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FOREWORD 

V 

This document represents t h e  Phase I technical report of a 

3-phase study and investigation of a Fluidic  Solar Probe Spgca 

Vehicle Atti tude Contra1 System, performed by the Martin Cwpany, 

Baltimore, Maryland, f o r  the National Aeronautical and Space Agency, 

Electronics Research Center, Cambridge, Massachusetts, i n  response 

t o  I t e m  C-2, Page 5, of Contract NAS 12-127. 

. .  



I. SUMMARY 

The Phase I ac t iv i ty  of the subject program has consisted of a system 

requirement study f o r  a f l u i d i c  Solar Probe Spacecraft Atti tude Control 

System, and a comprehensive analysis and evaluation of a l l  available f l u i d t c  

elements, sensors, components, etc., t ha t  might be used t o  implement this 

a t t i t ude  control system. 

mented through a comprehensive industr ia l  and l i t e r a t u r e  survey, and a 

The evaluation of f l u i d i c  devices has been impla- 

number of v i s i t s  t o  government f a c i l i t i e s .  

This e f f o r t  has shown that a f l u i d i c  approach f o r  a spacecraft  

a t t i t ude  control system i s  both feasible  and promising i n  terns of eventual 

r e l i a b i l i t y  and operational l ifetime, but tha t  the state of development of 

ce r t a in  sys'tem components, notably closed-cycle f l u i d i c  power supplies, and 

some sensors, i s  lagging badly; and tha t  much additional work needs t o  be 

done in establtshing f l u i d i c  device performance at elevated ambient tem-  

peratures , and establ ishing c r i t e r i a  f o r  r e l i a b i l i t y  predictions of f l u i d i c  

system performance. 

I 

. .... . .  . - .  -. . - - - . . . . .. . .- . , 
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11. INTRODUCTION 

Fluidic/Flueric technology has recently emerged from the  research 

laboratories a s  a very promising approach t o  sa t i s fy  a wide variety of 

control, log ic  and computational requirements , without special  protection, 

under environments t ha t  are currently well beyond the capabili ty of present 

day conventional electronics.  These environments include: 

a) Ambient temperature ranges from cryogenlc t o  incondescentj 

b) Hard nuclear radiation. 

In addition, the m i n i m  of moving p a r t s  promises high ultimate 

r e l i a b i l i t y  of such systems. 

I n  view of these capabi l i t i es ,  the National Aeronautics and Space 

Agency, Electronics Research Center a t  Cambridge, Massachusetts, has under- 

taken t o  explore the use of f lu id i c s / f lue r i c s  fo r  a spacecraft control 

system, whose mission w i l l  generate a wide temperature range, high 

rad ia t ion  environment. 

The Martin Company, a t  Baltimore, i s  a s s i s t i ng  NASA-ERC i n  t h i s  exploration 

under the subject contract. 

Such a spacecraft i s  the unmanned Solar Probe. 

proizram 

The subject program i s  being conducted i n  three phases: 

Phase I w i l l  include an investigation of available f luidic/f  l ue r i c  

devices f o r  general appl icabi l i ty  t o  the subject spacecraft mission, 

including the materials f o r  constructing the various system elements. 

System elements t o  be considered include: 

Sensors (Radiation and Ine r t i a l )  
Power Supplies 
Elect r ic /F  l u i d i c  Signal Conversion 
Momentum Exchange and Actuation Devices 
Logic and Ci rcu i t  Elements 

I . .. . _ _  .._ . _ _  ,.., . . _ .  . ." . .. - .- --- . .- .-* - .  .. - ._ . ~ . .  . . . . .. . ." . , . . , ~ . 

. .  

\ 
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Phase I1 w i l l  c o n s i s t  of the analyt ical  ve r i f i ca t ion  synthesis 

of a su i tab le  control system based on the select ion of system 

elements from Phase I. 

various system elements w i l l  be  generated as  par t  of t h i s  phase, 

Performance and energy requirements f o r  the 

Phase I11 w i l l  consist  of the modification of the current 

Martin "SOFACS" breadboard f l u i d i c  a t t i t ude  control  system t o  

simulate the selected system configuration from Phase 11, and the  

demonstration cf i t s  performance on the Martin air-bearing motion 

simulator. I 

ReD o r t  C overarze 

I 
This report  w i l l  cover the  r e su l t s  obtained from Phase I of the  

, 
subject study. Included w i l l  be: 

A description of the Solar Probe Mission and Vehicle (baaed 

on a recent study by the Martin Company f o r  NASA's Ames 

Research Center (see Ref. 1); 

The vehicle a t t i t ude  control system evolved during t h i s  study; 

A suggested f luidic/f  l ue r i c  implementation of t h i s  control 

system; 

A discussion of expected f lu id ic / f luer ic  elements and matertafg 

performance trends under the mission environment, together wltb 

a r e l i a b i l i t y  prediction; 

Conclusions and references. ' 
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111. SYSTEM APPROACH 

The broad objective of the Solar Probe Mission i s  t o  obtain de ta i l -  

ed information on f ie lds ,  par t ic les ,  radiat ions,  and other so la r  phenomena 

i n  interplanetary space. 

i t s  atmosphere i s  based on the t rad i t iona l  combination of theory and 

experiment. However, experimental invest igat ions have been l imited by the 

d i f f i cu l ty  of simulating the sun and i t s  atmosphere i n  the laboratory and 

by the  presence of the earth 's  atmosphere and magnetosphere. In the  l as t  

decade, studies have been made i n  experimental invest igat ion by use of 

rockets, earth-orbit ing s a t e l l i t e s  (e.g. , OSO) and the f i r s t  interplanetary 

probes (Mariner I1 and Mariner C). 

experimental data since 1950, there  i s  no cer ta in ty  as  t o  which, i f  any, 

The present leve l  of knowledge of the sun and 

Even with the large accumulation of 

of the many concepts of dynamic corona i s  correct  (Ref. 2). 

answer t h i s  and other questions, measurements of: 

"solar wind" and magnetic f i e l d s ,  the density and d is t r ibu t ion  of enevgatic 

charged pa r t i c l e s  of solar  and ga lac t ic  or igin,  and the concentration and 

energies of dust and micrometeorites i n  the interplanetary medium (both in 

To help 

the propert ies  of tw 

and out of the plane of the ec l ip t i c )  would be obtained by use of a Solar 

Probe Vehicle. 

This sect ion of the report  discusses the mission charac te r i s t ics ,  a 

description of the vehicle which has been proposed t o  carry out the 

sc i en t i f i c  objectives of t h i s  program, and the a t t i t ude  control system 

requirements resul t ing from the s c i e n t i f i c  objectives,  mission character$etics 

and anticipated environment. 
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A. MISSION DESCRIPTION 

Consideration of data available on the sun and i t s  atmosphere. and 

the  disagreement of basic concepts of the dynamic corona point out t he  

need f o r  additional experimental data. Experiments which w i l l  resolve 

t h e  important unknowns i n  the  structure of the Sun's magnetic f i e l d  and 

the  mechanisms of the dynamic corona are considered to  be of primary 

importance f o r  the Solar Probe mission. 

which i s  of i n t e re s t ,  t he  advantage of using perihelion distances t o  

invest igate  these phenomena, and the type instruments which would be re- 

quired. 

Figure 1 sumarizes  the  phenomena 

Figure 1 indicates  that the spacecraft must approach as close as 

0.4 AU t o  the  Sun f o r  t he  sc i en t i f i c  objectives of a so l a r  probe t o  be 

reasonably sa t i s f ied .  A c loser  approach is, of course, desirable. It is 

' 5  I 

a l s o  desirable t o  orient the trajectory out of the  plane of t he  e c l i p t i c  

t o  broaden the scope of measurements t o  be made with the  s c i e n t i f i c  payload. 

Some of the  l imitat ions i n  t ra jectory are shown in.Fig. 2, which 

shows perihelion radius f o r  typical spacecraft weights and several possible 

booster combinations, each w i t h  the same so l id  rocket i n j ec t ion  s€age. 

data, from R e f .  3, indicate tha t ,  f o r  f l i g h t s  r e s t r i c t e d  t o  the  plane of t he  

e c l i p t i c  and a perihelion radius of 0.32, payload weights of 250 l b  (using 

AtlasIAgena) or 900 l b  (using Titan 111-C) can be accommodated. 

have shown tha t  the payload capabili ty of these boosters decreases rapidly 

f o r  out-of-the-ecliptic f l i g h t s ,  and w i t h  a p rac t i ca l  maximum inc l ina t ion  of 

approximately 25'. 

These 

Our s tudfes  
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Other considerations important t o  selection of the exact t ra jectory 

t o  be used f o r  the solar  probe mission a re  the test requirements of the 

payload experiments, as w e l l  as system tradeoffs  i n  the comunication and 

data handling, thermal control,  onboard power, and a t t i t ude  control systems. 

Typical t r a j ec to r i e s ,  showing the path of the spacecraft r e l a t i v e  t o  a 

ro ta t ing  Earth-Sun l ine ,  f o r  several perihelion missions, are presented i n  . 

Fig. 3. The comunication blackout regions f o r  the 85-ft and 210-ft DSIF 

antennas are shown, together with timing marks representing days a f t e r  launch, 

demonstrating the relat ionship between communication distance and capabi l i ty  

f o r  monitoring so lar  f l a r e  ac t iv i ty  not observable by Earth-orbiting s a t e l l i t e s .  

Note tha t ,  as the energy i n  the t ra jectory is increased (higher perihelion 

radius), the spacecraft w i l l  spend more t i m e  d i rec t ly  behind the Sun, provid- 

ing a longer period of t i m e  fo r  sampling the inner corona. Correspondingly, 

a lower energy t ra jec tory  (lower perihelion radius) r e su l t s  i n  a shorter  

o rb i t a l  period, which i n  turn  reduces the spacecraft equipment (including the 

a t t i t u d e  control system) l ifetime necessary t o  accomplish a given number of 

o r b i t s  about the Sun. 

Based on the above, f o r  the Titan IIICentaurISolid, 210-ft DSIF antenna 

and 400 l b  payload, the most practical compromise values of perihelion radfus, 

corona sampling t i m e  and spacecraft l i fe t ime would be 0.3 AU, 70 days and 

1 year, respectively. 

lifetime, vehicle i ne r t i a s ,  solar radiation and heat environment f o r  which 

the  control system must be designed. 

These figures have served as a basis  f o r  defining the 

i 
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B. VEHICLE DESCRIPTION 

While several  spacecraft configurations have been proposed f o r  the 

Solar Probe mission an open compartment configuration, s tab i l ized  about 

three axes and shown i n  Fig. 4 was selected fo r  the subject study based 

on the configuration study work done under Ref. 1 . In  t h i s  configuration 

the insulated heat shield and a l l  of the spacecraft 's systems are  attached 

t o  the cruciform beams tha t  form the backbone of the  spacecraft. 

e l e c t r i c a l  power, necessary f o r  cer ta in  experiments and the spacecraft 

comnunication system, is supplied by two 35-sq f t  so la r  cel l  arrays hinged 

from the a f t  end of the vehicle. 

spacecraft center l ine following injection, and stepped dawn t o  22O as  the 

Sun is approached, 

the e c l i p t i c  on a two axis  gimbal with 360' azimuth scanning and f 15 

elevat ion scanning. 

Onboard 

These panels are deployed 42' from the 

The four-foot parabolic antenna is mounted normal t o  
0 

Omni-antennas are mounted on the solar  c e l l  panels. 

Experiment sensors such as the plasma probe, neutron phoswich and 

mass spectroneter are mounted on ro ta t ing  platforms. Magnetometers are  

mounted on booms away from the main body of the spacecraft. 

the weight of the 400-lb spacecraft i s  given i n  Table I. Approximately 

239. of the spacecraft weight is devoted t o  the s c i e n t i f i c  sensors. The 

par t icu lar  arrangement of the spacecraft i s  t o  compromise between the 

A breakdown of 

requirements of s t a t i c ,  dynamic, thermal and solar  pressure balance. 

The antenna, solar  arrays and experiment booms a re  wrapped around the 

sol id  rocket in jec t ion  stage. A l l  of these devices are erected a f t e r  de- 

I 

spin, following injection, 
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zm!u 
Weight SIlnnnary 

Sc ient i f ic  Instrumentation 

Structure, Heat Shie ld  and Mechanisms 

Ccwnunication, Data Handling and 
Monitoring Systems 

Electrical Pwer System 

Stabilization and Control System 

Total Spacecraft Weight 

* 

93 

35 

1% 

96 

37 

401 

* 
Based on a conventional Electronic-E/M control system apprQach 
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C. VEHICLE COmROL SYSTEM REQUIREMENIS 

The influence of the experimental payloads on the so la r  probe 

mission and onboard subsystems design defines the performance requirements 

and the anticipated environment i n  which the subsystems must perform. 

perihelion distance influences both temperature and radiat ion environment 

and defines (within the confines of available booster capabili ty) the 

q e  

vehicle weight and resu l t ing  ine r t i a  character is t ics .  The magnetic f i e l d  

experiment requires the spacecraft t o  be magnetically clean a s  possible. 

Vehicle configurations required t o  accommodate the experiment package and 

supporting subsystems play an important ro le  i n  the magnitude of dis-  

turbance f o r  which the a t t i tude  control  system mugt compensate. 

Several so la r  probe system studies  have beeg cQnducted a s  pa r t  of 

the study contract  (Ref. 4 ) in  which the r e l a t ive  advantages of spin versus 

a t t i t ude  s t ab i l i za t ion  concepts w e r e  evaluated, a l l  of which recomnended 

the l a t t e r  approach. I n  most of these s tudies  the booster configuration 

has included a so l id  rocket inject ion stage using a spinning approach t o  

provide s t a b i l i t y  during the  thrust  period. 

separated from the in jec t ion  stage and approximately despun with a "yo-yo" 

mechanism. The control  system f o r  the spacecraft  must then: 

The solar  probe vehicle i s  

Cancel a l l  residual a t t i t ude  r a t e s  subsequent t o  the yo-yo 

despin operation. 

Maintain the or ientat ion of the heat shield and solar  panels 

with respect t o  the Sun l i n e  during the en t i r e  f l i gh t .  

Provide a ce l e s t i a l ly  fixed three-axita a t t i t ude  reference f o r  

use i n  experiment or ientat ion and data analysis,  and or ientat ion 
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I 
of the high-gain comunication antenna toward Earth. 

Provide auxi l ia ry  control functions f o r  posit ioning antennas, 

sensors, probes, etc. 

4) 

A detai led study of the so la r  probe mission has est4blished fha t  there  a re  

no s t r ingent  vehicle a t t i t u d e  accuracy requirements imposed by e i the r  the 

experiments or the onboard systems & 1 

comnunication subsystem) . 
0 

a t  most, which is required by the 

I n  s iz ing any a t t i t u d e  control system, the maximum correct ive torque 

and t o t a l  impulse requirements must be esteblished. 

the maximum torque leve l  w i l l  probably be sized, based on either the 

maximum rate allowable f o r  t h e  solar f l a r e  monitoring experiment or  the 

maximum response r a t e  of the system required t o  counteract meteoroid 

disturbances within the thermal l i m i t s  of the vehicle. 

For the so la r  probe, 

The t o t a l  impulse requirements a re  usually established by a conhination 

of reor ientat ion maneuvers and cancellation of disturbing torques. 

maximum disturbing torque t o  be encountered during the so la r  probe misston 

w i l l  r e su l t  from the e r r o r  i n  coincidence between thQ solar center  of pressure 

and the vehicle c.g. 

must be accounted for ,  the solar pressure disturbance represents the major 

impulse requirement of the a t t i tude  control  system. 

response r a t e  and disturbance cancellation requiremnts  f o r  a typical  solar  

probe mission i s  shown in Table 11. 

Thq 

While meteoroid impact and motion of in te rna l  equipment 

A sumnary of the accuracy, 

. . , . . . . . . . . .. . - - . . . . . . . . . . . -. - .. 



c & 

i 3 

I 
L .  

I .. - .  
, '  

TABLE IL 

Accuracy 

During communication 

Solar flare monitoring 

Remaining experiments 
All  other systems 

Response Rate 

(rad/sec 

Maximum limit alloyable for solar flare monitoring 

Required to counteract meteoroid disturbance within 
thermal limits cif vehicle 

Disturbance6 

Solar pressure--dish antenna (near earth) 
Solar pressure--20-cm CP uncertainty (new earth) 
Magnetic torque (entire vehicle of tmn) 

Gravity torque (0.3 AU mission-mdmum) 

Meteoroid impulse (0.01 probability of exceeding this) 

Tape recorder--momentum transfer 

Solar panel (20-deg motion) 
Yagi antenna (2-deg motion) 
Dish antenna (2-deg motion) 

11 

;j 

1 - + 1.45 
- + 2.53 

d 

I 

(dyne- cm) 

1 .  i 0,00214 
A .  

. .. 
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D. CONTROL SYSTEM ENVIRONWNT 

Perhaps the most severe design requirement imposed on the a t t i t ude  

control subsystem i s  tha t  of re l iab le  operation fo r  long t i m e  periods under 

the combined intense temperature and radiat ion environment. This require- 

ment i s  even more severe when it is  realized tha t ,  with the extremely 

c r i t i c a l  payload weight res t r ic t ions ,  a minimum of system redundancy can 

be allowed. A detai led radiat ion damage study f o r  a typ ica l  solar  probe 

mission (Ref. 1 ) has indicated the necessity f o r  some shielding of 

electronic  components, along with judicious component select ion and 

subsequent locat ion on the vehicle. The temperature environment expected 

during the mission may necessitate specie1 design fea tures  i n  many of the 

control system components. It appears tha t  the Sun sensor, i n  par t iculgr ,  

requires a special  housing design t o  provide radiat ion cooling, as  w e l l  a s  

automatic gain control t o  compensate f g r  the changes i n  solar  in tens i t?  

during the mission, while the  Sun sensor opt ics  require special coating8 

t o  avoid darkening. The environment i s  described Ln more d e t a i l  below. 

1. Solar  Radiation Environment 

12 

Components of the ex t r a t e r r e s t r i a l  environment which should be in- 

cluded i n  the design of a space probe are radiat ion (both electromagnetic 

and corpuscular), meteoric debris, low pressure and dens$ty, gravitation- 

f r ee  f i e lds ,  and magnetic f ie lds .  Detailed data concerning the eomponentp 

of the ex t r a t e r r e s t r i a l  environment are available frolp a var ie ty  of sources 

(Refs. 5 thru 9 )  and are continually being reviewed. Examples of the data  

available f o r  radiat ion and meteorite in te rac t ion  s tudies  a re  shown i n  

. .. . . - . . . . . . - . . . I .. . . . . . . . . . - .. 
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Figs. 6, 7 and 8. 

