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SUMMARY 

Uncler Nationa Aeronautics and Space Administration Contract 
NAS5-3959, during t h e  pas t  year ,  t h e  Nat ional  Research Corporation 
h a s  developed a method of i n - f l i g h t  c a l i b r a t i o n  f o r  s a t e l l i t e  m a s s  
spectrometers  and pressure  gauges. I n  t h i s  method, a p r e c i s e  gas 
f l u x  i s  generated by d i f f u s i n g  hydrogen from a s m a l l  supply v e s s e l  
through t h e  w a l l  of a s m a l l ,  t h i n  w a l l ,  s t a i n l e s s  steel  d i f f u s e r  
tube.  The hydrogen f l u x  is  a func t ion  of t h e  temperature of t h e  
d i f f u s e r  tube and t h e  hydrogen pressure  i n  t h e  d i f f u s e r  tube;  
however, t h e  f l u x  i s  so s m a l l  that t h e  pressure  i n  t h e  supply 
volume i s  s u b s t a n t i a l l y  constant  f o r  t h e  a n t i c i p a t e d  l i f e  of t h e  
c a l i b r a t o r .  Thus, t h e  hydrogen f l u x  i s  reduced t o  a func t ion  of 
temperature only. The d i f f u s e r  tube temperature i s  con t ro l l ed  
by applying a spec i f i ed  power for  a prescr ibed time i n t e r v a l  t o  
a s m a l l  tungsten h e a t e r  i n s i d e  t h e  d i f f u s e r  tube.  The hydrogen 
f l u x ,  t hus  generated,  flows d i r e c t l y  i n t o  t h e  m a s s  spectrometer 
o r  gauge enclosure and i s  f i n a l l y  exhausted overboard through a 
r e s t r i c t i v e  ccnductance. Thus, during t h e  time interval .  t h a t  
t h e  d i f f u s e r  tube i s  a t  equi l ibr ium temperature,  t h e  hydrogen 
pressure  i n  t h e  instrument enclosure i s  maintained constant  a t  
an e leva ted  l e v e l  which i s  equal t o  t h e  r a t i o  of d i f f u s e r  through- 
put  t o  exhaust conductance. 

8 

Under t h e  program, a prototype i n - f l i g h t  c a l i b r a t i o n  system 
w a s  designed, cons t ruc ted ,  and experimental ly  evaluated,  The 
s y s t e m  cons is ted  of a cont ro l led  pressure  hydrogen s to rage  
volume having provis ions  f o r  vacuum degassing,  t h e  hydrogen 
d i f f u s e r ,  t h e  d i f f u s e r  i n t e r n a l  h e a t e r  (with assoc ia ted  the r -  
mometers , power supp l i e s ,  con t ro l  c i r c u i t s  and recorders)  , a 
Nottingham ion  gauge ( w i t h  assoc ia ted  power supp l i e s ,  electrome- 
t e r  and r eco rde r ) ,  a r e s t r i c t i v e  conductance of known value,  
and an  u l t r a h i g h  vacuum system. 

a 

The r e s u l t s  obtained from t h e  experimental  eva lua t ion  of 
t h i s  f i rs t  (Mark I) prototype i n - f l i g h t  c a l i b r a t o r  were appl ied 
t o  t h e  des ign  of a second generat ion,  Mark I1 prototype t o  im- 
prove t h e  performance c h a r a c t e r i s t i c s .  The Mark I1 calibrator 
w a s  experimental ly  evaluated with t h e  fol lowing r e s u l t s :  power 
consumption w a s  less than  5 w a t t s ;  t h e  dynamic range (H2 f l u x  
a t  maximum d i f f u s e r  temperature/H* f l u x  wi th  d i f f u s e r  cold) w a s  
approximately 2 x lo3;  t he  hea t ing  per iod t o  reach max imum 
hydrogen f l u x  w a s  less than 3.5 minutes;  t h e  cool-down period 
w a s  less than  15 minutes (except f o r  max imum temperature oper- 
a t ion )  ; a prescr ibed hydrogen f l u x  w a s  maintained cons tan t  t o  
+ 1% f o r  per iods  g r e a t e r  than 10 seconds; and, prescr ibed hydro- 
gen f l u x e s  w e r e  repea tab le  wi th in  + 1%. 0 - 
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While these performance c h a r a c t e r i s t i c s  sa t i s f ied  t h e  
i n i t i a l  ob jec t ives  of t h e  program, i t  appeared d e s i r a b l e  t o  
inc rease  t h e  dynamic range f o r  proposed f l i g h t  a p p l i c a t i o n s .  
Consequently, a Mark IT1 prototype i n - f l i g h t  c a l i b r a t o r  was 
designed and cons t ruc ted .  

