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YAW ATTITUDE SENSOR 

By Wallace S. Kreisman 
GCA Corporation 

GCA Technology Division 
Bedford, Massachusetts 

SUMMARY 

A yaw a t t i t u d e  sensor system was designed and constructed t o  measure 
the angle between a chosen a x i s  of a space vehicle  and the r e l a t i v e  wind. 
The system works by per iodica l ly  connecting a cold cathode ion iza t ion  
gauge, v i a  a mechanical cycl ing valve, t o  one of two independent tubula- 
t i ons  t h a t  extend beyond the vehic le  surface and a re  symmetrically located 
about the vehicle  chosen ax is .  The ion iza t ion  gauge measures the low pres-  
sures  t h a t  develop within the tubulat ions and de l ive r s  a modulated output 
s igna l  t o  a logarithmic electrometer and synchronous detector .  The gauge 
s igna l  modulation amplitude i s  converted t o  a dc voltage which i s  propor- 
t i ona l  to  the yaw angle. 

1. INTRODUCTION 

The pr inc ip le  of the yaw a t t i t u d e  sensor had i t s  conception i n  the 
techniques employed t o  measure atmospheric dens i t i e s  and pressures aboard 
high ve loc i ty  rockets  and s a t e l l i t e s .  
within a chamber locatedaboard a f a s t  moving vehicle  depends on the angle 
between the r e l a t i v e  movement of the atmospheric gas molecules and atoms 
and the aper ture  o r  opening t o  the chamber. For example, a pressure gauge 
located on a spinning rocket o r  s a t e l l i t e  develops an o s c i l l a t i n g  output 
s igna l  due t o  the r o t a t i o n  fl]. 
per  u n i t  t i m e  when facing forward i n t o  the  r e l a t i v e  wind than when facing 
away from the wind and i n t o  the wake. 

The gas densi ty  which develops 

* The gauge ac tua l ly  scoops up more gas 

I n  addi t ion  t o  the above observations of pressure and density,  other  
measurements aboard a fas t  moving vehic le  a l so  depend on the  r e l a t i v e  
motion of the a i r  stream pas t  the vehicle.  Measurements of gas composi- 
t ion,  and e l ec t ron  and pos i t i ve  ion  dens i t ies ,  f o r  example, normally de- 
pend on the  d i r ec t ion  of motion.[2,3]. 
p roper t ies  of the ambient atmosphere are affected by the ve loc i ty  of the 
measuring instruments. 

I n  general, measurement of the 

* 
Numbers i n  [ ] represent reference numbers. 
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A second important category of phenomena t h a t  a r e  a f fec ted  by the 
relative motion of a vehic le  through the atmosphere involve those of aero- 
dynamic drag and heating. The drag forces  t h a t  r e t a rd  the  movement of 
s lender  body (and thus help expend the propulsion energy) can be minimized 
by pointing the long ax i s  of the body i n  the d i r e c t i o n  of the r e l a t i v e  wind. 
Similarly,  the heating of s ens i t i ve  a reas  of the vehicle  can be minimized by 
proper vehic le  or ien ta t ion .  
t o  determine the d i r e c t i o n  of the relative wind. 

a 

I n  both cases, a yaw a t t i t u d e  sensor may be used 

A fu r the r  appl ica t ion  of a yaw a t t i t u d e  sensor would be i t s  use t o  
determine the relative motion of the atmosphere with respect  t o  the  ear th .  
Real neut ra l  p a r t i c l e  winds can be measured i f  one already has a knowledge 
of the motion and o r i en ta t ion  of the vehicle  with respect  t o  the e a r t h  [ 4 ] .  

Since rockets, satell i tes,  and space vehicles  move a t  r e l a t i v e l y  high 
v e l o c i t i e s  of the  order of 1 km/sec t o  about 8 km/sec, and since t h i s  
ve loc i ty  i s  an appreciable f r a c t i o n  of o r  exceeds the  ve loc i ty  of ambient 
atmospheric molecules and atoms, there  i s  a "molecular ram" effect which 
a c t s  t o  increase the gas pressure within any chamber t h a t  "looks i n t o  the  
wind." Conversely, any chamber which faces  away from the wind (i.e., looks 
i n  the d i r e c t i o n  of the wake) w i l l  have a pressure created within i t  t h a t  
i s  lower than the ambient pressure.  Very roughly, one can say t h a t  the 
pressure within such a chamber varies approximately with the cosine of the 
angle between the  relative wind ve loc i ty  vector  and the normal t o  the cham- 
ber aper ture .  

The yaw a t t i t u d e  sensor system operates  on the pr inc ip le  of the fami l ia r  
A angle-of-attack sensor used i n  m i s s i l e  and a i r c r a f t  instrumentation. 

measurement of the r e l a t i v e  wind d i r ec t ion  is  made by means of pressure measure- 
ments on two ram-air sampling tubes o r  tubulat ions which face obliquely i n  a 
forward d i rec t ion .  A nu l l ing  of the pressure between the tubes ind ica tes  a 
head-on a t t i t u d e  of the  vehicle .  

A s  shown i n  Figure 1, the yaw a t t i t u d e  sensing system cons i s t s  of 
severa l  basic elements. The hea r t  of the system i s  the  pressure sensor, i n  
t h i s  case a cold cathode ion iza t ion  gauge. The pressure sensor i s  per iodi-  
c a l l y  connected v i a  a mechanical valve t o  one o r  the other  of two gauge 
tubulat ions t h a t  extend beyond the .spacecraft  surface and a re  symmetrically 
located with respect  t o  a chosen a x i s  (for example, the  yaw axis)  of the 
vehicle.  Any angular misalignment between the chosen vehicle  ax i s  (coinci- 
ding with the sensor n u l l  ax is )  and the ve loc i ty  vector  of the vehicle  w i l l  
cause the ion iza t ion  gauge pressure sensor t o  de l ive r  unequal s igna ls  f o r  
the two gauge tubulations.  The mechanical valve i s  cycled a t  a low fre-  
quency of a f e w  cyc les  per  second so t h a t  the gauge output s igna l  is a low 
frequency g l t e rna t ing  cur ren t .  The modulation amplitude of the gauge out-  
put  curra.nt,which is  proportional t o  the d i f f e r e n t i a l  pressure between the 
gauge tubulations,  i s  a d i r e c t  analog measurement of the misalignment 
angle, the angle between the sensor n u l l  ax i s  and the relative wind. 
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Figure 1. Schematic diagram of spacecraft yaw att i tude sensor system. 
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The cold cathode ion iza t ion  gauge requires  a high voltage of the order 
of 1 to 4 kV a t  low cu r ren t  drain.  
power supply i n  which a high frequency o s c i l l a t i o n  i s  stepped up v i a  a t rans-  
former and i s  then r e c t i f i e d ,  f i l t e r e d ,  and regulated.  The output cur ren t  
of the ion iza t ion  gauge is  amplified by a logarithmic type amplif ier  t h a t  can 
cover a wide range of many decades. The wide dynamic range capab i l i t y  of the 
amplif ier  and the  ion iza t ion  gauge pressure sensor is  a necessi ty  s ince the  
pressure can vary over many orders  of magnitude i n  the a l t i t u d e  regime of 
i n t e r e s t  [SI The logarithmic amplif ier  output, together with synchronizing 
s igna ls  from the  mechanical valve o r  i t s  dr iv ing  c i r c u i t ,  is delivered to a 
phase sens i t i ve  de tec tor  i n  which the ac modulation i s  converted i n t o  a do 
e r r o r  s igna l  which i s  a measure of the angular departure from the e q u i l i -  
brium o r  n u l l  o r i en ta t ion  posi t ion.  

This vol tage i s  provided by a compact 

The research programmade use of the  GCA Corporation Model R5 cold 
cathode ion iza t ion  gauge which had been developed under a previous NASA 
pro ram. This gauge i s  capable of measuring pressure i n  the range from 
10-5 t o r r  to t o r r  [6]. 

The logarithmic amplif ier  and phase sens i t i ve  de tec tor  were developed 
espec ia l ly  f o r  the yaw a t t i t u d e  sensor system. 
were used throughout the system. 

Solid s t a t e  e lec t ronics  

Three d i f f e r e n t  mechanical cycling valves were designed f o r  t h i s  system. 
The l i n e a r  o s c i l l a t i n g  valve was only p a r t i a l l y  constructed due to a lack  of 
funds and t i m e .  The o ther  two valves were constructed and tes ted .  One of 
the two valves constructed,  the flexure-pivot o s c i l l a t i n g  valve, i s  r a the r  c 

unique, and may have appl ica t ions  beyond the present  system. There i s  no 
metal-to-metal contact  during valve closure i n  any of the  three designs. 
valves simply present  a high r a t i o  between t h e i r  open and closed vacuum con- 
ductances. 

A spec ia l  two-chamber test  system was .designed and developed to furn ish  
two independent gas pressures  t h a t  could be sampled by the ion iza t ion  gauge 
v i a  the mechanical cycl ing valve. The two pressure levels of the  test  cham- 
ber could be conveniently adjusted within the pressure range from 10-l' to 

The 

t o r r  f o r  ni t rogen gas, a i r  o r  any other  desired pure gas o r  gas mixture. 
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2. THEORY 

A .  General Considerations 

When a pressure gauge is located on a f a s t  moving vehicle  such as 
a rocket,  s a t e l l i t e ,  o r  spacecraf t ,  the pressure which develops within 
the s e n s i t i v e  volume of the gauge depends not only on the ex terna l  am- 
bient  pressure but a l s o  on the ex terna l  temperature, the gauge temper- 
a t u r e ,  the ve loc i ty  of the vehic le ,  the mass of the gas molecules and 
the angle-of-attack, t h a t  i s ,  the angle between the r e l a t i v e  wind and 
the normal t o  the gauge aperture.  

The exact expression f o r  the r a t i o  of the i n t e r n a l  gauge pressure 
P. t o  the ex terna l  ambient pressure P has been derived by several  in- 
ves t iga tors  and is  given by the equation [7]  1 0 

(1) 
[exp ( -s2) + s &' ( 1  + e r f  s ) ]  = J - Ti f(s) 

TO 

2 where 
f ( s )  = exp (-s + s 6 (1 + e r f  s) 

= v COS e/vm 

= i n t e r n a l  (gauge) pressure 'i 

P = externa l  ambient pressure 

Ti 

0 

= i n t e r n a l  (gauge) absolute temperature 

To = externa l  ambient absolute temperature 

V = spacecraf t  ve loc i ty  

V =most  probable p a r t i c l e  ve loc i ty  

k = Boltzmann gas constant,  1.381 x 10 erg per deg K 

m = p a r t i c l e  mass 

0 = angle-of-attack 

m 
16 
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I n  Figure 2, solut ions t o  Equation (1) a r e  presented f o r  a typ ica l  
sa te l l i t e  moving through nitrogen and atomic oxygen and i l l u s t r a t e  the 
manner i n  which the r a t i o  of i n t e r n a l  gauge pressure t o  external  ambient 
pressure var ies  with the angle of a t tack.  
of a t t a c k  l e s s  than 90 degrees, the r a t i o  P,/P is  grea te r  thanuni ty ,  
indicat ing t h a t  the ac tua l  gauge pressure i g  amplified by the motion of 
the vehicle .  This amplif icat ion i s  of ten  ca l led  "molecular ramming" due 
t o  the "scooping-up" of the ambient gas by the fast-moving vehicle .  The 
f a s t e r  the vehicle  moves and the heavier the ambient gas,  the grea te r  
the pressure amplif icat ion or ramming. Atomic oxygen is the most abundant 
const i tuent  i n  the Earth 's  upper atmosphere a t  a l t i t u d e s  of about 500 
miles [$I. 

It can be seen t h a t  f o r  angles 

0 

It i s  evident from Equation (1) and Figure 2 t h a t  the pressure 
versus angle-of-attack re la t ionship  i s  not l i n e a r .  It should be noted 
t h a t  there  i s  very l i t t l e  change of pressure with the angle-of-attack 
f o r  angles near zero degrees. This circumstance w i l l  reduce the cont r i -  
bution of cross coupling from pi tch  and r o l l  v a r i a t i o n s ,  say + 5 degrees, 
t o  the yaw sensor t o  a negl igible  leve l .  
seen t h a t  over a r e l a t i v e l y  large range of angles of a t t a c k ,  the nonlinear 
t rue  pressure versus angle re la t ionships  can be approximated by s t r a i g h t  
l i n e s  (shown as  dashed l i n e s  i n  Figure 2). The l i n e a r  approximations 
t o  the two ram e f f e c t  curves i n  the f igure  i n t e r s e c t  the angle-of-attack 
axis  a t  two points ( labe l led  e ) t h a t  a r e  only two degrees apar t .  

A t  the  same t i m e ,  it can be 

0 

The operating point angle @ f o r  a yaw a t t i t u d e  sensor i s  defined 
as the angle between the normal t o  the gauge aperture  (gauge tubulat ion 
d i rec t ion)  and the sensor n u l l  a x i s ,  as  shown i n  Figure 1. The operating 
point angle may be se lec ted  on the basis  of par t icu lar  requirements. 
For example, a carefu l  inspection of the curves i n  Figure 2 reveals t h a t  
each curve has a point of i n f l e c t i o n  corresponding t o  a maximum value 
of the slope.  The angle-of-attack f o r  these posit ions of maximum r a t e  
of change of pressure may be determined ana ly t ica l ly .  The s e n s i t i v i t y  
of a pressure sensor f o r  small changes of the angle of a t t a c k  w i l l  be a 
maximum a t  these posi t ions.  

To f i n d  the values of the angles of a t t a c k  corresponding t o  the 
points of i n f l e c t i o n  of the curves of Figure 2,  Equation (1) i s  d i f -  
fe ren t ia ted  twice with respect  t o  the  angle 8 ,  and the second der ivat ive 
expression is set equal t o  zero. The r e s u l t  i s  

(2)  
2 1 4 -  e r f  s =- 2v s i n  e tan  e exp (-s ) 

& vm 

Equation 42) i s  best  solved graphical ly .  The graphical solut ions 
f o r  atomic oxygen and atomic hydrogen a r e  shown i n  Figure 3 .  The angle 
of a t t a c k  f o r  maximum incremental s e n s i t i v i t y  i n  an atomic oxygen atmos- 
phere is 80 degrees. For atomic hydrogen, t h i s  angle of a t tack  is  62.5 
degrees. For gases of intermediate atomic weight, such as helium, the 
angle would l i e  between 62.5 degrees and 80 degrees. 
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for  nitrogen (N2) and oxygen as a function of  angle of 
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I n  addi t ion  t o  a considerat ion of the inremental s ens i t i v i ty ,  
one must consider o ther  matters such a s  the range of control ,  the over- 
a l l  accuracy of a l i n e a r  approximation t o  the  ram e f f e c t  curve of Figure 
2, the s igna l  level and the a v a i l a b i l i t y  of c e r t a i n  loca t ions  on the 
vehicle  f o r  posi t ioning the  sensor. A s  can be seen graphical ly  from 
Figure 2, the  range.of cont ro l  can be r e l a t i v e l y  broad, but the overa l l  
accuracy i n  the so-called "Region of Defined Accuracy" decreases as the 
range widens. The departure from l i n e a r i t y  i s  most pronounced f o r  angles 
of a t t a c k  which a r e  less than about 30 degrees and g rea t e r  than 90 degrees. 
An operating point  angle located a t  about Q = 50 degrees y i e lds  a range 
of cont ro l  of plus  o r  minus 25 degrees (from 6 = 25 degrees t o  0 = 75 
degrees) t h a t  has a reasonably l i n e a r  approximation. For t h i s  s i t ua t ion ,  
the  included angle between the two tubulations of the  yaw a t t i t u d e  sensor 
would be 100 degrees, and a t  nul l ,  ciith the sensor n u l l  a x i s  aligned with 
the  r e l a t i v e  wind, each tubulat ion w i l l  subtend an angle of 50 degrees 
with respect  t o  the r e l a t i v e  wind. I n  t h i s  case, the pressure amplifica- 
t i o n  f ac to r  o r  ram fac to r  w i l l  be about 22 f o r  molecular ni t rogen and 8 
f o r  atomic oxygen. It should be noted t h a t  a t  an  angle of a t t a c k  of 
25 degrees, the l i n e a r  approximation t o  the ram curve i s  high, while a t  
an angle of a t t a c k  of 75 degrees, the l i n e a r  approximation i s  low. It 
w i l l  be seen l a t e r  t h a t  the e f f e c t  of these e r r o r s  w i l l  be t o  balance 
out  another e r r o r  t h a t  r e s u l t s  from a s impl i f ica t ion  of the equation of 
operation. 

Shi f t ing  the operating point angle from a value t h a t  l i e s  between 
60 and 80 degrees t o  a smaller angle such as 50 degrees,  increases the 
general  s igna l  l eve l ,  s ince the amplif icat ion f ac to r  i s  g rea t e r .  Such 
a change can be very important f o r  high a l t i t u d e  appl icat ions where the 
pressure and r e su l t i ng  ionizat ion gauge s igna ls  a r e  qui te  small .  A t  
very low a l t i t u d e s ,  the pressure and gauge s igna ls  may ac tua l ly  be too 
large fo r  the logarithmic electrometer and s o  an  increase i n  the operating 
point angle would be des i rab le .  

An important f i n a l  consideration i n  the choice of the operating 
point angle and the range of cont ro l  involves the  locat ion of such ac- 
cessory equipment as  a t t i t u d e  cont ro l  j e t s  and other  sources of gas.  
Idea l ly ,  the yaw sensor tubulations should "look away" from a l l  portions 
of the vehic le ,  s o  t h a t  any emanations of gas from the vehicle  cannot 
d i r e c t l y  en ter  the sensor tubulat ions.  The matter of sensor contamination 
and interference caused by cont ro l  j e t s  is discussed i n  g rea t e r  d e t a i l  
elsewhere [SI. 

The basic  equation of operation of the yaw a t t i t u d e  sensor ,  t h a t  i s ,  
the re la t ionship  between the misalignment angle a between the r e l a t i v e  
wind and the sensor nu l l  ax is  and the output vol tage,  V, of the sensor 
system, w i l l  be derived i n  such a way t h a t  the e r ro r s  of approximation 
can be evaluated. 

The re la t ionship  between the gauge pressure P and the angle of i a t t ack  0 can be wr i t t en  as:  



where R i s  a correct ion fac tor  f o r  the nonl inear i ty  of the P. versus 0 0 1 re la t ionship ,  P is the  ex terna l  ambient pressure,  0 is the 0 i n t e r -  
cept of the l i n e a r  approximation and n i s  the maximum pressure amplifi-  
ca t ion  a t  zero angle of a t t a c k  f o r  the l i n e a r  approximation. I n  Figure 
2 ,  f o r  example, the value of n f o r  atomic oxygen is  seen t o  be 1 7 ,  while 
the value of R f o r  0 = 0 degree is 13/17. For t h i s  same curve, R, = 1 

cu 0 f o r  0 = 35 degrees and R > 1 f o r  35 degrees < 0 < 85 degrees. 0 

0 0 

The ionizat ion gauge pressure sensor responds t o  the pressure by 
producing a gauge current I which is e f f e c t i v e l y  proportional t o  the 
pressure P as follows: i 

where m is  a correct ion fac tor  f o r  any nonl inear i ty  i n  the gauge output 
current: I, as a function of the pressure range covered. Next, the out- 
put voltage of the electrometer var ies  approximately l i n e a r l y  with the 
log of the input current:  

V ' = A  0 + B l o g I = A  0 + B l o g  (5) 

where A0 i s  a correct ion fac tor  f o r  deviations from a t rue  logarithmic 
character i s  t i c  . 

The difference between two output vol tages ,  V i  and V$, corresponding 
t o  two angles of a t tack ,  and e2, can be w r i t t e n  as:  

v i  - v i  = - A02 ) + B log 

If the  voltage difference,  V i  - Vi, is  mult ipl ied by a gain f a c t o r ,  G ,  
t o  obtain a desired output voltage per  degree of misalignment, the oper- 
a t ing  equation may be w r i t t e n  as:  

f 

L " J  

10 



Next, one can w r i t e  the  angles ,  el and 0 , i n  t e r m s  of the operating 
point angle,  @, and the misalignment angle,  a: 

Using the above expressions and expanding the log of the angle r a t i o  i n  
s e r i e s ,  one obtains 

This l a s t  equation may be s implif ied a s  follows: 

where the abbreviated l e t t e r s ,  E(a) and L(a),  represent  the f i r s t  two 
terms i n  the right-hand member of Equation (9) .  F ina l ly ,  the s e r i e s  i n  
the square brackets of the above equation can be represented by the 
f a c t o r ,  f(Bo, a ) ,  and t h i s  equation can then be solved t o  y ie ld  the m i s -  
alignment angle , a: 

c - ly - E(a) - L ( a ) j  (eo - 0) 

The defining equation above i s  repeated i n  Table 1 together with an ex- 
planation of the various quan t i t i e s  t ha t  appear i n  t h i s  equation. 

B. Error Analysis 

Having developed the above general  expression f o r  the re la t ionship  
between the misalignment angle ,  a,  and the output vol tage,  V ,  of the yaw 
a t t i t u d e  sensor ,  i t  i s  now easy t o  f ind  the e r ro r s  i n  any indicated a t -  
t i t ude  angle. This e r r o r  i s  simply the difference between the two angles 

11 



TABLE 1 

ERROR ANALYSIS 

Assumptions and Defini t ions 

Defining equation f o r  the misalignment angle a: 

[y - E(a) - L(a)] ($o  - 4)  

V is  the output voltage of the yaw a t t i t u d e  sensor (YAS) 

G is the e f f ec t ive  amplif icat ion f ac to r  of the system beyond the log 
amp 1 i f  i e  r 

B i s  the log amplif ier  s e n s i t i v i t y  i n  v o l t s  p e r  decade change i n  current  

4 is  the operating point angle of the system 

0 is  the angle of a t t ack  in te rcept  of the l i nea r  approximation t o  the 
pressure versus angle of a t t a c k  re la t ionship  0 

E i s  a cor rec t ion  term fo r  any deviations from a t rue  logarithmic 
cha rac t e r i s t i c  i n  the log electrometer 

L is a cor rec t ion  f ac to r  for  both the nonl inear i ty  of the pressure versus 
angle of a t t ack  re la t ionship  and f o r  any nonl inear i ty  i n  the pressure 
sensor (gauge) output current  as  a funct ion of the pressure input 

f is the cor rec t ion  fac tor  f o r  the f i r s t -o rde r  approximation t o  a loga- 
ri thmic funct ion involving the misalignment angle 

Random e r ro r s  i n  the constant terms G and B and the voltage V a r e  assumed 
t o  be small compared with the known e r ro r  terms , E ,  L, BO, and f. Align- 
ment of the YAS n u l l  ax is  and vehicle  ax is  w i l l  be wi th in  4 minutes of 
a r c .  
degrees. Wind e r ro r s  are negl ig ib le .  

Roll  and p i tch  cross coupling w i l l  be negl ig ib le  within about f: 5 

12 



as  expressed with and without the correct ion terms. 
fo r  the e r r o r  angle,  &, between the t rue  misalignment angle,  a,  and the 
uncorrected indicated angle,  a is  given i n  Table 2 .  

