . e . ,  designed i n  a s  an i n -  
t e g r a l  p a r t  of t h e  con t ro l  system i t s e l f  and used f o r  both opera t iona l  
instrumentat ion and ground t e s t .  Inputs  a r e  a l s o  provided f o r  d i agnos t i c  
instrumentat ion and f o r  t h e  f l u i d  or  e l e c t r i c a l  pe r tu rba t ion  of the  system 
during ground t e s t .  

An important c r i t e r i a  f o r  sensors  and the  techniques se l ec t ed  f o r  checkout 
of a  f l u i d  con t ro l  system i s  t h a t  pe r t i nen t  t e s t  d a t a  should be provided 
without d i seurb ing  normal system operat ion.  The sensors  must of course 
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be simple and should not  r equ i r e  t h e  phys ica l  dismantling of t he  system f o r  
i n s t a l l a t i o n  and should not  compromise inherent  r e l i a b i l i t y  of t h e  system. 
Se l f  contained instrumentat ion must be capable of prolonged s e r v i c e  i n  the  
system opera t iona l  environment. 

8 .4.13.2 - An exce l l en t  source of information r e -  
garding general  t e s t  equipment f o r  use i n  t he  eva lua t ion  of f l u i d i c  c i r c u i t  
i s  t h e - ~ e r o s ~ a c e  component Designers '  Handbook (Reference 8 ) .  Subsect ions 
5.15 Instrumentat ion,  5 .16 Pressure Switches, and 5.17 Flowmeters, a r e  
of p a r t i c u l a r  i n t e r e s t .  The instruments  u t i l i z e d  i n  the  f i e l d s  of aero- 
dynamics and thermodynamics can a l s o  be used d i r e c t l y  f o r  t h e  checkout of 
f l u i d i c  systems, p a r t i c u l a r l y  f o r  s teady s t a t e  pressure  and flow measurements. 
In add i t i on ,  many of t he  E-F and F-E t ransducers  discussed previous ly  can 
a l s o  serve a s  exce l l en t  means of pe r tu rba t ing  and monitoring a  f l u i d i c  
system during ground t e s t .  

8 .4 .13 .3  - The spec i a l i zed  t e s t  equipment 
app l i cab le  t o  t h e  checkout of a  f l u i d i c  system include (1) cons tan t  tem- 

A 

p e r a t u r e  anemometors, (2 )  thermis tor  sensors ,  (3)  minia tur ized  semiconductor 
pressure  t ransducers ,  (4) qua r t z  pressure  t ransducers ,  and (5) minia tur ized  
pressure  switches.  These devices  a r e  discussed i n  d e t a i l  i n  Referen.ce 8.  



8: 5 FLUIDICS DESIGN CQNSIDERATIONS 

F lu id i c s  o f f e r s  severa l  appealing advantages t o  aerospace systems, inc luding  
no moving p a r t s ,  environmental i n s e n s i t i v i t y ,  s imp l i c i ty ,  and ruggedness, 
a l l  of which make f o r  high r e l i a b i l i t y  expec ta t ions .  Other cons idera t ions  
a r e  p o t e n t i a l  weight and volume savings and t o  a l e s s e r  degree reduced 
system f a b r i c a t i o n  c o s t s .  The l a t t e r  cons idera t ions  a r e  q u a l i f i e d  by 
whether the  comparison i s  with conventional f l u i d  power con t ro l s  o r  with 
e l e c t r o n i c s .  

From a p r a c t i c a l  s tandpoin t ,  t h e  most important p o i n t s  a r e :  

1. Any pressur ized  f l u i d  (such a s  s tored  gas) combustion products  
and l i q u i d  p rope l l an t  can be used a s  a power source i n  a f l u i d i c  
system. I f  i t  can e l imina te  t he  need f o r  e l e c t r i c  power, t h i s  
i s  a d i s t i n c t  advantage. 

2 .  In  systems where parameters such a s  pressure ,  flow, temperature,  
and angular  r a t e  a r e  sensed and used as  con t ro l  s i g n a l s ,  f l u i d i c s  
senses and u t i l i z e s  t hese  s i g n a l s  without conversion i n t o  mech- 
a n i c a l  motions a s  would be required i n  conventional con t ro l s .  

In cons ider ing  t h e  aspec ts  of f l u i d i c  design,  the  problems and l i m i t a t i o n s  
of f l u i d i c  app l i ca t ions  a r e  discussed along with important app l i ca t ion  
c r i t e r i a  and t y p i c a l  subsystem app l i ca t ions .  Useful sources of component 
and system design information a r e  referenced and poss ib l e  methods of formal 
ana lys i s  a r e  reviewed. 

8 . 5 . 1  Problems and Limitat ions 

8 .5 .1 .1  S i g n i f i c a n t  Development Requirements - Government agencies a r e  
p a r t i c u l a r l y  i n t e r e s t e d  i n  t he  problem areas  r e l a t i v e  t o  t he  aerospace ap- 
h l i c a t i o n  of f l u i d i c s .  A recen; survey performed by them l i s t e d  t h e  fol iow- 
ing  problem areas  as  the  most s i g n i f i c a n t  i n  order  of importance: 

1. Fabr ica t ion  
2 .  Environmental Test ing 
3 .  I n t e r f a c e s  
4.  System Techniques 
5 .  Standard Modules 
6 .  R e l i a b i l i t y  

The s i g n i f i c a n t  problem areas  and f u t u r e  development requirements determin- 
ed from l i t e r a t u r e  and pa t en t  searches  and agency interviews a r e  summarized 

below : 

1. The e f f e c t s  of temperature on the  performance of f l u i d i c  elements 
need t o  be i d e n t i f i e d  f o r  design purposes.  

2 ,  Although many f l u i d i c  elements operate  equal ly  well  on gases and 
l i q u i d s ,  very l i t t l e  developmental e f f o r t  has been expended on 
elements s p e c i f i c a l l y  designed f o r  operat ion w i t h  l i q u i d .  



3 .  The s c a l i n g  o f  f l u i d i c  e lements  i s  a  major problem, p a r t i c u l a r l y  
when going from l a b o r a t o r y  models t o  m i n i a t u r e  s i z e s .  

4 .  More compat ible  e l e c t r i c a l  t o  f l u i d  and f l u i d  t o  e l e c t r i c a l  
t r a n s d u c e r s  a r e  r e q u i r e d .  Many of  t h e  c u r r e n t  d e v i c e s  u t i l i z e  
a mechanical  i n t e r f a c e  which d e t r a c t s  from t h e  r e l i a b i l i t y  o f  
t h e  t r a n s d u c e r .  I n  a d d i t i o n ,  e x c e s s i v e l y  h i g h  expendi tu res  o f  
e l e c t r i c a l  energy a r e  r e q u i r e d  f o r  o p e r a t i o n  o f  t h e  d e v i c e s .  

5 .  S e v e r a l  p a s s i v e  c i r c u i t  e lements  a r e  r e q u i r e d ,  i n c l u d i n g  a  wide 
range laminar  f low r e s t r i c t o r ,  a  s e r i e s  c a p a c i t a n c e ,  an e f f i c i e n t  
nonvented f l u i d  d iode ,  and a  s h a r p  c u t o f f  low p a s s  f i l t e r .  

6 .  Performance in format ion  i s  needed on f l u i d i c  e lements  e x h a u s t i n g  
t o  space  vacuum o r  a  c o n t r o l l e d  back p r e s s u r e .  

7 .  Cons idera t ion  needs t o  be given t o  s h u t o f f  f u n c t i o n s  and power 
s u p p l i e s  wi th  no moving p a r t s .  

8 .  An optimum s i z e  and arrangement f o r  f l u i d i c  c i r c u i t  modules needs  
t o  be cons idered .  

9 .  M a t e r i a l s ,  f a b r i c a t i o n ,  and i n t e r c o n n e c t i o n  t echn iques  need t o  be 
e s t a b l i s h e d  which a r e  p a r t i c u l a r l y  s u i t e d  t o  s p a c e c r a f t  p r o p u l s i o n  
components. 

10.  A n a l y t i c a l  des ign  procedures  a r e  n o t i c e a b l y  l a c k i n g .  

11. S ince  p r e s e n t  e s t i m a t e s  a r e  mis lead ing ,  p roduc t ion  r u n s  a r e  
n e c e s s a r y  t o  p rov ide  i n s i g h t  i n t o  t h e  r e p r o d u c i b i l i t y  o f  f l u i d i c  
e lements  and t h e i r  u l t i m a t e  c o s t .  

12 .  S e r v i c e  d a t a  a r e  r e q u i r e d  on f l u i d i c  e lements  and systems b e f o r e  
r e a l i s t i c  r e l i a b i l i t y  e s t i m a t e s  can be made. 

8 . 5 . 1 . 2  - F l u i d  f i l t r a t i o n ,  power source  performance,  
and element i n t e r c h a n g e a b i l i t y  a r e  t h e  a r e a s  i n  which o p e r a t i o n a l  problems 
a r e  most f r e q u e n t l y  encountered.  Conventional 10 t o  40 micron (nominal) 
f i l t e r s  have been found adequate  f o r  most a p p l i c a t i o n s ;  however, i n  atmos- 
p h e r i c a l l y  ven ted  c i r c u i t s ,  c a r e  must be t aken  t o  avoid  t h e  a s p i r a t i o n  o f  
contaminants  from t h e  environment.  The use  o f  l i q u i d  p r o p e l l a n t s  i n  f l u i d  
c i r c u i t s  n e c e s s i t a t e s  o t h e r  c o n s i d e r a t i o n s ,  such a s  p r o p e l l a n t  c o m p a t i b i l i t y ,  
r h e o p e c t i c  o r  t h i x o t r o p i c  behav ior ,  and contaminat ion o f  t h e  environment.  
Many a v a i l a b l e  power sources  do n o t  d e l i v e r  a  c o n s t a n t - p r e s s u r e  supp ly ,  and 
component s e l e c t i o n s  and t h e  c i r c u i t  des ign  must compensate f o r  t h i s .  Only 
conven t iona l  mechanical  p r e s s u r e  r e g u l a t o r s  a r e  a v a i l a b l e  a t  t h e  p r e s e n t  
t ime ,  b u t  f l u i d i c  p r e s s u r e  r e g u l a t o r s  a r e  expected i n  t h e  f u t u r e .  Monopro- 
p e l l a n t  gas  g e n e r a t i o n  systems and c losed  c y c l e  power s u p p l i e s  hold  t h e  
answers f o r  f u t u r e  ae rospace  a p p l i c a t i o n s .  

Unless a b s o l u t e l y  n e c e s s a r y ,  m i n i a t u r e  d e v i c e s  w i t h  smal l  nozz le  dimensions 
must be  avoided t o  ensure  low s e n s i t i v i t y  t o  v a r i a t i o n s  i n  o p e r a t i n g  cond i -  
t i o n s ,  f a b r i c a t i o n ,  and contaminat ion.  Many new f l u i d i c  element d e s i g n s  



a r e  l e s s  s e n s i t i v e  t o  geometry v a r i a t i o n s ,  and manufacturing techniques 
a r e  a l s o  being improved cons tan t ly .  Instrumentat ion i s  p re sen t ly  inade- 
quate; consequently,  it i s  d i f f i c u l t  t o  v e r i f y  system performance and, 
more important ,  t o  pinpoint  malfunct ions.  Concentration on s a t i s f y i n g  
t h e  need f o r  special-purpose instrumentat ion should he lp ;  however, i n  t h e  
long run ,  t h e  most promising s o l u t i o n  i s  se l f -conta ined  minia tur ized  i n -  
s t rumentat ion.  

8 .5.1.3 Analy t ica l  Techniques - E a r l i e r  development and a  l a r g e  percentage 
of  t h e  cu r r en t  development of f l u i d i c  elements and systems have been done 
on an empir ical  b a s i s ,  although cu r ren t  macroscopic mathematical models 
have provided use fu l  r e s u l t s .  This r e f l e c t s  t h e  d i f f i c u l t y  of mathemati- 
c a l l y  analyzing device s t eady- s t a t e  opera t ion  and t h e  even more formidable 
problems encountered i n  represent ing  dynamic phenomena. Major e f f o r t s  a r e  
underway i n  indus t ry ,  government agencies ,  and u n i v e r s i t i e s  (notably MIT 
and Penn. S t a t e )  t o  formulate and t o  commit t o  p r a c t i c e  t h e  t o o l s  and tech-  
niques requi red  t o  f a c i l i t a t e  t h e  a n a l y t i c a l  design of f l u i d i c  components 
and systems. 

8.5.1.4 F l u i d i c  Device Problems - The formation of  an a n a l y t i c a l  model is  
complicated by t h e  f a c t  t h a t  f l u i d  flow phenomena a r e  s e n s i t i v e  t o  s eve ra l  
i n t e r r e l a t e d  v a r i a b l e s .  For example, wal l  attachment ampl i f i e r  performance 
i s  inf luenced by many f a c t o r s  which inc lude  Reynolds number, t h e  r a t i o  of 
con t ro l  j e t  v e l o c i t y  t o  power j e t  v e l o c i t y ,  severa l  aspec ts  of  element 
geometry, s i z e ,  su r f ace  roughness, upstream pe r tu rba t ions ,  and downstream 
loading. The complete determinat ion of  a  s u i t a b l e  model w i l l  r e q u i r e  a 
b e t t e r  understanding o f  t u rbu len t  j e t s  and i n t e r a c t i o n  flows. Only very  
crude models r e s u l t i n g  from t h e  use of s impl i fy ing  assumptions a r e  a v a i l -  
ab l e  i n  most cases .  Marked improvements i n  f l u i d i c  technology should 
r e s u l t  when it becomes poss ib l e  t o  r e a d i l y  so lve  t h e  p a r t i a l  d i f f e r e n t i a l  
equat ions f o r  t u rbu len t  f l u i d  flow. 

J e t  and s o l i d  s u r f a c e  i n t e r a c t i o n s ,  t h e  s o l u t i o n  of pressure  and v e l o c i t y  
t r a n s i e n t s ,  and t h e  s t a b i l i t y  of  a  f r e e  j e t  i n  t h e  presence of acous t i c  
d i s turbances  a r e  examples of  c r i t i c a l  problems which need t o  be solved i n  
order  t o  opt imize device design.  

8 .5.1.5 - With a l l  f l u i d i c  elements,  it is necessary t o  cope 
with s i m i l a r  cons idera t ions  i n  order  t o  achieve successfu l  in te rconnect ion  
i n t o  c i r c u i t s  and systems. These cons idera t ions  include:  t h e  e f f e c t s  of  
n o n l i n e a r i t i e s  and dynamics i n  a c t i v e  and pass ive  c i r c u i t  elements and i n  
connecting passageways; loading due t o  temporary and permanent instrumenta- 
t i o n ;  no i se  genera t ion ,  propagation, and ampl i f ica t ion ;  temperature and 
p re s su re  s e n s i t i v i t y ;  and impedance matching a t  c r i t i c a l  p laces .  When 
these  cons idera t ions  a r e  ignored, i n s t a b i l i t i e s  may occur ,  s i g n a l s  may pre-  
maturely s a t u r a t e ,  energy may be wasted, and excessive s t ages  o f  ampl i f ica-  
t i o n  (with t h e  accompanying complications of no ise  ampl i f ica t ion)  may b e  
needed. Accordingly, small changes i n  element and l i n e  geometries,  mean 
opera t ing  p re s su res ,  o r  mean flow r a t e s  i n  l i n e s  and passages can cause 
s i g n i f i c a n t  changes i n  performance. 



Obtaining optimum system performance r equ i r e s  a  compromise between ga in ,  
s t a b i l i t y ,  and response time. Each f l u i d i c  element must be c a r e f u l l y  
matched t o  i t s  load t o  obta in  maximum s i g n a l  power t r a n s f e r  and t o  provide 
s u f f i c i e n t  s i g n a l  power t o  d r ive  success ive  s t ages .  Besides providing maxi- 
mum power t r a n s f e r ,  t h e  matching of l i n e  and p o r t  impedance minimizes t h e  
r e f l e c t i o n  of waves a t  t h e  junc t ions  of l i n e s  and p o r t s  and reduces t h e  
l i ke l ihood  o f  premature s a t u r a t i o n .  In  genera l ,  f l u i d i c  device s t a t i c  pres -  
s u r e  flow curves a r e  very usefu l  i n  achieving proper matching. Approximately 
l i n e a r  opera t ion  i s  usua l ly  achieved f o r  small  swings about a  chosen opera t -  
ing po in t .  The dynamic response c h a r a c t e r i s t i c s  a r e  such t h a t  f o r  a  small  
device,  s t a t i c  performance can be assumed up t o  about 400 cps.  

Power supply r e g u l a t i o n  and r e l i a b i l i t y  a r e  necessary p r e r e q u i s i t e s  t o  proper  
system performance. F lu id  supply l i n e s  should be l a rge  enough t o  avoid ex- 
ce s s ive  lo s ses .  I f  t h e  flow a rea  of  supply l i n e s  and connectors is t o o  sma l l ,  
undes i rab le  p re s su re  drops can occur so  t h a t  supply p re s su res  a t  i nd iv idua l  
element power nozzles  w i l l  be  l e s s  than  s p e c i f i e d .  The most s e r ious  conse- 
quence of  small  flow areas  is  t h e  g r e a t l y  increased lo s s  i n  each bend and 
f i t t i n g  due t o  eddies  and turbulences which lead  t o  g r e a t e r  l o s ses  i n  s t r a i g h t  
s e c t  ions .  

In t h e  design o f  analog systems : 

1. Problems e x i s t  i n  matching component c h a r a c t e r i s t i c s  because of  
t h e  inherent  load s e n s i t i v i t y  of  analog devices  and because of  
t h e  v a r i a t i o n  of component c h a r a c t e r i s t i c s  with opera t ing  p o i n t .  

2. Noise is  a  major problem, p a r t i c u l a r l y  i n  high ga in  c i r c u i t s  
where s t ag ing  i s  requi red  and t h e  no i se  is  generated i n  t h e  
f i r s t  o r  second s t age .  

3. Most systems a r e  nea r ly  propor t iona l ;  i . e . ,  t h e  f l u i d i c  elements 
ope ra t e  a t  a  frequency and output  l e v e l  cont inuously r e l a t e d  t o  
t h e  input  s i g n a l ,  so  t h a t  t h e r e  a r e  no d i s c o n t i n u i t i e s  and only 
very s l i g h t  amounts of h igher  harmonics i n  t h e  output  s i g n a l .  

4 .  C a r r i e r  techniques inc luding  both AM and FM can be appl ied t o  
minimize problems o f  no i se ,  d r i f t ,  and b i a s  i n  c r i t i c a l  a p p l i -  
ca t ions .  

Regarding d i g i t a l  system design: 

1. Early advances were achieved by means of cu t -and- t ry  developmental 
work, leading t o  empir ical  r e s u l t s .  Theore t i ca l  work has no t  
y ie lded  many r e s u l t s  t h a t  a r e  d i r e c t l y  u se fu l  i n  design.  

2.  D i g i t a l  elements a r e  normally l e s s  s e n s i t i v e  t o  no i se  and load 
condi t ions  than corresponding analog elements.  

3.  I n t e r s t a g e  matching o f  element c h a r a c t e r i s t i c s  is  not a s  c r i t i c a l  as  
f o r  analog systems. 



4 ,  Vented d i g i t a l  ampl i f i e r s  a r e  t h e  most widely used i n  d i g i t a l  
c i r c u i t s .  However, a vented c i r c u i t  may not be the  bes t  choice 
where maximum power t r a n s f e r  i s  des i r ed  (such a s  i n  most aero-  
space a p p l i c a t i o n s ) .  

8.5.2 A m l i c a t i o n  C r i t e r i a  

8 .5.2.1 Performance with Various Fluids  

Gases - The gases  commonly ava i l ab l e  i n  aerospace systems inc lude  
ram a i r ,  p r e s su ran t s ,  p rope l l an t  b o i l o f f ,  and combustion products .  Any of 
t hese  gases may be  used a s  a  working f l u i d  f o r  f l u i d i c  devices .  Par t icu-  
l a t e  contamination, such a s  me ta l l i c  p a r t i c l e s  can cause e ros ion  i n  f l u i d i c  
elements, p a r t i c u l a r l y  when i n  hydrogen and helium, because of t he  high 
sonic  v e l o c i t i e s .  I c e  c r y s t a l s  formed from impur i t i e s  such as  water vapor 
and carbon dioxide i n  t h e  gases can clog o r i f i c e s  and f i l t e r s .  Normal ca re  
t o  ensure t h a t  systems a r e  c lean  and dry combined with t h e  use  of adequate 
f i l t e r s  (usua l ly  10 t o  20 micron nominal r a t i n g )  should obvia te  most prob- 
l ems. 

Gases such a s  hydrogen, helium, and high temperature combustion products 
a r e  notor ious ly  d i f f i c u l t  t o  s e a l  and w i l l  o f t e n  leak through exceedingly 
small openings such a s  a r e  found i n  connectors and s t a t i c  s e a l s .  Once a  
leak  s t a r t s ,  t h e  e r o s i v e  e f f e c t s  of t hese  gases  can be q u i t e  s i g n i f i c a n t .  
Boiloff gases from ox id i ze r s  such as  N 0 and LF2, a s  wel l  a s  most combus- 2  4 t i o n  products gases ,  a r e  h igh ly  corrosive and adequate provis ions  must be 
made t o  ensure compa t ib i l i t y  with cons t ruc t ion  ma te r i a l s .  Monopropellant 
hydrazine gas genera tor  systems supply a  r e l a t i v e l y  c lean  gas which should 
f ind  wide a p p l i c a t i o n  a s  a  working f l u i d  f o r  f l u i d i c  systems. 

Liquids - Wa 
(including cryogen 
In most cases  more 

t e r ,  hydraul ic  o i l s ,  and v i r t u a l l y  any l i q u i d  p rope l l an t  
i c s )  may be used a s  t h e  working f l u i d  i n  a  f l u i d i c  system. 
s e r i o u s  problems a r e  encountered with l i q u i d s  than with 

gases ,  p r imar i ly  because of  d i f f i c u l t i e s  with ma te r i a l s  compat ib i l i ty  and 
the  l ack  of  design d a t a  and elements f o r  l i q u i d  opera t ion .  As with gases ,  
c l ean l ines s  of l i q u i d  flow media must be maintained t o  avoid problems. Of 
p a r t i c u l a r  s i g n i f i c a n c e  i s  the  case  of cryogenic f l u i d s  t h a t  may become 
contaminated with gases  whose f r eez ing  poin ts  a r e  h ighe r  than t h e  s to rage  
temperature of  t h e  cryogenic f l u i d .  

The development of gaseous f l u i d i c  systems has progressed much more r a p i d l y  
than l i q u i d  systems. Although f l u i d i c  elements can be  succes s fu l ly  opera ted  
with any of  t h e  l i q u i d  p rope l l an t s ,  p resent  component conf igura t ions  were 
designed f o r  gas ope ra t ion ,  and cons idera t ion  must be given t o  redes igning  
elements f o r  l i q u i d  opera t ion .  Liquid elements a r e  slower t o  respond than  
s imi l a r ly - s i zed  pneumatic elements, and h igher  dens i ty  working f l u i d s  r e -  
q u i r e  h igher  input  power f o r  system opera t ion .  Also, d i sso lved  gases tend 
t o  come out  o f  s o l u t i o n  i n  t h e  low pressure  reg ions  formed a t  abrupt  changes 
i n  c ros s  s e c t i o n  o r  d i r e c t i o n .  Small elements pose o the r  problems which can 
be r e l a t e d  t o  t he  flow regime requi red  f o r  proper opera t ion .  Some elements 
r e q u i r e  e i t h e r  laminar o r  tu rbulen t  flow condi t ions  t o  perform t h e i r  func t ion  
while o the r s  r e l y  on a  laminar t o  turbulen t  t r a n s i t i o n .  A s p e c i f i c  element 
t e s t e d  with a i r  and then with hydraul ic  f l u i d  showed t h a t  supply pressures  of 
0 . 2  and 360 ps ig ,  r e s p e c t i v e l y ,  were requi red  t o  a t t a i n  t h e  same Reynolds 
number f o r  t h e  two cases .  

8- 6 1 



- Both meta l l ized  and nonmetallized g e l s  a r e  
charac te r ized  by t h i x o t r o p i c  p r o p e r t i e s ;  i . e . ,  t h e  v i s c o s i t y  decreases  
with increas ing  shear  r a t e  and s t r e s s  decreases  with time a t  constant  
shea r .  A s  t h e  ge? flows through l i n e s  and components, t h e  shea r  becomes 
g r e a t e r ,  t h e  v i s c o s i t y  becomes l e s s ,  and t h e  gel  behaves more l i k e  a  low 
v i s c o s i t y  l i qu id .  

Gelled p rope l l an t s ,  e s p e c i a l l y  metal ized g e l s  with metal p a r t i c l e  s i z e s  
ranging from 5  t o  50 microns, a r e  obviously not  appl icable  t o  minia tur ized  
f l u i d i c  systems. In  add i t i on ,  t h e  p rope r t i e s  o f  ge l l ed  p rope l l an t s  can pre-  
s e n t  s eve ra l  problems i n  l a r g e r  f l u i d i c  devices .  Pressure drops through 
l i n e s  and elements a r e  h igher  than  those  of comparable l i q u i d s  and a r e  un- 
p red ic t ab le  because t h e  v i s c o s i t y  v a r i e s .  Flow through nozzles can cause 
evaporat ion of t h e  l i q u i d  phase of t h e  g e l ,  which leaves a  s o l i d  mat r ix  a s  
a  r e s idue  which can h inder  o r  r e s t r i c t  t he  flow. The abras ive  ac t ion  of 
metal p a r t i c l e s  can cause e ros ion  of nozzles  and passages.  The compati- 
b i l i t y  of ge l l ed  p rope l l an t s  with t h e  ma te r i a l s  of cons t ruc t ion  i s  gene ra l ly  
comparable t o  t h e  base l i q u i d  p r o p e l l a n t .  

8 .5.2.2 - F l u i d i c  devices can be made t o  ope ra t e  with 
some f l u i d s  a t  any given temperature,  l imi ted  only by t h e  ma te r i a l s  a v a i l a b l e  . - 

f o r  cons t ruc t ion .  Elements have been operated with l i q u i d  hydrogen, and a  
vortex valve has been operated with 5 5 0 0 ' ~  working f l u i d  (Reference 25) .  
D i g i t a l  elements can be  operated over broad temperature ranges;  however, 
analog devices  a r e  q u i t e  s e n s i t i v e  t o  temperature v a r i a t i o n .  This s e n s i -  
t i v i t y  is caused by such th ings  a s  v i s c o s i t y  v a r i a t i o n s ,  son ic  v e l o c i t y  
changes, and o r i f i c e  and nozzle  s i z e  v a r i a t i o n s  because of thermal expan- 
s i o n  o r  con t r ac t ion .  D i f f e r e n t i a l  c i r c u i t s  can be used t o  compensate f o r  
small temperature changes, and temperature s e n s i t i v e  ga in '  changing networks 
a r e  requi red  f o r  compensation over broad temperature ranges. 

8 .5 .2 .3  - The primary problems a n t i c i p a t e d  with high 
p re s su re  l e v e l s  a r e  s t r u c t u r a l  s t r eng th  and s e a l s .  The minimum pres su re  
requirement of s t a t e  of t h e  a r t  computational elements ope ra t ing  with gases 
i s  about 0 . 5  t o  10 ps ig .  Where r equ i r ed ,  d i g i t a l  l og i c  can opera te  success-  
f u l l y  at 0 . 1  p s i g  o r  l e s s .  Power elements opera t ing  on l i q u i d  have been 
t e s t e d  a t  p ressures  up t o  s eve ra l  thousand ps ig .  Back p re s su re  r e g u l a t i o n  
o r  a  cons tan t  pressure  sump may be necessary t o  maintain acceptab le  Reynolds 
numbers i f  elements a r e  requi red  t o  opera te  over a wide range of ambient o r  
vent condi t ions .  For elements opera t ing  on gases ,  o v e r a l l  p r e s su re  r a t i o s  
seldom exceed 1 . 3  t o  1. 

8.5.2.4 - The response time o f  f l u i d i c  elements r e f e r s  t o  
t h e  time de lay  between t h e  app l i ca t ion  of a  s t e p  input  s igna l  and the  t ime 
a t  which t h e  r e s u l t i n g  output  s i g n a l  reaches a  l eve l  which i s  63 percent  
o f  t h e  f i n a l  value.  Response time of  a  s p e c i f i c  f l u i d i c  element i s  p r i -  
mari ly  inf luenced by t h e  t r anspor t  t ime of a f l u i d  molecule through t h e  
device.  With gases ,  t h i s  t r a n s i e n t  t ime i s  normally f igured  t o  be equi-  
va len t  t o  a  v e l o c i t y  of l inch per  mi l l i second,  

S t a t e  of  t h e  a r t  response time of  small f l u i d i c  elements operated on gases  
i s  p r e s e n t l y  about l mi l l i second.  An important cons idera t ion  i s  t h a t  t h e  
response time of most f l u i d i c  elements increases  a s  f l u i d  dens i ty  i nc reases .  



This is  i l l u s t r a t e d  i n  Figure 8-77 ,  where it can be  seen t h a t l i q u i d -  
operated elements tend t o  be an order  of magnitude slower than  gas-operated 
elements. The f i g u r e  a l s o  shows t h a t  elements w i l l  opera te  f a s t e r  a s  they  
a r e  made smaller .  

8 .5.2.5 Power Requirements - F l u i d i c  elements r e q u i r e  a  continuously flow- 
ing supply of  working f l u i d  f o r  normal opera t ion  so t h a t ,  i n  l o g i c  con t ro l  
c i r c u i t r y ,  t h e  ind iv idua l  component suppl ies  can add up t o  a  s i z e a b l e  power 
d r a i n .  For power func t ions  i n  app l i ca t ions  with low duty cyc les  and long 
missions,  f l u i d i c  elements consume a l i t t l e  more power than  conventional 
con t ro l  components. Power consumptions should be considered c a r e f u l l y  even 
i f  a  p l e n t i f u l  supply o f  working f l u i d ,  such a s  gas t u rb ine  o r  rocke t  engine 
bleed gas,  i s  a v a i l a b l e .  I f  a  s to red  gas supply i s  requi red  f o r  t h e  f l u i d i c  
systems, t h e  power d r a i n s  o f  f l u i d i c  l og ic  and analog elements should be  i n  
t h e  low mi l l iwa t t  range. 

Power consumption i n  s t a t e  of t h e  a r t  f l u i d i c  computational devices ranges 
from 0.02 t o  s eve ra l  wat t s  o f  f l u i d  power a s  shown i n  Figure 8-78. One ex- 
ample o f  t h e  new low-power l o g i c  ind ica ted  i n  Figure 8-78 i s  t he  two-dimen- 
s iona l  laminar NOR ampl i f i e r  (Sect ion 8.4.6.3) which was developed a t  t h e  
Harry Diamond Labora tor ies .  

The most l og ica l  approaches t o  reduce power consumption a r e  min ia tu r i za t ion  
and reduced supply p re s su re .  Extreme min ia tu r i za t ion  (below 10 m i l  widths) 
compromises element r e l i a b i l i t y  and complicates element and c i r c u i t  f a b r i -  
ca t ion .  This j u s t i f i e s  t h e  p re sen t  t rend  toward lower supply p re s su res .  

8 .5.2.6 Operating L i f e  - The a c t u a l  requi red  opera t ing  l i f e  of a  f l u i d i c  
element can vary from a few cycles  t o  s eve ra l  hundred thousand cycles  de- 
pending on mission requirements .  Since t h e r e  a r e  no moving p a r t s  t h a t  can 
wear ou t ,  t h e  opera t ing  l i f e  of  an element i s  not  u sua l ly  a  problem. The 
most s i g n i f i c a n t  e f f e c t s  on opera t ing  l i f e  a r e  ma te r i a l s  compa t ib i l i t y ,  
s e a l s ,  e ros ive  a c t i o n  of  t h e  working f l u i d ,  a n d - t h e  environment. 

8 .5.2.7 Leakage - For a  b a s i c  two-dimensional f l u i d i c  element sea led  with 
a  cover p l a t e ,  consider  t h e  leakage pa ths  across  t h e  s e a l  l a y e r .  In a cold 
gas o r  l i q u i d  system some leakage can be t o l e r a t e d  across  t h e  s e a l  without  
adverse ly  a f f e c t i n g  component performance. However, i n  a  ho t  gas system 
even minute leaks can cause severe  e ros ion  i n  t h e  s e a l  l a y e r  which w i l l  
soon develop i n t o  a  l a rge  leak and u l t ima te  component malfunction. Nonvented 
leakage o f  t h i s  type i s  gene ra l ly  hard  t o  d e t e c t  un less  it i s  ex t e rna l  t o  
t h e  component vent  p o r t s .  Manufacturing techniques and ca re fu l  inspec t ion  
of s e a l s  dur ing  component assembly a r e  perhaps the  b e s t  methods of main- 
t a i n i n g  t h e  i n t e g r i t y  of  t h e  s e a l s .  As i n  conventional f l u i d  systems, 
leakage can r e s u l t  i n  severe  l o s s  of  f l u i d  media, f i r e  and explosions,  and, 
i n  some cases ,  t o x i c i t y  hazards t o  personnel.  

8 .5.2.8 Signal  t o  Noise Rat io - Noise i s  def ined a s  t h e  peak-to-peak pres-  
s u r e  f l u c t u a t i o n s  on t h e  s i g n a l s  of a f l u i d i c  device so t h a t  i n  h igh-ga in  
c i r c u i t s  t h e  s igna l  t o  no i se  r a t i o  becomes a  comparative measure of element 
performance. O f  primary concern a r e  element geometry, f a b r i c a t i o n  method, 
and ope ra t ing  condi t ions .  
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There a r e  severa l  f l u i d i c  elements p o t e n t i a l l y  capable of  opera t ing  with 
r e l a t i v e l y  high s igna l  t o  no i se  r a t i o s  (>200).  Some element geometries 
a r e  much n o i s i e r  than o t h e r s ;  however, t hese  devices  a r e  genera l ly  of t h e  
d i g i t a l  v a r i e t y ,  The tusbulence ampl i f i e r  is p a r t i c u l a r l y  s u s c e p t i b l e  t o  
ex t e rna l  v i b r a t i o n  and shock, and t h e  edgetone ampl i f i e r  generates  con- 
s i d e r a b l e  i n t e r n a l  no ise  s i n c e  t h e  device i s  purposely designed uns t ab le  
t o  enhance switching speed. 

8 .5.2.9 S t e r i l i z a t i o n  - Comnlete s t e r i l i z a t i o n  of a l l  comDonents on a 
spacec ra f t  may be necessary f o r  p l ane t a ry  missions o r  f lyby  missions t o  
t he  p l a n e t s .  One method of s t e r i l i z a t i o n  involves a  soak a t  temperatures 
up t b  3 0 0 ° ~  f o r  60 hours ,  which is repea ted  f o r  s i x  cyc les .  A mix ture  of  
1 2  percent  e thylene oxide and 88 percent  Freon i s  a l s o  used i n  a  sp ray  f o r  
s u r f a c e  s t e r i l i z a t i o n .  In  a  f l u i d i c  system, t h e  ma te r i a l s  of cons t ruc t ion ,  
t h e  methods o f  f a b r i c a t i o n  and assembly, and t h e  subsequent handl ing r e -  
quired must a l l  be  considered.  

8 .5 .2 .10  Contamination - F l u i d i c  elements can be designed t o  be contamina- 
t i o n  i n s e n s i t i v e  by u t i l i z i n g  l a rge  nozzle  widths (0.025 inch ) .  For aero-  - - 
space app l i ca t ion  t h i s  is incons i s t en t  with t h e  normal requirements f o r  low 
power systems. Therefore,  0.005 t o  0.010-inch nozzle  widths a r e  considered 
more p r a c t i c a l  f o r  gas systems with normal f i l t r a t i o n  and contamination con- 
t r o l  dur ing  assembly. Estimates a s  t o  t h e  smal les t  p r a c t i c a l  power nozz le  
width f o r  l iqu id-opera ted  systems range from 0.007 t o  0.025 inch.  The 
dec i s ion  on width must be tempered by the  requi red  opera t iona l  l i f e  and 
t h e  f l u i d  p r o p e r t i e s  a s  wel l  as  by t h e  f l u i d  contamination l e v e l .  

8 .5.2.11 - The maintenance of manned and unmanned space- 
c r a f t  i s  a  requirement t h a t  w i l l  involve new des igns ,  techniques,  and 
procedures.  I n - f l i g h t  maintenance w i l l  be  necessary during space t r a v e l  
o r  i n  o r b i t i n g  space s t a t i o n s ,  and major r e p a i r s  may be requi red  on 
veh ic l e s  which have landed on t h e  moon o r  o t h e r  c e l e s t i a l  bodes. 

F l u i d i c  elements w i l l  not  b e  interchangeable because in t eg ra t ed  c i r c u i t r y  
should be employed i n  spacec ra f t  app l i ca t ions .  Maintenance o r  replacement 
then must be considered on a  subsystem b a s i s .  The problem then  becomes 
one o f  t he  usual  d i f f i c u l t i e s  which would be imposed on an a s t ronau t  who 
must connect and disconnect conventional f i t t i n g s  o r  even s p e c i a l l y  designed 
quick-disconnect f i t t i n g s .  

8.5.2.12 - The space environment is charac te r ized  by 
r a d i a t i o n ,  vacuum, zero g rav i ty ,  and m'eteoroids. Radiat ion i n  space in -  
c ludes t h e  ea r th  Van Allen b e l t s ,  s o l a r  f l a r e s  and i n t e r p l a n e t a r y  r a d i a -  
t i o n ,  Considering t h a t  f l u i d i c  elements can be f ab r i ca t ed  i n  s t a i n l e s s  
s t e e l  o r  molded i n  ceramics,  r a d i a t i o n  exposure i s  not considered a  s e r i o u s  
problem even f o r  spacec ra f t  o r b i t i n g  wi th in  the  Van Allen b e l t s .  