A number of b a s i c  changes were included i n  t h e  Mark 111 
c a l i b r a t o r  i n  o rde r  t o  improve t h e  ope ra t ing  c h a r a c t e r i s t i c s ,  
e s p e c i a l l y  those p e r t a i n i n g  t o  r e p r o d u c i b i l i t y ,  rate of response 
and low pressure performance. Fur ther  work i s  required t o  
experimentally eva lua te  t h e  Mark I11 design.  

I JYTRODUCT I O N  

The ob jec t ive  of t h i s  program w a s  t o  des ign ,  cons t ruc t  
and t e s t  t h e  prototype of an i n - f l i g h t  c a l i b r a t i o n  system f o r  
use with an ion gauge o r  mass spectrometer on an o r b i t i n g  
s a t e l l i t e ,  The method of c a l i b r a t i o n  se l ec t ed  was based on 
t h e  production of a known pressure  i n  t h e  gauge envelope by 
c o n t r o l l i n g  the r a t e  of flow of gas i n t o  and out  of t he  gauge 
volume. The genera l  system i s  shown i n  Figure 1. During 
per iods  when t h e  gauge would be used f o r  measuring t h e  p re s su re  
e x t e r n a l  t o  the s a t e l l i t e  (Po) ,  gas would not  be added t o  t h e  
gauge volume so t h a t  t h e  pressure  i n  t h e  gauge volume (PG) 
would be equal t o  Po. 

During c a l i b r a t i o n ,  a flow of gas Q would be added t o  
t h e  gauge volume such t h a t  

Q = ~ ( P G  

where C = conductance between gauge 

- PO)’ 
and s a t e l l i t e  e x t e r i o r .  

Therefore:  

PG = Q / C  + Po. 
Consequently, by r egu la t ing  t h e  r a t i o  of Q/C, t h e  gauge 

pressure  PG may be brought t o  any des i r ed  value f o r  c a l i b r a t i o n .  
I f  r equ i r ed ,  PG may be increased such t h a t  Po i s  n e g l i g i b l e  com- 
pared t o  PG. 

Although the  design d e t a i l s  are dependent on t h e  s p e c i f i c s  
of a s a t e l l i t e  mission,  gauge sys t em,  e t c . ,  i t  w a s  necessary 
t o  include a number of gene ra l  requirements i n  t h e  prototype 

2 



S a t e l l i t e  
Surface Gauge Envelope 

b 
Space 

Environment 

I Orifice 

Q = c(pG - PO) = Pressure outside s a t e l l i t e  (Torr) 

= Pressure i n  gauge volume (Torr). 

C = Effective conductance of o r i f i c e  
and tubulation ( l i t e r s / s e c . )  

Q = Flow rate of  calibration gas 
(Torr liters/sec .) 

pG or  

PG = Q/C + Po 

FIGURE 1 
SYSTEM FOR GAUGE CALIBRATION I N  SPACE 
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design.  The most important cons ide ra t ions  were t h e  following: 

Since a s a t e l l i t e  may s p i n  a t  a r e l a t i v e l y  high r a t e ,  t h e  
gauge sys t em must have a shor t  response time i n  o rde r  t o  accu- 
r a t e l y  measure pressure  v a r i a t i o n s  dur ing  s a t e l l i t e  r o t a t i o n .  
This required t h a t  t h e  gauge volume be s m a l l  and t h a t  t h e  value 
of t h e  conductance (C) between t h e  gauge volume and t h e  ou t s ide  
of t he  s a t e l l i t e  be l a r g e .  