The f i n a l  expression 

U Y  

A computation of the e r ro r  angle w a s  made next fo r  a yaw a t t i t u d e  
sensor system having the following cha rac t e r i s t i c s :  

(1). an idea l  log ampl i f ie r ,  which can be approached i n  prac t ice ,  

(2)  a l i nea r  pressure sensor,  which is  approached i n  prac t ice ,  

(3) l i nea r i za t ion  of the ram e f f e c t  curves as  drawn i n  Figure 2 ,  

( 4 )  an operating point angle of @ equal t o  50 degrees, 

(5) a log amplif ier  s e n s i t i v i t y  of 1 v o l t  per decade of cu r ren t ,  

(6) an average in te rcept  angle of 0; equal t o  92 degrees, and 

(7) a system ga in ,  G ,  equal t o  10.5 t o  y i e ld  an uncorrected sensi--  
t i v i t y  of 0.5 v o l t s  p e r  degree of misalignment. 

The r e s u l t s  of the e r r o r  computation are shown i n  Table 2 and Figure 
4.  Notice t h a t  e r ro r s  due t o  the l i nea r  approximation of the ram e f f e c t  
curve ( fac tor  L) a r e  negative while e r ro r s  due t o  the s impl i f ica t ion  of 
the  logarithmic term i n  the operating equation ( fac tor  Af) are  posi t ive.  
The e r ro r s  fo r  the computation above f o r  molecular ni t rogen and atomic 
oxygen a re  shown as  the lower two curves i n  Figure 4 .  The upper two 
curves i n  t h i s  f igure  r e f e r  t o  e r rors  caused only by the s impl i f ica t ion  
of the logarithmic term i n  the operating equation when an operating 
point angle of 65 degrees i s  used for  the yaw a t t i t u d e  sensor.  

Although the neut ra l  atmosphere i s  r e l a t i v e l y  quiet  and smoothp 
experiments have shown tha t  large-scale  high ve loc i ty  winds a re  present 
up t o  a l t i t u d e s  of 130 km. 
forces  r a the r  than pressure forces ,  and they have typ ica l  periods of 
the order of 1 2  hours. Table 3 l ists  f i v e  major wind flows. It can be 
seen from the t ab le  t h a t  only horizontal  wind gradients  and the  e f f ec t ive  
wind due t o  ro t a t ion  of the Earth can a f f e c t  a neu t r a l  p a r t i c l e  sensor.  
Any r e a l  cross wind of s u f f i c i e n t  magnitude w i l l  change the d i r ec t ion  of 
the r e l a t i v e  wind vector  and should be detected.  

These winds a r e  caused by g rav i t a t iona l  

C. System Analysis 

1. Transfer function. - The components of the yaw a t t i t u d e  sensor 
system t h a t  en ter  i n t o  the determination of the t r ans fe r  function a re  
shown schematically i n  Figure 5 .  
of the system t o  an impulse function a r e  represented on t h i s  schematic 

The responses of each of the components 
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response funct ions of the tube connected t o  the p o r t s  
of the valve 

response funct ion of the valve, gauge, and log 
amplif ier  

response of the  e l ec t ron ic s  t h a t  process the s igna l  
ou t  of the log amplif ier  

The funct ions,  v (t) and v ( t ) ,  a re  t i m e  functions of the a t t i t u d e  angle 
of each tube which produce a change i n  the  pressure a t  the input ports  
of the valve.  S (t) and S ( t)  a re  periodic time functions which represent 
the opening and closing of the ports  of the valve.  The operation of the 
valve can be accurately represented as  the product of S l ( t )  with the 
s igna l  out of H l ( t )  added t o  the product of S2 ( t )  with the s igna l  out of 

1 2 

1 2 

H 2 ( t )  

The t r ans fe r  funct ion of the system is determined i n  s tages  s t a r t i n g  
with v ( t)  and v ( t )  and working progressively through the components of 1 2 the system t o  the output. The s igna l  a t  the f i r s t  input port  of the valve 
can be spec i f ied  i n  the frequency domain as  follows: 

where 

V,(jw) = spectrum of v ( t )  

V ( jw)  = spectrum of the s i g n a l  a t  one port  of the valve 

Gl(jw) = Fourier transform of Hl(t) 

1 

3 

The output of the valve r e su l t i ng  from V ( jw) i s  3 

where 

V (jw) = spectrum of the s i g n a l  out of the  valve due t o  the s igna l  
a t  the input of one port  of the valve 4 

S ( j u )  = spectrum of the s i g n a l ,  S l ( t )  

Since the s igna l ,  S l ( t ) ,  i s  defined as  a per iodic  function of time, 
i t s  spectrum can be represented as  follows: 

S,(ju) = An 6 (u- ?)+ ? A o  1 
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where 

theref ore , 

the d e l t a  function 

a coef f ic ien t  corresponding t o  the amplitude of the 
nth harmonic 

the dc component 

the period of S l ( t ) ;  

The s i g n a l  a t  the input of the other port  of the valve can be derived 
i n  the same manner. It should be noted t h a t  a re la t ionship  e x i s t s  be- 
tween V (ju) and V (ju) which can be used t o  simplify the derivation. 2 For eac& frequency component of v l ,  there  is a corresponding frequency 
component of v 

same as Sl( t f  but s h i f t e d  180 degrees i n  phase. Therefore, S2tju) = - Sl( ju) .  
The frequency spectrum of the s igna l  applied t o  the gauge is  

having the same amplitude but out of phase by 180 degrees. 
Therefore, V (ju) 2 = - V l ( j u ) .  Also, the switching function, S ( t)  is the 

The s igna l  out of the gauge and the log amplif ier  is 

where G (ju) is the Fourier transform of H (t) . 3 3 

The remainder of the e lec t ronics  recovers the s igna l  V,(jw) from 
This consis ts  of t rans la t ing  the frequency spectrum of V ( ju )  V 6 ( j u ) .  

down by an amount equal t o  2X/T and eliminating the  higher harmonics of 
the valve frequency. The output s igna l  i s  

6 
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The t r ans fe r  funct ion of the system is  therefore  

The tubes leading t o  the valves a re  s u f f i c i e n t l y  sho r t  and large enough 
i n  diameter t o  ind ica te  tha t  G (ja) and G ( jw)  can be considered as  
constant up t o  a frequency t h a t  exceeds tl?e frequency spectrum of in t e r -  
e s t .  Therefore, t he  t r ans fe r  funct ion of the system is  the same as  the  
t r ans fe r  funct ion of the valve and log amplif ier  t r ans l a t ed  down i n  f r e -  
quency by an amount equal t o  the  valve frequency and i s  

1 

i 

c 

2. Determination of gauge and valve t r ans fe r  funct ion.  - The 
t r ans fe r  funct ion,  G ( jw),  was determined experimentally. A schematic 
diagram of the experimental system i s  given i n  Figure 6. A pressure,  P , 
was applied t o  one input p o r t  of the valve and a pressure,  P2 d i f  feren& 
from P was applied t o  the other input po r t .  The valve was ro t a t ed  a t  
a spec i f ied  frequency causing a per iodic  pressure va r i a t ion  t o  be applied 
t o  the gauge and log amplif ier .  
r i od ic  pressure s igna l  was equal t o  the valve frequency. The voltage 
out of the log amplif ier  was appl ied t o  a pen recorder ,  and a s t r i p  
record of the voltage s igna l  was made. A phase reference s igna l  was a l s o  
recorded on the s t r i p  record by applying t o  another channel of the re- 
corder a s igna l  t ha t  indicated the t i m e  when one port  of the valve began 
t o  open. 

3 

1’ 
The fundamental frequency of t h i s  pe- 

An analysis  of the s t r i p  recording produced points on asymptotic 
l i nes  of the t r ans fe r  funct ion giving corner frequencies of 0.154 c / s  a t  
the lower corner frequency and 4.45 c / s  a t  the upper corner frequency. 
Therefore 

where 

CD = 0.97 radians pe r  second 

w = 28 radians per second 

0 

1 

The t r ans fe r  funct ion of the yaw sensor system i s  

G(jw) = 4 [j (cu + p) - wO] [j (w + - 

The t r ans fe r  funct ion of the gauge is shown i n  Figure 7. 
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A s  a r e s u l t  of t h i s  ana lys i s ,  i t  was  discovered t h a t  the  upper 
corner frequency w a s  approximately the same a s  the valve frequency. 
is recognized t h a t  some adjustment should be made i n  the design of the 
system such t h a t  the valve frequency is  somewhat lower than the upper 
corner frequency. 

It 

3 .  Yaw a t t i t u d e  sensor noise.  - The experimental system shown i n  
Figure 6 w a s  a l s o  used t o  obta in  a record of the noise voltage.  I n  t h i s  
case,  the pressure on one input port  of the valve was s e t  equal t o  the  
pressure on the  other input port  of the valve.  The vol tage output of 
the experimental system was  recorded. Figure 8.shows a two-second 
segment typ ica l  of t h i s  record with the  valve operating a t  approximately 
4 c/s.. 

No thermal or  random noise was observed i n  the recording. A sinusoidal  
noise s igna l  a t  the frequency of the valve is observed t o  be the  dominant 
undesirable s igna l  with a very small s igna l  component a l so  v i s i b l e ,  which 
appeared t o  be 60 c / s  pickup. 
frequency corresponded t o  an input angular e r r o r  s igna l  of about 5 1/8 
degree. It i s  expected t h a t  t h i s  s igna l  i s  caused by the demodulator 
synchronizing s igna l  t h a t  is derived a t  the valve being coupled i n t o  the  
output c i r c u i t s .  

The magnitude of the vol tage a t  the valve 

D. Test System 

One method of simulating the pressure input t o  a yaw a t t i t u d e  sen- 
sor  system is t o  connect each gas input tubulat ion t o  a source of low 
pressure gas having the  same composition as the gas t o  be measured i n  
f l i g h t .  
the same pressure a t  each tubulat ion of the cycling valve. 
angles of a t t a c k  would be simulated by having one tubulat ion a t  a higher 
pressure than the o ther .  
t o  a separate  source of low pressure gas as  developed i n  separa te  chambers 
by separate  vacuum pumping systems, the  general  method,of simulation w i l l  
be ca l l ed  the "two-chamber simulation method." 

A zero angle of a t t ack  condition would be simulated by having 
Non-zero 

Since each gas input tubulat ion is connected 

The two-chamber method of simulation i s  i l l u s t r a t e d  graphical ly  i n  
Figure 9.  
l a rge  vacuum conductance (say 20 or 30 l i t e r / s )  i n  the "open" o s i t i o n  
and a r e l a t i v e l y  small vacuum conductance (of the  order of 
i n  the "closed" posi t ion.  The "closed" or leakage vacuum conductance of 
the valve i s  s m a l l  enough s o  t h a t  a r e l a t i v e l y  la rge  pressure difference 
can  be maintained between the high and the  low pressure chambers. 
amount of gas t h a t  the valve t r ans fe r s  from the high pressure t o  the  low 
pressure chamber per  u n i t  time is  simply the  product of the valve and 
pressure gauge volume, V,  and the  valve cycling frequency, f .  
example, i f  the volume, V ,  is 0.1 l i t e r  and the valve ro t a t e s  a t  a f r e -  
quency of 1 cycle pe r  second, i t  w i l l  t r ans fe r  0.1 l i ter /s  of "high" 

The mechanical cycling valve operates by providing a r e l a t i v e l y  

l i t e r s / s )  

The 

For 
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OICA151-45OC 

MECHANICAL 
CYCLING 
VALVE 

TO PUMP 
OF SPEED 
S2 LITERS/SEC 
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S ,  LITERS/SEC 

TUBULATIONS OF EFFECTIVE 
CONDli CTANC E CE LITERS / SEC 

Figure 9. Two-chamber simulation method schematic. 
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pressure gas t o  the low pressure chamber. Another way of s t a t i n g  t h i s  
is t o  say t h a t  the  "effect ive operating vacuum conductance," C of the 

as  used here simply means a higher pressure than t h a t  which e x i s t s  i n  
the pressure chamber. Actually,  the  gas pressure i n  e i t h e r  chamber 
is  many orders of magnitude below atmospheric pressure.  

valve when operating a t  1 c /s  i s  0.1 l i t e r / s .  The term "high ,,E pressure ' 

The maximum r a t i o  of high pressure t o  l aw pressure t h a t  can be main- 
ta ined i n  the two chambers depends on the "ef fec t ive  operating vacuum 
conductance" of the  mechanical cycling valve as  defined above. Consider, 
fo r  example, the  flow of gas from the high pressure chamber t o  the 
cycling valve,  t o  the low pressure chamber and then t o  the pump of the 
low pressure chamber. Equating the gas flow through the valve t o  the 
gas pumped out of the  low pressure chamber,(assuming t h a t  the ex terna l  
gas flow input Q t o  the l o w  pressure chamber, as  shown i n  Figure 9 ,  
i s  zero) ,  one obzains 

s 2  - p1 
p2 cE 

= 1 +  - 

The r a t i o  of the high pressure P t o  the low pressure P may be 2 1000 or  g rea t e r  i f  the pumping speed of the low pressure chamber is 
large compared t o  the e f f e c t i v e  operating vacuum conductance C of the 
valve.  When the valve is  i n  the closed pos i t ion ,  the e f f ec t ive  conduc- 
tance,  CE, becomes the valve leakage conductance, which is  much less 
than the e f f e c t i v e  operating conductance. 

2 
E 

The operating time constant of the  two-chamber simulation system 
f o r  gas exchange may be derived i n  the following manner. Consider the 
s i t u a t i o n  t h a t  e x i s t s  when the mechanical cycling valve and the pressure 
gauge have been f i l l e d  with a sample of high pressure gas a t  a pressure 
P and the  valve j u s t  begins t o  discharge t h i s  high pressure gas i n t o  the 
the low pressure chamber which i s  a t  a pressure P2. The low pressure 
chamber then has gas flowing i n t o  i t  from two sources: a flow, Q ,  from 
the valve and pressure gauge, and a gas flow input ,  
source. The pressure P i n  the low pressure chamber w i l l  then be 

from an ex terna l  Q2 : 
2 

(Q + Q2) - 
s2  p2 - 

The gas flow, Q ,  may be expressed i n  terms of the  t o t a l  valve 
tubulat ion conductance, C (see Figure 9) and the pressure difference 
P - P across t h i s  conductance. I f  the gas flow, Q ,  is a l s o  equated t o  
the  cgange i n  the quant i ty  of high pressure gas wi th in  the valve and 
pressure gauge, one has 

dP Q = C(P - P2) = - v dt 
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The pressure,  P ,  i s  the time varying pressure wi th in  the valve and 
pressure gauge and the  volume, V ,  i s  the valume of the valve and pres- 
sure  gauge as before. Fr.m the two equations above, one derives the 
d i f f e r e n t i a l  equation 

The conductance, C, is  r e a l l y  a funct ion of time s ince  it  involves the  
changing aperture  conductance of the  valve as  w e l l  as  the f ixed conduc- 
tance of the long tubulations t h a t  j o i n  the  valve t o  the t e s t  chambers. 
However, as  a f i r s t  approximation, assume t h a t  C has a constant average 
value during the  valving cycle.  Equation (26) then becomes a f i r s t  
order ,  l i nea r  d i f f e r e n t i a l  equation with constant coe f f i c i en t s .  I f  one 
imposes the i n i t i a l  condi t ion t h a t  a t  t i m e  t = 0,  P = P1, the  so lu t ion  
becomes : 

cs2 
t) (27)  

Q2 

The time constant fo r  t h i s  exponential so lu t ion  is: 

Since o rd ina r i ly  S is much grea te r  than C y  one can wr i t e  2 

(29) 
- v  

C ' t = -  s 2 > > c  

By making the valve o r i f i c e  and valve tubulat ions s u f f i c i e n t l y  la rge  and 
the valve and gauge volume small, the time constant f o r  gas exchange can 
be made small .  For example, i f  the average conductance, C y  i s  10 l i t e r s / s  
and the volume, V ,  is 0 .1  l i t e r ,  then 't = 0.01 second. 

The two-chamber simulation method should have g rea t  usefulness be- 
cause the pressure modulation amplitude can be var ied  over a wide range. 
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3 .  DESIGN 

A .  Overall System Design 

As shown i n  Figure 1, the yaw a t t i t u d e  sensor contains s i x  elements. 
These bas ic  elements a re  a pressure sensor ,  a mechanical cycling valve 
and dr ive  c i r c u i t ,  gas flow tubulat ions,  a high vol tage power supply, a 
logarithmic electrometer ,  and a phase sens i t i ve  de tec tor .  The cen t r a l  
element of the system is the pressure sensor ,  i n  t h i s  case a cold cathode 
ion iza t ion  gauge. The ion iza t ion  gauge is  per iodica l ly  and a l t e r n a t e l y  
connected, by means of a cycling valve,  t o  one of two gauge pos i t ion  
o r i f i c e s  located a few inches away from the  vehic le  surface and joined 
t o  the valve by gas flow tubulat ions.  
i s  of the order of severa l  hundred mil l iseconds,  s o  t h a t  each gauge 
pos i t ion  pressure i s  sampled fo r  a period of about 100 mill iseconds.  
These time periods can be modified as  required.  The cycling valve is 
driven v i a  magnetic coupling. In  t h i s  way, the  valve and pressure gauge 
a r e  sealed off from the i n t e r i o r  of the  vehicle  and cannot be a f fec ted  
by any outgassing wi th in  the vehic le .  The de ta i l ed  design and operat ion 
of the mechanical cycling valves w i l l  be described shor t ly  i n  a separate  
sec t ion .  The use of magnetic coupling provides an addi t iona l  benef i t  
i n  t ha t  a pickup c o i l  c i r c u i t  may be used t o  provide pulse inputs t o  the 
phase sens i t i ve  detector  f o r  phase reference.  

The period of one complete cycle 

The cold cathode ion iza t ion  type vacuum gauge normally uses a high 
The current  output 

A wide dynamic range is required 

vol tage of approximately 4 kV a t  low current  dra in .  
of the gauge is  amplified by a logarithmic electrometer i n  order t o  cover 
a 5 decade range of pressure s igna ls .  
t o  accommodate the molecular ram e f f e c t  pressure v a r i a t i o n  and the var ia -  
t i o n  of pressure with a l t i t u d e .  

The output of the  logarithmic amplif ier  i s  passed on t o  the phase 
sens i t i ve  de tec tor .  In the  phase sens i t i ve  de t ec to r ,  the dc component 
of the pressure s igna l  is removed and the ac modulation amplitude is  
converted i n t o  a de e r r o r  s igna l  of  e i t h e r  p o l a r i t y ,  depending on the 
phase of the modulation. The e r r o r  s igna l  i s ,  of course,  a measure of 
the departure from the balanced or equilibrium o r i en ta t ion  posi t ion.  
The f r a c t i o n a l  change i n  the output of the logarithmic amplif ier  w i l l  be 
less than the f r ac t iona l  change of the current  input (corresponding t o  
an equivalent pressure change f o r  a l i nea r  pressure gauge). However, 
f o r  a given f r a c t i o n a l  change of the current  (pressure) ,  the absolute 
change i n  the output vol tage of the amplif ier  w i l l  not vary over the 
range of operation. For example, fo r  a logarithmic amplif ier  t h a t  covers 
the range fram t o  amperes and de l ivers  output voltages from 
0 t o  5 v o l t s  over t h i s  5 decade range, a f r ac t iona l  current  input change 
of 7.5 percent (corresponding t o  a f r ac t iona l  pressure change of 7.5 
percent as  caused by a 1 degree yaw misalignment) w i l l  y i e ld  a vol tage 
change of 32.5 m i l l i v o l t s ,  regardless  of the absolute  value of the output 
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voltage.  The log electrometer vol tage d i f fe rence  of 32.5 m i l l i v o l t s  
can be amplified t o  y i e l d  an e r r o r  s igna l  vol tage d i f fe rence  of 0.5 v o l t ,  
or any other  des i red  vol tage.  

B. Vacuum Gauge Theory and Charac te r i s t ics  

The magnetron type cold cathode ion iza t ion  type vacuum gauge is 
bas i ca l ly  a crossed electric-magnetic f i e l d  device. The g operates 
by c rea t ing  an e l e c t r i c a l  discharge i n  a low pressure gas he presence 
of a magnetic f i e l d .  
as  t o  c rea t e  an e l e c t r i c a l  "poten t ia l  w e l l "  wi th in  some volume of the 
gauge when appropriate  voltages a r e  applied t o  these e lec t rodes .  Electrons 
wi th in  the region of the  e l e c t r i c a l  po ten t i a l  w e l l  (and i n  the magnetic 
f i e l d )  a r e  constrained t o  move and remain i n  t h i s  region f o r  comparatively 
long periods of time. In  t h i s  way, the  e lec t rons  a r e  more e f f e c t i v e  i n  
ionizing gas molecules and crea t ing  pos i t ive  ions.  The pos i t ive  ions a r e  
co l lec ted  a t  the cathode of the gauge. The flow of pos i t ive  ion current  
i s  found t o  be proportional t o  the number dens i ty  or  pressure of the gas 
molecules wi th in  the gauge. 

The gauge electrodes a r e  geometrically shaped s o  

Under ordinary condi t ions,  there  a r e  always some f r e e  e lec t rons  
wi th in  a l o w  pressure gas due t o  the  e f f e c t s  of cosmic rays and na tura l ly  
occurring rad ioac t ive  mater ia l s .  When a high po ten t i a l  of severa l  thou- 
sand v o l t s  i s  applied between electrodes tha t  a r e  located wi th in  the low 
pressure gas ,  the e lec t rons  attempt t o  move i n  the  d i r e c t i o n  of the e- 
l e c t r i c  f i e l d .  I f  a s t rong magnetic f i e l d  is present ,  the e lec t rons  a re  
forced t o  move i n  cycloidal  or s p i r a l  paths s o  t h a t  they cannot e a s i l y  
reach the anode. 

The discharge i n  a cold cathode gauge is believed t o  be a s e l f -  
sustained Townsend discharge. Electrons t h a t  a r e  i n  the gauge i n i t i a l l y ,  
and e lec t rons  which a re  emitted from the cathode by cold f i e l d  emission, 
have co l l i s ions  with gas molecules, thereby producing pos i t ive  ions and 
addi t iona l  f r e e  e lec t rons .  The pos i t ive  ions a r e  not def lec ted  much by 
the magnetic f i e l d  and so they can e a s i l y  reach the cathode. When the 
high vol tage pos i t ive  ions bombard the cathode, they cause secondary 
e lec t rons  t o  be emitted from the cathode, thus fu r the r  swelling the e- 
l ec t ron  population i n  the gauge. This mul t ip l i ca t ion  process continues 
u n t i l  a se l f - sus ta in ing  discharge occurs. The discharge reaches a s t a b l e  
operating condi t ion when the number of e lec t rons  and ions created per 
u n i t  time j u s t  equals the number t h a t  a r e  l o s t  pe r  u n i t  time. 