Space vacuum i s  cha rac t e r i zed  as  a  low dens i ty  gas mixture which c o n s i s t s  
p r imar i ly  of  hydrogen and helium a t  an estimated pressure  of  10 - l6  m i l l i -  
meters o f  mercury, I n  t h i s  environment t h e  primary problem would be t h e  
subl imation o r  evaporat ion of tlie materia-ls u t i l i z e d  i n  f a b r i c a t i n g  t h e  
f l u i d i c  elements. Sublimation i s  considered n e g l i g i b l e  f o r  most s t r u c t u r a l  
meta ls ,  however, metals such a s  cadmiam and zinc have r e l a t i v e l y  high vapor 
pressures  and should be avoided. High molecular weight polymers such a s  
Teflon a r e  a l so  s t a b l e  i n  space vacuum, 



Zero g r a v i t y  should not a f f e c t  t h e  performance of  f l u i d i c  elements,  I n  
l o w  p- res~ure  l i q u i d  systems t h e r e  i s  a p o s s i b i l i t y  t h a t  t he  w e t t a b i l i t y  
o f  t h e  l i q u i d  on t h e  element wal ls  may a f f e c t  performance, 

Meteoroidal hazards t o  f l u i d i c  elements and systems i n  space must be con- 
s ide red  and could poss ib ly  exe r t  some inf luence  on design.  From a p r a c t i c a l  
s tandpoin t ,  f l u i d i c  elements should be l e s s  suscep t ib l e  t o  meteoroid damage 
than components with moving mechanical p a r t s ,  which could malfunction due t o  
deformation on t h e  inner  sur faces  r e s u l t i n g  from ex te rna l  meteoroidal impinge- 
ment, 

8 . 5 . 3 . 1  - A succes s fu l  demonstration of  
a vor tex  ampl i f i e r  con t ro l l ed  secondary i n j e c t i o n  t h r u s t  vec tor  con t ro l  
system (SITVC) was made on a  NASA Model EM-72 s o l i d  p rope l l an t  rocket  motor. 
This motor i s  capable of  producing approximately 6800 pounds o f  t h r u s t . w i t h  
a  mass flow r a t e  of 30 lb / sec  f o r  13  seconds. The SITVC system (Figure 
8-79) produced s i d e  forces  of up t o  4 percent  of t h e  main engine t h r u s t  
l e v e l .  The vor tex  ampl i f i e r s  u t i l i z e d  i n  t h i s  demonstration had t h e  demon- 
s t r a t e d  c a p a b i l i t y  of modulating a  750 p s i a ,  1 lb / sec  flow of 16 percent  
aluminized, 5 5 0 0 ' ~  s o l i d  propel lan t  gas with a  demonstrated opera t ing  time 
of  50 seconds, The o v e r a l l  frequency response of  t h e  SITVC system showed a 
phase l a g  of 28 degrees a t  about 30 cps.  

One method o f  implementing t h i s  type o f  vor tex  ampl i f i e r  con t ro l l ed  SITVC 
system is shorn i n  Figure 8-80 f o r  a  buried nozzle  s o l i d  p rope l l an t  rocke t  
engine. In  t h i s  buried nozzle  conf igura t ion ,  t h e  power s t a g e  vor tex  ampli- 
f i e r s  modulate combustion chamber bleed gas and i n j e c t  it d i r e c t l y  i n t o  t h e  
nozzle  f o r  t h r u s t  vec tor  c o n t r o l .  An a u x i l i a r y  gas generator  i s  r equ i r ed  
t o  provide t h e  high p re s su re  gas necessary t o  con t ro l  t h e  vor tex  ampl i f i e r s .  
A s i m i l a r  type o f  system i s  poss ib l e  on a  l i q u i d  rocket  engine (Reference 25).  

8 .5 .3 .2  - A pro to type  f l u i d i c  power ampl i f i e r  has  
been developed t o  ope ra t e  a  displacement ac tua to r  on a  nuc lear  rocket  con- 
t r o l  drum dEive ( ~ e f e r e n c e  26) ,- This power u n i t  u t i l i z e s  a  low l eve l  pneu- 
matic i npu t  s igna l  and it incorpora tes  frequency v a r i a n t  load pressure  feed- 
back. I t s  output  c h a r a c t e r i s t i c s  a r e  s i m i l a r  t o  those  of  a  four-way open 
centered  servovalve. With no moving p a r t s  t h i s  power ampl i f i e r  should b e  
p a r t i c u l a r l y  advantageous f o r  opera t ion  i n  cryogenic,  high temperature,  o r  
r a d i a t i o n  environments. 

Three f l u i d i c  components a r e  used i n  t h i s  f l u i d i c  system (Figure 8-81): 
t h e  vo r t ex  a m p l i f i e r ,  t h e  j e t  i n t e r a c t i o n  propor t iona l  a m p l i f i e r  and t h e  
confined o r  vented j e t  ampl i f i e r .  The p i l o t  s t a g e  inc ludes  a  j e t  i n t e r -  
a c t i o n  propor t iona l  ampl i f i e r ,  an e j e c t o r ,  two confined j e t  a m p l i f i e r s ,  
and two summing vo r t ex  ampl i f i e r s .  The two summing vo r t ex  ampl i f i e r s  
r ece ive  t h e  d i f f e r e n t i a l  input pressure  s igna l  t o  t h e  power ampl i f ies .  
Each of  t h e  vo r t ex  s u m i n g  ampl i f i e r s  a l s o  conta in  two con t ro l  p o r t s  which 
a r e  connected t o  t h e  load output  p o r t s  through a  frequency s e n s i t i v e  pneu- 
matic F i l t e r ,  The smming vor tex  ampl i f i e r s  c o n t ~ o l  t h e  vent  flow (and thus  
t h e  output  pressure)  of  t h e  confined j e t  ampl i f i e r s  which provide t h e  d i f -  
f e r e n t i a l  inp?rr$. ~ i g ~ a l  t h e  j e t  jp(tpractjopl n ~ n n n s - t i n n n l  m n l i f k g y .  - -- -.----- ---I-- r--r-- - - - -* - -  r 



Figure 8-79. Schematic of Vortex Amplifier Controlled 
SITVC Demonstration System 
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Figure 8-80. Concept of Vortex Amplifier Controlled SITVC System 
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Figure 8-81. Fluidic Power Amplifier Schematic 

Table 8-6. Fluidic Power Amplifier Performance With Nitrogen 

Item 

1) Supply pressure 

2) Exhaust pressure 

3) Flow recovery 

4) Rated input signal 

5) Input signal pressure bias 

6) Total input power 

7) Rated no-load flow 

8) Pressure recovery 

9) Linearity-deviation 
Gain variation 

10) Stability 

11) Transient response 

12) Frequency response 
Phase shift and 
Amplitude ratio 

13) Threshold 

14) Hysteresis 

Power Stage Vortex 
Pressure Amplifier 

2 
148 N/cm (215 psia) 

2 
34.5 N/cm (50 psia) 

50% 
2 

10 N/cm (14.5 psia) 
2 53.7 N/cm (76.7 psia) 

10.5 watts 

3.0 gm/sec (0.0067 psia) 
2 

67 N/cm (98 psi) 

19 % 
2 times 

2 
9 N/cm (13.1 psi) 

0.110 sec 
0.190 sec 

20" @ 5 hertz 
90° @ 45 hertz 

+ 1.7 db - 
1% 

3 % 



The outputs  of t h e  propor t iona l  ampl i f i e r  d i f f e r e n t i a l l y  con t ro l  t h e  
power s t a g e ,  To inc rease  t h e  o v e r a l l  flow recovery o f  t h e  power ampli- 
f i e r  t h e  vent  flow from t h e  propor t iona l  ampl i f i e r  i s  recovered by t h e  
supply flow through t k c  e j e c t o r .  

The power s t age  b a s i c a l l y  cons i s t s  of two vor tex  pressure  ampl i f i e r s  con- 
t r o l l e d  i n  a  push-pull  opera t ing  mode. An increase  i n  con t ro l  pressure  
pcl , reduces t h e  recovered load flow and pressure  i n  one vortex ampl i f i e r  
while a  simultaneous reduct ion  i n  Pc2 increases  t h e  load flow and p re s su re  
i n  t h e  o the r  vor tex  ampl i f i e r .  The r e s u l t  i s  a  d i f f e r e n t i a l  p ressure  (P2-P1) 
across  t he  load and a  load flow depending on the  load force  requirements.  

Performance of  t h e  pro to type  f l u i d i c  power ampl i f i e r  i s  summarized i n  Table 
8-6, and the  output  c h a r a c t e r i s t i c s  a r e  shown i n  Figure 8-82. Predic ted  
performance o f  an optimized design based on s t a t e  of  t h e  a r t  components i s  
shown i n  Figure 8-83. 

8 . 5 . 3 . 3  - In September 1964, t h e  f i r s t  successfu l  
demonstration o f  t h e  use  of f l u i d i c s  i n  a  miss le  f l i g h t  cont ro l  system was 
made. This was accomplished on t h e  t e s t  instrumentat ion m i s s i l e  (TIM) which 
is  a  modified vers ion  o f  t h e  L i t t l e  John Rocket (References 27 and 28) .  
Cold n i t rogen  gas was used as  t h e  power source and supersonic f l u i d i c  b i -  
s t a b l e  r eac t ion  ampl i f i e r s  were used a s  t he  con t ro l  moment producers.  The 
s t a b i l i z a t i o n  f i n s  on t h e  a f t  end of t he  m i s s i l e  were purposely canted t o  
provide a  d is turbance  torque  of 5 f t / l b  and a  r o l l  r a t e  of about 100 degrees 
per  second. During t h e  f l i g h t  t e s t ,  t h e  con t ro l  system operated c o r r e c t l y  
s i n c e  t h e  r e a c t i o n  j e t s  were on i n  a  d i r e c t i o n  t o  oppose t h e  impressed r o l l  
r a t e .  This po in t  was proven by a measured inc rease  i n  t h e  m i s s i l e  r o l l  r a t e  
a f t e r  t h e  con t ro l  system supply n i t rogen  was exhausted. 

A schematic of  t h e  TIM f l u i d i c  cont ro l  system i s  shown i n  Figure 8-84. The 
power s e c t i o n  of t h e  system was con t ro l l ed  by a  high-flow dome-type r e g u l a t o r  
which was a c t i v a t e d  a t  launch by a  solenoid va lve .  A combination of propor- 
t i o n a l  b i s t a b l e  and supersonic f l u i d i c  devices was used with a  vor tex  r a t e  
sensor  t o  form t h e  r o l l  cont ro l  func t ion .  As seen  i n  Figure 8-85, t h e  system 
u t i l i z e s  a  b i s t a b l e  r a t e  damper with an i n t e g r a t o r  t o  minimize t h e  r o l l  a t t i -  
tude d r i f t .  I n t eg ra t ion  is  accomplished with a r e s i s t o r - c a p a c i t o r  combina- 
t i o n  ( f i r s t  o rder  l a g  c i r c u i t )  with a  r e l a t i v e l y  long time cons tan t .  The 
system operated i n  a  l i m i t  cyc le  o r  bang-bang mode a t  a  frequency and ampli- 
tude  dependent upon t h e  system's  threshold and t h e  time delays of t h e  var ious  
components. During t h e  l i m i t  cycle ,  t h e  b i s t a b l e  moment producer output  and 
v e h i c l e  acce l e ra t ion  a r e  square waves with a  frequency of approximately 3 cps 
Vehicle  r a t e  i s  determined by t h e  i n t e g r a t i o n  of  t h i s  wave. 

8 . 5 , 3 , 4  - A f l u i d i c  sequence cont ro l  f o r  a  
l a r g e  pump fed r egene ra t ive ly  cooled cryogenic l i q u i d  rocket  engine was 
breadboarded and succes s fu l ly  t e s t e d  with helium (Reference 29).  The con- 
t r o l  system is  requi red  t o  s t a r t  and shutdown t h e  rocket  engine upon command, 
t o  monitor t h e  progress  of  t h e  s t a r t ,  and t o  a c t i v a t e  engine shutof f  au to-  
ma t i ca l ly  4n t h e  event of malfunction, In add i t i on ,  a p r e s t a r t  l o g i c  c i r c u i t  
ensures  t h a t  t he  engine i s  i n  t h e  proper s t a t e  p r i o r  t o  t h e  acceptance of a  
s t a r t  s i g n a l ,  
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The time based sequence requirements f o r  t h e  sequence cont ro l  a r e  shown 
i n  Figure 8-86. P r i o r  t o  s t a r t ,  t h e  condit ions of  t h e  components t o  be  
con t ro l l ed  a r e :  t h e  e l e c t r i c a l  i g n i t i o n  spark e x c i t e r  system i s  o f f ;  
both main p rope l l an t  valves a r e  c losed;  t h e  s t a r t  va lve ,  a  va lve  which 
con t ro l s  t h e  app l i ca t ion  of  high pressure  gas t o  t h e  turb ines  during 
s t a r t  i s  c losed;  t h e  engine pneumatic r egu la to r  i s  o f f ;  and t h e  fue l  by- 
pass  va lve ,  t he  va lve  which bypasses f u e l  around t h e  t h r u s t  chamber cool-  
ing tube  bundle during t h e  s t a r t  i s  open. A l l  valves a r e  pneumatically 
ac tua ted  by four-way valves which a r e  sequenced by t h e  engine c o n t r o l l e r .  

The f l u i d i c  sequence con t ro l  system designed t o  meet t h e  above r equ i r e -  
ments i s  shown schemat ica l ly  i n  Figure 8-87. I t  was implemented with 37 
OR ga tes  and b i s t a b l e  ampl i f i e r s  which a r e  used i n  t h e  t imer c i r c u i t s .  
The t imers  a r e  ad jus t ab le  i n  t h e  fol lowing ranges:  0 .2  t o  1.0 second, 
9 . 5  t o  2.0 second and 2 t o  8 seconds with a  t y p i c a l  t iming accuracy o f  
-10%. System supply pressure  i s  20 p s i g  with a  nominal supply flow o f  
5.8 scfm. Although opera t ion  of  t he  system was succes s fu l ly  demonstrated, 
power dra ins  were excess ive ly  high.  The power d r a i n  can be s u b s t a n t i a l l y  
reduced by t h e  u t i l i z a t i o n  of low power log ic  elements and a l s o  by u t i l i z -  
ing elements with h igher  f an - in  and fan-out .  A l t e rna t e ly ,  l o g i c  elements 
o the r  than the  OR- can be used, i n  p a r t i c u l a r  a  pass ive  AND, which w i l l  
reduce t h e  requi red  number of l og ic  elements.  

8 .5 .3 .5  F l i g h t  S u i t  Control System - A prototype automatic temperature 
con t ro l  system f o r  l i q u i d  cooled f l i g h t  s u i t s  was developed by Honeywell 
f o r  t h e  N & V ~ ' s  ~ e r o s ~ a c e  Crew ~ ~ u i ~ r n e n t  Laboratory ( ~ e f e r e n c e -  30) . - This  
example i s  p a r t i c u l a r l y  i n t e r e s t i n g  because the  f l u i d i c  system uses a  
l i q u i d  media throughout.  The system incorpora tes  d i r e c t  sensing and con- - 
t r o l  of sk in  temperature which i s  accomplished i n  each of four  zones by 
t h e  flow modulation and mixing of  cold and warm f l u i d  suppl ies  i n  response 
t o  a  sensor  s i g n a l .  

The main components of  t h e  cont ro l  system a r e  mounted on a  web-like under- 
garment which t h e  p i l o t  wears under t h e  ou te r  f l i g h t  s u i t .  The f l i g h t  
s u i t  con t ro l  system funct ioned extremely well  during t e s t s  with a  human 
s u b j e c t ,  both a t  r e s t  and a t  var ious l e v e l s  o f  a c t i v i t y .  

The con t ro l  system c o n s i s t s  of  four  sk in  temperature sensors ,  four  f l u i d  
con t ro l  modules, a  b i a s  con t ro l  ( fo r  s e t  po in t  adjustment) and t h e  neces- 
sa ry  in te rconnect ing  tub ing  (Figure 8-88).  Skin temperature sensors  and 
a  s epa ra t e  con t ro l  module is  provided f o r  each o f  four  body zones. An 
externa l  r e f r i g e r a t i o n  u n i t  supp l i e s  cold cons tan t  temperature f l u i d  t o  
t h e  b i a s  cont ro l  sensors  and con t ro l  modules. An ex te rna l  hea t ing  u n i t  
r a i s e s  coolant  temperature (and hence, sk in  temperature) when t h e  p i l o t s  
phys ica l  a c t i v i t y  i s  too low t o  supply na tu ra l  body hea t .  One main b i a s  
con t ro l  va lve  changes coolant  temperature t o  a l l  four  zones s imultaneously.  
Individual  b i a s  valves enable each b i a s  pressure  t o  be balanced aga ins t  
t h e  sensor  f o r  a  p a r t i c u l a r  zone. 

In  each zone, t he  toluene f i l l  of t he  sensor  bulb expands aga ins t  t h e  
va lve  diaphragm a s  t he  s k i n  temperature r i s e s  (Figure 8-89). The d i a -  
phragm causes t h e  b a l l  t o  move c l o s e r  t o  t h e  valve s e a t ,  which drops 
t h e  p re s su re  a t  t h e  r i g h t  cont ro l  po r t  of t he  s i g n a l  ampl i f ie r  so  t h a t  
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t h e  cold f l u i d  flow i n  t h e  r i g h t  output  leg  i s  increased.  This a c t i o n ;  
i . e . ,  cold f l u i d  flowing i n t o  the  ampl i f i e r s  r i g h t  leg  (Figure 8-90) ,  
increases  t h e  pressure  a t  t h e  r e spec t ive  l e f t  con t ro l  p o r t s  of t h e  cold 
and warm d i v e r t e r s ,  thus  increas ing  cold power j e t  flow i n t o  the  s u i t  
coolant  l i n e  while  simultaneously decreasing t h e  warm power j e t  flow 
i n t o  t h e  s u i t  coolant  l i n e .  This cools  t he  s k i n  i n  t h e  cont ro l  zone 
a rea  . 

Active and pass ive  c i r c u i t  elements and components a r e  t h e  l e a s t  common 
denominators which a r e  interconnected t o  form f l u i d i c  c i r c u i t s .  Most 
a c t i v e  f l u i d i c  devices  have been brought t o  f r u i t i o n  by c u t  and t r y  
methods and these  devices  have been t e s t e d  over a  broad range of  s i z e s  
and opera t ing  pressures .  Analysis has  1 ed t o  u se fu l  empir ical  formula 
and design c r i t e r i a  which de f ine  t h e  interdependence of t h e  supply and 
con t ro l  j e t s  upon each o the r  and t h e i r  mutual dependence on t h e  i n t e r -  
a c t i o n  reg ion  geometry, aspec t  r a t i o ,  output  conf igura t ion ,  and loading.  
Although some progress  has been made; t h e  pure ly  a n a l y t i c a l  design of 
f l u i d i c  components is s t i l l  a long ways o f f  s i n c e  only computers can cope 
with t h e  mathematics involved. 

Passive l o g i c  elements a s  wel l  a s  c i r c u i t  elements such a s  r e s t r i c t o r s ,  
capac i to r s ,  inductors ,  and in te rconnect ing  l i n e s  a r e  a l s o  requi red  when 
assembling f l u i d i c  elements i n  d i g i t a l  o r  analog c i r c u i t s .  The pas s ive  
l o g i c  elements produce no ga in ,  and consequently r e q u i r e  no sepa ra t e  
power supply,  I n  a l l  t he se  c i r c u i t  elements, mass flow is considered 
analogous t o  cu r r en t  and p re s su re  analogous t o  vo l t age .  .Therefore,  a 
f l u i d  impedance produces a  p re s su re  drop as  a  func t ion  of  t h e  flow through 
i t .  

This s e c t i o n  provides r e f e rence  information t o  f a c i l i t a t e  t h e  design o f  
t h e  b a s i c  f l u i d i c  elements; i . e . ,  beam de f l ec t ion ,  wal l  attachment,  and 
vo r t ex  ampl i f ie rs .  ' Information regard ing  t h e  use  o f  pass ive  c i r c u i t  
elements and an approach t o  cont ro l  c i r c u i t  des ign  is  a l s o  presented.  
Computer aided design of  f l u i d i c  systems based on program so lu t ions  on  
analog, d i g i t a l ,  and hybrid computers is  a l s o  covered. 

8 .5 .4 .1  - The parameters which inf luence  t h e  
design of t h e  wa l l  attachment ampl i f i e r  a r e  a s  fo l lows:  

Aspect r a t i o  
Re la t ive  s i z e s  of t h e  supply and con t ro l  nozzles 
Se t  back of  t h e  con t ro l  nozzles  
Se t  back, angle ,  and length  of  t h e  attachment wal l  
Length o f  t h e  i n t e r a c t i o n  reg ion  
Location and shape of  t h e  s p l i t t e r  
Location and a r e a  of t h e  vents  
Output a r ea  
Rela t ive  a r e a  and l o c a t i o n  o f  t h e  output  and vents  

Detai led information regarding the  e f f e c t s  of varying t h e  above parameters 
i s  a v a i l a b l e  i n  References 31 and 3 2 .  Addit ional  usefu l  information is 
a v a i l a b l e  i n  References 33 through 3 6 .  



The s i z e  of a  wall attachment device is  e s t ab l i shed  by the  width of 
t h e  power nozzle;  i .  e . ,  a  10 m i l  element r e f e r s  t o  one which has a 
power nozzle  width of 0.010 inches ,  Logical ly  then,  a l l  of t h e  i n t e r n a l  
ampl i f i e r  dimensions a r e  then defined a s  r a t i o s  of t h e  power nozzle  wid th .  
Considering t h a t  most wall attachment elements a r e  two-dimensional, t h e  
depth of t h e  element p r o f i l e  i s  then expressed as  t h e  aspec t  r a t i o ,  which 
is t h e  r a t i o  of  t h e  p r o f i l e  depth t o  t h e  power nozzle  width. F l u i d i c  
devices a r e  normally designed with aspec t  r a t i o s  from 1 t o  4. 

Load s e n s i t i v i t y  has been a  major problem i n  the  design of wall attachment 
devices ,  s i n c e  it i s  imprac t ica l  t o  design in te rconnect ing  impedances f o r  
each sepa ra t e  case .  To overcome t h i s ,  most wall  attachment elements a r e  
vented o r  b l ed  o f f  t o  a  s u i t a b l e  s i n k ,  so t h a t  over an apprec iab le  ope ra t -  
ing range, each element i s  au tomat ica l ly  matched t o  i t s  appl ied load.  This  
approach, although i n e f f i c i e n t  i n  terms of requi red  input  f l u i d  power, is 
q u i t e  adequate i n  many c i r c u i t  app l i ca t ions  where t o t a l  f l u i d  power i s  no t  
c r i t i c a l .  Load s e n s i t i v i t y  i n  a  wall attachment device may be decreased 
by one of  t h e  methods shown i n  Figure 8-91. 

The f an - in  c a p a b i l i t y  of wal l  attachment devices  i s  l imi ted  by the  configura-  
t i o n ;  i . e . ,  t h e r e  i s  a  p r a c t i c a l  l i m i t  t o  t he  number o f  cont ro l  input  p o r t s  
which can b e  d i r ec t ed  i n t o  t h e  i n t e r a c t i o n  reg ion .  A fan- in  of  4 i s  
s t a t e  of  t h e  a r t  and p o t e n t i a l l y ,  t h i s  should increase  t o  about 8 .  Fan-out 
i s  def ined a s  t h e  number of s i m i l a r  elements which can be con t ro l l ed  from 
the  output  of a  device  opera t ing  a t  a  common power nozzle  p re s su re .  Although 
fan-outs  of 32 have been repor ted ,  p r a c t i c a l  fan-out c a p a b i l i t y  i s  i n  t h e  
range o f  4 t o  6.  

8 .5.4.2 Beam Def lec t ion  Amplifier - Most of t he  design parameters i n d i -  
ca ted  f o r  t h e  wall  attachment ampl i f i e r  a l s o  apply t o  t h e  beam d e f l e c t i o n  
ampl i f i e r .  The primary d i f f e r ence  i s  t h a t  t h e  s i d e  walls  i n  t h e  i n t e r -  
a c t i o n  reg ion  o f  t h e  beam d e f l e c t i o n  ampl i f i e r  a r e  removed t o  prevent  wall 
attachment as shown i n  Figure 8-92. The shape and dimensions of  t h e  c u t -  
out a reas  have considerable  inf luence  on the  performance of t he  a m p l i f i e r .  
Any f l u i d  not co l l ec t ed  i n  t he  outputs  must be  vented proper ly  o r  t h i s  
f l u i d  can be  r e f l e c t e d  from t h e  wal l  o f  t h e  cutout  a r eas  back toward t h e  
power j e t  t o  produce a  feedback e f f e c t  which could r e s u l t  i n  uns t ab le  
opera t ion ,  o s c i l l a t i o n ,  and reduced ga in .  

In  a  t y p i c a l  vented beam de f l ec t ion  ampl i f i e r  without a  cen te r  dump, t h e  
output  ape r tu re s  a r e  loca ted  about 10 power nozzle  widths downstream and 
a r e  about 1 .5  power nozzle  widths wide. The present  t h e o r e t i c a l  maximum 
pres su re  ga in  of  a  beam de f l ec t ion  ampl i f i e r  i s  about 20, presuming t h a t  
a l l  o f  t he  con t ro l  energy i s  converted i n t o  momentum f l u x  and t h a t  t h e  
power j e t  i s  a t  near  zero pos i t i on .  In  most des igns ,  p re s su re  gain i s  
u sua l ly  s a c r i f i c e d  i n  favor  of reduced p re s su re  no i se ,  Pressure gains  
g r e a t e r  than 100 have been achieved experimental ly  i n  some of  t h e  newer 
beam d e f l e c t i o n  ampl i f i e r s .  However, t h e s e  designs r e q u i r e  add i t i ona l  
vents  and wal l s  c l o s e  t o  t h e  power j e t  so t h a t  pressure  forces  may be 
used t o  a s s i s t  i n  t h e  de f l ec t ion  of t h e  power j e t .  Although p re s su re  
gain i s  usua l ly  t h e  parameter o f  general  i n t e r e s t ,  i t  should be under- 
s tood t h a t  maximum pressure  gain i s  achieved a t  t he  expense of flow ga in ,  
power ga in ,  p re s su re  recovery, and l i n e a r i t y  so t h a t  a  usefu i  a m p l i f i e r  
must be a  compromise among a l l  t hese  parameters. 
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Figure 8-92. Proportional Amplifier - Interaction Region Shapes 



Design information f o r  beam d e f l e c t i o n  m p l i f i e r s  may be  found i n  Refer- 
ences J l ,  3 2 ,  and 57 through 42.  

8 .5 .4 .5  - TIie rlonvented v o r t  ex ampl i f ie r  i s  t h e  most 
u se fu l  vor tex  ampl i f i e r  conf igura t ion .  This ampl i f i e r  can be  optimized 
f o r  maximum t u r n  down by u t i l i z i n g  r e l a t i v e l y  small  con t ro l  p o r t  a r e a s  and 
chamber t o  o u t l e t  ho le  diameter r a t i o s  o f  l e s s  than  8 ,  however, a  b i s t a b l e  
h y s t e r e t i c  device  w i l l  r e s u l t .  Nonvented designs f o r  t h r o t t l i n g  appl ica-  
t i o n s  a r e  nonhys tere t ic  with minimum noise  i n  t h e  high gain reg ion .  To 
accomplish t h i s :  

1. Vortex chamber t o  o u t l e t  h o l e  diameter r a t i o  should be between 
8 and 12. 

2 .  Out l e t  ho le  t o  con t ro l  p o r t  a r e a  r a t i o  should be  about 8.  

3. Chamber length should be g r e a t e r  than one-half t h e  e x i t  h o l e  
diameter .  

The turndown r a t i o  of t he  nonvented ampl i f i e r  i s  a l s o  a f f ec t ed  s i g n i f i c a n t l y  
by t h e  s i z e  o f  t h e  con t ro l  po r t ;  i. e . ,  turndown r a t i o  decreases  as  t h e  
con t ro l  p o r t s  a r e  made l a r g e r  s i n c e  t h e  con t ro l  v e l o c i t y  and consequently 
t h e  momentm a r e  decreased. The con t ro l  p o r t  a r e a  and thus t h e  optimum 
turndown of a  p a r t i c u l a r  nonvented vor tex  ampl i f i e r  conf igura t ion  depends 
t o  a  g r e a t  ex t en t  on the  a v a i l a b l e  con t ro l  pressure ,  so t h a t  t h e  con t ro l  
t o  supply p re s su re  r a t i o  a t  turndown must a l s o  be  considered i n  a  p r a c t i -  
c a l  ampl i f i e r  design.  

The vented vo r t ex  ampl i f i e r  (Figure 8-30) i s  u sua l ly  used a s  a  p re s su re  
ampl i f i e r .  I n  t h i s  conf igura t ion  t h e  diameters of  t h e  vor tex  chamber 
o u t l e t  hole  and t h e  r e c e i v e r  tube a r e  about t h e  same and t h e  r ece ive r  
i s  u sua l ly  loca ted  approximately 1 tube radius a x i a l l y  downstream of the  
chamber o u t l e t .  The gain and e f f i c i ency  of  t h e  r ece ive r  output can b e  
con t ro l l ed  by changing t h e  tube diameter and t h e  a x i a l  d i s t a n c e  between 
t h e  r ece ive r  and t h e  vor tex  chamber o u t l e t .  Reducing t h e  diameter o r  
increas ing  t h e  a x i a l  d i s t ance  of t h e  r ece ive r  w i l l  decrease t h e  power 
e f f i c i e n c y  bu t  improve t h e  power ga in  of t h e  output .  Most of  t h e  design 
parameters u t i l i z e d  f o r  t h e  nonvented vor tex  ampl i f i e r  a l s o  apply t o  t h e  
vented vor tex  ampl i f i e r .  

Design information f o r  vor tex  ampl i f i e r s  may be  found i n  References 26, 
32 and 59 through 64. 

8,5.4,4 Res i s to r s  - By d e f i n i t i o n ,  a  f l u i d i c  r e s i s t o r  produces a  p re s su re  
drop a s  a  func t ion  of  t h e  mass flow through it;  i . e . ,  i n  comparison t o  an 
e l e c t r i c a l  r e s i s t o r  p re s su re  i s  analogous t o  vol tage  and mass flow i s  
analogous t o  cu r r en t .  F lu id  r e s i s t a n c e  may be  e i t h e r  incremental o r  t h e  
average value.  Incremental f l u i d  r e s i s t a n c e  is  t h e  s l o p e  o f  The pressure  
drop versus flow curve a t  a  s p e c i f i c  po in t ;  i . e . ,  R = d(aP)/dW. The i n -  
cremental r e s i s t a n c e  i s  used f o r  r e l a t i v e l y  small d p a m i c  range around a  
s p e c i f i c  opera<ting po in t ,  and appl i e s  p a r t i c u l a r l y  t o  an o r i f i c e ,  which 
has a parabol ic  p re s su re  flow c h a r a c t e r i s t i c ,  The average va lue  of  f l u i d  
r e s i s t a n c e  ( a l so  s teady  s t a t e  o r  ope ra t ing  po in t  r e s i s t a n c e ) ,  is  t h e  s lope  



of t h e  l i n e  from t h e  o r i g i n  t o  t h e  opera t ing  po in t  on the  p re s su re  flow 
curve; i . e . ,  R = AP/W.  This r e s i s t a n c e  va lue  i s  used t o  c a l c u l a t e  b i a s  
flows and pressure .  

Simple o r i f i c e s  a r e  o f t en  used a s  r e s i s t o r s  because of  t h e  ease of con- 
s t r u c t i o n .  When used with low pressure  gases o r  incompressible f l u i d s ,  
t h e i r  p ressure  flow c h a r a c t e r i s t i c s  fol low t h e  square law r e l a t i o n s h i p  
and a r e  t he re fo re  nonl inear .  A s  i l l u s t r a t e d  i n  Figure 8-93, t h e  expres- 
s ions  f o r  o r i f i c e  r e s i s t a n c e  a r e  a s  fol lows:  

Incremental Resis tance:  

Average Value Res is tance :  

AP R = =  s e c  - 
i~ i n  2 

The above expressions a r e  accu ra t e  f o r  incompressible f l u i d s  and w i l l  
provide adequate accuracy f o r  compressible f l u i d s  (3  percent  maximum 
e r r o r )  i f  AP i s  l imi t ed  t o  about one-half t h e  va lue  f o r  P and i f  t he  
va lue  used f o r  P i s  t h e  abso lu t e  p re s su re  downstream of t h e  o r i f i c e .  

Laminar r e s i s t o r s  which a r e  f ab r i ca t ed  from metal o r  g l a s s  c a p i l l a r i e s  
and porous plugs a r e  e s s e n t i a l l y  l i n e a r ,  The expression f o r  laminar 
r e s i s t a n c e  i s  a s  fo l lows:  

where D i s  t h e  hydraul ic  diameter,  

and where Kw i s  t h e  wetted perimeter .  

The average abso lu t e  p re s su re  should be used f o r  P i n  t he  above equat ion 
and AP should be somewhat l e s s  than P.  

With gases t h e  a c t u a l  c h a r a c t e r i s t i c  f o r  laminar flow i s  nonl inear  because 
t h e  average gas dens i ty  a l so  increases  a s  t h e  AP i nc reases .  Experimental 
r e s u l t s  have shown t h a t  t o  obta in  l i n e a r  r e s i s t a n c e  t h e  length  of  t he  r e -  
s i s t o r  should be about 10 percent  longer than ind ica ted  by t h e  laminar flow 
r e s i s t a n c e  equat ion.  

See Reference 43 f o r  de r iva t ions  of  t he  r e s i s t a n c e  equat ions .  
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Figure 8-93. Pressure-Flow Characteristic of an Orifice 

F i g u r e  8-94. Lumped Parameter  Model o f  Line 



8.5.4.5 - In f l u i d i c  c i r c u i t s  which use gas a s  t h e  ope ra t ing  
medium, the  gas compress ib i l i ty  r e s u l t s  i n  energy s to rage  analogous t o  
t h a t  of a  capac i to r  i n  e l e c t r o n i c  c i r c u i t r y .  Hence, t h e  f l u i d i c  capa- 
c i t o r  i s  simply a  volume f o r  gas s to rage  and can be used i n  conjunct ion 
with r e s i s t o r s  t o  form f i r s t  o rder  lags  with s i n g l e  time cons t an t s .  Since 
l i q u i d s  a r e  e s s e n t i a l l y  incompressible,  much l a r g e r  volumes a r e  r equ i r ed  
t o  produce s i g n i f i c a n t  capaci tance,  and an accumulator o r  o t h e r  moving 
p a r t s  device i s  gene ra l ly  used t o  provide the  requi red  energy s t o r a g e  i n  
a  sma l l e r  space. I t  i s  important t o  note  t h a t  t h e r e  i s  a  capac i tance  
a s soc i a t ed  with every element of volume i n  a  f l u i d i c  c i r c u i t .  The d i s -  
cussion below i s  concerned only with capaci tance-associated gases s i n c e  
they a r e  by f a r  t h e  most common f l u i d i c  opera t ing  media. 

The capac i to r  i n  f l u i d i c s  provides t h e  func t ion  of  a  shunt-to-ground 
capaci tance;  t h e  s e r i e s  o r  coupling capac i to r  has  no analog i n  f l u i d i c  
c i r c u i t r y .  A s i m p l i f i e d  a n a l y s i s  f o r  determining t h e  expression f o r  
c a l c u l a t i n g  capaci tance assumes a d i a b a t i c  flow i n  a  f i xed  volume ( see  
Reference 43) and uses  the  energy equat ion t o  obta in  
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This expression f o r  capaci tance assumes no hea t  t r a n s f e r ,  i . e . ,  an a d i a b a t i c  
process  which is approached f o r  r a p i d  pressure  changes wi th in  the  capaci tance 
volume. P r a c t i c a l  experience with a i r  (room temperature) i n  f l u i d i c  c i r c u i t s  
has shown t h a t  a  va lue  of 1 . 2  i n  p l ace  of k  is  the  b e s t  compromise. 

8 .5 .4 .6  Inductors - The f l u i d  i n  f l u i d i c  passageways has i n e r t i a l  proper- 
t i e s  o r  i ne r t ance  which can r e s u l t  i n  s i g n i f i c a n t  dynamic c h a r a c t e r i s t i c s .  
The i n e r t i a l  e f f e c t s ,  which a r e  present  f o r  both compressible and incom- 
p r e s s i b l e  f l u i d s ,  r e s u l t  i n  c h a r a c t e r i s t i c s  s i m i l a r  t o  inductance i n  
e l e c t r i c a l  c i r c u i t s .  Considering a  l i n e  of length R and cross  s e c t i o n a l  
a r ea  A,  Newton's second law is used t o  ob ta in  

Thus t h e  inductance,  L ,  of a  l i n e  is  d i r e c t l y  propor t iona l  t o  i t s  l ength  
and inve r se ly  propor t iona l  t o  t h e  c ross  s e c t i o n a l  flow a r e a .  In  p r a c t i c e ,  
f l u i d i c  inductance without corresponding r e s i s t a n c e  is  impossible t o  ob ta in .  
Laminar o r  l i n e a r  r e s i s t o r s  have induct ive  p rope r t i e s  which must be  con- 
s ide red  i n  high response c i r c u i t r y  (see Reference 4 3 ) .  

8.5 .4 .7  Lines - The l i n e s  which in te rconnect  f l u i d i c  elements u s u a l l y  
have more dynamic e f f e c t  on t h e  c i r c u i t  than the  response of  t h e  ind iv idua l  
elements (Reference 44) .  The l i n e  has both capac i t i ve  and induc t ive  r e -  
actance a s  i l l u s t r a t e d  i n  t h e  simple lumped-parameter model shown i n  
Figure 8-94. For a  long l i n e  a  d i s t r i b u t e d  parameter a n a l y s i s ,  which i s  
beyond t h e  scope of  t h i s  d i scuss ion ,  must be used (see References 4 5  and 
46) . A l i n e  is  defined a s  s h o r t  i f  i t s  length i s  small  (e .  g .  , 10 percent )  
compared t o  t h e  wavelength of t h e  maximum frequency o f  i n t e r e s t .  A t  100 
cps t h e  wavelength i s  130 inches (propagation v e l o c i t y  13,000 in / sec )  and 
thus t h e  c h a r a c t e r i s t i c s  of a 13-inch l i n e  can be approximated with a  lumped 
parameter model as shown i n  Figure 8-94. 