It w a s  a l s o  important t h a t  both t h e  pumping a c t i o n  of t h e  
gauge and outgassing of both t h e  gauge envelope and t h e  c a l i -  
b r a t i o n  apparatus be kept  a t  very low values .  With t h e  use of  
good u l t r ah igh  vacuum techniques involv ing  high temperature 
bakeout and vacuum grade m a t e r i a l s ,  t h e  outgass ing  ra te  should 
be l e s s  than Torr  d / s e c .  em2. (Shrank, Benner, an$ Das 
obtained an outgassing r a t e  of 6 x Torr  l / s e c .  cm. f o r  
a glass system which had been outgassed a t  4OOOC f o r  8 hours . )  

I n  t h i s  program, a ho t  cathode Nottingham gauge was used,  
The pumping speed was approximately 0 . 1  .&see. 
t h a t  t h e  e f f e c t  of gauge pumping would produce e r r o r s  of less 
than  1% i n  pressure measurements, t he  conductance (C) of t h e  
t u b u l a t i o n  and o r i f i c e  between t h e  gauge and t h e  ou t s ide  of t h e  
s a t e l l i t e  was g r e a t e r  than 100 x 0 .1  o r  10 &see. 
ductance d i d  not  impose any p r a c t i c a l  l i m i t a t i o n s  - it  was 
equiva len t  t o  t h e  conductance of a c i r c u l a r  o r i f i c e  with a 
diameter of 1.06 cm.  f o r  a i r  a t  20OC. 

Hence, i n  o rde r  

Such a con- 

However, p ressure  v a r i a t i o n s  would be produced by s a t e l -  
l i t e  r o l l  and it  w a s  d e s i r a b l e  t h a t  t h e  time cons tan t  of t h e  
gauge s y s t e m  be small  enough so t h a t  t hese  pressure  v a r i a t i o n s  
may be measured with reasonable accuracy. It w a s  assumed t h a t  
t h e  r o l l  frequency of t he  s a t e l l i t e  would not be g r e a t e r  than 
3 cyc le s / sec .  A t i m e  constant  (T) f o r  t h e  gauge system of 10% 
of t h e  r o l l  period o r  1/30 of a second w a s  considered low 
enough t o  give adequate accuracy. This  t i m e  cons t an t ,  t oge the r  
with the  required conductance (C) of 10 &see. between t h e  
gauge and o u t e r  space,  then  required t h a t  t h e  volume (VT) of 
t h e  e n t i r e  gauge and c a l i b r a t i o n  s y s t e m  be l e s s  than: 

= c'c = 10 x 10 3 x 30 1 = 333 C . C .  
vT 

A t o t a l  volume of approximately 300 C . C .  was used i n  t h e  
prototype sys t em.  The outgassing load of t h i s  volume may then 
be  estimated as follows: 
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Assume t h e  c a l i b r a t i o n  and gauge volume t o  be a sphere., 
A sphere of volume 300 c . c ,  has an i n t e r n a l  su r f ace  area of 
approximately 220 c m O 2  If the outgassing rate i s  Torr  
&/sec. c m O 2 ,  and t h e  conductance i s  10 d/sec. , t h i s  would 
produce a pressure  e r r o r  (P ) due t o  outgassing o f :  OG 

0 

= Q& = 220 10"~~/10 = 2 , 2  i o  -11 Torr .  'OG 
Such an outgassing load would be n e g l i g i b l e  a t  1 x 10'' Torr,  
t h e  lowest pressure  a t  which c a l i b r a t i o n  w a s  required i n  t h i s  
program. 