The cold cathode ion iza t ion  gauge pressure jensor  w i l l  cover a pres- 
sure  range from the t o r r  region t o  the 10' t o r r  region. The 
gauge response curve w i l l  vary with the  d e t a i l s  of the gauge construct ion,  
the magnetic f i e l d ,  and the applied high vol tage.  Generally speaking, 
magnetron type cold cathode ion iza t ion  gauges a r e  l i n e a r  i n  response f o r  
pressures from 10-3 t o  10-9 or  10-10 t o r r ,  wi th typ ica l  s e n s i t i v i t i e s  of 
1 t o  5 amperes/torr when the magnetic f i e l d  is  1000 gauss and the high 
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-9 voltage va r i e s  between 1 kV and 4 kV. 
the gauge is nonl inear ,  with the output current  proportional t o  approxi- 
mately the 1.3 power of the pressure.  Thus, the s e n s i t i v i t y  of the gauge 
begins t o  decrease i n  a known and reproducible manner a t  these low pres-  
sures .  A t  the very lowest pressures ,  when there  a r e  not enough molecules 
present t o  support the discharge,  the gauge w i l l  extinguish.  However, 
due t o  the presenee of a small amount of radioact ive mater ia l  t h a t  has 
been de l ibe ra t e ly  placed within the gauge, the discharge w i l l  s t a r t  
again as  soon as  the pressure increases above a threshold value.  

For pressures below 10 t o r r ,  

Same of the  advantages of the  GCA magnetron type cold cathode ion- 
i z a t i o n  gauge as compared with other  gauges a r e  as  follows: 

(1) Only two electrodes a r e  used ins tead  of the three electrodes 
of Redhead' s design. 

(2) By placing the  metal  envelope of the gauge a t  ground po ten t i a l ,  
i t  is  impossible t o  have any e l e c t r i c a l  surface leakage current  from the 
high vol tage anode t o  the cathode. 

(3) There a re  no g lass  surfaces  present t h a t  can become e l e c t r i -  
c a l l y  charged and thus d i s t o r t  the e l e c t r i c  f i e l d .  

( 4 )  The aperture  i n  the  anode t h a t  faces the  gauge tubulat ion 
gives the gauge a grea te r  speed of response. 

(5) The ceramic insu la tors  i n  the gauge a re  outs ide o f ,  and 
shielded from, the ac t ive  discharge region. 

(6)  The metal envelope e l e c t r i c a l l y  sh i e lds  the  discharge from 
externa l  e l e c t r i c a l  disturbances.  

(7)  The metal-ceramic s t ruc tu re  of the gauge makes it very sturdy 
mechanically. The gauge has passed the v ib ra t ion  t e s t  spec i f ied  for  
S-6 s a t e l l i t e  prototype components. 

The gauge and magnet assembly weighs about 2-1/2 pounds and w i l l  
Because of i t s  ceramic- f i t  wi thin a space 3-3/4 x 3 x 2-3/4 inches. 

metal construct ion,  the gauge w i l l  withstand bakeout temperatures up t o  
5OO0C, and, i n  genera l ,  w i l l  operate over a r e l a t i v e l y  wide temperature 
range. 

Some of the important gauge spec i f ica t ions  a r e  l i s t e d  below: 

(1) Pressure range - 1 0 - l ~  t o  t o r r  

(2) Range of l i n e a r i t y  - lo-' t o  t o r r  

(3) Linear range s e n s i t i v i t y  - 4.5 amperes/torr a t  4.0 kV 

31 



( 4 )  Magnetic f i e l d  - 1000 gauss 

(5) Speed of response - w i l l  follow a decade increase i n  pressure 
i n  less than 0.1 second 

(6) S t a r t i ng  time - less than 90 seconds a t  t o r r  

(7) Environmental - passed S-6 

(8) Temperature - w i l l  operate 

A photograph of the GCA cold cathode 
shown i n  Figure 10. 

prototype v ib ra t ion  t e s t  

a t  l e a s t  from - 1 0 0 ~ ~  t o  +IOOOC 

ion iza t ion  gauge pressure sensor is 

C. Mechanical Cycling Valve Designs 

The mechanical valve is  a c r i t i c a l  pa r t  of the complete system 
since the valve must operate unattended fo r  long periods of time i n  a 
hard vacuum. The valve must use only u l t ra -h igh  vacuum mater ia l s  s ince 
i t  w i l l  be handling gas a t  very low pressures.  Idea l ly ,  there  should be 
no metal-to-metal contact  within the valve t o  e l iminate  the p o s s i b i l i t y  
of cold welding and the spurious generat ion of gas due t o  surface abrasion. 

Because of the s t r ingen t  requirements enumerated above, three sep-  
a r a t e  paths i n  the design of the mechanical valve were followed with the 
expectation t h a t  a t  least one of these designs would prove superior .  
A l l  of the designs attempt t o  achieve a high r a t i o  between the open and 
closed vacuum conductance of the valve from e i t h e r  tubulat ion t o  the 
ion iza t ion  gauge. Thus, there  would be no metal-to-metal contact during 
valve "closure ." 

1. The l i nea r  reciprocat ing valve.  - The l i n e a r  reciprocat ing valve,  
as  shown i n  the schematic of Figure 11, cons is t s  of two metal bellows- 
sealed poppet assemblies cont ro l l ing  the flow from two i n l e t  ports .  An 
adequate open-to-closed vacuum conductance r a t i o  can be obtained by making 
the r a d i a l  clearance between the poppet and i n l e t  port  small ,  about l m i l ,  
and by se l ec t ing  the proper in se r t ion  depth or  overlap of the poppet i n t o  
the port  i n  the closed posi t ion.  The valve body containing the two in- 
l e t  po r t s ,  gauge connection and poppet assemblies would be machined from 
one piece.  The poppet assemblies were designed t o  be welded i n t o  the 
bottom of the valve body. The bottom of the valve body has a flange and 
O-ring groove t o  which the dr ive assembly can be mounted. A magnetic 
dr ive assembly would cons is t  of one pa i r  of solenoid c o i l s  t o  dr ive  the  
poppets and another pa i r  of c o i l s  t o  dr ive  counterbalance assemblies which 
would have the same mass and spr ing r a t e  as  the  poppets. Each counter- 
balance would operate synchronously with i t s  opposing poppet, r e su l t i ng  
i n  zero reac t ion  wi th in  the spacecraf t .  
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Figure 10. Photograph of the GCA Model R-5 cold cathode ioniza- 
t ion  gauge and magnet. 
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Figure 11. Linear reciprocat ing valve schematic. 
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Each poppet would be guided and supported by a pa i r  of Thompson 
l inea r  b a l l  bushings and fac tory  matched s h a f t s  t h a t  can be lubr ica ted  
f o r  a three-year operating l i f e .  The matched s h a f t s  and b a l l  bushings 
a re  concentric wi th in  a few tenths  of a m i l .  The bearings and bellows 
se lec ted  can a l s o  meet a three-year 01: 100 mi l l i on  cycle requirement a t  
a 1 c / s  r a t e .  The bellows i n  t h i s  valve would be of the welded metal 
va r i e ty .  This kind of bellows has a maximum l i f e  expectancy and a rea-  
sonably low spring r a t e .  They can be made out of any metal t ha t  can be 
welded, but they a re  qui te  expensive. 

The design of t h i s  valve is shown i n  g rea t e r  d e t a i l  i n  the layout 
drawing of Figure 12.  
from the dr ive  assembly t o  permit high temperature vacuum bakeout of 
the valve body without breaking the vacuum. I f  the poppets a re  counter- 
balanced, they can be operated non-synchronously t o  obtain optimum time 
phasing and on-off time r a t i o s  without t ransmit t ing undesirable impulses 
t o  the vehicle .  

The design allows the valve body t o  be removed 

A s  shown i n  Figure 13, a d i r e c t  mechanical dr ive  system could con- 
s i s t  of a motor-driven dr ive sha f t  turning a p a i r  of double eccent r ics .  
Each double eccent r ic ,  by means of the cam followers shown, imparts an 
equal and opposite l i nea r  reciprocat ing motion t o  one poppet dr ive s h a f t  
and i t s  associated counterbalance dr ive  s h a f t .  The t w o  poppets t h a t  open 
and close the gas i n l e t  ports  may be phased independently without un- 
balancing the system. As the dr ive s h a f t  is ro t a t ed ,  the  poppets operate 
180 degrees out of phase, a l t e r n a t e l y  opening the  two i n l e t  p o r t s  t o  the 
gauge. The crossover poin t ,  o r  ha l f - s t roke  pos i t ion ,  of the poppets 
occurs when both i n l e t  ports  a r e  c losed,  r e su l t i ng  i n  a "break before 
make" mode of operation t o  minimize mixing between the two i n l e t s .  

A drawing of the  assembly of a l i n e a r  reciprocat ing valve,  an R-5 
gauge and magnet and gas i n l e t  ports  i s  presented i n  Figure 14. The 
valve dr ive mechanism does not appear i n  t h i s  f i gu re .  It can be seen 
tha t  the overa l l  s t ruc tu re  is  r e l a t i v e l y  large and r a the r  wasteful of 
space. The awkward configuration of t h i s  valve,  together with the high 
cos t  of i t s  construct ion were fac tors  i n  the decis ion t o  s top  i t s  con- 
s t r u c t i o n  a f t e r  about one half  of the assembly w a s  completed. Notwith- 
standing these drawbacks, the l i nea r  reciprocat ing valve has a number of 
important advantages, some of which a r e  l i s t e d  below. 

(a) The valve can be dr iven by e i t h e r  magnetic coupling or by a 
d i r e c t  mechanical dr ive.  

(b) The design permits the use of lubr ica ted  bearings i n  a sealed 
dr ive assembly. These bearings have a proven r e l i a b i l i t y .  

(c) The design uses bellows t h a t  have a proven long operating 
1 i f  e t  i m e  . 
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Figure 14. Linear reciprocating valve, gauge and magnet 
assembly. 
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(d) The counterbalances of the dr ive  u n i t  can be replaced by pop- 
p e t  assemblies t o  produce a dual un i t  with no increase i n  the dr ive 
power required.  

(e)  With the magnetic coupling solenoid d r ive ,  the poppet pos i t ion  
ind ica t ion  (phase synchronization) can be derived from the dr ive  pulses.  

2. The ro t a ry  valve.  - The ro ta ry  valve shown i n  Figure 15 cons is t s  
of a one piece s t a i n l e s s  s t e e l  cy l ind r i ca l  body with d iamet r ica l ly  op- 
posed i n l e t  tubulat ions.  A t h i n  wal l  cy l ind r i ca l  ro to r  is mounted between 
two gold plated miniature precis ion b a l l  bearings.  These bearings have 
been developed s p e c i f i c a l l y  f o r  u l t ra -h igh  vacuum serv ice  where ordinary 
lubr ica t ion  methods a r e  unacceptable [9, 10, 11, 123. The r a d i a l  clearance 
between the ro to r  and valve body is small t o  obta in  a maximum open-to- 
closed vacuum conductance r a t i o .  The design goal  f o r  r a d i a l  clearance is 
1 m i l .  Mounted t o  the t o p  of the valve ro to r  is the dr ive r o t o r ,  which, 
when acted upon by the  electromagnetic dr ive  f i e l d  assembly w i l l  impart 
the torque necessary t o  dr ive the valve ro tor  a t  the proper cycling r a t e .  
The lower end of the valve ro tor  and the lower bearing mount a r e  per -  
fora ted  t o  allow the gas pressure i n  the valve t o  reach the ion iza t ion  
gauge. Although Figure 15 shows a flange connection between valve and 
gauge, i n  f l i g h t  configurat ions,  the gauge w i l l  be welded t o  the lower 
par t  of the valve housing. A proximity pickup (a small c o i l  not shown 
i n  the f igure)  w i l l  ind ica te  ro to r  pos i t ion  fo r  i n l e t  port  i d e n t i f i c a t i o n  
and synchronization purposes. 
vehicle  due t o  the ro to r  sp in ,  but s ince the second moment of the ro to r  
i s  orders of magnitude smaller than tha t  of the vehicle  , t h i s  per turbat ion 
w i l l  be in s ign i f i can t  . In  order t o  balance the  ro to r  , i t s  wal l  thickness 
can be made l i g h t e r  a t  a pos i t ion  opposite the aperture .  The power re- 
quired t o  operate the ro t a ry  valve a t  a constant speed w i l l  be the value 
required t o  overcome the f r i c t i o n a l  drag of the bearings.  
gives  a more de t a i l ed  p ic ture  of the construct ion of t h i s  valve.  

A small torque w i l l  be imparted t o  the 

Figure 16 

The experimental electromagnetic dr ive  fo r  the ro t a ry  valve is 
i l l u s t r a t e d  i n  Figure 1 7 .  Basical ly ,  the dr ive is  a two-pole e lec t ro-  
magnet i n  which the poles have been "shaded" t o  promote s t a r t i n g .  The 
pole pieces and yoke of the dr ive un i t  a r e  made of Armco s o f t  i ron.  The 
pole pieces a re  made adjustable  s o  t h a t  they can be f i t t e d  c lose ly  t o  the 
O.D. of the valve housing a t  the upper par t  of the valve.  The two dr ive  
c o i l s  a r e  wound with enamelled magnet wire and a re  well  insu la ted  from 
the s o f t  i ron  yoke. The dr ive  ro tor  located wi th in  the valve cons is t s  
of a s t a i n l e s s  s teel  d i sk  t h a t  contains sealed-in permanent magnets. 
Magnetic mater ia l s  such as  Alnico V have a high outgassing r a t e  and must 
be i so l a t ed  by encapsulation or other means from the vacuum. 

The electromagnetic dr ive  u n i t  could equal ly  w e l l  be a four-pole 
electromagnet i n  which the two-pole pa i r s  a r e  energized i n  quadrature 
t o  c rea te  a r o t a t i n g  magnetic f i e l d .  
be somewhat more complex than a s ing le  phase supply, but i t  would no 

The two-phase power supply would 
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longer be necessary t o  place sealed permanent magnets within the valve. 
Synchronizing pulses f o r  the phase s e n s i t i v e  detector  can be obtained 
from e i t h e r  proximity pickup c o i l s  or  from magnetic reed switches t h a t  
a r e  ac t iva ted  by magnetic mater ia l  attached t o  the valve r o t o r .  

A drawing of the ro ta ry  valve,  gauge and magnet assembly is  shown 
i n  Figure 18. The compactness of t h i s  assembly i s  immediately apparent. 
However, problems can a r i s e  both due t o  the close spacing of the ro tor  
and the housing ( d i f f e r e n t i a l  temperature expansion, f o r  example) and the 
problems associated with s t a r t i n g  the valve i n  motion and generating r o t o r  
phase synchronization. 

The pr inc ipa l  l imi t ing  fac tor  i n  the ro ta ry  valve design is the 
presence of b a l l  bearings within the valve. A t  present ,  i t  is  unl ikely 
t h a t  a three-year operating l i f e  can be achieved using commercially 
avai lable  bearings. I n  addi t ion,  s l i d i n g  or r o l l i n g  surfaces within 
the valve can generate gas t h a t  would l i m i t  the lowest paessureiat  which 
such a valve would be useful .  Work is continuing on improving bearing 
performance i n  vacuum environments. This f a c t ,  together with c e r t a i n  
inherent advantages of a ro ta ry  valve,  make it des i rab le  t o  pursue the 
development of such a device. 

Par t icu lar  advantages of the ro ta ry  valve design are:  (a) s implici ty  
and economy, (b) small physical s i z e ,  and (c) high conductance, made 
possible by optimized tolerance cont ro l ,  port  geometry and r o t o r  diameter. 

3 .  Flexure pivot valve. - The f lexure pivot o s c i l l a t i n g  valve,  which 
is i l l u s t r a t e d  i n  Figure 19, makes use of a unique f r i c t i o n l e s s ,  l imited 
angular t r a v e l  bearing. 
supporting r o t a t i n g  s leeves.  The u n i t  functions as a precis ion bearing, 
requiring no lubr ica t ion  and is s u i t a b l e  f o r  high vacuum appl icat ions.  
The bearings a r e  commercially avai lable  i n  a wide s e l e c t i o n  of s izes  
from Bendix-Utica. Fatigue l i f e  of s tock u n i t s  has been tes ted  t o  more 
than 1.5 x 109 cycles by the manufacturer. Rotation i s  accomplished by 
def lect ing the f l a t  spr ings.  This ac t ion  causes the bearing t o  a c t  as 
a to rs ion  spr ing and can be used advantageonsly t o  obtain res tor ing  forces 
and t o  minimize power requirements by properly r e l a t i n g  valve cycle t o  
the r o t o r  assembly na tura l  frequency. 

The bearing is  made of - f l a t ,  crossed springs 

The flexure-pivot o s c i l l a t i n g  valve makes use of two c lose ly  spaced 
cylinders i n  a counter-rotating ac t ion  through a t o t a l  angle of about 
30 degrees. Each of these cyl inders ,  o r  r o t o r s ,  i s  supported a t  one end 
by a f lexure pivot ,  a proprietary bearing made by Bendix-Utica. Gas 
valving ac t ion  i s  obtained by providing two narrow rectangular s l o t s  150 
degrees apar t  i n  each of the two cylinders.  A t  the l i m i t  of t r a v e l  i n  
one d i rec t ion ,  one pa i r  of cyl inder  s l o t s  w i l l  be aligned with one another 
and with one i n l e t  port .  The o t h e r , i n l e t  port  w i l l  be closed by the over- 
lapping of the cylinders.  
ro ta ted  back t o  c lose the f i r s t  port  while the other pa i r  of s l o t s  w i l l  

One-halg cycle l a t e r ,  the  cylinders w i l l  have 
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be aligned with each other  and with the second i n l e t  port .  
and opposite motions of the cyl inders  w i l l  r e s u l t  i n  a zero net  torque 
reac t ion .  The valve i s  designed s o  t h a t  i n  the relaxed pos i t ion  (such 
as would occur i f  the dr iving mechanism were t o  f a i l )  both i n l e t  ports  
would be "closed" equally.  I n  addi t ion ,  t h i s  valve is  designed so  t h a t  
the normally closed end of the housing w i l l  be sealed with a weld which 
can be e a s i l y  machined off f o r  disassembly. 
of the two f lex-pivots  and the two valve ro to r s  is i l l u s t r a t e d  i n  Figure 
20. 

The equal 

The de ta i l ed  arrangement 

The electromagnetic dr ive  f o r  the flexure-pivot o s c i l l a t i n g  valve 
cons is t s  of two separate  electromagnets of the kind shown i n  Figure 21. 
These electromagnets a r e  located outs ide the valve housing a t  posi t ions 
which a re  adjacent t o  magnetic mater ia l  d r ive  ro to r s  attached t o  each 
of the valve inner cyl inders .  The four-pole pieces and yoke of each 
magnet a r e  made of s o f t  i ron.  The four-drive c o i l s  a r e  wound with enam- 
e l l e d  magnet w i r e  and a re  wel l  insulated from the  pole pieces and the 
yoke. The i ron  yoke i s  designed i n  a two-piece configurat ion s o  tha t  it 
can be e a s i l y  i n s t a l l e d  and removed from the valve body. 
construction a l s o  makes i t  easy t o  ad jus t  the pos i t ion  of the pole pieces 
s o  t h a t  they f i t  c lose ly  t o  the O.D. of the valve housing. 

The two-piece 

The electromagnetic dr ive  u n i t  operates as described below. Dia- 
met r ica l ly  opposite pole pieces a re  energized a l t e r n a t e l y .  The dr ive 
ro to r s  wi th in  the valve tend t o  l i n e  up a l t e r n a t e l y  with the two energized 
pa i rs  of pole pieces.  Since the valve cyl inders  or ro to r s  cons t i t u t e  
an osc i l l a to ry  spring-mass system, the dr iving frequency w i l l  be adjusted 
t o  the na tura l  o s c i l l a t o r y  frequency of the r o t o r s .  The electromagnetic 
dr ive  would be exc i ted  t o  obtain a displacement of each ro to r  of 
0 = 0 s i n  cot eo equal t o  90 degrees. The dr ive frequency would be 
s e t  s 8  t ha t  co , where K is the torque coe f f i c i en t  of each f lexure 
pivot and I is  the second moment of each ro to r  assembly. 

The ou t l ine  drawing of the flexure-pivot valve and the R-5 gauge 
and magnet i s  presented i n  Figure 22. 
assembly w i l l  be s l i g h t l y  l a rge r  than t h a t  occupied by the  corresponding 
ro t a ry  valve assembly. The f lexure-pivot  valve o f f e r s  the p o s s i b i l i t y  
of a long l i f e t ime  valve with no in t e rna l  r o l l i n g  o r  s l i d i n g  f r i c t i o n .  
The power required t o  dr ive the valve w i l l  depend on the closeness of 
coupling between the ex terna l  pole pieces  and the i n t e r n a l  magnetic 
ro to r s .  
tained from the dr iv ing  impulses supplied t o  the electromagnets. 
counter-rotat ing cy l inders  within the valve decrease the t o t a l  required 
angular t r a v e l  of each cy l inder  and provide a ne t  zero torque. 

The space occupied by t h i s  

The phase synchronization of the ro to r s '  pos i t ions  can be ob- 
The 

D. Electronic  Systems Design 

1. General. -F igu re  23 is  a block diagram of the e l ec t ron ic  system. 
The system cons is t s  of an electrometer,  synchronous de tec tor ,  a d i f fe ren-  
t i a l  ampl i f ie r ,  and a valve dr iver .  The valve d r ive r  produces the 
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Figure 21. Electromagnetic drive for the flexure-pivot 
oscillating valve. 
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necessary dr ive  energy t o  ac t iva t e  the mechanical cycling valve u n i t .  
A s  the  valve is  cycled, the  gauge (sampling the  a l t e r n a t e  input ports)  
produces an a l t e rna t ing  current  s igna l  which is  fed  i n t o  the  electrometer 
amplif ier .  The electrometer converts these currents  i n t o  a vol tage 
which i s  fed i n t o  the synchronous detector  un i t .  The synchronous detector  
receives  its synchronizing s igna l  from the valve dr ive  u n i t  and samples 
the electrometer output i n  phase with the a l t e rna t ing  valve openings. 
Two outputs a re  produced by the synchronous de t ec to r ,  each one corresponding 
t o  the pressure a t  one sensor por t .  These two outputs a re  fed  i n t o  a 
d i f f e r e n t i a l  amplif ier  which produces a s ing le  output proportional t o  
the angle of a t tack .  

2. Electrometer amplif ier .  - The electrometer amplif ier  i s  designed 
t o  provide a logarithmic output over the cur ren t  range from 10-8 t o  
amperes. It w i l l  measure the s i g n a l  a t  the sampling-rate of 5 t o  10 c / s .  
It w i l l  be a modification of an ava i lab le  type t h a t  has been successful ly  
flown on sounding rockets ,  reen t ry  vehic les ,  and gun launch payloads. 

The logarithmic amplif ier  developed f o r  gun launch use is  capable 

Its configurat ion is  
of surviving peak accelerat ions of 50,000 g and w i l l  measure current  
over a 5-decade range from 10'' t o  10-4 amperes. 
a cyl inder  1.5 inches i n  diameter by 0.7 inches high. It is  completely 
encapsulated, weighs 26 grams, and consumes 400 mW of power. 