A s imp l i f i ed  technique f o r  t he  i r~ t e rconnec t ion  of  d i g i t a l  f l u i d i c  ampli- 
.fz ~ e l s  ..- which should be  considered i f  it becomes necessary t o  reduce s i g n a l  
a t t enua t ion  in  t h e  in te rconnect ing  l i n e s  between f l u i d i c  c i r c u i t  elements 
i s  disctassed i n  Reference 47 ,  

I t  i s  a  wel l  recognized f a c t  t h a t  in te rconnect ing  f l u i d i c  devices i n t o  
c i r c u i t s  and systems is a  problem i n  t h e  f i e l d  of f l u i d i c s .  I t  is  very  
important t o  examine t h e s e  d i f f i c u l t i e s  c a r e f u l l y .  Many of them have 
been faced t o  a  c e r t a i n  degree by those working i n  t h e  f i e l d  of mechanics, 
e l e c t r o n i c s ,  and hydrau l i c s .  Nonlineari ty  i s  one such d i f f i c u l t y .  I t  i s  
apparent t h a t  t r a n s i s t o r s ,  mechanical l inkages ,  and servovalves a r e  non- 
l i n e a r ,  A second d i f f i c u l t y  concerns con t inu i ty .  Both e l e c t r i c  and 
hydrau l i c  c i r c u i t s  must s a t i s f y  c e r t a i n  l imi t ed  con t inu i ty  p r i n c i p l e s .  
Kirchoff" law i s  a  s ta tement  of  con t inu i ty  f o r  e l e c t r i c  c i r c u i t s .  A 
t h i r d  d i f f i c u l t y  r e s u l t s  from t h e  l a rge  number of  r e l evan t  v a r i a b l e s .  
E l e c t r i c  c i r c u i t  and hydrau l i c  system performance a r e  a f f ec t ed  by t h e  
v a r i a t i o n  of n m e r o w  parameters including temperature,  aging, and bulk 
modulus. Even cons ider ing  these  d i f f i c u l t i e s ,  many e l e c t r o n i c  and hydrau- 
l i c  systems have been produced and a r e  opera t ing  s a t i s f a c t o r i l y .  

Therefore,  it is  apparent t h a t  a  person working i n  f l u i d i c s  has  something 
t o  l e a r n  from t h e  f i e l d s  of  mechanics, e l e c t r o n i c s ,  and hydraul ics .  He 
must adapt h i s  th inking  t o  take  advantage o f  t h e  analogous system design 
methods a l ready  developed i n  those  f i e l d s .  In  o the r  words, a  thorough 
understanding o f  f l u i d i c  system opera t ion  is  d i f f i c u l t  and w i l l  remain so  
f o r  many years ,  Approximate methods based on those  used i n  o t h e r  f i e l d s  
y i e l d  good r e s u l t s  i n  t h e  g r e a t  major i ty  of  cases  and provide tremendous 
i n s i g h t  i n t ~  t h e  ope ra t ion  o f  t he  system. A s  a  r e s u l t ,  t h e s e  techniques 
w i l l  a c c e l e r a t e  t h e  advance of  f l u i d i c s  technology by making it poss ib l e  
f o r  a  c i r c u i t  design engineer t o  use f l u i d i c  devices  now, without an 
e l abo ra t e  education i n  f l u i d  mechanics. 

In t h e  design o f  any system of  interconnected components, i t  is necessary 
t o  t ake  i n t o  account t h e  e f f e c t  of one component upon the  o t h e r - - t h a t  i s ,  
o f  cross-coupling,  This s ta tement  is  t r u e  whether t h e  components a r e  
e l e c t r o n i c ,  mechanical, hydraul ic ,  acous t i c ,  o r  f l u i d i c .  

The most p r a c t i c a l  sys temat ic  procedure used i n  con t ro l  system design i s  
t h e  so -ca l l ed  black-box method. This technique r equ i r e s  t h a t  each com- 
ponent be i s o l a t e d  from a l l  o the r  components i n  t h e  system and then  be  
subjec ted  t o  a  few simple t e s t s  under t y p i c a l  opera t ing  condi t ions .  These 
processes  a r e  normally performed by t h e  manufacturer before  he  sh ips  a  com- 
ponent t o  a  u se r .  For example, t h e  vacuwn tube  manufacturer supp l i e s  a  s e t  
o f  c h a r a c t e r i s t i c  c u v e s  and dynamic parameters f o r  each tube he markets,  
and t h e  servovalve manufacturer suppl ies  output  pressure-flow c h a r a c t e r i s -  
t i c s .  By using t h e  same proven approach, a l l  t h e  mathematical t o o l s  now 
used i n  e l e c t r o n i c s  and hydraul ics  can be appl ied to f l u i d i c  c i r c u i t  
ana lys i s  and des ign ,  This systems approach is defined i n  d e t a i l  i n  
References 8 and 48, 



8.5 .6  Formal Analysis 

This s e c t i o n  b r i e f l y  o u t l i n e s  some a n a l y t i c a l  techniques and too l s  t h a t  
could be used t o  h e l p  synthes ize  and design f l u i d i c  systems from a  com- 
ponent l eve l  and t o  reduce t h e  t ime,  c o s t ,  and unce r t a in ty  involved with 
present  r e p e t i t i v e  cu t -and- t ry  methods. Analysis should be based on com- 
ponent performance da t a  ( c h a r a c t e r i s t i c  curves) which a r e  e i t h e r  made 
a v a i l a b l e  by t h e  component manufacturer o r  der ived from s u i t a b l e  l abo ra to ry  
t e s t i n g  which i s  coordinated with the a n a l y t i c a l  e f f o r t .  Implementation of  
a n a l y t i c a l  techniques w i l l  support t h e  system des igner  i n  spec i fy ing ,  moni- 
t o r i n g ,  and ve r i fy ing  f l u i d i c  component opera t ion  i n  both l i n e a r  and/or non- 
l i n e a r  system app l i ca t ions .  In add i t i on ,  t hese  techniques should be use fu l  
i n  t h e  s p e c i f i c a t i o n  of t h e  type  of t e s t i n g  requi red  f o r  proper component 
checkout, which w i l l  he lp  t o  ensure successfu l  system design.  

8 .5 .6 .1  Analy t ica l  Techniques - In order  t o  perform a  usefu l  a n a l y s i s  of 
f l u i d i c  systems, it  w i l l  be necessary t o  model t h e  opera t ion  of  t h e  com- 
ponents and a s soc i a t ed  connecting passageways involved from a  dynamic as  
well a s  a  s t a t i c  viewpoint. There a r e  s eve ra l  ways t h a t  t h e  dynamic and 
s t a t i c  ana lys i s  o f  f l u i d i c  systems can be  approached. Two poss ib l e  ways 
a re :  

1. Flu id  dynamic ana lys i s  of t h e  d e t a i l e d  complex flow phenomena 
involved. 

2. F lu id  c i r c u i t ' a n a l y s i s  analogous t o  t h e  approach used f o r  
e l e c t r o n i c  c i r c u i t  design. 

The f l u i d  dynamic ana lys i s  approach has y ie lded  very l i t t l e  p r a c t i c a l  i n f o r -  
mation f o r  f l u i d i c  system des igners  t o  d a t e  due t o  t h e  n o n l i n e a r i t i e s  involved 
i n  t h e  governing p a r t i a l - d i f f e r e n t i a l  f l u i d  flow equations (Navier-Stokes).  
This i s  t r u e  both a t  t h e  component and systems l e v e l s .  Thus, t h e  f i r s t  
approach i s  not recommended a s  i t  does not appear t o  be  app l i cab le  t o  over- 
a l l  f l u i d i c  system design a t  t h e  p re sen t  t ime. 

A l o g i c a l  a r ea  f o r  f l u i d i c  system modeling l i n e s  i n  t h e  second approach; 
i . e . ,  t h e  a p p l i c a t i o n  of  f l u i d  c i r c u i t  theory  a s  ou t l i ned  i n  Reference 7 
and f u r t h e r  discussed i n  Reference 49 i n  connection with a  dynamic a n a l y s i s  
design philosophy f o r  f l u i d i c  systems. Each o f  t h e s e  re ferences  po in t s  out 
t h e  l o g i c a l  adapta t ion  of equivalent  e l e c t r i c a l  c i r c u i t  theory  u t i l i z i n g  a  
mix of lumped and d i s t r i b u t e d  parameters t o  perform f l u i d i c  system modeling. 
C i r c u i t  theory i s  app l i cab le  t o  t h e  in te rconnect ing  l i n e s  between c i r c u i t  
elements and i s  covered i n  d e t a i l  i n  Reference 32 .  I t  should a i s o  be  a p p l i -  
cable  t o  f l u i d i c  components themselves i n  a  manner s i m i l a r  t o  t h a t  used i n  
Reference 50 i n  de f in ing  small  s igna l  dynamics o f  var ious propor t iona l  ampli- 
f i e r s  by means o f  der ived equivalent  c i r c u i t s  which i s  an adapta t ion  of 
e l e c t r o n i c  design techniques.  

In  a reas  where app l i ca t ion  of c i r c u i t  theory becomes un t r ac t ab le ,  it  w i l l  
be  necessary t o  use t h e  black box technique ( see  Sect ion 8 . 5 . 5 ) ,  based on 
ex tens ive  f l u i d i c  component t e s t i n g  (both s t a t i c  and dynamic), t o  e s t a b l i s h  
t h e  requi red  a n a l y t i c a l  t r a n s f e r  func t ions  f o r  t h e  f l u i d i c  device i n  ques t ion .  



Binary l o g i c  design should be based on s tandard techniques,  such as  Boolean 
a lgebra ,  which have been developed and -med i n  t h e  design of d i g i t a l  com- 
pu te r s .  These techniques w i l l  be  he lp fu l  i n  opt imizing t h e  s e l e c t i o n  and 
csmbina"&ion o f  b i s t a b l e  f l a i i d j c  components such a s  f l i p - f l o p s ,  OR-NOR, and 
AND-NAND ga tes  i n t o  such d i g i t a l  devices a s  adders ,  counters ,  t imers ,  mu l t i -  
v i b r a t o r s ,  and s h i f t  r e g i s t e r s ,  t o  be  used f o r  e i t h e r  sensing,  l o g i c  o r  
cont ro l  func t ions .  

8 ,5 .6 .2  Analyt ical  Tools - The a n a l y t i c a l  t o o l s  needed t o  perform f l u i d i c  
c i r c u i t  ana lys i s  f a l l  i n t o  two ca t egor i e s :  

I ,  - Large-signal nonl inear  problems us ing  
graphica l  techniques and smal l - s igna l  problems using l i n e a r i z -  
ing approximations, 

2 .  - Based on programmed 
so lu t ions  generated on analog, d i g i t a l ,  o r  hybrid computers, 
used t o  so l ve  e i t h e r  small  o r  l a rge - s igna l  l i n e a r  o r  nonl inear  
prob l ems , 

In  gene ra l ,  t h e  app l i ca t ion  o f  purely a n a l y t i c a l  techniques t o  t he  design 
of f l u i d i c  systems w i l l  be l imi t ed  t o  r e l a t i v e l y  simple c i r c u i t s .  Tech- 
niques f o r  performing analyses  f o r  both small  s i g n a l s  based on equiva len t  
l i n e a r  c i r c u i t s  and l a r g e  s i g n a l s  based on graphica l  ana lys i s  a r e  covered 
i n  Reference 50. The techniques ou t l i ned  i n  d e t a i l  i n  t h i s  re ference  a r e  
s i m i l a r  t o  t h e  s tandard procedures used f o r  both s i n g l e  and mul t ip l e  s t a g e  
e l e c t r o n i c  c i r c u i t  design. The only new f a c e t  t h a t  has been added is t h e  
genera t ion  of equivalent  c i r c u i t s  which include t h e  time de lays  a s s o c i a t i o n  
with s i g n a l  propagation. 

The a p p l i c a t i o n  o f  computer ana lys i s  i s  recommended f o r  t h e  design of r e l a -  
t i v e l y  l a r g e ,  complex, f l u i d i c  systems t o  achieve a  more rap id  turn-around 
time than  p re sen t ly  poss ib l e .  This  approach should a l s o  minimize t h e  c o s t s  
a s soc i a t ed  with t h e  system design,  development, and t e s t  cyc le .  

There a r e  two d i g i t a l  programs, ECAP and SCEPTRE, which a r e  p re sen t ly  being 
used t o  a i d  e l e c t r o n i c  c i r c u i t  des igners  i n  t h e  design and development of 
complex e l e c t r o n i c  c i r c u i t s .  Use of  t hese  programs he lps  minimize t h e  c o s t s  
a s soc i a t ed  with t h e  breadboarding and t e s t i n g  of a c t u a l  hardware p r i o r  t o  
f i n a l i z i n g  a  design.  Since both of t hese  program a r e  c i r c u i t  a n a l y s i s  
o r i e n t e d ,  they  can a l s o  be g a i n f u l l y  used fo r  computer ana lys i s  of  complex 
f l u i d i c  systems u t i l i z i n g  f l u i d i c  component performance da t a  t o  c h a r a c t e r i z e  
and mode% the  equivalent  networks, 

ECAP (Reference 5P) i s  b a s i c a l l y  o r i en t ed  t o  handle small s igna l  o r  l i n e a r  
c i r c u i t s ,  To use  t h e  program, an equivalent  l i n e a r  c i r c u i t  i s  f i r s t  e s t ab -  
l i s h e d  I n  which any r ep resen ta t ion  of such components a s  diodes and t r a n s i s -  
t o r s  can be used, provided i t  can be modeled with conventional l i n e a r  pass ive  
c i r c u i t  elements, vo l tage  and cu r r en t  sources,  and cu r ren t  sensing swi tches .  
The matrix approach i s  fw~damentab ( so lu t ion  i s  no t  dependent on a  t r a n s f e r  
f u n c t i o n  approach] and infaxmatl-oil 011 basic network branches (eireui"r.topol- 
ogy) a r e  key e n t r i e s  to t h e  computer. The input  t o  t h e  program i s  user -  

--.- 
or i en ted ;  i . e . ,  no t r ans la t iona l  language is needed. kLAV can perform D C ,  



AC, and t r a n s i e n t  ana lys i s  and has opt ions  f o r  s e n s i t i v i t y ,  s tandard 
devia t ion ,  and worst-case a n a l y s i s .  The l a t t e r  op t ions  are  use fu l  i n  
e s t a b l i s h i n g  component t o l e rance  c r i t e r i a  which a r e  compatible with over-  
a l l  system performance s p e c i f i c a t i o n s .  Reference 50 provides equivalent  
c i r c u i t s  f o r  f l u i d i c  components which can be used i n  ECAP t o  perform AC 
a n a l y s i s  (provide system frequency response) with s u i t a b l e  modif icat ions 
t o  inc lude  f l u i d i c  component and c i r c u i t  connection time delays.  

The SCEPTRE program (see Reference 53) was w r i t t e n  t o  allow the  des igner  t o  
perform both DC and t r a n s i e n t  a n a l y s i s  of l a r g e  nonl inear  e l e c t r o n i c  networks. 
The input  format of t h i s  program again  b a s i c a l l y  descr ibes  t he  topology of t h e  
c i r c u i t  and t h e  d i s c r e t e  c i r c u i t  elements. However, un l ike  ECAP, t h e s e  c i r -  
c u i t  elements may be  nonl inear  and/or l i n e a r .  The input  format f o r  non l inea r i -  
t i e s  can be e i t h e r  t a b l e s  o r  equat ions.  In  add i t i on ,  a c t i v e  models can be  
b u i l t  up from pass ive  elements and s t o r e d  i n  a  l i b r a r y  and r e c a l l e d  . f o r  use  
a s  needed. Thus, SCEPTRE should f a c i l i t a t e  f l u i d i c  c i r c u i t  modeling and 
a n a l y s i s  f o r  l a r g e  s i g n a l  cases provided t h a t  t h e  f l u i d i c  time delays a r e  
monostable o r  b i s t a b l e  switching devices  used e i t h e r  a s  r e l a y s  o r  t o  imple- 
ment l o g i c  opera t ions .  Modeling involving component cascading would b e  
s i m p l i f i e d  through t h e  use  of t he  s to red  model f e a t u r e .  Impedance matching 
and/or s t a g e  i s o l a t i o n  i n  t h e  case  of  cascaded analog and d i g i t a l  components 
would a l s o  b e  f a c i l i t a t e d  through t h e  use of SCEPTRE. 

On-line computers can be used t o  he lp  opt imize t h e  design and checkout of 
both synchronous and nonsynchronous d i g i t a l  log ic  c i r c u i t r y  which involve 
f l u i d i c  switching hardware. This a n a l y t i c a l  approach would be e s p e c i a l l y  
usefu l  t o  ensure t h e  acceptab le  opera t ion  of switching networks opera t ing  
a t  r e l a t i v e l y  high speeds.  

Timing problems can a r i s e  i n  t h i s  case  due t o  inherent  f l u i d i c  system time 
delays and t h e  e f f e c t  of s igna l  no ise  modif icat ion o f  t h e  s igna l  pu l se  width 
which could cause a  l o s s  of s i g n a l .  Examples of t h e  problems involved and 
proposed s o l u t i o n s  a r e  given i n  Reference 32 .  



8.6 PROPULSION APPLICATION STUDIES 

8 , 6 . l  Prel iminary Considerations 
P 

Flu id i c s  technology has not  progressed t o  t h e  po in t  where completely f l u i d i c  
(no moving p a r t )  con t ro l s  a r e  p r a c t i c a l  i n  l i q u i d  propulsion systems. F lu id i c  
app l i ca t ions  i n  t h i s  a r ea  must then  be  considered i n  two phases which a r e  de- 
f i ned  a s  hybr id  and completely f l u i d i c  systems. Hybrid app l i ca t ions  a r e  
est imated t o  be about 2 t o  5 years  away, and completely f l u i d i c  app l i ca t ions  
a r e  5 t o  10 years  away. 

In both phases,  t h e  cont ro l  funct ions t o  be considered inc lude :  

1. Pressure and flow regu la t ion  of pressurants  and propel lan ts  

2. Instrumentat ion t o  sense system parameters 

3 .  Transducers t o  i n t e r f a c e  with o the r  cont ro l  d i s c i p l i n e s  

4.  S p e c i f i c  con t ro l  funct ions - i . e . ,  monopropellant and bipro-  
p e l l a n t  feed systems, mixture r a t i o  con t ro l ,  t h r u s t  vec to r  
con t ro l ,  and a t t i t u d e  con t ro l .  

For t he  long term, t he  major technology improvements requi red  t o  provide 
completely f l u i d i c  cont ro l  func t ions  a r e :  

1. High gain propor t iona l  ampl i f ie rs  - both l i q u i d  and gas operated.  
Present  m p l i f i e r s  a r e  l imi t ed  t o  pressure  gains  of from 5 t o  20, 
however, gains  of  50 t o  150 a r e  requi red  and appear f e a s i b l e .  

2 .  Nonvented systems o r  methods of minimizing overboard vent  r equ i r e -  
ments - vent ing  o r  constant  pressure  dump sources a r e  p re sen t ly  
necessary  t o  ensure p red ic t ab le  and optimum f l u i d i c  device per -  
formance. Absolute pressure  re ferences  a l s o  r equ i r e  vent ing.  

3 .  Power sources - r e c i r c u l a t i n g  power suppl ies  need t o . b e  considered 
and on a  systems b a s i s  t he  use  of bleed gas,  p ropel lan t  b o i l o f f  
gases ,  e t c .  

The use of hybr id  con t ro l s  should be based on t r a d e o f f  s t u d i e s  with e x i s t i n g  
system? which include s i z e ,  weight, and r e l i a b i l i t y  a s  wel l  as  performance. 
E l e c t r i c a l  t o  f l u i d  t ransducers  a r e  needed which have lower power d ra ins  
than p re sen t  devices  and preferab ly  without mechanical i n t e r f a c e s .  To per- 
form power Pirnctions, cons idera t ion  a l s o  has t o  be given t o  s p e c i f i c a l l y  
d e s i ~ e d  mechanical i n t e r f a c e s  with primary emphasis on t h e  e l imina t ion  of 
s l i d i n g  mechanical p a r t s .  

Control system s h u t o f f s  w i l l  p resent  a  major problem i n  both t h e  s h o r t  and 
long r a g e  app l i ca t ions .  The usual  e lectromechanical  and explosive type 
s h u t o f f s  can be considered i n i t i a l l y  f o r  t h e  hybrid cont ro ls .  Tne design 
of t h e  shu to f f  va lve  funct ion should be based on simple f l exu res ,  such as  
diaphragms and bel lows,  inc luding  seve ra l  of t he  va lve  concepts s tud ied  
under t k l s  program, These include t h e  e i e c t r o s e a l  and the  e lec t rornagie t ic  



c a p i l l a r y  valves.  A t  p r e sen t ,  a  completely f l u i d i c  shu to f f  valve (without 
vent ing)  i s  not a v a i l a b l e ,  

To a id  i n  t h e  planning of s p e c i f i c  app l i ca t ion  s t u d i e s ,  an e f f o r t  was made 
t o  ca tegor ize  the  poss ib l e  ways f l u i d i c s  can be appl ied  t o  propulsion con- 
t r o l s .  Six major ca t egor i e s  were se l ec t ed  and defined (Table 8-7) and these  
were subsequently broken down i n t o  subca tegor ies .  The range of  poss ib l e  
app l i ca t ions  i s  q u i t e  broad and a  complete comprehensive s tudy i s  not  w i th in  
t h e  scope of  t h i s  t a s k .  Consequently, s p e c i f i c  areas  o f  d e t a i l e d  i n v e s t i -  
ga t ions  were def ined  under each subcategory. These a reas  were then reviewed 
r e l a t i v e  t o  t he  ob jec t ives  of t h i s  t a sk ,  and r a t i n g s  were assigned i n  t h e  
order  of importance with 1 being t h e  most important (Table 8-8) .  

8 .6.2 Generalized Applicat ion C r i t e r i a  

The most prominent p o t e n t i a l  improvements f l u i d i c  components o f f e r  a r e  i n  
t h e  s i z e ,  weight,  and r e l i a b i l i t y  of systems where it i s  advantageous t o  
use a  s i n g l e  f l u i d  medium f o r  a l l  con t ro l  func t ions  and t h e  need t o  t r a n s -  
l a t e  information from one medium t o  another  i s  e l iminated.  In evaluat ing 
systems, the ease o r  d i f f i c u l t y  with which a mechanization concept meets a  
p a r t i c u l a r  requirement i s  r e f l e c t e d  i n  those  parameters ( s i z e ,  weight,  and 
r e l i a b i l i t y )  which can be e f f e c t i v e l y  compared. For example, a  f l u i d i c  
vor tex  va lve  can be  designed t o  operate  i n  a  2000°F environment without 
cool ing.  An e l e c t r i c a l l y  operated valve can a l s o  be made t o  opera te  i n  t h e  
same 2000°F environment, bu t  only with add i t i ona l  cool ing devices  which add 
t o  t h e  s i z e  and weight and reduce t h e  r e l i a b i l i t y  of t he  valve.  This means 
t h a t  s t a b i l i t y ,  response,  and ambient temperature c a p a b i l i t y  a r e  not d i r e c t  
i tems o f  comparison b u t  a r e  b a s i c  requirements f o r  a l l  components. 

While a  number of f a c t o r s  a r e  involved i n  t h e  eva lua t ion ,  it i s  u l t ima te ly  
the  cos t  o r  cos t  e f f ec t iveness  o f  the  proposed item which determines i t s  
acceptance o r  r e j e c t i o n .  Thus, r e l i a b i l i t y ,  weight,  performance, e t c . ,  a r e  
u l t ima te ly  expressed i n  t h e  cos t  necessary t o  employ the  system and ob ta in  
t h e  des i r ed  r e t u r n .  The cos t  of a  program may be divided i n t o  conceptual 
development ( a c q u i s i t i o n ) ,  and maintenance (opera t iona l )  phases with t h e  
fol lowing primary con t r ibu t ing  f a c t o r s  : 

e System Weight B System Performance 

s System Packaging 

s R e l i a b i l i t y  

Accuracy 

Repeatab i l i ty  

Power Consumption 

These c r i t e r i a  provide an e f f e c t i v e  means o f  eva lua t ing  subsystems f o r  
propulsion system use .  In  t h e  case of f l u i d i c s ,  a  dec is ion  on i t s  app l i -  
c a b i l i t y  t o  a  p a r t i c u l a r  use cannot be  l imi ted  t o  a "yes" o r  "no1' , but  
must a l s o  consider  t h e  p a r t i c u l a r  hybrid use of a  few elements i n  con- 
junct ion with electromechanical ,  pneumomechanical, e l ec t rohydrau l i c ,  and 
o ther  c u r r e n t l y  a v a i l a b l e  components. The ex ten t  t o  which f l u i d i c s  can 
be used i s  heav i ly  dependent upon t h e  mission length and duty cycle (on 
t i m e / t o t a l  mission t ime) .  



Table 8-7. Propulsion Applicat ions of F lu id ics  

I .  F l u i d i c  Propel lan t  and 1-1 Pressure Control 
Pressurant  Control 

1 - 2  Flow Control 
Control components u t i l i z i n g  1-3 Mixture Rat io Control 
f l u i d i c  p r i n c i p l e s  exc lus ive ly ,  
i . e .  no moving mechanical p a r t s .  1-4 SITVC 

11. Instrumentat ion 11-1 Sensors 

F lu id i c  c o n t r o l  components 1 1 - 2  E l e c t r i c a l  In t e r f aces  
requi red  t o  sense system para- 11-3 Mechanical In t e r f aces  
meters and i n t e r f a c e  with o the r  

11-4 Fluid In t e r f aces  

111-1 Vortex Generation 

111-2  J e t  I n t e r a c t i o n  
The use of f l u i d i c  p r i n c i p l e s  111-3 Surface In t e rac t ion  
t o  improve t h e  func t ion  of 
conventional components and 111-4 Combined Ef fec t s  

IV-1 Shutoffs  

The use of  f l u i d i c  c o n t r o l l e r s  I V - 2  Flow Control 
with s p e c i f i c a l l y  designed IV-3 Pressure Control 
mechanical power s t a g e s ,  

The use o f  f l u i d i c  computation 
techniques t o  perform propul- V-3 Combined Techniques 

VI-1 Medium Thrust  Propulsion 

VI-2 At t i t ude  Control and 
Representa t ive  f l u i d i c  and S t a t i o n  Keeping 
hybrid app l i ca t ions  wherein 
f l u i d i c  technology can make VI-3 High Thrust Propulsion 
a s i g n i f i c a n t  con t r ibu t ion ,  VI-4  Astronaut Mobility 



Table 8-8. Relative Importance of Specific 
Application Areas 

I. FLUIDIC PROPELLANT AND PRESSURANT CONTROL 

1-1 Pressure Control 

e Liquid Pressure Regulator (1) 

e Liquid Pressure Relief (4) 

e Gas Pressure Regulator (1) 

e Gas Pressure Relief (3) 

e Pressure Controllers (1) 

e Mixed Media Pressure Regulator (1) 

1-2 Flow Control 

e Liquid Flow Regulator (1) 

e Gas Flow Regulator (1) 

e Mixed Media Flow Regulator (1) 

1-3 Mixture Ratio Control 

e Specific Application Without Moving Parts (2) 

1-4 SITVC 

e LITVC (2) 

e Gas Injection (3) 

e G.G. Controlled (3) 

e Bleed System (4) 

11. INSTRUMENTATION 

11-1 Sensors 

e Flow (4) 

e Pressure (4) 

e Temperature (4) 

e Position (3) 

e Speed (4) 



Table 8- 8. Relative Importance of Specific 
Application Areas (Continued) 

11-2 Electrical Interfaces 

Electrical to Fluidic (4) 

e Fluidic to Electrical (4) 

11-3 Mechanical Interfaces (3) 

11-4 Fluid Interfaces (2) 

111. FLUIDIC TECHNIQUES FOR COMPONENT AND SYSTEM IMPROVEMENT 

111-1 Vortex Generation 

e Flow Limiting (2) 

e Flow Separation (2) 

e Signal Isolation (3) 

111-2 Jet Interaction 

a Flow Biasing (3) 

111-3 Surface Interaction 

a Geometric Biasing (3) 

s Duct Shaping (3) 

e Vane Control (2) 

111-4 Combined Effects (3) 

IV. FLUIDICALLY CONTROLLED VALVES 

IV-1 Shutoffs 

Propellant Controlled - Actuated (1) 
e Pressurant Controlled - Actuated (1) 
e Pressurant Controlled - Propellant Actuated (1) 



Table 8-8. Relative Importance of Specific 
Application Areas (Continued) 

IV-2 Flow Control 

e Propellant Controlled - Actuated (1) 

e Pressurant Controlled - Actuated (1) 

e Pressurant Controlled - Propellant Actuated (1) 

IV-3 Pressure Control 

e Propellant Controlled - Actuated (1) 

e Pressurant Controlled - Actuated (1) 

e Pressurant Controlled - Propellant Actuated (1) 

V. FLUIDIC COMPUTATION 

V-1 Digital 

s Sequencing Functions (3) 

e Timers (3) 

e Digital Controllers (4) 

V-2 Analog 

e Analog Controllers (3) 

e A.C. Techniques (4) 

V-3 Combined Techniques 

e Specific Examples (4) 

VI. MAJOR APPLICATIONS 

VI-1 Medium Thrust Propulsion (50 to 1000 pound thrust range) 

Monopropellant Feed System< (I) 

Bipropellant Feed Systems (1) 

e Propellant Management (3) 

e Ground Support Equipment (4) 

e Monopropellant Gas Generation Systems (3) 



Table 8-8. Rela t ive  Importance of Spec i f i c  
Applicat ion Areas (Continued) 

VI-2 A t t i t u d e  Control and S t a t i o n  Keeping 

e Single  Source At t i t ude  Control (3) 

@ Single  Source S t a t i o n  Keeping (4) 

e Propor t iona l  A t t i t ude  Control ( 2 )  

Combined At t i t ude  Control S t a t i o n  Keeping (4) 

VI-3 High Thrust  Propulsion 

e Liquid Chemical Rockets (1) 

e Nuclear Rockets (4) 

Sol id  Rockets (4) 

Hybrid Rockets (3) 

VI-4 Astronaut Mobil i ty  

e Indiv idua l  Space Propulsion Units  (3) 

e Space Transfer  Vehicles (3) 

s Ground Ef fec t  Machines (3) 



To i l l u s t r a t e  t hese  c r i t e r i a ,  both a  conventional and a  f l u i d i c  mono- 
propel lan t  hydrazine feed system (Figure 8-95) were devised t o  perform 
i d e n t i c a l  func t ions .  The f l u i d i c  system was purposely made a hybrid f o r  
t he  sake of s i m p l i c i t y .  The hydrazine load and flow r a t e ,  n i t rogen  flow 
r a t e  t o  t h e  p rope l l an t  tank,  and t h e  r egu la to r  and propel lan t  tank weights 
a r e  i d e n t i c a l  i n  both systems so  they were not considered f u r t h e r .  In  t h e  
case of t h e  conventional system the  weight of t h e  so lenoid  valve and d r i v e r  
was est imated t o  be 3 pounds and t h e  e l e c t r i c a l  power requi red  t o  opera te  
the  solenoid valve was based on a  b a t t e r y  capac i ty  of 40 wat t -hr / lb .  For 
t he  f l u i d i c  system the  weight of  t he  f l u i d i c  elements was estimated t o  be 
0 . 5  pound and t h e  add i t i ona l  n i t rogen  and s to rage  tank weight requi red  t o  
ope ra t e  t h e  f l u i d i c  vor tex  t h r o t t l e  was accounted f o r  as a  funct ion of 
mission l i f e .  The f l u i d i c  system was not penal ized f o r  t h e  vortex va lve  
vent  flow, because i n  t h i s  p a r t i c u l a r  app l i ca t ion  t h e  vented n i t rogen  was 
regula ted  down f o r  use  i n  another f l u i d i c  cont ro l  system. On t h e  b a s i s  of  
t hese  assumptions and system parameters,  t h e  weight r a t i o  of t h e  conven- 
t i o n a l  system and the  f l u i d i c  system as a  funct ion of duty cycle (@) and 
mission l i f e  (T) i s  given i n  equation (1) .  

where 

Wc = t o t a l  weight of  conventional feed system, lbf  

W f  = t o t a l  weight of  f l u i d i c  feed system, 
lb f  

= weight of  solenoid valve and d r i v e r ,  l b f  

Wb 
= prora ted  b a t t e r y  weight obtained from equat ion ( 2 )  , l b f  

W f  = weight of f l u i d i c  components, l b f  

W = weight of f l u i d i c  con t ro l  gas, inc luding  prora ted  tank 
cg weight,  obtained from equation ( 3 ) ,  Ib f  

where 

PS = so lenoid  power requirement,  wat t s  

@ = duty cyc le  (on time/T), dimensionless 

T = mission l i f e  o r  mission dura t ion ,  min 

Nb = b a t t e r y  energy dens i ty ,  wat t -hr / lbf  
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where 

C t  
= tank cons tan t  (tank weight /pressurant  weight) ,  dimensionless 

ii = cont ro l  gas flow r a t e ,  lbf/min 
c  g  

Equation (1) i s  p l o t t e d  i n  Figure 8-96 a s  a  funct ion of duty cycle  and 
mission l i f e  f o r  t h e  condi t ion  where W = W f ,  us ing  t h e  fol lowing va lues :  

C 

Wf = 0 . 5  lbf  Ct = 1 . 7  

s  
= 1 2  wat t s  i = 0.132 lbf/min 

c  g  

The curve def ines  where the  two system weights a r e  equal ,  and consequently 
de f ines  t he  minimum system weight regimes f o r  each system. The d iv id ing  
l i n e  between the  regions shown i n  Figure 8-96 w i l l  be  f l e x i b l e  from system- 
to-system and dependent upon t h e  cos t  f a c t o r s  previously descr ibed.  System 
weight i s  the  major f a c t o r  i n  def in ing  these  regions while r e l i a b i l i t y  is  
t h e  dec id ing  f a c t o r  where a  f i n a l  s e l e c t i o n  i s  no t  c l e a r c u t .  Obviously 
t h i s  type of ana lys i s  i s  only a s  good as  the  assumptions made, however, we 
have found it use fu l  i n  eva lua t ing  the  a p p l i c a b i l i t y  of f l u i d i c  systems. 

8 .6 .3  F l u i d i c  Pressure  References 

P rec i se  pressure  s i g n a l s  a r e  needed f o r  var ious funct ions i n  propulsion 
systems. The primary uses  a r e  seen as  s e t  po in t s  f o r  f l u i d i c  pressure  
r e g u l a t o r s ,  re fe rence  s i g n a l s  f o r  f l u i d i c  c o n t r o l l e r s  , and a  necessary 
p r e r e q u i s i t e  t o  accura te  time delays i n  s equen t i a l  f l u i d i c  c i r c u i t s .  

The d i f f e r ence  i n  t h e  c h a r a c t e r i s t i c s  of  an o r i f i c e  and a  l i n e a r  r e s i s t o r  
can be used t o  ob ta in  a  p re s su re  re ference  s u i t a b l e  f o r  use  i n  a  f l u i d i c  
con t ro l  system. The more general  technique i s  t o  use t h e  d i f f e r ence  i n  
momentum f l u x  of  t h e  flow r a t e s  i n  two p a r a l l e l  flow l egs  a s  t he  e r r o r  
s i g n a l  by applying these  flows d i r e c t l y  t o  t he  con t ro l  p o r t s  of a  pro- 
po r t iona l  ampl i f i e r  as  shown i n  Figure 8-97. The o r i f i c e  and r e s i s t o r  
a r e  s i z e d  so  t h a t  t h e  cont ro l  flows t o  t he  propor t iona l  ampl i f i e r  a r e  
equal  a t  t h e  des i r ed  re ference  pressure .  

For a constant  upstream p res su re ,  t he  AP across  a  laminar r e s t r i c t o r  i s  
d i r e c t l y  propor t iona l  t o  t h e  absolu te  temperature and t h e  AP across  an 
o r i f i c e  i s  inverse ly  propor t iona l  t o  t h e  absolu te  temperature.  Consequently, 
t h e  des i r ed  re ference  pressure  w i l l  change with v a r i a t i o n s  i n  f l u i d  tempera- 
t u r e ,  and temperature compensation becomes an important cons idera t ion  when 
u t i l i z i n g  a  l i n e a r  r e s t r i c t o r  versus a  nonl inear  o r i f i c e  as  a  pressure  
re ference .  Several  methods have been proposed, which e n t a i l  compensation 
o f  e i t h e r  r e s i s t o r  by ad jus tmen t  of t he  r e s i s t a n c e  as  a  funct ion of tempera- 
t u r e .  One scheme u t i l i z e s  t h e  d i f f e r e n t i a l  expansion of a  contoured needle  
i n  an o r i f i c e  t o  perform t h e  requi red  compensation. 



Flu id i c  o s c i l l a t o r s  (see Sect ion 8.4.8) a l s o  o f f e r  a means of achieving 
p rec i s ion  pressure  re ferences .  In  a f l u i d i c  r e g u l a t o r ,  t he  re ference  
o s c i l l a t o r  frequency would represent  t he  r e g u l a t o r  s e t  po in t  (Figure 8-98). 
I t s  output  i s  then compared with a feedback s i g n a l  whose frequency r ep resen t s  
t h e  analog p re s su re  output of t h e  r e g u l a t o r ,  i . e . ,  the  output  could be fed 
back through a pressure  con t ro l l ed  o s c i l l a t o r ,  s o  as  t o  generate  a frequency 
sigr,al  i n d i c a t i v e  ~f t h e  output ,  This feedback s i g n a l  and t h e  re ference  
o s c i l l a t o r  s i g n a l  a r e  then compared, and an e r r o r  s i g n a l  represent ing  t h e i r  
d i f f e r ence  i s  generated. 

The requirements of  a re ference  o s c i l l a t o r  a r e  q u i t e  s t r i n g e n t ,  i n  t h a t  it 
needs t o  be both pressure  and temperature i n s e n s i t i v e .  However, the  r i g h t  
course of  ac t ion  appears t o  be the  opt imiza t ion  of  a temperature i n s e n s i t i v e  
o s c i l l a t o r  through t h e  use of the  inherent  c h a r a c t e r i s t i c s  of  d i s t r i b u t e d  
parameter and lumped RC feedback duc t s ,  then t o  co r r ec t  f o r  pressure  s e n s i -  
t i v i t y  by the  use  of a pressure  con t ro l l ed  o s c i l l a t o r  and a frequency d i s -  
c r imina t ion  network. The tu rn ing  fork o s c i l l a t o r  (Section 8 .4 .8 .5) ,  although 
hybr id  i n  n a t u r e ,  o f f e r s  an extremely accura te  frequency reference.  

A p ressure  r e g u l a t o r  is  defined as  a component, o r  va lve ,  t h a t  con t ro l s  
pressure  by varying flow as  a funct ion of  t h e  sensed d i f f e rence  between 
t h e  ac tua l  and t h e  des i r ed  value o f  pressure ,  In propulsion systems, the  
term pressure  r e g u l a t o r  i s  genera l ly  accepted a s  meaning any device which 
maintains a predetermined upstream, downstream, o r  d i f f e r e n t i a l  p re s su re  
by means of a p re s su re  reducing con t ro l  element. The most common a p p l i -  
ca t ions  a r e  t o  provide a constant  pneumatic pressure  i n  a l i q u i d  s t o r a g e  
tank f o r  d i r e c t  expulsion o r  t o  maintain pump suc t ion  head requirements.  