An evaluation of the environment and i t s  subsequent e f fqc t  upon a 

solar  probe type vehicle has indicated t h a t  the m a j o r  external  source of 

consequence w i l l  be the so la r  prOton r ad ia t i sn  tha t  occurs a t  the time 

of a major solar  f l a r e ,  as w e l l  as the continuous so l a r  electromagnetic 

radiat ion (Ref. 1). 

Interact ions of radiation with materials and subsequent consequences 

are  dependent upon the  energy and the type of the radiat ion (electromagnetic 

or  corpuscular) . 
surface e f f ec t s  or both, dependiqg upon the  energy t ransfer  mechanisms (i.e., 

ionization, exci ta t ion,  phonon generation, displacement, qtc.) . 

Such interact ions can mqnifest themselves i n  volpme e f f ec t s ,  

Continuous so la r  electromagnetic rqdiatqon is of consequence f o r  the 

solar  probe since t h i s  f i e l d  i e  the  major contributor t o  the themal  

environment of the system. 

1.4 kw/sq cm (443 Btu/sq f t -hr)  and i s  coneidered t o  f o l l &  the  inverqe 

square law t o  a t  least 0.2 AU. The majority of the solar  energy (91%) 

The solar  constant a t  1 AU is calculated t o  be 

l i e s  i n  wavelengths longer than 0 . 4 ~ .  I n  8ddition t o  providing the thermal 

environment, however, the solar spectrum contains an appreciable amount of 

short wavelength radiat ion which is eas i ly  absorbed and which aan give rise 

t o  color center generation and photolytic reactions which in tu rn  can mani- 

f e s t  themselves as changes i n  absorption propert ies  of therms1 control  

surf aces and photoconductive materials. Such changes in opt ica l  propert ies  

can be re f lec ted  as  uncertainties i n  the in te rna l  thermal environment (Ref. 

10). A t  present there  is stwe cOntroversy as t o  the importanoe of thq 

simultaneous in te rac t ion  of solar electromagnetia radiat ioq and the 

corpuscular t ad ta t ion  encountered i n  a so lgr  o rb i t  upon changes in absorption 
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of solar  energy. 

propert ies  i s  considered minuscule by comparison t o  the e f f ec t  from 

solar  electromagnetic radiation.) 

(The e f fec t  of the meteoroid environment upon opt ica l  

The requirement which led  t o  concern over solar  f l a r e  protops was 

the need tha t  a l l  e lectronic  equipment operate i n  the natural  and induced 

radiat ion environment during a 0.3 AU mission (Ref. 1). 

w e l l  established that the threshold f o r  the degradation of e lectronic  

charac te r i s t ic  s- -spec if i c a l  l y  semiconductor devlae s-- is w e l l  below bhat 

f o r  other damage c r i t e r i a  (Ref. ll), such devices set the radiat ion shield- 

ing requirements. An analysis of the mLnimum shielding requirements f o r  

Since i t  hgs been 

the protect ion of the electronic cmponents indicated thac a shield of 

0.044-in. aluminum was required and tha t  the solar  f l a r e  proton f l u x  

(NASA/Ames Model) w a s  the external source making the major contribution 

t o  the acceptgble r sd ia t ion  exposura. 

2. Solar Heat Environment 

a 

The spectral  range of the electromagnetic radiation which bas a 

cr i t ical  influence on the thermal enviromment of ttp 'spacearaft happens 

t o  be the  most predictable. The average solar  thermal f lux  (approximately 

450 Btu/sq f t -h r  a t  the Earth's o rb i t a l  distance from the Sun) increases 

by fac tors  of 10 and 25 at 0.3 AU and 0.2 AU, respectively. 

p ro f i l e  f o r  a typical spacecraft i s  presented in Fig. 5 . 
shown a t  0.6 AU corresponds t o  the programed s h i f t  i n  solar array orlenta- 

t ion.  The temperature limits shown indicate  tha t  the control  system 

components must be designed for  operation i n  a maximum temperature enviroq- 

ment of 1000% i f  exposed, o r  less than lCtO°F i f  protected by the heat shield. 

A thermal 

The disqontinuity 



implemented electronical ly  since the temperature var ia t ion  as shown 

covers a range of approximately 700 F during the course of the  mission 

when d i rec t ly  exposed. If qot protected by the thermal control  system 

some components could be required t o  operate a t  near zero F through 

the high temperature range. 

system be as insensi t ive as possible to  these temperature var la t ioss .  

0 

0 

It i s  desirable tha t  a f l u i d i c  cpntrol 

I 

15 

The locat ion of the control logic elements i s  extremely importgnt when 
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E, CONTROL SYSTEM CONF'SGURATION . 

! 

During our previous Solar Probe System Study contract  the requirements 

f o r  a t t i t ude  control and s t ab i l i za t ion  were considered i n  d e t a i l  and various 

control system approaches were evaluated. These approaches considered 

a l te rna t ive  references such as Sun, planets  and stars and selected tho Sun 

a s  the basic  two axes reference and the S t a r  Canopus f o r  the th i rd  reference 

axis. Canopus was selected because of i t s  location, brightness and avai l -  

a b i l i t y  of s t a r  sensors whiah have been designed spec i f ica l ly  t o  track t h i s  

s t a r .  Various control log ic  schemes and control torque devices have been 

studied f o r  application t o  the solar  probe mission and are reported i n  Ref.1. 

Trade-offs of system weight, complexity and r e l i a b i l t t y  a re  presented, and 

reconmendations fo r  the system approach are made. Analag and d ig i t a l  logic  

approaches are considered i n  combination with react ion jets, momentum 

exchange devices and so lar  pressure torquing techniques. 

approach uses momentum whsela f o r  t rans ien t  disturbapces gnd solar  pressure 

vanes fo r  trimming the vehicle,  desaturating the mmentum exchange devices 

and providing damping i n  the solar pressure control mode. 

select ion was based on the following considerations: 

The recowended 

This syqtem 

1) The flywheel system (except i n  the r o l l  axis) operates without 

need f o r  an effluent. 

on the e f f ec t s  of such ef f luents  a s  NZ, H20, €I2, etc.., on the 

various experiments, i t  is  conceded tha t  these materials may 

generate a problem. Since the primary purpose of the solar  probe 

is t o  co l l ec t  data by means of i ts  experiments, i t  was decided 

Although there has not been agreement 

0 
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tha t  there  is a significant advantage t o  a non-expulsive system, 

such a s  the flywheel system, which s ignif icant ly  reducee the 

potent ia l  experiment degradation problem. 

and solar  pressure for t r i m  and long term damping the average 

e f f luent  r a t e  i s  0.287 x 10 

Using react ion je ts  

-3 lb/hr  while the reconanended f ly -  

wheel system with reaction je ts  fo r  r o l l  control has an average 

e f f luent  rate of 0.148 x lb/hr. 

2) The react ion jet system requires lead c i r cu i t s ,  r a t e  gyros of 

an extremely low threshold or psuedo r a t e  switching netwarks 

f o r  primary damping. While t h i s  is not an insurmountable 

problem, the advantages i n  the self  -damping charac te r i s t ics  of 

the velocity Controlled flywheel are obvious. The e n t i r e  damp- 

ing problem is avoided. 

3) The weight of the reaction je t - so la r  trim system is 8 l b s  

l i gh te r  and includes 2.0 l b s  f o r  liplit cycle pqopellant and 

tankage (based on a spec i f ic  inpulse of 50) .  

calculated l i m i t  cycle propellaqt and tankage, u s i n g  a timed- 

pulse j e t  controller f o r  low level  l i m i t  cycle control,  is 0.68 

lb.  A safety factor of three was chosen, leading t o  the 2.0 l b  

requirement. Earl ier  s c i en t i f i c  s a t e l l i t e  control systems, such 

as that on Mariner, have had fac tors  of up t o  ten i n  propellant 

and tankage. 

calculated l i m i t  cycle propellant and tankage f o r  the so la r  probe 

j e t  system, the rractlon jet! system weight would increase by 

4.8 l b  narrowing the weight difference between the j e t  and f ly-  

The actual  

If a safety fac tor  of t en  were applued t o  the 
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wheel systems t o  3.2 lb. 

The l i m i t  cycle amplitude i n  the j e t  system i s  heavily dependent 

on the various sensor gains, being inversely proportional t o  the 

sensor gains, and the resu l t ing  propellant consumption r a t e  i s  

proportional t o  the  sensor gaine. 

system is included i n  the recornended electronic  gun sensor 

design, i t a  f a i l u r e  i n  a j e t  system would lead t o  extremely t i g h t  

4) 

While a gain compensation 

l imi t  cyclea aear  the sun and tha propellant margin would be 

dissipated.  On the other hand, g gain cgmpensation f a i l u r e  i n  

the flywheel system would simply lead t o  lower syatsm dampiqg, 

which would not prevent successful completion of the misston. 

5 )  Due t o  the  necessity 

l i m i t  cycie behavior 

j e t  cont ro l le r  would 

f o r  a timed pulse c i r c u i t  t o  determine the 

of the j e t  syetem, the c i r cu i t ry  fo r  the 

be somewhat more complex than tha t  f o r  the 

wheel control ler .  While t h i s  is not an overriding fac tor ,  it is 

cer tainly a consideration i n  the system choice. 

Even having considered all of these fac tors  the weight advantage of the 

reaction j e t - so l a r  t r i m  system cannot be ignored. 

i s  recornended (as a guideline for  the fluLdLc system implementaCion), it 

should be noted t h a t  e i t h e r  the  react ion je t  system with solar  pressure or 

While the flywheel syatem 

the flywheel system with so la r  pressure would be a satisEactory choice. 

I n  the recornended system momembum wheels a re  used f o r  short-term 

s t ab i l i za t ion  and control. 

a re  accomplished i n  p i t ch  and yaw by so lar  pressure control  surface^, and i n  

r o l l  by nitrogen gae j e t e .  

Long-term s t ab i l i za t ion  and wheel desaturation 

Sua sensors p rwfde  a reference t o  thq Sun l i n e  

i n  p i tch  and yaw, and provide the eigaal t o  both $he momentum wheel torquer 

1 

. . . ~ .  . .  . . .  ... .. .. . . , . . .. ., _ _  -. I. . . ._. .. - -  
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and servo-actuators f o r  the control surfaces. A Canopus tracker provtdes 

vehicle r o l l  reference and input s igna ls  t o  the r o l l  momentum wheel system, 

Block diagrams f o r  the pi tch aqd r o l l  control systems are  shown i n  Figs. 6 

and 7. 

Considering the application of a constant disturbing torque a t  

(Fig. 6 ) ,  the i n i t i a l  angular accelqration of the vehicle  causes a momentum 

wheel moment t o  be developed, which cancels the d is twbing  moment within 

60 sec. 

settle t o  a constant acceleration, requiring a constant vehicle r a t e  t o  be 

present and quickly resul t ing i n  wheel saturation. 

begins t o  accumulate any required t r i m  moments, dr ivisg the a t t i t ude  e r ro r  

and wheel speed t o  eero i n  the  steady s t a t e .  

Were there no t r i m  eystem, the momentum wheel would ult imately 

The t r i m  system, however, 

Ultimately, )t - % and 

% = Q - 0.  Without t r i m ,  the  ultimate r e s u l t  would be B$ = 

+ %t/J. 

ef fec t ,  but i s  important i n  achieving adequgte dynamic s t ab i l i t y .  

reasoning w i l l  show that ,  where an i n i t i a l  vehicle r a t e  would, without solar  

torques, r e su l t  $n a steady-state a t t i t ude  hangoff and constant wheal speed, 

the basic s t a t i c  s t a b i l i t y  of the vehicle, with or  without thq t r i m  system, 

leads t o  an ultimate decay i n  wheel speed and a t t i t ude  error .  

y i t h u -  u 
1 

The natural s t a t i o  s t a b i l i t y  of the vehicle (I$$ has no steady-state 

Similar 

The p i t ch  and yaw momentum wheels are continuously desaturated without 

an expulsive torque device and continuously operate about s t a l l .  

s t a t i c  s t a b i l i t y  i s  achieved by designing the so la r  panel system +and other 

external appendages t o  place the center of so la r  pressure a f t  of the center 

Vehicle 

of gravity. 

and re t rac tab le  booms, one on each sidq of the vehicle. 

The trim system in  each ax is  takes the f o r a  of two extendable 

(T~uE, there  a re  two 
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yaw t r i m  booms and two p i t ch  trim boans; B t o t a l  of four.) 

be extended (as much as 45 f t )  and retracted by motors which operate i n  

pa ra l l e l  w i t h  the  momentum wheel torquers. 

withdrawn, the log ic  c i r c u i t  transfers control t o  the other boom, which 

The booms can 

When one boom has been f u l l y  

then begins t o  extend. Thus, a b i l a t e r a l  trimming capabili ty is achieved. 

The exact mechanization of the t r i m  system can vary; f o r  example, use of 

t r i m  vanes on the end of solar panelg (such as used on Mariner C) could 

replace the above concept. 

The r o l l  control systwn (Pig. 13) u t i l i z e s  no so lar  pressure. Since 

the steady r o l l  disturbing torques a re  pxpected t o  be s o w  two orders of 

magnitude less than those i n  pitch and yaw, no t r i m  system is included i n  

t h i s  design. 

a t t i t ude  hangoff which would result  fram i n i t i a l  vehicle r a t e  about the  r o l l  

In tegra l  control of the  momentum wheel i s  used t o  eliminate 

axis. A tachometer, mounted on the torquer wheel shaft, io monitored t o  

determine when t o  f i r e  desaturation jets. 

indicated by the tachometer output, reaches a l eve l  of 95% of the wheel 

When tha wheel speed, a8 

sa tura t ion  speed, the  appropriate j e t e  f i r e  apd remain op u n t i l  the indicated 

wheel speed has dropped b a l m  a l eve l  of 5% of the wheel sa tura t ion  speed. 

Again, the pr inc ipa l  loop damping is supplied by the torquer's own ve loc i ty  

feedback characterist ics.  

Results of analog computer studies u a i q  t h i s  system f o r  a typical 

so la r  probe mission a re  reported i n  Refs. 1 and 12. 

The proposed system xequires the following type8 of components f o r  

implement ation: 

Canopus Tracker 
Sun Sensor - Primary and Secondary 
Angular Rate Sensor 
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Flywheel Momentum Storage Device 
Reaction Jet System 
Boom Actuators 
Bi-metallic Vane Actvator 
Control and Logic Circuitry - Including various 

Interface Circuitry for Ground Commands and Telemetry 
operating modes . 

A typical performance specif ication is presented i n  Table 1x1 to indicate 

the requirements which the camponents must meet i n  a typical solar probe 

mission. 

i 

I 
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F, COXl'ROLS RELIABILITY REQUDREMENT 

Extensive r e l i a b i l i t y  studies were performed under our previous 

Solar  Probe study contract. In t h i s  study the various configurations 

of control  system implementation used electro-mechanical components 

(Ref. 1 ) . 
of success based on the r e l i a b i l i t y ,  weight and performance capabi l i t i es  

of the vehicle  s y s t e m s  and subsystems, along with various equipment 

operating modes. These studies included: 

These s tudies  involved evaluating the mission probabili ty 

1) 

2) Ident i f ica t ion  of f a i l u r e  effects .  

3) 

Ident i f ica t ion  of subsystem functional operations. 

Establislrment of systems logic  diagrams f o r  each configuration, 

shawing every possible succesa mode. 

Establishmept of mathematical mqdels, using information i n  4) 

logic  dfegrams, 
e 

5 )  Establishment of environmental matrix. 

6 )  Establishment of component r e l i a b i l i t y  estimatas f o r  inputs 

t o  mathematical models and estimation of the r e l i a b i l i t y  f o r  

each system. 

The log ic  diagram f o r  the  a t t i t ude  s t ab i l i za t ion  and control 'system, used 

f o r  the r e l i a b i l i t y  study, is shown i n  Fig. 8 . The logic  diagram shown 

includes each f unctional equipment, shows a l l  redundancies and each separate 

path t o  success. 

r e l i a b i l i t y .  

It was used t o  es tab l i sh  logic  equations fo r  subsystem 

The mathematical model was taken d i rec t ly  from the logic 

diagram t o  es tab l i sh  an equation f o r  the sum of a l l  the  probabi l f t ies  of 

each independent path t o  success. 

.. . . - . I - . .. . . ... . . . . .  
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The environmental m a t r i x  showed the expected environments and 

t h e i r  estimated d is t r ibu t ions  from prelaunch through two complete solar 

probe orbi ts .  

t ha t  the equipment would meet i ts  r e l i a b i l i t y  requirements. 

The environmental matrix was used t o  define the probabi l i ty  

A pr incipal  r e s u l t  of these s tudies  is a r e l i a b i l i t y  comparison 

of react ion je t  control  system versus a flywheel control  system. 

flywheel system proved t o  be l igh ter  and t o  have a higher r e l i a b i l i t y ,  

This comparison a s  a function of mission time i s  shown i n  Table IV. 

these s tudies  were conducted for  electro-mechanical implementation of the 

control system the resu l t ing  r e l i a b i l i t y  of a f l u i d i c  implementation would 

have t o  be t t e r  or  equal tha t  obtained with electronics ,  i n  order t o  j u s t i f y  

The 

Since 

I 

the f l u i d i c  approach. 

w i l l  be discussed l a t e r  i n  the report. 

The expected r e l i a b i l i t y  of the f l u i d i c  approach 
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TABLE IV- 

Cumulative Reliability of Attitude Control System 

Basic Subsystem 3 months . 6 months 9 months 12 months Hission 
Reliability 
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I V .  CONTROL SYSTEM IMPUMENTATION 

A. SENSORS 

To provide the long term s tab i l iza t ion  of a deep space probe t o  

f a c i l i t a t e  the s c i e n t i f i c  sensors and the conrmuTlication system, a reference 

system based on radiat ion from c e l e s t i a l  obJects is the only pract icable  

approach. 

and the Mariner s e r i e s  as w e l l  as a large number of ea r th  qatellite pro- 

grams. 

and as a consequence this  source of reference has been used on almost all 

space programs. Planet sensors have been used when the t ra jec tory  of the 

space vehicle is such that a large percentage of the  mission i s  spept near 

the planet, i .e . ,  horizon scanners i n  ear th  orb i t .  

source of rad ia t ion  ! 

less than the earth,  moon, or  Bun. S ta r  sensors have been used on Mariner I 

Radiation type sensors have been used on Surveyor, Lunar  Orbiter, 

The most convenient and l a rges t  6ource of Cadgation i s  the sun 

S ta r s  provide anQther 

althougb t h e i r  in tens i ty  is several  orders of magqitude 

Mars and Lunar Orbit. j 
I 

I 
I n e r t i a l  type sensors are useful for short  durstion a t t i t u d e  changes 

required f o r  maneuvering the spacecraft o r  pointing the s c i e n t i f i c  senBors. 