The standard gun probe electrometer amplif ier  normally operates 
over the current  range from lo-' t o  
meter amplif ier  can be adjusted t o  operate over other ranges with only 
minor modifications i n  the feedback loop. A t yp ica l  ca l ib ra t ion  curve 
of a logarithmic electrometer amplifer is shown i n  Figure 24. 

amperes. However, t h i s  e l ec t ro -  

3 .  The valve dr ive  un i t .  - The valve d r ive r  u n i t  contains a s t ab i -  
l i zed  o s c i l l a t o r  which is  used t o  determine the valve operating frequency. 
The o s c i l l a t o r  output is processed through a power amplif ier  and applied- 
t o  the c o i l s  of the valve dr ive mechanism. The output of an intermediate 
s tage  is used t o  synchronize the synchronous de tec tor  c i r c u i t r y .  

I n  the event t h a t  the flexure-pivot valve is  used t o  perform the 
mechanical valving, the  o s c i l l a t o r  w i l l  be synchronized o r  "locked-in" 
t o  the o s c i l l a t i n g  valve motion by means of the ro to r  pickup c o i l .  This 
w i l l  insure resonance operation of the  valve independent of frequency 
d r i f t .  

4. Synchronous detector .  - The synchronous de tec tor  accepts the 
s igna l  from the electrometer amplif ier  and a synchronizing s igna l  from 
the  valve dr iving u n i t .  A separate  detector  i s  employed f o r  each half  
cycle of the  valve operation. Each detector  i s  connected through a ga t e  
network t h a t  is t r iggered by the  synchronizing s igna l .  The de tec tor  
outputs a re  then processed through f i l t e r s  whose outputs a r e  used t o  
dr ive  the d i f f e r e n t i a l  amplif ier .  
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5.  D i f f e ren t i a l  amplif ier .  - The d i f f e r e n t i a l  amplif ier  accepts 
the two s igna ls  generated i n  the synchronous de tec tor  c i r c u i t r y  and gen- 
e r a t e s  t he  output e r r o r  s igna l .  
in tegra ted  c i r c u i t  operat ional  amplif ier  with the  necessary feedback 
networks t o  provide the required s t a b i l i t y  over the environmental range 
required.  An output power amplif ier  s tage  i s  a l s o  provided wi th in  the 
feedback loop t o  provide the  required low impedance in t e r f ace  with the 
spacecraf t  system. 
be adjusted t o  provide the required system t r ans fe r  c h a r a c t e r i s t i c .  

The amplif ier  cons is t s  of a high ga in  

The overa l l  forward gain of the combined system w i l l  

6 .  Detailed c i r c u i t  descr ipt ions.  - 
a .  Electrometer amplif ier .  - A typica l  electrometer amplif ier  

schematic i s  shown i n  Figure 25. It employs an operat ional  amplif ier  
technique with a separate  logarithmic feedback loop. 
a d i f f e r e n t i a l  type with a dar l ington emit ter  follower input c i r c u i t  and 
an in tegra ted  c i r c u i t  €or the main amplif ier  s tage .  Input t r a n s i s t o r s  Q l l  
and 414 a re  each composed of two separate  matched t r a n s i s t o r s  enclosed i n  
a s ing le  case t o  insure low d r i f t  with temperature. Transis tors  417 and 
418 a re  used t o  amplify the s igna l  a t  the outputs of 414 and ~ 1 4 B .  The 
output is fed i n t o  an operat ional  amplif ier  in tegra ted  c i r c u i t .  An in-  
tegrated c i r c u i t  i s  used as  the main ga in  s tage  of the amplif ier  t o  reduce 
s i z e  , lower the number of components required,  and increase the r e l i a -  
b i l i t y  of the system. 

The amplif ier  i s  

The logarithmic feedback loop is composed of r e s i s t o r s  R14, R15, 
R16 , R20 , R25 , and t en  accompanying 2N3247 t r a n s i s t o r s .  The emitter- 
base diode c h a r a c t e r i s t i c  is employed f o r  the log c h a r a c t e r i s t i c .  The 
t r a n s i s t o r s  a r e  used with the diodes i n  the  forward and reverse d i r ec t ion  
t o  provide a bipolar  logarithmic output charac te r i s  t i c .  When used i n  
the above d i f f e r e n t i a l  mode, the NS7070 has an input leakage current  of 

developed acro s the feedback loop. The 2N3247 has a t yp ica l  reverse 
leakage of lo-" amperes. An input current  of 10'' amperes causes a 
vol tage t o  be generated across the res i s tance  network. 
100 megohm r e s i s t o r )  i s  a t  l e a s t  t en  times the value of any other r e s i s t o r  
i n  the s e r i e s  s t r i n g ,  the  majori ty  of the vol tage w i l l  be developed 
across i t .  
voltage of 0.1 vo l t .  
across Q9, clamping the voltage across R14 a t  approximately 1 / 2  v o l t .  
A s  t he  cur ren t  increases f u r t h e r ,  the addi t iona l  vol tage drop occurs 
across R15 (10 megohm) , which requires  t en  times the current  fo r  a 
s imi l a r  change i n  voltage.  
t h a t  t r a n s i s t o r  w i l l  a l s o  conduct. 
occur across R16 requir ing an addi t iona l  ten-fold increase i n  current .  
I n  l i k e  manner, R20 and R24 w i l l  come i n t o  play requir ing higher currents  
f o r  a constant increase i n  voltage.  

amperes. The major port ion of input current  , therefore ,  w i l l  be 

Since R14 ( the  

An input current  of 10-9 amperes w i l l  generate an output 
A s  the current  increases ,  diode ac t ion  takes place 

When the voltage across Ql2 exceeds 1 / 2  v o l t ,  
Any addi t iona l  vol tage drop w i l l  
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The c h a r a c t e r i s t i c  curve f o r  the amplif ier  used i n  the gun launch 
payloat is shown i n  Figure 24. It operates over a current  range of 10’’ 
t o  10- amperes. A s  can be seen, the ga in  c h a r a c t e r i s t i c  may be modified 
readi ly  t o  operate over the  range from lom8 t o  loM3 amperes with only 
changes i n  the feedback r e s i s t o r s .  The frequency response of t h i s  ampli- 
f i e r  exceeds 100 c / s  a t  an input current  of loa8 amperes. The output 
impedance i s  typ ica l ly  less than 100 ohms. 

b .  Synchronizer c i r c u i t r y .  - The synchronous detector  c i r c u i t  i s  
divided i n t o  two pa r t s ,  the  synchronizer c i r c u i t ,  as  shown i n  Figure 2 6 ,  
and the de tec tor  c i r c u i t ,  as  shown i n  Figure 27. A synchronizing pulse 
is  generated by the valve dr ive mechanism c i r c u i t r y .  This s igna l  is 
used t o  synchronize the  de tec tor  c i r c u i t r y  which produces a s igna l  pro- 
por t iona l  t o  the yaw angle from the composite s igna l  out of t he  e l ec t ro -  
meter. Each synchronizer channel cons is t s  of th ree  monostable mult i -  
v ib ra to r s  and an inver te r  amplif ier .  The f i r s t  mul t iv ibra tor  cons is t s  of 
Q 1  and 42 and the associated c i r c u i t r y .  This c i r c u i t  is t r iggered d i r e c t l y  
by the incoming s igna l .  The delay generator is control led by var iab le  
r e s i s t o r  R5. This delay is  set  t o  t r i gge r  the following mul t iv ibra tors  
i n  phase with the opening of valve por t  No.  1. The output of the f i r s t  
mult ivibrator  i s  amplified and inverted by 93 which dr ives  the second 
mul t iv ibra tor  consis t ing of Q4 and Q5. This c i r c u i t  provides a reset 
s igna l  t o  the detector  c i r c u i t r y .  The other output of t h i s  mult ivibrator  
t r i gge r s  the t h i r d  u n i t  which is made up of Q6 and 47. This t h i r d  mult i -  
v ib ra to r  period is s e t  by adjust ing R18 .  
by t h i s  c i r c u i t  i s  adjusted t o  correspond t o  the  open period of port  No. 1. 

The width of the pulse generated 

c.  Detector c i r c u i t r y .  -The de tec tor  c i r c u i t  a s  shown i n  Figure 27 
receives  three input  s igna ls :  the electrometer output, a gate  pulse from 
the synchronizing c i r c u i t ,  and a reset pulse a l s o  from the synchronizer. 
When the gate  pulse goes pos i t ive ,  the input gate  cons is t ing  of CR5, CR6, 
and CR7 i s  opened, allowing t h a t  port ion of the  electrometer output s ignal  
corresponding t o  the pressure a t  por t  No.  1 t o  pass through. 
of the gate  i s  applied to  the  base of emi t te r  follower 48. 
follower output charges capac i tor  C7 through diode CR9. 
the  capac i tor  i s  now charged t o  a voltage proportional t o  the pressure 
a t  por t  No. 1. A t  the s t a r t  of the next cycle, the pulse generated by 
Monostable Mult ivibrator  Q4 and Q5 tu rns  on Q9 f o r  a period of a few 
microseconds. This discharges capac i tor  C7 and prepares it f o r  the next 
charge period. 
t r a n s i s t o r  Q l O .  R27 i s  of the order of 10 ohms so t h a t  no measurable 
leakage e r r o r  occurs. 
f i e d  by the emitter follower 412. 
ter  network where i t  i s  conditioned p r i o r  t o  the d i f f e r e n t i a l  amplif ier  
s tage . 

The output 
The emitter 

The voltage on 

The voltage on the capac i tor  is  monitored by f i e l d  e f f e c t  
7 

The output of the  f i e l d  e f f e c t  t r a n s i s t o r  i s  ampli- 
The output of 412 i s  fed i n t o  the f i l -  

Iden t i ca l  synchronizing and de tec t ing  c i r c u i t r y  i s  provided f o r  
channel 2. 
adjusted t o  correspond t o  the opening of por t  No. 2. 

The only d i f fe rence  i s  t h a t  the t i m e  delays i n  channel 2 a r e  
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d. D i f f e ren t i a l  amplif ier .  - The schematic of the d i f f e r e n t i a l  
amplif ier  is presented i n  Figure 28. The outputs of the  two f i l t e r  net-  
works a r e  fed through R54 and R55 i n t o  the d i f f e r e n t i a l  amplif ier .  
and R58 a re  adjusted t o  provide the desired output vol tage level. 

R57 

e .  High vol tage power supply. - The power supply which furnishes 
high vol tage t o  the  cold cathode ion iza t ion  gauge (see Figure 1) is  a 
standard s o l i d  s t a t e  high frequency o s c i l l a t o r  type supply having the 
following spec i f ica t ions :  

Power - Input : 

output : 

Current: 0 - 10 p amps 

S t a b i l i t y :  

R i p p l e  : 0.0015 percent of output voltage peak-to- 

Temperature: -25OC t o  $65°C 

Regulation 

Pot t ing w i l l  provide fo r  easy high vol tage connection and 

Power supply t o  be r f  shielded 

Power supply t o  be s h o r t - c i r c u i t  protected 

- 24 - + 1.5 v o l t s  dc a t  3 Ma. no load current  

4 kV, adjustable  - 4- 7.5 percent 

- + 0.5 percent under a l l  spec i f ied  combinations 
of l i n e ,  load and temperature 

peak 

Response Time: 2 IUS or l e s s  from no load t o  f u l l  load 

insu la t ion .  

E. Packaging 

The overa l l  packaging concepts f o r  t he  d i f f e r e n t  versions of the 
yaw a t t i t u d e  sensor a re  i l l u s t r a t e d  i n  F i g u r e 2 9 ,  30, 31, 32, and 33. 
It should be noted t h a t  packaging of the  ro t a ry  valve vers ion and the 
flexure-pivot valve vers ion of the yaw a t t i t u d e  sensor system have been 
grouped together .  These two valves a re  s u f f i c i e n t l y  s imi la r  t o  permi t  
the use of a s ing le  design t o  accommodate e i t h e r  valve. 

I n  each design, the mechanical cycling valve,  cold cathode ion iza t ion  
gauge and magnet and the e lec t ronics  w i l l  be mounted within a m e t a l  frame 
of low weight and high r i g i d i t y .  The e lec t ronics  w i l l  be of modular form 
and w i l l  be fastened t o  the assembly s o  as  t o  be e a s i l y  removable. The 
cold cathode gauge and magnet w i l l  be magnetically shielded with a l i g h t  
weight laminated box fabr ica ted  of layers  of s o f t  i ron ,  n e t i c ,  and co- 
n e t i c  mater ia l .  The electromagnetic dr ive  u n i t s  f o r  the  mechanical 
cycling valves w i l l  be s imi l a r ly  shielded. 

58 



INPUT FROM 
CHANNEL 1 

DETECTOR 

t3 
I 
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Figure 29. Front view of rotary valve and flexure-pivot valve 
version of yaw attitude sensor package. 
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Figure 30. Side view of rotary valve and flexure-pivot valve 
version of yaw attitude sensor package. 
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Figure 31. Top view of rotary valve and flexure-pivot valve 
version of yaw attitude sensor package. 
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Figure 32. Front view of l i n e a r  reciprocat ing valve vers ion of 
yaw a t t i t u d e  sensor package. 
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Figure 33. S ide  view of l inear reciprocating valve version of 
yaw attitude sensor package. 
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The support frame of aluminum angle and p l a t e  w i l l  be mounted t o  
a s o l i d  base p l a t e  which w i l l  provide a mounting surface t o  the vehicle  
and an attachment point  f o r  the two gas i n l e t  tubula t ion  por t s .  A pro- 
t e c t i v e  cover t h a t  is mounted t o  the base p l a t e  w i l l  provide protect ion 
against  damage by handling, ex t r a  magnetic and e l e c t r i c  sh ie ld ing ,  and 
w i l l  a l s o  p e r m i t  the  e n t i r e  package t o  be pressurized i f  desired.  An 
e l e c t r i c a l  connector t o  the  package w i l l  be mounted i n  the pro tec t ive  
c Over. 

I n  addi t ion  t o  the bas ic  requirement t h a t  the various components, 
subsystems, harness,  e t c . ,  of the  e l ec t ron ic  system must be held together 
i n  some f i rm spac ia l  r e l a t ionsh ip ,  the package design must consider 
cons t r a in t s  imposed upon it  by the following: (1) shock and v ib ra t ion ,  
(2)  heat flow apportionment and operating temperatures, ( 3 )  weight and 
volume apportionment, ( 4 )  r ad ia t ion ,  and ( 5 )  electromagnetic interference 
and suscep t ib i l i t y .  

1. Shock and v ibra t ion .  - The problem of providing e l ec t ron ic  
package designs t o  survive the shock and v ib ra t ion  environment imposed 
during launch conditions is best  understood by r e fe r r ing  t o  the transmis- 
s a b i l i t y  curve f o r  a simple spring-mass system shown i n  Figure 3 4 ,  
above data a r e  presented i n  Figure 3 5 .  

The 

I n  genera l ,  a l l  components of a system can be represented by a s imple  
lumped spring-mass system as  shown, s ince  a l l  components have compliances 
and mass. 
t o  acce lera te  per iodica l ly  and randomly s o  t h a t  the  base s t r u c t u r e  w i l l  
become the source of v ib ra t iona l  energy and the  forcing funct ion can be 
thought of as  ac t ing  a t  the  mounting surface or i n t e r f ace  of the component. 

These components are mounted on a s t r u c t u r e  which i s  caused 

The concern i n  packaging f o r  v ib ra t ion  hardness is t o  reduce, as 
much as possible ,  the  def lec t ion  of the component as  measured a t  its 
mass center .  Deflection can cause modulation of c i r c u i t  parameters, 
fa t igu ing  of support s t r u c t u r e ,  and i n  extreme cases ,  rupture  of i n t e rna l  
p a r t s  and s t ruc tu re .  

The def lec t ion ,  X , i s  shown as  a function of frequency i n  the fami l ia r  
curve of Figure 3 5 .  
follows the input or  base s t ruc tu re  def lec t ion .  As  the frequency nears 

input or  base deflectiroa. 
sinking or  heat generating property of the  c 

rap id ly  and approaches zero. 

A t  low frequencies the mass center  of the  component 

or  resonance, the  def lec t ion  amplifies and becomes g rea t e r  than the 
This amplif icat ion is a funct ion of the energy 

onent, shown a s  B ,  Figure 
3 5 ,  due t o  f lexure.  For frequencies above ?=- K/m the def lec t ion  decreases 

The philosophy used i n  designing support s t ruc tu re  is  t o  ad jus t  
so t h a t  resonance l i e s  above the  input v ib ra t ion  spectrum of the launch 
vehicle  by ad jus t ing  K so  i t  is s u f f i c i e n t l y  la rge .  
important i n  a l l  component mounting. Care must be exercised i n  package 

Hence, s t i f f n e s s  i s  
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Figure 3 4 .  Schematic of s i m p l e  mass-spring system. 
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Figure 35. Transmissability curve f o r  spring-mass system. 

66 



design s o  t h a t  by including s t i f f n e s s ,  the  mass of the ove ra l l  component 
i s  not a l s o  increased, s ince the r a t i o  K/m is the  cont ro l l ing  parameter. 
From t h i s  r a t i o ,  the  fami l ia r  aerospace s t ruc tu res  parameter of s t rength-  
to-weight r a t i o  is immediately derived. The design of instrument cases ,  
c i r c u i t  boards and other  panel-type s t ruc tu res  
s ince  a panel s ec t ion  is  a compliant mass. 

follows the same ru l e s  

Conformal coatings and cast ings of thermal-sett ing p l a s t i c s  are 
general ly  benef ic ia l  i n  increasing the strength-to-weight r a t i o  of com- 
ponent assemblies. I n  addi t ion ,  these p l a s t i c s  (urethane, epoxy, poly- 
e s t e r ,  e t c . )  a r e  qui te  lossy and provide good energy sinking or damping 
( la rge  B). The use of t r ans i s to r i zed ,  miniaturized c i r c u i t r y  is  p a r t i -  
cu l a r ly  s u i t e d  f o r  v ib ra t ion  hardening s ince  t h e i r  t o t a l  mass is r e l a t i v e l y  
low. This i s  even more pronounced with the use of in tegra ted  t h i n  f i lm  
c i r c u i t s .  These c i r c u i t s  coated or pot ted i n  p l a s t i c  provide v ib ra t ion  
hardness which w i l l  endure any known launch environment including gun. 
launches (50,000 g) 

Instrument cases can be e i t h e r  c a s t  'or welded, of f a i r l y  th ick  
l i g h t  weight beryll ium, aluminum, or magnesium i f  complete shielding 
is  required.  The thickness parameter must be adjusted t o  obtain suf-  
f i c i e n t  s t rength  t o  avoid panel f l u t t e r .  Here again,  strength-to-weight 
is important and too much thickness may increase the mass and reduce the 
panel resonant frequency. 
l i g h t e r  s tock may be used which is l ightened and s t i f f e n e d  i n  s t r a t e g i c  
areas by means of flanged cutouts or "l ightening holes . I 1  

I f  the  case does not require  complete sh ie ld ing ,  

F. Test System 

The vacuum test  system w a s  designed t o  furn ish  two independent gas 
pressures t h a t  can be used according t o  the "two-chamber simulation method" 
described i n  the previous chapter fo r  t e s t ing  the  yaw a t t i t u d e  sensor over 
a wide range of pressure.  
ion iza t ion  type pressure (vacuum) gauge and its associated mechanical 
cycling valve connect t o  the test  system s o  t h a t  e i t h e r  port  o r  tubulat ion 
of the valve can communicate with a higher or lower pressure.  

The yaw a t t i t u d e  sensor system cold cathode 

As can be seen fram the schematic drawing of Figure 3 6 ,  the system 
is a "dry" pumping system i n  t h a t  no o i l  d i f fus ion  or mercury d i f fus ion  
pumps a r e  used. The presence of pump o i l  i n  a vacuum system can furh ish  
lub r i ca t ion  t o  moving p a r t s ,  such as  b a l l  bearings,  and can thus inva l i -  
date  the r e s u l t s  of experiments designed t o  determine the operating 
cha rac t e r i s t i c s  of these moving pa r t s  i n  a t rue  space vacuum environment. 

The test system provides two i d e n t i c a l  test  chambers, each chamber 
being pumped by separa te  ion pumps, t i tanium sublimation pumps, and 
z e o l i t e  sorp t ion  pumps. Nude ion iza t ion  gauges of the Bayard-Alpert 
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v a r i e t y  measure the pressure i n  each t e s t  chamber. A va r i ab le  leak 
valve connected t o  each test chamber permi ts  the pressure i n  each chamber 
t o  be adjusted independent of the  pressure i n  the adjacent chamber. 
two chambers can be connected together by means of an ul t ra-high vacuum 
(UHV) valve.  Connection of the  two chambers makes it  possible  t o  equalize 
the pressures i n  the chambers when required t o  obta in  a zero pressure 
d i f f e r e n t i a l  a t  the  input of the mechanical cycling valve.  
t h i s  valve a l s o  permits the readings of the  t e s t  chamber nude ion iza t ion  
gauges t o  be compared. A high temperature bakeout oven is  furnished 
f o r  baking the test  chambers, the  mechanical cycling valve,  the  cold 
cathode ion iza t ion  gauge and a l l  of the  vacuum components located above 
the oven base. Bakeout i s  required when low background pressures of the  
order of l o m 9  t o  10-10 t o r r  a r e  t o  be a t ta ined .  The system was designed 
t o  permit t he  connection of 1 l i t e r  b o t t l e s  of pure gas t o  the var iab le  
leak valves of each test  chamber. Zeolite-type sorp t ion  pumps, which 
a r e  c h i l l e d  with l i qu id  ni t rogen p r io r  t o  operation, a r e  used t o  pump 
dawn each t e s t  chamber and i t s  associated ion pump and t i tanium sub- 
l imation pump from atmospheric pressure t o  approximately t o r r  , a t  
which p res su re ' t he  ion  pumps and t i tanium pumps can be turned on. 

The 

The use of 

The t e s t  systemwas designed t o  be housed i n  a mobile cabinet .  A l l  
of the vacuum components including the pumps, valves, gauges and test  
chambers a r e  mounted on and wi th in  a s ing le  "vacuum console" cabinet .  
A l l  of the e l ec t ron ic  cont ro l  u n i t s  t h a t  a r e  required for  the operation 
of the pumps and gauges are mounted i n  a separate  mobile e lec t ronics  
rack. Cooling water connections as  wel l  as  e l e c t r i c a l  connections a re  
required fo r  the  vacuum console. The bakeout oven can be e a s i l y  in- 
s t a l l e d  and removed from the vacuum console. A l l  valves and cont ro l  
u n i t s  a r e  access ib le  from the f ron t  of the  two cabinets .  

The s i z e s  of the vacuum pumps were se lec ted  on the bas i s  of t h e i r  
compat ibi l i ty  with the  yaw a t t i t u d e  sensor ,  e spec ia l ly  the mechanical 
cycling valve and i t s  connecting tubulat ions.  The pumps a re  la rge  
enough t o  provide a rap id  pum 
t h a t  would be developed during bakeout. 

down and a l s o  handle the outgassing load 
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4 .  CONSTRUCTION 

A. Mechanical Cycling Valves 

The three  mechanical valves were constructed i n  accordance with the 
general  designs discussed i n  the  previous chapter.  A l l  of the  valves 
were constructed pr imari ly  from 304 s t a i n l e s s  steel  so t h a t  they would 
be s u i t a b l e  f o r  high vacuum, or  even u l t ra -h igh  vacuum, operation. The 
304 s t a i n l e s s  s t e e l  w a s  generally hydrogen annealed t o  remove s t r e s s e s  
before the  f i n a l  f i n i s h  machining w a s  performed on those p a r t s  having 
small tolerances and c lose  spacing t o  adjacent pa r t s .  Figure 37 shows 
the  comparative s i zes  of the three  mechanical cycl ing valves. 