Since gas is more e f f i c i e n t l y  s t o r e d  i n  pressure  ves se l s  a t  high pressure  
(3000 ps ig  o r  g r e a t e r ) ,  t h e  pressure  reducing r egu la to r  i s  t h e  most common 
type  used i n  spacec ra f t  systems. Pressure reducing r egu la to r s  reduce 
u p s t r e m  pressure  t o  a predetermined downstream pressure  regard less  of  
upstream pressure  v a r i a t i o n s  and can be c l a s s i f i e d  as  modulating o r  non- 
modulating, A modulating pressure  r egu la to r  can achieve any s t e a d y - s t a t e  
flow r a t e  necessary t o  maintain a constant  regula ted  pressure ,  and con- 
sequent ly is  t h e  most cornon, A nonmodulating r egu la to r  i s  simply a two- 
p o s i t i o n  device which i s  o f t en  r e f e r r e d  t o  as  a "bang-bang" r e g u l a t o r .  A 
so lenoid  va lve  operated by a pressure  switch would be an elementary non- 
modulating r e g p l a t o r .  

The temperature extremes normally encountered i n  spacec ra f t  app l i ca t ions  
change r e g u l a t o r  s e t  po in t s  by thermal con t r ac t ion  o r  expansion. In  spr ing  
loaded r e w l a t o r s ,  simple compensation i s  accomplished by i n s u l a t i n g  o r  
caging t h e  r e f e rence  sp r ing ,  However, i t  i s  a complex problem t o  accu ra t e ly  
p red ic t  and/or accu ra t e ly  de te rn ine  the  exposure t o  changes i n  temperature,  
so  t h a t  complex thermal colnpensators a r e  the  general  so lu t ion .  Vibrat ion 
poses one o f  t h e  most d i f f i c u l t  d e s i p  problems s i n c e  poppets,  sp r ings ,  and 
bellows are p a r t i c u l a r l y  suscep t ib l e .  Accelerat ion requirements f o r  space- 
c r a f t  vehicles also in~psse severe g-loads along any a x i s ,  so  t h a t  compensation 
i s  necessary t o  accu ra t e ly  maintain t h e  r e s l a t o r  s e t  po in t .  



A f l u i d i c  pressure  r egu la to r  should be s impler  and have few, i f  any, moving 
p a r t s .  Consequently, longer s to rage  l i f e ,  higher  r e l i a b i l i t y ,  and g r e a t e r  
environmental to le rance  should r e s u l t .  Improvements i n  s i z e ,  weight,  and 
cos t  a r e  o the r  e x c e l l e n t  reasons f o r  considering t h e i r  fu tu re  app l i ca t ion  
i n  spacec ra f t  systems. 

8 . 6 . 4 . 1  T h r o t t l i n g  Methods - -A nonvented vor tex  ampl i f i e r  e x h i b i t s  a  va r i ab l e  
and con t ro l l ed  impedance. The impendance i s  produced by a  combination of t h e  
pressure-f low c h a r a c t e r i s t i c s  o f  o r i f i c e s  and the  r a d i a l  p ressure  d i s t r i b u t i o n  
i n  vor tex  flow; the  va r i ab l e  impedance i s  induced by cont ro l  of the  t a n g e n t i a l  
v e l o c i t y  of  t h e  vor tex  f i e l d .  

An optimized double e x i t  nonvented vor tex  ampl i f i e r  w i l l  p r e sen t ly  give a  
turndown r a t i o  of 8 f o r  a  con t ro l  t o  supply pressure  r a t i o  (Pc/Ps) of 1 . 2 .  
For gas r egu la t ion ,  i t  i s  imprac t ica l  t o  use a  f ixed  a rea  o r i f i c e  t o  drop 
t h e  ampl i f i e r  supply pressure  below the  s to rage  tank pressure  t o  obta in  the  
necessary Pc/Ps r a t i o .  This i s  t he  case because the  pressure  dropping 
o r i f i c e  becomes son ic  during tank blowdown and consequently can not  be 
con t ro l l ed  by t h e  downstream vor tex  ampl i f i e r  even f o r  a  s l i g h t  decrease 
of t h e  tank pressure .  

has been shown (Reference 54) t h a t  s t ag ing  of nonvented vor tex  a m p l i f i e r s ,  
11 give no improvement i n  turndown, i . e . ,  t h e  ove ra l l  turndown r a t i o  of two 
r i e s  connected vortex ampl i f ie rs  (Figure 8-99) w i l l  i n  general  be l e s s  than 

the  turndown r a t i o s  of t he  ind iv idua l  ampl i f i e r s .  The primary reason f o r  t h i s  
i s  t h a t  i t  would be impossible t o  operate  ampl i f i e r  B i n  a  f u l l y  turned down 
condi t ion ,  s ince  provis ion must be  made f o r  t he  con t ro l  flow from ampl i f i e r  
A when it i s  i n  a turned  down condit ion.  

Another method of  cascading vortex elements i s  t o  use a  vented vortex ampli- 
f i e r  a s  a  p i l o t  which feeds the  con t ro l  and supply p o r t s  o f a  nonvented vor tex  
a m p l i f i e r  (Figure 8-100). The d i f f e r e n t i a l  p ressure  range between t h e  two 
p i ckof f  e x i t s  of  t he  vented ampl i f i e r  changes much more r ap id ly  than t h e  
con t ro l  p re s su re ,  and the  c e n t r a l  p ickoff  s ees  up t o  98 percent  o f  t h e  supply 
pressure  with no cont ro l  flow and almost zero pressure  when t h e  p i l o t  ampli- 
f i e r  i s  turned down. This arrangement should g ive  an ove ra l l  turndown r a t i o  
of  from 10 t o  20 percent  b e t t e r  than f o r  t h a t  of a  s i n g l e  nonvented vo r t ex  
ampl i f i e r .  

The vor tex  devices  discussed previously a r e  c h a r a c t e r i s t i c  of methods of 
t h r o t t l i n g  flow without overboard b leeds .  Proport ional  and b i s t a b l e  amp- 
l i f i e r s  can a l s o  be used as t h r o t t l i n g  devices ,  however, these  devices  
must be operated with two output  l egs ,  one t i e d  t o  t h e  regula ted  load and 
t h e  o the r  dumped t o  atmosphere. Consequently, the  t h r o t t l e  no t  only must 
l i v e  with the  r e l a t i v e l y  low power recovery of t h e  ampl i f ie rs  (about 50 
p e r c e n t ) ,  bu t  must a l s o  dump flow continuously i n  t he  r egu la t ion  mode. For 
a  blowdown source and a  va r i ab l e  load, t hese  power lo s ses  may preclude 
acceptable  r egu la t ion  e f f i c i e n c i e s .  

8 .6 .4 .2  Pressure Reference Methods - The dev ia t ion  of the  regula ted  pressure  
from t h e  des i red  value o r  s e t  p o i n t ,  must be sensed i n  a  high gain c i r c u i t  so  
as  t o  provide a  feedback s igna i  which can be used t o  cont ro i  t h e  t h r o t t l i n g  
element. A p ressure  re ference  may r equ i r e  s epa ra t e  devices  f o r  i t s  func t ion  
a lone ,  o r  t he  re ference  can sometimes be an i n t r i n s i c  p a r t  of t he  feedback 
c i r c u i t .  

8-97 
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The most widely used pneumatic pressure  r e f e rence ,  which was discussed pre-  
v ious ly ,  u t i l i z e s  t he  d i f f e r ence  i n  t he  c h a r a c t e r i s t i c s  of a nonl inear  and 
a  l i n e a r  r e s i s t o r  (Figure 8-97). When the  regula ted  pressure  i s  a s  d e s i r e d ,  
t he  control  i npu t s  t o  t h e  ampl i f i e r  w i l l  be i d e n t i c a l  and t h e  d i f f e r e n t i a l  
output pressure ,  APo, w i l l  be  zero. I f  t he  regula ted  pressure  becomes 
h igher  o r  lower than t h e  s e t  po in t ,  t he re  w i l l  b e  a  d i f f e r e n t i a l  output  from 
the  ampl i f i e r  which can be in t eg ra t ed  and f u r t h e r  amplif ied i n  a  feedback 
c i r c u i t  t o  provide t h e  power gain necessary t o  ad jus t  t h e  t h r o t t l i n g  element. 

The primary problem with s t a t e  of t h e  a r t  p ressure  re ference  schemes i s  
temperature s e n s i t i v i t y .  Very l i t t l e  e f f o r t  has  been expended t o  d a t e  i n  
the  a r e a  of temperature compensation, and a  concentrated e f f o r t  should be 
made t o  come up with a  temperature compensated absolu te  pressure  r e f e rence .  
In  p a r t i c u l a r ,  f l u i d i c  o s c i l l a t o r s  have been compensated (Reference 55) over 
a  wide temperature range by us ing  a  d i s t r i b u t e d  parameter feedback duct .  

8 .6 .4 .3  Feedback Methods - These a r e  def ined as  t he  c i r c u i t s  t h a t  a r e  used 
t o  generate  s i g n a l s  which a r e  used t o  cont ro l  t h e  t h r o t t l i n g  elements as a  
func t ion  of the  dev ia t ion  of the output  pressure  from t h e  s e t  p ressure .  A l -  
though t h e  term r e g u l a t o r  implies  t he  use of feedback, t h e  requirements of 
a  nonmodulating r e g u l a t o r  can be met by programming the  e f f e c t i v e  a r e a  of 
t he  t h r o t t l i n g  element as a  funct ion of t h e  tank pressure .  However, t h e  
an t i c ipa t ed  f u t u r e  r e g u l a t o r  requirements f o r  space systems poin t  t o  v a r i a b l e  
1 oad condi t ions  which r e q u i r e  closed- loop con t ro l .  

The vented j e t  ampl i f i e r  u t i l i z e s  t he  p r o p e r t i e s  of a  f r e e l y  expanding j e t  
impinging on a  r e c e i v e r  (Figure 8-101). By conf in ing  the  j e t ,  and con t ro l -  
l i n g  the  vent r a t e  of gas from t h e  chamber, u s e f u l  ampl i f ica t ion  i s  achieved. 
In t h i s  device a  high pressure  source i s  con t ro l l ed  by a  low pressure  source.  
By varying the  geometry and spacing of t h e  nozzle  and the  r ece ive r ,  s eve ra l  
gain c h a r a c t e r i s t i c s  can be obtained. Supply pressures  a re  normally con- 
t r o l l e d  by vent t o  supply pressure  r a t i o s ,  Pv/Ps, o f  0 .1 t o  0 .3 ,  with maximum 
output flow and pressure  recover ies  on the  order  of 70 t o  90 percent .  

Typical performance of a  vented j e t  ampl i f i e r  with a  f i xed  a rea  load i s  
shown i n  Figure 8-102. An i n t e r e s t i n g  and use fu l  proper ty  of the  vented 
j e t  i s  shown i n  t h e  f igu re ,  i . e . ,  i f  t h e  vent  p re s su re  i s  he ld  a t  about 
50 p s i g ,  the  output  pressure  i s  p r a c t i c a l l y  independent of t he  supply 
pressure  i n  t he  range from 250 t o  500 ps ig .  

The vented j e t  a m p l i f i e r  i s  p a r t i c u l a r l y  u se fu l  i n  c o n t r o l l i n g  a  vo r t ex  
t h r o t t l i n g  element because of i t s  high pressure  recovery (>70 percent )  
when supplying a  flowing load. A s ing le - s t age  feedback ampl i f ie r  i s  formed 
by us ing  a  nonvented vor tex  ampl i f i e r  t o  cont ro l  t he  vent  pressure  of the  
vented j e t  as  shown i n  Figure 8-103. The use  of p o s i t i v e  feedback increases  
t h e  output p re s su re  recovery and reduces the  con t ro l  pressure  requi red  t o  
d e l i v e r  t h e  maximum output pressure .  

Stream i n t e r a c t i o n  propor t iona l  ampl i f i e r s  can be interconnected i n  analog 
c i r c u i t s  t o  genera te  feedback s igna l s .  Passive devices  a r e  used i n  t hese  
c i r c u i t s  to provide r e s i s t i v e ,  capac i t i ve ,  and induct ive  c h a r a c t e r i s t i c s .  
Analog lead- lag ,  l ag- lead ,  and i n t e g r a t i o n  c i r c u i t s  have been succes s fu l ly  
f ab r i ca t ed  f o r  s eve ra l  app l i ca t ions .  



8 - 6 . 4 - 4  Vortex - The nonvented vor tex  amgl i f i e r  i s  t h e  
only p re sen t ly  known f l u i d i c  device t h a t  i s  capable of  t h r o t t l i n g  flow with 
acceptable  e f f i c i e n c y ,  However, a  major disad;mtage is  t h a t  t h i s  ampl i f i e r  
r equ i r e s  a SotlTce of  con t ro l  pressure  h igher  than t h e  supply pressure.  
I n s t a l l a t i o n  o f  a  s e r i e s  o r i f i c e  i n  t h e  supply l i n e  t o  ob ta in  the  necessary 
Pc/PS r a t i o  f o r  con t ro l  i s  not  p r a c t i c a l ,  s i nce  flow turndown w i l l  occur 
only a f t e r  t h e  o r i f i c e  becomes s ~ b s o n i c .  The following r egu la to r  designs 
a r e  presented  as  r ep re sen ta t ive  of the  s t a t e  of t h e  a r t  e f f o r t s  i n  pressure  
r egu la t ion  using vor tex  elements.  

8 .6.4,5 Dual Volume Regulation System - One of t h e  s imples t  vortex r egu la t ion  
concepts would be t o  s t o r e  p a r t  of t h e  gas a t  h igher  pressure  f o r  con t ro l  
purposes (Figure 8-104). I f  t he  low pressure  supply i s  a t  2000 p s i g ,  t he  
con t ro l  pressure  requi red  f o r  supply pressure  cu tof f  would be about 2400 
ps ig .  Then i f  t h e  feedback c i r c u i t  can d e l i v e r  a  cont ro l  pressure  up t o  
about 80 percent  of t he  high pressure  supply, t he  high pressure  supply 
should be a t  about 3000 ps ig .  Under t hese  condi t ions ,  a  dual  e x i t  non- 
vented vortex ampl i f i e r  with a  turndown r a t i o  of 10, would provide a  
t h r o t t l i n g  range from 2000 t o  200 ps ig .  A f u r t h e r  increase  i n  t he  t h r o t t l i n g  
range should be poss ib l e  by us ing  t h e  vented vortex ampl i f i e r  p i lo t ed  non- 
vented vor tex  ampl i f i e r  concept discussed e a r l i e r .  

The n e c e s s i t y  of having t o  s t o r e  p re s su r i z ing  gas a t  two d i f f e r e n t  l e v e l s  
must b e  considered a  disadvantage, s ince  the  t rend  has been f o r  gas s to rage  
b o t t l e  pressures  t o  i nc rease ,  p a r t i c u l a r l y  i n  space app l i ca t ions .  Theo- 
r e t i c a l l y ,  it can be  shown t h a t t h e  weights o f  s i n g l e  compartment s p h e r i c a l  
p re s su re  ves se l s  and c y l i n d r i c a l  ves se l s  with spher ica l  ends a r e  independent 
of t h e  s to rage  pressure .  However, s to rage  volume decreases  i nve r se ly  as t h e  
i n i t i a l  s to rage  pressure ,  and u l l a g e  i s  a l s o  reduced. Another problem, i s  
t h e  p o s s i b i l i t y  of  leakage d i s t u r b i n g  the  requi red  balance between t h e  weights 
of  gas s to red  i n  t h e  two volumes. One poss ib le  approach t o  a  dual compartment 
pressure  ves se l  (Reference 6 5 ) ,  i s  t o  use a  high pressure  vesse l  i n s t a l l e d  
wi th in  a  low pressure  ves se l  such t h a t  t he  pressure  i n  t h e  low pressure  
ves se l  supports  t he  wall  of the  high pressure  v e s s e l .  

8 . 6 - 4 . 6  Lag C i r c u i t  Regulator - This r egu la t ion  concept (Figure 8-105) uses  
a  conventional nonvented vor tex  ampl i f i e r  and a  double delay o r  l a g  c i r c u i t  
t o  con t ro l  pressure .  When the  squib valve i s  opened, f l u i d  flows through t h e  
f ixed  o r i f i c e s ,  A1 and A 2 ,  and s t a r t s  t o  charge the  two volumes. Area A2 
i s  made l a r g e r  than  AE s o  t h a t  volume V2 charges f a s t e r  than V l ,  which pro-  
vides con t ro l  pressure  t o  t he  confined j e t  ampl i f i e r  f i r s t ,  which i n  t u r n  
con t ro l s  t h e  ampl i f i e r .  I n i t i a l l y  a s  t h e  pressure  i n  V l  i s  low, the  vo r t ex  
ampl i f i e r  i s  almost completely open. As the  pressure  i n  V l  i nc reases ,  t h e  
vor tex  ampl i f ie r  i s  completely turned down by the  vented j e t  ampl i f i e r ,  so  
t h a t  r e s l a t e d  flow i s  suppl ied  t o  t he  load p r imar i ly  through t h e  vor tex  
ampl i f i e r  con t ro l  p o r t .  Af te r  V l  reaches i t s  peak, it w i l l  then decay wi th  
t h e  s to rage  b o t t l e  pressure.  Subsequently, when t h e  s to rage  pressure  is 
considerably reduced, the  vortex ampl i f i e r  w i l l  reopen t o  provide a  lower 
pressure  drop pa th  from t h e  supply t o  t h e  load,  The vent  sf t h e  confined 
j e t  ampl i f i e r  i s  eon t ro l l ed  by t h e  load pressure ,  which ad jus t s  t he  output 
of t he  confined j e t  so as  t o  keep t h e  load pressure  cons tan t .  
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This type  r e g u l a t o r  i s  capable of opera t ing  over a  20 t o  1 turndown range,  
however, i t  i s  l imi t ed  t o  f i xed  a rea  loads. Another drawback i s  t h a t  
volume Vl must be  considerably l a r g e r  than the  s to red  volume, and conse- 
quent ly t h i s  design i s  imprac t ica l  where space i s  a t  a  premium. 

8 .6 .4 .7  - I t  becomes obvious, t h a t  one approach which 
avoids t he  l i m i t a t i o n s  imposed by a  s i n g l e  s to rage  tank i s  t o  u se  a  v a r i a b l e  
a r ea  a s  t h e  primary pressure  dropping element. The va r i ab l e  a r ea ,  which must 
be mechanically pos i t ioned ,  depar t s  from t h e  s t a t e d  goal of  having a  pure 
f l u i d  system with no moving p a r t s .  However, t he  concept appears t o  r ep re sen t  
a  p r a c t i c a l  means of ob ta in ing  a high turndown range with a  minimum o f  moving 
p a r t s  and s t i l l  r e t a i n i n g  t h e  o t h e r  d e s i r a b l e  f ea tu re s  o f  a  pure f l u i d  system. 

A t y p i c a l  hybrid r egu la to r  i s  shown i n  Figure 8-106. Tank pressure  i s  
dropped t o  a  nea r ly  constant  supply by the  va r i ab l e  mechan5cal o r i f i c e ,  
which e s s e n t i a l l y  increases  i n  a r ea  as  tank pressure  decreases .  The 
vented j e t  ampl i f i e r  can then e a s i l y  a d j u s t  t he  turndown of t h e  nonvented 
vortex ampl i f i e r  t o  accura te ly  r e g u l a t e  t he  load pressure .  This i s  p o s s i b l e  
because t h e  e f f e c t i v e  turndown requirements of t he  nonvented vortex a m p l i f i e r  
a r e  d r a s t i c a l l y  reduced by t h e  v a r i a b l e  mechanical o r i f i c e .  

This type  r e g u l a t o r  should be capable of opera t ing  over an e f f e c t i v e  tu rn -  
down range of 20 t o  30 t o  1. With ca re fu l  design,  t h e  v a r i a b l e  a rea  o r i f i c e  
can be made extremely r e l i a b l e ,  t he re fo re  t h i s  hybrid r egu la to r  can b e  
e f f e c t i v e l y  used u n t i l  t h e  s t a t e  of  t he  a r t  evolves an acceptable  pure f l u i d  
r egu la to r .  

8 .6.4.8 - A schematic of a  f l u i d i c  
feedback system which can be  used as a  pressure  r egu la to r  i s  shown i n  
Figure 8-107. The s e t  po in t  pressure  is obtained by connecting the  
regula ted  pressure  t o  the  supply and t h e  con t ro l s  of  a  propor t iona l  f l u i d  
ampl i f ie r .  A l i n e a r  c a p i l l a r y  r e s i s t o r  i s  i n se r t ed  i n  one con t ro l  l e g  and 
a  nonl inear  o r i f i c e  r e s t r i c t o r  i n  t h e  o ther .  The values of  t hese  r e s i s t o r s  
a r e  ad jus ted  s o  t h a t  t h e  ampl i f i e r  i s  zero ( a t  n u l l )  a t  t h e  des i r ed  r egu la t ed  
pressure .  The d i f f e r e n t i a l  output of t h e  s e t  po in t  ampl i f i e r  i s  fed i n t o  
a  boo t s t r ap  i n t e g r a t o r ,  i . e . ,  a  propor t iona l  ampl i f ie r  with p o s i t i v e  feed- 
back r e s i s t o r s  which a r e  ad jus ted  t o  provide an i n t e g r a t i n g  opera t ion .  The 
output of t h e  i n t e g r a t o r  i s  then connected t o  t h e  con t ro l  p o r t s  of  a  pro- 
po r t iona l  power ampl i f ie r .  Regulated f l u i d  is suppl ied  t o  t h e  load through 
one output l e g  o f  t h e  power ampl i f i e r ,  and p ropor t iona l ly  dumps t o  atmosphere 
through t h e  o t h e r  output  l e g  when the  load flow demand i s  decreased. The 
unregulated p re s su re  source usua l ly  i s  used t o  supply t h e  power j e t  o f  t he  
power ampl i f i e r  and t h e  o the r  ampl i f ie rs  a r e  powered from t h e  regula ted  
source.  

This type r e g u l a t o r  has extremely low power e f f i c i ency  (25 t o  50 pe rcen t ) ,  
because of t he  vent ing na tu re  of propor t iona l  ampl i f i e r s  and t h e  f a c t  t h a t  
i t  vents  t o  atmosphere t o  maintain t h e  regula ted  pressure  during low de- 
mand per iods .  However, because of t h e  boo t s t r ap  i n t e g r a t o r ,  extremely 
f i n e  pressure  r e w l a t i o n  i s  poss ib le  depending on t h e  accuracy and gain of 
t h e  pressure  r e f e rence ,  One poss ib l e  improvement i s  t h e  use of t he  pro-  
po r t iona l  s e t  po in t  and in t eg ra t ion  c i r c u i t s  t o  d r ive  a  vented j e t  con t ro l l ed  
vortex valve.  



8 . 6 . 4 . 9  New Regulator Concepts 

Vented Jet-Vortex Amplifier Regulator - A poss ib le  method of u t i l i z i n g  
a  vented j e t  as  a  r e g u l a t o r  i s  shown i n  Figure 8-108. This device c o n s i s t s  
of an i n - l i n e  vented j e t  with the  vent  cav i ty  con t ro l l ed  by a  nonvented 
vor tex  ampl i f ie r .  The nozzle  t o  r e c e i v e r  spacing of t h e  vented j e t  should 
be  c lose  ( l e s s  than 0 . 6  times the  nozzle  diameter) and t h e  d i f f u s e r  s e c t i o n  
of  t h e  r ece ive r  should be c a r e f u l l y  designed f o r  good p re s su re  recovery. 

The opera t ion  of t h e  device depends on t h e  f a c t  t h a t  a t  anyesupply pressure  
Ps t h e r e  e x i s t s  a  region of  opera t ion  i n  which output  flow mo and vent  
pressure  Pv can be var ied  s i g n i f i c a n t l y  while maintaining almost 100 percent  
pressure  recovery ( i . e . ,  Po " Ps).  A nonvented vortex ampl i f i e r  i s  used t o  
con t ro l  t he  vent flow and pressure  i n  such a  manner as  t o  extend the  l i m i t s  
of t h i s  high recovery region beyond those obta inable  with vent flow flowing 
through a  f i xed  o r i f i c e .  For example, as  a  pressure  r egu la to r  with f i x e d  
supply flow hs, opera t ion  i s  a s  follows : 

Because ms i s  f i xed  and nozzles  A and B a r e  choked ( a t  son ic  v e l o c i t y ) ,  the  
supply pressure  Ps and t h e  vor tex  ampl i f i e r  con t ro l  flow kc  a r e  f i xed .  I f  
i t  is  then assumed t h a t  t h e  vented j e t  i s  i n i t i a l l y  opera t ing  i n  t h e  high 
recovery region (Po - Ps),  should the  load impedance decrease,  t he  output  
flow k0 increases  and t h e  vent  pressure  Pv decreases .  However, because of 
t h e  f ixed  cont ro l  flow inc t he  vortex ampl i f i e r  presents  a  h igher  impedance 
t o  vent  flow a t  low values of  Pv than a t  high values.  Actual ly i f  Pv drops 
below a c e r t a i n  c r i t i c a l  va lue ,  t he  vor tex  ampl i f i e r  goes i n t o  complete 
turndown and vent  flow becomes zero. Therefore,  t h e  vortex ampl i f i e r  
r e t a r d s  t h e  decrease i n  vent  pressure  and maintains vented j e t  opera t ion  
i n  t h e  high p re s su re  recovery regime f o r  a  broad band o f  output flows. 

As the  output impedance inc reases ,  t h e  c r i t i c a l  po in t  occurs when nozzle  B 
(Figure 8-108) unchokes, a f t e r  which a  f u r t h e r  i nc rease  i n  load impedance 

w i l l  a f f e c t  t h e  flow source.  In t h i s  case ,  however, t h e  vor tex  ampl i f i e r  
tends t o  r e t a r d  t h e  inc rease  i n  vent  pressure ,  and a c t u a l l y  allows lower 
output  flows (even backflow) before  nozzle  B unchokes. 

This device has very low output  impedmce, cons tan t  input  impedance, and 
high p re s su re  recovery. As such, it i s  a  f l u i d i c  analog of a  cathode 
fo l lower  s tage .  In genera l ,  t h e  device can be used wherever it i s  d e s i r -  
ab le  t o  i s o l a t e  t h e  e f f e c t s  of a  v a r i a b l e  load on a  pressure-f low source.  
I t  can be used t o  convert a  l oad - sens i t i ve  device i n t o  a  l oad - insens i t i ve  
device with no s i g n i f i c a n t  s a c r i f i c e  i n  output  p re s su re .  A p a r t i c u l a r  
app l i ca t ion  of t h e  device i s  a s  a  pressure  r egu la to r ,  s i n c e  when it is  
suppl ied  by a  constant  flow source,  it will maintain a  near  constant  
output  pressure  on a  downstream v a r i a b l e  load. I t  should a l so  be use fu l  
a s  a  r e l i e f  valve,  i n  t h a t  the downstream load could be a  flow source as 
we l l  as  a  flow s ink .  

Prel iminary t e s t s  were completed with a  vented j e t  r egu la to r  ope ra t ing  with 
a  cons tan t  supply flow. An output pressure  v a r i a t i o n  of 4 percent  (i-2 percent  
r egu la t ion  band) was obtained with a load flow v a r i a t i o n  of  0 t o  67 percent  of 
t he  supply flow (Figure 8-109). Subsequent t e s t s  i nd ica t ed  t h a t  p re s su re  
w LGgula t ion  - could. be mair~tained even with s ig i i i f  lcai i t  reverse  lrloiv froin tiie 

output  p o r t .  
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Monopropellant Gas Generator  System - The p r e s s u r e  r e g u l a t i o n  c a p a b i l i t i e s  
of t h e  vented j e t - v o r t e x  a m p l i f i e r  combination suggest  t h e  u s e  o f  t h e  d e v i c e  
a s  a  r e g u l a t o r  i n  a  monopropellant  gas g e n e r a t o r  system (F igure  8-110) .  Th i s  
p r e s s u r i z a t i o n  subsystem i s  conceived a s  a  two-s tage monopropellant  hydraz ine  
sys tem which p rov ides  p r e s s u r a n t  f o r  p r o p e l l a n t  t anks  and t h e  working f l u i d  f o r  
a  f l u i d i c  c o n t r o l  system. I t  can a c c u r a t e l y  r e g u l a t e  t h e  p r e s s u r a n t  o v e r  a  
wide flow range,  and t h e  e s t i m a t e d  du ty  c y c l e  f o r  t h e  r o c k e t  engine f i r i n g s  i s  
about  20 p e r c e n t .  

8 . 6 . 5  Propuls ion Subsystem Appl ica t ion  Study 

This  s t u d y  was concerned wi th  t h e  a p p l i c a t i o n  o f  f l u i d i c s  t o  a  t y p i c a l  
s p a c e c r a f t  p r o p u l s i o n  subsystem i n  t h e  50 t o  1000 pound t h r u s t  range.  A 
b a s e l i n e  p r o p u l s i o n  system was s e l e c t e d  and i n i t i a l  c o n s i d e r a t i o n  was given 
t o  replacement  o f  t h e  p r e s s u r e  r e g u l a t o r  i n  t h e  b a s e l i n e  system w i t h  a 
f l u i d i c  r e g u l a t o r .  S e v e r a l  a l t e r n a t e  f l u i d i c  approaches t o  t h e  b a s e l i n e  
system were a l s o  conceived and a  t r a d e o f f  s t u d y  was performed. 

8 . 6 . 5 . 1  B a s e l i n e  Propu ls ion  System - The Mariner Mars 1969 P r o p u l s i o n  Sub- 
system was s e l e c t e d  as  t h e  b a s e l i n e  system f o r  t h i s  s t u d y .  Th is  system 
(F igure  8-111) i s  a  r e g u l a t e d  p ressurk  f e d ,  f i x e d  t h r u s t ;  monopropel lant  
hydraz ine  p ropu ls ion  system which i s  a  prime example o f  a  we l l -des igned ,  
r e f i n e d ,  and proven system. P r i n c i p a l  subsystem components a r e  a  h i g h  
p r e s s u r e  gas r e s e r v o i r ,  a  pneumatic p r e s s u r e  r e g u l a t o r ,  a  monopropel lant  
s t o r a g e  t ank ,  and a  r o c k e t  engine.  The e x p l o s i v e l y  opera ted  s t a r t - s t o p  
v a l v e  assembl ies  i n  t h e  p r e s s u r a n t  and p r o p e l l a n t  l i n e s  each c o n s i s t  o f  
two normal ly  open and two normal ly  c l o s e d  v a l v e s  p rov id ing  a  c a p a b i l i t y  
f o r  two c y c l e s  o f  eng ine  s t a r t  and s t o p  o p e r a t i o n .  

8 . 6 . 5 . 2  F l u i d i c  Subsystem - A l t e r n a t e  approaches  t o  t h e  b a s e l i n e  p r o p u l s i o n  
system were s e l e c t e d  on t h e  b a s i s  of u s i n g  f l u i d i c s  e x c l u s i v e l y  f o r  p r e s s u r e  
r e g u l a t i o n  and/or p r o p e l l a n t  t ank  p r e s s u r i z a t i o n .  I n  a l l ,  s i x -  a l t e r n a t e  
subsystem c o n f i g u r a t i o n s  were devised and t h e y  c o l l e c t i v e l y  employ t h r e e  
b a s i c  means f o r  a p p l i c a t i o n  o f  f l u i d i c s  t o  t h e  b a s e l i n e  p ropu ls ion  system. 
These t h r e e  b a s i c  means a r e  as fo l lows :  

1. The f l u i d i c  r e g u l a t i o n  o f  gas p r e s s u r e  (us ing  e i t h e r  i n e r t  s t o r e d  
gas  o r  decomposed hydraz ine)  i n  a p o s i t i v e  expu ls ion  hydraz ine  
s t o r a g e  tank - -  Cases I ,  I V ,  and V I .  

2. The f l u i d i c  r e g u l a t i o n  o f  l i q u i d  hydraz ine  flow r a t e  t o  t h e  
eng ine ,  u s i n g  t h e  l i q u i d  hydraz ine  p r e s s u r e  f o r  c o n t r o l  - -  
Cases I1 and V .  

3 .  The f l u i d i c  r e g u l a t i o n  o f  l i q u i d  hydraz ine  flow r a t e  t o  t h e  eng ine ,  
u s i n g  gas  ( i n  t h i s  c a s e ,  bo th  s t o r e d  i n e r t  gas and decomposed 
h y d r a z i n e )  - -  Case 111. 

The s i x  subsystems,  Cases I through V I ,  a r e  shown s c h e m a t i c a l l y  i n  F igures  
8-112 through 8-117, and d e s c r i b e d  i n  d e t a i l  i n  Reference 11. I t  shou ld  be 
noted t h a t  each o f  t h e  approaches s e l e c t e d  a r e  based on n o n - f l u i d i c  p r o p u l s i o n  
subsystem c o n f i g u r a t i o n s  f o r  which exper imenta l  o r  l a b o r a t o r y  f e a s i b i l i t y  h a s  
been demonstra ted.  A l l  approaches t h e r e f o r e  r e p r e s e n t  demonstrated s t a t e  of 
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t h e  a r t  technology except f o r  t he  f l u i d i c  con t ro l s .  The base l ine  system 
with a  hybrid mechanica l / f lu id ic  pressure  r egu la to r  was not  included i n  
t h i s  t r adeo f f  s tudy inasmuch as  it depa r t s  from t h e  form of  t h e  o the r  
approaches which a r e  e n t i r e l y  f l u i d i c  i n  t h e i r  means of  r egu la t ion  and 
p re s su r i za t ion .  

8 . 0 . 5 . 3  - The de r iva t ion  o f  equat ions and 
es t imat ing  procedures f o r  t h e  weights of t h e  sphe r i ca l  t anks ,  d i f f e r e n t i a l  
a r ea  boo t s t r ap  tanks ,  p ressurant  gas ,  and p rope l l an t  a r e  given i n  Reference 
11 along with a  complete weight breakdown f o r  each of  t h e  s i x  cases  and f o r  
each of  t h r e e  t h r u s t  l e v e l s .  The t h r u s t  l e v e l s  s e l e c t e d  f o r  subsystem weight 
eva lua t ion  were 50 pounds, 250 pounds, and 1,000 pounds. In  t h i s  way, it was 
poss ib l e  t o  p l o t  a  family o f  curves f o r  subsystem weight versus engine t h r u s t  
l e v e l .  Using t h e  weight breakdowns, two such f ami l i e s  o f  curves were p l o t t e d ,  
one f o r  subsystem dry  weights and t h e  o the r  f o r  subsystem loaded weights.  
The d i f f e r e n c e  includes t h e  weight of p rope l l an t  ( l i q u i d  hydraz ine) ,  p re s -  
s u r a n t  gas (GN ) f o r  "the blowdown systems, and v o l a t i l e  l i q u i d  f o r  t h e  vola-  

2 t i l e  l i q u i d  system. 

The d r y  and loaded weight comparisons a r e  presented i n  Figures  8-118 and 
8-119. Referr ing t o  t h e s e  f i g u r e s ,  it i s  i n t e r e s t i n g  t o  note  t h a t  t h e  r e l a -  
t i v e  pos i t i ons  o f  t h e  s i x  cases  do not  remain t h e  same f o r  t h e  dry  weight 
p l o t s  as  they a r e  f o r  t h e  loaded weight p l o t s .  On t h e  o t h e r  hand, t h e r e  
a r e  no crossovers  even though t h e r e  a r e  some end po in t  i n t e r s e c t i o n s  and 
overlapping of  i nd iv idua l  curves.  The r e s u l t s  shown g raph ica l ly  i n  t h e s e  
two p l o t s  a r e  combined i n t o  one comparative r a t i n g  f o r  subsystem weight i n  
t h e  t r adeo f f  summary (Table 8-9) .  

8 .6.5.4 - Servo block d i a -  
grams f o r  each o f  t h e  s i x  cases  were generated p r imar i ly  t o  compare opera-  
t i o n a l  complexity and t o  achieve some-measure of  i n s i g h t  i n t o  t h e  ope ra t ion  
of each o f  t h e  subsystems a s  a  feedback con t ro l  system. These diagrams 
served as t h e  b a s i s  f o r  comparison of  dynamic performance and a s  p a r t i a l  
b a s i s  of comparison f o r  s i m p l i c i t y  i n  ass igning  t h e  r a t i n g s  f o r  t h e  t r ade -  
of f  summary (Table 8-9).  

8 .4 .5.5 - An at tempt  has been made t o  present  i n  t a b u l a r  
form t h e  r e s u l t s  of t h e s e  app l i ca t ion  s t u d i e s ;  i . e . ,  r e s u l t s  i n  terms o f  a  
t r adeo f f .  This i s  shown in-Table  8-9 where each case  (approach) i s  r a t e d  
numerical ly  aga ins t  t h e  o the r s  with r e spec t  t o  s eve ra l  parameters.  The 
parameters tabula ted  a r e  weight,  space,  s i m p l i c i t y ,  s t a t e  of t h e  a r t ,  
development c o s t ,  and dynamic performance. The r a t i n g  system is  such t h a t  
a  "1" ind ica t e s  t h e  b e s t  o f  t h e  s i x  cases  f o r  a  p a r t i c u l a r  parameter and a  
"6" ind ica t e s  t h e  worst.  Hence, Case 11 i s  the  s imples t  while Case V I  i s  
t h e  most complex. Case I I  a l s o  has t h e  f a s t e s t  and probably most s t a b l e  
response,  while Case VI i s  t h e  slowest and most d i f f i c u l t  t o  syn thes i ze  f o r  
s t a b l e  opera t ion ,  No at tempt  was made t o  draw any conclusions a s  t o  which 
i s  t h e  b e s t  a l l  around system approach s i n c e  t h a t  would c o n s t i t u t e  only  an 
academic exe rc i se ,  and a c t u a l  s e l e c t i o n  of a  p a r t i c u l a r  approach should be 
based on t h e  app l i ca t ion  a t  hand, However, such an  ind ica t ion  might b e s t  
be obtained by s ing t h e  r a t i n g  nmber s  i n  each column. The lower t h e  
sum t o t a l  f o r  any one case,  t h e  more it has t o  o f f e r  on an " a l l  around" 
L - - 2  
U d S  1s.  



Table 8-9,  Tradeoff Sununary - Propulsion Subsystem 
F lu id i c  Applicat ion S tudies  

S t a t e  of t he  A r t  

*Both dry and loaded weights were considered i n  a r r i v i n g  a t  t he  r a t i n g s  
ind ica t ed .  

**These r a t i n g s  a r e  not  penal ized f o r  e l e c t r i c a l  power which was 
presumed a v a i l a b l e  and loca ted  elsewhere. 



These t r a d e o f f s  were determined on t h e  bas i s  of a 50 pound t h r u s t  system, 
however, f o r  a l l  p r a c t i c a l  purposes t h e  r e s u l t s  apply equal ly  well  t o  any 
system i n  t h e  range of 50 t o  1000 pounds t h r u s t .  