For the Solar Probe Vehicle a t t i t ude  control requirement some sensors 

w i l l  be needed f o r  p i tch  and yaw s tab i l iza t ion  and a s t e l l a r  reference f o r  

r o l l  control. Based on previous s tudies  under NASA contract  in the Solar 

Probe Vehicle ( R e f .  1 ), the S ta r  Canopus of fe rs  the best r o l l  reference 

for  the planned mission. I n e r t i a l  sensors are required f q r  i n i t i a l  vebicle I 

1 
s tab i l iza t ion  followlng inject ion and to  maintain a t t i t u d e  following a loss 

of the c e l e s t i a l  reference due t o  a disturbance. 

ments our survey of f l u i d i c  sensors has been prlmariJ-y aimed a t  xork which 

Eased on these require- 

has been accomplished on f lu id i c  sun, star and i n e r t i a l  rate 6ensors. 
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1. Solar 

A f l u i d i c  solar rad ia t ion  sensor must Tespond t o  the anticipated 

i r rad ia t ion  levels,  of 0.13 watt/sq cm a t  1 AU and 1.2 watts/sq cm at 

0.3 AU, w i t h  an adequately strong fluidic s ignal  and an acceptable response 

time. 

the Martin Company. These are: 

!Cwo categories o f  solar  radiat ion sensors have been investigated by 

(1) Direct f l u id i c  radiation sensors i n  which the radiat ion ac t s  

immediately on a f lu id i c  element and gives a f lu id i c  output 

s ignal  resul t ing f rm a change i n  i t s  operating conditiion. 

Indirect  radiat ion sensors in which a primary sensor gives a 

non-fluidic output signal which is then introduced in to  the 

f lu id i c  control system with the a id  of a su i tab le  transfer. 

(2) 

Direct f l u id i c  radiation sensors w i l l  always convert impingent radiat ion 

energy in to  heat by absorption and use this  hea t  addition for changing the 

f l u i d  flow passing through them, I n  other word6, these sensors are essent ia l ly  

f lu id i c  thermometers. The best  known and most widely used f lu id i c  thermom- 

eter i s  a gas-operated f lu id  osc i l l a to r  which is a b is tab le  element w i t h  a 

feedback loop between its two control parts.  

determined by the t rave l  time of a pulse through the feedback path, which 

changes w i t h  the sound velocity ( c )  i n  the gas and therefore w i t h  the gas 

temperature (T), since c i s  proportional to fi 
temperature sensor is  therefore a variable frequency of the oscillatrlon, 

and one can obtain the f lu id  temperature by comparison w i t h  a standard fre- 

quency from an unheated osc i l la tor  ( i .e . ,  by counting beats).  

element as a radiation sensor, the feedback path i s  exposed t o  the radiation, 

Its frequency is c lear ly  

The output of t h b  f lu id i c  

To use this  

resul t ing i n  a frequency change as an output signal.. 

, . . - .. . . . . ,.. 
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There are a number of problems t o  be solved i n  order to  obtain a 

su f f i c i en t ly  fast response from t h i s  sensor. The worst of them is tha t  

the small mass of the gas i n  the feedback loop ( i n  comparison with that  

of its walls) makes it necessary t o  use a very th in  wa1.1 of a material 

with good heat conductivity, low spec i f ic  heat (per  un i t  volume, not  per  

un i t  mass) and adequate mechanical strength. 

with an outer coating of platinum black f o r  absorption may be superior to  

I n  t h i s  respect, pure silver 

both gold and platinum which are both too heavy and have a lower heat con- 

ductivity.  

ge t t ing  r i d  of the  r e l a t i v e l y  subs tan t ia l  amount of absorbed heat i n  t h e  

wall as fast as possible a f t e r  it has served its purpose of indicat ing the 

Another problem with this  type of radiat ion sensor i s  that of 

presence of radiat ion by a frequency change. 

forced cooling which could ( for  instance) be provided by an arrangement 

This 8eems t o  reqwlre a 

where the frequency change would a lso  t r igger  a short in jec t ion  of cold 

gas i n t o  the feedback path t o  remove the excess of stored heat i n  the 

sensor wall. 

sensor concept, we believe that it can be developed i n t o  a p rac t i ca l  device, 

although it will have t o  be complex i n  order t o  meet all requirements f o r  

On the basis of our preliminary examination of t h i s  rad ta t ion  

i t s  use i n  an a t t i t ude  control system. 

A second typical  example far a d i r ec t  f l u i d i c  radiat ion sensor and, 

i n  fact, f o r  a sensor of great simplicity, is obtained by " t ranslat ing" 

the well-known e l e c t r i c a l  '%bolometer" in to  the system of f lu id ics .  

e l ec t r i ca l  radiat ion sensor of the bolometer type is simply a th in  blackened 

platinum s t r i p  whose temperature, and therefore whose e l e c t r i c a l  res is tance,  

changes by absorption of energy from a radiat ion field. 

"f luidic  bolometer" is a thin-walled m e t a l  cap i l la ry  with a blackened 

surf'ace, conveniently coiled up i n t o  a f l a t  spiral  and positioned at  the 

An 

The corresponding 
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focus of an opt ica l  system, whose "flow resistance" f o r  laminar flow is 

changed by radiative heating, s ince the v iscos i ty  coeff ic ient  of a gas 

increases with it$ temperature. The output s ignal  from this simple 

rad ia t ion  sensor i s  an increase of the pressure difference between its 

two ends under i r radiat ion,  and a pressure s ignal  of this type is  easy to  

u t i l i z e  i n  a f l u i d i c  control system where it can ( f o r  example) t r igger  the 

switching of a bistable element t o  ipit iate a control  action. Since the 

continuous gas flow through the sensor provides in te rna l  cooling of the 

element, there is no need t o  provide extra cooling t o  improve response 

character is t ics .  Experiments w i t h  this sensor have been performed i n  our 

laboratory and have demonstrated that it works weU i n  radiat ion f i e l d s  

with a minimum in tens i ty  of around 1 watt/sq cm up t o  rather hi& in- 

t ens i ty  levels. 

may be w e l l  sui ted for  the  present application. 

shown i n  Fig. 9. 

We believe, therefore, that the  f l u i d i c  bolometer concept 

The experimental u n i t  is 

I n  the state-of-the-art  survey conducted as part of the sue jec t  con- 

tract, we found one reference which discussed radiat ion type sensors. 

Garner and Tuller i n  Ref. 13 discussed two 1;ms of sensors, one each 

of categories (1) and (2). 

which the suns energy raised the temperature of the working f l u i d  housed 

i n  a radiat ion detector  thus changing its spec i f ic  volume and flow charac- 

t e r i s t i c s .  This sensor is similar t o  the Martin "bolometer" approach, but  

would appear t o  be less sensit ive since the Martin approach depends p r i -  

marily on changes i n  viscosi ty  with temperature and not on pressure-volume 

relationships.  

The first  involved a "green-hQUSs" concept i n  

Garner stated t h a t  laboratory test using t h i s  sensor have 

been conducted a t  NASA-Langley t o  demonstrate i t s  f eas ib i l i t y ,  and while 

. .  . . . - . . , . - .  . - . . . . .  . . ~ .. . ~ .  -. . . . . . ~ ~ . .  . .- . . 
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no attempt w a s  made t o  optimize the configuration, s ens i t i v i ty  was low. 

Figure 10 ~ is taken from Ref. 13 and i l l u s t r a t e s  the working pr incipals  

of the device. 

detectors  is used f o r  the  control por t s  of a proportional amplifier, similar 

t o  the configuration of photocells i n  conventional e lectronlc  sun sensors. 

The d i f fe ren t ia l  pressure s ignal  of the two radiat ion 

The second sensor investigated by Garner and Tuller u t i l i zed  the difference 

i n  thermal expansion of a sandwich construction t o  cause a "flexible-leaf" 

motion t o  drive a conventional pneumatic pick-off. Tbe sandwich consis ts  of 

high coef f ic ien t  of expansion metal outer l aye rg  and a t h e m  insulator  for 

the middle layer.  

bending moment and the resul t ing motion of a f l ex ib l e  leaf' is used as 8 

f lu id i c  control  source. A schematic of this sensor is shown i n  Fig. 11 

taken from R e f .  13. 

The front-to-back temperature gradient intrgduces a 

The time-lag i n  t h i s  system can be used i n  a phase 

s t ab i l i z ing  mode of a t t i t ude  control. 

The "flexible leaf" sensor i s  a category (2) type and one c4n generate 

a la rge  number of concepts which fall i n t o  this category. 

under invest igat ion a t  Martin are: 

Two examples 

(1) The primary radiation sensor i s  a shadpwed bimetall ic s t r i p  whose 

bending under radiative heating gives en output i n  the form of 

a mechanical displacement. This type of actuator has been used 

on Mariner Mars for  moving auxi l ia ry  panels which provided vehicle 

s tab i l iza t ion .  The mechanical motion could be used i n  a nuaiber 

of ways t o  provide a fluidic signal. 

ment can be used t o  in se r t  a knife edge i n t o  a j e t  and cause it 

t o  be deflected from the axis of a jet s p l i t t e r  coafiguration 

For instance, the displace- 

o r  a simple j e t  col lector  inlet, o r  i t  can be used t o  produce a 
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l a t e r a l  displacement of the nozzle of a power j e t  re la t ive  t o  a 

j e t  s p l i t t e r .  This concept i s  much l i k e  tha t  of Garner's 

"flexible leaf" i n  R e f .  13. We have examined the use of the 

bimetallic s t r ip  and found that there  w i l l  be a need f o r  pro- 

viding forced cooling of t h e  s t r i p  i n  order t o  remove the 

absorbed heat as f a s t  a s  possible a f t e r  it has served its purpose. 

This will increase the complexity of t h i s  otherwise simple and 

rugged device. 

The primary sensor fo r  rad ia t ion  would be e l e c t r i c a l  such as a (2) 

thermoelectric device which gives a low-level d-c signal as ita 

output. 

(e.& 2 t o  6 x lo3 cps), and its autput could be converted i n t o  

sound in a piezo-electric o r  other sound generator which is 

placed in the v ic in i ty  of' the e x i t  noazle of a turbulence 

amplifier. It takes very l i t t l e  sound energy to  upset the 

balance of a laminar j e t  and cause it t o  become turbulent, and 

This s i g d  could dr ive an audio-frequency generator 

we believe that it will be possible to  obtain this energy f rcpn  

a s e r i e s  of metal thermocouples. 

a "local e l e c t r i c  loop" i n  the radiat ion detection pa r t  of a 

f lu id i c  solar a t t i t ude  control system is  its very fast response 

(of the order of a f e w  milliseconds and essent ia l ly  only the 

t rave l  time of the jet  from the nozzle of the  collector).  

believe tha t  i t s  main d i f f icu l ty ,  reliable operatton in an 

environment of elevated temperature, can be overcome if there  

i s  a real need for a f a s t e r  response than can be obtained wi$h 

The Inherent advantage of such 

We 

. . . .  - - .  . . . .  ". . . .  . 



. .  . 

33 

non-electric devices, but we prefer  the l a t t e r  ones because of 

t h e i r  g rea te r  simplicity. 

As a r e s u l t  of our f lu id i c  survey and our in-house s tudies  

of so lar  radiat ion sensors we can see no l imit ing problems Kith 

the development of a f l u i d i c  so la r  sensor. 

needed of such a sensor iq  the Solar Probe application is not ex- 

pected to  exceed that  which can be obtained with pure f lu id ics .  

The Martin f l u i d i c  bolometer concept hss  been demonstrated i n  

the laboratory and adequate sens i t i v i ty  obtained. 

development i s  required to obtain a proven sensor design, the 

f e a s i b i l i t y  of such f l u i d i c  so la r  sensing cqncepts has been 

established. 

The response t i m e  

While fur ther  

2. S ta r  

S tab i l iza t ion  about t he  vehicle axis pointing to the sun must be pro- 

Pure fluidic s t a r  sensqrs are beyond-the-state- vided by a star reference. 

of-the-art and perhaps a re  not feasible  technically. 

discusses the posalble application of the Golay c e l l  which $E thought t o  

be the most sens i t ive  f l u i d i c  sensor available t o  date. A telescope aperture 

of about ten miles would be required t o  obtain a signal-to-noise of one fraa 

Canopus. The Sensi t ivi ty  would have t o  be increased by two orders of magni- 

tude f o r  prac t ica l  applications and considerable development work would be 

required t o  provide a f l u i d i c  pick-off system. 

Garner i n  R e f .  13 

The most promising approach a t  present for  the Solar Probe A t t i t u d e  

Control System is  t o  use one of the  developed canopus trackers, with slight 

modifications, and incorporate one of the e l e c t r i c a l  t o  f l u i d i c  conversZon 

devices under development. This approach provides a ready interface with 
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the ground command and control system which would be necessary f o r  proper 

mission control io any case. 

lock-on of Canopus ( o r  any star) the procedure which has been used i n  Mariqpr 

requires the output of the Canopus tracker during a search mode t o  be trans- 

mitted t o  ground, 

which output represents Canopus. 

vehicle t o  i n i t i a t e  lock-on when the S tar  Canopus 18 being approached 

during the search. 

gates t o  prevent transmission of a l l  the stars i n  the search f i e l d  and t o  

Due to the d i f f i c u l t y  in  providing automatic 

Those outputs a re  obsenred and evaluated to determine 

The ground observer then conrmande the 

I 

I I n  addition, the tracker has upper and lower control 

protect  against  saturat ion fran lmo bright  a signal.. 

star reference lock-on (and re-lock-on should the reference be losed following 

i n i t i a l  acquitaitlon) is d i f f i c u l t  and requires in te r face  with ground comrasnd 

and control, the  use of an electronic s t e l l a r  reference is accommodated. 

3. I n e r t i a -  

Since the process of 

I n e r t i a l  reference sensors w i l l  be required on the Solar Probe Space- 

c r a f t  t o  provide e f f i c i e n t  init ial  damping of residual r a t e s  following 

inject ion and t o  provide a secondary reference i n  case of temporary loss of 

the c e l e s t i a l  reference par t icu lar ly  about the vehicle axis which is  
i 

aligned t o  the sun. An inertial r a t e  sensor i s  a s 0  required t o  provide a 

such mode f o r  i n e r t i a l  acquisition. 

Fortunately more development work bas been conducted throughout the 

country on i n e r t i a l  f l u d i i c  rate sensors than e i t h e r  the f l v i d i c  sun o r  

star sensors. 

Solar Probe (that i s  t o  provide r e t e  information and only tempwary a t t i t ude  

hold) , they a re  not required t o  have excessively low d r i f t  rates. 

Because of the mode of operation af the i n e r t i a l  sensors for 

lZle 

f lu id i c  gyros of the  gas lubricated bearing type have been under development 

. . . . . - 
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for  some time and have been applied i n  f l i gh t  vehicles. 

points out tha t  a t  least one of these has proven its long l i f e  and rella- 

b i l i t y  i n  a standby operation. A recent paper by Straut ,  Ref. 14- describes 

Garner i n  Ref. 13 

a two-axis pneumatic pick-off (TAPP) gas bearing gyro which has been f l igh t  

tested. This un i t  incorporates a gas supply b o t t l e  f o r  the spin-up bearirg 

and pick-off power supply. 

with a f l u e r i c  summary module. 

i s  available and operation i n  a closed loop (power recovery) is not discussed, 

the TAPP should be considered f o r  Solar Probe. 

A two-axis Jet-pipe pick-off i s  used i n  conjunction 

AlthQugh no detai led performance inqormation 

Garner also discusses a two-axis gyro i n  which a siagle external ly  

pressurized spherical  gas bearing serves fo r  both gimbal and spin bearings. 

The unit  uses f l u i d i c  torquers end pick-offs. A r a t a  gyro under development 

by Eclipse-Pioneer Dlvision of Bendix, Ref. 15 

turbine wheel rotat$ng on gas bearings. 

measure gimbal displacement between two or i f ices .  

consis ts  of a simple 

A jet-pipe pick-off is used t o  

The gyro has the 

following charac te r i s t ics  : 

Size 
Weight 
Maximum rate 
Resolution 
Threshold 
Natural f'requency 
Damping r a t i o  
Hysteresis 
Linear i ty  
Maximum now 

2.0" x 3" 
2.75 lb . 

Z i T E e c  
0.10 sec 

15 fi3.1 scale  mex. 
1s scale  max. 
.25 lb/hr 

1 5  CPS 
0.5 + 0.2 

Although the threshold character is t ics  do not meet the state requirements 

f o r  the Solar Probe Atti tude Control System given i n  Table 11 , th i s  un i t  was 

considered f o r  the i n e r t i a l  rate sensor requirement. 

t h i s  unit under A i r  Force contract for  posgible apnl icat ion i n  a flueric 

control system capable of operating i n  a 1400- environment. 

Bendix is  invest igat ing 
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Conventionally i n  Mariner and Surveyor Spacecraft, rate integratipg 

gyros a re  operated i n  the rate  and r a t e  integrat ipg modes t o  provide the 

necessary a t t i t u d e  reference. 

r a t e  mode for vehicle re-orientation and a vehicle rate commanded f o r  a 

specified time t o  accomplish the desired re-orientation. 

the  gyro i s  switched back t o t h e  integrating mode. 

I n  Lunar Orbiter the gyro is switched t o  its 

After re-orientation, 

A t  present there  is no known development program, (and f o r  that matter 

no ident i f ied conceptual approach) for a f l u e r i c  angular dieplacement sengor. 

Consequently, we must depend gn operating the I n e r t i a l  r a t e  i n s t v n t q  

i n  an integrat ing mode. The use of flueric integrations along with t h e i r  

inherent inaccuracies needs to  be f'urther explored. 

Another candidate foy the i n e r t i a l  sensors for the  subJect study is  

the vortex r a t e  sensor. 

tes ted by HM;, Bowles Engineering and Boneywell, 

their vortex rate sensor i n  a i r c r a f t  and missile8 p e r f o p i n g  an attitude 

s t ab i l i za t ion  function. 