-9 For a gauge opera t ing  a t  1 x 10 T o r r ,  it w a s  considered 
d e s i r a b l e  t o  inc rease  t h e  pressure  i n  t h e  gauge system t o  
1 x T o r r  f o r  accura te  c a l i b r a t i o n .  Under t h e s e  circum- 
s t ances ,  t h e  throughput of gas required t o  be added t o  t h e  
s y s t e m  w a s :  

= 9.9 x l ow7  Torr &see. 

For c a l i b r a t i o n  at 10-7 Torr,  t h e  p re s su re  w a s  r a i sed  t o  
1 x loe6 Torr .  
was requi red  

Hence, an add i t ion  of 9.0 x loa6 T o r r  &sec. 0 

METHOD OF CONTROLLING FLOW RATE OF CALIBRATING GAS 

The success  of t h e  c a l i b r a t i o n  procedure out l ined  above 
w a s  l a r g e l y  dependent upon the  development of a method of 
adding t h e  s m a l l  amounts of gas required f o r  c a l i b r a t i o n .  The 
method must be r e l i a b l e ,  have a high degree of r e p r o d u c i b i l i t y  
and not  jeopard ize  t h e  pressure measurements during per iods  
when c a l i b r a t i o n  i s  not  required.  It w a s  a l s o  imperat ive t h a t  
t h e  c a l i b r a t i o n  be completed wi th in  t h e  t i m e  t h a t  t h e  satel-  
l i t e  i s  i n  d i r e c t  communication with a s i n g l e  te lemet ry  s t a t i o n .  
This  required t h a t  t h e  c a l i b r a t i o n  period be r e l a t i v e l y  s m a l l  - 
pre fe rab ly  considerably l e s s  than,  say,  t h e  10 minute per iod 
of r a d i o  communication with a s a t e l l i t e  i n  c i r c u l a r  o r b i t  
pass ing  overhead a t  an a l t i t u d e  of approximately 100 m i l e s .  

I n  o rde r  t o  m e e t  t hese  requirements, a number of methods 
of c o n t r o l l i n g  low f l o w  rates of c a l i b r a t i o n  gas  w e r e  s tud ied .  0 
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I n  add i t ion  t o  the  use of a c a l i b r a t e d  l e a k  and an e l e c t r i c a l l y  
operated valve,  l e s s  conventional gas sources  and methods of 
r a t e  e sn t ro1  were inves t iga t ed .  Some of t hese  were based on the  
following p r inc ip l e s :  

1) Variat ion of t h e  r a t e s  of permeation of gases  through 
s o l i d s  by temperature c o n t r o l .  

2) Vaporization (subl imat ion of a s o l i d )  

3) Thermal desorp t ion  of gases  from s o l i d s .  

4 )  Thermal. decomposition of a s o l i d  t o  produce a gas .  

5) Catalytic: and e l e c t r o l y t i c  genera t ion  of a gas.  

From the var ious p o s s i b i l i t i e s ,  two methods were se l ec t ed  
f o r  more de ta i l ed  cons idera t ion .  They were: 

I) Additton of gas by means of a s m a l l  solenoid valve.  
The required pressure  drop would be achieved by e i t h e r  
a c a p i l l a r y  o r  porous plug. 

2 )  Addition of hydrogen through a metal  permeable t o  
hydrogen. The required flow r a t e  and p res su re  drop 
would be obtained by varying t h e  temperature of t h e  
permeable metal - t h e  permeabi l i ty  of t h e  metal  being 
a single-valved func t ion  of its temperature.  