1. Rotary valve. - I n  the ro t a ry  valve, the  balance of t he  ro to r  i s  
of importance. It was dec ided  t o  make the wall  thickness of the  ro to r  
l i g h t e r  a t  a pos i t ion  opposite the  aperture  t o  achieve a t  l e a s t  a s t a t i c  
balance. The d r ive  ro to r  was fastened t o  the top of the valve ro to r  by 
pinning. The dr ive  ro to r  contained four s m a l l  permanent magnets t h a t  
were sealed and welded vacuum t i g h t  within i t .  The gold-plated b a l l  bear- 
ings tha t  support the  valve ro to r  were l i g h t l y  spr ing loaded i n  the  a x i a l  
d i r ec t ion  with the use of a B e l l v i l l e  type spr ing washer. The amount of 
loading applied t o  the  bearings i s  c r i t i c a l  s ince  too heavy a loading w i l l  
cause the bearings t o  bind. It can be seen from the i l l u s t r a t i o n  of Fig- 
u re  16, t h a t  the valve ro to r  can be e a s i l y  i n s t a l l e d  and removed from the  
flanged end of the valve simply by removing the Tru-arc type re ta in ing  
r ing.  

The two s i d e  arm tubulat ions t o  the  valve housing a re  welded i n  po- 
s i t i o n ,  as i s  the demountable flange a t  the bottom of the housing. Great 
care  must be taken i n  a l l  welding operations s ince  the  pa r t s  can be d i s -  
to r ted  by the intense and uneven heat d i s t r i b u t i o n .  The usual  procedure 
i s  t o  provide adequate heat  sinking as  c lose  t o  the  welded seam as pos-  
s i b l e .  

Major component p a r t s  of the ro t a ry  valve, with the  exception of the  
dr ive  ro to r ,  a r e  shown i n  the exploded view photograph of Figure 3 8 .  The 
ro ta ry  valve i s  the smallest  and simplest  of the  three  valves t h a t  w e r e  
constructed.  It has the  highest  r a t i o  of open-to-closed vacuum conduc- 
tance. A s  mentioned e a r l i e r ,  i t s  chief drawback was the  e r r a t i c  behavior 
of the gold-plated b a l l  bearings, which seemed t o  depend c r i t i c a l l y  on the  
amount of a x i a l  loading on the bearings. A second d i f f i c u l t y  t h a t  was ex- 
perienced with t h i s  valve was the  problem of s t a r t i n g  the  valve,  t h a t  i s ,  
pu t t ing  the  ro to r  i n t o  operation. This d i f f i c u l t y  w a s  primarily due t o  
the  type of electromagnetic dr ive  t h a t  was used. 

The smooth operat ion of t he  ro t a ry  valve depended t o  some exten t  on 
the  o r i en ta t ion  of t he  valve. I n  pa r t i cu la r ,  t he  valve worked b e t t e r  i n  
the  v e r t i c a l  than i n  a hor izonta l  posi t ion.  Presumably, t he  forces  ac t ing  
on the bearings varied with the  d i r ec t ion  i n  which gravi ty  caused the ro to r  
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t b  load the  bearings.  The physical  clearance between the  0 .d .  of the  ro to r  
and the i . d .  of the housing had t o  be grea te r  than the  r a d i a l  "play" or  
tolerance of the  bearings t o  prevent the  ro to r  from rubbing on the  housing 
with the v a l v e ' i n  a horizontal  posi t ion.  

2. Linear reciprocating valve. - The construct ion of the  l i nea r  re- 
Giprocating valve was  only p a r t i a l l y  completed during the  pro jec t .  A s  can 
be seen from Figure 3 7 ,  t h i s  valve i s  comparatively large and bulky; and 
it i s  the  heaviest  and most complex of the valves.  
alignment of the  poppets and the  po r t s  required ca re fu l  machining and as- 
sembly. 
the order of 3/8 inch. Of the  t o t a l  amount of t r ave l ,  the  poppet w a s  de-  
signed t o  have a 1/8-inch clearance when open and a 1/4-inch overlap when 
closed. With t h i s  arrangement, the valve would have both por t s  closed 
during a port ion of each cycle.  
i n  the  f u l l y  closed pos i t ion  with the  bellows a t  i t s  nominal f r e e  length 
( tha t  i s ,  ne i ther  compressed nor extended). The bellows were then com- 
pressed during each opening cycle.  Welded metal bellows have a maximum 
l i fe t ime when used only i n  compression. 

The attainment of t r u e  

The t o t a l  t r a v e l  of t he  bellows enclosed poppet assembly w a s  of 

The valve was'designed t o  have each poppet 

Toward the end of the pro jec t  year,  it became apparent t h a t  there  
would be ne i ther  s u f f i c i e n t  funds nor time t o  complete the  l i nea r  recipro-  
ca t ing  valve and build a su i t ab le  dr ive  mechanism f o r  it. It was decided 
t o  concentrate a t t e n t i o n  on the ro t a ry  valve and the  flexure-pivot valve. 

3 .  Flexure-pivot o sc i l l a t ing  valve. - The flexure-pivot o s c i l l a t i n g  
valve i s  perhaps the  most unique of the  three valve designs.  The two 
cyl inders  which a r e  used i n  a counter-rotat ing configurat ion must be ac- 
cura te ly  ground t o  c lose  tolerances on t h e i r  d i a m e t e r s .  The alignment 
and concen t r i c i t i e s  of the f lexure  pivot  bearing mountings ape espec ia l ly  
c r i t i c a l  i n  t h i s  double ro to r  design s ince any angular tilt of e i t h e r  
ro to r  w i l l  cause rubbing. 

The s l i t  openings of each ro to r  have been made as  long and narrow as  
possible  i n  order t o  accomplish t w o  object ives .  The f i r s t  object ive i s  
t o  provide the l a rges t  possible  aper ture  f o r  the  fropen't pos i t ion  of the 
valve.  The second object ive i s  t o  reduce the t o t a l  amount of angular 
t r a v e l  as much a s  possible  i n  order t o  lengthen the  l i fe t ime of the  f l ex -  
u re  pivots .  A s  can be seen i n  the photographs of Figures 37 and 3 9 ,  t he  
tubulat ions t o  the valve housing have been de l ibe ra t e ly  f l a r ed  i n  order 
t o  accommodate the  use of long s l i t  openings i n  the  ro to r s .  The f l a r ed  
tubulat ion housing of the  f lexure  pivot  valve i s  more d i f f i c u l t  t o  machine 
than t h e  ordinary tubulat ion housing of the  ro t a ry  valve. The requirement 
f o r  long s l i t  openings a l so  increases  the  ove ra l l  length of the  valve as 
compared t o  the  length of the  ro t a ry  valve, f o r  example. 

Whereas t h e  rotary-valve housing i s  open a t  only one end, the  f lexure-  
pivot  valve housing is  open a t  both ends. The bearing holder f o r  the upper 
flexure-pivot becomes the  sea l ing  cap f o r  the top of the  valve housing with 
an end weld t o  minimize d i s t o r t i o n  and t o  permit t he  bearing holder t o  be 
e a s i l y  machined off i f  t he  valve i s  t o  be disassembled. 
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At the end of each of the two slotted rotors, pure nickel magnetic 
drive rotors were installed. These drive rotors are acted upon by the 
external magnetic field of the electromagnetic drive unit. The drive 
rotors have the largest possible outer diameter to minimize the air gaps 
that will exist between the pole pieces of the electromagnetic drive and 
the drive rotor. 

$ 

As can be seen in Figure 20, the lower slotted rotor (at the end at 
which the gauge will be attached) is the outer rotor while the upper 
slotted rotor is the inner rotor. Ideally, these two rotors should be 
designed and constructed so that they both have the same moment of iner- 
tia and, hence, the same resonant frequency when used with identical flex- 
ure pivots. The two rotors that were constructed do not have quite the 
same moment of inertia. Since their average diameters are different, the 
two rotors must necessarily have different masses. 

The rotor diameters and slit widths were designed to provide valving 
action with an angular movement of +15 degrees for each rotor. In the re- 
laxed position, there is no overlap of the slits and the valve is effec- 
tively closed at both inlet ports. This is a sort of "fail-safe" provi- 
sion in case the electromagnetic drive unit fails. With both ports closed, 
the valve would yield a zero or null signal at the output of the yaw at- 
titude sensor. 
the extreme positions of their angular travel. 

The two ports are opened alternately when the rotors reach 

One other unusual feature of this valve that should be mentioned is 
the center shift of that portion of each flexure-pivot bearing that is at- 
tached to one of the rotors. 
+15 degree angular motion is estimated to be about 2 mils. 
between the rotors must be adequate to allow for this shifting of the 
centers. 

The center shift of the bearings used for a 
The spacing 

4 .  Electromagnetic drive units for valves. - Two electromagnetic 
valve drive units were constructed as illustrated in Figures 17, 21, and 
40. A single unit was built to operate the rotary valve while two sepa- 
rate units were constructed to operate the two rotors of the flexure-pivot 
valve. Only the flexure-pivot valve drive units are shown in the photo- 
graph of Figure 40. The cases that surround the pole pieces, yoke, and 
coils are magnetic shielding boxes that are made up of alternate layers 
of soft iron, insulating glass-epoxy sheet, netic and conetic material. 

The electromagnetic drive units were of an experimental nature. 
units used high permeability Armco soft iron for the pole pieces and the 
yokes. The pole pieces and the yokes were not laminated in order to sim- 
plify the design. Since the valves would be operated at low cycling rates 
of less than 10 c/s, it was decided to accept the hysteresis and eddy c,ur- 
rent losses that developed. 

Both 

The two pole pieces of the rotary valve electromagnet were "shaded" 
by cutting a deep slot near one edge of each pole face and by wrapping a 
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single turn of copper sheet around the small secondary pole piece that 
was formed. This electromagnet was adjusted by tightening the four 
screws that joined the pole pieces to the yoke so  that the pole pieces 
were a press fit over the top of the rotary valve housing. The two coils 
were wound with enamel-coated copper magnet wire. 
nected either in series or in parallel depending on the power supply that 
was used to energize them. 

The coils could be con- 

The pole pieces of the flexure pivot valve electromagnet are of an 
unusual shape, as can be seen in the illustrations. The intent was to 
concentrate the magnetic field in the regions where the nickel drive 
rotors would be located when the rotors were at either end of their angu- 
lar travel positions. Diametrically opposite coils of this electromagnet 
could be connected either in series or in parallel. The rectangular con- 
figuration of the yoke and its two-piece construction were selected for 
simplicity of construction and ease of adjustment. More compact arrange- 
ments of the pole pieces, the coils, and the yoke are possible. In the 
overall design, the flexure-pivot valve electromagnets, together with 
their magnetic shield boxes, would be mounted to the metal framework of 
the system package; and they would not be supported by the valve. 

B. Electronics 

Photographs of the various electronic units are shown in Figures 41 
through 44. Not included in these illustrations is the electronic drive 
circuit of the flexure-pivot valve. 
had only been carried through to the breadboard stage. 

The development of this drive circuit 

The high voltage power supply, as shown in the upper left of Fig- 
ure 41, was a potted, sealed unit fabricated by a subcontractor to GCA 
Corporation specifications. 
GCA Corporation. The design of the individual electronics packages was 
coordinated with the overall system packaging. 

All other electronic units were built by the 

All qualified components were used in the final construction of the 
electronics. As can be seen from the photographs, specially designed 
printed circuit boards were used for mounting the components. 
circuit boards were mounted to rigid aluminum base plates that were de- 
signed for each separate electronics package. Removable aluminum covers 
were built to shield and protect each separate electronic package. Since 
the two yaw-attitude sensor systems that were constructed were "engineer- 
ing models," no potting was provided for any of the newly designed elec- 
tronics in order to facilitate future testing. 

The printed 

Subminiature connectors were used for all input and output connections. 
Trimpots were used for all adjustable resistances. Fixed resistors were 
either carbon composition types or RN 60 oxide film types. 
ing holes were provided on each base plate. 

Threaded mount- 
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The dc t o  d c  converter accepted the  vehicle  input voltage of -24 v o l t s  
dc and delivered output voltages of +15 v o l t s  dc and -15 v o l t s  d c  as r e -  
quired by the  remainder of t he  e lec t ronics .  
o s c i l l a t o r  i s  c l e a r l y  v i s i b l e  i n  Figure 44. 

The to ro ida l  c o i l  of the f lux  

C.  Packaging 

After  it was dec ided  t o  s top the  construct ion of the  l i nea r  recipro-  
ca t ing  valve, the  system packaging problem became much simpler. 
tioned e a r l i e r ,  the  ro t a ry  valve and flexure-pivot valve w e r e  s u f f i c i e n t l y  
a l i k e  s o  t h a t  a s ing le  package could be designed t o  accommodate e i the r .  

A s  men- 

The support frame of aluminum angle was designed t o  achieve a "unit  
body" construction. The basic  "box-like" support frame s t ruc tu re  was 
welded together,  as  shown i n  Figure 45. Mounting brackets w e r e  fastened 
i n  removable fashion t o  the  support frame. One p a i r  of mounting brackets 
w a s  used t o  hold the  ion iza t ion  gauge magnet and i t s  laminated magnetic 
sh ie ld  box a t  the bottom of the  support frame. I n  Figure 45, t h i s  sh ie ld  
box and magnet are shown i n  pos i t ion .  
t o p  cover t h a t  fas tens  t o  the  top open edge of the  box. This s p l i t  cover 
is not shown i n  the f igure.  Other p a i r s  of mounting brackets a r e  used t o  
support the various e l ec t ron ic  packages along the  inner s ide  walls of the 
support frame. The truss-shaped support brackets shown separa te ly  near 
the r u l e r  a r e  used t o  support t he  ion iza t ion  gauge and the  lower p a r t  of 
the mechanical cycling valve. 
cupy the cen t r a l  p a r t  of the support frame. The cycling valve i s  supported 
by brackets t h a t  clamp the extended tubulat ions j u s t  before they pass 
through the  s p l i t  base p l a t e .  
models f o r  convenience i n  i n s t a l l i n g  and removing the  cycling valve and 
gauge. The s p l i t  base p l a t e  and the  pro tec t ive  cover a re  shown a t  the  
r i g h t  i n  Figure 45. The cover i s  made of welded sheet  aluminum?and i t s  
rectangular flange (covered with paper tape i n  t h e  i l l u s t r a t i o n )  mates 
with a rectangular  O-ring groove located on the  underside of the base 
p l a t e .  

The laminated sh ie ld  box has a s p l i t  

The ioni'zation gauge and cycling valve oc- 

The base p l a t e  was s p l i t  on the  engineering 

The system package is  r e l a t i v e l y  heavy and bulky as  present ly  con- 
s t ruc ted  and there  i s  considerable waste space within the support frame. 
Other package configurations can undoubtedly reduce the  ove ra l l  system 
volume and weight. 

D.  T e s t  System 

The vacuum test  system t h a t  w a s  constructed i s  shown i n  the  photo- 
graph of Figure 46. The vacuum console i s  shown at the  l e f t  while the  
e lec t ronics  rack i s  a t  the  r i g h t .  The f ron t  door of the  oven has been 
removed t o  p e r m i t  t he  test chambers t o  be seen. The ro ta ry  valve, which 
i s  flanged t o  an ion iza t ion  gauge and magnet, i s  connected t o  the two 
test  chambers v i a  shor t  hor izonta l  tubulat ions.  These tubulat ions are 
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Figure 46.  Photograph of test system. 
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flanged s o  t h a t  they can be conveniently demounted from the  tes t  chambers. 
A t  the  lower f ron t  of each tes t  chamber are the  var iab le  leak valves.  
These valves connect with the  1-l i ter  g lass  gas b o t t l e s  t h a t  are located 
below the  top of the vacuum console. The connecting gas l i nes  are made 
of copper and kovar. A t  the  outboard s i d e s  of each test  chamber one can 
see the flanged nude Bayard Alpert  ion iza t ion  gauge bases. The valve a t  
the top of the  left-hand test  chamber i s  the  u l t ra -h igh  vacuum (UHV) valve 
t h a t  can be used t o  connect the  chambers together .  

The oven and the  test  chambers rest on the  oven base, a 2-inch th i ck  
s l ab  of marini te .  The oven base, i n  turn,  i s  fastened t o  the  top of the  
vacuum console cabinet .  
ion pumps a r e  suspended from the  bottoms of the two test  chambers, and so 
the  e n t i r e  weight of the  vacuum components i s  car r ied  by the  top of the 
cabinet.  The t i tanium sublimation pumps a r e  angled diagonally toward the 
back of the  cabinet .  The e l e c t r i c a l  connections t o  these  pumps run con- 
venient ly  through the  back of the cabinet  and over t o  the cont ro l  u n i t s  
on the  e l ec t ron ic s  rack. The ion pumps cannot be seen i n  the  photograph 
s ince  they a r e  located d i r e c t l y  behind the  two sorp t ion  pumps t h a t  a r e  a t  
the f r o n t  cen t r a l  p a r t  of the cabinet .  The flanges t h a t  j o in  the  sorpt ion 
pumps and t h e i r  i s o l a t i o n  valves (UHV valves) have spec ia l  venting valve 
flanges.  The venting valves may a l s o  be used f o r  leak checking. Varian 
M i l l i t o r r  type high pressure ion iza t ion  gauges were in s t a l l ed  a t  the  lower 
end of each test  chamber below the cabinet  t o p .  These l a t t e r  gauges can 
measure pressures as high as  10-1 t o r r ,  and a r e  usefu l  during the  i n i t i a l  
s tage of vacuum pump-down. Convenience e l e c t r i c a l  o u t l e t s  were provided 
a t  each s i d e  of the cabinet .  Removable hinged doors w e r e  present a t  both 
the f r o n t  and back of the vacuum console cabinet .  

The t i tanium sublimation pumps and the  80 l i t e r l s e c  

The e lec t ronics  rack was a standard 78-inch high enclosed rack having 
a hinged, louvered door a t  the r ea r .  The two uppermost u n i t s  mounted i n  
the  rack were the  dual ion iza t ion  gauge cont ro l  un i t s .  
i s  capable of operating one l o w  pressure Bayard A l p e r t  type gauge and one 
high pressure M i l l i t o r r  type ion iza t ion  gauge. The th i rd  u n i t  from the 
top was the  right-hand t i tanium sublimation pump cont ro l  u n i t  while the 
four th  u n i t  w a s  the  right-hand ion pump control .  B e l o w  t h i s  ion pump con- 
t r o l  was a convenience desk-type pul l -out  drawer t h a t  could be used fo r  
s torage of p a r t s  and wri t ing.  Below the pul l -out  drawer was the  left-hand 
t i tanium sublimation pump control .  The l a s t  and lowest u n i t  was the  l e f t -  
hand ion pump control .  Many e l e c t r i c a l  o u t l e t s  w e r e  provided ins ide  the 
rack. 

Each of these u n i t s  

The oven i t s e l f  was a 7-kW ducted, forced a i r  u n i t :  
within the  oven could be control led within a few degrees t o  temperatures 
as high a s  50OoC. The oven had f ron t  and r e a r  doors and could be placed 
i n  pos i t ion  o r  removed by two people. 

The temperature 
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5. TESTS AND RESULTS 

A. Mechanical Cycling Valves 

1. Rotary 'Valve. - Only two of the  three mechanical valves t h a t  
were designed were fabr ica ted  completely and placed i n  operation. 
l i n e a r  reciprocat ing valve w a s  not completed. The ro t a ry  valve w a s  op- 
e ra ted  t o  a much grea te r  ex ten t  than the  f lexure-pivot  valve, primarily 
because the  ro t a ry  valve dr ive  c i r c u i t  was completed much e a r l i e r .  

The 

The ro ta ry  valve was placed i n t o  operation with the use of two d i f -  
f e r e n t  types of dr iving mechanism. 
the experimental electromagnetic d r ive  shown i n  Figure 17. 
valve d r ive  mechanism consis ted of a small U-shaped permanent magnet ex- 
t e rna l  t o  the  valve t h a t  coupled magnetically t o  a pure nickel  ro to r  
within the  valve. 

The f i r s t  valve d r ive  mechanism was 
The second 

For the f i r s t  valve d r ive  mechanism, the dr ive  ro to r  consis ted of 
e i t h e r  a pure nickel  r o t o r  o r  a permanent magnet ro to r .  
ro to r  was used with the second valve d r ive  mechanism. The nickel  ro to r  
was e s s e n t i a l l y  a rectangular bar of pure nickel  with a c e n t r a l  hole. 
The nickel  ro to r  sl ipped over the top s h a f t  of the  ro ta ry  valve ro to r  
and was fastened securely with set  screws. 
was la rge  enough t o  s l i p  over the  top of the ro t a ry  valve housing so 
t h a t  the nickel  ro to r  tended t o  complete the magnetic c i r c u i t .  

The pure nickel  

The U-shaped magnet spacing 

The U-shaped permanent magnet was mounted on a Bodine Model NSH-12R 
var iab le  speed motor connectqd t o  a Mnar ick  Electric Company Model SH-12 
speed cont ro l .  
mounted r i g i d l y  s ince there  w a s  a s t rong a t t r a c t i o n  between the perma- 
nent magnet and the ro tor .  Unless there  was t rouble  with the gold plated 
b a l l  bearings of the  valve, the valve ro to r  general ly  followed the ro t a -  
t i ona l  motion of the ex terna l  magnet qu i te  w e l l .  The ex terna l  magnet 
d r ive  was qui te  f l e x i b l e  i n  t h a t  the valve could be conveniently opened 
and closed by hand and could be cycled a t  very low speeds with the use of 
the geared-down var iab le  speed motor. Schematic drawings of the ex terna l  
magnet d r ive  and the nickel  d r ive  r o t o r  a r e  presented i n  Figure 47. 

The motorwith the  attached U-shaped magnet had t o  be 

The f i r s t  valve d r ive  mechanism,(i.e., the  electromagnetic dr ive)  
operated w e l l  with e i t h e r  the  nickel  r o t o r  described above o r  with a 
permanent magnet ro to r .  
d i s k  approximately 1-1/4 inches i n  diameter and 1 /4  inch thick.  
bl ind holes  about 3/16 inch i n  diameter were d r i l l e d  i n t o  the d i s k  from 
the  cy l ind r i ca l  s ide  wall .  However, instead of being d r i l l e d  r a d i a l l y  
inward toward the  center of the disk,  these four  holes  were d r i l l e d  so  
a s  t o  form an inscr ibed square within the c i r c u l a r  ro tor .  Small round 
permanent bar magnets were inser ted  i n  the bl ind holes  and then sealed 
with s t a i n l e s s  steel plugs t h a t  were welded a t  the  cy l ind r i ca l  surface.  
The construct ion of t h i s  r o t o r  i s  shown i n  Figure 47. 