Versions of this  uni t  have been etudied, b u i l t  and 

Honeywell has demonstrated 
I 

This sensor consist  bas i ca l ly  of an ideal  sink 

flow between two c o d a l  dishes and a vortex created by the ro t a t ion  of' the 

un i t  about its axis of synunetry. Hellbaum of NASA-Langley i n  Ref. 16 has 

conducted a study of a vortex rate device to evaluate the e f fec ts  of various 

geometrical design pat$erns (flow rate, coupling element diameter, exhaust 

o r i f i c e  diametry and cylinder height). Figure 12 presents a schematic 

of a vortex r a t e  sensor. Hellbaum has found that an increase i n  r a t i o  of 

tangential  camponent t o  radial component of veloci ty  occurs for a decrease 

flow r a t e  and that optimum radius t o  height r a t i o s  may e x i s t  for varlolus 

flow rates .  The exact configuration of these sensors and 8 detailed des- 

I '  
I 

9 I 

c r i p t ion  of their pick-off techniques are not ava iwble  i n  the open literature, 

3 
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A recent paper by Hall, Lindahl and Ostlwd, Ref. 17 does give performance 

character is t ics  of a vortex ra te  sensor used i n  a test of e f lu id i c  a t t i t u d e  

control system i n  the F-101B. This sensor had the Oollowing character is t ics :  

Threshold - 0.05O/sec 
Range -+ 100/sec 
Linearity 5s f ~ l l  s c a e  
Scale Factor - 0.06 i n  H20/O/sec 
Transport Delay - 9.015 seconds 

A t ransfer  Amction e-O*0255 is  used In  the analysis of the  system f o r  the  

rate sensor which represents the lumped transport  lags of the rate sensor 

q d  amplifier cascade. A high pass f i l ter  was used on the output ( 5 s  1 1 + T2s 
J 

i n  which T3= 4 seconds t o  prevent nu l l  s h i f t s  from affect ing the system. 

I n  an e a r l i e r  paper by Rei l ly  of Honeywell (Ref. 18 

the performance of three experimentgl f l u i d  f l i g h t  cqntrol sysCem8 is given 

), 6 descr ipt ion of 

and includes a discussiQn of the  sensor used on the F-1O1B tests. 

had a 6-inch diameter coupling element and an ou t l e t  sink of 0.070 inches. 

The unit 

Differential  pressure output of the sensor I s  &liOied 100 timss by a 5-stege 

fluid amplifier cascade. 

meet the Solar Frobe requirements l isted i n  Table I1 

of the threshold. 

Ref. 19 

expense of increased time lags. 

determine the scale f ac to r  whiqh s e t s  the loop pressure gain. 

The operating charac te r i s t ics  given for t h i s  un i t  

with the exception 

Studies by Lock and.Gee of NASA-Langley reported i n  

have shown tha t  threshold decreasea with larger diameters a t  the 

Power supply pressure and ambient pressure 

Rei l ly  (Ref. 18 ) a lso  describes the use of a vortex r a t e  sensor i n  

an a t t i t ude  hold mode much like that which w i l l  be required on Solar Probe. 

This system was flight tested on the roll, ax i s  of the Army's Test  Instru-  

mentation Missile (TIM). Output s ignals  from the vortex rate sensor were 

amplified and separated into two outputs. One signal waq fed through B f l u i d  

I 

i 
i 
1 
1 
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network having a 10-second time constant and then mixed with the pure r a t e  

signal. 

a t t i t ude  informat$on. 

a t t i t ude  control system successfully flight demonstrated a - + .5O l i m i t  cycle 

The f l u i d  network essent ia l ly  integrated the r a t e  signal. t o  provide 

I n  the presence o f  a disturbing torque the T I M  f l u i d i c  

hold capabili ty.  

have been discussed i n  the literature. A uni t  investigated by T. Sarpkaya 

of the University of Nebraska and reported i n  R e f .  20 

top and bottom, and it was found that the output f o r  a given angular rate 

dropped sharply when one tube was closed. Based on his  investigation he 

recommends that a symmetrical sensor be used. Another form of vortex 

sensor reported i n  Ref. 22 wed separate pressure controlled osciLlators 

on each of the  output ports  and a difference counter t o  perform the integration. 

This difference count is  then converted t o  an qmalog signal  which provides 

Several variations of the vortex r a t e  sensor configuration 

had two sink tubes, 

d i f fe ren t ia l  pressure on flow rate which is pyoporttonal t o  angular rate. 

Angular rate seesgrs which use a high density-low v iscos i ty  f l u i d  have 

a lso  been proposed and are under development. A unit  under development a t  

Martin employs j e t s  to  spin f lu id  i n  a prac t ica l ly  enclosed cav$ty serving 

as a momentum trap. 

ment can be picked off by a l o w  torque f lu id i c  displacement sensor (e.&, 

a j e t  interrupter) .  

Fig. 13. I n  a similar version reported i n  Ref. 22 by Mott and D l w n d ,  

the momentum of the f l u i d  causes it t o  maintain a fixed or ientat ion I n  space 

when the cavi ty  i s  moved and causes a small angle to  develop between the 

area of rotat ion of the f lu id  and the axis of rotat ion of the  cavity. 

displacement causes an unsymmetrical pressure d is t r ibu t ion  @bout the spin 

ax i s  which can be sensed. 

The cavity is spring-retained and the  angular displace7 

The hydraulic version of such a device i s  shown i n  

This 

A uni t  described by Rae and Ostrander of Development 

Laboratories Inc., Ref, 23 and _ .  24,  describes a modified vortex sensor 
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which determines angular rate by d i r ec t  measurement of angular ve loc i t ies  

i n  the f luid.  This unit i s  described as follows: 

with hydrocarbon f lu id ,  having a dividing wall with a hole in  the center 

so that the f l u i d  can circulate  rad ia l ly  inward on one side of the  passage, 

r ad ia l ly  outward on the other side. 

a porous plug i s  used t o  straighten the flow and iPlpact an angular veloci ty  

t o  the  working f lu id .  

elements i n  the stream with sensing electrodes s l i gh t ly  downstream. 

a f l a t t e n  vessel, f i l l e d  

Pumps a re  placed i n  re turn passages, 

The added spa t i a l  ro ta t ion  is measured by heating 

The 

a r r i v a l  of hot molecules a t  the eensing eleatrodg provide ve loc i ty  inf'grmation. 

The operation of the vortex rate system and its associated pick-offs 

and 'amplification stages under changing elevated temperature environments 

has not been explored. One indication o f  this peflormance was obtained 

fiom R e f .  25 writ ten by Clayton and Pqsengies. I n  t h i a  case a vQrbx 
I 

rate sensor was being operated from a N2 %low-down" system with supply i 

pressure changing f m  3300 psia  t o  330 psla  during the mission. 

change i n  supply pressure caused a change i n  temperature of 130% i n  the 

working f l u i d  and resul ted In a nul l  s h i f t  o f  s e v e r 4  degrees/second, 

This 

After a review of the  current s t a tus  of i n e r t i a l  rate sensors and 

the Solar Probe Atti tude Control Requirements it appears tha t  there  wi l l  be 

l i t t l e  problem i n  finding an acceptable sensor. 

can be w e d  and i t s  performance has been demonstrated i n  f l i g h t  tests under 

similar performance application. 

the sensor and its output amplificatian needs fur ther  study, however. 

The vortex type r a t e  sensor 

The subject of e f fec t  of temperature on 

1 i 
r 
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B. FLUIDIC P(IWER SYSTEMS 

i 

! 

,I.. Problem DescriDtiog 

One of the most d i f f i cu l t  aspects of implementing a f l u i d i c  spacecraft 

control system is the generation of f l u i d  power. 

spacecraft f l u i d  power systems, a s  exemplified on Mariner, Surveyor, G e m i n i ,  

and others, i s  the stored, pressurized gas vessel ,  o r  open-loop "blowdown" 

system, usually supplemented with such accessories as regulators, shutoff 

valves, r e l i e f  valves, etc. 

t o  date have been f a i r l y  re l iab le .  

open-loop power systems require flow only on an intermittent basis, and 

a re  implemented with conventional pneumatic or  hydraulic components involvfng 

moving par t s ,  seals and general complexity, T k s e  components are  unfoytunate- 

The present approach t o  

Such eystems are  re la t ive ly  l i gh t ,  simple, and 

The control systems powered w i t h  such 

l y  subject t o  leakage, wear, contamination and generally degraded r e l i a b i € i t y  

problems, a s  compared t o  the f l u e r i c  elemepts coptemplated f o r  the subject 

spacecraft control system. 

On the other hand, the i n t r i n s t c  operating advantages of the  f l u e r i c  

elements are  of fse t  by the requirement f o r  continyous flow i n  order t o  r e t a in  

operating memory necessary fo r  control functions. 

ment unfortunately i s  incomp.atible with the nature of the open-lgop power 

system, par t icu lar ly  f o r  long duration missions, since the t o t a l  weight of 

stored pressurized f l u i d  and container can become grossly excessive. 

The continuous flow require- 

This d i l e m a  gives credence t o  the  concept of a closed-loop, o r  con- 

tinuously recirculating f l u i d  power supply, where f l u i d  weight i s  traded off 

against the weight of pressurizing and recirculating equipment. Such systems 

I 
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require the appl icat ion and removal of external energy f o r  operation, However, 

i t  appears tha t  such energy is available, e i t h e r  from the Sun, o r  a nuclear 

radioisotope-thermoelectric-generator (RTG) ; and tha t  the removal of energy 

through a deep space radiator  appears pract ical  through the operation of the 

spacecraft a t t i t ude  control  system, which keeps the vehicle constantly 

oriented with respect t o  the Sun, so tha t  the radiator  can be constantly 

pointed away from the Sun. 

The closed-loop power rpystem approach is, in operating pr inciple ,  more 

compatible with the l o w  pressure, steady flaw demands of flueric logic  elements 

on extended time missions. 

i n  order t o  handle the large t ransient  flow demands made by miscellaneour 

actuators,  and momentum exchange devices tha t  a r e  required in order tha t  the 

However, such systems may show weight disadvantages 

control system can perform i t s  various functions. 

optimal f l u i d  power supply f o r  a f l u i d i c  epaceareft control system w i l l  

probably contain both open and a closed-loop functions, since nei ther  appears 

capable of doing the whole job. 

Thus, rLt appears tha t  the 

In  the discussion following, emphasis w i l l  be given primarily t o  the 

closed-loop power supply concept, since the open-loop approach i s  w e l l  covered 

i n  the exis t ing l i t e r a t u r e ,  both i n  terms of theory and pract ice ,  while there  

is a disturbing scarc i ty  of coverage on the closed-loop approach of e i the r  

theory or  practice.  

quirements w i l l  be followed by a discussion of general operational pr inciples  

of closed-loop systems and several possible specific approaches. 

2. System Power Requirement4 

A discussion of probable control system f l u i d  power re- 

The power recpirements of a f l u i d i c  solar  probe a t t i t ude  control system 

have been formulated (Table V) based on known f l u i d i c  element performance with 
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TABLE V 

Solar  Probe Attitude Control System Power kquiremcnts 

Sub system Operating Plow Per Total  Sub- Power 

Component Req' d . Different ia l  (lb/ sec) (lb/ sec) watts) 
o r  No. Pressure Unit Syst. System Flow ( M i l l i -  

( D S h )  

Momentum wheel 
bearing 

Momentum wheel 
(jet driver) 

Boom actuator 

Hy sterisis 
switch 

Inverter  

Amp (binary) 

Prinurg 601. 
emp 

Sec. bol. amp 

Boom logic 

E-F cow. 

3 

3 

4 

6 

6 

6 

6 

6 

8 

3 

Total flow required by fluid logic and amp 

Total flow required by actuators and momentum 
wheel j e t s  eyetem 

22.1 x 10 -4 

5.5 J O - ~  

-4 
,253 x 10 

.25 10'4 

.8 x log4 

' .8 x 

.8 x lo-' 

.266 1 0 ' ~  

. 3  low4 

1.59 

66.3 

22 10 '~  

1.518 x 

1.52 lov4 

4.8 lom4 

4.8 10-4 

4.8 1oW4 

2.13 

.9 10-4 

500 

66400 

22000 

300 

300 

4800 

4800 

4800 

6000 

180 

18.3 x LOm4 $b/sec 

107.4 x lc4 lb/sec 

The t o t a l  power required is X 1 2 0  watts 



a i r  and the required c i r c u i t  element quant i t ies  based on expertence with the 

SWACS program (Ref. 26) .  Recent Martin experiments have shown tha t  f l u i d i c  

elements of the momentum exchange type can work a t  extremely low Reyngldr 

numbers (about 10) corresponding to  nozzle pressures a s  low a s  .25 inches 

of water. However, pressures i n  the 2 p s i  range have been selected t o  be 

conservative. Further or i f  i c e  siz,es (.005" - .008") were selected la rger  

than the smal l e  s t s t a te -of - the - art labor a t  gry e f ement s t o  minimize f i 1 t rat  ion 

problems and a l so  tending t o  make the power estimates conservative. 

addition, the preliminary design of actuator and momentrrm wheel drive have 

not been optimized with respect to  law power consumption. 

. 

in 

The power f o r  each nozzle was taken from the curve (Fig. 14) f o r  a i r .  

The curve gives the number of w a t t s  per square mil of o r i f i c e  area vs. the  

pressure drop across the  nozzle. PI is the downstream pressure i n  psfa 

and P, is the supply pressure in psia. 

assumed. 

downstream or  back pressure P 

estimate, which represents maximum flow a t  any par t icu lar  pressure P . 
is  also very conservative. 

Inspection of Tsble V shows tha t  the power requirements can be divided 

The actuators  and momentum wheel 

An o r i f i c e  coeff iFient  of .76 war 

Note tha t  the power consunption is somewhat dependent on the 

Values for sonic flow were used in the  1' 
This s 

i n to  d is t inc t ive  high and law power groups. 

dr ivers  form the high power group and the f l u i d  logic  and amplification 

comprise the low power group. The high power group requires  almost f i v e  times 
I 

the power of the low power group. 

I n  addition t o  the requirement information given i n  Table V , it is 
estimated tha t  the required storage weight of fue l  f o r  j e t  react ion system 

( in  place of momentum wheels) is 3-4 lbs.  

I 
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3. Closed Loor, Power S v s t e N  

Closed-cycle f l u i d i c  power systems involve a thermodynamic cycle with 

the usual requirements of: 

A working substance 

. An energy source or hot body 

A receiver or  cold body 

A heat pump where the f l u i d  can do work o r  have work doqe on it. 

For a so la r  probe, energy sources are the Sun i t s e l f ,  e l e c t r i c a l  resistancc: heaters, 

RTG waste heat o r  component e l ec t r i ca l  heat equivalent heat dissipation. Only 

the Sun and RTG (radiosotope-thennoelectric-generator) waste heat appear t o  be 

prac t i ca l  energy sources f o r  a long-term missios. Space serves as a near-perfect 

radiant heat sink f o r  absorbing unavailable energy. The so lar  beat source i s  

variable and a function of the so la r  distance. RTG waste heat o f f e r s  the advantage 

of a nearly constant heat source. 

design and dynamic response analyses, since temperature t rans ien ts  would be a t  a 

I n  addition, it would simpllfy the power system 

minimum. 

The w e l l  known difference between the available and unavailable energy i n  

a thermodynamic cycle i s  considered work, or i t s  bes t  equivalent, leaving the 

system. 

system appears as heat due t o  fluw f r i c t ion ,  f r ic t icm i n  moving pa r t s  and any 

venting required t o  desaturate the momentum wheel. The enclosed area on a W 

I n  a closed f1uidi.c a t t i t ude  control system, the only work leaving the 

o r  TS diagram of the f l u i d i c  power cycle would be necessarily small i n  comparison 

t o  a regular heat engine. The temperature differences between the hot: and cold 

bodies of the  cycle need not be l a rge  t o  keep the energy source and sink heat 

exchanger s i zes  small. 

. . . ,.. . . 1 . . .  ' , ,-.- .. . "  . . ,. .-.. ..... I .  1 .  . .. . _  . ' _. .  .... _ . I  
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Temperature Ranneg - It is  worthwhile t o  npntion the temperature 

leve ls  that  can be expected of the hot body when exposed t o  a so la r  or RTG 

heat source. I n  space applications,  the cold junction temperature of 

current and contemplated RTG uni ts  f a l l s  around 700°R t o  800% f o r  rad ia tor  

area minimization purposes. RTG un i t s  are current ly  about 5% e f f i c i en t  (or 

s l i gh t ly  be t te r ) .  

power would d iss ipa te  about 1900 watts as waste heat ,  which i s  nominqlly 2.5 

An RTG uni t  required t o  sypply 100 watts of e l ec t r i ca l  

horsepewer. 

contemplated f l u i d i c  a t t i t ude  control system, since the thermodynamic cycle 

Only a very small f rac t ion  of t h i s  power would be needed i n  any 

can be made e s sen t i a l ly  reversible except f o r  heat and f r i c t i o n  losses. It 

is expected that acceptable f lu id  flow rates can be obtained by temperature 

differences of about 100% betweeq the  hot and cold bodiee. 

A so lar  absorber hot body can have a wide range of equilibrium 

temperatures. Solar orb i ta l  distance would be suf f ic ien t ly  gradual t o  permit  

assumption of steady-state conditions i n  the absorber a t  any t ra jectory point 

a f t e r  Earth escape. The absorber temperature (T) would be tha t  value defined 

by the thermal balance between the so la r  heat absorbed and t h s  heat reradiated 

t o  space plus tha t  absorbed i n  the flawing f luid:  

where 

d - Stefan-Boltmann constant 

e = emissivity of the surface 

a, = so lar  absorptivity of the surface 

Q, = so la r  constant a t  1.0 AU 

I 
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AU - r a t i o  of probes t o  earth 's  solar distances 

QA = heat added t o  the f lu id  i n  the absorber 

For a given f l u i d i c  system design using a solar  energy source and 

passive absorber, Q 

( i t s e l f  a function of the solar o rb i t a l  distance). 

system temperature excursion f o r  a so la r  probe using a solar  heat source w i l l  

be much la rger  than f o r  a system using RTG waste heat. 

study (Ref. 2), the f i r s t  heat shield of titanium, having aa as - 0.6 and 

e =  0.4, acquired equilibrium temperatures of approximately 680% a t  1.0 AU, 

120OoR a t  0.3 AU, and 1800% a t  0.1 AU. 

compatibility with high temperature i n  the f l u i d i c  system, a design f o r  the  

1.0 AU condition would be overdesigned a t  0.1 AU because of the muqh higher 

the heat rejected,  would be a dependent vgriable of T3 A, 

Therefore, the f l u i d i c  

I n  the so la r  probe 

Assuming material temperature 

energy absorptions. Prom a pract ical  design standpoint, It may be b e t t e r  

t o  go t o  a semipassive system which regulates, by an iris o r  louvers, tho 

amount of so la r  heat f l ux  f a l l i ng  on the absorber surface. 

4. 

? 