Both of these  systems have t h e i r  advantages and d i s -  
advantages, For in s t ance :  

The procedure involving t h e  u s e  of a solenoid valve would 
r equ i r e  r e l a t i v e l y  s m a l l  amounts of power and would have s h o r t  
response times. It should be poss ib l e  t o  approach a s t e p  
change i n  gas pressure  i n  t h e  c a l i b r a t i o n  volume using t h i s  
approach, The choice of t h e  c a l i b r a t i o n  gas i s  not  r e s t r i c t e d .  
However, t h e  design requirements on t h e  valve a r e  s t r i n g e n t .  
Leakage through the  valve may a f f e c t  p ressure  measurements a t  
times when c a l i b r a t i o n  i s  not being c a r r i e d  ou t .  This  problem 
may be circumvented by using a three-way valve and vent ing t h e  
gas from t h e  i n l e t  s i d e  of t h e  c a p i l l a r y  o r  porous plug t o  
space,  However, t h i s  r equ i r e s  t h a t  e i t h e r  a much l a r g e r  gas 
volume be earreed o r  t he  number of u s e f u l  c a l i b r a t i o n s  reduced. 
I n  add i t ion ,  only s i n g l e  poin t  c a l i b r a t i o n  would be poss ib l e  
unless  mul t ip le  o r i f i c e s  were used. 
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On t h e  o t h e r  hand, t h e  thermal valve based on hydrogen 
permeabi l i ty  should be reliable and free from leakage problems. 
It would have a l o w  m a s s .  Hydrogen would be  a d e s i r a b l e  gas 
f o r  gauge c a l i b r a t i o n  i n  space. 
are probably l a r g e r  than  those f o r  t h e  solenoid valve,  e a r l y  
c a l c u l a t i o n s  ind ica ted  t h a t  s eve ra l  w a t t s  would probably be 
s u f f r c i e n t  power f o r  a thermal valve.  

Although t h e  power requirements 0 

The rate of response of a thermal valve would be lower 
than  t h e  solenoid valve.  However, t h i s  may be an advantage i n  
t h a t  i f  continuous d a t a  t ransmission w e r e  provided, a number of  
p re s su re  c a l i b r a t i o n  po in t s  would be ava i l ab le .  This  would 
g ive  a check on t h e  l i n e a r i t y  o f  t h e  gauge. Calcu la t ions  
ind ica t ed  t h a t  t h e  dynamic response of t h e  thermal valve should 
g ive  an inc rease  i n  pressure  of 1 t o  2 decades w i t h i n  one minute. 
T h e o r e t i c a l l y ,  f o r  a max imum power consumption of 1 w a t t ,  a 
thermal valve using,  say,  s t a i n l e s s  s t ee l  o r  n i c k e l ,  w a s  ex- 
pected t o  g ive  a c o n t r o l l a b l e  throughput range of 4 t o  5 o rde r s  
of magnitude. This  implied t h a t  f o r  a prescr ibed  minimum gauge 
p res su re  i n  o r b i t ,  t h e  thermal valve could be designed such t h a t  
t h e  throughput corresponding t o  the "off" permeabi l i ty  would 
induce an e r r o r  no l a r g e r  than 1% of t h e  minimum pressure  whi le  
t h e  throughput corresponding t o  t h e  "on" permeabi l i ty  would 
induce a pressure  increase  i n  t h e  gauge t h a t  i s  1 t o  2 o rde r s  
of  magnitude above t h e  minimum pressure .  

For a thermal valve,  r e l a t i v e l y  s m a l l  amounts of c a l i -  
a 

b r a t i o n  gas  are required t o  be c a r r i e d  by t h e  satel l i te .  For 
in s t ance ,  i f  a throughput r a t e  of 1 x Torr  l / s e c .  i s  
requi red  dur ing  c a l i b r a t i o n ,  and each c a l i b r a t i o n  takes 1 
minute, t h e  volume of gas required f o r  each c a l i b r a t i o n  is  
60 x Torr  4 o r  approximately s t d .  C . C .  This  means 
t h a t  100 c a l i b r a t i o n s  would use only 1% of 1 C . C .  of  gas. 
Consequently, with an i n i t i a l  volume of 1 C . C .  of  hydrogen, 
100 c a l i b r a t i o n s  could be  made before  t h e  pressure  of t h e  
hydrogen source decreased 1%. Since t h e  permeation rate i s  
p ropor t iona l  t o  t h e  square root  of  t h e  p re s su re  f o r  molecular 
hydrogen, t h e  change i n  permeation rate would be approximately 
h a l f  of 1%. 