8.6.5.6 Resul ts  and Conclusions - Referr ing t o  t h e  t r adeo f f  summary (Table 
8-9) ,  i t  is c l e a r  t h a t  Case I1 i s  super ior  t o  t h e  o the r s  i n  most r e s p e c t s ,  
except f o r  s t a t e  o f  t he  a r t .  This is because Case I I  ( a l so  Case V) u t i l i z e s  
a  p rope l l an t  operated f l u i d i c  pressure  r egu la to r  which involves ope ra t ion  of 
t h e  vented j e t  ampl i f i e r  on hydrazine.  To d a t e ,  t h e  vented j e t  has  been 
t e s t e d  on water,  bu t  only enough t o  v e r i f y  opera t ion  a t  r e l a t i v e l y  low pres-  
s u r e  ga ins .  Therefore,  it i s  important t o  note  t h a t  t h e  f u t u r e  a p p l i c a t i o n  
of f l u i d i c s  t o  propulsion systems w i l l  r e q u i r e  considerable  t e s t i n g  o f  
f l u i d i c  devices  and c i r c u i t s  with p rope l l an t s  i f  optimum design concepts 
a r e  t o  be  r e a l i z e d .  

The v a r i a b i l i t y  i n  f l u i d i c  r egu la to r  conf igura t ion  a r r ived  a t  i n  t h i s  s tudy 
ind ica t e s  a  need f o r  comparing these  d i f f e r e n t  approaches on t h e i r  own mer i t s .  
For example, t h e  s i x  subsystems conceived during t h e  study inc lude  5 d i f f e r e n t  
types of  f l u i d i c  r e g u l a t o r s ,  which could be interchanged between systems. 
Numerous o the r  r e g u l a t o r  conf igura t ions  a r e  p o s s i b l e  with t h e  use  of  gas con- 
t r o l l e d  l i q u i d  operated f l u i d i c  elements.  Evaluat ion of  t h e  var ious  r e g u l a t o r  
concepts r equ i r e s  a  major e f f o r t  which e n t a i l s  r e l a t i v e  performance wi th  
r e s p e c t  t~ accuracy, opera t ing  range, dynamic ope ra t ion ,  e f f i c i e n c y ,  e t c .  
I t  is a l s o  not t h e  i n t e n t i o n  of  t h i s  s tudy t o  r u l e  out t h e  a p p l i c a b i l i t y  of  
t he  hybr id  r e g u l a t o r ,  which was omitted from t h i s  s tudy  so t h a t  each case  
could b e  evaluated on a  common (no moving p a r t )  b a s i s .  I f  found p r a c t i c a l ,  
t h e  hybrid r e g u l a t o r  has much t o  o f f e r .  

The app l i ca t ion  of  f l u i d i c s  t o  t h e  base l ine  propulsion system is  l i m i t e d  
by t h e  lack o f  component performance information i n  broad opera t ion  ranges 
and with l i q u i d s .  Another complication i s  t h e  requirement f o r  a  d u a l - s t a r t  
system which precludes t h e  use of  a  conventional f l u i d i c  system with con- 
t inuous overboard vent ing.  A s  a  r e s u l t ,  each of  t h e  systems analyzed were 
designed t o  ope ra t e  without overboard vents  o r  with vent ing only dur ing  engine 
ope ra t ion  a s  was t h e  case  with t h e  boo t s t r ap  gas generat ion systems. There 
a r e  s e v e r a l  s i g n i f i c a n t  conclusions t h a t  can be drawn regarding t h e  appl ica-  
t i o n  o f  f l u i d i c s  t o  systems of t h e  type s tudied .  

1. Those f l u i d i c  devices which lend themselves t o  propulsion sub- 
system app l i ca t ion  r e q u i r e  cons iderable  t e s t i n g  and development 
on l i q u i d  p rope l l an t s  t o  reach an acceptable  s t a t e  of  develop- 
ment. 

2. New devices  may be  requi red  which use gas t o  con t ro l  l i q u i d s  
with no l o s s  of  t h e  l i q u i d  media and p re fe rab ly  with no 
intermixing of t h e  gas and l i q u i d  media. 

3 ,  Component performance da t a  i n  t he  range of  50 t o  1000 ps ig  i s  
l ack ing  and i n  many cases normalized performance curves would 
be des i r ab l e .  

4. The hybr id  f l u i d i c  r egu la to r  concept would be t h e  b e s t  choice 
i f  t h e  accuracy problem can be resolved.  



5.  The s e l e c t i o n  of a  f l u i d i c  subsystem probably should be 
delayed u n t i l  s u f f i c i e n t  performance information i s  a v a i l -  
ab l e  t o  v e r i f y  predic ted  subsystem performance. 

6.  The app l i ca t ion  o f  f l u i d i c s  t o  t he  func t ions  of tank pres-  
s u r i z a t i o n  and p re s su re  r egu la t ion  can be  pursued inde- 
pendently of t he  propulsion subsystem conf igura t ion  i t s e l f .  

8 .6 .6 Gas Pressure  Regulator Study 

The p re s su re  r e g u l a t o r  i n  t h e  base l ine  propulsion system (see Sect ion 8 .6 .5 .1)  
i s  a  modulating pressure  reducing r egu la to r .  I t  i s  a  key component i n  t h a t  + 
i t s  func t ion  i s  t o  hold the  s e t  po in t  pressure  w i th in  -1% over t h e  f u l l  p res -  
s u r e  decay range o f  t he  pressurant  s to rage  tank.  The t i g h t  r egu la t ion  and 
lockup c h a r a c t e r i s t i c  requi red  a r e  achieved through t h e  use o f  B e l l e v i l l e  
r e f e rence  spr ings  and a  hard poppet and s e a t .  To a s su re  cons i s t en t ly  accu- 
r a t e  r egu la t ion  with minimum h y s t e r e s i s ,  mechanical func t ion  i s  minimized 
by t h e  f l e x u r a l  support  of t h e  push rod between t h e  B e l l e v i l l e  r e f e rence  
spr ing  assembly and the  sapphi re  poppet b a l l .  

The primary reason f o r  considering t h e  use of a  f l u i d i c  p re s su re  r e g u l a t o r  
i n  t h i s  app l i ca t ion ,  i s  t h a t  i t  should be s impler  and have few, i f  any, 
moving p a r t s .  As a  consequence, longer s to rage  l i f e ,  h igher  r e l i a b i l i t y  
and g r e a t e r  environmental t o l e r ance  could r e s u l t .  Improvements i n  s i z e ,  
weight, and c o s t  a r e  a l s o  poss ib l e .  

8 .6 .6 .1  Basel ine Regulator Spec i f i ca t ions  - The important opera t iona l  
requirements of  t h e  base l ine  r e g u l a t o r  a r e  summarized below: 

1. Working Flu id :  Pressurant  s h a l l  be gaseous n i t rogen  con- 
forminn t o  Federal Spec i f i ca t ion  BB-N-411B, maintained 
between 3 5 ' ~  and 90°F. 

2 .  Supply Pressure  Var ia t ion :  3600 p s i a  t o  360 p s i a .  

3. Ou t l e t  Pressure :  308 2 3 p s i a  when flowing 0.006 pounds 
per  second of GN2 a t  normal temperature (65°F t o  9 5 ' ~ ) .  
A maximum v a r i a t i o n  of 2 5  p s i a  i s  a l lowable when t h e  
r e g u l a t o r  is  subjec ted  t o  t he  ambient temperature ex- 
tremes of  14°F and 167°F. 

4. Response: A supply p re s su re  r i s e  from 0  t o  3600 p s i a  i n  
2 mi l l i second s h a l l  not  a f f e c t  ope ra t ion  o r  performance. 

5. Lockup Pressure :  Seven percent  o r  l e s s  above t h e  nominal 
r egu la t ed  pressure  a t  i n l e t  supply pressures  i n  t h e  range 
3600 p s i a  t o  375 p s i a .  

6. I n t e r n a l  Leakage: Ten scc/hour of GN2 maximum over t h e  
supply p re s su re  range 360 p s i a  t o  3600 p s i a .  

7 .  External  Leakage: Zero [defined as  1 scc/hour of GN2 
maximum) . 



8. : Capable of maintaining t h e  s p e c i f i e d  out-  
l e t  p re s su re  f o r  a  t o t a l  per iod  of  90 seconds maximum, and 
a  maximum of  two s t a r t s .  

9 .  : Minimum s to rage  l i f e  s h a l l  be two years  i n  
an unpressurized condi t ion  while exposed t o  a  temperature 
range-cf  O O F  t o  125°F and a  r e l a t i v k  humidity up t o  95 
percent .  In  add i t i on ,  350 days i n  t h e  f u l l y  pressur ized  
condi t ion  while exposed t o  t h e  temperature range o f  3 5 ' ~  
t o  90°F, 

10. Environments, Non-Operating: The r egu la to r  s h a l l  ope ra t e  
s a t i s f a c t o r i l y  a f t e r  exposure t o  t h e  v i b r a t i o n a l ,  shock, 
acce l e ra t ion ,  acous t i c ,  r a d i a t i o n ,  e t c . ,  environments nor- 
mally encountered during e a r t h  o r b i t a l  launch maneuvers. 

11. : The r e g u l a t o r  s h a l l  ope ra t e  s a t i s -  
f a c t o r i l y  when exposed t o  a  space environment, inc luding  
vacuum condi t ions  of  t o  10-14 t o r r ,  pos i t ioned  i n  any 
a t t i t u d e ,  and zero g rav i ty .  

8.6.6.2 Prel iminary Considerat ions - Previous s t a t e  of t he  a r t  surveys and 
app l i ca t ion  s t u d i e s  have shown t h a t  i t  i s  p re sen t ly  imprac t ica l  t o  implement 
a  modulating pressure  reducing r egu la to r  by f l u i d i c  means. This p a r t i c u l a r l y  
app l i e s  t o  l a rge  blowdown range operat ion and is a consequence of the  
fol lowing:  

1. No f i x e d  a r e a  o r i f i c e  with apprec iab le  p re s su re  drop can 
be  i n s t a l l e d  i n  t h e  main flow path i f  t h e  pressure  regu- 
l a t o r  i s  t o  t h r o t t l e  flow over  a  wide range of supply 
pressure .  

2. No known f l u i d i c  device,  o t h e r  than  t h e  nonvented vortex 
a m p l i f i e r ,  is capable of t h r o t t l i n g  flow with acceptable  
e f f i c i ency .  The vo r t ex  ampl i f i e r  normally r equ i r e s  a  
source o f  cont ro l  pressure  h igher  than t h e  supply pressure .  

The use o f  a  f i xed  a rea  o r i f i c e  t o  drop t h e  nonvented vor- 
t e x  ampl i f i e r  supply pressure  below t h e  s to rage  tank 
p re s su re  so  a s  t o  o b t a i n  t h e  necessary cont ro l  t o  supply 
p re s su re  r a t i o  is  imprac t i ca l .  This follows from t h e  f a c t  
t h a t  t h e  p re s su re  dropping o r i f i c e  must become son ic  during 
tank blowdown and consequently cannot be con t ro l l ed  by t h e  
downstream vor tex  ampl i f i e r  even f o r  a s l i g h t  decrease of  
tank p re s su re .  

4.  I t  has  a l s o  been shown t h a t  no s i g n i f i c a n t  increase  i n  
turndown w i l l  r e s u l t  from connecting vo r t ex  ampl i f ie rs  
i n  s e r i e s .  

One p o s s i b l e  pure f l u i d  r egu la t ion  scheme u t i l i z e s  dual volumes, such t h a t  
gas f o r  vortex ampl i f i e r  con t ro l  purposes is  s t o r e d  sepa ra t e ly  a t  h igher  
pressures .  However, t h e  n e c e s s i t y  o f  having t o  s t a g e  gas a t  two d i f f e r e n t  



pressure  l e v e l s  must be considered a  disadvantage. Another problem is t h e  
p o s s i b i l i t y  of  1 eakage d i s tu rb ing  t h e  requi red  balance between t h e  weights 
of  gas s to red  i n  t h e  two volumes. I t  i s  a l s o  poss ib l e  t o  use o t h e r  approaches 
t o  pure f l u i d  r egu la t ion  i f  space i s  not a t  a  premium such a s  s ing le - l ag  and 
double-lag c i r c u i t s  (Reference 19) .  The s ing le - l ag  r egu la to r  r equ i r e s  l i t t l e  
add i t i ona l  space, but  i s  l imi t ed  i n  blowdown range. The double- lag r e g u l a t o r  
o f f e r s  a  reasonable blowdown range but  r equ i r e s  t he  most space and i s  l imi t ed  
t o  f i xed  a r e a  loads.  Actual ly,  one l a g  volume i s  u sua l ly  considerably l a r g e r  
than  t h e  s t o r e d  volume. 

I t  becomes evident  t h a t  a  v a r i a b l e  a r ea  primary o r i f i c e  must be used i f  t h e  
r e g u l a t o r  is  t o  be of minimum s i z e  and capable of opera t ing  over a  l a r g e  
blowdown range. The v a r i a b l e  a r e a ,  which must be mechanically pos i t i oned ,  
depar t s  from the  goal of  a  pure f l u i d  system with no moving p a r t s .  However, 
a  hybrid of t h i s  type o f f e r s  a  p r a c t i c a l  means of  ob ta in ing  a  high turndown 
range with a  minimum of moving p a r t s  and s t i l l  r e t a i n i n g  t h e  o the r  d e s i r a b l e  
f e a t u r e s  o f  a  f l u i d i c  system. 

8 . 6 . 6 . 3  Hybrid F lu id i c  Regulator Concept - The hybrid r egu la to r  shown 
schematical ly  i n  Figure 8-120 was subsequently chosen a s  the most p r a c t i c a l  
f l u i d i c  replacement f o r  the  base l ine  r egu la to r .  Tank pressure  i s  dropped 
t o  a  nea r ly  constant  supply pressure  by the  va r i ab l e  a r ea  o r i f i c e ,  which 
increases  i n  a reas  as  the  tank pressure  decreases .  Consequently, the 
turndown requirements of t he  nonvented vor tex  ampl i f i e r  a r e  d r a s t i c a l l y  
reduced so t h a t  a  subsonic f i xed  a rea  o r i f i c e  can be placed upstream of 
the  a m p l i f i e r .  The vented j e t  can then e a s i l y  ad jus t  the  turndown of the 
vor tex  ampl i f i e r  t o  accura te ly  r e g u l a t e  the  load p re s su re ,  i n  add i t i on  t o  
providing an absolu te  pressure  re ference  when vent ing d i r e c t l y  i n t o  the  
load.  This r egu la to r  a l s o  f u l f i l l s  the  requirement f o r  zero leakage s i n c e  
a l l  flow passes  through t h e  load.  

The poppet f o r  t h e  v a r i a b l e  a rea  o r i f i c e  i s  suspended between a sp r ing  
diaphragm and a  combination sp r ing  bellows and s e a l .  Since t h e  poppet i s  
e s s e n t i a l l y  suspended on two f l e x u r e s ,  i t  cannot phys i ca l ly  contac t  o r  
s l i d e  on any s u r f a c e  and i s  f r e e  from f r i c t i o n .  To meet t he  low i n t e r n a l  
leakage requirement,  t h e  poppet and s e a t  could be ground and lapped, however, 
t h e  suspension would have t o  be rearranged and a  preload sp r ing  added. 

Considering t h a t  t h e  primary func t ion  o f  t h e  v a r i a b l e  a r ea  o r i f i c e  i s  t o  
reduce t h e  tank p re s su re  t o  a  nea r ly  cons tan t  supply p re s su re ,  no s t r i n g e n t  
f a b r i c a t i o n  and c a l i b r a t i o n  requirements need t o  be imposed on t h e  poppet,  
s e a t ,  and f l e x u r a l  supports .  Since f r i c t i o n  is v i r t u a l l y  nonexis ten t ,  
h y s t e r e s i s  should be reduced considerably under a l l  opera t iona l  condi t ions .  
Out le t  p ressure  v a r i a t i o n s  due t o  t h e  spec i f i ed  ambient temperature extremes 
should a l s o  be  s u b s t a n t i a l l y  reduced because of t h e  i n t r i n s i c  i n s e n s i t i v i t y  
o f  both the  nonvented vor tex  ampl i f i e r  and vented j e t  t o  f l u i d  temperature 
v a r i a t i o n s .  F i n a l l y ,  overshoot i n  t h e  s e t  p ressure  during s t a r t u p  should 
b e  minimized because of t h e  response time ( l e s s  than 1 mil l isecond) of  
vor tex  ampl i f ie rs  i n  t h e  s i z e  requi red  f o r  t h i s  app l i ca t ion .  

8 .6 .6 .4  - Prel iminary s i z i n g  of  a  hybrid r e g u l a t o r  
t o  meet the  b a s e l i n e  r egu la to r  requirements was completed. A summary of t h e  
c a l c u l a t i o n s  involved is presented i n  Reference 11 and the  important s e t  
po in t  parameters a r e  l i s t e d  i n  Figure 8-121. 
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The vor tex  ampl i f i e r  has a  chamber diameter of 0.50 inch and t h e  vented j e t  
supply nozzle  a  diameter of 0 ,017 inch.  Considering the  small  s i z e  o f  
t hese  elements,  a  hybrid r egu la to r  of t h i s  type  should have a  maximum 
envelope s i z e  of  l inch i n  diameter by 2 inches long and a  weight of  about 
1 / 2  pound. This compares favorably t o  t h e  base l ine  r egu la to r  which has an 
envelope o f  about 3 inches i n  diameter by 3 inches long,  and a  weight of 
about 1 - 1 / 2  pounds. 

8 .6 .6 .5  Hybrid Regulator Performance - I t  i s  l o g i c a l  t o  b e l i e v e  t h a t  t h e  
hybrid r egu la to r  w i l l  meet t h e  o u t l e t  p re s su re  requirements even a t  t h e  
ambient temperatures extremes s p e c i f i e d .    ow ever ,* t h e  vor tex  and vented 
j e t  ampl i f i e r s  must func t ion  i n  unfami l ia r  opera t iona l  regimes where very 
l i t t l e  performance information i s  p r e s e n t l y  a v a i l a b l e .  Both elements w i l l  
r e q u i r e  some development, which w i l l  inc lude  documentation and opt imizat ion 
i n  t h e  requi red  ope ra t iona l  regimes. 

Lockup and i n t e r n a l  leakage requirements were not considered i n  t h i s  pre-  
l iminary s tudy.  However, t h e  poppet and s e a t  can be made s i m i l a r l y  t o  
those  on t h e  b a s e l i n e  r e g u l a t o r .  Externa l  leakage w i l l  s t i l l  be zero.  

An important cons idera t ion  i s  t h a t  t h e  t ime response of t h e  r e g u l a t o r  w i l l  
depend on t h e  response of t h e  vor tex  amplif ier-vented j e t  combination, s i n c e  
t h e  v a r i a b l e  a r e a  f i r s t  s t a g e  i s  e s s e n t i a l l y  i s o l a t e d  from t h e  ou tpu t .  The 
time response o f  t h e  vor tex  ampl i f i e r  a lone i s  l e s s  than 1 mi l l i second with 
a  dual e x i t .  Since t h e  turndown requirements f o r  t h e  vo r t ex  ampl i f i e r  have 
been m a t e r i a l l y  reduced by t h e  v a r i a b l e  a r ea  i n l e t  o r i f i c e ,  a  s i n g l e  e x i t  
nonvented vor tex  ampl i f i e r  could be used s o  t h a t  propagation delays between 
t h e  vo r t ex  ampl i f i e r  and vented j e t  a r e  h e l d  t o  a  minimum. The o v e r a l l  
r e g u l a t o r  response would then  be between 1 and 2  mi l l i seconds .  

8 .6 .6 .6  Hybrid Regulator Design - A.dynamic ana lys i s  of t h e  hybrid r egu la -  
t o r  mechanical s t a g e  was undertaken and t h e  r e s u l t s  a r e  r epo r t ed  i n  Reference 
11. The ana lys i s  i s  s t r i c t l y  parametr ic;  i. e . ,  t h e r e  is  nb numerical analy- 
s i s  presented.  What is  given i s  a  servo block diagram f o r  t h e  r e g u l a t o r  
mechanical s t a g e ,  followed by de r iva t ions  of  nonobvious t r a n s f e r  func t ions .  
In  add i t i on ,  t h e  e f f e c t i v e  damping r a t i o  o f  t h e  system a t  i t s  na tu ra l  f r e -  
quency i s  expressed a s  a  func t ion  of t h e  r e g u l a t o r  design parameters.  
S imi l a r ly ,  each of  t h e  cons tan ts  appearing i n  t h e  r egu la to r  block diagram 
i s  expressed i n  t h e  ana lys i s  a s  a  func t ion  of t h e  r egu la to r  design para-  
meters .  By r e f e r r i n g  t o  t h i s  a n a l y s i s ,  t h e  engineer can proceed with 
syn thes i s  of t h e  r egu la to r  using c l a s s i c a l  feedback con t ro l  theory  t o  
a s su re  t h e  r equ i r ed  margin o f  s t a b i l i t y ,  dynamic response, and accuracy 
i n  t h e  f i n a l  design.  

An engineering layout  of t h e  mechanical s t a g e  (Figure 8-122) was prepared 
fol lowing the  general  configurat ion evolved i n  Reference 11. The small  
diaphragm sepa ra t ing  t h e  regula ted  p re s su re  c a v i t y  from t h e  feedback p re s -  
s u r e  c a v i t y  was mechanized by a  small  bellows and a  l a t e r a l  f l e x u r a l  suppor t .  
This design was conceived j u s t  f o r  cons t ruc t ion  of  an experimental model, 
s i n c e  i t , i s  based on elements t h a t  were e i t h e r  on hand o r  a r e  r e a d i l y  a v a i l -  
a b l e ;  i . e , ,  l a t e r a l  f l e x u r a l  support and bel lows,  r e s p e c t i v e l y .  

The r e g u l a t o r  va lve  i t s e l f  i s  o f  a  poppet-type conf igura t ion  where t h e  
poppet is an unattached sapphi re  b a l l .  The b a l l  i s  d r iven  o f f  i t s  s e a t  



by a narrow va lve  stem and is opposed by supply pressure  r a t h e r  than  a  
sp r ing .  There a r e  no s l i d i n g  p a r t s  anywhere i n  t h e  r e g u l a t o r ;  a l l  supports  
and s e a l s  a r e  achieved with f l e x u r a l  members. Pneumatic clamping i s  provided 
by an o r i f i c e  connecting t h e  reguia ted  pressure  c a v i t y  and feedback p re s su re  
cavi ty .  The s p e c i f i c  design presented i n  t h e  engineering layout  prepared 
incorpora tes  a  damping r a t i o  of 0.06 which is  more than adequate f o r  t h i s  
p a r t i c u l a r  design. 

8.6.6.7 Conclusions and Recommendations - The hybrid r e g u l a t o r ,  a s  p re sen t ly  
conceived, should provide a  s u b s t a n t i a l  savings i n  s i z e  and weight over t h e  
b a s e l i n e  r egu la to r .  However, a  severe  propulsion system weight pena l ty  i s  
imposed i f  t h e  vented j e t  ampl i f i e r  is  used i n  i t s  b e s t  ope ra t iona l  regime. 
Overboard vent ing may a l s o  be requi red  t o  maintain t h e  r equ i r ed  r e g u l a t o r  
accuracy. 

A pre l iminary  search was made f o r  a  replacement f o r  t h e  vented j e t .  The only 
log ica l  device found thus f a r  is the  momentum ampl i f i e r  (Reference 17) which 
was developed by t h e  Fluidonics  Research Laboratory, Imperial-Eastman. The 
device  appears t o  provide more than adequate pressure  ga in ,  however, t h e  
ga in  is  negat ive;  i . e . ,  t h e  output  decreases  a s  t h e  con t ro l  s igna l  is i n -  
creased. I t  is p o s s i b l e  t o  produce a  p o s i t i v e  gain by b i a s ing  t h e  device ,  
bu t  ga in  is  s a c r i f i c e d .  

In  concept t h e  hybr id  r e g u l a t o r  i s  f e a s i b l e .  The design of t h e  primary 
s t a g e  has  been shown t o  be p r a c t i c a l  and s t ra ight forward .  Addit ional  e f f o r t  
i s  warranted i n  regards  t o  t h e  con t ro l  loop around t h e  vented vo r t ex  ampli- 
f i e r ,  which i s  t h e  major stumbling block thus  f a r .  This i s  necessary,  be- 
cause t h e  vented j e t  needs a  much h ighe r  primary supply p re s su re  t o  meet 
r egu la t ed  p re s su re  accuracy requirements,  which would be a  s e r ious  draw- 
back i n  a  systems app l i ca t ion .  

T h r o t t l i n g  devices  a r e  r equ i r ed  t o  f a c i l i t a t e  t h e  r egu la t ion  and flow con- 
t r o l  o f  pressurants  and p rope l l an t s .  Simple, r e l i a b l e  mechanical t h r o t t l e s  
were used i n  t h e  hybrid f l u i d i c  con t ro l s  considered i n  t h i s  s tudy ,  with p r i -  
mary emphasis on t h e  e l imina t ion  o f  s l i d i n g  mechanical p a r t s .  These devices  
can func t ion  without t he  overboard vent ing of  p rope l l an t s .  

F l u i d i c  t h r o t t l i n g  devices with wide flow con t ro l  ranges r e q u i r e  overboard 
vent ing.  The use of  a  nonvented device,  such a s  t h e  vor tex  ampl i f i e r ,  is 
imprac t ica l  because t h e  con t ro l  p re s su re  has t o  be s i g n i f i c a n t l y  h ighe r  
than t h e  supply p re s su re  t o  e f f e c t  t h r o t t l i n g .  This  means t h a t  a  s e p a r a t e  
source o f  supply f l u i d  i s  requi red  o r  t h e  supply flow has  t o  be  dropped i n  
p re s su re  t o  make t h e  con t ro l s  e f f e c t i v e .  In  t h e  l a t t e r  case ,  t h e  t h r o t t l i n g  
range is  d r a s t i c a l l y  reduced. 

In t h e  idea l  sense ,  an e f f i c i e n t  method of t h r o t t l i n g  i n  a  s i n g l e  source 
f l u i d i c  system i s  depic ted  i n  Figure 8-123. Control flow i s  by-passed from 
t h e  supply stream t o  power a f l u i d i c  c o n t r o l l e r  which a d j u s t s  t h e  t h r o t t l i n g  
device on t h e  b a s i s  of an i n t e r n a l  re ference  s igna l  o r  an ex te rna l  command 
s igna l  from an e l e c t r i c a l  t o  f l u i d  t ransducer .  Vent flow from t h e  con t ro l -  
l e r  i s  re turned  and combined with t h e  output flow. The c o n t r o l l e r  func t ions  
on t h e  d i f f e r e n t i a l  p ressure  across  t h e  t h r o t t l i n g  device,  which p re sen t s  
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d i f f i c u l t i e s  i n  t h a t  t h e  supply and output pressures  can vary independently 
and t h e  f l u i d i c  c i r c u i t r y  must be designed t o  func t ion  on a  v a r i a b l e  d i f -  
f e r e n t i a l  p re s su re .  I n  add i t i on ,  t h e  t h r o t t l i n g  device is  operated with a  
con t ro l  pressure  lower than  t h e  supply p re s su re ,  and without an overboard 
vent  t h e r e  i s  no way of  e s t ab l i sh ing  an abso lu t e  pressure  re ference  f o r  
t he  f l u i d i c  c o n t r o l l e r .  

With t h e s e  c r i t e r i a ,  a  s tudy was made, i n  p a r t i c u l a r ,  with regard t o  t h e  
f l u i d  mechanics o f  i n t e r n a l  flow. To d a t e ,  t h r e e  conceptual devices  have 
been def ined  which show considerable  promise and should be  inves t iga t ed  
f u r t h e r .  

1. - This  involves t h e  i n j e c t i o n  of  f l u i d  
i n  t h e  low p res su re  t h r o a t  s ec t ion  of a  ven tu r i ,  t o  t h r o t t l e  
by an e f f e c t i v e  t h r o a t  a r ea  change o r  induced c a v i t a t i o n .  

2. - The mechanism of  s w i r l i n g  flow 
through a  convergent-divergent nozzle  can cause r eve r se  a x i a l  
flow and i n  t h e  i d e a l  case a  pronounced reduct ion  of mass flow 
and, i n  some cases ,  flow stoppage. This  mechanism coupled 
with con t ro l  flow a t  t h e  minimum nozzle  a r ea ,  t o  modulate t h e  
degree o f  swirl, has exce l l en t  p o t e n t i a l  a s  a  f l u i d  t h r o t t l e .  

3. Cav i t a t ing  Venturi  Pressure Reference - A ven tu r i  s e c t i o n  
operated i n  c a v i t a t i o n  has a  r e l a t i v e l y  la rge  c a v i t a t i o n  bubble 
dbwnstream o f  t h e  t h r o a t  which i s  e s s e n t i a l i y  a t  t h e  vapor p re s -  
s u r e  o f  t h e  flowing l i q u i d .  In  concept,  t h e  c a v i t a t i o n  bubble 
would make a  s u i t a b l e  nonventing abso lu t e  pressure  r e f e rence  
f o r  a  f l u i d i c  c o n t r o l l e r  i f  it can accept  t h e  r e f e rence  s i g n a l  
flow without co l l aps ing .  

8 .6 .7 .1  - This s tudy was con- 
cerned with de f in ing  t h e  methods of  f l u i d i c a l l y  c o n t r o l l i n g  t h e  flow of 
a  l i q u i d  monopropellant i n  a  t y p i c a l  feed system i n  conjunction with a  
s imple mechanical t h r o t t l e .  A t yp ica l  system is defined i n  Figure 8-124. 
The flow range o f  i n t e r e s t  is  0.25 t o  5  l b / sec  which corresponds t o  a  
t h r u s t  range of  50 t o  1000 pounds,.. I n i t i a l  cons idera t ion  w i l l  be  given t o  
a  f l owra t e  of 1 l b / s e c  (200 pounds t h r u s t ) ,  however, t h e  s tudy  da t a  should 
apply equal ly  we l l  t o  t h e  con t ro l  of  b ip rope l l an t s  such a s  diborane and 
oxygen d i f l u o r i d e .  

A d i r e c t - a c t i n g  mechanical flow regu la to r  maintains  a  cons tan t  flow r a t e  by 
keeping t h e  p re s su re  drop ac ros s  a  f i xed  o r i f i c e  constant  r ega rd l e s s  of  
v a r i a t i o n s  i n  e i t h e r  t h e  supply o r  d i scharge  pressures .  This i s  accomplished 
by t h e  use of a  p re s su re  balanced con t ro l  va lve  which a c t s  a s  a  v a r i a b l e  
o r i f i c e  downstream of t h e  f ixed  o r i f i c e .  The pressure  drop across  t h e  f ixed  
o r i f i c e  i s  impressed across  a  sensing diaphragm which i s  mechanically coupled 
t o  t h e  cont ro l  va lve .  Any v a r i a t i o n  of  t h e  pressure  drop across  t h e  f ixed  
o r i f i c e  w i l l  cause t h e  cont ro l  valve t o  change t h e  v a r i a b l e  o r i f i c e  s e t t i n g  
so  a s  t o  r e s t o r e  t h e  o r i g i n a l  pressure  drop. 

A f i u i d i c  mechanizarion of t h e  bas i c  d i r e c t - a c t i n g  mechanical flow r e g u l a t o r  
is  shown i n  Figure 8-125, The d i f f e r e n c e  i n  t h e  c h a r a c t e r i s t i c s  of a nonl inear  



and a  l i n e a r  r e s i s t o r  i s  de tec ted  by the  r e f e rence  ampl i f i e r  which ven t s  
d i r e c t l y  i n t o  t h e  c a v i t a t i n g  v e n t u r i .  The e r r o r  s igna l  i s  summed with a  
p o s i t i v e  feedback s igna l  i n  t h e  summer-integrator,  which con t ro l s  t h e  power 
ampl i f i e r  t o  p o s i t i o n  t h e  mechanical s t age .  The r e g u l a t o r  performs a flow 
regu la t ion  func t ion ,  i n  t h a t  t h e  f l u i d i c  c i r c u i t  a d j u s t s  t h e  mechanical 
s t a g e  t o  maintain t h e  downstream p res su re  a t  a  cons tan t  absolu te  l e v e l .  
I t  i s  presumed t h a t  t h e  vent flow t o  t h e  c a v i t a t i n g  ventuTi  i s  a  cons t an t .  

A s imp l i f i ed  concept o f  t h e  flow regu la to r  was conceived i n  an e f f o r t  t o  
reduce t h e  number of a c t i v e  elements,  a s  shown i n  Figure 8-126. E s s e n t i a l l y  
t h i s  c i r c u i t  involves t h e  consol ida t ion  of t h e  i n t e g r a t o r  and power ampli- 
f i e r  func t ions  i n  one ampl i f i e r ,  which presumes an ampl i f i e r  with a  high 
open loop pressure  ga in  (>SO) would be  a v a i l a b l e .  A p re l iminary  s i z i n g  of  
t h i s  s imp l i f i ed  concept was accomplished u t i l i z i n g  t h e  ca t a log  performance 
of a  General E l e c t r i c  AW32 propor t iona l  ampl i f i e r  t o  determine r e l a t i v e  
flow r a t e s .  

Presuming i n i t i a l l y ,  f o r  maximum r e l i a b i l i t y ,  t h a t  t h e  minimum c o n s t r i c t i o n  
i n  a l l  c i r c u i t  elements would be  0.015 inch diameter and t h a t  t h e  d i f f e r -  
e n t i a l  p ressure  ac ros s  nonl inear  r e s i s t o r  A i s  60 p s i .  0  1 

2 
W 4 = 2 l . 9 C  d (AP) 1 / 2  

f  01 

= 0.0228 lb / sec  

W = W when t h e  s e t  p re s su re  i s  reached and W = 10 W2 based on t h e  AW32 
2 4 ampl i f i e r  c h a r a c t e r i s t i c s .  

3 

Since W 1  i s  a l ready  27 percent  of t h e  output flow, t h e  d i f f e r e n t i a l  p re s su re  
across  Ao 1  was reduced t o  25 p s i ,  Reca lcu la t ing ,  h' was reduced t o  0.1776 
lb / sec .  1 

Continuing f u r t h e r ,  under quiescent  condi t ions  W6 = W = 0.22 lb / sec  based 
on t h e  AW32 ampl i f ie r  performance, so t h a t  t h e  vent  fiow 

With t h i s  f l owra t e ,  t h e  s i z e  of nonl inear  o r i f i c e  A O 2  becomes 0.0248 inch 
diameter.  Further  c a l c u l a t i o n  a t  t h e  maximum supply pressure  of 3000 p s i a  
made i t  poss ib l e  t o  determine s\l.+ern 2 0 -  opera t ing  pressures  a s  shown ir? Figure  
8-126. The o the r  important c i r c u i t  parameters a r e  dog = .0167 inch and 
w = 0.146 lb / sec .  

8  



A review of t h e  r e s u l t s  o f  t h i s  p r e l i m i n a q  s i z i n g  of t h e  s imp l i f i ed  flow 
regu la to r  (Figure 8-126) ind ica ted  no p a r t i c u l a r  problem with t h e  s i z e  of 
c i r c u i t  elements.  Since t h e  re ference  c i r c u i t  vents  (w5) only 0.1336 l b / s e c  
it i s  poss ib l e  t h a t  p re s su re  r egu la t ion  could be accomplished with a  flow 
range of  something <7.5. Flow range w i l l  improve a t  t h r u s t  l e v e l s  g r e a t e r  
than 200 pounds. There i s  some concern a s  t o  whether t h e  c a v i t a t i n g  ven- 
t u r i  can handle t h e  r e f e rence  c i r c u i t  vent  flow which is  about 15.5 percent  
of t h e  main flow through t h e  c a v i t a t i n g  ven tu r i .  No d a t a  is p r e s e n t l y  a v a i l -  
ab l e  t o  determine t h e  f e a s i b i l i t y  of t h i s  vent scheme. An important p o i n t  
concerning t h i s  r e g u l a t o r  i s  t h a t  t h e  cont ro l  i npu t s  t o  t he  integrator-power 
ampl i f ie r  would have t o  func t ion  i n  an i n t e r a c t i o n  reg ion  a t  a  s l i g h t l y  
higher  pressure .  This  mode of  opera t ion  does not  appear f e a s i b l e  a t  p re sen t .  

Based on t h e  above, a  second s imp l i f i ed  hybrid flow r e g u l a t o r  was conceived 
a s  shown i n  Figure 8-127. The primary d i f f e r e n c e  i n  Scheme 11, is  t h a t  t h e  
integrator-power ampl i f i e r  a l s o  was made t o  vent  d i r e c t l y  i n t o  t h e  c a v i t a -  
Ling v e n t u r i .  Therefore,  t h e  c i r c u i t  elements were c a r e f u l l y  s i zed  t o  mini- 
mize vent  flow. C i r c u i t  parameters were ca l cu la t ed  a s  f o r  Scheme I and 
included i n  Figure 8-127. 

A t o t a l  vent  flow f o r  Scheme I I  was found t o  be  0.1248 lb / sec  which is only 
about 12 .5  percent  of t h e  flow requi red  f o r  a  200 pound t h r u s t  monopropel- 
l a n t  engine. The minimum nonl inear  o r i f i c e  s i z e  used was 0.012 inch i n  
diameter,  which would c e r t a i n l y  be  t h e  sma l l e s t  considered. The l i n e a r  
r e s i s t o r  i n  t h e  r e f e rence  c i r c u i t  was est imated t o  be  composed of 1 2  t ubes ,  
20 inches long with an I.D. of  0.010 inch. As shown i n  Figure 8-127, a l l  
of t h e  o the r  c i r c u i t  elements a r e  of  p r a c t i c a l  s i z e ,  so t h a t  t h i s  scheme 
appears f e a s i b l e  f o r  both flow and pressure  r egu la t ion .  For pressure  regu- 
l a t i o n ,  an e l e c t r i c a l  t o  f l u i d  t ransducer  would be i n s t a l l e d  around t h e  
nonl inear  r e s i s t o r  A02 i n  t h e  re ference  c i r c u i t ,  s o  t h a t  t h e  re ference  
pressure  can be va r i ed  on command. 

To reduce t h e  nwnber o f  a c t i v e  elements even f u r t h e r ,  it would be  b e t t e r  t o  
introduce t h e  r e f e rence  r e s i s t o r s  d i r e c t l y  i n t o  t h e  integrator-power ampli- 
f i e r  a s  shown i n  F igure  8-128. However, t h i s  could not be done unless  t h e  
ampl i f i e r  has an open loop pressure  ga in  > l o o .  

The r e s u l t s  of  t h i s  s tudy  thus f a r  have pointed up two bas i c  requirements 
regarding c i r c u i t  elements f o r  t he  flow regu la to r .  

1, A c a v i t a t i n g  v e n t u r i  capable of handling a  vent  flow of about 10 
percent  of t he  mainstream flow a t  a  constant  absolu te  pressure  l e v e l .  