Possible Closed LOOD Power System dmroachea 

Brayton Cycle - An example of what could be used t o  power a f l u i d i c  

system is the  gas turbine operating on the Brayton (or Joule) cycle. 

pr inciple  of operation of the Brayton cycle can be explained by re fer r ing  t o  

the PV, TS and block diagrams i n  Fig. 15. The enclosed area within the thermo- 

dynamic processes represents the network extracted from the cycle. 

f l u i d i c  a t t i t ude  control system, the only net work extracted i s  i n  the form of 

heat due t o  f r i c t iona l  losses  and tha t  required t o  cause momentum change i n  the 

The 

Sincet in  a 

a t t i t u d e  s t ab i l i za t ion  spinning disc,  the enclosed area w i l l  be ra ther  small. 
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The disadvantage of the turbine-compressor f l u i d i c  power system i s  the 

devices themselves. 

ex t rac t ion  indicate extremely small s i ze  turbines and compresaors. 

necessarily high ro ta t iona l  speeds associated with miniature turbines and 

compressors, coupled with the long operational period, pose a r e l i a b i l i t y  

problem. 

able i n  a space vehicle. 

The relatively low values of f l u i d  flow rates and work 

The 

Also, the  angular momentum of such devices is ,  i n  i t s e l f ,  objection- 

Miniature turbine-compressor components have been 

under development a t  the Martin Company f o r  a number of years f o r  closed cycle 
. I  

cooling systems fo r  cryogenic applications t o  IR detectors,  semiconductor ! 

c i r cu i t ry ,  etc. 

A reciprocating device could subs t i tu te  fo r  the  ro ta t iona l  prime movers 

t o  enhance r e l i a b i l i t y .  

expander and compressor. 

regulate the flow of the working substance in the proper sequence of cygle 

events. 

A simple pressure i n t e n s i f i e r  would serve as the 

Valving i a  required in any reciprocating device t o  

A diagram of one concept of a reciprocating f l u i d i c  power source which 

u t i l i z e s  an area difference bellows type of i n t ens i f i e r ,  check valves, f l u i d i c  I 

flow control valves, pressure surge chamber or plenum, so la r  absorber and space 

rad ia tor  i s  shown i n  Fig. 16. 

nearly reversible Brayton cycle described previously. Instead of continuous 

flow, there i s  a rapid series of compressions, nearly constant pressure heat 

addition, expansion through the f l u i d i c  logic and a t t i t ude  control loop, rapid 

switching by pressure pulse t o  pressurize the expander bellows and constant 

pressure cooling i n  the space radiator. 

Thermodynamically, the  cycle i s  similar t o  the 

I 

Capillary or  Heat Pine Power Sumly - A dual phase power system which i s  

currently being studied by JPL and others i s  the heat pipe o r  cap i l l a ry  system. 
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The pr inciple  of operation is shown i n  the schematic diagram belaw: 

The system is charged with a f lu id  such as freon. . The freon condenses as a 

l iqu id  a t  the cold junct ion 1 and passes t o  the cap i l l a r i ee  or parous media. 

The csp i l la ry  action produces a pressure rise due t o  the surface tension 

phenomena of the l iqu id  providing the required pumping. 

cap i l la ry  section, the l iqu id  is vaporized and superheated before it passes 

through the f l u i d i c  control  system and re turns  t o  the condepser. 

Near the  end of the 

L 



! 

I 

I 
. .  

! 

The cycle may be described on a P-T diagram as shown below. 

5 

Q 
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2-1 Viscous drop through liquids cap i l lary  
1-3 Capillary pressure r i s e  
3-4 Viscous drop of vapor through rest of capillary 
4-5 Superheat at heat absorber 
5-6 Pressure drop through f lu idic  load 
6-2 Condensation at space radiator 

. .  . . . . .  .. . . . .  - .. . 



50 .I I ! i 
I 
I 

i 
I 

The system has no moving pa r t s ,  w i l l  operate i n  a zero g environment 

and does not necessarily require l a rge  temperature d i f f e r e n t i a l s  t o  operate 

effectively.  

diameter range of 10'' t o  

d i f f e ren t i a l s  less than 100 F. 

The range of d i f f e ren t i a l  pressures produced by c a p i l l a r i e s  of 

inches i s  from 3 t o  .4 p s i  a t  temperature 
0 

JPL experiments have shown it i s  possible t o  stage the cap i l l a ry  sections 

t o  gain increased pressure and power, operating between the  same temperature 

different ia l .  (See Ref.  27.) 

The required pressure d i f f e ren t i a l s  of f h i d  log ic  elements t o  perform 

i n  the a t t i t ude  system are i n  the  same pressure range as produced by cap i l l a ry  

act ion (see Table V), 

Using the results of a ' s  analysis of t h i s  type of supply i t  appears 

t ha t  5 stages would produce a pressure d i f f e ren t i a l  across t h e  load of 2 p s i  

w h i l e  delivering a flaw rate of 2.6 x 10 lblsec.  Each stage cons i s t s  of 

2 x 10 The 

void area i n  each stage would be .72 i n  . Assuming a 5% void area a8 i n  a 

porous media, th is  means tha t  each stage would occupy an area of 14 sq in. 

o r  an equivalent diameter of 4.3 inches. 

-3' 1 

6 c a p i l l a r i e s  of 6 x loo4 inch diameter and are . 3  inches long. 

2 

This system would requ€re development t o  be p rac t i ca l  but i t  appears 

from the experience of JPL that  it i s  feasible  and would suff ice  a s  a closed 

loop power supply f o r  running the f l u i d i c  log ic  i n  an a t t i t u d e  system 

using f l u i d i c a l l y  driven j e t  reactors where the power required i s  relat ively 

low f o r  t he  recirculating loop. 

i n  addition t o  drive momentum wheels and boom actuators which require f i v e  

times the power of the basic  f l u i d i c  logic. 

Requirements .) 

But the system would become too l a rge  i f  used 

(See section on System Power 
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The system i s  very a t t rac t ive ,  of course, because of the f a c t  it 

i 

i 
! 

I 

I 

i 

. .  
i 

requires no moving p a r t s  and would enhance the a t t i t ude  system r e l i a b i l i t y .  

Adsorption Cycle Power S U D D ~ Y  - The process of adorption of gas and 

vapors on a f i n e  porous material of large topographical surface area such 

as s i l i c a  gel, alumina, metal oxide, e tc . ,  i s  cal led physical adsorption 

a s  distinguished from chemisorption as  i n  the case of water adsorbing 

ammonia. 

Heat i s  l iberated i n  the process of a sorption f o r  it amounts t o  the 

r e s t r i c t ion  of the number of degrees of' freedom of the movement of the gas 

molecules. A t  f i r s t  when few gas molecules are a t  the adsorber's surface, 

the heat evolved per un i t  mass of vapor i s  qui te  high, but as the  p rocess  

continues i t  becomes essent ia l ly  ident ica l  thermodynamically with condensa- 

t i on  of the gas t o  its l iqu id  phase. Mechanically the l iqu id  is, of course, 

r e s t r i c t ed  i n  motion by the solid matrid holding it. 

controlled en t i re ly  by the topographical surf ace temperature of the adsorber 

o r  adsorbent, 

i n  Fig. 17. 

valve stem. 

and-control (not shuwn i n  schematic) when pressure i n  ce l l  posi t ion 3 exceeds 

by a predetermined amount the pressure i n  cell  posit ions 1 and 2. 

The process i s  therefore 

A possible arrangement of t h i s  device i s  shown schematkcally 

S i x  cells containing adsorbing material  ro t a t e  about a f ixed 

The c e l l  configuration i s  rotary-stepped by a f l u i d i c  drive-motor- 

Note tha t  

c e l l s  a t  posit ions 1 and 2 are interconnected through the superheater and 

f l u i d i c  load t o  c e l l s  a t  posit ions 4 and 5 .  

and 2 are  f u l l y  heated,causing evaporation of the l iqu id  freon adsorbed i n  the 

cell  material. The vapor passes through the superheater then through the  load 

and a t  low pressure i s  adsorbed i n  the cooled cells 4 and 5 .  

The operation begins as cel ls  1 

When the pressure 
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i n  cells 1 or  2 drop below the pressure i n  c e l l  3 (which has been cooling) 

an actuator steps the c e l l  configuration clockwise one s t e p  and the process 

begins again. 

thermal conductivity of the adsorber must be re la t ive ly  good i n  order t o  

rapidly adsorb and diss ipate  heat in the heating and cooling phases of the  

cycle. The choice of adsorbent probably a l so  i s  influenced by the a f f i n i t y  

of the gas fo r  i t s  surface as w e l l ,  and i s  cer ta in ly  influenced by the MSS 

of adsorbent and s i ze  of cell  required t o  handle the flow and energy rates. 

A considerable amount of research and some experiment is indicated t o  a r r ive  

S i l i ca  gel  may be a very a t t r ac t ive  adsorbant, but the 

a t  an optimal choice of materials. The adsorber c e l l s  should present a 

reasonable surface f o r  radiation; be re la t ive ly  t h i n  so t ha t  thermal path 

lengths are small, and confine the adsorbent go tha t  it does not "pack downtt. 

The technique 

f o r  micrometeoroid impact sensing suggests i t s e l f  a s  (1 convenient structure.  

of chem-milling and resiatance welding stainless e t ee l  used 

I 
It may be tha t  i ron  oxide (rouge) would be a f a i r  adsorber and have 

re la t ive ly  high thermal conductivity as compared t o  sil ica $el. The area of 

c e l l  vs. volume of adsorber w i l l  greatly influence the weight of the device 

as w e l l  as the cycle t i m e .  

The superheater i s  required t o  add suf f ic ien t  energy t o  the gas t o  

avoid condensation i n  the f l u i d  processes of the load, and t o  improve cycle 
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efficiency. A s i d e  from the f a c t  tha t  the heat input t o  it must be controlled 

approximately constant a t  various distances from the Sun, no unusual problems 

a re  involved i n  i t s  design. 

e d  by a thermostatic bimetal arrangement sensing gas output temperature. 

The euperheater shut te r  could eas i ly  be controll-  

Osmotic Power supply - A second two-phase power supply concept, which 

develops much l a rge r  pressures i n  a single stage of l iqu id  pumping u t i l i z e s  

the  principle of ,osmosis. 

of a solute through a t'semtpermeable membrane" through which the  solvent may 

pass but not vice versa. 

solvent's molecules allows t h e m  t o  pass through the membrane (but the so lu tes  

Here a solvent is i n  contact with a strong solution 

The resu l t  is that the thermal energy of the 

molecules cannot d i f fuse  i n  the  opposite direction) u n t i l  a pressure in the 

solution is reached which is equivalent t o  tha t  which would e x i s t  i f  the 

solute. existed as a gas a t  the teuperature i n  q u e s t i m  and occupied a volume 

equivalent t o  tha t  of the solution. It is evident that qui te  large pressures 

(many atmospheres) are.available by this means, and pumping rates would be 

limited only by the membrane area and diffusion-rate of solvent away from the 

membrane. 

It is not known what combinations of solvent (working f lu id ) ,  solute 

i 

and membranes could ultimately prove most useful. A large amount of both 

theoretical  and experimental work would need t o  be done t o  e s t ab l i sh  th i s .  

It is lcnowa,however, t ha t  water (superheated steam) as che solvent (working 

f luid)  and sucrose as the solute w L t h  a membrane of copper ferrocyamide pre-  

c ip i ta ted  i n  the pores of a ceramic matrix ("Pfeffer Pot") can be highly 

satisfactory i n  many respects. Perhaps the  grea tes t  disadvantage would be 
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once. Also, some scheme fo r  controll ing f r e e  surfaces i n  the bo i l e r  would 

need t o  be evolved as w e l l  as a scheme f o r  preventing any transport of the 

so lu te  out of the b o i l e r  by entrainment with steam. 

This set of problems leaves many questions unanswered a t  t h i s  time, 

but i t  seems f a i r l y  c e r t a i n  tha t  an en t i r e ly  sa t i s fac tory  se t  of materials 

and equipment can be developed for  the intended purpoaa. 

5 .  Choice of Power System Approaches 

It appears from t h i s  study t h a t  the power system which is most applic- 
I 

able t o  the so l a r  probe problem is a Combination of open and closed loop 

systems. 

A capillary-type closed-loop system having no moving p a r t s  is the 
I 

. preferred choice for delivering power t o  the f l u i d  log ic  which requirss a 

low level, continuous pawer source. 

The larger power requlrements of the jet  reactors and boom actuators 

a re  best  m e t  w i t h  a gas-storage, open-loop system. 

and smaller i n  s i ze  than the closed-loop counterpart but does require 

This system is l i gh te r  

moving-part type valves t o  completely shut-off gas when not demanded. This 

tends t o  lower i t s  r e l i a b i l i t y ,  but t h i s  type system has been successfully 

demonstrated many times in space probe applications. \ 



C. ELECTRIC-TO-FLUID CONvEkSION 

: 

Any p rac t i ca l  f l u i d i c  a t t i tude  control system fo r  a space vehicle w i l l  

necessarily need a capabili ty t o  "comnunicate" with the e l e c t r i c a l  system of 

the  spacecraft and, through it, with a command and control s t a t i o n  on Earth. 

This w i l l  require a two-way l ink  between the e l e c t r i c  and the f l u i d i c  system, 

since the f l u i d i c  system has t o  b e  a b l e  t o  accept e l e c t r i c a l  commands for i t s  

action and a l so  must be able t o  report i t s  actions and operating condition 
! 

back t o  the e l e c t r i c a l  system. 

typ ica l  e lec t r ic - to- f lu id ic  and f lu id ic - to-e lec t r ic  transducers which can be 

used f o r  solving t h i s  double interface problem. 

1. 

The following survey discusses a number of 

E l e c  t r i c - t  0-F l u i  dLc T r a n s d w r s  

i 

A very simple and tugged E-F purely f l u e r i c  transducer, su i tab le  for 

both analog and l a w  b i t - r a t e  d ig i t a l  signals,  i s  a small length of thin-walled 

metal cap i l la ry  whose wall  i s  e l ec t r i ca l ly  heated. The heat t ransfer  t o  the  

gas flow through the  capi l la ry  changes the v iscos i ty  of the gas and a l so  i t s  

volume. The end r e su l t  is an increase of the pressure drop i n  the gas flow 

across the capillary.  

be  used, a f t e r  su i tab le  f l u i d i c  anplff ication, f o r  introducing an e l e c t r i c a l  

signal i n t o  a f l u i d i c  system. The a t t r ac t ive  fea tures  of t h i s  transducer a re  

This pressure change, the output of the transducer, can 

i t s  great simplicity and r e l i ab i l i t y .  Disadvantages are  a r e l a t ive ly  sub- 

s t a n t i a l  e l e c t r i c a l  power consumption and a r e l a t ive ly  slow response, due t o  

the thermal i n e r t i a  of the  capillary wall. 

We have accomplished 8ome work on t h i s  concept i n  our laboratory, and 

believe tha t  i t  w i l l  be suitable f o r  the present application, where there i s  

no r e a l  need f o r  f a s t  response (of the order of milliseconds) but there is a 

! 
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strong incentive t o  aim f o r  simplicity and r e l i a b i l i t y .  ' 

I n  i t s  physical principle,  this transducer i s  closely related t o  the 

f l u i d i c  bolometer mentioned as a promising sensor f o r  so la r  radiation. The 

remarks i n  the section on radiation sensors concerning the poss ib i l i t i e s  of 

decereasing the responde time by a su i tab le  select ion of the wall  material 

( l a w  spec i f ic  heat per unit volume and adequate mechanical strength) and by 

providing forced cooling imnediately a f t e r  input of a d ig i t a l  e l ec t r i ca l  

s ignal  w i l l  a l so  apply t o  the present case. 

ever, s i l v e r  w i l l  not be a suitable material f o r  the capi l la ry  (since i t s  

e l e c t r i c a l  resistance is too low), and use w i l l  be made of a l loys such as 

Contrary t o  the bolometer, how- 

constantan which have a higher specific e l e c t r i c a l  resistance. 

An E-F transducer f o r  d ig i t a l  signals of moderately f a s t  b i t - r a t e s  

(up to around 50/sec) can be obtqined by placing an e l e c t r i c  sound generator 

(e.g., a piezoelectr ic  element with a frequency typical ly  between 2000 and 

6000 cps) i n  the v ic in i ty  of the ex i t  nozzle of the laminar jet  of a 

turbulence amplifier. 

turbulent,  resul t ing i n  a loss  of pressure i n  the co l lec tor  of the amplifier. 

It takes very l i t t l e  sound energy t o  make the j e t  

The a t t r ac t ive  features of t h i s  transducer are i ts  fas t  response 

(essent ia l ly  only the t rave l  t i m e  of the j e t  between the nozzle and the 

co l lec tor ,  which may only be a few milliseconds i n  a smaller-than-conventional 

configuration) and i ts  very low consumption of e l e c t r i c  power. 

advantage is  mainly the r e s t r i c t ion  t o  d i g i t a l  inputs; t h i s  w i l l  not be 

serious i n  the present case. 

transducer w a s  recently demonstrated with a working model i n  the Orlando 

Division of the Martin Company, and w e  believe tha t  t h i s  concept w i l l  a l so  be 

Its d i s -  

The p rac t i ca l i t y  of t h i s  concept f o r  an E-F 
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adaptable f o r  the purp ses of the proposed study. 

HDL has been working on Coanda type elements triggered by acoustic 

I n  addition, the  Martin Cunpany has done l imited laboratory signals. 

experiments with law-powered momentum exchange f l u i d i c  elements wherein 

they have been triggered acoustically. The element supply pressures in 

these experiments were considerably lmer than 1" of %O. 

Another E-F transducer which could probably be used.in the present 

application i s  a simple electromechanical device which produces a displace- 

ment which can then be used t o  modify flow conditions i n  a f l u i d i c  system. 

For instance , a relay-type electromagnetic posit ioner can push a knife-edge 

i n t o  a f r e e  j e t  and cause it t o  be deflected, o r  it can even tu rn  a valve 

off and on. 

put t o  use i n  the present application.) 

(There are a rider o f  ways i n  which thts general idea can be 

I n  principle,  t h i s  approach t o  the  E-F in te r face  problem i s  qu i t e  

straightforward. However, since i t  operates with moving pa r t s ,  there may be 

some question about long-term r e l i a b i l i t y  of operation i n  the  elevated 

temperature environment of a solar probe. 

very carefully before recommending a practical use. 