The l a t t e r  ro to r  consis ted of a s t a i n l e s s  steel 
Four 

, 
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It was found t h a t  the two-pole experimental electromagnetic d r ive  
u n i t  would turn  e i t h e r  of the two d r ive  ro to r s  i n  synchronism with the  
dr iv ing  cur ren t  through the electromagnet c o i l s  once the dr ive  ro to r s  
were s t a r t ed .  
on the bench i n  atmospheric a i r .  
sensor was not attached) and the  r o t a t i o n  of the valve ro to r  could be 
seen through the  open tubulat ions t o  the  valve body o r  housing. 
the  valve r o t o r  was s t a r t e d  by hand, i t  would gradually come up t o  
speed and lock-in with the r o t a t i o n  frequency of the  electromagnetic 
dr ive.  

Tests of the  valve d r ive  c i r c u i t  capab i l i t y  were made 
The valves were open (the pressure 

I f  

The nickel  dr ive  ro to r  would not  s ta r t  by i t s e l f  under any condi- 
t ions.  
s ta r t  by i t s e l f ,  but the  s t a r t i n g  phase w a s  very erratic and unpredic- 
tab le .  I n  t e n  s t a r t i n g  experiments, f o r  example, the ro to r  s t a r t e d  
f i v e  times i n  less than 3 minutes and the  other  f i v e  times a t  much 
longer t i m e  i n t e rva l s .  

On the  other  hand, the  permanent magnet d r ive  r o t o r  seemed t o  

I n  an attempt t o  improve the  s t a r t i n g  cha rac t e r i s t i c ,  small c o i l s  
were wound around the shaded poles and the phase of the cur ren t  t o  these 
shaded poles, relative t o  the cur ren t  phase through the main c o i l s ,  was 
varied.  It was found t h a t  the s t a r t i n g  was s t i l l  e r r a t i c ,  unpredictable, 
and unre l iab le .  It was concluded t h a t  a two-pole electromagnetic dr ive  
was not su i t ab le  and t h a t  a four-pole electromagnetic dr ive  would be 
necessary. A pure n icke l  dr ive  r o t o r  could be used with the lat ter type 
of electromagnetic dr ive.  

During the experimentation with the ro t a ry  valve d r ive  c i r c u i t s ,  
and i n  la ter  experiments with the ro t a ry  valve connected t o  the  vacuum 
test system and evacuated, i t  was found t h a t  the a x i a l  loading on the  
gold plated b a l l  bearings and the  o r i en ta t ion  pos i t i on  of the  valve 
c r i t i c a l l y  a f fec ted  i t s  operation. For example, the  valve might operate 
w e l l  i n  a v e r t i c a l  pos i t ion  but not  i n  a horizontal  posi t ion.  
B e l l v i l l e  type washers used t o  a x i a l l y  load the bearings were too heavy 
(too s t rong a spr ing constant) ,  t he  valve ro to r  would not move when 
placed under vacuum, although i t  would move a t  atmospheric pressure. 

I f  the 

Another d i f f i c u l t y  was noticed a f t e r  the ro t a ry  valve had been 
dr iven by the ex terna l  magnet d r ive  f o r  periods of t i m e  of the  order of 
an hour. The valve becomes qu i t e  w a r m  t o  the touch, p a r t l y  because the 
U-shaped magnet dragged on the housing occasionally.  
t i m e ,  the  r o t o r  would s top i t s  ro ta t ion ,  a s  though the bearings had 
"seized." 
i s  believed t h a t  high temperatures may have developed a t  the  bearings 
o r  d i f f e r e n t i a l  temperatures developed between the  ro to r  and the  housing 
t o  increase the a x i a l  loading on the bearings. 

A t  some point  i n  

It Light tapping of t he  housing general ly  f reed the ro tor .  

The r e s u l t s  of a c lose ly  r e l a t ed  p a r a l l e l  study t h a t  was made of 
the  operating c h a r a c t e r i s t i c s  of b a l l  bearings i n  a vacuum environment 
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w i l l  be presented next. 
Honeywell, Inc. The same type of gold-plated b a l l  bearings t h a t  were 
used i n  the ro t a ry  valve w e  

This study was performed under cont rac t  t o  

used i n  t h i s  study. 

I n  connection with a comparative study of the relative merits of 
a ro ta ry  valve and a f lexure-pivot  o s c i l l a t i n g  valve, an experimental 
study w a s  made t o  determine the operating c h a r a c t e r i s t i c s  of b a l l  bear- 
ings i n  a vacuum environment. It was known from previous work t h a t  
high speed operat ion of b a l l  bearings i n  vacuum of t en  led t o  ca t a s t ro -  
phic f a i l u r e  of the bearings within a comparatively sho r t  t i m e  [9,10,11]. 
The object ive of the experiments was t o  determine low speed character-  
i s t i c s  of gold-plated b a l l  bearings operating i n  a vacuum. 

A s  i l l u s t r a t e d  i n  Figure 48, a b u t t e r f l y  test valve was constructed 
t o  make use of gold-plated b a l l  bearings. The valve assembly was f a b r i -  
cated pr imari ly  of non-magnetic 304 s t a i n l e s s  steel. The c e n t r a l  c i r cu -  
l a r  f l a t  vane of the valve w a s  fastened t o  cy l ind r i ca l  sha f t s  which, i n  
turn,  were mounted t o  the  inner  races of the b a l l  bearings. 
races of the  b a l l  bearings were supported and held f ixed i n  pos i t i on  by 
bearing r e t a i n e r  blocks. Nickel cy l inders  (drive ro tors )  were pinned t o  
the ends of the vane shaf t s .  An ex terna l  permanent magnet was used t o  
couple magnetically t o  one of the nickel  dr ive  r o t o r s  as shown i n  the 
vacuum test  system sketch of Figure 48. A small var iab le  speed motor 
was used t o  r o t a t e  the permanent magnet, and the ro t a t iona l  motion of 
the  magnet was thus t ransfer red  t o  the  c i r c u l a r  vane of the valve. The 
clearance between the c i r c u l a r  vane and the surrounding cy l ind r i ca l  
housing was 0.003 inch so t h a t  any a x i a l  movement of the vane by t h i s  
amount would cause the vane t o  bind o r  rub on the  housing. 

The outer  

The b u t t e r f l y  test  valve was designed t o  mount within a 6-inch 0.d. 
by 4-inch i .d .  
valve within the  test system i s  shown i n  Figure 48. The test system w a s  
an a l l - s t a i n l e s s  UHV-type system t h a t  used cryogenic sorpt ion pumping i n  
the forevacuum and g e t t e r  ion  pumping of the test chamber. This mode of 
pumping i s  important s ince there  were no pumping f l u i d s  o r  organic vapors 
within the system which could furn ish  lub r i ca t ion  t o  the b a l l  bearings, 
Put another way, an a l l -d ry  pumping system of t h i s  type i s  e s s e n t i a l  i f  
there  i s  t o  be a realistic simulation of the  space environment. 

Conflat demountable UHV flange. The loca t ion  of the 

A window was provided a t  the  test chamber so  t h a t  the operation of 
A nude-type Bayard Alpert  i on i -  the  valve i n  vacuum could be observed. 

zat ion gauge w a s  used t o  monitor the degree of vacuum i n  the test chamber. 
A General Radio Company Strobotac was used t o  measure the ro t a t iona l  speed 
of the b u t t e r f l y  valve a s  shown i n  the  schematic drawing. 

The var ious tests t h a t  were performed with the experimental arrange- 
ment described above are summarized i n  Table 4. The f i r s t  test showed 
t h a t  the  b u t t e r f l y  valve had the same ro ta t iona l  speed as the dr iv ing  
permanent magnet f o r  speeds up t o  3,010 rpm. The second test, with the 
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valve operating a t  a high speed of 3,010 rpm, showed t h a t  any loosening 
of the valve mounting support s t ruc tu re  o r  any increase i n  the allowable 
r a d i a l  o r  a x i a l  movement of the inner  race of the b a l l  bearings (as would 
occur with wear of the bearings) could lead t o  binding where small c l e a r -  
ance gaps a re  present.  The th i rd  test demonstrated the c r i t i c a l  nature 
of b a l l  bearing alignment i n  vacuum. 
may work i n  a normal atmospheric environment but w i l l  not operate i n  
vacuum. I n  vacuum service, b a l l  bearings must be posit ioned s o  t h a t  there  
i s  e s s e n t i a l l y  no a x i a l  loading. I f  the b u t t e r f l y  test  valve were ro t a -  
ted through 90 degrees so  t h a t  the bearings supported the weight of the 
vane and shaf t s ,  t h e i r  behavior i n  vacuum would be d i f f e ren t .  
i n  an o rb i t i ng  s a t e l l i t e ,  the g rav i t a t iona l  force i s  balanced so t h a t  
there  would be no r a d i a l  o r  a x i a l  loading of the bearings. 

An improperly aligned b a l l  bearing 

Of course, 

The four th  test performed demonstrated t h a t  properly aligned b a l l  
bearings would operate f o r  an extended period of t i m e  (13 days i n  t h i s  
instance) a t  low speeds of the order of 500 rpm. 
was terminated only i n  order t o  t r y  higher speed operation of the bearings. 
When there  was an accidental  power f a i l u r e  i n  the building, i t  was learned 
t h a t  the valve could not be r e s t a r t ed  a f t e r  having been motionless f o r  
about one hour. Possibly, the dwell t i m e  of 1 hour caused some "sticking" 
o r  i nc ip i en t  "cold welding." 
t i o n  prevented the valve from s t a r t i n g  i n  vacuum, but did not prevent i t  
from s t a r t i n g  i n  a i r .  The implications of t h i s  experiment f o r  a valve 
t h a t  must be stopped and s t a r t e d  repeatedly i n  vacuum a r e  c l e a r .  Although 
the torque t h a t  could be magnetically coupled t o  the b u t t e r f l y  valve ro to r  
was undoubtedly small, some e a r l i e r  experimentation with b a l l  bearings i n  
vacuum confirmed t h i s  general behavior and showed t h a t  very la rge  torques 
were necessary t o  f r e e  a "frozen" bearing of t h i s  kind. 

This test  a t  low speeds 

I n  any event an e f f ec t ive  increase of f r i c -  

2. Flexure-pivot valve. - Before describing some of the tests t h a t  
were made with f lexure-pivots  and with the flexure-pivot valve, i t  would 
be useful  t o  descr ibe the c h a r a c t e r i s t i c s  of f lexure pivots  i n  grea te r  
de t a i l .  

The f lexural-pivot  bearing (also ca l l ed  f lex-pivot  o r  f lexure-pivot),  
a s  furnished by the Bendix Corporation, cons i s t s  of two concentric cy l in-  
ders ,  one cyl inder  f o r  each s ide  of the suspension. 
a r e  coupled together with f l a t  can t i l eve r  l ea f  spr ings a s  shown i n  Figure 4 9 .  
A photographic view of one half  of a f lexura l  p ivot  can a l so  be seen i n  
Figure 39 a t  the f a r  l e f t .  

These two cyl inders  

Designing with f l exura l  pivots  i s  s imi la r  t o  designing with other  
bearings; t h a t  is, r a d i a l  and t h r u s t  loading and bearing l i f e t ime  must be 
considered. Unlike ordinary bearings, however, the suspension does not 
require  lubr ica t ion .  For small deflect ions,  the  f l exura l  p ivot  has essen- 
t i a l l y  an i n f i n i t e  l i f e t ime  s ince wear surfaces  have been eliminated. 
Larger def lec t ions  r e s u l t  i n  a f i n i t e  but predictable  l i f e t ime  s ince spring 
fa t igu ing  due t o  la rge  amplitude de f l ec t ion  causes eventual f a i l u r e .  
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A unique property of f l exura l  pivots  t h a t  must be understood is  the  
s h i f t  i n  the a x i s  of ro t a t ion  with f l exura l  angle. 
by the shortening of the  l ea f  spr ing cord dis tance due t o  t h e i r  a r c  shape 
under def lec t ion .  Such a s h i f t  of the center  a x i s  w i l l  a f f e c t  the f lexure 
pivot  valve design i n  t h a t  adequate clearance must be provided. Figure 50 
shows t h i s  cen ter  s h i f t .  

This s h i f t  i s  caused 

Another c h a r a c t e r i s t i c  property of f l exura l  p ivots  i s  the hys te res i s  

The hys t e re s i s  of the f l exura l  pivot  i s  
of the leaf  spr ing zero-torque posi t ion.  The hys t e re s i s  i s  a funct ion of 
de f l ec t ion  a s  shown i n  Figure 51. 
a tendency of the leaf  spr ings t o  permanently deform i n  the d i r ec t ion  of 
bending. The spring, upon being deflected,  does not  r e tu rn  t o  i t s  o r ig ina l  
s t a r t i n g  point,  and, under osc i l l a t ion ,  it has a zero torque pos i t ion  which 
a l s o  o s c i l l a t e s .  For a def lec t ion  of + 3 3  percent (10 degrees out of a 
possible  30 degrees) of ra ted  def lect ion,  the curve of Figure 51 gives a 
hys te res i s  angle of less than 0.06 degrees, which i s  a change i n  def lec t ion  
of only 1 / 2  percent.  

Figures 52 and 53 show fami l ies  of l i f e  curves f o r  varying l eve l s  of 
de f l ec t ion  versus r a d i a l  loading f o r  Ser ies  800 f l exura l  pivots.  These 
curves a re  va l id  f o r  p ivots  other  than the 800 series provided t h a t  the 
percent of ra ted  de f l ec t ion  i s  entered a s  the  ordinate  value. 
i l l u s t r a t e s  how the f lex-pivot  may be placed e i t h e r  i n  tension o r  compres- 
sion. For the f lexure pivot  valve, the two ro to r s  w i l l  be balanced and 
i n  the zero-g environment of f l i g h t  there  should be ne i ther  r a d i a l  compres- 
s i o n m r  tension applied t o  the bearings. 
the l i f e  of a f l exura l  pivot  bearing i s  a funct ion of l ea f  spring s t ress ing .  

Figure 49 

A s  i s  apparent from the f igures ,  

A t  the  t i m e  t h a t  the gold-plated b a l l  bearing tests were car r ied  out 
f o r  Honeywell, Inc., a series of l i f e  tests were made of Bendix 5016-800 
f lexural-pivots .  The element of lowest r e l i a b i l i t y  i n  a yaw a t t i t u d e  sen- 
sor  system appears t o  be the mechanical cycling valve, and i n  the f lexure-  
pivot  valve, the pivot  i t s e l f  becomes the questionable element. 

To provide a means of cycling the f lexural-pivots  f o r  l i f e  tes t ing ,  
a motor-driven bell-crank mechanism was constructed a s  shown i n  Figure 54. 
A t o t a l  of ten  p ivots  were tes ted  a t  a given t i m e  i n  t h i s  j i g .  The b e l l -  
crank driven reciprocat ing s l i d e  which engaged forked levers  attached t o  
the f r e e  end of each f lex-pivot  was used t o  generate a pure torque input  
t o  each un i t .  These levers  were s t a t i c a l l y  balanced so t h a t  e a r t h  g-loads 
could not  generate r a d i a l  loading. The bell-crank pos i t ion  was adjustable  
so  t h a t  the f lex-pivot  could be operated a t  e i t h e r  + 15 degrees o r  2 1 2  
degrees. 
na tura l  frequency of the  pivot  loaded with the forked a r m .  

The frequency of cycl ing was 15 Hz, which was j u s t  below the 

The test  j i g  w a s  loaded with ten  f lexural-pivots  and w a s  operated 
50 f o r  a t o t a l  of 1 .4  x lo6 cycles  a t  a de f l ec t ion  of + 15 degrees o r  

percent of ra ted  def lec t ion .  A t  t h i s  count, the p ivots  were examined, and 
a t o t a l  of four  p ivots  had f a i l e d  due t o  a f r ac tu re  i n  one of t h e i r  three 
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l ea f  springs.  
period, and, therefore,  6he cycle  count a t  the l a s t  inspect ion p r i o r  t o  
t h i s  period o r  1 .17  x 10 
These p ivots  a r e  shown i n  Table 5 as samples No8.4, 5, 7, and 8. 
t o t a l  count of 6.4 x lo6 cycles,  another pivot  f a i l e d  i n  the same manner 
a s  the o ther  four,  t h a t  is ,  one of the three leaf  spr ings fractured.  
This u n i t  i s  shown a s  Sample No. 3 i n  Table 5. 

These f a i l u r e s  occurred during the n ight  over a 4-hour 

was used a s  the l i f e  count f o r  a l l  four  pivots .  
A t  a 

A t  a t o t a l  count of 1.1 x lo7 cycles,  the def lec t ion  angle was 

These new u n i t s  a r e  shown i n  Table 5 a s  
changed t o  ,+ 1 2  degrees o r  ,+ 40 percent of ra ted  def lect ion,  and f i v e  
new pivots  were in s t a l l ed .  
Samples NoS.11, 12, 13, 14, and 15. The f i v e  surviving samples, Nos. 1, 
2, 6, 9, and 10, of the 15-degree test w e  e re tained i n  the f i x t u r e  f o r  
the 12-degree test. A t o t a l  of 56.2 x 10 cycles  were accumulated t o  
da te  on Samples Nos. 1, 2, 6, 9, and 10 without f a i l u r e s .  (Table 5 re- 
po r t s  the t o t a l  cycles  a s  of 20 October 1966.) Samples Nos. 11 through 
15 accumulated a t o t a l  of 30.2 x lo6  cycles  t o  da te  without f a i lu re .  

Table 6 shows the r e s u l t s  of various tests tha t  were performed by 
the f l exura l  pivot  vendor (Bendix). 
samples taken from production l o t s .  Not a l l  samples were of the type 
800 series a s  noted by the rated def lec t ion .  However, s ince the l i f e  
of the pivot  i s  based upon leaf-spr ing s t ress ing ,  the  s ign i f i can t  pa- 
rameter i s  the test  de f l ec t ion  taken a s  a percentage of ra ted  def lec-  
t ion .  Samples tes ted  a t  def lec t ions  of ,+ 40 percent o r  below show-,an 
accumulated cycl ing of over 30 x 10 
run f o r  an i n f i n i t e - l i f e  un i t .  

These tests were made of random 

6 which i s  considered the burn-in 

A de t a i l ed  discussion of the test  r e s u l t s  follows. 

(a) GGA Samples No. 4, 5 ,  7 ,  and 8. - These u n i t s  accumulated 
1.17 x lo6  cycles  a t  50 percent ra ted  def lec t ion  before f a i l u r e .  Re- 
f e r r i n g  t o  F i  ures  52 and 53, the predicted l i f e  f o r  zero r a d i a l  load- 
ing  i s  7 x 10' cycles .  Examination of these u n i t s  under a microscope 
revealed a s t r e s s - r a i s ing  nick i n  the f r ac tu re  of one of the samples 
ind ica t ing  a f a u l t  i n  manufacture. All four  samples were returned t o  
the  vendor f o r  inspect ion and metal lurgical  analysis .  The vendor re- 
po r t  revealed nothing negative i n  e i t h e r  f ab r i ca t ion  o r  metallurgy, 
and pointed out  t h a t  the u n i t s  were expected t o  f a i l  a t  7 x lo5 cycles.  

(b) GCA Sample No. 3. - This u n i t  f a i l e d  a t  an accumulated cycl ing 
of 6.4 x 106,and s ince  the predicted l i f e  of the tes t  de f l ec t ion  of 50 
percent i s  7 x lo5 the sample yielded an excess l i f e  of 5.7 x lo6 cycles.  9 

(c), GCA Samples No. 1, 2, 6 ,  9 ,  and 10. - These u n i t s  accumulated 
1.1 x 10 
cent  ra ted  de f l ec t ion  and are s t i l l  operating, y ie ld ing  an excess l i f e  of 
10.3 x lo6 cycles .  
have accumulated an addi t iona l  45.2 x lo6  cycles.  

cyc les  a t  50 percent ra ted  def lec t ion  and 4.52 cycles  a t  40 per-  

A t  40 percent ra ted  de f l ec t ion  these same samples 

101 



0 
0 
00 
I 

\D 
rl 
0 

v p m  

c4 
0 
Fr 

5: w 
E-i 

w 

cn d 
E Z  
s 
w 
B 

r l b  rl rl 
. r l  a 

rl rl 4- 

d 4 - b  
. r l  

rl a 0  r l .  rl 

102 



cn 
8 
R 
PI 

0 
0 co 

p?l 
0 
Er 

5: 
El 
E-r 

8 
d z  = 
2 0 

2; 

8 
r? 
2 0 

Z 

8 
d 
2 

2; 0 
I4 
d 
5: 

E PI 

cn 
H 

E 

o o o o o o o o o o o o * o o o o o o  o o * o o o o N o o c o a o o o o o o o  O a c o a N c o O b c o c o * m m 0 0 c o * 0 N  

d 4 - 0 4 - c - l * d N m b N N a * m b  N o m a m d m m m d m m d r l b d  

n n n  n n n n n n n n n n  
O m b c o * a N * r l d G d d m O c - l  

n n n n n  n 
0 a c o d 0  a m rl m m m  

rl 

N 
n 

0 
0 
r l z  = 
+ I  

0 m 
r l =  z 
+ I  

0 0  0 0  0 0  0 0 0 0  
0 0  0 0  0 0  0 0 0 0  

= n n - - -  n n =  n n -  n n n n  
0 0  0 0  0 0  m m o m  
0 0  0 0  o m  m c - l m m  

0 4  0 0  rl 0 4  o r l  
0 0 o m  m 
m m m 

0 0 -  - - 0 0  0 0 -  0 0 0 0  

n n n n  n 

0 a 
0 0 = o  
O O N O  
rl N r l ' N  
+ I  +I +I 3.1 

0 0  m m  . .  
0 m 0 
N m o  
0 0  b \o r l m  . r l r l m m  

3.1 + I  + I  + I  

103 



(d) GCA Samples No. 11 through 15. - These u n i t s  operating a t  40 
percent ra ted  de f l ec t ion  accumulated 30.2 x lo6  cycles  and were s t i l l  
operating. 
cycles  w i l l  y i e ld  e s s e n t i a l l y  i n f i n i t e  l i f e .  

Vendor r epor t s  ind ica te  t h a t  u n i t s  burned i n  t o  30 x lo6 

(e) Bendix tests. - Samples No. 5 and 13 a r e  u n i t s  tes ted  a t  40 
percent ra ted  de f l ec t ion  and should y i e ld  an i n f i n i t e  l i f e .  T e s t  re- 
s u l t s  show t h a t  no f a i l u r e  occurred a f t e r  30 x lo6 cycles  which i s  con- 
sidered by the vendor t o  be the burn-in l i f e  t o  assure  i n f i n i t e  l i f e .  
Unit No. 13 i s  st i l l  operating with over 2 b i l l i o n  cyc les  logged t o  date .  

Sample No. 10 was tes ted  a t  40 percent ra ted  de f l ec t ion  and accumu- 
la ted  16.9 x lo6 cycles,  under the normal burn-in, but nevertheless  did 
not f a i l .  

A l l  the other  samples show ac tua l  l i f e - t o - f a i l u r e  w e l l  i n  excess 
of predicted l i f e .  