2. A f l u i d i c  p ropor t iona l  ampl i f i e r  with a  pressure  gain >50 and 
p re fe rab ly  >loo.  

8 .6.7.2 - A hybr id  f l u i d i c  mechanization o f  
t h e  p rope l l an t  flow r e g u l a t o r  is  shown i n  Figure 8-129. This r e g u l a t o r  
concept u t i l i z i n g  a  mechanical s t a g e  t o  t h r o t t l e  t h e  decaying pressure-f low 
source.  The f l u i d i c  c i r c u i t  provides t h e  r e f e rence  pressure  s i g n a l  and 
generates  t h e  e r r o r  s i g n a l  t o  con t ro l  t h e  mechanical s t a g e .  Bypass propel -  
l a n t  i s  used t o  ope ra t e  t h e  f l u i d i c  c i r c u i t  and is  re turned  t o  t h e  main- 
stream a t  t h e  t h r o a t  o f  a v e n t u r i  s ec t ion .  

The h igh  gain p ropor t iona l  re ference  ampl i f i e r  i n  t h e  f l u i d i c  c i r c u i t  d e t e c t s  
t h e  d i f f e r e n c e  i n  t he  pressure-f low c h a r a c t e r i s t i c s  of a  l i n e a r  and nonl inear  
r e s i s t o r  and generates  a  high o r  low d i f f e r e n t i a l  e r r o r  s i g n a l .  The r e f e r -  
ence p re s su re  po in t  o r  r egu la to r  s e t  po in t  occurs  when the  d i f f e r e n t i a l  
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pressures  and flows i n  both r e s i s t o r s  a r e  equal .  The e r r o r  s i g n a l  is 
rece ived  a t  t he  integrator-power ampl i f i e r  which i n t e g r a t e s  the  e r r o r  
by t h e  use  of p o s i t i v e  feedback and generates  a  d i f f e r e n t i a l  output s i g n a l  
t o  con t ro l  the  mechanical s t a g e  d i r e c t l y .  To change the  regula ted  flow 
r a t e  on command, an e l e c t r i c a l  t o  f l u i d i c  t ransducer  could be i n s t a l l e d  
i n  p a r a l l e l  wi th  t he  f i x e d  nonl inear  r e s i s t o r  i n  t h e  re ference  c i r c u i t .  
F lu id i c  propor t iona l  ampl i f i e r s  used i n  t h i s  r egu la to r  should have open 
loop pressure  ga ins  >SO. This minimizes the  number of a c t i v e  f l u i d i c  
elements requi red  so  t h a t  t h e  vent  o r  bypass flow t o  the  ven tu r i  i s  h e l d  
t o  a  minimum, Pressure  ga ins  of about 100 have been demonstrated exper i -  
mental ly  a t  the Harry Diamond Laborator ies .  

The v e n t u r i  t h r o a t  provides a  constant  pressure  sump f o r  t h e  f l u i d i c  
con t ro l  c i r c u i t .  Since the  pressure  and flow a r e  kept  cons tan t ,  the  
s t a t i c  pressure  a t  t h e  v e n t u r i  t h r o a t  should a l s o  be cons tan t .  Another 
p o s s i b i l i t y  i s  t o  opera te  t h e  ven tu r i  s e c t i o n  i n  deep , cav i t a t i on ,  so  t h a t  
the  bypass con t ro l  flow is i n j e c t e d  i n t o  the  c a v i t a t i o n  bubble which is 
e s s e n t i a l l y  a t  t h e  vapor pressure  of t h e  flowing p rope l l an t .  This provides 
t he  f u r t h e r  advantage of i s o l a t i n g  the  r egu la to r  from downstream condi t ions .  

The mechanical s t a g e  is  conceived a s  a simple poppet va lve  which i s  
pos i t ioned  by a  pressure  balanced diaphragm a c t u a t o r  (Figure 8-130). Pres- 
s u r e  balancing i s  requi red  t o  minimize the  con t ro l  power requirement and 
f u r t h e r  reduce the  con t ro l  bypass o r  vent  flow. High r e l i a b i l i t y  i s  main- 
t a ined  by e l imina t ing  a l l  s l i d i n g  p a r t s  i n  t he  mechanical s t a g e .  This  i s  
achieved by suspending t h e  poppet on f l exu res ,  i . e . ,  a  diaphragm and two 
bellows. 

1. High r e l i a b i l i t y  and long term s to rage  c a p a b i l i t y  i n  t h e  space 
environment due t o  t he  e l imina t ion  of a l l  s l i d i n g  p a r t s .  

2. The c a p a b i l i t y  of ad jus t ing  the  flow r a t e  on command over a  
5 t o  1 flow range i n  a  200 pound t h r u s t  engine system, and 
over a  broader  flow range a t  h igher  t h r u s t  l e v e l s .  

3 .  Can be operated by and s to red  wet with any l i q u i d  p rope l l an t .  

4. Proport ional  con t ro l  with p o s i t i v e  feedback provides near  
cons tan t  con t ro l  loop gain over e n t i r e  supply blowdown range.  

5. The c a v i t a t i n g  v e n t u r i  provides complete i s o l a t i o n  from 
downstream condi t ions .  

1. Flow regu la t ion  of a l l  l i q u i d  p rope l l an t s .  

2 .  Open and c losed  loop b ip rope l l an t  ox id izer - fue l  r a t i o  
c o n t r o l l e r s .  

3 .  Wide range flow regu la t ion  on command o r  programmed. 



8 . 7  FLUIDIC CONCEPTS AND DEMONSTRATIONS 

8 . 7 . 1  Vented J e t  Eva lua t ion  

A v a r i a b l e  geometry ven ted  j e t  was t e s t e d  t o  determine t h e  c a p a b i l i t y  o f  
t h i s  d e v i c e  i n  t h e  o p e r a t i o n a l  range r e q u i r e d  f o r  t h e  h y b r i d  r e g u l a t o r .  
The c o n f i g u r a t i o n  and o p e r a t i n g  p r i n c i p l e s  a r e  r e p o r t e d  i n  Reference 19.  
R e f e r r i n g  t o  F igure  8 -13 i ,  performance of t h e  ven ted  j e t  i s  r e l a t e d  t o  t h e  
gap l e n g t h ,  R ,  and t h e  v e n t  t o  supply p r e s s u r e  r a t i o ,  P  /P . Gap l e n g t h  
i s  non-dimensional ized a s  a  f u n c t i o n  o f  t h e  supply n o z z l e  a i a m e t e r ,  D 

s ' i . e . ,  t h e  supp ly  t o  ou tpu t  nozz le  s e p a r a t i o n  i s  s p e c i f i e d  a s  t h e  r a t i o  R / D  . 
S 

Prev ious  e v a l u a t i o n  o f  t h e  vented j e t  was accomplished a t  P  /P i n  t h e  range v  S from 0  t o  0 . 7  and gap l e n g t h s  from 0 . 5  D t o  4  D S .  Typ ica l  performance wi th  
gaseous  n i t r o g e n  and a  gap l eng th  equa l  ?o D i s  d e p i c t e d  i n  F igures  8-132 
and 8-133 f o r  a 0.016 inch  d iamete r  and a  0.820 inch  x  0.040 inch  r e c t a n g u l a r  
load  o r i f i c e  r e s p e c t i v e l y .  P r e s s u r e  and flow r e c o v e r i e s  a t  t h e s e  o r i f i c e  
loads  a r e  shown i n  F igures  8-134, 8-135 and 8-136. The g a i n  o f  t h i s  dev ice  
i s  c o n s t a n t  f o r  a  wide v a r i a t i o n  i n  l o a d ,  however, t h e  p r e s s u r e  recovery  
d e c r e a s e s  s l i g h t l y  wi th  i n c r e a s i n g  load  f low.  A t  P  /P > 0 . 3  t h e  p r e s s u r e  
recovery  i s  >90 p e r c e n t  w i t h  average l o a d s .  I n  con!rofling a  v o r t e x  
a m p l i f i e r ,  t h e  ven ted  j e t  a l s o  has a  s e l f  r e g u l a t i n g  c h a r a c t e r i s t i c ,  i n  
t h a t  b o t h  t h e  p r e s s u r e  recovery and flow recovery  i n c r e a s e  w i t h  i n c r e a s i n g  
supp ly  p r e s s u r e .  These f e a t u r e s  were what made t h e  ven ted  j e t  a  l o g i c a l  
cho ice  f o r  use  i n  t h e  gas  p r e s s u r e  r e g u l a t o r  ( s e c t i o n  8 . 6 . 6 ) .  

For t h i s  a p p l i c a t i o n ,  t h e  ven ted  j e t  i s  r e q u i r e d  t o  o p e r a t e  a t  a  P  /P of 
0.72 and a  nominal p r e s s u r e  recovery o f  86 p e r c e n t .  Previous  test :  a? gap 
l e n g t h s  >4 DS i n d i c a t e d  t h a t  t h e  g a i n ,  AP /APS, o f  t h e  dev ice  a t  t h e  r e q u i r e d  
P /P  r a T i o  was i n s u f f i c i e n t  f o r  use  i n  tRe hybr id  r e g u l a t o r  c o n t r o l  loop.  
v  S However, d a t a  from a  Bendix r e p o r t  i n d i c a t e d  t h a t  t h e  h i g h  g a i n  r e g i o n  

could  be extended ou t  t o  h i g h e r  P  /P by i n c r e a s i n g  t h e  gap l e n g t h  (F igure  
8-137) .  On t h i s  b a s i s ,  t e s t i n g  oy t g e  ven ted  j e t  a t  l a r g e r  gap l e n g t h s  was 
under taken .  

A new v a r i a b l e  geometry ven ted  j e t  was f a b r i c a t e d  (Reference 11) and t e s t e d  
wi th  gaseous  n i t r o g e n  a t  gap l e n g t h s  o f  1 . 6 7  D t o  7 D . The maximum p r e s -  
s u r e  g a i n  was found t o  be 0 . 6  a t  a  gap l eng th  4 f  7  Ds f o r  t h e  r e q u i r e d  
Pv/Ps o f  0 .72 .  I t  was a l s o  concluded t h a t  l a r g e r  gap l e n g t h s  would n o t  
p r o v l d e  a  s i g n i f i c a n t  i n c r e a s e  i n  g a i n .  These t e s t s  have shown t h a t  t h e  
ven ted  j e t  does n o t  have a  h igh  enough g a i n  a t  P  /P > 0 . 4  t o  p r o v i d e  a  
t i g h t  enough c o n t r o l  loop i n  t h e  gas  p r e s s u r e  r e l u l i i t o r .  

The u s e  o f  t h e  ven ted  j e t  i n  t h e  h y b r i d  r e g u l a t o r  would invo lve  i n c r e a s i n g  
t h e  o u t p u t  p r e s s u r e  o f  t h e  primary mechanical  s t a g e  from 400 t o  800 p s i a  
and t h e  u s e  o f  an  overboard b l e e d .  Each o f  t h e s e  requirements  would impose 
a  s e v e r e  weight p e n a l t y  on t h e  b a s e l i n e  p r o p u l s i o n  subsystem and was f e l t  
i m p r a c t i c a l  f o r  t h i s  a p p l i c a t i o n .  Modi f ica t ion  o f  t h e  ven ted  j e t  c o n f i g u r a -  
t i o n  was a l s o  p o s s i b l e ,  b u t  contemplated changes were major ,  r e q u i r e d  
development, and on ly  had a  f a i r  chance o f  s u c c e s s .  

8 . 7 . 2  E l e c t r i c a l  I n t e r f a c e s  

The mechanism by which an e l e c t r i c - f i e l d  i n t e r a c t s  wi th  a  f l u i d  j e t  depends 
on t h e  e l e c t r i c a l  and mechanical  boundary c o n d i t i o n s  imposed on t h e  sys tem.  
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Figure  8-132. Model V J - 1  Vented J e t  
Performance (0.016" 
Diameter Load) 

F igure  8-133. Model V J - 1  Vented J e t  F igure  8-134. Model V J - 1  Vented J e t  
Performance (0.020" x P r e s s u r e  Recox-rery (0.016" 
0.040" Load) Diameter Load) 
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Figure  8-135. Model V J - 1  Vented J e t  F i g u r e  8-136. Model V J - 1  Vented J e t  
P r e s s u r e  Recovery Output Flow Recovery 
(0.020" x 0.040" Load) 

F igure  8-137,  E f f e c t  o f  Gap Length on Vented J e t  Performance 
(Courtesy o f  Bendix Research L a b o r a t o r i e s )  



Two t p e s  of f luid-mechanical  hsundasy condi t ions  are of i n t e r e s t :  

1. f r e e  su r f ace  j e t s  - p a r t i c u l a r l y  where a  l i q u i d  j e t  emerges i n t o  
a  gaseous media, and 

2 .  submerged j e t s  - where a  gaseous o r  l i q u i d  j e t  emerges i n t o  a  l i k e  
medium. 

8 . 7 . 2 . 1  Free Surface J e t s  - An e a r l i e r  experiment t o  demonstrate d e f l e c t i o n  
of conducting l i q u i d s  by coulomb a t t r a c t i o n  was performed under t h i s  program 
and repor ted  i n  Reference 20. The apparatus  cons is ted  of a  c y l i n d r i c a l  copper 
e l ec t rode  mounted t ransverse  t o  a  l i q u i d  j e t  and about 1 cm from t h e  edge of 
t h e  j e t  (Figure 8-138). Water and alcohol  were de f l ec t ed  up t o  60 degrees by 
an appl ied  e l e c t r i c  f i e l d  of up t o  30,000 v o l t s .  However, a t  s p e c i f i c  f l u i d  
flow r a t e s  t h e r e  was a  c r i t i c a l  maximum vol tage  which r e s u l t e d  i n  uns tab le  
o s c i l l a t o r y  j e t  flow which was a t t r i b u t e d  t o  su r f ace  tens ion  e f f e c t s .  In  
t h i s  mode, d r o p l e t s  were shed from the  stream and acce l e ra t ed  toward t h e  
e l ec t rode  t o  produce a  low r e s i s t a n c e  pa th  t h a t  r e s u l t e d  i n  a r c ing .  I t  thus  
became obvious t h a t  t h i s  phenomena would only work with a  f r e e  j e t .  

Another system us ing  i n t e r f a c e  p o l a r i z a t i o n  fo rces  a s  a  means of modulating 
a  l i q u i d  j e t  i s su ing  i n  a i r  i s  shown i n  Figure 8-139. The e l ec t rodes  a r e  
shaped t o  produce a  s t rong  non-uniform f i e l d .  The fo rces  on the  l i q u i d  j e t  
a r e  then due t o  t h e  su r f ace  charges produced by t h e  d i s c o n t i n u i t i e s  i n  t h e  
d i e l e c t r i c  cons tan t  and t h e  e l e c t r i c  f i e l d .  I t  has been shown (Reference 
56) t h a t  t h e  f o r c e  and hence the  j e t  d e f l e c t i o n  i s  always toward t h e  shaped 
e l ec t rode  i r r e s p e c t i v e  of t he  d i r e c t i o n  of t h e  f i e l d .  Again, i f  t h e  system 
i s  submerged t h e  f i e l d  w i l l  d i s s i p a t e  because no i n t e r f a c e  i s  p re sen t .  

The above modulation scheme w i l l  no t  opera te  with a  uniform con t ro l  f i e l d ,  
s i n c e  no n e t  p o l a r i z a t i o n  i s  produced. However, t h e  j e t  can be d e f l e c t e d  
by a  uniform f i e l d  i f  t he  jet. i s  charged by a  s e t  of emi t t e r s  (Figure 8-140). 
The advantage he re  i s  t h a t  t he  j e t  d e f l e c t i o n  i s  l i n e a r  with t h e  appl ied  
p o t e n t i a l ,  and a l s o  s e n s i t i v e  t o  t he  d i r e c t i o n  of t h e  f i e l d .  Detai led 
c h a r a c t e r i s t i c s  a r e  repor ted  i n  References 57 and 58. 

8 .7 .2 .2  - A l i q u i d  operated propor t iona l  f l u i d i c  a m p l i f i e r  
can be con t ro l l ed  by the  pressure  generated by ion-drag (References 57 and 
58) .  A conceptual design i s  shown i n  Figure 8-141, where t h e  con t ro l  p re s -  
s u r e  p o r t s  a r e  replaced by a  s e t  of f i n e  wire  mesh con t ro l  sc reens .  Liquid 
j e t  modulation i s  accomplished by r a i s i n g  the  e l e c t r i c  p o t e n t i a l  appl ied  t o  
t he  con t ro l  sc reens  above t h a t  needed f o r  i on iza t ion ,  so t h a t  t h e  t r ansve r se  
momentum imparted by t h e  induced stream of charged p a r t i c l e s  d e f l e c t s  t h e  j e t .  

This  type device d i d  not  opera te  succes s fu l ly  on a i r ,  which was a t t r i b u t e d  
t o  t h e  f a c t  t h a t  t h e  ion-drag p re s su re  generated i n  a i r  was s u b s t a n t i a l l y  
l e s s  than i n  l i q u i d s .  In  a  gas ,  t he  charge c a r r i e r s  a r e  e l ec t rons  in s t ead  
of i ons  a s  i n  l i q u i d s ,  and the  higher  mobi l i ty  of e l ec t rons  i n d i c a t e s  lower 
frequency of c o l l i s o n  with n e u t r a l  p a r t i c l e s  with poor momentum t r a n s f e r  
t he  r e s u l t ,  

The ion-drag phenomena has been used succes s fu l ly ,  however, t o  t r i g g e r  t h e  
t r a n s i t i o n  from laminar t o  t u rbu len t  condi t ions i n  a  turbulence a m p l i f i e r .  
An ion-drag ccnnt-rolled t ~ l r h ~ l l e n c ~  srnplj f i e r  (Figtlre 8-142) u t i l i ze . ;  a s e t  
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F igure  8-142. Turbulence A m p l i f i e r  C o n t r o l  by Ion Drag I n t e r a c t i o n  



of cont ro l  e l ec t rodes  i n  p l ace  of t he  t r ansve r se  con t ro l  j e t s .  In  t h i s  
device,  an e l e c t r i c  p o t e n t i a l  of s u f f i c i e n t  s t r e n g t h  causes a  continuous 
corona d ischarge ,  so t h a t  t h e  ion-drag, o r  momentum i n t e r a c t i o n  between the  
charged p a r t i c l e s  and t h e  supply j e t  i s  s u f f i c i e n t  t o  cause t h e  j e t  t o  be- 
come tu rbu len t .  Arcing i s  undes i rab le  i n  a  u se fu l  device because of t he  
excessive power d r a i n  wi th  r e s u l t i n g  e l ec t rode  damage. This can be con- 
t r o l l e d ,  however, by proper  e l ec t rode  design. 

8 - 7 . 2 . 3  E l e c t r i c a l - F l u i d  Transducers - The e l e c t r o - f l u i d  modulation e f f e c t s  
discussed previous ly  a r e  mostly experimental i n  na tu re ,  but  r ep re sen ta t ive  
of t h e  t r end  toward e l imina t ing  the  mechanical i n t e r f a c e  used i n  s t a t e  of 
t he  a r t  devices .  Other experimental p ro to types  use  hea t  add i t i on  t o  con t ro l  
t he  separa t ion  p o i n t  i n  a  boundary l a y e r  ampl i f i e r  (Figure 8-143) and spark 
discharge t o - s w i t c h  a  b i s t a b l e  element (Figure 8-144). I t  is  important t o  
note  t h a t  a l l  o f  the  p re sen t  prototypes r e q u i r e  considerably more e l e c t r i c  
power than equiva len t  f l u i d  power f o r  opera t ion .  I t  p r e sen t ly  appears t h a t  
E - F  t ransducer  compa t ib i l i t y ,  i . e . ,  equivalent  r e l i a b i l i t y  with a  f l u i d i c  
device ,  can only be achieved with the  h igher  e l e c t r i c a l  power d ra ins .  

8 .7 .3  P i e z o e l e c t r i c  E-F Transducer 

An important proper ty  of p i e z o e l e c t r i c  ma te r i a l s  i s  t h e  deformation t h a t  
r e s u l t s  from t h e  app l i ca t ion  of an e l e c t r i c  f i e l d .  Of p a r t i c u l a r  i n t e r e s t  
a r e  t h e  v a r i a t i o n s  of lead zirconate- lead t i t a n a t e  ceramics.  P i e z o e l e c t r i c  
behavior i s  induced i n  t hese  ma te r i a l s  by a  po la r i z ing  t rea tment ,  s i n c e  t h e  
ceramics a r e  p o l y c r y s t a l l i n e  i n  na tu re  and do not  have p i e z o e l e c t r i c  pro- 
p e r t i e s  i n  t h e i r  o r i g i n a l  s t a t e .  A f l ex ing  type p i e z o e l e c t r i c  ceramic 
element (Bimorph) developed by C lev i t e  i s  composed of two p l a t e s  secured 
toge the r  f ace  t o  f a c e  i n  a  p a r t i c u l a r  manner. The advantage of a  Bimorph 
element i s  t h a t  i t  w i l l  bend o r  d i sp l ace  many times more than a  s i n g l e  p l a t e  
i n  response t o  an appl ied  vo l t age .  

Conceptual des ign ,  f a b r i c a t i o n ,  and t e s t  of an E-F t ransducer  u t i l i z i n g  
p i e z o e l e c t r i c  ceramic elements were completed. These r e s u l t s  were analyzed, 
conf igura t ions  e s t ab l i shed ,  and app l i ca t ions  defined.  

8 .7 .3 .1  - Evaluation of  t h e  p i e z o e l e c t r i c  ceramic 
type element was accomplished i n  t h e  balanced f l a p p e r  nozzle  conf igura t ion  
shown i n  Figure 8 - 1 4 5 .  The ceramic element i s  mounted between two sharp  
edged o r i f i c e s ,  so t h a t  i t  e s s e n t i a l l y  r ep l aces  t he  torque motor dr iven 
f l appe r  commonly used i n  t h e  p i l o t  s t age  of e l ec t rohydrau l i c  servovalves.  
I n i t i a l  t e s t i n g  was accomplished with a 1 inch diameter by 0.020 inch  t h i c k  
ceramic d i s k .  An a l t e r n a t e  conf igura t ion  was a l s o  t e s t e d  which u t i l i z e d  a  . 
1 inch long by 1/8 inch  wide by 0.020 inch t h i c k  ceramic beam. 

Prel iminary c a l c u l a t i o n s  were made t o  p r e d i c t  t h e  output  p re s su re  of t h e  t e s t  
conf igura t ion  a s  a  func t ion  of t he  ceramic element displacement.  S i x  t e s t  
p o i n t s  were s e l e c t e d ,  f i v e  with a  30 ps ig  supply p re s su re  and one with a  
60 p s i g  supply p re s su re ,  a s  shown i n  Figure 8-146. A t  each of t h e  t e s t  
p o i n t s  the  i n i t i a l  t e s t  se tup  was made such t h a t  P I  = P when t h e  bimorph d i s k  
input  vo l tage  was zero.  This was accomplished by adjuseing the  displacement 
of t he  sharp-edged o r i f i c e s  r e l a t i v e  t o  t he  bimorph d i sk .  The output  p re s -  

, L , ~  ,,, c not  recorded because i t s  mzgnitude was exac t ly  oppwal +... 
nc;+.n t o  ?:e,P~ decreased t h e  same incremental amount t h a t  P increased .  
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Figure 8-143. Controlled Separation Figure 8-144. Bistable Device Switching 
by Heat Addition by Spark Discharge 
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Figure 8-145. Piezoelectric E-F Figure 8-146. Experimental E-F Transducer 
Transducer Test Points and Configuration 



8.9.3.2 Steady-State  Ca l ib ra t ion  - Preliminary s t eady- s t a t e  t e s t i n g  of t he  
device was completed and t h e  r e s u l t s  a r e  shown i n  Figures  8-147 and 8-148. 
The d a t a  shown-in Figure 8-147 was taken with t h e  ceramic d i sk  clampled i n  
a  r i g i d  mount and t h e  d a t a  shown i n  Figure 8-148 was taken with the  d isk  
clamped i n  a  r e l a t i v e l y  loose r e s i l i e n t  mount. The height  of t he  spacing 
r i n g  (Figure 8-145) was v a r i e d  t o  provide an abnormally high squeeze f o r  
t h e  r i g i d  mount and a  l i g h t  squeeze f o r  t he  r e s i l i e n t  mount. In  comparing 
the  da t a ,  it i s  obvious t h a t  t h e  opera t ion  of t h e  device i s  no t  no t i ceab ly  
a f f e c t e d  by t h e  mount. This  i s  l o g i c a l ,  because t h e  maximum d e f l e c t i o n  of 
t he  d isk  was only about c .0005 inch f o r  the  vol tage  l e v e l s  used. The 
prel iminary r e s u l t s  w e r e a s  would be expected from Figure 8-146, t h a t  i s ,  
t he  ga in  (ps i /vo l t )  o f  t h e  device increases  a s  t h e  output  p re s su re  b i a s  
l e v e l  i s  increased .  

S teady-s ta te  c a l i b r a t i o n s  were a l s o  made with t h e  ceramic beam i n s t a l l e d  i n  
t h e  t e s t  conf igura t ion .  The in su la t ing  r ing  (Figure 8-145) was notched so  
t h a t  it would accommodate t h e  corners  of the  beam, and a  r i g i d  mount was 
used. Ca l ib ra t ion  was performed a t  t e s t  p o i n t s  2 ,  4,  and 6. These c a l i b r a -  
t i o n s  a r e  shown i n  Figure 8-149, along with the  appropr ia te  d isk  c a l i b r a t i o n s  
f o r  comparison. 

The ga in  ( p s i / v o l t )  of t h e  d isk  i s  much b e t t e r  than the  gain of t he  beam. 
This would be expected, s i n c e  the  ca l cu la t ed  clamped p i e z o e l e c t r i c  f o r c e  of 
t he  d isk  was 1 .33  x 10-2 newtons/volt and the  d i s  lacement 4.5 x  meters/  
v o l t  as  compared t o  t he  beam which was 2.45 x  10-I; newtons/volt and 2.4 x 

meters /vol t ,  r e s p e c t i v e l y .  I n  considering po in t  4, t he  ca l cu la t ed  
d i f f e r e n t i a l  p re s su re  foce on the  d isk  with 50 VDC appl ied  i s  9.54 x 10-3 
pounds and t h e  clamped p i e z o e l e c t r i c  force  i s  0.150 pounds o r  about 16 times 
h igher .  For t h e  beam t h e  p re s su re  fo rce  with 50 VDC appl ied  i s  4.34 x 10-3 
pounds and the  clamped p i e z o e l e c t r i c  force  i s  2.76 x  10-2 pounds o r  about 
6 times higher .  Since t h e  clamped p i e z o e l e c t r i c  fo rces  a r e  considerably 
h igher  than t h e  p re s su re  f o r c e s ,  it would be expected t h a t  t h e  gain of t he  
d isk  versus t h e  beam would be d i r e c t l y  r e l a t e d  t o  t h e  r a t i o  of t h e i r  ca l -  
cu l a t ed  displacements.  This  r a t i o  i s  4.5 x  10-9 (d isk) /2 .4  x  10-9 (beam) 
o r  about 1 .9.  

In t h e  a c t u a l  case (Figure 8-149) t h e  disk/beam displacement r a t i o s  a t  
p o i n t s  2, 4,  and 6  a r e  2, 2.2,  and 1.3,  r e spec t ive ly .  The l a rge  v a r i a t i o n  
a t  p o i n t  6  i s  f e l t  t o  be due t o  son ic  v e l o c i t y  e x i s t i n g  a t  t h e  annular  e x i t  
a r ea  of the  f l a p p e r  nozzles .  Under these  condi t ions  t h e  p i e z o e l e c t r i c  beam 
element i s  a t t r a c t e d  t o  t h e  c l o s e r  f l appe r  nozzle  by a s p i r a t i o n ,  so t h a t  
t h e  ga in  of t h e  beam bender i s  e f f e c t i v e l y  increased .  This  e f f e c t  i s  mini- 
mal with t h e  d i s k  because of i t s  extremely high p i e z o e l e c t r i c  force .  

I t  was concluded t h a t  t h e  ceramic d isk  would be b e t t e r  than the  beam f o r  use  
i n  t h e  E-F t ransducer ,  because of t h e  high p i e z o e l e c t r i c  f o r c e  a v a i l a b l e .  
In  addi t ion ,  t h e  d isk  can be used i n  the  d r i v e r  conf igura t ion  shown i n  
Figure 8-152. However, i n  t h e  p re sen t  conf igura t ion ,  t h e  a c t u a l  displacement/ 
v o l t  of t he  d i s k  i s  severe ly  r e s t r i c t e d  by t h e  mount; a c t u a l  displacement i s  
1 x inch /vo l t ,  whereas p red ic t ed  i s  2.36 x 10-5 inch /vo l t .  This d i f f e r -  
ence is  a t t r i b u t e d  p r imar i ly  t o  t h e  mount. A f r e e  d i s k  w i l l  d e f l e c t  t h e  
p red ic t ed  2.36 x inch /vo l t ,  whereas t he  displacement of a  clamped d i sk  
would be only 25 percent  of t h i s  f i g u r e  o r  about 0 .6  x 10-5 inch/vol t .  
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Since the  p re sen t  mounting f o r  t he  d isk  i s  apparent ly c lo se  t o  a clamped 
design,  c a r e f u l  cons idera t ion  should be given t o  t he  mount i n  f u t u r e  des igns .  

8 . 7 . 3 . 3  - The frequency c h z r a c t e r i s t i c s  c f  the  
p i e z o e l e c t r i c  E-F t ransducer  were inves t iga t ed  and t h e  r e s u l t s  a r e  presented  
i n  Reference 11. Data was taken a t  p o i n t s  1 through 6 with t h e  d i sk  mounted 
i n  t h e  r i g i d  mount, p o i n t s  2 and 4 with the  d i sk  mounted i n  t h e  r e s i l i e n t  
mount, and p o i n t s  2 and 4 with t h e  beam mounted i n  t h e  r i g i d  mount. These 
r e s u l t s  were compared t o  t h e  measured f i r s t  resonant frequency of t h e  ceramic 
bender elements, which was 3500 h e r t z  f o r  t he  d i s k  and 1000 h e r t z  f o r  t h e  
beam. In genera l ,  the  cu to f f  f requencies  were much l e s s  (<I00 h e r t z )  than 
the  resonant  f requencies  of t h e  ceramic elements.  Consequently, a t h e o r e t i c a l  
a n a l y s i s  was undertaken i n  an at tempt  t o  expla in  the  l imi t ed  experimental 
bandwidth of t he  E-F t ransducer .  

An approximate acous t i c  c i r c u i t  of the  p i e z o e l e c t r i c  E-F t ransducer  is shown 
i n  Figure 8-150. Where the  connecting l i n e s  between t h e  d r i v e r  (ceramic d i sk )  
and t h e  sensor  (pressure t ransducer  diaphragm) a r e  kept as  s h o r t  a s  p o s s i b l e  
so  a s  t o  minimize t h e  acous t i c  e f f e c t .  The connecting l i n e  w i l l  be s t i f f -  
ness  o r  mass con t ro l l ed  depending on the  frequency of opera t ion .  In  t h i s  
case t h e  supply nozzle  i s  plugged and a no flow condit ion i s  assumed i n  t h e  
t ransmission l i n e .  

The viscous r e s i s t a n c e ,  R ,  and acous t i c  capaci tance,  C ,  of t h e  l i n e  were 
f i r s t  ca l cu la t ed  so  a s  t o  determine the  cu tof f  frequency of t h e  acous t i c  
R-C c i r c u i t .  For each l i n e  segment (Reference 66) ,  R ,  i s  determined from: 

where: R = tube length (cm) 
a = tube r ad ius  (cm) 
1.1 = v i s c o s i t y  (poise)  

The t o t a l  viscous r e s i s t a n c e  was found t o  be 5.6 acous t i c  ohms. 

The acous t i c  capaci tance a t  t h e  end of t h e  t ransmission l i n e  was ca l cu la t ed  
from : 

3 
where: V = r e c e i v e r  volume (cm ) 2 

P = r e c e i v e r  p re s su re  (dynes/cm ) 
y = r a t i o  of s p e c i f i c  hea t  f o r  a i r  

The acous t i c  capaci tance was found t o  be 1 x 1 0  acous t i c  f a r a d s .  

I Cutoff frequency i s  then f(cutoff)=--------.- = 280,000 h e r t z ,  so t h a t  t he  viscous 
e f f e c t  can be neglec ted  i n  calculat izgR$he cu tof f  frequency. 
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The power t ransmission c o e f f i c i e n t  (Reference 67) ,  of the  small  middle 
s ec t ion  of t he  t ransmission l i n e  was then determined from: 

t L 

4 cos 
2 / 2 + --- 2 /z.fe\ +\% 1 

sin 

where : f  = frequency (her tz )  
R = tube  length (cm) 
C = v e l o c i t y  of sound (cm/sec) 

S1 = t ransmission l i n e  a r ea  (cm ) 2 
S2 = tube c ross  s e c t i o n a l  a r e a  (cm ) 

Neglecting S2/Sl, a was found t o  be 
t 

The cu to f f  frequency was then found t o  be 475 h e r t z  by l e t t i n g  a t  = 0.5. 
This  ca l cu la t ed  value compares favorably with t h e  experimental ly  measured 
cu to f f  frequency of 350 h e r t z ,  which i s  reduced i n  t he  a c t u a l  case by t h e  
abrupt  c ross  s e c t i o n a l  changes, viscous d i s s i p a t i o n ,  hea t  conduction, e t c . ,  
i n  t h e  t ransducer .  When flow occurs,  t h e  cu tof f  frequency w i l l  be considerably 
lower s ince  dens i ty  g rad ien t s  i n  t h e  t ransmission l i n e  a t t enua te  t h e  power. 

Considering t h e  t ransmission l i n e  with t h e  small  c ross  s ec t ion  c e n t e r  tube 
removed, measured and ca l cu la t ed  resonant  f requencies  were 1000 h e r t z  and 
1930 h e r t z ,  r e spec t ive ly .  Consequently, t h e  narrow frequency bandwidth of 
t h e  present  E-F t ransducer  i s  due t o  t he  long acous t i c  t ransmission l i n e  
between the  d r i v e r  and t h e  sensor .  This  device should be capable o f  a  
frequency bandwidth of about 1000 h e r t z ,  l imi t ed  only by the  phys ica l  l i n e  
length  between the  d r i v e r  and the  sensor  o r  output p o r t .  

8 .7 .3 .4  - A p i e z o e l e c t r i c  ceramic d isk  i n s t a l l e d  i n  a  balanced 
f l appe r  nozzle conf igura t ion  i s  shown i n  Figure 8-151, where it i s  used a s  
a  p i l o t  s t age  con t ro l l i ng  t h e  inpu t s  t o  a  f l u i d i c  propor t iona l  ampl i f i e r  
In  opera t ion ,  v a r i a t i o n s  i n  t h e  input  vo l tage  induce a x i a l  d e f l e c t i o n s  of 
t h e  ceramic d i s k  which cause the con t ro l  d i f f e r e n t i a l  p ressure  and consequently 
t he  output  d i f f e r e n t i a l  p ressure  of t he  propor t iona l  ampl i f i e r  t o  vary  a s  a  
d i r e c t  func t ion  of t h e  input  vo l tage  l e v e l  and p o l a r i t y .  

The ceramic d i s k  may a l s o  be used a s  an acous t i c  d r i v e r  by t o t a l l y  enclosing 
i t  on both s i d e s .  A schematic of t h i s  conf igura t ion  i s  shown i n  Figure 8-152. 
A f i x e d  frequency input  vo l tage  w i l l  r e s u l t  i n  a l t e r n a t i n g  compression waves 
appl ied  t o  t he  con t ro l  p o r t s  of t h e  f l u i d  ampl i f i e r ,  so  t h a t  t he  frequency 
of t h e  output  d i f f e r e n t i a l  p ressure  s igna l  i s  i d e n t i c a l  t o  t h e  frequency of 
t he  input  vo l t age ,  

P i e z e e l e c t r f c  E = F  t ransducers  r equ i r e  n= moving p a r t s ,  excent .Y f o r  t h e  ceramic 
bender which f l e x e s  only about - + 0.002 inch.  Po ten t i a l  app l i ca t ions  a r e  



q u i t e  d ive r se .  I t  w i l l  be usefu l  wherever e l e c t r o n i c  cont ro ls  a r e  coupled 
with f l u i d i c  con t ro l s  and i t  i s  necessary t o  maintain system r e l i a b i l i t y  
a t  a  l e v e l  cons i s t en t  with the  f l u i d i c  c i r c u i t  r e l i a b i l i t y .  S p e c i f i c  a reas  
of app l i ca t ion  w i l l  inc lude ,  but  not  be l imi ted  t o :  

I .  i n d u s t r i a l  p rocess  and machine too l  con t ro l  
2 .  A i r c r a f t  f l i g h t  con t ro l  
3. Shipboard e l ec t rohydrau l i c  servo systems 
4. Submarine s t e e r i n g  and con t ro l  
5 .  Long and s h o r t  range m i s s i l e  guidance and con t ro l  
6 .  Spacecraf t  a t t i t u d e  con t ro l  

Of p a r t i c u l a r  i n t e r e s t  i s  t h a t  t h e  device makes an e x c e l l e n t  p i l o t  s t a g e  
f o r  a  servovalve and should a l s o  be use fu l  i n  many o t h e r  hybrid f l u i d i c  
con t ro l  app l i ca t ions .  

8 . 7 . 4  E-F D ig i t a l  O u t ~ u t  Se l ec to r  

An E-F t ransducer  was conceived a s  a  d i r e c t  means of providing a  mul t i tude  
of ou tput  s i g n a l s  from a  s i n g l e  f l u i d  source.  Although it conta ins  a  mechan- 
i c a l  i n t e r f a c e ,  t h e  E-F D i g i t a l  Output Se l ec to r  has numerous app l i ca t ion  
p o s s i b i l i t i e s .  These inc lude ,  (1) con t ro l  o r  d i sp l ay  func t ions  analogous 
t o  t h e  e l e c t r o n i c  d i g i t a l  computer, (2 )  a t t i t u d e  con t ro l ,  (3) gain and b i a s  
i npu t s ,  and (4) p r e s e t t a b l e  counters .  