This w i l l  have t o  be investigated 

A number of other concepts f o r  solving the  E-F in te r face  problem have 

been proposed and, t o  some extent, investigated i n  the  l i t e r a t u r e .  For 

instance, it has been suggested t o  t r i gge r  a f l u i d i c  f l i p - f lop  by the  pressure 

wave from an e l e c t r i c  spark discharge, 

t ha t  t h i s  approach w i l l  probably not prove f r u i t f u l .  

t o  condition the  flow by an ionization of the gas so t ha t  it can be influenced 

by e l e c t r i c a l  f i e l d s  (e.g. , with the  concept of the "ion-drag pump"). In this 

although work conducted a t  MIT ind ica tes  

It has a l so  been suggested 

. ,.. . .L .. . - - . . . . 
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respect, we have some doubts about any approaches which w i l l  reqvire use of 

high voltages and high power, such as  the spark discharge method and 

probably a l so  the conditioning of the working f l u i d  by ionization; the 

mounting insulat ion d i f f i c u l t i e s  a t  elevated temperatures are more than like- 

l y  t o  have adverse e f f ec t s  on the r e l i a b i l i t y  of the transducer. 

2. Fluidic-to-Electric Transducers 

The preceding examples of E-F transducers can, a t  l e a s t  as concepts 

although not as  actual devices, be converted in to  F-E transducers f o r  the 

inverse problem of a f luid ic- to-electr ic  interface.  

consider these three concepts i n  the same order. 

Therefore, w e  w i l l  

t 

The best*known way t o  obtain an e l ec t r i ca l  signal from a flow s igna l  

i s  probably the hot-wire anemometer, where the cooling of an e l ec t r i ca l ly  

heated resistance wire by heat t ransfer  t o  a gee (or even l iquid) flow 

changes i t s  electrical resistance, and where the corresponding change of 

the voltage between the ends of the w i r e  o r  of the current through it under 

a constant voltage cons t i tu tes  the e l ec t r i ca l  output signal from the trane- 

ducer. 

can be both very sensi t ive and f a s t  responding. 

are being used extensively i n  experimental research on turbulence frequency 

spectra i n  both subsonic and supersonic boundary layers  and it i s  no great  

problem t o  obtain t i m e  resolutions of the order of 

It i s  well-known tha t  t h i s  transducer, with a suf f ic ien t ly  f ine  wire, 

I n  f ac t ,  hot w i r e  techniques 

sec o r  less. Thus, 

the hot wire technique appears qui te  a t t r ac t ive  a s  a solut ion t o  the F-E 

interface problem. 

Customarily, a hot w i r e  probe i s  oriented i n  a direct ion normal t o  the 

flow and has a very small diameter (e.g., platinum a few millimeters long 

and a few microns thick). The wire i s  e l ec t r i ca l ly  heated by d i rec t  current  
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0 t o  a temperature of around 700° t o  800 IC. 

while best i n  the aerodynamic laboratory, may be too f r a g i l e  f o r  r e l i ab le  

Such a ra ther  delicate probe, 

use i n  a space probe. 

correspondingly slower but could s t i l l  have an acceptable response t i m e .  

A thicker wire, of a more rugged design, w i l l  be 

I n  a similar manner, the above-described concept of the E-F t rans-  

ducer i n  the form of a heated capillary can be almost d i rec t ly  used f o r  

the inverse task of an F-E transducer. In  f a c t ,  t h i s  simple and poten t ia l ly  

rugged element w i l l  not only change i ts  flow resis tance by e l e c t r i c  heating, 

but i t s  wall w i l l  a l so  change i t s  e l e c t r i c a l  resistance,  i f  the voltage i s  

kept constant and it i s  being cooled in te rna l ly  by varying flow rates .  The 

only pract ical  difference between the designs of t h i s  element f o r  the  two 

applications i s  tha t  one would'probably want t o  make the capi l la ry  wall  i n  

the  f i r s t  case from a material  which changes i t s  e l e c t r i c a l  res is tance 

re la t ive ly  l i t t l e  with temperature (constantan or other res is tance w i r e  

al loys),  whereas one would l i k e  a strong change of the e l e c t r i c a l  res is tance 

i n  an F-E transducer and would therefore prefer  a pure metal (platinum, 

nickel, sof t  iron, etc.) f o r  t h i s  application. 

The inversion of the acoustic E-F transducer concept of a turbulence 

amplifier connected with an e l ec t r i ca l  sound generator t o  a corresponding 

F-E transducer concept leads quite natural ly  t o  consideration of a combination 

of a f lu id i c  sound generator (fluid osc i l l a to r ,  reed osc i l l a to r ,  etc.) with a 

microphone as an e l e c t r i c a l  pickup. 

analog and d ig i t a l  f l u i d i c  signals. 

t o  extract  more than one type of information from the f l u i d i c  system. 

f o r  instance, a conventional f lu id  osc i l l a to r  i s  formed using a f l i p - f lop  with 

a feedback path, the osc i l l a to r  frequency w i l l  change with the gas temperature 

This combination can be used f o r  both 

I n  ce r t a in  cases, it can a l so  be used 

I f  , 

I 
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i n  the feedback loop, because the sound velocity i s  a function of the gas 

temperature. Simultaneously, the microphone can pick up the  in tens i ty  of 

the sound, which i s  a function of the supply pressure of the element. 

This may be an analog signal for  a ce r t a in  physical quantity which i s  being 

used i n  the control system o r  i t  may be an indicat ion tha t  the control 

system i s  or  is not operating with adequate power from i ts  power supply. 

I n  addition, the f l u i d i c  system may operate i n  a d i g i t a l  mode (with a b i t  

r a t e  substant ia l ly  lower than the c a r r i e r  frequency of the osc i l la tor ) ,  and 

the microphone will ext rac t  t h i s  d ig i t a l  information from the f l u i d i c  system 

and comnunicate i t  t o  the e l ec t r i ca l  system and, i f  necessary, t o  Earth. 

Another typical  example of an E-F transducer concept ( tha t  of an 

electromagnetic posi t ioner  in combination with a f l u id i c  displacement sensor) 

a l so  has an obvious counterpart i n  the l i n e  of possible F-E transducers. 

This  is simply a prassure-sensitive e l e c t r i c  switch, and various designs f o r  

such a device are  conmerically available. 

not be d i rec t ly  usable i n  a solar probe, we believe tha t  there  i s  a strong 

poss ib i l i t y  of obtaining pract ical  solutions f o r  the F-E interface problem of 

a so lar  probe a t t i t ude  control system on the bas i s  of t h i s  concept, a t  l e a s t  

f o r  d ig i t a l  signals--and probably even f o r  analog signals. 

While moot of these w i l l  probably 

Of the E-F transducers considered, the heated capi l la ry  and the 

acoustically tr iggered f l u i d i c  element are  the most rugged and simple. Neither 

contain moving pa r t  8 .  

The heated capi l la ry  could be used where high speed response is  of no 

consequence. The acoustic transducer i s  be t t e r  sui ted t o  applications requir-  

ing higher response. 
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For P-E transduction, the hot-wire anemometer and acoustic detector 

(microphone) fluid osci l lator approaches appear the most promising. 

i 

! 
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D. MOMENTUM EXCHANGE ACTUATION 

The base l i n e  Solar  Probe Atti tude Control System as described i n  

Chapter 111, Section E of this report  requires a number of f lu id i c  torque 

producing devices. 

t i o n  of t ransient  disturbances, the reaction je t s  used i n  r o l l  f o r  desatura- 

t i o n  of the r o l l  flywheel, and the boom actuators used f o r  providing so lar  

pressure vehicle t r i m  and wheel damping i n  p i t ch  and yaw represent three 

The flywheel used i n  pi tch,  yaw and r o l l  fo r  cancella- 

types of required f l u i d i c  actuation devices. 

study the  state-of -the-art  survey has established tha t  considerable work 

is being accomplished on f lu id i c  servo actuators; some work has been 

During Phase I of the current 

accomplished on f luidic-mechanical servo valves capable of operating the 

r o l l  react ion jets; and there has been no reported work on the f l u i d i c  

momentum exchange device equivalent t o  the electronic  flywheel control. 

Work on associated momentum storage devices such as  a i r  bearing gyros has 

been reported. 

1. Servo Actuators 

The requirements of the servo actuators  f o r  solar  pressure control 

panel extension and retract ion can eas i ly  be m e t  with current state-of -the- 

a r t  i n  pneumatic mechanical servo systems. The torque requirements, frequency 

response and temperature environmental requirements are a l l  exceeded by a 

surface control ler  developed by the Bendix Corporation under A i r  Force contract  

(Ref. 15). The reported charac te r i s t ics  of t h i s  servo are: 

Operating Pressure 
Maximum Flow Required 0.085 lb/sec 
Horsepuwer 1.5 
No Load Speed 100 rpm 
S t a l l  Torque 500 in. lb. 
Frequency Response 10 cpr 

180 f 18 psig 

. -. .. . . . . -. ._ -... ..... . .. ., .._ ..- - .  . - . - 
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This unit  cons is t s  of a two-stage servo valve operating a reversible 

expansion type vane motor. 

a 75:l r a t i o  harmonic drive. 

successfully a t  1400 P. 

Transmission used i n  the surface servo w a s  

This par t icu lar  servo has been operated 
0 

The Bendix Corporation has a l s o  developed a Pnematic Nutator 

Actuator Motor under contract  t o  NASA L e w i s  Research Center (Ref. 28). 

This un i t  i s  a low speed high torque motor consisting of a p a i r  of bevel 

gears w i t h  an  unequal number of teeth. 

nutational motion of the input gear driven by pressurized bellows located 

around i fs  periphery. The flow control t o  the bellows is controlled by 

f l u i d i c  log ic  c i r cu i t s .  

Center, Bendix has conducted design and analysis of an a l l  pneumatic servo 

actuator which would have performance equal t o  an electro-pneumatic un i t  

(Ref. 29).  The servo cons is t s  of a piston-cylinder with rack and pinion 

Rotational output is obtained from 

Under another contract t o  NASA Lewis  Research 

! 
1 
t 

t h a t  produces 180 degrees rotary output. 

6 cpa'bandwidth, 0.2 degrees resolution and 300 i d l b  s ta l l  torque. 

The system was designed t o  have 

Several non-industrial organizations are engaged i n  the development 

of f l u i d i c  actuators. 

stepping motor i n  Ref. 30. 

nutating gear pr inc ip le  powered by bellaws o r  pistons. Reference 31 reports 

on work accomplished a t  MIT on a pulse-length modulated pneumatic servo with 

f lapper  disk switching. 

valve tha t  controls f l u i d  flaw t o  a ram, rotary motor or  other qctuator. 

This un i t  cons is t s  of a t h i n  c i rcu lar  disk and a series of concentric seal-  

ing lands. 

MIT has reported on the development of a pneumatic 

The actuator is based on the wobble p l a t e  or  

The floating f l a p p e r  disk is an on-off switching 

The advantages of the use of the pulse  modulation and flapper 

3 i 

t t 



disk are  given as  pmer efficiency, low quiescent power consumption, high 

r e l i a b i l i t y  and l o w  cost .  Switching times using t h i s  valve are quoted 
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as 1 ms. Pennsylvania S ta te  University Systems and Controls Laboratory 

has had a hydraulic stepping motor under design f o r  some time (Refs. 32 

and 33). 

After a review of the l i t e r a t u r e  and based on our discussions with 

NASA L e w i s  Research Center personnel, w e  have concluded tha t  f l u i d i c  servo 

actuators  can be developed f o r  the Solar  Probe requirements. While a 

spec i f ic  uni t  which meets these requirements i s  not developed, the basic 

technology required has beensand i s  being explored for  actuators  with more 

st r ingent  specification8 than those required f o r  the Solar Probe Spacecraft. 

2. Fluidic  Valves f o r  Reactisn Jets 

Diaphragm actuated switches and valves a re  under invest igat ion by, 

and i n  some cases camnercially available from several  indus t r ia l  organiza- 

t ions.  The Martin Company has b u i l t  several prototype react ign j e t  

pneumatically driven valves. The Howie Corporation has investigated several  

d i f fe ren t  designs and has ccmmercially available hardware. 

The f loa t ing  f lapper  disk valve under development by MIT and described 

i n  the previous sect ion of t h i s  report would a l so  be used f o r  control l ing 

react ion jets. 

which i s  be t t e r  than tha t  normally available i n  electromechanical servo valves. 

The switching t i m e  f o r  the valve i s  quoted as 1 millisecond, 

No moving part  f l u id i c  valves,which could p r w i d e  economical react ion 

j e t  switching,have not been found i n  our survey. Work has been reported on 

such valves i n  a specif ic  application of t h rus t  vector control  by secondary 
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inject ion.  

t o  provide boundary layer control of the thrust ing engine when a control  

moment i s  required. 

flows i n  the same direct ion as the  thrus t ing  engine. 

only a minimum los s  i n  efficiency occurs f o r  a no moving pa r t s  f l u i d i c  

valve. 

f l u i d i c  valves which are used f o r  in te rmi t ten t  control  requirements are 

f a r  too inef f ic ien t  f o r  long term applications.  

amplifier approach would be the most promising of the f l u e r i c  systems be- 

cause of i t s  potent ia l  low quiescent flow. 

I n  t h i s  case the valve i s  flowing continuously and is diverted 

In the 'presence of zero control  requirement the valve 

Using this approach 

With the exception of t h i s  type of appl icat ion no moving p a r t  

A valve based on the  vortex 

O t h e r  f l u i d i c  valves have been proposed which use p i l l s  or  b a l l s  t o  

move i n  s l o t s  and provide a reasonable seal under the condition of zero*flow 

requirement. 

I f  OZUL accept8 the need f o r  a good seal f o r  long t e r m  appl icat ion 

of a control  valve under an intermit tent  requirement and thereby accepts a 

moving par t  device, then there appears t o  be no new technology development 

required t o  meet the valve requirements on the Solar  Probe Spacecraft F lu id ic  

Att i tude Control System. 

3. Momentum Exchange Devices 

There are four  basic  design requirements which must be met i f  a f l u i d i c  

flywheel i s  t o  be developed for spacecraft a t t i t u d e  cgntrol.  

e f f i c i e n t  gas bearing capable of supporting the required mass, a closed cycle 

power supply system capable of recovering the  flow used i n  the bearing support 

These are: an 

and wheel torquing, a wheel torquing system which can provide l i nea r  accelera- 

t i o n  of the wheel, and a f l u i d i c  pick-off capable of providing information on 

! I 
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wheel velocity. 

change devices i n  our state-of-the-art  survey, the four design requirements 

have been explored i n  d e t a i l  by Martin and others f o r  similar applications. 

Although we found no information on f l u i d i c  momentum ex- 

Based on the required angular momentum storage of t he  momentum ex- 

change device the use of a rotat ing gas column does not appear feasible.  

Liquid flywheels have been under investigation f o r  several years, t he  most 

conrmonly used l i qu id  being Mercury. 

t i m e  f o r  the Solar Probe application appears t o  be a so l id  wheel suspended 

on gas bearings. 

The most promising approach a t  t h i s  

Gas bearing designs have bean developed f o r  gyros and f o r  other 

i n e r t i a l  measuring devices such as the  Martin developed distance meter, 

velocimeter and the  s tab le  platform. 

applications has resulted i n  extensive gas bearing studies by Martin. 

work i n i t i a t e d  i n  1960 and continuing through the present has  

The need f o r  gas bearings i n  these 

This 

included 

design, construction, laboratory testing, and computer programing f o r  

theoret ical  investigations (Ref. 34). As a r e su l t  of. these investigations 

it was found that: standard a i r  bearings had serious l imitations.  

a i r  bearings, on the  other hand, have been shown t o  p r w i d e  about 200 times 

Potoos 

more support p e r  un i t  flow than standard bearings. 

developed which provides rapid high accuracy gas-bearing performance pre- 

Design curves have been 

diction. 

c lusion tha t  an e f f i c i e n t  gas bearing design can be developed which would 

This background of data on gas bearings substant ia tes  our con- 

provide the  support the  required momentum wheel. 

The acceleration of an air bearing suspended w s s  by j e t  torquing has 

been demonstrated a t  Martin. The so l id  wheel8 may be torqued by jets imping- 
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I c 
ing di rec t ly  on the r i m  of the  wheel, on vanes o r  impulse beckets. 

l y  large torques may be generated in a small size. 

Relative- 

The use of j e t  pipe and boundary layer  pick-offs f o r  determining the 

veloci ty  of a rotat ing mass has a l s o  been demonstrated by Martin in a 

distance meter and velocimeter development program. The pressure pick-off 

veloci ty  could be used f o r  pruviding s t ab i l i za t ion  i n  the flywheel accelera- 

t i o n  control loop and by use of a threshold could be used f o r  i n i t i a t i n g  the 

so la r  pressure booms or reaction jets f o r  flywheel desaturation. 

A conceptual design of a mcmnentum wheel incorporating some of the 

design features  which have been developed f o r  other sensor applicationsi  

i s  shown i n F i g .  18. We f e e l  t h i s  concept i s  technically sound and tha t  

previous experience provides the necessary background f o r  implementing t h i s  

concept in a workable design. 
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E. FLUID LOGIC DEVICES 

! 

Most of the information obtained i n  our f l u i d i c  state-of-the-art 

survey pertained t o  basic f lu id i c  amplifier element development s t a tus  

and perf orrnance charac te r i s t ics .  Virtually every indus t r ia l  o r  non- 

p r o f i t  organization involved i n  f l u i d i c s  have developed t h e i r  unique bi-  

s tab le  o r  analog amplifier. Unfortunately, there is very l i t t l e  

uniformity of technique i n  tes t ing  t o  es tab l i sh  the performance character- 

i s t i c s  or  i n  s t a t ing  the performance charac te r i s t ics  i n  the l i t e r a tu re .  

As an example, some bi-stable coanda type elements measure performance 

with one control por t  open t o  atmosphere while others quote operational 

charac te r i s t ics  determined with one control port  sealed. Pressure and 

flow gains are of ten  quoted at  d i f fe ren t  operating points. In  general 

the tes t ing  techniques used i n  evaluating the element i s  not presented 

with the quoted performance. 

Basic f l u i d  amplification devices can be divided i n t o  two classes: 

1) discrete,  and 2) proportional. Both types are required t o  implement 

a Solar Probe Spacecraft Attitude Control System. 

available i n  the open l i t e r a tu re  describing the e f f ec t  of geometrical changes 

A volume of data i s  

i n  the various devices on the i r  performance characterist ics.  S t a t i c  per- 

formance data f o r  these devices is more prevalent than dynamic and i s  

usually presented in the form shown i n  Fig. 19a thrgugh 19e. Sometimes 

normalized control pressure i s  cross ploted on Fig. 19a and the fan-out,-or 

number of additional similar elements which can be driven i s  determined 

by area calculations. 

and are again an attempt t o  provide the circuit  designer with normalized 

Curves such as Fig. 19e gives a great deal of information 

I 

1 



i 

i 

information. 

the slope of the  curves shown i n  Figs. 19a and 19c, respectively. 