I n  view of the test r e su l t s ,  the f lexura l  pivot  i s  considered t o  be 
a sa t i s f ac to ry  device f o r  use as a yaw a t t i t u d e  sensor valve ro to r  sus-  
pension. A l l  f a i l u r e s  have occurred well  i n  excess of predict ions f o r  
two d i f f e r e n t  stress levels, 50 percent and 40 percent ra ted  def lect ion.  
An added margin of r e l i a b i l i t y  can be expected i f  the f i n a l  design fu r the r  
reduces s t r e s s ing  t o  33 percent of ra ted  def lec t ion .  

Fai lures  experienced i n  the GCA tests show t h a t  only one spring f a i l s  
of the t o t a l  of three spr ings i n  a un i t .  
phic s ince the other  two spr ings maintained the i n t e g r i t y  of the suspen- 
s ion ,  the only degradation due t o  a f a i l u r e  being a change i n  f lexura l -  
p ivot  spr ing constant .  

The f a i l u r e s  were not ca t a s t ro -  

A change i n  f lexura l -p ivot  spring constant  w i l l  r e f l e c t  i t s e l f  i n t o  
the  valve design a s  a s h i f t  i n  the na tu ra l  frequency of the ro to r -  
f l exura l  pivot  assembly, and s ince the ro to r  i s  always operated a t  reso-  
nance, t h i s  change i n  frequency w i l l  i a f fec t  only the e lec t ronic  system 
bandpass requirement. 
f a i l u r e  a r e  given as follows: 
i s  

Bandwidth requirements t o  accommodate a spr ing 
The na tura l  frequency of the ro to r  assembly 

CD =a n 

where 
K = the  t o t a l  f lex-pivot  spr ing constant  and i s  equal t o  6K1 

1 
I = the  second moment of the  ro to r  about i t s  cy l ind r i ca l  ax is .  

K = the  spr ing constant of one leaf  spr ing 

For small changes i n  K, the  bandwidth is  given by 
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o r  

K1 since K = 6K and AK = 1 

& - - -  8 . 4  percent.  
0 - 1 2 -  

Therefore, a bandpass of an (+ 0, - 10 percent) w i l l  provide f o r  
non-degraded performance i n  the event of a f lex-pivot  f a i l u r e  of the type 
experienced i n  the tests reported above. 

The conclusions can be made t h a t  a l l  ava i lab le  evidence ind ica tes  
t h a t  the l i f e  of a f l e x  pivot  i s  predictable  with high confidence and t h a t  
i n  the event of a f a i l u r e  of a f l e x  pivot,  proper design of the valve w i l l  
enable continued non-degraded performance. 

The flexure-pivot valve was operated i n  a i r  on several  occasions but 
was never operated under vacuum. Eecause of the single-ended support of 
each of the two counter r o t a t i n g  rotors ,  the valve was always operated i n  
a v e r t i c a l  posi t ion.  The electromagnetic dr ive  u n i t s  shown i n  Figure 21 
were powered e i t h e r  by commercial low frequency o s c i l l a t o r s  o r  by a bread- 
board-f l ight  type f lux  o s c i l l a t o r .  

It was found t h a t  the displacement of the ro to r s  was negl igibly small 
unless  the dr iv ing  frequency coincided with the na tu ra l  resonant frequency 
of each ro tor .  Since the two ro to r s  had d i f f e r e n t  moments of i n e r t i a  due 
t o  d i f fe rences  i n  mass and mass d i s t r ibu t ion ,  t h e i r  resonant frequencies 
were not the same. The l i g h t e r  inner  cyl inder  had a mass of 100.04 grams 
and resonated a t  8.0 cps.  
grams and resonated a t  1.6 cps.  Presumably, the  flexure-pivot support 
bearings of the two ro to r s  were iden t i ca l .  
4 o r  5 wat ts  of power. 
de r  cannot be reduced i n  any fu ture  design of a two-rotor flexure-pivot 
valve. 
mass t o  the l i g h t e r  inner  cyl inder  t o  reduce i t s  resonant frequency t o  
7.6 cps.  
would f i t  i n s ide  the inner  ro to r  a t  a pos i t ion  near the flexure-pivot bear- 
i ng  housing. 

The heavier ou ter  cyl inder  had a mass of 106.25 

Each cyl inder  required about 
There i s  no reason why the mass of the outer  cy l in -  

For the present  valve design, i t  would be more convenient t o  add 

This could e a s i l y  be done with the use of weighting washers t h a t  

B. Electronics  

I n  the e a r l y  s tages  of the system development, i t  was necessary t o  
develop a system t o  simulate the s igna l  input  t o  the e l ec t ron ic s  as r e a l i s -  
t i c a l l y  a s  possible .  
place of the vacuum test  system whenever purely e lec t ronic  d i f f i c u l t i e s  
were t o  be invest igated.  

This same type of simulation system could be used i n  
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The simulation system consis ted of a ro t a t ing  s h a f t  on which an 
opaque d i s k  was mounted. 
l a t i o n  created by a modulation pa t t e rn  t h a t  was c u t  i n  the ro t a t ing  disk.  
The output s igna l  of the photocell  w a s  amplified and used t o  modulate the  
high vol tage (from 1.7 t o  6.3 kV) output of a laboratory type high vol tage 
power supply.-  The modulated high vol tage was applied t o  the anode of a 
GCA Model R5 cold cathode ion iza t ion  gauge t h a t  had been sealed off  under 
vacuum and which had a res idua l  pressure i n  it, when operating, of about 
10-9 t o  10-10 t o r r .  

A photocell  was used t o  de t ec t  the l i g h t  modu- 

Figure 55 i s  a schematic of the c i r c u i t  used t o  measure the  high 
voltage modulation, while Table 7 shows the  amount of high voltage modula- 
t i o n  t h a t  was obtained with the  use of the simulation equipment. The 
ac tua l  gauge output cur ren ts  t h a t  corresponded t o  the high vol tages  shown 
depended on the pressure within the sealed-off ion iza t ion  gauge. 

I n  order t o  b e t t e r  understand the nature of the e l ec t ron ic s  t h a t  pro- 
cess  the output s igna l  of the pressure sensor, a br ie f  descr ip t ion  of the 
c i r c u i t s  w i l l  be given f i r s t ,  followed by a presenta t ion  of waveforms t h a t  
were monitored a t  important po in ts  i n  the c i r c u i t .  

As shown i n  the block diagram of Figure 56, the modulated gauge out-  
put cur ren t  is processed by the logarithmic electrometer and the other  
e lec t ronic  funct ional  u n i t s  i n  the usual way. Two magnetic reed switches 
a re  mounted near the ro t a t ing  disk.  As a magnetic sh ie ld  i s  ro ta ted  be- 
tween the switches and fixed magnets, a synchronized switching occurs. 
The closure of switch number one generates a sync pulse which t r igge r s  one- 
shot mult ivibrator  No. 1A. This rnultivibrator provides a var iab le  delay t o  
e f f e c t  phase synchronization between the sync pulse and the simulated modu- 
l a t ion .  This s tage w i l l  not be required i n  the f i n a l  equipment. The out- 
put of mult ivibrator  1A t r i gge r s  mult ivibrator  1 B  which discharges the 
peak de tec tor  s tage capaci tor  and a l s o  t r i gge r s  mult ivibrator  1C. The peak 
de tec tor  i s  discharged by the leading edge of the  1B output pulse, while 1C 
i s  t r iggered by the t r a i l i n g  edge. Multivibrator 1C has a period equal t o  
the "on-time" of por t  N o .  1 and opens gate  No. 1 f o r  t h a t  period of t i m e .  
With gate  No. 1 open, the s igna l  can flow from the inve r t e r  s tage i n t o  the 
peak de tec tor  network. The same sequence of s tages  i s  duplicated f o r  the 
other  por t .  
de tec tors  and provide a dc s igna l  t o  the d i f f e r e n t i a l  amplif ier .  The out-  
put of the d i f f e r e n t i a l  amplif ier  provides yaw data  t o  the spacecraf t  
telemetry. 

Two f i l t e r s  a r e  provided t o  smooth the outputs of the peak 

Figure 57 i s  a compilation of waveforms ex i s t ing  a t  the various posi-  
t i ons  marked by letters i n  the block diagram of Figure 56. These waveforms 
a re  a reduction of osci l loscope photographs. The input  s igna l  simulation 
technique described above was used t o  furn ish  the gauge s igna l  and the 
synchronizing pulses. 
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TABLE 7 

HIGH VOLTAGE POWER SUPPLY OUTPUT VOLTAGES 
AND THE CORRESPONDING INPUT MODULATION 

Modulation Input Em 

(Volts, peak-to -peak) 0.25 0.5 0.75 1.0 1.5 2.0 

3 .82  3.39 3.09 2.78 2.47 1.7 
t o  t o  t o  t o  to t o  

4.18 4.61 4.91 5.22 5.52 6.3 

EH. V. High Voltage Output, 

('Min. and Max. kV) 

Note: The unmodulated output voltage of the  high voltage power supply 
w a s  4.0  kV 
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The top t r ace  (A) of  Figure 57 was the pulse t h a t  synchronized the  
e n t i r e  e l ec t ron ic s . .  This pulse w a s  generated by the c los ing  of a magnetic 
reed switch. The c los ing  t i m e  would normally be determined by the posi-  
t i o n  of the mechanical cycl ing valve. I n  t h i s  instance the pulse was 
generated by a magnet attached t o  the  s h a f t  on which the modulating d i s k  
was mounted. A s  the  magnet was ro ta ted  360 degrees, o r  one complete turn, 
i t  passed a reed switch which closed, and was held closed during the sho r t  
durat ion of passage. 

The second t r ace  (B) shows the s igna l  generated t o  modulate the 4 kV 
power supply. The d i f fe rence  i n  amplitude of the f i r s t  and second half  
cycles  simulated the difference i n  pressure a t  the two valve tubulat ions.  
This s igna l  was generated by r o t a t i n g  a predetermined shaped d i s k  through 
a l i g h t  beam focused onto a photodiode. The waveform shown was the  ac tua l  
output of the photodiode. 

The t h i r d  t r ace  (C) shows the negative going output of the electrom- 
eter, and the four th  t r ace  (D) shows the inverted s igna l  out of the i n -  
verter. 

The reason f o r  inver t ing  was the  need f o r  a pos i t i ve  s igna l  t o  pro- 
cess. The d i f fe rence  i n  amplitude of the f i r s t  and second half  cycles  
i s  shown on the negative s ide  on the top t r ace  and on the pos i t ive  s ide  
on the bottom t race .  

The f i f t h  and s i x t h  t races  (E) and (E') respect ively,  show the gate  
and "off" t i m e .  The on and-off  t i m e  of each gate  was timed so  t h a t  llon$l 

one ha l f  of the cycle  was fed i n t o  the No. 1 input,  and the o ther  half  
cycle  was fed i n t o  the No. 2 input .  The f i r s t  one-shot mult ivibrator  ad- 
jus ted  the delay of the sync on each input  such t h a t  the ga tes  were turned 
llonll during t h e i r  respect ive periods.  The second one-shot mult ivibrator  
determined the dura t ion  of sample t i m e  (or "on" t i m e  width). 
shows the "on" and "off" t i m e  corresponding t o  each respect ive half  cycle.  

The photo 

The seventh and e ighth  t r aces  (F) and (F/) respect ively,  show the 
voltage during discharge and charge t i m e .  The s torage c i r c u i t r y  was d i s -  
charged and allowed t o  change a t  a r a t e  corresponding t o  the sync timing 
of the timing c i r c u i t s .  

The n in th  and t en th  t races  (G) and (G/) respect ively,  show the  dc 
output of the No. 1 and No. 2 f i l t e r s  (or the inputs  of the d i f f e r e n t i a l  
amplif ier) .  

The eleventh t r ace  (H) shows the output of the d i f f e r e n t i a l  amplifier.  
A s l i g h t  r i pp le  was present which indicated t h a t  the f i l t e r i n g  was not com- 
p l e t e .  
the f i l t e r i n g  w i l l  be improved t o  e l iminate  the output r ipp le .  

When the f i n a l  switching and vol tage l eve l s  have been determined, 
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C. Magnetic Shielding Measurements 

The s t ronges t  magnetic f i e l d  t h a t  is present i n  the yaw a t t i t u d e  
sensor system is  the one which der ives  from the permanent magnet used 
with the cold cathode ion iza t ion  gauge. The magnetic f i e l d  i n  the a i r  
gap of t h i s  C-shaped magnet has a nominal value of about 1050 gauss,  
but some magnets have magnetic f i e l d s  as s t rong as  1300 gauss. 

Using a magnet t h a t  had a measured a i r  gap f i e l d  of 1300 gauss,  
measurements were made of the f r ing ing  f i e l d  a t  various distances from 
the center  of the a i r  gap. It was found t h a t  a t  a dis tance of 12 inches 
from the a i r  gap, the magnetic f i e l d  s t rength  was approximately 83,000 
gamma (830 mil l igauss  or  0.83 gauss).  Since i t  was desired t o  reduce 
the magnetic f i e l d  a t  t h i s  posi t ion t o  about 100 gamma, i t  was necessary 
t o  provide shielding t h a t  would decrease t h i s  f r inge  f i e l d  by a f ac to r  
of about 1000. 

Several s e r i e s  of experiments were performed t o  sh ie ld  the magnet 
with various high permeabili ty mater ia l s .  It was found tha t  the bes t  
r e s u l t s  fo r  three layers  of shielding mater ia l  were obtained by using a 
s o f t  Armco i ron  sh ie ld  immediately adjacent t o  the magnet and surrounding 
t h i s  sh i e ld  wi th  one of n e t i c  mater ia l .  A f i n a l  t h i r d  sh i e ld  of co- 
ne t i c  magnetic shielding mater ia l  formed the t h i r d  and outermost layer .  
(Netic and co-netic magnetic shielding a l loys  a r e  manufactured by the 
Magnetic Shield Division of Perfect ion Mica Company, Chicago, I l l i n o i s , )  
Netic is a non-retentive a l loy  t h a t  i s  non-shock sens i t i ve  and su i t ab le  
fo r  high l eve l  a t tenuat ion.  Co-netic is a high permeability a l loy  de- 
veloped f o r  maximum a t tenuat ion  a t  low f l u x  densi ty .  

It was found t h a t  three complete layers  of shielding mater ia l  en- 
t i r e l y  surrounding the magnet reduced the magnetic f r inge  f i e l d  t o  about 
1000 gamma a t  a pos i t ion  1 2  inches from the  center  of the magnet a i r  gap. 
I f  one end of the three  cy l ind r i ca l  sh ie ld  cans ( the  end opposite the 
pos i t ion  a t  which the magnetic f i e l d  measurement was made) was l e f t  open, 
the res idua l  magnetic f i e l d  increased t o  about 2500 gamma showing the 
e f f e c t  of openings and holes i n  the shielding s t ruc tu re .  

It was decided t o  bui ld  an experimental sh ie ld ing  box t o  surround 
the permanent magnet and thus reduce the magnetic f i e l d  t o  a manageable 
l eve l .  It was f e l t  t h a t  any addi t iona l  shielding required could be done 
a t  the cover of the complete package. 

The sh ie ld  box was rectangular i n  shape. The innermost layer  was 
0.020 inch th ick  s o f t  i ron .  A glass  epoxy laminate about 0.025 inch 
th ick  was cemented over t h i s  inner sh i e ld  and a layer  of ne t i c  mater ia l  
about 0.006 inch th i ck  was cemented t o  the outs ide of the insu la t ing  
laminate. A second g lass  epoxy laminate was  cemented over the ne t i c  
mater ia l  and a f i n a l  outer layer  of 0.006 inch th ick  co-netic mater ia l  
was cemented over t h i s  second insu la t ing  laminate. Mounting holes were 
provided a t  the bottom of the box and cutout notches f o r  the high vol tage 
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and gauge output cur ren t  connections were provided a t  the upper edge of 
the open box. A s p l i t  cover made up with the same laminated s t ruc tu re  
was f i t t e d  t o  the open top port ion of the  box. The cover had a c e n t r a l  
hole about 1 inch i n  diameter through which the gauge tubulat ion passed. 

Careful measurements were made of the res idua l  magnetic f r inge  
f i e l d  of an ion iza t ion  gauge magnet placed wi th in  the rectangular sh i e ld  
box described above. A Bel l  model 240 gaussmeter was used t o  make these 
measurements. The ea r th ' s  magnetic f i e l d  was ca re fu l ly  balanced out and 
the  res idua l  f i e l d  was measured a t  s i x  points  along three mutually p e r -  
pendicular axes t h a t  passed through the center  of the magnet a i r  gap. 
The measurements along the ax is  of the a i r  gap (dipole ax is )  yielded 
f i e l d s  of 40 and 50 mi l l igauss .  The measurements t ransverse t o  the ax is  
but i n  the plane of the C magnet yielded f i e l d s  of 15 and 30 mill igauss .  
The measurements along the remaining t ransverse a x i s  yielded f i e l d s  of 
38 and 40 rr&lligauss.' Since t h e  maximum permissible magnetic f i e l d  i s  1 
mill igause,  an addi t iona l  50-fold a t tenuat ion  would be required.  

D. Test System Operation 

The tes t  system was ca re fu l ly  leak-checked with a helium mass 
spectrometer type leak detector  p r io r  t o  being placed i n  operation. It 
was found t h a t  a few of the copper gasketed flanges had t o  be t ightened 
before the system was vacuum t i g h t .  

The zeol i te- type sorp t ian  pumps must be baked overnight p r io r  t o  
being ch i l l ed  with l i qu id  nitrogen. 
type heaters  which have been connected t o  standard 115-volt snap switches 
mounted wi th in  the cabinet .  Due t o  the pos i t ion  i n  which the  Hoke type 
venting valves were mounted, i t  was necessary t o  provide thermal sheiading 
(asbestos sheets  covered with aluminum f o i l )  around these valves t o  pre- 
vent t h e i r  overheating during the sorpt ion pump bake-out. The sorpt ion 
pump UHV valves should be closed during bake out ,  but the venting tubes 
must be l e f t  unstoppered. 

These pumps have b u i l t - i n  calrod- 

After  the sorp t ion  pumps have been baked, they a r e  allowed t o  cool 
down by na tura l  r ad ia t ion  and convection or  they may be force-cooled 
with a fan ,  a i r  gun, or  stream of compressed a i r .  A t  the end of the 
bake out i n t e rva l  (before cool ing) ,  the venting tubes a t  the outboard 
s ides  of the sorp t ion  pumps must be stoppered. When the sorp t ion  pumps 
a re  no longer warm t o  the touch, l i qu id  ni t rogen may be poured slowly 
i n t o  the annular space between the outer  s h e l l  and inner core of the 
pump. A t  t h i s  time (or  somewhat l a t e r ,  i f  des i red) ,  the UHV sorp t ion  
pump valves may be opened s o  t h a t  pumping of the complete system can 
begin. 

P It takes approximately 20 or  3 
t e s t  system t o  be reduced below 10- 
pressure m i l l i t o r r  ion iza t ion  gauges 
top of the cabinet may be turned on. 

minutes f o r  the pressure i n  the 
t o r r .  A t  t h i s  time, the high 
t h a t  a r e  located j u s t  below the 
The dual range ion iza t ion  gauge 
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cont ro l  un i t s  located a t  the top of the e lec t ronics  rack a r e  turned on 
(main power on) and the current  emission controls  a r e  set  a t  0.1Ma 
(yellow l e t t e r i n g ) .  The "pressure gauge" switches a r e  s e t  t o  the "Log" 
pos i t ion  fo r  logarithmic sca l e  readings. The fi lament "on" buttons may 
now be pressed t o  tu rn  on the gauges and read the system pressures.  
yellow p i l o t  
turned on. Pressures are read wi th  the cen t r a l  toggle switches i n  the 
up o r  "pressure" posi t ion.  
"emission" pos i t ion ,  one reads the fi lament emission of the gauge f i l a -  
ments. The fi lament .emission fo r  the high pressure gauges is  16p.A, a 
reading of 1.6 on each m e t e r .  
the "high adjust*I cont ro l .  
on the l i nea r  sca les  provided by the "pressure range" cont ro ls .  The 
electrometers contained wi th in  these cont ro l  u n i t s  should be zeroed oc- 
casional ly  by placing the pressure range switches i n  the "short" pos i t ion  
and adjust ing the  "zero" controls .  
e lec t ronics  rack is connected t o  the right-hand high pressure gauge. 

The 
l i g h t s  marked "Hi" w i l l  l i g h t  up when the gauges a re  

With these toggle switches i n  the down or 

The emission current  may be adjusted with 
The pressures may be read more accurately 

The uppermost cont ro l  u n i t  i n  the 

When the pressure gauges indicate  t h a t  the  pressures have decreased 
below 1 x t o r r  , the  ion pumps may be turned on. To do t h i s  , the 
meter range switches a re  placed i n  the  "Log" pos i t ion ,  the metal toggle 
switches a re  placed i n  the up or  ' l s t a r t "  pos i t ion  and the on-off snap 
switches a re  moved upwards t o  the "on" posi t ion.  The red high voltage 
p i l o t  l i g h t s  w i l l  t u rn  on and the meters w i l l  read f a r  up sca l e  i n  the 
region where the logarithmic sca les  have a black band. The voltage on 
the ion  pumps may be read by switching the "meter range" switches t o  
the KVx2 s ca l e .  The high voltage w i l l  be r e l a t i v e l y  low i n i t i a l l y ,  but 
w i l l  increase slowly a s  the ion pump begins t o  operate.  The pressure 
readings of the high pressure gauges should be watched c lose ly  during 
t h i s  s t a r t i n g  period. I f  the pressures s t a r t  t o  r ise continuously above 

t o r r ,  the ion pumps can be turned off and the  sorp t ion  pumps a l -  
lowed t o  reduce the pressure again t o  l x lom3 t o r r  and below. 
pressure rises momentarily t o  the t o r r  region when the ion pumps 
a re  turned on because the gas discharge wi th in  the pumps outgasses the 
in t e rna l  pump surfaces .  
w i l l  be a rapid decrease of pressure i n t o  the 10' 

The 

When the ion pumps rea l13  begin t o  pump, there  
and lom6 t o r r  regions. 

The t i tanium sorp t ion  pumps must be connected t o  a source of water 

To operate them, the per- 
and a dra in  before they a re  operated. 
the pressure i s  about 1 x 10-4 t o r r  o r  less. 
centage t i m e r  i s  placed i n  the "100 percent on" pos i t ion  and the fi laments 
a r e  f i r s t  outgassed a t  currents  of 30 t o  35 amperes ( the fi lament ad jus t  
cont ro l  i s  used t o  set  the fi lament current)  f o r  one minute. After the 
pressure has decreased, the  pump may be operated by increasing the f i l a ;  
ment current  t o  between 35 and 48 amperes. The pressure w i l l  s t a r t  t o  
decrease a s  the t i tanium sublimation occurs and the  pump begins t o  
operate.  The t i tanium sublimation pumps are  general ly  operated only i n  
combination with the ion  pumps. 