Any f l u i d i ' c  output  p o r t  i n  an A by B r ec t angu la r  matr ix of p o r t s  can be 
opera ted  by a  s i n g l e  f l u i d  source using a  s i n g l e  e l e c t r o f l u i d i c  s e l e c t o r  
element a s  shown i n  Figure 8-153. The e l e c t r i c a l  con t ro l  s i g n a l s  des igna t ing  
t h e  output  element row and column p o s i t i o n  may be suppl ied  i n  e i t h e r  analog 
o r  d i g i t a l  form. The e l e c t r i c a l  pos i t i on  servoac tua tors  ad jus t  the  j e t  
a t t i t u d e  corresponding t o  t h e  sepa ra t e  row and column e l e c t r i c a l  input  
s i g n a l s ;  f o r  example, t he  t h i r d  row and s i x t h  column p o s i t i o n  i n  a  10 row 
by 10 column p o r t  mat r ix  would be se l ec t ed  by providing a  con t ro l  input  
re ference  s igna l  o r  address of t h r e e  f o r  t h e  row p o s i t i o n  servo and s i x  f o r  
t h e  column p o s i t i o n  servo.  

A 10 x  10 o u t l e t  p o r t  matr ix  would enable a  s e l e c t i o n  of any number des igna ted  
p o r t  between 0  and 100. The quan t i t y  of o u t l e t  p o r t s  can be increased  by 
use of mat r ices  with t h e  requi red  quan t i t y  of o u t l e t  p o r t s  o r  more than  
one mat r ix  may be combined by the  use of f l u i d i c  l og ic  elements.  The e l ec -  
t r i c a l  row and column p o s i t i o n  commands may be suppl ied  open o r  closed loop 
with r e spec t  t o  t h e  output p o r t  s e l e c t i o n  by a  s u i t a b l e  combination of e l ec -  
t r i c a l  and f l u i d  con t ro l s .  Figure 8-154 i l l u s t r a t e s  a  t y p i c a l  e l e c t r i c a l  
p o s i t i o n  con t ro l  system f o r  t he  f l u i d  j e t  row and column pos i t i on  s e l e c t o r .  

The row o r  column p o s i t i o n  s e t t i n g  c r e a t e s  a  corresponding e l e c t r i c a l  output  
from an e l e c t r i c a l  p o s i t i o n  sensor ,  f o r  example, an LVDT o r  poten t iometer ,  
which i s  clamped t o  t he  a c t u a t o r  output  pos i t i on  mechanism. The output  of 
t h e  p o s i t i o n  sensor  i s  d i f f e r e n t i a l l y  compared wi th  the  corresponding input  
e l e c t r i c a l  p o s i t i o n  command, so t h a t  when t h e  d i f f e r e n c e  o r  e r r o r  s i g n a l  i s  
zero,  t h e  p o s i t i o n  ac tua to r  motion s tops  a t  the  commanded p o s i t i o n .  The 
slewing r a t e  of t h e  row and column p o s i t i o n  ac tua to r s  should be s u f f i c i e n t l y  
r ap id  t o  prevent  spurious s i g n a l s  from enter ing  the  o t h e r  output  p o r t s  i n  
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t he  pa th  of the  t r ave r s ing  j e t .  Interconnect ing l i n e  lengths o r  f l u i d i c  
capaci tances a r e  a l s o  he lp fu l  i n  smoothing out s h o r t  dura t ion  pu l se s .  

8 . 7 . 5  F lu id i c  Power Suvvlies  

F lu id i c  con t ro l s  should provide unique high r e l i a b i l i t y  c h a r a c t e r i s t i c s  f o r  
s p e c i a l  operat ing environments of space veh ic l e s .  The f l u i d  supply source 
r equ i r e s  s i m i l a r  high r e l i a b i l i t y  c h a r a c t e r i s t i c s ,  i f  f u l l  advantage i s  t o  
be taken of f l u i d i c  c i r c u i t s .  Closed cycle  power suppl ies  a r e  f e l t  necessary 
f o r  spacec ra f t  app l i ca t ion ,  s i n c e  overboard vent ing of t he  working f l u i d  i s  
not p r a c t i c a l .  

A c losed cyc le  supply must s a t i s f y  the  modest p re s su re  and flow requirements 
of f l u i d i c  systems, weight much l e s s  than expendable p re s su re  supp l i e s ,  and 
be c o n s i s t e n t  with t h e  inherent  advantages of f l u i d i c  systems. A c losed 
cycle  thermodynamic system u t i l i z i n g  a v a i l a b l e  heat  sources and spacec ra f t  
cold s i d e  su r f ace  condensers can be used. Cap i l l a ry  pumping of a  l i q u i d  
condensate i s  u se fu l  i n  i n s t a l l a t i o n s  opera t ing  i n  zero g o r  with moderate 
acce l e ra t ions .  This  type of supply would avoid t h e  i n e f f i c i e n t  conversion 
of e l e c t r i c a l  energy t o  f l u i d  energy i n  cases  where t h e  e l e c t r i c a l  energy 
was derived from a primary on-board hea t  source.  Waste hea t  from o the r  
spacec ra f t  system opera t ions ,  rad io iso tope ,  o r  s o l a r  hea t  sources can 'be  
used f o r  f l u i d i c  power supp l i e s .  

8 . 7 . 5 . 1  - A concept of a  c losed  
cycle  power supply f o r  f l u i d i c  system app l i ca t ions  i s  shown i n  Figure 8-155. 
A small  rquantity of a  two-phase f l u i d  of s u i t a b l e  thermodynamic p r o p e r t i e s  
i s  c i r c u l a t e d  i n  t h e  system. The f l u i d  is vaporized i n  a  superhea ter ,  passed 
through a  f l u i d i c  system load,  condensed, pumped by a  mul t i - s tage  c a p i l l a r y  
pump, and r e tu rned  t o  t he  superhea ter .  Se l ec t ion  of t he  working f l u i d  
depends on t h e  a v a i l a b l e  hea t  sources and hea t  s i n k s .  

Liquid o r  condensate pumping i s  provided by c a p i l l a r y  pumps (References 68, 
69, 70 and 71) which a r e  ex tens ive ly  used f o r  hea t  t r a n s f e r  a p p l i c a t i o n s .  
The supply p re s su re  increase  can be mul t ip l i ed  approximately n t imes b y  
using n s t ages  of c a p i l l a r y  pumps with assoc ia ted  b o i l e r s  and condensers i n  
s e r i e s .  The b o i l e r s  a r e  operated from a common hea t  source and t h e  condensers 
from a common hea t  s i n k .  The lowest p re s su re  b o i l e r  r equ i r e s  t he  lowest 
temperature p o s i t i o n  on t h e  hea t  source and s ink .  Gas o r  superheated vapor 
i s  suppl ied t o  t h e  load v i a  a  superhea ter ,  from t h e  high pressure  b o i l e r  
o u t l e t .  The degree of superheat  must be s u f f i c i e n t  t o  avoid condensation 
i n  t he  f l u i d i c  system, because the  presence of condensate could impair t h e  
opera t ion  of t he  f l u i d i c  elements.  The working f l u i d  i s  re turned  t o  t h e  
f i r s t  condenser through a mul t ip le  s ec t ion  duct which i s  designed t o  support  
flow, with gas t o  l i q u i d  conversion, a s  shown i n  Figure 8-156, without t h e  
use of a p o s i t i v e  mechanical pump. 

- The working f l u i d  must be a gas a t  
t r a n s i t  through the  f l u i d i c  c i r c u i t s .  

The working f l u i d  must then be converted t o  a  i i q u i d  a t  t he  lowest working 
p re s su re  and temperature ava i l ab l e  on the spacec ra f t ,  i . e . ,  the  condenser 
hea t  s ink .  A low hea t  of vapor iza t ion  w i l l  minimize the  thermal energy 
requi red  f o r  t he  des i r ed  gas flow r a t e .  k wide choice of f l u o r i n e ,  ch lor ine ,  



CONDENSER 
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and hydrocarbon compounds a s  wel l  a s  the  Freons ( E .  I .  duPont deNemours and 
Co. ) ,  and Genetrons (Al l ied  Chemical Co.) a r e  a v a i l a b l e  t o  s a t i s f y  many 
system thermodynamic requirements.  

The thermodynamic p r o p e r t i e s  of many s u i t a b l e  working f l u i d s  a r e  a v a i l a b l e  
from t h e  manufacturers.  The bas i c  heat  energy requirements,  based on the  
source and s ink temperature,  gas volume, and gas p re s su re  requirements,  can 
be est imated on the  b a s i s  of the thermodynamic cycle  and working f l u i d  with 
an allowance f o r  t he  est imated system los ses .  The thermodynamic cy le  
performance c a l c u l a t i o n s  should agree well  with a c t u a l  performance. However, 
t he  performance of  c a p i l l a r y  l i q u i d  pumps i n  thermodynamic gas / l i qu id  cycles  
i s  no t  accura te ly  p r e d i c t a b l e  by use  of the  ava i l ab l e  i dea l i zed  theory ,  
consequently experimental and empir ical  design information must be used.  

8 . 7 . 5 . 3  Fluid and Load Pressure Drop - The p re s su re  drop around t h e  complete 
loop of  a  c losed cycle  f l u i d  flow system must be zero. For t he  system 
i l l u s t r a t e d  i n  Figure 8-155, the  f l u i d i c  system d i f f e r e n t i a l  p re s su re ,  
APL, i s  the  sum of t he  pressure  r i s e  of each of t h e  c a p i l l a r y  pumps minus 
the  sum of the  viscous drops incur red  by f l u i d  flow through the  c a p i l l a r y  
pumps, superhea ter ,  and in te rconnect ing  duc ts .  This i s  given by the  
fol lowing:  

The f i r s t  term on t h e  r i g h t  s i d e  of above equat ion i s  t he  p re s su re  r i s e  due 
t o  t h e  c a p i l l a r y  menisci given by t h e  following equat ion.  The second term 
i n  t h e  above equat ion r ep re sen t s  t h e  t o t a l  p re s su re  drop due t o  l i q u i d  flow 
i n  t h e  connecting duc t s  and c a p i l l a r i e s .  The c a p i l l a r y  p re s su re  drop with 
high flow demand may be t h e  l a r g e s t  p a r a s i t i c  p re s su re  drop i n  t h e  l i q u i d  
system. The l a s t  term i n  the  above equat ion r ep re sen t s  t h e  t o t a l  vapor 
p re s su re  drop i n  t he  system connecting duc ts  and c a p i l l a r i e s  excluding t h e  
f l u i d i c  system load.  The c a p i l l a r y  vapor pressure  drop i s  u sua l ly  high and 
a  p r a c t i c a l  design must minimize t h i s  pressure  drop. 

The c a p i l l a r y  system p res su re  r i s e  i s :  

where: j = s t a g e  number between 1 and n 
o = sur face  tens ion  of l i q u i d  on wick 

P = b o i l e r  p re s su re  
b 

P = condenser pressure  
C 

rb 
= b o i l e r  meniscus rad ius  of curvature 

r = condenser meniscus rad ius  of curva ture  
f3 = wett ing angle of l i q u i d  on b o i l e r  wick 
y = wet t ing  angle of l i q u i d  en c ~ n d e n s e r  wick 



A l a r g e  c a p i l l a r y  pressure  r i s e  r equ i r e s  a  small  b o i l e r  wet t ing angle,  a  
condenser wet t ing angle approaching 9 0 ° ,  and a  small b o i l e r  meniscus r ad ius  
of curva ture .  The small b o i l e r  c a p i l l a r y  r ad ius  of curva ture  d i c t a t e s  a 
small c a p i l l a r y  s i z e  which w i l l  no t  accommodate a  l a rge  c a p i l l a r y  flow volume 
and v e l o c i t y ,  hence a  compromise between t o t a l  b o i l e r  c a p i l l a r y  su r f ace  a r e a  
and c a p i l l a r y  pressure  drop w i l l  d e f ine  2n optimum f o r  any d e s i r e d  flow and 
p re s su re  requirement.  The depth of  c a p i l l a r y  wick i n  t h e  b o i l e r  and con- 
denser  can be a  p r a c t i c a l  minimum t o  reduce t h e  c a p i l l a r y  duct  p re s su re  drop. 

The p re s su re  drop i n  t h e  duc t s  connecting the  small pore b o i l e r  and con- 
denser  c a p i l l a r y  boundaries can be minimized by using a  l a r g e r  connecting 
duct s i z e .  The connecting duct s i z e  must be s u f f i c i e n t l y  small  t o  a s su re  
l i q u i d  entrainment when l a rge  bubbles of  s a t u r a t e d  vapor a r e  p re sen t  i n  t he  
duct during t h e  h ighes t  acce l e ra t ion  expected. Larger duc ts  would n o t  g ive  
a  dependable supply of condensed l i q u i d  t o  t he  smal le r  pore b o i l e r  c a p i l l a r y ,  
so  t h a t  t h e  b o i l e r  c a p i l l a r y  would dry  out  terminat ing the  c a p i l l a r y  pumping 
of l i q u i d  condenstate  i n t o  t h e  b o i l e r  region.  Figure 8-156 i l l u s t r a t e s  t h e  
b o i l e r  t o  condenser duct entrainment requirement.  The condenser and b o i l e r  
l oca t ions  which s a t i s f y  spacec ra f t  opera t ion  requirements can be connected 
by long mul t ip l e  channel duc ts  which s a t i s f y  the  l iquid-gas-entrainment/  
acce l e ra t ion  requirement wi th  n e g l i g i b l e  p re s su re  drops. 

The previous equat ions and the  above d iscuss ion  on pressure  drop would 
suggest  an optimum system design f o r  maximum mass f l o w . t o  t h e  use fu l  load 
can be obtained by s u b s t i t u t i o n  of  a n a l y t i c  expressions f o r  viscous gas and 
l i q u i d  pressure  drop i n  t he  c a p i l l a r y  duc ts  neglec t ing  a l l  o t h e r  p a r a s i t i c  
p re s su re  drops. However, the  performance p r o p e r t i e s  of c a p i l l a r i e s  a r e  not  
accu ra t e ly  def ined  by the  ava i l ab l e  theory.  

8.7.5.4 .- The s i m p l i f i e d  
i l l u s t r a t i o n ,  Figure 8-155 shows mul t ip l e  b o i l e r s  coupled t o  a  common hea t  
source and mul t ip l e  condensers coupled t o  a  common hea t  s ink .  To make t h i s  
arrangement p r a c t i c a l ,  t h e  hea t  source and s ink  must be loca t ed  t o  o b t a i n  
t h e  increased  b o i l e r  and condenser temperature requi red  by t h e  h igher  pressure  
b o i l e r  and condenser s ec t ions .  This  requirement must be s a t i s f i e d  by con- 
nec t ing  t h e  h e a t  source a t  t h e  high p re s su re  end of t h e  system, and i n s e r t -  
ing a  thermal r e s i s t a n c e  between each successive b o i l e r  t o  supply connection 
s o  a s  t o  obta in  t h e  des i r ed  opera t ing  temperature f o r  each b o i l e r  a t  f u l l  
r a t e d  output .  The corresponding requirement with a  common condenser can 
be s a t i s f i e d  by connecting t h e  hea t  s ink  a t  t h e  low p res su re  b o i l e r  end with 
a  thermal r e s i s t a n c e  from t h e  hea t  s ink  t o  each condenser t o  ob ta in  t h e  de- 
s i r e d  condenser temperature a t  f u l l  ou tput .  

8 .7 .5 .5  - A chemical o r  nuc lear  energy h e a t  source 
may be considered a s  t he  primary energy source f o r  the  f l u i d i c  power supply 
when waste hea t  sources o r  s o l a r  r a d i a t i o n  a r e  i n s u f f i c i e n t  o r  i n t e r m i t t e n t  
and t h e r e f o r e  would not  s a t i s f y  t h e  ope ra t iona l  requirements.  Radioact ive 
energy sources a r e  a t t r a c t i v e  because of t he  l a rge  amount of a v a i l a b l e  energy 
p e r  u n i t  weight of rad io iso tope  ma te r i a l  and t h e i r  long opera t ing  l i f e .  The 
power output  dens i ty  and ha l f  l i f e  of each b a s i c  rad io iso tope  element i s  a 
wel l  def ined c h a r a c t e r i s t i c .  However, t h e  r a t e  of energy dep le t ion  cannot 
be a r b i t r a r i l y  con t ro l l ed  t o  ai~y d e s i r e d  l e v e l ,  s i nce  t h i s  i s  def ined  by t h e  
i n i t i a l  energy a v a i l a b i l i t y  p e r  u n i t  weight h a l f  L i fe ,  The r ad io i so tope  



element can be s e l e c t e d  f o r  a bes t  f i t  t o  t he  app l i ca t ion  requirement .  The 
important c h a r a c t e r i s t i c s  f o r  i n i t i a l  s e l e c t i o n - s t u d i e s  of r ad io i so tope  hea t  
sources a r e  given i n  Table 8-10. 

Sa fe ty  of opera t ing  personnel and equipment i s  an important cons idera t ion  i n  
t he  use  of l a rge  q u a n t i t i e s  of rad io iso topes .  The problems and d i f f i c u l t i e s  
of s a f e t y  p r o t e c t i o n  may be r e l a t i v e l y  simple with sources g iv ing  dominantly 
alpha p a r t i c l e  r a d i a t i o n  and very d i f f i c u l t  f o r  sources g iv ing  dominantly 
gamma, be t a ,  and neutron r a d i a t i o n .  Unfortunately,  the  power dens i ty  and 
cos t  f a c t o r s  favor  t he  gamma and be t a  r a d i a t i o n  sources because many of  them 
a r e  p l e n t i f u l  byproducts of r e a c t o r  f u e l  manufacture o r  reprocess ing .  The 
alpha sources a r e  no t  der ived  a s  a byproduct of nuc lear  r e a c t o r  f u e l  manu- 
f a c t u r e  . 
Gamma and b e t a  sources need t o  be i s o l a t e d  o r  surrounded by ex tens ive  heavy 
sh i e ld ing ,  and provis ion  made f o r  t he  p o s i t i v e  containment of a l l  gaseous 
and s o l i d  r ad ioac t ive  m a t e r i a l s  during mission launch and r e e n t r y .  Alpha 
sources must s a t i s f y  t h e  containment requirements and nominal r a d i a t i o n  
sh i e ld ing  requirements s ince  t h e  pene t r a t ion  of a lpha p a r t i c l e s  i s  very  
s h o r t  range except i n  high vacuum. Any s o l i d  o r  gaseous ma te r i a l  can pro- 
vide e f f e c t i v e  alpha sh i e ld ing ,  hence t h e  i so tope  containment capsule  f o r  
a lpha sources can r e a d i l y  s a t i s f y  the  r a d i a t i o n  sh i e ld ing  requirements with- 
out  a d d i t i o n a l  weight.  I t  i s  l i k e l y  t h a t  be t a  and gamma r a d i a t i o n  source 
i so topes  w i l l  no t  be ex tens ive ly  used f o r  f l u i d i c  power suppl ies  because of 
t he  severe sh i e ld ing  requirement and poss ib l e  r a d i a t i o n  damage t o  equipment 
and personnel .  

Two a lpha  sources a r e  a v a i l a b l e  f o r  heat  sources,  210 Po and 238 Pu. The 
f i r s t ,  210 Po, provides a very high power dens i ty  of 141 wat t s  p e r  gram 
but  a r e l a t i v e l y  s h o r t  h a l f  l i f e  of 0.38 years  and i s  t h e r e f o r e  s u i t a b l e  f o r  
s h o r t  dura t ion  missions.  The second, 238 Pu, has a low power d e n s i t y ,  but  
i t s  h a l f  l i f e  of 87.4 years  w i l l  permit missions exceeding 10 yea r s .  The 
mission l i f e  using 238 Pu can be extended t o  100 years  by u t i l i z i n g  a pass ive  
hea t  f l u x  temperature con t ro l  developed by RCA and o the r s  (References 52 and 
72) .  Although 210 Po i s  a very hot  rad io iso tope ,  it p re sen t s  l e s s  of  a 
b io log ica l  hazard due t o  acc iden ta l  i nha l a t ion  o r  absorpt ion than 238 Pu. 
The primary reason i s  t h a t  210 Po compounds a r e  excre ted  i n  t h e  u r i n e  and 
e x h i b i t  a h a l f  l i f e  i n  t h e  human body of approximately 1 month. The 238 Pu 
compounds a r e  cumulative i n  t h e  human body forming in so lub le  compounds which 
depos i t  i n  the  bones, so  t h a t  t he  ha l f  l i f e  i n  t he  human body f o r  238 Pu i s  
87.4 yea r s .  

Containment of t he  rad io iso tope  hea t  source and d i s i n t e g r a t i o n  products  can 
be d i f f i c u l t  when high opera t ing  temperatures a r e  requi red .  In  t h e  case  of 
f l u i d i c  system gas p re s su re  suppl ies  t he  requi red  opera t ing  temperature i s  
gene ra l ly  low and encapsula t ion  requirements a r e  e a s i l y  accomplished. Two 
b a s i c  methods have been considered:  (1) complete containment of the  i so tope  
and gaseous d i s i n t e g r a t i o n  products  during the  opera t ing  l i f e  and ( 2 )  con- 
tainment of a l l  s o l i d  and gaseous r ad ioac t ive  components by t h e  s e l e c t i v e  
vent ing  of accumulative helium excess p re s su re .  Complete containment i s  
accolnplished with a t o t a l l y  enclosed capsule  which allows s u f f i c i e n t  empty 
volume t o  accumulate a l l  gaseous d i s i n t e g r a t i o n  products  during the  opera t ing  
l i f e .  Vented containment is accomplished by i n s t a l l i n g  a vent  and a molecular 
f i l t e r  i n  the  capsule  which allows only helium permeation t o  vent  and r e l i e v e  the  
excess pressure  bui ldup.  

8- 141 



T
ab

le
 8

-1
0

. 
Ch

ar
ac

te
ri

st
ic

s 
o
f
 R
ad

io
is

ot
op

ic
 
He
at
 
So

ur
ce

s 

1 
W

at
ts

 
G

ra
m

 1
10

0"
0 

B
as

ts
) 

2 
H

al
f 

L
ife

 Y
ea

rs
 

3 
E

st
lm

at
ed

 ls
ot

op
lc

 P
d

rf
ty

. %
 

4
 

C
om

po
un

d 
F

or
m

 

5 
M

el
tln

g 
P

o
fn

t o
f 

C
om

po
un

d.
 "
C 

C 
A

ct
fv

e 
Is

ot
op

e 
In

 C
om

po
un

d.
 %

 

7
 

W
ar

ts
 

G
ra

m
 C

om
po

un
d 

8
 

D
e

n
s~

ty
 o
f C

om
po

un
d,

 g
J

 cm
'. 

ac
tu

al
 o

r 
9

0
%

 T
D

 

9
 

P
ow

er
 D

en
sf

ty
. W

tr
n

l C
om

po
un

d 

10
 

D
ir

n
e

n
s~

o
n

 of
 c

ap
su

le
 fo

r 
50

 W
 

cr
n 

11
 

A
va

~
la

b
ll~

ty
 

12
 

T
yp

e
 o

f 
R

ad
ta

tio
n 

(M
a

jo
r)

' 

13
 

S
hl

el
dt

ng
 R

e
q

u
fr

e
d

 

1 M
eV

 o
f 

sl
g

n
~

ff
ca

n
t p
 o

r?
 1 

17
 4

 

5
 2

.1
 

10
 

M
et

al
 

14
80

 

10
 

1
 7

4 

8
 8

 

15
 8

 

2
 2

 

A
va

ll 

vd
 

H
ea

vy
 

(9
 5

) 
I1

 3
3

s
) 

14
 

B
~

o
lo

g
tc

a
l H

az
ar

d.
 

C
1

1
m

' 
3

x
1

0
-'

 
M

P
C

. 
A

IR
. 

W
lr

n
' 

4
 6

x1
0

-'1
 

C
on

tin
uo

us
 E

xp
os

ur
e 

g
/m

3
 

2
 7

x1
0.

" 

15
 

E
st

~
m

a
te

d
 F
ut

ur
e 

P
rt

ce
 

2
8

0
 

9 
/g

(P
u

re
) [

P
re

se
nt

 p
rt

ce
l 

14
52

1 

16
 

E
st

~
m

a
te

d
 F
ut

ur
e 

P
rt

ce
, 

$
/W

 
16

 

17
 

C
ur

ie
s 

1
 G

ra
m

 (
1

0
0

%
 B

as
ts

) 
11

30
 

18
 

C
ur

fe
s /

 W
at

t 
6

5
 

19
 

T
ot

al
 k

w
h

, j
n

tt
la

l 
gr

am
 fo

r 
57

5 
(y

r)
 m

is
s~

o
n

 
(5

) 
. 

20
. 

M
in

im
 C

os
t. 

$
1

 kw
h

, 
fo

r 
(y

r)
 r

n
ls

o
o

n
 

2
1

. 
S

po
nt

an
eo

us
 F

is
si

on
 H

al
f-

Li
fe

. 
Yr

 
-- 

22
. 

E
st

im
at

ed
 ~

a
w

e
&

 
fr

o
m

 
R

aa
ct

or
 F

w
ls

; 
pl

m
ct

ri
c 

to
n

 a
t 2

5,
00

0 
M

W
d 

1 t
an
 

23
 

P
ro

d
u

ct
to

n
 in

 P
ow

er
 R

ea
ct

or
s 

K
g

/ 
1O

O
O

 M
W

Y
. 

0
 9

6
 

28
 

5
5

 

S
rT

fO
, 

19
10

 

23
 

0
 2

2 

4
 6

 

1
0

1
 

4
 4

 

A
va

~
l 

P
 \
 

H
ea

vy
 

(6
) 

12
 2

6
8

1
 

33
 1

 

1
0

 

3
 3

 

M
et

al
 

2
3

1
0

 

3 
3

 

1
1

 

12
.4

 

1
3

.7
 

2.
3 

P
ot

en
 

A
va

il 

-,P
 

.x 

H
ea

vy
 

(9
) 

13
.3

58
1 

P
I 

Y
 

d 
-, 1

 

H
ea

vy
 

H
ea

vy
 

14
 6

) 
(1

0
 2

) 
1

1
.1

7
~

 
1

2
9

8
~

 
0.

67
71

 
2

 1
87

1 

2
x1

0
-*

 
7

 Z
x

lo
-'

: 
2

 2
x

1
0

-f
' 

75
 

11
86

1 

2
2

0
 

9
2

8
 

2
 7

88
 

6
 (3
) 

3
5

0
 

(3
) 

6
0
 (

ag
ed

) 

3 
6
 

(a
ge

d)
 

53
 

10
."

 
2

 3
x

1
0

-'
' 

1
7

x
1

0
-"

 

13
6 

10
 

6
0

4
8

 

4
4

5
 

33
 

(0
 4

) 

12
5 

(0
.4

) 

M
W

s 

7
x1

0
-"

 
2

.2
x1

0
-I

: 
1

6
x

1
0

-"
 

2
8

0
0

, 

20
 

4
5

0
0

 

3
2

 

3
5

0
 

(0
 4

) 

2
3

5
 

(0
.4

1 

M
W

s 

0
 5

c 

87
 4

 

80
 

P
uO

t 

22
50

 

70
 

0
 3

9
 

10
 

3 
9 

3
 8

 

A
V

JI
I 

M
I n

or
 

(0
 1

1 
10

 0
4

7
1

 

3x
10

 1
: 

lo
-"

 
3 

7x
10

 
"
 

17
0 

64
 

8
 1

 

29
 

19
0 

(1
0

) 

22
 

(1
0

) 

1
 .4

n1
O

1 

9
 (

m
u

 
R

ec
yt

le
) 

0
 4

(9
P

u
 

R
ec

yc
le

) 

93
 

15
6"

" 



One of t h e  problems preven t ing  t h e  use  o f  f l u i d i c s  i n  s p a c e c r a f t  p r o p u l s i o n  
c o n t r o l s  i s  t h e  requirement  f o r  v e n t i n g  t h e  working f l u i d  i n  s t a t e  of t h e  
a r t  l i q u i d  sys tems .  A v e n t u r i  sump has  been developed which i s  a  p r a c t i c a l  
s o l u t i o n  t o  t h e  v e n t i n g  requ i rement ,  i n  t h a t  working f l u i d  may be  bypassed 
from t h e  mainstream and r e t u r n e d  v i a  t h e  v e n t u r i  sump. The v e n t u r i  sump 
a l s o  p r o v i d e s  a  c o n s t a n t  p r e s s u r e  r e f e r e n c e  when c a v i t a t i n g  which i s  u s e f u l  
i n  r e g u l a t i o n  systems.  

A t o t a l  of 454 s t e a d y  s t a t e  o p e r a t i n g  p o i n t s  were documented t o  de te rmine  
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  of t h e  v e n t u r i  sump. A f l u i d i c  system was 
s u c c e s s f u l l y  o p e r a t e d  whi le  v e n t i n g  t o  t h e  sump. 

8 . 7 . 6 . 1  Ventur i  Sump Conf igura t ion  - An e x i s t i n g  c a v i t a t i n g  v e n t u r i  wi th  
p i n t l e  was modif ied f o r  u s e  i n  t h e  e v a l u a t i o n  o f  t h e  v e n t u r i  sump concep t .  
The o r i g i n a l  v e n t u r i  p i n t l e  was made wi th  an i n t e g r a l  p i s t o n  act;ator t b  
a x i a l  a d j u s t  t h e  p i n t l e  p o s i t i o n .  For t h e  v e n t u r i  sump (Figure  8-157) t h e  
p i n t l e  was adapted by c u t t i n g  o f f  t h e  end,  b o r i n g  out  t h e  c e n t e r  o f  t h e  
p i n t l e ,  d r i l l i n g  flow p a t h s  from t h e  o u t s i d e  o f  t h e  p i s t o n  t o  t h e  c e n t e r ,  
and adding a  c o n s t a n t  d iamete r  p i n t l e  e x t e n s i o n  wi th  e i g h t  e q u a l l y  spaced 
r e t u r n  o r i f i c e s .  The downstream v a l v e  body s e c t i o n  was f a b r i c a t e d  i n  
L u c i t e  t o  permit  v i s u a l  o b s e r v a t i o n  of t h e  c a v i t a t i o n  r e g i o n .  

The v e n t u r i  sump t e s t  c o n f i g u r a t i o n  (F igures  8-158, 8-159, and 8-160) 
a l lowed t h e  a x i a l  adjus tment  o f  t h e  p i n t l e  s o  t h a t  t h e  r e t u r n  o r i f i c e  could  
be l o c a t e d  anywhere between about 1 /8  inch upstream and 3/8  inch downstream 
of  t h e  t h r o a t  (minimum a r e a  p o i n t )  wi thout  va ry ing  t h e  t h r o a t  a r e a .  The 
p i n t l e  was a d j u s t e d  and clamped e x t e r n a l l y .  The r e t u r n  o r i f i c e s  were a l s o  
used t o  measure t h e  c a v i t a t i o n  bubble  p r e s s u r e  when t h e  c a v i t a t i o n  charac -  
t e r i s t i c s  of t h e  v e n t u r i  sump was documented. 

8 . 7 . 6 . 2  T e s t  Se tups  - The t e s t  s e t u p  f o r  t h e  s t e a d y  s t a t e  t e s t i n g  of t h e  
v e n t u r i  sump i s  shown i n  F igures  8-161 and 8-162. A f l u i d i c  c o n t r o l  demon- 
s t r a t i o n  was a l s o  performed i n  t h e  t e s t  s e t u p  shown i n  F igures  8-163 and 
8-164. The t e s t  i n s t r u m e n t a t i o n  and nomenclature i s  d e f i n e d  i n  Table  8-11.  

8 . 7 . 6 . 3  C a v i t a t i n g  Flow C h a r a c t e r i s t i c  - T e s t s  were performed wi th  wa te r  
t o  e s t a b l i s h  t h e  c a v i t a t i o n  performance of t h e  v e n t u r i  sump. A one-ha l f  
inch  a x i a l  adjus tment  o f  t h e - p i n t l e  was p o s s i b l e ,  s o  t h a t  t h e  r e t u r n  
o r i f i c e s  i n  t h e  sump could  be  l o c a t e d  anywhere between about 1 /8  inch  
upstream and 3/8  inch downstream of  t h e  t h r o a t  wi thout  va ry ing  t h e  t h r o a t  
a r e a .  C a v i t a t i o n  c h a r a c t e r i s t i c  was i n v e s t i g a t e d  a t  each of f i v e  p o s i t i o n s  
and a t  supply  p r e s s u r e  o f  100, 200, and 400 p s i a ,  s o  a s  t o  determine t h e  
e f f e c t  of p i n t l e  and body c e n t e r l i n e  v a r i a t i o n s  on performance.  The t e s t  
p o i n t s  were: 

1. F u l l  i n  - 1/8  inch  upstream of  t h r o a t  

2 .  25% i n  - a t  t h e  t h r o a t  (minimum a r e a  p o i n t )  

3 .  50% i n  - 1/8  inch downstream of t h r o a t  

4 ,  75% i n  - 1/4 inch  downstrezm of  t h r e a t  

5 .  100% i n  - 3/8 inch  downstream of  t h r o a t  





Figure 8-158, Ventur i  Sump Assembly 

Figure 8- 159. V e r ~ t u r i  Sump Figure 8-160. Ventur i  Sump Return 
Component P a r t s  O r i f i c e s  i n  P i n t l e  
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Table 8-11. Venturi Sump Test Instrumentation 

Main Supply Flow 

Return Supply Flow 0.3 t o  .03 gpm 

Main Supply Pressure 

Main Supply Pressure 

O u t p u t  Pressure 

Return Pressure 

Return Pressure 

Return Pressure 

Fluidic Amplifier 
Vent Pressure 

Fluidic Amplifier 
Supply Pressure 

Fluidic Amplifier 
Control Pressures 

Fluidic Amplifier 
O u t p u t  Pressures 



The c a v i t a t i o n  performance of t he  v e n t u r i  sump i s  depicted i n  Figures 8-165 
through 8-168. Although not optimum, the  c a v i t a t i o n  l i m i t s  a r e  more than  
adequate f o r  the  t e s t  model of t he  v e n t u r i .  The l imi t s  very from about 
62 percent  a t  100 p s i a  supply pressure  t o  about 81 percent  a t  400 p s i a  
supply pressure .  The l i m i t  is defined a s  maximum output pressure  a t  which 
c a v i t a t i o n  w i l l  occur i n  terms of t h e  supply pressure  ( i . e . ,  Po/Ps x  100).  

These l i m i t s  hold f o r  a l l  t he  p i n t l e  pos i t i ons  except when the  r e t u r n  
o r i f i c e s  a r e  a t  t h e  t h r o a t  (25 percent  i n )  a s  shown i n  Figure 8-166. In 
t h i s  case ,  t he  presence of t h e  r e t u r n  o r i f i c e s  a t  t he  t h r o a t  causes t u r -  
bulence which tends t o  s l i g h t l y  reduce t h e  pressure  recovery and hence 
the  c a v i t a t i o n  l i m i t .  

The v e n t u r i  sump i n  severa l  c a v i t a t i o n  modes i s  shown i n  Figure 8-169 f o r  
supply pressures  of 100 p s i a  and 400 p s i a  and var ious  output p re s su re s .  

Measurements were a l s o  made of t he  c a v i t a t i o n  bubble pressure ,  by u t i l i z i n g  
t h e  r e t u r n  o r i f i c e s  a s  a  pressure  t a p .  I t  was noted t h a t  the  measured 
c a v i t a t i o n  bubble pressure  was constant  over a  wide range of back pressures  
a s  long a s  t he  r e t u r n  o r i f i c e s  were covered by the  c a v i t a t i o n  bubble. 

8 .7 .6 .4  - P r i o r  t o  determining the  r e t u r n  flow 
c a p a b i l i t y  of t h e  ven tu r i  sump, the  r e t u r n  o r i f i c e s  were c a l i b r a t e d  wi th  
boih water  and gaseous n i t rog& (Figures 8-170 and 8-171). Since it wasnl t 
p o s s i b l e  t o  measure t h e  c a v i t a t i o n  bubble pressure  while t he  r e t u r n  supply 
was f lowing,  t he  r e t u r n  flow c a p a b i l i t y  of the  ven tu r i  sump with water 
supply and r e t u r n  flows was judged on the  b a s i s  of how wel l  t h e  r e t u r n  flow 
i n  c a v i t a t i o n  compared t o  t h e  r e t u r n  o r i f i c e  flow c a l i b r a t i o n .  That i s ,  
i f  t h e  t e s t  po in t s  f e l l  on the  r e t u r n  o r i f i c e  flow c a l i b r a t i o n  l i n e ,  t h e  
r e t u r n  flow did not  change t h e  c a v i t a t i o n  bubble pressure  (presuming t h e  
bubble pressure  was near zero p s i a ) .  

The r e t u r n  flow c a p a b i l i t y  of t he  ven tu r i  sump when i n  c a v i t a t i o n  is  shown 
i n  Figures  8-172 through 8-175. I t  can be seen t h a t  t he  b e s t  f i t s  r e l a t i v e  
t o  t h e  r e t u r n  o r i f i c e  flow c a l i b r a t i o n  occur with the  p i n t l e  37-1/2 percent  
i n  and 50 percent  i n .  Excel lent  r e t u r n  flow c a p a b i l i t y  a t  constant  p re s su re  
was exhib i ted  a t  the 37-1/2 percent  i n  p i n t l e  p o s i t i o n  (15 percent  wi th  a  
100 p s i a  supply) and the  50 percent  i n  p i n t l e  pos i t i on  (13.5 percent  with 
a  100 p s i a  supply and 9.5 percent  with a  200 p s i a  supply) .  These r e s u l t s  
a l s o  occurred over a  wide range of back pressure .  With the  p i n t l e  25 
percent  i n  (minimum a rea  p o i n t ) ,  t h e  r e t u r n  flow sees  a  h igher  pressure  
because the  c a v i t a t i o n  bubble forms f u r t h e r  downstream. With t h e  p i n t l e  
75 percent  i n  and p a r t i c u l a r l y  100 percent  i n ,  t he  r e t u r n  o r i f i c e s  a r e  
too  f a r  downstream s o  t h a t  t he  c a v i t a t i o n  bubble only covers t he  o r i f i c e s  
when the  sump is  i n  deep c a v i t a t i o n .  The ven tu r i  sump i n  c a v i t a t i o n  with 
the  p i n t l e  37-1/2 percent  i n  and f o r  var ious  percentages of r e t u r n  flow 
and a t  s e v e r a l  supply pressures  and output pressure  l eve l s  i s  shown i n  
Figures  8-176 through 8-179. 



SUPPLY FLOURATE i h 5 ) ,  9pm 

Figure 8- 165 

SUPPLY FLOIiRATE (b6), gp" 

Figure 8-166 

SUPPLY FLOUR4TE i G s ) ,  oP? 

Figure 8-167 

SUPPLY FLOHRAiE (is), 9V" 

Figure 8-168 



F i g u r e  8-169. Ven tu r i  Sump i n  C a v i t a t i o n  (wi th  Water @ 7 5 O ~ )  



TSI-8 

RETURN ORIFICE DIFFERENTIAL PRESSURE (AP,), psid 

RETURN ORIFICE DIFFERENTIAL PRESSURE (AP,), psid 



RENW n w R l r r  ( i r , ) ,  gm 

Figure 8-172 

RElURIi FLOiRAlE (hr ) ,  y p  

Figure 8-174 

RENW F L W l E  $,), 9- 

Figure 8-173 

RETUPM FLDXRATE I $ ? ) ,  gp? 