Output and input impedance of the element i s  of ten taken as  

Considerable a t tent ion is  a l so  given, - in  the l i t e r a t u r e ,  t o  the  

evaluation of power consumption i n  the elements. W. E. Gray , i n  Ref. 28 

has given a very useful relationship of power a s  a function of pressure 

drop across the supply nozzle. Figure 19f i s  a reproduction of t h i s  

relationship from Ref. 28. It should be noted tha t  the power decreases 

a s  a log function with decreasing supply pressure and only d i r ec t ly  with 

the nozzle area. Therefore, i t  could be desirable t o  use elements which 

are capable of working a t  lower supply pressures even a t  a penalty of in- 

creasing the  nozzle area. Using this relationship, several Martin developed 

bi-stable elements a r e  compared with a Corning element i n  the t ab le  below. 

2 - Mertin Elementg O r  i f  ice Size-Mils 

FLE-101 50 x 5 = 250 

Momentum Exchange 
5 P e  a ' 50 x 10 = 500 

Momentum Exchange 
Type b 15 x 5 = 75 

Corninn Element 
#190738 40 x 10 = 400 

HbLu 

0.7s 

0.10 

0.25 

1 .o 

Minimum 
Power-Milli-watt s 

50 

9 

7.5 

120 

The momentum exchange type of bi-stable device appears t o  offer  s ignif icant  

power savings when compared t o  the  Coanda type of elements. 

The bi-stable amplifier can be used Itn the implementation of a great 

many functions. 

functions necessary f o r  programming or  performing d i g i t a l  computations. 

NOR, OR and ANI) gates can be developed to  perform logic 
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Pulse converters, osc i l la tors ,  counters and analog t o  d ig i t a l  conversion 

can be implemented using modified bi-s table  amplifiers i n  ser ies  o r  

pa ra l l e l  arrangements. 

applications ranging from f i l t e r i n g  t o  drive aroplif iers. 

Proportional amplifiers can be used i n  many c i r c u i t  

Proportional 

devices are more sens i t i ve  t o  temperature change, noise and downstream 

conditions. 

The frequency response of f l u i d i c  elements i e  l imited theoret ical ly  

by the speed of sound and pract ical ly  by the manufacturing technique and 

i n  some elements by the change i n  flaw charac te r i s t ics  as s ize  i s  decreased. 

This l a s t  f ac to r  i s  of importance since theoret ical ly  the speed of response 

can approach the speed of electronic elgments i f  the paths through which 

the  f l u i d i c  s ignals  must pass could approach zero length. 

etching techniques and careful process control,  elements having packaging 

dens i t ies  of several thousand logic  devices p e r  cubic inch can be visualized 

even with required interconnects. For t h i s  case signal transmission paths 

could be approximately 100 mils which r e s u l t s  i n  a theore t ica l  upper l i m i t  

of 100 ki locycles  using conventional f l u i d s  a t  standard temperatures. For 

the Solar Probe Atti tude Control System frequency response of the elements 

Using photo 

i s  not c r i t i c a l  and present packaging dens i t ies  a re  suf f ic ien t  t o  p rwide  

competitive weight and volume compariscn with equivalent e lectronic  c i rcu i t s .  

Types of amplif iers and t h e i r  most s ignif icant  charac te r i s t ic  and 

application i s  shwn i n  Table V I .  

After a review of the state-of-the-art  i n  f l u i d i c  amplification 

devices, the available data on c i r c u i t  application of these devices i n  

computer, missile control,  a i r c ra f t  control and of the functional c i r c u i t  
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requirements of the Solar Probe Atti tude Control System, i t  i s  concluded 

tha t  the present developmental s t a tus  of these elements i s  suf f ic ien t  t o  

implement the control intell igence functions necessary. 

operation i n  the anticipated environment par t icu lar ly  the temperature 

range of i n t e re s t  i s  s t i l l  subject t o  question, since there  i s  v i r tua l ly  

no elevated temperature operating data on many of these devices i n  the 

The system 

available l i t e r a tu re .  This sub jec t  is t rea ted  i n  greater  d e t a i l  in 

Chapter V. 

A Solar Probe Att i tude Control System could be iuplemented with a 

combination of a l l  type devices shown i n  Table VI. However, a f t e r  con- 

s iderat ion of t h e i r  character is t ics ,  development s t a tus  and available data; 

two types have been selected for  fur ther  study i n  Phase 11. The wall  attach- 

ment devices (or possibly the Martin momentum exchange type) w i l l  be used 

t o  implement the majority of the c i r c u i t  functions required f o r  the Solar 

Probe Atti tude Control System. 

quiescent (zero signal)  power consumption operating capabi l i ty ,  w i l l  be 

The Vortex amplifier,  because of i t s  low 

considered f o r  the primary jet operation used f o r  torquing the momentum 

wheels which are present i n  the proposed control  system. 

I 



V. FLUIDIC PERFORMANCE TRENDS UNDER SOLAR ENVIRONMENT 

A. INTRODUCTION 

High temperature and slowly changing but wide var ia t ion i n  temperature 

are  the most s ignif icant  environmental fac tors  of the Solar Probe mission. 

While some specialized high temperature (1500%) f l u i d i c  systems have been 

tes ted,  data  on the e f fec t  of temperature var ia t ion  even on basic  elements 

i s  not available. System temperature test data  would be more meaningful 

but less general i n  application than basic element test. Because of the 

complete lack of ex is t ing  data i n  t h i s  c r i t i c a l  environmental area, the 

Martin Company during Phase I decided t o  conduct some basic temperature test 

of elements i n  order t o  es tab l i sh  the gross e f f ec t  of temperature on t h e i r  

basic operating character is t ics .  Conducting tests of this nature a re  cost ly  

and t i m e  consumingi therefore, under the confines of the present study only a 

l imited test could be conducted. Three bi-stable f l u i d i c  elements w e r e  

subjected t o  the temperature test; Corning element 1190738, Martin element 

FLE-101, and a Martin momentum exchange element. 

While it i8 .d i f f i cd . t  t o  draw general conclusions from the l imited 

amount of temperature test  data obtained and the lack of theoret ical  explana- 

t i o n  of the elements changing charac te r i s t ics  with temperature, the following 

I 

comments a re  offered: 

- Temperature var ia t ion  causes changes i n  the single element operat- 

ing charac t eri st i c  s . 
Unvented elements w i l l  be more seriously effected than vented ones. - 

f 
c . -. . . .. . .  . . - .  - 
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While number e f fec ts  are  suspected as the cause of operating 

charac te r i s t ic  variations no def in i te  trend as  a function of & 

number change w i t h  temperature could be established. 

The variation of operating charac te r i s t ics  with temperature 

seem t o  be grossly effected by the output load, par t icu lar ly  i n  

the momentum exchange device. 

For a selected output load the Martin momentum exchange element 

had much b e t t e r  operating charac te r i s t ics  than the Corning or 

Martin FLE-101 devices. 

This area requires further investigation t o  es tab l i sh  the  re- 

quirement f or  temperature compensation i n  a Solar Probe F lu id i c  

AttLrude Control System. 

Total system e f f e c t s  are s t i l l  unknown and system temperature 

tests are strongly recomnded. 

B. TEMPERATURE TESTING INSTALLATION 

The temperature test set-up i s  shown i n  Fig. 20 .  The i n s t a l l a t i o n  

consisted of: 

a pre-heater with separate temperature control capable of continuously pre- 

heating the control and supply f law t o  the oven tenperatures pressure and 

flaw measurement instrumentation f o r  supply, control and output por t s  of the 

elementi thermocouple ins ta l la t ions  f o r  measuring the supply and control flow 

temperatures, balanced bridge potentiometer and thermocouple se lec tor  f o r  

reading the various thermocouples; external control valves f o r  s e t t i ng  output 

load, supply pressure and control pressure. 

a temperature controlled Oven capable of greater than 2000%3 



I n  order t o  expedite the conduction of the t e s t  a l l  pressure and 

flow measurements were made external t o  the oven. 

pressure and flow measurements are made j u s t  pr ior  t o  the flow entering 

the pre-heater. 

approximately 2 f t  downstream from the oven e x i t s  a t  which point the flcw 

is essent ia l ly  a t  room temperature. 

t o  es tab l i sh  the loading on the  element f o r  the t e s t  series is located a t  

this point also. 

The supply and control 

The output pressure and flow measurements are  made 

The var iable  o r i f i ce  which is  used 

It would have been more desirable t o  have had the output 

load control o r i f i ce  within the tenperature environment of the w e n  but 

t i m e  and cost  of the tes t ing  program did not permit .  For any fu ture  test- 

ing t h i s  change is recommended. 

The basic t e s t  procedure used a f t e r  ca l ibra t ion  of the test set-up . .  

w a s  t o  es tabl ish the element character is t ics  a t  room temperature f o r  a given 

supply pressure and output load. The supply pressure was then held constant 

as temperature was increased and the loading o r i f i ce  remained a t  i t s  i n i t i a l  

set t ing.  The switching pressure was establ ished a t  various temperatures and 

the supply flow, output flow, output pressure, and control flow data  taken. 

For the FLE-101 two d i f fe ren t  elements were used and t e s t a  were conducted 

t o  es tab l i sh  the va r i ab i l i t y  between elements as well as t o  es tab l i sh  the 

repeatabi l i ty  of the t e s t  data. For the momentum exchange element several  

tests were conducted i n  which output load was varied t o  es tab l i sh  pressure- 

flow relationships as a function of temperature. 

C. TEST RESULTS 

The three basic elements tes ted were a l l  bi-stable types  and two were 

of the vented design. Measurements of the operating charac te r i s t ics  of these 

, 
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elements a t  room temperature were made p r io r  t o  the temperature test. 

elements tested were: 

element FLE-101 (closed design) ; Martin momentum exchange element (vented 

The 

Corning element a190738 (vented design) ; Martin 

design) . 
A. Cornim Element 

The Corning element was adapted t o  the test set-up using a s t a in l e s s  

steel tubing interconnection t o  the standard Corning brass f i t t i n g s  sealed 

wi th  epoxy. 

ing epoxy, which Prmidedwi th the i r  standard brass f i t t i n g  seals, would f a i l  

a t  a lower temperature than tha t  used by Martin. 

and room temperatures, were made using the modified element and the test 

It was anticipated and l a t e r  demonstrated by test tha t  the Corn- 

All tests, both a t  elevated 

set-up shown i n F i g .  20, 

Corning performance data, a t  room temperature, were reproduced using 

a supply pressure of 1.5 psig, The Corning switching data was obtained with 

the  inactive control por t  dead-ended and with specified and equal loading on 

the  output ports. A check of the operation of the device as a function of 

supply pressure or R e  number was made and the r e s u l t s  are shown i n  Fig.21. 

The element ceased t o  function as a f l ip - f lop  a t  supply pressures less than 

about 1.0 psig corresponding t o  a & number of about 800. 

temperature tests were conducted t o  es tab l i sh  the pressure-flow relationships 

of the element under various loads. 

function of output flow f o r  two different supply pressures is shown i n  Fig. 22. 

The output impedance of the element obtained is  1.33 ps ig / in  /sec a t  1.5 psig 

3 supply pressure and 1.21 psig/in /sec a t  3.0 psig supply pressure. The input 

impedance was determined as 0.47 psfgf in  fsec a t  t he  operating point of 1.5 

Additional room 

A normalized p lo t  of output pressure a s  a 

3 

3 
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Temperature tests were conducted on the Corning element using a 

constant supply pressure of 1.5 psig and w i t h  the inactive control port  

dead-ended. 

various temperatures and i t s  switching and output cha rac t e r i s t i c s  measured. 

Fig.  23 presents a p lo t  of the control pressure, output pressure, control 

flaw, supply flow, and output flow as a function of temperature. 

350 F the element ceased t o  function as a f l ip - f lop .  

element indicated the epoxy developed blow holes a t  this point i n  the output 

interconnections forcing tes t ing  t o  be limited t o  t h i s  temperature. 

cha rac t e r i s t i c s  of the element in this limited temperature range were 

re la t ive ly  constant. 

switching pressure held constant a t  3.0 in. of water. 

The element and i t s  supply and control flow was heated t o  

A t  about 
0 

Examination of the 

The 

Pressure gain changed from about 1.95 t o  1.75 while 

2. Martin FLE-101 

The Fte-101 i s  an umrented f l u i d  amplifier and the input, control and 

output porta a re  normal t o  the channel f l o w .  Room temperature testsof t h i s  

element were conducted t o  establish input and output impedance. The output 

pressure-fluw Characterist ics for two d i f fe ren t  supply pressures are  Shawn 

i n  Fig. 24 . The output impedance determined from t h i s  data i s  0.194 
i n  /sec rrsin 

a t  5 psig supply pressure and 2.64 3 at 10 psig supply pressure. This i n  /sec 

da ta  was obtained by monitoring constant supply pressure and varying the load. 

Output impedance i s  often obtained by maintaining a constant load and varying 

the supply pressure. Output pressure-flow r e l a t  ionshipa f o r  the FLE-101 under 

t h i s  condition i s  ahuwn i n  Fig. 25. 

manner is 0.094 3 a t  4 psig supply and 0.112 "4". a t  3.0 psig. 

The output impedance determined i n  this 

i n  lsec i n  /sac 

I 

i 

supply. Control and supply input impedance were determined in a similar 
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manner and are shown i n  the table below. 

FLE-101 Impedances 

Supply Pressure 4 p s i  5 p s i  
3 3 Supply Input Impedance 1-48 p s i d i n  /sec 1.56 psig/in /sec 

C ont r ol Input Inq e dance 0.88 0.137 

Output-Input Impedance 0.094 0.112 

Temperature tests were conducted on the FLE-101 using a constant supply 

pressure of 5 ps ig  and wi th  the  inactive control por t  open t o  atmosphere, The 

element and i t s  supply and control f l a w  was heated t o  various temperatures and 

i t s  switching and output charac te r i s t ics  measured. 

experimental r e s u l t s  obtained f o r  switching pressure, control flow, pressure 

gain and flow recovery. Perf onuance cha rac t e r i s t i c s  f luc tua te  significantly 

with temperature pa r t i cu la r ly  above 4OOoF. Flow recovery is  near 75 percent 

Figure 26 prepents the 

a t  room temperature and decreases with increasing temperature. 

temperature tests were repeated w i t h  the same element t o  es tab l i sh  the 

repea tab i l i ty  of the  data and were conducted using a second element t o  

e s t ab l i sh  va r i ab i l i t y  from element t o  element. and 

about t h e  switching pressure data indicating the uncertainty i n  these resu l t s .  

The 

Figure 26 shows a 

An analy t ica l  procedure for  predicting o r  explaining the e f f ec t s  of 

temperature on t h i s  element has not been developed. 

explanations of the  differences obtained with the  Corning element and the 

Martin FLE-101. 

has shown the vented elements i n  general are less sens i t ive  t o  variations in 

a l l  parameters than the  unvented elements. Second, the  temperature t e s t s  on 

There are  three possible 

F i r s t ,  the  Corning element is  vented and previous experience 

0 
t he  Corning element were l i m i t e d  t o  350 F, and the  FLE-101 held re la t ive ly  

i 

I -  . . .  _. 

- 
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constant through this range but showed marked changes a t  higher temperatures. 

Third, the FLE-101 may exhibi t  more sens i t i v i ty  t o  temperature due t o  the 

configuration of input and output ports  which a re  normal t o  the channel flow. 

3. Martin Momentum Exchange Element 

The momentum exchange element, developed by Martin, does  not make use 

of the wall-attachment, (Coandd ef fec t  i n  i t s  operation1 condequently, i t  was 

hoped tha t  the lowering of power nozzle 

temperature operation, would not seriously a f f ec t  t h i s  type of element. 

number, inherent with elevated 

This 

element w a s  t es ted  a t  room temperature t o  e s t ab l i sh  output pressure-flow 

relat ionships ,  a t  constant supply pressure, under varying load. 

were repeated a t  elevated temperatures t o  e s t ab l i sh  the e f f ec t  of varying 

teuperature on the output character is t ics .  Figures 27 and 28 show the output 

pressure-output flow charac te r i s t ics  , and the output pressure-pressure gain 

characteristics, respectively. The switching pressure as a function of out- 

put load (or output pressure) at room temperature i s  shown i n  Fig. 29 . While 

conducting the temperature tests on t h i s  element i t  was observed tha t  the 

performance charac te r i s t ics  (pressure gain, switching pressure) a s  a function 

of temperature were sensi t ive t o  the i n i t i a l  load. 

These tests 

In  general, the  changing 

temperature appeared t o  follow the pat tern of a changing load insofar  as 

switching pressure and pressure gains are concerned. Figure 30 is a p lo t  of 

the  switching pressure required f o r  various output pressures a s  the temperature 

i s  increased. Two p lo t s  are shown f o r  two di f fe ren t  i n i t i a l  load conditions. 

Comparison of Figs. 29 and u) indicates thgt  increasing temperature e f f e c t s  

pressure gain and switching pressure i s  much the same way tha t  decreasing load 
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e f f e c t s  these parameters a t  room temperature. 

i n  shape and posi t ion but the trend i s  apparent. The numbers along each 

p lo t  on Fig. u) re fers  t o  the sequence of increasing temperature f o r  the 

two d i f fe ren t  tests conducted. 

sequence of increase and i s  probably within the accuracy of reading the 

The curve has been changed 

In.most cases, the curve follows the 

data  i n  those few cases which a re  exceptions. T h i s  da ta  again i l l u s t r a t e s  

the importance of having the  loading o r i f i c e  within the temperature environ- 

ment of the element. Had the test been conducted i n  t h i s  manner the observed 

var ia t ion i n  operating charac te r i s t ics  would have been decreased. In order 

t o  compare the charac te r i s t ics  of t h i s  element, under changing temperature, 

with the Corning and FLE-101 elements, Fig. 31 presents  the switching pressure, 

pressure gain, flow recovery and control flow as a function of temperature. 

The var ia t ion  i n  control flow and flow recovery i s  l imited,  while the  pressure 

gain and switching pressure vary ra ther  d ra s t i ca l ly  with temperature. 

The temperature t e s t s  conducted during Phase I of the subject contract  

although limited i n  nature have established tha t  while elements can work w e l l  

a t  elevated temperature t h e i r  charac te r i s t ics  can vary dras t ica l ly  over a 

wide change i n  temperature. . The most s ign i f icant  r e s u l t  of these tests i s  

the ident i f ica t ion  of a possible problem area and the  conclusion tha t  careful  

t e s t ing  of both f l u i d i c  elements and systems under temperature var ia t ion 

must be conducted. 