They should not be operated unless 
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-4 Any time t h a t  the  system pressure is  i n  the 10 t o r r  region or 
lower, the low pressure ion iza t ion  gauges t h a t  a r e  located on the test  
chambers may be turned on. This is done by f i r s t  turning off the high 
pressure gauge fi laments (push the fi lament "off" buttons) and then 
switching the emission cont ro l  knob t o  the 10 Ma pos i t ion  (blue l e t t e r i n g ) .  
The fi lament "on" buttons can then be pressed t o  turn  on the  l o w  pres- 
sure  gauges and the blue p i l o t  l i g h t s  w i l l  l i g h t .  As  before ,  the  meters 
w i l l  read the pressure when the cen t r a l  toggle switches a r e  i n  the up or  
"pressure" posi t ion.  With these switches i n  the down or ttemission'r 
pos i t ion ,  the meters should read 4 Ma emission cur ren t .  I f  they do not ,  
they can be adjusted by means of the "low adjust"  knob. The pressure 
range sca les  fo r  the low pressure gauges a r e  marked i n  blue.  

Without any bake=out of the t e s t  chambers, the system was pumped 
down from atmospheric pressure severa l  times. Typically,  the system 
pressure wou d go i n t o  the loe7 t o r r  region the f i r s t  day of pumpdown, 
i n t o  the lo-' t o r r  region the second day of pumpdown, and i n t o  the 10-9 
t o r r  region a f t e r  about a week of pumping. The t i tanium sublimation 
pumps were not used. A l l  of the low pressure pumping was done by the 
80 R/s ion pumps. It is  expected t h a t  with a bake-out of the tes t  
chambers and ion pumps, the  system ul t imate  pressure would go in to  the 

about 4 x lo-$ t o r r .  
t o r r  r e  ion.  The lowest pressure obtained without bake-out was  

The two leak valves t h a t  connect t o  the f ron t s  of the  t e s t  chambers 
were connected t o  1 l i t e r  g lass  b o t t l e s  of pure ni t rogen gas .  It was 
found t h a t  these valves exhibi ted a smooth f i n e  cont ro l  of the gas flow 
in to  each t e s t  chamber. It was possible  t o  ad jus t  the pressure i n  each 
chamber with g rea t  precis ion,  as  indicated by the low pressure gauge 
readings. There was a small amount of pressure d r i f t  observed a f t e r  a 
leak valve was adjusted.  It i s  believed tha t  the  d r i f t  was caused by 
a s h i f t  i n  the equilibrium pressure wi th in  the ion pump and consequent 
small changes i n  i t s  pumping speed and not by any changes i n  the gas 
flow enter ing the chamber. 

It was found t h a t  the two t e s t  chambers d id  not pump down t o  the 
same ul t imate  pressure.  The left-hand chamber cons is ten t ly  pumped down 
t o  a lower pressure than the other  chamber. Since the working pressure 
of the systemwas usual ly  a decade or  s o  above the ul t imate  pressure 
l e v e l ,  the  difference i n  ul t imate  pressures represented a chamber gas 
composition difference of about 5 percent.  

It was found experimentally t h a t  the UHV valve located a t  the top 
of the left-hand test  chamber d id  not equal ize  the pressures i n  the two 
chambers when i t  was opened a s  long as  the  80 R/s ion pumps were operating. 
When the ion pumps were turned off ( the  leak valves being closed) ,  the  
system pressure tended t o  r i s e  slowly and approach an equilibrium value 
asymptotically.  A t  t h i s  time, the pressures i n  the two chambers were 
believed t o  have been equalized. 
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E. Pressure Cycling Experiments with the Rotary Valve 

I n  order t o  test the operation of the ro t a ry  valve under vacuum 
and a t  the same t i m e  test the response of the GCA Model R5 cold cathode 
ion iza t ion  gauge t o  a cycl ing pressure, t he  ro t a ry  valve was connected 
t o  the test chambers a s  shown i n  the photograph of Figure 46. 

demountable flange. The two tubulat ions of the  ro t a ry  valve were flanged 
so  t h a t  they could be conveniently connected t o  the  two pressure chambers 
of the test  system. The ro tary  valve was dr iven by magnetic coupling v i a  
an ex terna l  permanent magnet. 
Bodine Model NSH-12R var iab le  speed motor connected t o  a Minarick Electric 
Co. Model SH-12 speed cont ro l .  The high voltage t o  the  cold cathode gauge 
was furnished by a J. Fluke Model 408A power supply. The gauge output cur-  
r en t  was amplified by e i t h e r  a Keithley Model 415 f a s t  response l i nea r  elec- 
trometer o r  a Keithley Model 412 logarithmic electrometer.  The logarithmic 
electrometer was used when the  range of pressures t o  be measured was grea te r  
than one decade. The output of the electrometer was recorded with e i t h e r  a 
Sanborn Model 150 s t r ip -cha r t  recorder o r  a Honeywell 906C Visicorder. 

i n  Tables 8 through 11. Nitrogen gas was used a s  the tes t  gas i n  a l l  of 
the experiments. The same GCA Model R5 gauge and ro t a ry  valve were used 
f o r  a l l  the  tests.  Each tab le  l i s t s  the maximum and minimum gauge cur ren ts  
f o r  each cycling frequency. The frequency labe l led  zero represents  the 
equilibrium gauge cur ren ts  with the gauge connected t o  each of the two 
chambers f o r  a t  l e a s t  5 o r  10 minutes. 
the difference between the maximum and minimum gauge readings, i s  the peak- 
to-peak amplitude of the o s c i l l a t i n g  gauge cur ren t .  The reduction i n  t h i s  
peak-to-peak amplitude from i t s  l a rges t  value a t  equilibrium (zero frequency) 
represents  an a t tenuat ion  caused by the frequency dependence of the system 
response. 
i n  each t ab le .  The average gauge cur ren t  i s  a measure of the dc cur ren t  
l eve l  (dc pressure leve l )  and shows i f  the pressure o s c i l l a t i o n s  have sh i f t ed  
t o  a higher o r  lower pressure leve l .  For example, i n  Table 10, i t  can be 
seen t h a t  the average cur ren t  has continuously increased with frequency. 
Here the corresponding continuous increase i n  Im indica tes  e i t h e r  an out -  
gassing process t h a t  increased with time o r  else a generation of gas within 
the ro t a ry  valve due t o  rubbing a t  the bearings o r  some o ther  metal-to-metal 
contact  po in ts .  

response model 415 electrometer.  
r e l i a b l e  of a l l  the data  taken, s ince the  ro t a ry  valve was operating 
properly up through a frequency of 4 cycles per second. 
maximum curren t  decreased with increasing frequency f o r  frequencies of 
2, 3 and 4 cycles per  second. 
increased wi th  increasing frequency. This represents  the expected 

The Model R5 test gauge was connected t o  the  ro t a ry  valve with a 

The permanent magnet was ro ta ted  by a 

The r e s u l t s  of the  various pressure cycl ing experiments a re  displayed 

The column label led I m  - IHI~, 

The average gauge cur ren t  f o r  each frequency has a l s o  been l i s t e d  

The data  presented i n  Table 8 were obtained with a Keithley f a s t  
These data  probably represent  the most 

Notice t h a t  the 

A t  the  same time, the minimum currents  
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behavior i f  the peak-to-peak amplitude is  being l imi ted  by the time 
constant  f o r  gas exchange. Table-11 presents  a somewhat d i f f e r e n t  pic-  
t u re .  Here the ni t rogen pressurel' was r e l a t i v e l y  high and the pressure 
range f o r  cycl ing was small .  Apparently, the maximum pressure was a t -  
ta ined i n  each cycle  independent of the frequency but  the minimum pres- 
su re  (cur ren t )  increased with increasing frequency. This kind of behavior 
ind ica tes  t h a t  gas exchange e f f e c t s  alone a r e  not responsible  f o r  the 
a t tenuat ion  but  t h a t  desorption or re-emission of ni t rogen gas prevented 
the gauge and valve from emptying completely a t  the higher frequencies.  

One should note t h a t  d i f f e r e n t  gauge anode vol tages  were used i n  
the d i f f e r e n t  experiments. It i s  expected t h a t  d i f f e r e n t  gauge voltages 
w i l l  lead t o  d i f f e r e n t  gauge pumping and re-emission c h a r a c t e r i s t i c s  
and w i l l  thus change the response. 

A study of the output recordings of such pressure cycl ing t e s t s  
c l e a r l y  shows any flaws t h a t  may be present i n  the operat ion of the 
valve.  Any s t i ck ing  or  binding a t  the bearings shows up as  an i r regu-  
l a r i t y  i n  the s inusoida l  pa t t e rn .  Rubbing of the ro to r  against  the 
housing causes an increase i n  pressure as  wel l  a s  an i r r e g u l a r i t y  i n  the 
pa t te rn .  Outgassing of the valve and gauge shows up as  a r i s e  i n  pres- 
sure  when the valve i s  i n  i t s  closed pos i t ion  ( t h a t  i s ,  when the valve 
is i so l a t ed  from e i t h e r  t e s t  chamber). Pumping of the  gauge i s  manifested 
as a decrease i n  pressure when the valve i s  i n  i t s  closed pos i t ion .  

Pressure cycl ing experiments of t h i s  type,  i n  addi t ion  t o  serving 
as a diagnost ic  t o o l  f o r  determining operating c h a r a c t e r i s t i c s  of the 
valve and pressure sensor ,  a l s o  serve t o  check the timing between the 
ac tua l  valve posi t ions and the synchronizing pulses t h a t  a r e  developed 
to  ind ica t e  valve pos i t ions .  The t r ans fe r  funct ion of the gauge and 
valve was obtained wi th  t h i s  general  experimental arrangement a s  ind i -  
cated i n  Chapter 2. 

F. Overall  Test  of the Yaw At t i tude  Sensor System 

Using the ro t a ry  valve and GCA model R5 gauge connected t o  the t e s t  
chamber a s  i l l u s t r a t e d  i n  Figure 46 and described i n  the previous sec t ion ,  
the individual  e l ec t ron ic  components of the system were connected as shown 
i n  Figure 1. The valve synchronization pulses were obtained from a mag- 
n e t i c  reed switch t h a t  w a s  t r iggered  by the ex terna l  dr iving magnet. The 
valve was operated a t  a cycl ing frequency of s l i g h t l y  over 5 c / s  as can 
be seen from Figures58 through 74. The t i m e  s ca l e  f o r  a l l  of these 
osci l loscope waveforms was 20 ms/cm. The ordinate  or vol tage s c a l e  
ranged from 1 t o  5 volts/cm. The pressures i n  the  two t e s t  chambers were 
adjusted t o  d i f f e r e n t  leve ls  and osci l loscope recordings w e r e  made of the 
ga t ing  pulses ,  logarithmic electrometer output pulses and the dc output 
vol tages  of the d i f f e r e n t i a l  amplif ier  ( the  system output) .  
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Figure 58 shows the synchronizing pulse t h a t  t r iggered the e l ec t ron ic  
ga tes .  Figure 59 shows the output of the logarithmic electrometer Over 
a s ing le  cycle with a test  chamber pressure r a t i o  of 8.4 t o  1. Figures  
60, 61, and 62 a re  grouped together s ince  these waveforms were obtained 
with both t e s t  chambers a t  approximately the same pressure of 8 x 
t o r r .  The electrometer output of Figure 60 would be a s t r a i g h t  l i n e  i f  
both chamber pressures were iden t i ca l .  The v e r t i c a l  s ca l e  has been 
magnified here.  Figures63 and 64 a re  the output waveforms (dc outputs) 
of the d i f f e r e n t i a l  amplif ier  f o r  the case where the d i f f e r e n t  pressures 
i n  the two chambers ( the  r a t i o  of the two pressures was about 8.4 t o  1) 
a re  interchanged. The two waveforms should be symmetrically disposed 
about the zero ax i s .  
of the  d i f f e r e n t i a l  amplif ier  was off and had t o  be adjusted.  In  the 
next s e r i e s  of waveform Figurm65, 66 and 67, the  pressure i n  both 
chambers was 4.5 t o  lo-' ' t o r r  . The zero dc output of the adjusted d i f -  
f e r e n t i a l  amplif ier  can be seen i n  Figure 67. The waveforms of the next 
s e r i e s ,  Figures 68, 69, and 70 were taken with the r i g h t  chamber a t  a 
pressure of 4.5 x t o r r  while the l e f t  chamber was 20 times g rea t e r  
a t  a pressure of 9.0 x t o r r .  The +1 v o l t  output of the d i f f e r e n t i a l  
amplif ier  is shown i n  Figure 70. F ina l ly ,  the l a s t  four waveforms can 
be grouped together s ince  they were taken with approximately the same 
pressures i n  the two t e s t  chambers. The pressure i n  the r i g h t  chamber 
was 9.2 x t o r r  while the pressure i n  the l e f t  chamber was 23 t i m e s  
l e s s  a t  a pressure of 4.0 x 10-8 t o r r .  A s  can be seen from Figure 74, 
the dc output of the d i f f e r e n t i a l  amplif ier  was now about -1 .2  v o l t s ,  
somewhat g rea t e r  i n  magnitude than the  +1.0 v o l t  output generated by 
the opposite pressure r a t i o  of 20 t o  1. 

It can be seen t h a t  the balance or zero pos i t ion  
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Figure 58. Synchronizing pulse.  
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Right chamber pressure = 1 x lom7 t o r r  
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Figure 59. Electrometer output. 
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Figure 61. Left chamber gate. 
Right chamber pressure = 8.2 x torr 
Left chamber pressure = 8.5 x torr 
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Figure 62. Right chamber gate. 
Right chamber pressure = 8.2 x lO"7 torr 
Left chamber pressure = 8.5 x torr 
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Figure 63. Differential amplifier output. 
Right chamber pressure = 1.0 x torr 
Left chamber pressure- = 8.3 x torr 

+4V 

0 200 ms 

-4v 
Figure 64. Differential amplifier output. 
Right chamber pressure = 8.4 x 10-7 torr 
Left chamber pressure = 1.0 x torr 
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Figure 66. Right chamber gate. 
Right chamber pressure = 4.5 x 
Left chamber pressure 

torr 
= 4.5 x l om7  torr 
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Figure 65. Left chamber gate. 
Right chamber pressure = 4.5 x loq7  torr 
Left chamber pressure = 4.5 x loq7  torr 
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Figure 67. Differential amplifier output. 
Right chamber pressure = 4.5 x 
Left chamber pressure 

torr 
= 4.5 x lom7 torr 

-4v 
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Figure 69. Right chamber gate .  
Right chamber pressure = 4.5 x t o r r  
L e f t  chamber pressure = 9.0 x torr 

t 4 V  

0 

Figure 68. Lef t  chamber gate .  
Right chamber pressure = 4.5 x lo-! t o r r  
L e f t  chamber pressure = 9.0 x 10"' 
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t o r r  
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Figure 70. D i f f e ren t i a l  ampl i f ie r  output 
Right chamber pressure E 4.5 x t o r r  
Lef t  chamber pressure = 9.0 x t o r r  
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Figure 71. Right chamber gate 

Right chamber pressure = 9.0 x lom7 torr 
Left chamber pressure = 5.0 x torr 
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Figure 72. Left chamber gate. 

Right chamber pressure = 9.0 x 
Left chamber pressure 

torr 
= 5.0 x lom8 torr 
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Figure 7 3 .  Electrometer output. 

Right chamber pressure = 9.2 x t o r r  
Le f t  chamber pressure = 4.0 x t o r r  

200 ms 

-4v 
Figure 74. D i f f e r e n t i a l  amplif ier  output. 
Right chamber pressure = 9.2 x lom7 t o r r  
L e f t  chamber pressure = 4.0 x t o r r  
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6 .  CONCLUSIONS AND RECOMMENDATIONS 

A. Overall System 

The basic program objective of building engineering models of a yaw 
attitude sensor system was realized. It was demonstrated that a single 
cold cathode ionization type gauge could be used together with a mechani- 
cal cycling valve to develop a signal that was related to the difference 
between two pressures. In an actual flight-type system, the two differ- 
ent pressures would be developed as a result of misalignments in yaw (a 
similar system would work for misalignments in pitch). The output signal 
of the ionization gauge was processed by some newly developed electronics 
and transformed into a dc output voltage proportional to a yaw misalign- 
ment angle. The inherent noise in the output signal seemed low enough to 
permit system resolutions of a few tenths of a degree in yaw. With the 
aid of a special vacuum test system, it was shown that at least for low 
frequencies of a few cycles per second, the response time of the system 
was not limited by the gauge or electronics but only by the small diame- 
ter tubulations used to connect the gauge and valve to the pressures being 
measured. 

The remaining sections of this chapter present conclusions and recom- 
mendations pertaining to the various phases of the work that were performed. 
In general, it can be said that system feasibility was demonstrated but that 
there was insufficient time to test all of the various elements of the sys- 
tem in detail. 

B. Pressure Sensor 

The GCA model R5 cold cathode ionization gauge appeared to lend itself 
well as the pressure sensor of this system. The electronics required to 
operate the gauge consisted simply of a regulated high voltage power supply. 
Cold cathode gauges are self-regulating and do not require specialized con- 
trol circuits (such as those circuits required to keep the emission current 
of a hot filament gauge constant). 
ionization gauge of this type are low power consumption, a long lifetime at 
low pressures (no filament that can sag or burn out) and protection against 
damage caused by unexpectedly high pressures (the current through the gauge 
is limited by the power supply). The response time of the R5 gauge did not 
limit the system response. It was found that the noise inherent in the gauge 
signal was mostly filtered out by the electronics. 
haps its greatest liability since it adds considerable weight to the system 
and requires extensive shielding. 

Among the advantages of a cold cathode 

The gauge magnet is per- 
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C. Mechanical Cycling Valves 

The feasibility of building several quite different mechanical cycling 
valves was demonstrated. The construction of the two valves that was car- 
ried to completion pointed up the practical problems associated with valve 
construction. It was found that the operation of gold-plated ball bearings 
in a vacuum environment was unreliable. The general design of the continu- 
ously rotating valve was found to be straightforward, but experience with 
the use of a single phase, shaded two-pole type of driving mechanism led 
to the conclusion that a two-phase, four-pole type of drive would be more 
positive and reliable. The problem of valve position synchronization for 
the rotary valve could apparently be solved with the use of magnetic reed 
switches, but the effect of temperature variations on the magnets and reed 
switches was not investigated. The rotary valve proved to be extremely 
valuable for its use in determining the response time of the pressure sen- 
sor and related electronics since the frequency of this valve could be ad- 
justed over a wide range. Evidence was obtained of the generation of gas 
in the rotary valve, presumably by the rubbing action at the bearings. It 
was found that the valve operation could be analyzed by inspecting the out- 
put signal of the cold cathode ionization gauge that was connected to the 
valve . 

The flexure-pivot oscillating valve is expected to be a highly reli- 
able practical valve. The design of this valve would probably be modified 
for any future application. The use of counter-rotating rotors did result 
in a zero net torque device, but the single-ended suspension of each rotor 
made it necessary to operate the valve in a vertical position. The advan- 
tage of initially designing and machining the two rotors so that they have 
the same moment of inertia became evident during the tests. The proper de- 
sign of a flexure-pivot type valve can best be accomplished when the oper- 
ating frequency is known in advance. 

The flexure-pivot type valve is a tuned mechanical oscillator, and, 
as such, it can be used as the frequency determining element of the drive 
circuit. When used in such a "self-excited" arrangement, the synchroniza- 
tion of valve position with the output signal of the pressure sensor is 
quite positive. 

The results obtained with the electromagnetic drive for the flexure- 
pivot valve were gratifying. The results showed that a very simple four- 
pole external electromagnet could be used in combination with an internal 
two-pole rotor of pure nickel or other magnetic material to achieve the 
desired oscillatory motion. The electronic drive circuit for this elec- 
tromagnet was quite simple in that a single polarity source of power was 
alternately connected to energize each pole pair of the electromagnet. 
Two electromagnets were required for the double rotor valve. Where a 
small net torque can be tolerated, a single rotor valve driven by a single 
electromagnet can be used. 
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The reliability of the flexure-pivot bearings has been verified by 
independent lifetime testing. When used at approximately 40 percent or 
less of their rated angular travel, these bearings have an unlimited life- 
time. The absence of any required lubrication and the ability to operate 
in high vacuum over a wide range of temperatures make these bearings es- 
pecially suitable for use in a yaw attitude sensor cycling valve. 

D. Electronics 

The testing that was performed showed that a logarithmic electrometer 
with a limited bandpass is quite suitable for use in a yaw attitude sensor 
system. Such electrometers have the necessary wide dynamic range. They 
also serve to reduce any high frequency noise present in the gauge output 
signal. The method of coupling the gauge output into the electrometer can 
be improved since it was found that transient pulses were sent through the 
electrometer when the gauge high voltage was turned on. 

The synchronous detector worked properly, but there was some coupling 
of the cycling valve synchronizing pulses into the system output. In ad- 
dition, there was unnecessary noise present in some of the gating circuits. 
The difficulties were those associated with overall operation of the system 
in which there was undesirable interaction between various independent elec- 
tronic units. There was insufficient time available in the program to de- 
lineate and solve these problems, but there is no doubt that all of the 
difficulties can be removed with additional development work. 

In addition to removing the known difficulties, more work should be 
done to study the detailed operation of the electronics over the full range 
of the system. For example, it is expected that a more careful matching of 
certain electronic components will yield more accurate operation over a 
wider temperature range. 

E. Packaging 

The rectangular frame method of packaging all of the components, as 
used in this program, is convenient, but is wasteful of space and adds un- 
necessary weight. It is recommended that a new method of packaging be de- 
veloped in which all components are grouped around the cycling valve. Such 
a method will probably require individual magnetic shielding for sensitive 
portions of the electronics. The magnetic shielding experiments showed how 
the strong residual field of the gauge magnet could be reduced to 40 or 50 
milligauss at a distance of 12 inches with the use of three layers of shield- 
ing material. Additional reductions in the residual magnetic field can be 
obtained with the use of additional shielding. 
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F. Test System 

The vacuum test system worked very well and fulfilled its function of 
testing the complete yaw attitude sensor system. 
the rotary valve, the test system made it possible to determine the fre- 
quency response of the pressure sensor, with or without additional elec- 
tronics, and the inherent noise of the system at null. 
pressures attainable with the test system, from to torr, make 
it possible to test the yaw attitude sensor over its complete range. 
all-dry nature of the vacuum pumps used permitted the mechanical cycling 
valves to be tested under realistic space vacuum conditions. 

When used together with 

The wide range of 

The 

In the future, the vacuum test system could be modified to provide 
automatically programmed leak valves that would change the pressures in 
the two test chambers to simulate dynamic movement of a space vehicle. 

Finally, it should be noted that further development work is indicated 
to solve some existing problems and to improve the overall accuracy and re- 
liability of the system. Some desirable changes and modifications are 
listed below: 

(1) Increase the diameter of the valve tubulations and shorten them, 
if possible, to improve the system response time. 

(2 )  Modify the flexure-pivot valve so that its operation is indepen- 
dent of orientation. 

( 3 )  Use the natural period of the flexure-pivot valve rotor to de- 
termine the driving frequency. 

( 4 )  Shield the electronics to remove interactions between indepen- 
dent units. 

Additional testing of the system is required under various environ- 
mental conditions. The system sensitivity, resolution and accuracy over 
its entire operating range must be determined. 

The research and development work described in this report showed 
conclusively that differential pressures in the high vacuum region can be 
detected and measured with a single pressure sensor. 
and techniques disclosed may have other applications. 

The basic concept 
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