Figure 8-175 



SIIPPLY A I X  VETCRI;  FLUID IlATER @ 75'F 

Figure 8-176. Return Flow i n  Ventur i  Sump 
( P i n t l e  37-1/2% i n ,  Supply 
400 p s i a  5 gpm, P,/Ps= 0 . 2 )  



Figure S-177. Return Flow in Venturi Sump 
(Pintle 37-1/2% in, Supply 
200 psia 3.47 gpm, P = / P _ =  0.132) 
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SUPPLY At40 RETLIRK FLUID ilkTEP 3 75'F 

Figure 8-178. Return Flow i n  Venturi Sump 
(Pintle 37-1/2% i n ,  Supply 
200 p s i a  3.47 gpm, P,/P,= 0.25) 



F i g u r e  8-179. Return  F l o w  i n  V e n t u r i  Sump 
(Pintle 37-L/2% in, Supply  
200 p s i a  3 . 4 7  gpm, P o / P s =  0.51 



The c u r r e n t  d a t a  does n o t  r e f l e c t  t h e  u l t i m a t e  r e t u r n  flow c a p a b i l i t y  of 
t h e  ven tu- r i  sump, s i n c e  t h e  t e s t  r e t u r n  flows were l i m i t e d  by t h e  a v a i l a b l e  
f a c i l i t y  p r e s s u r e s .  However, t h e  i n i t i a l  t e s t i n g  d i d  s e r v e  t o  prove o u t  
t h e  v e n t u r i  sump, which performed b e t t e r  t h a n  a n t i c i p a t e d .  The optimum 
a x i a l  p o s i t i o n  f o r  t h e  r e t u r n  f low o r i f i c e s  was a l s o  l o c a t e d .  I n  a d d i t i o n ,  
v i s u a l  obse rva t ions  o f  t h e  c a v i t a t i o n  reg ion  has i n d i c a t e d  a  p o s s i b l e  i m -  
provement of t h e  sump by r e t u r n i n g  f l u i d  f low through an a n n u l a r  s l i t  
r a t h e r  than  t h e  e i g h t  e q u a l l y  spaced o r i f i c e s .  

8 . 7 . 6 . 5  Water Return T h r o t t l i n g  C a p a b i l i t y  - The t h r o t t l i n g  c h a r a c t e r i s t i c  
o f  t h e  v e n t u r i  sump was a l s o  i n v e s t i g a t e d  u t i l i z i n g  a  wa te r  supp ly  o f  100 
p s i a  and water  t o  t h r o t t l e  through t h e  r e t u r n  supp ly  a t  s e v e r a l -  p i n t l e  
p o s i t i o n s  and back p r e s s u r e s .  The d a t a  taken a t  p i n t l e  p o s i t i o n s  of 1 2 - 1 / 2  
p e r c e n t  i n  and 25 p e r c e n t  i n  a r e  r e p r e s e n t a t i v e  (F igures  8-180 and 8-181) 
i n  t h a t  t h r o t t l i n g  g a i n  was c o n s i d e r a b l y  l e s s  t h a n  1 and e x c e s s i v e  f l u i d  
power i s  r e q u i r e d  t o  perform l i q u i d - l i q u i d  t h r o t t l i n g  i n  t h e  p r e s e n t  
c o n f i g u r a t i o n .  

8 . 7 . 6 . 6  Gas Return T h r o t t l i n g  C a p a b i l i t y  - A d d i t i o n a l  t e s t i n g  was a l s o  
performed t o  determine t h e  t h r o t t l i n g  c a p a b i l i t y  o f  t h e  v e n t u r i  sump u t i l i z i n g  
a  w a t e r  supply  and n i t r o g e n  t o  t h r o t t l e  through t h e  r e t u r n  supp ly .  The 
t h r o t t l i n g  c h a r a c t e r i s t i c  was i n v e s t i g a t e d  wi th  a  100 p s i a  supp ly  a t  t h r e e  
p i n t l e  p o s i t i o n s  ( f u l l  o u t ,  12-1/2 p e r c e n t  i n ,  and 25 p e r c e n t  i n  - minimum 
a r e a )  and a t  t h r e e  back p r e s s u r e s ,  i . e . ,  Po/PS = 0 . 2 ,  0 . 5  and 0 . 8  ( s e e  
F i g u r e s  8-182, 8-183, and 8-184) .  

Maximum t h r o t t l i n g  occur red  w i t h  t h e  p i n t l e  i n  t h e  f u l l  o u t  p o s i t i o n  ( i . e . ,  
w i t h  t h e  r e t u r n  o r i f i c e s  1 /8  inch  upstream of  t h e  t h r o a t )  and t h r o t t l i n g  
improved a s  t h e  back p r e s s u r e  was i n c r e a s e d .  An impor tan t  c h a r a c t e r i s t i c  
no ted  was t h a t  t h r o t t l i n g  o f  t h e  i n i t i a l  25 p e r c e n t  of t h e  supply flow was 
accomplished w i t h  a  g a i n  o f  about  8 ,  i . e . ,  t h e  w a t e r  f low was t h r o t t l e d  
8  times more t h a n  would be  expected by t h e  gas  expansion a l o n e .  I n i t i a l l y ,  
t h e  supp ly  flow at  100 p s i a  was t h r o t t l e d  25 p e r c e n t  by a  gas  f l o w r a t e  of 
0 . 1  p e r c e n t  by weight ,  and 75 p e r c e n t  by a  gas f l o w r a t e  of 1 p e r c e n t  by 
weigh t .  A comparison o f  t h e  t h r o t t l i n g  c h a r a c t e r i ~ t i c ~ a t  supp ly  p r e s s u r e s  
of 100 and 200 p s i a  a r e  g iven  i n  F igure  8-185. I t  shou ld  b e  no ted  t h a t  t h e  
t h r o t t l i n g  g a i n s  a t  200 p s i a  a r e  roughly h a l f  o f  t h o s e  a t  100 p s i a .  

The t u r b u l e n c e  induced by t h e  a d d i t i o n  through t h e  r e t u r n  of va ry ing  f low- 
r a t e s  of n i t r o g e n  i n t o  t h e  wa te r  supp ly  o f  t h e  v e n t u r i  sump i s  shown i n  
F i g u r e s  8-186 and 8-187. These photographs were t a k e n  wi th  t h e  wa te r  
supp ly  a t  100 p s i a  and a  back p r e s s u r e  o f  20 p s i a  wi th  t h e  p i n t l e  a t  t h e  
f u l l  o u t  and 12-1/2 p e r c e n t  i n  p o s i t i o n s .  Gas t o  wa te r  r a t i o s . o f  0 .016 
p e r c e n t  by weight produced a  h igh  degree  of t u r b u l e n c e  and thorough mixing 
o f  t h e  main s t ream.  An a n n u l a r  r e t u r n  o r i f i c e  should a l s o  p rov ide  a  v a s t  
improvement i n  t h e  performance o f  t h e  v e n t u r i  sump a s  a  g a s - l i q u i d  t h r o t t l e .  
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RETURH FLVdRAlE/SUPPLI FLOURATE (kr/Qs). PERCENT 

Figure 8-182 

RETURN FLGWATE/SUPPLI R O W U T E  l i (~i~),  PERCEMT 

Figure 8-183 

n i i u n n  iLwv.4iEisuPPLv F L w i E  ($,i i i5),  PERct i r i  

Figure  8-184 

RtTURH ILOaVRATE/SUPPLY FLOURATE ( $ r / i ( i ) .  P L R C ~ l l l  

Figure 8-185 





Figure 8-187. Nitrogen-Water Interaction in Venturi Sump 
( P i n t l e  1 2 - i / 2 %  in, P o / F  s = 0 .21  



8 .7 .6 .7  F lu id i c  Control Demonstration - A f l u i d i c  propor t iona l  ampl i f i e r  
high ga in  block (Figure 8-188) was i n s t a l l e d  i n  a  sea led  enclosure (Figure 
8-189) and then i n  the  t e s t  se tup  of Figure 8-163. Prel iminary t e s t i n g  
was accomplished operat ing t h e  f l u i d i c  ampl i f i e r  with the  vent  exhausting 
t o  t he  r e t u r n  supply of t he  v e n t u r i  sump. The i n i t i a l  t e s t  r e s u l t s  were 
e x c e l l e n t ,  i n  t h a t  the  d i f f e r e n t i a l  output pressure ,  APo, of t h e  f l u i d  
a m p l i f i e r  and t h e  r e t u r n  flow t o  the  sump (F.M. #2) remained constant  a t  
main supply pressures  (Ps) of 135, 215, and 415 p s i a  and throughout t h e  
e n t i r e  c a v i t a t i o n  regime. The f l u i d i c  ampl i f i e r  was exerc ised  seve ra l  
t imes a t  each supply pressure  and a t  var ious c a v i t a t i o n  l e v e l s .  In  a l l  
cases  t he  f l u i d i c  ampl i f i e r  funct ioned properly i n  t h a t  t h e  ga in  and t h e  
output s a t u r a t i o n  l e v e l ,  APo maximum, was unchanged. 

8 .7 .6 .8  - The f e a s i b i l i t y  of t he  ven tu r i  sump has been v e r i f i e d  
by the  documentation of a  t o t a l  of 454 s teady s t a t e  opera t ing  p o i n t s .  A 
f l u i d i c  system was a l s o  succes s fu l ly  operated on water while vent ing t o  
t he  ven tu r i  sump. 

Exce l len t  r e t u r n  flow c a p a b i l i t y  was demonstrated. The optimum po in t  
appears t o  be j u s t  downstream of t he  t h r o a t  s e c t i o n .  Current  water r e t u r n  
flow c a p a b i l i t y  with water supply ranges from 1 t o  10 percent  of t he  
supply flow. Up t o  2 percent  n i t rogen  flow ( l imi ted  by the  t e s t  se tup)  
by weight was a l s o  re turned  t o  a  water supply. A l a rge  improvement appears 
poss ib l e  by r e tu rn ing  f l u i d  through an annular s l i t  r a t h e r  than  the  e i g h t  
equa l ly  spaced o r i f i c e s .  

High ga in  t h r o t t l i n g  of t he  c a v i t a t i n g  water supply was obtained by i n j e c t i n g  
gaseous n i t rogen  through the  r e t u r n  o r i f i c e s  upstream of t he  t h r o a t .  
T h r o t t l i n g  of t h e  i n i t i a l  25 percent  of t he  supply flow was accomplished 
with a  ga in  of about 8 ,  i . e . ,  the water was t h r o t t l e d  8 times more than 
would be  expected by gas expansion alone.  About 75 percent  of t he  i n i t i a l  
supply flow was t h r o t t l e d  by a  gas f lowra te  of 1 percent  by weight.  

Important poss ib le  app l i ca t ions  of t he  ven tu r i  sump inc lude :  

1. Constant pressure  re ference  f o r  space systems 

2 .  Nonoverboard vent  f o r  f l u i d i c  systems 

3. F lu id i c  propulsion con t ro l s  - r egu la to r s ,  t h r o t t l e s ,  
mixture r a t i o ,  SITVC 

4.  The combination and metering of r eac t ing  and nonreact ing 
f l u i d s  i n  t he  chemical and food processing i n d u s t r i e s .  



Figure 8-188. F l u i d i c  Amplif ier  and Manifold P l a t e  

Figurc 8-189. Fluidic ,II.mnl;fi~r Y . ~ ~ ~ - ~  and Sealed Enclosure 
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APPENDIX 8-A 

FLUIDIC NOMENCLATURE AND UNITS 



The quantities listed below a r e  genesd; specific quantities should be I 
identified by subscripts (e. g., PO2 would be p res su re  at post Q2), 

Nomenclature Units 

( s t 4  (SI);: - - inch; in (meter ,  m)  

F o r c e  F pound, lb (newton; N)  

Mass  rn lb-sec / in  (kilogram; k g )  2 

l ime t seconds; s ec  (seconds; s) 

- - 0 
angle degrees; . (radians; r ad )  

frequency f cycles/sec; cps (hertz; Hz) 

a r e a  A in 
2 2 

(m 1 

acceleration in /  sec  
2 2 

a ( m l s  ) 

gravitational constant g in / sec  
2 2 

( m l s  1 

temperature,  static 1: degrees 
Rankin; R (degrees Kelvin; OK) 

0 
temperature,  total To R OK 

velocity, a n m l a r  w r ad l  sec  ( r a d l s )  

acceleration, angular a rad /  s ec  2 2 
( r a d l s  ) 

volume V in 
3 3 

( m  ) 

weight density lb / in 3 3 
Y (Nlm 

mass density 2 4 lb-sec / in  3 
P (kglm 1 

weight f low sate w l b  / see (NIB) 



mase $row rate h I$- eee / in (kg/~) 

volume flow rate Q 

velocity, g e n e r d  u 

..a 

velocity, mean u in/  sec  ( m l s )  

velocity, acoustic u 
C 

in / sec  ( m l s )  

2 
lb / in  o r  psi  

2 
(Nlm 1 pressure ,  general P 

pressure ,  absolute P 
8 

pressure ,  gage o r  
drop P 

g 

l k  i n /  s ec  (Nm / S) power W 

specific heat ratio k dimensionless 

absolute viscosity IJ 

ki  nematic viscosity v 

liquid bulk modulus B 

efficiency rl dimensionless 

sec  / in 
2 2 

(N-s /m -kg) fluid impedance Z 

sec  / in 
2 2 

(N-s /m -kg) fluid resistaslee R 

fluid capacitance C 

2 2 
sec  / in  

2 
( N - s  /kg-m 

2 fluid inductance L 

Mach number M dimensionless 

Laplace operator s 

presslJre gain 
G~ 

f low gain, average G~ dimensionless 



flow g a n ,  incrementd G ~ i  

power gain, average G~ 

power gain, 
increment d 

G ~ i  
signal - noise ratio S I N  

control c 

output - 0 

supply s 

control, quiescent co 

control differentid cd 

output differential od 

dimensionless 

dimensionless 

dimensionless 

dimensionless 



A P P E N D I X  8 - B  

F L U I D I C  TERMINOLOGY L I S T  



APPENDIX 8 - B  

FLUIDIC TERMINOLOGY LIST 

ACTIVE 

ACTUATOR 

AMPLIFIER 

ANALOG 

ASPECT RATIO,  NOZZLE 

BANDWIDTH 

BIAS 

BOUNDARY LAYER 
AMPLIFIER 

CAPACITOR 

Adject ive t o  desc r ibe  an amplifying o r  
switching device whose opera t ion  depends 
upon a  s epa ra t e  supply source of  power. 

A component device o r  system which pro- 
vides a  mechanical a c t u a t i o n  i n  response 
t o  some input  s i g n a l .  

An a c t i v e  device o r  component which pro-  
v ides  a  v a r i a t i o n  i n  output  s i g n a l  having 
a  p o t e n t i a l  power l e v e l  v a r i a t i o n  which 
i s  u sua l ly  g r e a t e r  then  t h a t  of t h e  i m -  
pressed input  con t ro l  s igna l  v a r i a t i o n .  

Adject ive t o  desc r ibe  a  general  c l a s s  
of components o r  c i r c u i t s  i n  which a l l  
s i g n a l s  may vary cont inuously (as opposed 
t o  s i g n a l s  which may only vary i n  d i s c r e t e  
increments) . 
Ratio of nozzle  depth t o  nozzle  width.  
(pe la t ive  t o  a  two dimensional e lement . )  

The opera t ing  frequency range of a  device  
a s  def ined  by t h e  minimum (usua l ly  zero 
o r  s teady  s t a t e )  and maximum opera t ing  
f requencies .  An ind ica t ion  of maximum 
opera t ing  frequency i s  t h e  frequency a t  
which t h e  output  s i g n a l  l ags  the  con t ro l  
s i g n a l  by 45 degrees f o r  a  s p e c i f i e d  load 
and con t ro l  amplitude. 

Magnitude of input  s i g n a l  t o  n u l l  o r  
provide zero output s igna l  f o r  d i f f e r e n -  
t i a l  ampl i f i e r s ;  s i g n a l  magnitude r e -  
qu i red  t o  e s t ab l i sh  opera t ing  po in t  f o r  
single-ended ampl i f i e r s .  

An ampl i f i e r  which u t i l i z e s  t h e  sepa ra t ion -  
po in t  cont ro l  of a  power stream from a 
curved o r  plane su r f ace  t o  modulate t h e  
output .  

A pass ive  f l u i d  element which produces a  
pressure  wi th in  i t s e l f  which l ags  t h e  in-  
flow r a t e  by 90 degrees phase. 



CIRCUIT 

CLOSED AMPLIFIER 

DIGITAL 

ELEMENT 

FAN- I N  

FAN-OUT 

FLIP-FLOP 

FLOW AMPLIFIER 

FLOW RECOVERY, OUTPUT 

FEUERIC 

An a r r a y  of interconnected components and 
elements which performs a  des i r ed  func t ion ;  
f o r  example, an i n t e g r a t o r ,  counter ,  o r  
cpe ra t i cna l  m p l i f  i e r  . 
A f l u i d i c  ampl i f i e r  which has no communica- 
t i o n  with an independent r e f e rence ;  i . e . ,  
t h e  i n t e r a c t i o n  reg ion  i s  not  vented.  

The general  c l a s s  o f  devices  o r  c i r c u i t s  
whose output  i s  a  discontinuous func t ion  
of i t s  i npu t .  

The general  c l a s s  o f  devices  i n  t h e i r  
s imples t  form, used t o  make up f l u i d i c  
components and c i r c u i t s ;  f o r  example, 
r e s i s t o r s ,  capac i to r s ,  f l i p - f l o p s ,  and 
j e t  d e f l e c t i o n  ampl i f i e r s .  

The number of  cont ro l  s i g n a l s  (push-pul l  
o r  s i n g l e  ended) accepted by a  l o g i c  g a t e ,  
which can a f f e c t  t h e  des i r ed  change i n  
s t a t e  o f  t h e  log ic  ga t e .  

The number of components which can be 
dr iven  by a  s i n g l e  component; a l l  compo- 
nents  a r e  t o  be  operated a t  t h e  same 
supply p re s su re .  Also, components a r e  
t o  be o f  s i m i l a r  s i z e  and have s i m i l a r  
switch p o i n t s ,  Fan-out va lue  r e l a t e s  t o  
s t eady- s t a t e  opera t ion  unless  t h e  co r r e s -  
ponding frequency i s  given. 

A b i s t a b l e  f l u e r i c  component ( r e s e t - s e t )  
. which changes s t a t e  with t h e  proper  r e s e t -  

s e t  input  o f  s u f f i c i e n t  amplitude and 
width. I t  e x h i b i t s  "memory1' (remains i n  
a p a r t i c u l a r  s t a t e )  once it has switched, 
without r equ i r ing  a  cont inual  input  s i g -  
n a l  ; 

An ampl i f i e r  designed p r imar i ly  f o r  ampli- 
fying flow s i g n a l s -  

The maximum output mass-flow r a t e  divided 
by t h e  supply mass-flow r a t e .  General ly  
given a s  a  percentage.  

An a d j e c t i v e  sometimes appl ied  t o  t hose  
f l u i d i c  components and systems which per -  
form sensing,  l o g i c ,  ampl i f i ca t ion ,  and 
cont ro l  func t ions ,  bu t  which use  no moving 
mechanical elements whatsoever t o  perform 
t h e  des i r ed  func t ion .  



FLUEKICS 

FLUIDIC 

FLUIDIC COMPONENT 

FLUIDICS 

FOCUSED JET AMPLIFIER 

FREQUENCY RESPONSE 

GAIN, FLOW (ANALOG) 

GAIN, FLOW (DIGITAL) 

The a rea  wi th in  t h e  f i e l d  of f l u i d i c s  i n  
which f l u i d  components and systems perform 
sens ing ,  l o g i c ,  ampl i f i ca t ion ,  and c o n t r o l  
func t ions  without t h e  use of  moving mechani- 
c a l  p a r t s .  

An a d j e c t i v e  denot ing a  device o r  system in  
which some sensing,  con t ro l ,  s i gna l  proces-  
s i n g ,  and/or ampl i f ica t ion  func t ions  a r e  
performed through t h e  use of  f l u i d  dynamic 
phenomena (no moving mechanical p a r t s ) .  

A f l u i d i c  device,  d i s t inguished  from an 
element by v i r t u e  of t h e  f a c t  t h a t  it i s  
composed of  more than one element. 

The general  f i e l d  of f l u i d  devices  and 
systems and t h e  assoc ia ted  pe r iphe ra l  
equipment used t o  perform sens ing ,  l o g i c ,  
ampl i f i ca t ion ,  and cont ro l  func t ions .  

An ampl i f i e r  which u t i l i z e s  con t ro l  of 
t h e  attachment of an annular j e t  t o  an 
axisymmetric flow sepa ra to r ,  ( t h a t  i s ,  
con t ro l  of  t h e  focus of  t h e  j e t )  t o  
modulate t h e  ou tpu t .  

Usually given i n  t h e  form of frequency 
response curves of t h e  v a r i a t i o n  of ou tput /  
input  amplitude r a t i o  and phase a s  a  func- 
t i o n  of  frequency. 

Average ga in ;  t h e  s lope  of  a  s t r a i g h t  
l i n e  drawn through an input  flow versus  
output  flow curve, so t 'hat dev ia t ions  
from t h e  measured curve up t o  t h e  maxi- 
mum output  l e v e l  a r e  minimized. Deviations 
should be based on n e t  a r e a .  I f  o t h e r  than 
maximum output  l eve l  i s  used f o r  t h e  average 
gain d e f i n i t i o n ,  t h e  range should be noted.  
Measured curve i s  t o  be f o r  e i t h e r  low ou t -  
put p re s su re  recovery ( r e s u l t i n g  from i n s t r u -  
mentation) o r  a  va lue  which provides maximum 
flow ga in .  

Ratio of output  flow change t o  input  flow 
change (from quiescent )  requi red  f o r  switch-  
ing t o  occur .  

GAIN, FLOW (INCREMENTAL, The s lope  of  t h e  output  flow versus t h e  i n -  
ANALOG) put flow curve a t  t h e  opera t ing  po in t  of 

i n t e r e s t .  



GAIN, WWR (ANALOG) Average power ga in ;  r a t i o  of  t h e  change i n  
output  power t o  t h e  change i n  input  power; 
the  average va lue  over opera t ing  range  up 
t o  maximum output  l eve l  un less  t h e  range  
i s  s t a t e d ,  

GAIN, POWER (DIGITAL) Rat io of t h e  change i n  output  power t o  t h e  
change i n  input  power (from quiescent )  f o r  
switching t o  occur .  

G A I N ,  POWER (INCREMENTAL, The s lope  a t  t h e  opera t ing  poin t  of an 
ANALOG) input loutput  power curve. 

GAIN, PRESSURE (ANALOG) Average ga in ;  t h e  s lope  of a s t r a i g h t  l i n e  
drawn through a measured input  p re s su re  
versus output p re s su re  curve s o  t h a t  devia-  
t i o n s  from t h e  measured curve up t o  t h e  
maximum output l e v e l  a r e  minimized. Devia- 
t i o n s  should be  based on n e t  a rea .  I f  o the r  
than t h e  maximum output  l e v e l  is used f o r  
t h e  average gain d e f i n i t i o n ,  t h e  range used 
should be noted. Gage p re s su re  va lues  should 
be used. The measured curve is  t o  be f o r  
e i t h e r  zero output  flow o r  a value which 
provides maximum pres su re  gain (see F igure  
8-Bl) . 

GAIN, PRESSURE (INCREMENTAL, Incremental ga in ;  t h e  s lope  of  t h e  measured 
ANALOG) input  pressure  versus output  pressure  curve 

a t  t h e  opera t ing  poin t  of  i n t e r e s t  ( see  
Figure 8-Bl) . 

G A I N ,  PRESSURE (DIGITAL) Ratio o f  measured output  p re s su re  change 
t o  input  p re s su re  change (from quiescent )  
requi red  f o r  switching t o  occur.  A l l  con- 
t r o l  p o r t s  except t h e  one under considera-  
t i o n  should be maintained a t  t h e  quiescent  
pressure  l e v e l .  Output flow should be  zero 
o r  a va lue  which r e s u l t s  i n  maximum pres -  
su re  ga in .  I f  ga in  va lue  i s  f o r  o t h e r  than 
s t eady- s t a t e  condi t ions ,  t h e  t e s t  frequency 
should be s t a t e d .  

HYDRAULIC DIAMETER 

HYSTERESIS, ANALOG 
M P L I F I E R  

The r a t i o  o f  t h e  c ros s - sec t iona l  a r ea  of a 
flow passage t o  one-fourth t h e  wetted p e r i -  
meter of t h e  passage. 

Tota l  width of  h y s t e r e s i s  loop expressed 
a s  a percent  o f  peak-to-peak s a t u r a t i o n  
input  s i g n a l ,  Measurements must be a t  f r e -  
quencies below those  where dynamic e f f e c t s  
become s i g n i f i c a n t  (see Figure 8-B2). 
S f - -  ..-----a. - 
m e ~ ~ u ~ e l r i e r r L s  t o  "v e~irzde a t t h e  widest  po in t  
on t h e  curve,  



HYSTERESIS, DIGITAL 
AMPLIFIER 

IMPACT MODULATOR 

IMPEDANCE, INPUT 

IMPEDANCE, OUTPUT 

INDUCTOR 

JET-DEFLECTION AMPLIFIER 
(ALSO BEAM-DEFLECTION OR 
STREAM INTERATION 
AMPLIFIER) 

LINEARITY DEVIATION, 
OUTPUT 

LOGIC ELEMENTS 
(ALSO LOGIC GATES) 

MEMORY 

Width of  t h e  h y s t e r e s i s  loop a s  measured 
on an input /output  curve and expressed a s  
a percentage of t h e  supply cond i t i ons ;  f o r  
example flow h y s t e r e s i s  i s  t h e  h y s t e r e s i s -  
loop width (measured on an input /output  flow 
curve) ,  d iv ided  by t h e  supply flow (see 
Figure 8-B3). 

An ampl i f i e r  which u t i l i z e s  t h e  con t ro l  of  
t h e  i n t e n s i t y  o f  two d i r e c t l y  opposed, 
impacting power j e t s  thereby c o n t r o l l i n g  
t h e  p o s i t i o n  of t h e  impact plane t o  modu- 
l a t e  t h e  ou tpu t .  

The r a t i o  of  p re s su re  change t o  flow change 
measured a t  an input  p o r t .  Numerical va lue  
may depend on opera t ing  p o i n t ,  s i n c e  input  
pressure-f low curve may not be l i n e a r .  For 
a c t i v e  elements,  t h e  power source should be 
connected f o r  measurements. 

The r a t i o  of  p re s su re  change t o  flow change, 
measured a t  an output  p o r t .  Numerical va lue  
may depend on opera t ing  po in t ,  s i n c e  output  
pressure-f low curve may not  be l i n e a r .  

A pas s ive  f l u e r i c  element which, because 
of  f l u i d  ine r t ance ,  has a pressure  drop 
across  it which leads  t h e  through flow by 
90 degrees phase. 

An ampl i f i e r  which u t i l i z e s  cont ro l  Port* 
t o  d e f l e c t  a power j e t  and modulate t h e  
output .  Usually employed a s  an analog 
ampl i f i e r .  

Deviation of t h e  measured curve from t h e  
s t r a i g h t - l i n e  average gain approximation: 
The r a t i o  o f  t h e  dev ia t ion  t o  t h e  peak- 
to-peak output  range (range should be  
s t a t e d  i f  o t h e r  than maximum output  l e v e l )  
expressed as a percentage ( see  F igure  8-B4). 

The general  category of d i g i t a l  components 
which provide l o g i c  func t ions ;  f o r  example, 
AND, O R ,  NOR, and NAND. They can g a t e  o r  
i n h i b i t  s igna l  t ransmission with t h e  a p p l i -  
ca t ion ,  removal, o r  o the r  combinations o f  
input  s i g n a l s .  

The c a p a b i l i t y  of a l og ic  g a t e  t o  r e t a i n  
t h e  s t a t e  of  i t s  output  s igna l  correspond- 
ing  t o  t h e  most r e c e n t l y  appl ied c o n t r o l  
s i g n a l  a f t e r  t h e  cont ro l  s igna l  i s  removed. 



PASSIVE 

POWER AMPLIFIER 

PRESSURE AMPLIFIER 

PRESSURE RECOVERY, 
OUTPUT 

RESISTOR 

RESPONSE TIME 

REYNOLDS NUMBER 

S I 

SATURATION 

SENSOR, F L U I D I C  

The general  c l a s s  of  devices  which ope ra t e  
on the  s i g n a l  power alone,  

An ampl i f i e r  designed pr imar i ly  t o  provide 
maximum power ga in ,  

An ampl i f i e r  designed pr imar i ly  t o  amplify 
pressure  s i g n a l s .  

The d i f f e r ence  between the  maximum output  
pressure  and the  l o c a l  vent  pressure  
divided by t h e  d i f f e r ence  between the  
supply pressure  and the  pressure  i n  t h e  
i n t e r a c t i o n  region.  For closed ampl i f i e r s ,  
t h e  cont ro l  p o r t  p ressure  should be used 
a s  t he  re ference  p re s su re .  

A pass ive  f l u i d i c  element which, because of 
viscous lo s ses ,  produces a  pressure  drop 
a s  a  continuous func t ion  of  t h e  flow through 
i t .  

The time i n t e r v a l  between the  app l i ca t ion  
of an input  s t e p  s i g n a l  and the  r e s u l t i n g  
output  s i g n a l .  The time measurement f o r  
t he  response t o  t he  input  s t e p  s i g n a l  is 
t o  be made when the  output  s i g n a l  reaches 
a  l e v e l  which is 63 percent  of t h e  f i n a l  
output  value (see Figure 8-BS), 

A dimensionless parameter of f l u i d  flow 
which o f t e n  ind ica t e s  the  r a t i o  of i n e r t i a l -  
to-viscous forces  : 

v 

where % = hydraul ic  diameter ,  u  = mean 
v e l o c i t y  of t he  f l u i d ,  and V =  kinematic 
v i s c o s i t y ,  

An abbrevia t ion  ind ica t ing  t h e  i n t e r n a t i o n a l  
system of u n i t s .  

The maximum output va lue  r ega rd l e s s  of 
input  magnitude (see Figure 8-B6). 

A f l u i d i c  device which senses a  b a s i c  
quan t i t y  such as  r a t e ,  p o s i t i o n ,  aece lera-  
t i o n ,  p re s su re ,  o r  temperature,  i n  terms of 
a f l u i d  quan t i t y  such a s  p re s su re  o r  flow- 
r a t e .  



SIGNAL-TO-NOISE RATIO 
(SNR) 
(ANALOG AMPLIFIER) 

SIGNAL-TO-NOISE RATIO 
(DIGITAL AMPLIFIER) 

TIME DELAY 

TRANSPORT DELAY 

TRUTH TABLE 

TURBULENCE AMPLIFIER 

VENTED AMPLIFIER 

VORTEX AMPLIFIER 

WALL ATTACHMENT 
AMPLIFIER 

Ratio of maximum (saturation value) output 
signal amplitude to maximum noise amplitude 
(at output). Signal and noise data should 
be MIS values. 

Ratio of the amplitude of the output signal 
to the peak-to-peak maximum noise signal. 
Maximum noise signal is to be measured when 
the port is active and inactive. The greater 
value of the two is used in calculating the 
SNR . 
The time from the initiation of an input 
signal until the first discernible change 
in the output, caused by this input signal 
(see Figure 8-B5). 

Time required for a fluid particle to travel 
from the input control port region to the 
output receiver region. 

A table depicting the function of a logic 
element; all possible combinations of input 
signals are tabulated along with the corres- 
ponding state of the output signal. 

An amplifier which utilizes control of the 
laminar-to-turbulent transition of a power 
jet to modulate the output. 

A fluidic amplifier which utilizes vents 
to establish a reference pressure in the 
interaction region. 

An amplifier which utilizes the pressure 
drop across a controlled vortex for 
modulating the output. 

An amplifier which utilizes control of the 
attachment of a free jet to a wall (Coanda 
effect) to modulate the output. Usually 
employed as a digital amplifier. 
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APPENDIX 8 -C  

F L U I D I C  GRAPHICAL SYMBOLS 



The p u r p e e  of the graphic symbols is to enable the circuit  designer to ernploy 
meaningful and specific symbols in drawings and schematics which will c lear ly 
define the function or t = = e  of device employed to perform that b u t i o n ,  

In the course of preparing this document, it was recognized t h a  f i id i c  s v b o l s  
were required to  s a ~ s f y  two basic needs. The f i r s t  was the n e d  s f  the system 
designer interested pr imari ly  in the function of the device. The second was the 
circui t  designer pr imari ly  interested in  the of the device. 

The following i s  an integrated se t  of symbology which satisfies both requi re-  
ments. Functions of the devices a r e  defined by symbols enclosed within square 
envelopes, 6 p e r a ~ n g  principles of the devices a r e  defined by symbols en-  
closed d&in r o u d  envelopes. The difference in  envelopes i s  specifically in 
tended to emphasize the difference in purpose of the symbols a s  shown below: 

Functional 
Syrnbo l 

Operating Principle 
Symbol 

By definition, the symbols a r e  intended to show the following: 

. Functional symbol - Depicts a function which may be performed 
by a single fluidic element o r  by an intercon- 
nected circuit  containing multiple elements, 

. Operating principle symbol - Depicts the fluid phenomena in the in-  
teraction region which i s  employed to perform 
the function a s  well as  the function of the 
fluidic element. 

h the cases  where no operating principle is  shown, i t  i s  i m p b d  that, at  
present, no opera thg  p rbc ip le  o r  interaction region is adequate to 
perform the function, h these cases  a combination of operating p r h c i p l e s  
or interaction regions is required to represent the function. 



To fur ther  emphaaiee this point, consider the case of a 2-input AND made up 
f rom OR-NORs a g  follows: 

Pmctional  
Symbol 

h tercomect ion  of 
Operating Principle Symbols 

General Conventions 

(a) The relative port  locations for the symbols a r e  patterned in the 
f o l l o ~ n g  manner: 

Supplies Supplies 

Controls Controls Controls 0 Controls 

Outputs Outputs 

All symbols may be oriented in 90-degree increments f rom the 
position s h o w .  

( b )  Specific ports a r e  identified by the following nomenclature: 

Supply port - S 

Control port - C 
Output port  - O 

The nemenclature sho rn  on the graphic symbols need not  be u s e d  
a n  scl~ematic diagrams, It i s  p r k a r i l y  intended to correlate the 
fmctisn of each port with the trutk table, 



(c) Sumly portr  e m  be either a c ~ v s  o r  passive. An &vetted irirngls, 
8 9 ,  denotes r slapply source connected to tb supply port (active 
dePrice), 

(d) An arrowhead on the control line ineide the symbol envelope indi- 
cates eomd$nual flow i s  required to maintain state (no mernory, ns 
hyetereiia):  

hdica tes  no memory 

(e) h te rconnec tbg  fluid Enee shall be shown with a dot a t  the point 
of inter connection: 

Croerahg fluid l h e s  a r e  to be shown without dots: 



If) A smal l  + on fie su@ut of a bistable device indicates i n i ~ a l  o r  
s ta r t -up  flow c o n d i ~ o n .  

(g) Logic Notation 

A . B A "and" B 

A + B = A "or" I3 
- - 
A . B "not" A and "nottt B 

(h) P o r t  Marking 

P o r t  nomenclature shown on schematics need not be used on sche-  
matic  diagrams; the nomenclature may be useful, however, in  
csrrelaL-ing tes t  data and s p e c i f i c a ~ o n  data with the physical device. 

(a) Proportional Amplifiers 

Functional 
C I 

Symbol 

Functions 02 0 QI 



Operatkg Principle Symbols 

Single Input 
Jet Interaction 

Differentia1 
Jet Interaction 

Separation 
Point Control 

Vortex 



Transve r se  
h p a c t  Modulator 

Direct 
h p a c t  Modulator 

(b) Throt t lhg  Valve 

Functional Symbol S 
0 

Operating Principle Symbol 

0 
Vortex 

(G) Oscillator (Sine Wave) 

Functional Symbol 



ARP 9 9 3 ~  

O p e r a ~ g  Principle Symbol 

(d) Rate Sensor 

Functional Symbol 

Operating Principle Symbol 

0 

Vortex 

(a) F l ip  Flop 

S Truth Table 
e l  cz 01 ~2 - - - 



Operating Prbc ip le  Symbols 

Wal l  Attachnnent 

Induction 

(b) Digital Amplifier 

Fwnctional 
Symbol 

Operating Principle Symbol 

Jet bteraction 

Edgetone 

Truth Table I 

1 0 ' 1  0 
0 1 0 1 
0 0 Undefined 
1 1 Undefined 



(6) Binary Counter 

Functional S Truth Table: 

Symbol C l  - C2 - 01 
C C - - 
@I C2 0 1 0 1 

0 0 0 1 
0 0 1 0 

Functional 
S Symbol 

Operating Principle Symbol 

Wall. Attachment 

(a) OR-NOR S 
P 

Ftaasctional Symbol C I  - 

02 01 

Truth Table 
@1 C3 0 1  " 8 2  - - - - 
0 0 0 I 
1 0 1 0 

0 1 I 0 



B p e r a ~ n g  Principle Symbols 

Wall Attachment 

S 

J e t  Interaction 
Geometrical Bias 

Vortex 

(b)  AND-NAND 

Functional Syrnbol 
S 

Wall Attachment 
Internal Fluid Bias 

Turbulence 

Focused Je t  

Truth Table 
c1 C 3  01 Q2 - - - 
0 0 0 1 
1 0 0 1 
0 1 0 1 
1 1 1 0 



Schmin Trigger 

Functional 
Symbol 

t 9 

C 0 
(BIAS) 

(el Exclusive OR 

Functional 
Symbol 

Functional 
Symbol 

Truth Table 
Cl C3 01  - 7 - 
0 0 0 
1 0 1 
0 l 1 
1 1 I 



9 e r a t i n g  Principle Symbols 

Pas  sive 
Je t  hteraction 

Fwlctional Symbol 
CI - 
C3 

Operating Principle Symbols 

Passive 
Jet hteraction 

(cI  AND - 2 1 3  AND 

Functional 
Symbol 

Truth Table 

Truth Table 

- 01 0 2  2 C1 C2 - - 
1 0 1 0 0 



(a) General Resistance - Fixed 

Ib) General Resistance - Variable 

( c )  Linear Resistance - Fixed 



(dl  Linear: Resistance - Variable 

(e) Nonlinear Resistance - Fixed 

Nonlinear Resistance - Variable 

Capacitance - Fixed 

Capacitance - Variable 

Inductance - Fjxed 
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