V I .  MA T E R I A J S  C ONS IDERATIOa 

A. MATERIALS CF CONSTRUCTION FOR FLLUDIC CONTROL 
SYSTEM CCMPONENTS 

The environment exposes the materials of the exposed portion of the 

' i  

, 

t 

system t o  a var ie ty  of electromagnetic rad ia t iQn as w e l l  a s  pa r t i c l e s  rang- 

ing from micrometeoroids through electrons and protons a t  high energies t o  

cosmic radiation. L i t t l e  need be said of the e f f ec t s  of particles other 

. than tha t  micrometeoroid damage (which has low estimated probabi l i ty  of 

occurrence) would probably be crippling, and tha t  so long a s  metals form 

the basis  of the exposed components, proton and electron e f f ec t s  should be 

essent ia l ly  negligible,  a s  should the  e f f e c t s  of the neutron flux. 

principal enviroamental hazard is, of course, the  thermal flux. 

quires t ha t  temperaturea from 1400% t o  1600% in f u l l y  exposed components 

must be eas i ly  tolerable,  and par t ly  shgelded or cooled elements should 

to le ra te  temperatures of 700 t o  1000 R. 

The 

This re- 

0 
Because eventua l i t i es  could produce 

rapid changes of temperature across several hundred degrees, materials must 

not respond adversely t o  thermal shock@ of t h a t  order. 

There seems t o  be no argument which can hold nonmetals a s  more useful 

than refractory metals f o r  t h i s  purpose. We have sa t i s f ac to r i ly  tes ted  

"Photocerad' f l u id i c  elements at elevated tempsratures. Fundamentally, the 

material is sat isfactory for  such use, but connections pose severe problem. 

The material is strong,. but b r i t t l e  and undoubtedly somewhat notch sensit ive.  

Special nickel i ron  alloys, such as those produced by Carpenter Steel ("Glass 

! 

< '  

Sealing 42" and'IVacumet Mi;co$eal") can furnish thermal expansion coef f ic ien ts  
I 

which can match the expansion of boros i l ica te  glasses qu i t e  w e l l  up t o  about 

81 
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600' t o  800%. 

increased expansion rate of t he  metals and the b r i t t l e n e s s  of the Photocer-. 

Beyond t h i s  range, r i s k  of f rac ture  e x i s t s  because of the 

Metals, conversely, can be welded o r  dif fusion-bonded i n t o  essent ia l ly  

in tegra l  systems exhibiting a high degree of ruggedness, toughness, and 

d u c t i l i t y  i n  the range of temperatures required. A var i e ty  of s t a in l e s s  

steels and Inconele have been used by us f o r  diffusion-bonded and brazed 

f l u i d i c  assemblies. 

chemical e f f e c t s  between the working f l u i d  and metals can be prevented, 

Tests a t  high temperature have revealed tha t  as long a s  

en t i r e ly  sa t i s fac tory  performance can be expected. 
I 

Depending upon the nature of the working f lu id ,  some t es t ing  f o r  

chemical e f f e c t s  a t  high temperature i s  i n  order, but the problem should be 

a minor one. 

must be avoided t o  prevent scaling and defovnation or  fouling of the f l u i d i c  

system. 

I 
I 

I 
Specifically,  oxygen o r  other hlghly active working f l u i d s  

! 

B. MbTERULLS FOR SPECIAL COMPONWl'S 

1. Lenses f o r  oPt ica  

a2 

The e f f e c t s  of heat and electromagnetic and nuclear pa r t i c l e  rad ia t ion  

on normal optical  materials can be expected t o  produce damage and severe 

darkening of ordinary glasses. This should be avoidable by the use Qf fused 

quartz optics. 

a l t e r a t ions  i s  not a problem, for precision imaging i s  not required. 

2. Materials f o r  Porous Beariqgp 

The optical  quality required in terms of correction of 

I n  the eveat- i n e r t i a  wheels are u t i l i zed ,  they should be supported i n  

gas bearings. 

f o r  such applications, because the flow r a t e s  (and hence damping) a re  lower by 

We have found that the porous source-surface type i s  f a r  superior 

1 
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an order of magnitude than f o r  other types. 

Bearings thus f a r  have heen constructed of porous metals. 

variety of reasons having t o  do with control of surface porosity, porous 

metals a r e  d i f f i c u l t  t o  work sa t i s f ac to r i ly  fo r  t h i s  purpose. 

porous graphite o r  alumina ceramic (A1 Si Mag) appear t o  be superior f o r  

t h i s  purpose, and experimental work is under way a t  Martin t o  evolve an 

For a 

Ei ther  

optimal material  and process specification f o r  such bearings. 

The temperature e f f e c t  on nei ther  of these materials can be expected 

t o  pose a problem, but neutron or proton fluxes may produce some e f f e c t s  

and an experimental check is i n  order p r i o r  t o  de f ip i t i ve  design of a system. 

C. WORKINGMEDIA (FLUIDS) 

l* si.=1 e P b  e (Gas e o u d  Svst em 

I n  the event that a single phase system is adopted (disadvantages 

are mechanical pump and valve actions), gas is pumped a t  l o w  temperature 

t o  a higher pressure, heated, circulated through the  f l u i d i c  load and 

returned at low pressure t o  the cool s ide  f o r  recirculation. 

chemically inactive gas is desirable which has density and v iscos i ty  such 

as t o  give proper Reynolds numbers across the range of values in t he  system 

A simple, 

requirements. It appears l ikely that nitrogen w i l l  be u t i l i z e d  f o r  a t t i t u d e  

control or desaturation of i ne r t i a  wheels. 

sa t i s fac tory  choice f o r  the  f lu id ic  control system working medium, and a 

ccumuon source (with redundancy) f o r  makeup of accidental l o s s  of gas in 

e i t h e r  system is an obvious advantage. 

This would be an e n t i r e l y  

I 
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2. Two-Phase (Liquid/Vapor) Systems 

There are schemes for  systems which employ non-mechanical pumping of 

a r e l a t ive ly  small volume of l iquid from a lower pressure and temperature 

t o  the  highest system pressure, vaporizing and superheating the  vapor by 

introduction of so lar  heat ( t o  avoid condensation in the functioning 

systems), condensing t o  l iqu id  a t  the lower pressure and temperature, and 

again pumping the l i qu id  t o  the  higher pressure. 

t o  u t i l i z e  the pressure available at the liquid-gas menisci i n  a f ine ly  

divided porous matrix (capillary approach). This pressure i s  produced by 

the  surface tension i n  the  menisci which develop when the medium w e t s  the 

matrix and is heated there in  t o  produce the vapor. 

The f i r o t  such scheme is 
I 
I 

In order f o r  such a 

scheme t o  develop useable pressures, several such meniscus cells must. be 

used i n  series with in te rs tage  condensation. 

advantage tha t  the  heat of vaporization must be supplied and rejected 

several  times, but has the advantage of great mechanical simplicity. 

This system has the d is -  

Free 

surfaces may possibly be avoided en t i r e ly  by keeping a l l  l iqu id  en t i r e ly  

wi th in  the porous matrices. 

For t h i s  scheme, Freon 114 appears t o  have a nearly idea l  range of 

temperatures and pressures, and subject t o  material compatibility tests is 

t o  be highly recormwnded. It should be borne i n  mind that superheafing of 

t h e  vapor after the las t  cell is important t o  avoid condensation. 

D. MATERIALS CHOICE SUMMARY 

From the  work conducted in  Phase I on materials, i t  appears t ha t  qu i te  

s a t i s f ac to ry  materials and fabrication techniques are available f o r  the 

. 
~ . . .. ... .._. ._ .. .. _ _  .. ,._. ~ . ... . ... . .---..-.. . - -  .-. 
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construction of a f l u i d i c  Solar Probe Atti tude Control System tha t  does 

not require thermal or radiation shielding or  environment control. 

F lu id ic  elements, sensors, interconnections and plumbing would be made 

f r m  diffusion bonded refractory metals such as the inconel and s t a in l e s s  

groups, with a min imum of mechanical j o i n t s j  the working f l u i d  would 

depend on the power system approach chosen; but N 

choice f o r  single phase systems, and Freon 114 or water appear workable 

f o r  two-phase systems. 

appears a workable 2 

Other specialty materials are  available f o r  sensor 

opt ics  (fuzed quartz) or E-F conversion devices,, (Piezo-electric crystals) .  

, A . . . ~ .. . .. - - .. . .- . .. .. .- -_, . .. . . ., .. . .~ , . _  . . .  
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V I 1  . RELIABILITY PREDICTION 

Predicting the r e l i a b i l i t y  of f l u i d i c  and f l u e r i c  components a t  t h i s  

point i n  the development of the f l u i d i c  f i e l d  i s  of necessity qua l i ta t ive  

and subjective a t  best. 

system estknate fu r the r  opens the question as t o  the va l id i ty  of the 

r e l i a b i l i t y  evaluation. The lack of available experimental and application 

d a t a  on f a i l u r e  r a t e s  of f l u id i c  components and the desire  t o  obtain a f e e l  

f o r  the anticipated r e l i a b i l i t y ,  however, requires one t o  make an attempt 

t o  perf o m  the r e l i a b i l i t y  analysf.8. 

The application of these predictions t o  a t o t a l  

I n  t h i s  sect ion an approach w i l l  be outlined, based primarily on the  

techniques presented in Ref. 37 , which w i l l  be applied t o  the Fluidic  

Atti tude Control System during Phase 11 of the subject contract .  

approach leaves much t o  be desired It repreqents the only technique which 

has been published i n  the open l i t e r a t u r e  on performing r e l i a b i l i t y  comparisons 

between the implementation of a system with f l u i d i c s  and electronics.  

Whfle t h i s  

The key 

f ac to r  i n  the comparison is the e f f ec t  on f a i lu re  rate of the two approaches 

subject t o  environments of vibration, temperature, and radiation. 

Mr. Fox, i n  Ref. 37, has used basic f a i l u r e  rate data f o r  electronic 

components from Earles and Eddins "Reliabil i ty Engineering Data Ser ies  - 
Failure  Rates". 

than laboratory environments i s  a l so  based on the data coupiled by Earles 

and Eddins. 

The increase i n  f a i l u r e  r a t e s  caused by operating i n  other 

The following f a i lu re  r a t e s  were used a s  optimistic values for 



I 

a 
electronic  component 8:  

6 
Failure  Rate8 ( p e r  10 hrs) 

Transistors,  s i l i con  0.01 

Diodes 

Re 8 is t o r  8 

0.001 

0.005 

Connections, p e r  pin or  per j o i n t  0.0001 

The increase i n  f a i l u r e  ra tes  of these components when subjected t o  types 

of environment charac te r i s t ic  of a solar  probe is shown i n  the tab le  below. 

Bactor 
Temperature 150°C 10 

SOOC 5 

Missile Vibration 900 

Solar F la re  (Cielunar Space) 10 

C i s l u n a r  Space 2 

For the so la r  probe vehicle the radiat ion in tens i ty  levels a re  

anticipated t o  be an order of magnitude more severe than t h a t  f o r  Cislunar 

space and the respective fac tors  shown above could be expected t o  increase 

accordingly. 

tha t  given i n  MIC-HDBK-P17A, 1 December 1965, supports t ha t  the data  is 

optimistic. 

(even though f a i l u r e  r a t e  data is scarce) the basic component f a i l u r e  r a t e s  

f o r  t rans is tors  and diodes need no longer be used. Connections are  great ly  

Comparison of the f a i l u r e  r a t e  data given by Mr. Fox with 

With the advent of microelectronics and integrated c i r c u i t s  

reduced and the subsequent r e l i a b i l i t y  of a system improved. 

of the r e l i a b i l i t y  estimates of Ref. 37 w i l l  be conducted in Phase I1 when 

This updating 

87 
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evaluating the r e l a t ive  r e l i a b i l i t y  of the e lec t ronic  and f l u i d i c  a t t i t ude  

control system. 

While the sources of electronic component f a i l u r e  r a t e  data a re  

suf f ic ien t  f o r  the purposes of the subject contract  the f l u i d i c  Component 

f a i lu re  r a t e  data is non-existent. 

w i l l  be used i n  the study. 

The approach of Ref. 37 given below 

The modes of f a i l u r e  which were assumad are: 

1) The f a i l u r e  of connectors between sheets of components. 

Fa i lure  rate data is available f o r  such connectors. 

I f  the f l u i d  contains par t ickes  which a re  la rge  enough t o  2) 

obstruct a duct, o r i f ice ,  or component, f a i lu re  w i l l  probably 

occur. 

I f  the material  in which the conponenfs a re  formed separates, 

cracks, ruptures, peels, fragments, creeps, flows, dis-  

integrates ,  warps, or twists beyond ce r t a in  l imi t s ,  then 

f a i l u r e  w i l l  occur. 

3) 

After making a number of specially s ta ted assumptions re la ted  t o  the 

fabricat ion and tes t ing  techniques, Fox proceeds t o  derive f a i l u r e  r a t e s  

f o r  the three f a i l u r e  modes. This is accomplished by using experience in 

other devices which have similar f a i l u r e  modes. 

experience with leakage fa i lures  of valves and various type sea ls  is used 

For f a i l u r e  mode 3, 

a s  a guide t o  the f a i l u r e  ra te  t o  be used f o r  f l u i d i c  components. 

previous experience has shown tha t  the f a i l u r e  r a t e  fo r  f rac tur ing  or 

cracking is less than tha t  for sealing and a f ac to r  of 10 was used f o r  

Also 

modifying the sealing f a i l u r e  r a t e  data. The t o t a l  f a i l u r e  r a t e  used f o r  
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6 improperly ducting the f lu id  (or f a i l u r e  mode 3) was 0.11 per  10 

Similar arguments (based on contaminat ion f a i l u r e  experience i n  carburetors 

and fue l  injectors)  were used, assuming state-of-the-art  f i l t e r i n g ,  to  

es tab l i sh  the f a i l u r e  rate of 1.0 p e r  10 

Fortunately, f a i l u r e  r a t e  data is  given by Earles and Eddins f o r  f a i l u r e  

of pneumatic j o i n t s  as 0.02 per 10 

f a i l u r e  rate data, r e l i a b i l i t y  estimates can be made f o r  various f l u i d i c  

components which can then be compared t o  the  equivalent electronic circuit. 

Due t o  the nature of f lu id i c s  and i t s  capabi l i ty  t o  exist i n  high t-erature, 

radiat ion and v ibra t ion  environment, the correct ion f ac to r s  t o  be applied 

t o  the f a i l u r e  r a t e  data f o r  t h i s  environment a re  f a r  less than those of 

electronic  components. 

hrs. 

6 hrs  f o r  f a i l u r e  mode 2. 

6 h r s  ( fa i lure  mode 1). Using this 

I 

i 

Table I1 indicates  these f ac to r s  given by Fox f o r  

a 

! 

! 

! 

typical pure f l u i d  devices. 

Table JJ 

Temperature Pactot 
+ 1sO"c 2 

- 50°C 2 

+ 25OoC 3 

Missile Vibration 10 

Solar F la re  (Cislunar Space) 2 

Cislunar Space 1 

I n  Ref. 37 the  described approach was applied t o  a f i r e  control computer 

implemented using both electronic components and using pure f l u i d  components. 

The electronic  version showed 20 t o  1 less f a i l u r e s  than the f l u i d i c  counter- 

. .~ .__._ . . .. . . - ~ 



.- . . .. . . - ---- - - 

5 -r e.. - 4 90 

par t  i n  a laboratory environment, primarily because i t  was assumed tha t  

a f a r  greater  number of f lu id ic  elements woulil be required t o  implement 

the computer than electronic  elements. 

assumption, since each f l u i d  element is the equivalent of approximately 

10 electronic  components.) 

(Note: This may be a poor 

After application of the f ac to r s  predicted 

f o r  the e f f ec t  of environment the picture  changed s ignif icant ly  with 

f l u i d i c s  showing a resul tant  r a t i o  of f a i lu re s  t o  e lectronics  of 1:5. 

Most significant gains were achievied i n  the areas of vibrat ion and 

temperature. 
I 

While the &we. approach is subject t o  ver i f ica t ion  through a prac t ica l  

demonstration, i t  does of fe r  a means of arriving a t  the  r e l a t i v e  comparison 

of r e l i ab i l i t y .  

Spacecraft Atti tude Control System w i l l  be defined during Phase 11 and 

estimates made, using the  above described approach. 

The f lu id i c  components necessary t o  implement a Solar Probe 

I 

I 
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VIII. CONCLUSZON& 

The conclusions reached during Phase I of the subject Spacecraft 

F lu id ic  Attitude Control System etudy are as  follows: 

General Feas ib i l t ty  - The application of Fluidic/Flueric technology 

t o  the Solar Probe (and other spacecraft) Atti tude Control requirement I s  

basically both feas ib le  and promising. 

ment i n  r e l i a b i l i t y  and operating l i f e  can be made over conventional 

electronic/electromeohanical approaches which should be of signif iceat value 

f o r  long duration space missions, It is s igni f icant  t ha t  no fundamental 

"holes" w e r e  found in the technology tha t  would preclude i t s  application 

t o  the subject problem. 

It appears t ha t  significant improve- 

Technology Development Status - The current state of development of 

the Flu id ic /F lwr ic  Arts, as applied t o  the subject system, has several 

areas of wealcness. These include in order of severity: 

Closed Cycle (recirculating) Power Supply Systems 
Solar Sensors 
I n e r t i a l  Sensors (angular displacement) 
E-F, P-E Signal Conversion Devices 

On the  other hand, the  ava i lab i l i ty  of f lu id i c / f lue r i c  logic elements, angular 

rate sensors and mouentum exchange devices is qui te  satisfactory.  

There is an urgent requirement f o r  much more extensive performance test- 

ing of a l l  f l u i d i c  devices and complete systems a t  elevated ambient temperatures, 

since limited element tests conducted on t h i s  program indicate tha t  s ign i f icant  

performance variations can and do occur. 
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There i s  a need t o  es tab l i sh  basic r e l i a b i l i t y  performance indices 

( f a i lu re  ra tes ,  environmental degradation factors) f o r  f l u i d i c  systems 

i n  order t o  e f fec t ive ly  analyze t h e i r  overall  performance potential ,  i n  

competition with ex i s t ing  electronic,  electromechanical and mechanical 

sy s tern approaches. 

The ava i l ab i l i t y  of suitable materials f o r  constructing f l u i d i c  

systems i n  spacecraft does not appear t o  be a rnaj or problem. 
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Fig .  2. Solar Probe Trajectory Versus Booster Capabi l i ty  
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Fig. 16. Reciprocating, Recirculating Power Supply 
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