The above cons idera t ion  suggested that  a thermal valve 
based on hydrogen permeation warranted experimental  t e s t i n g ,  
The i n i t i a l  work w a s  encouraging and i t  became poss ib l e  t o  set 
up a number of design c r i t e r i a  and performance goa l s  which 
would be  compatible with a c a l i b r a t i o n  system f o r  a pressure  
sensor  on a s a t e l l i t e  w i t h  a h ighly  e l l i p t i c a l  o r b i t .  These 
c r i t e r i a  w e r e  as fol lows:  



System t o  c a l i b r a t e  a gauge a t  p re s su res  of 1 x lom7 
Torr and 1 x Torr  by inc reas ing  t h e  r e s su re  w i t h  
gas a d d i t i o n  t o  1 x 
r e spec t ive ly .  

Torr  and 1 x 10-7 Tor r ,  

The c a l i b r a t i n g  pulses  t o  have less than a 1% e f f e c t  
i n  subsequent p re s su re  measurements. 

The " r i s e"  t i m e  of t h e  c a l i b r a t i o n  pulse  t o  be less 
than 3 .5  min. 
t he  c a l i b r a t i n g  l e v e l  f o r  10 secs .  The pressure  l e v e l  
due t o  c a l i b r a t i n g  gas must then  decrease t o  n e g l i g i b l e  
values i n  less than  15  minutes.  

The pressure  then  t o  remain s teady  a t  

Maximum power consumption of t h e  thermal valve t o  be 
less than 5 wa t t s .  

Number of c a l i b r a t i o n s  requi red :  1 2 .  One pe r  month 
over a 12-month per iod .  

Velume of gas  t o  be c a r r i e d :  l e s s  than 100 C . C .  

Telemetry r a t e  f o r  pressure  data:  
Telemetry r a t e  f o r  temperature data:  

S a t e l l i t e  temperature: -10 t o  +50°C. 

20-60 samples/sec. 
20 samples/sec. 

Volume of gauge and conductance t o  be less than  330 C . C .  

Conductance t o  e x t e r i o r  of s a t e l l i t e  t o  be g r e a t e r  
than 10 &/sec. 

Time constant  of system f o r  pressure  v a r i a t i o n s  t o  be 
l e s s  than  0.03 sec .  

R o l l  frequency of s a t e l l i t e :  3 cps.  

Mass of system t o  be a minimum. 

RESULTS 

During the course of t h i s  program, t h r e e  gauge c a l i b r a t o r  
systems were b u i l t .  They were designated Mark I ,  Mark I1 and 
Mark 111. Experimental r e s u l t s  were obtained f o r  t h e  f i r s t  two 
designs but  f u r t h e r  work i s  required f o r  t h e  d e t a i l e d  eva lua t ion  
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of Mark 111. 
of each of t h e  des igns  are discussed below. 

The b a s i c  design f e a t u r e s  and t h e  major r e s u l t s  

0 

Mark I Ca l ib ra to r  

The most important f e a t u r e s  of t h e  des ign  of Mark I are 
shown i n  Figures  2 and 3. 

A conventional Nottingham gauge w a s  tubulated onto a vacuum 
system so t h a t  t h e  conductance of t h e  t u b u l a t i o n  was approxi- 
mately 10  &sec. The hydrogen d i f f u s e r  wi th  i t s  assoc ia ted  
thermocouples w a s  connected onto t h e  main gauge tubu la t ion .  
The d e t a i l s  of t h e  cons t ruc t ion  of t h e  d i f f u s e r  are shown i n  
Figure 3 .  A s m a l l  tungsten hea te r  w a s  sealed i n t o  and in su la t ed  
from t h e  thin-walled s t a i n l e s s  s tee l  ( 3 0 4 )  tube.  A copper- 
cons tan tan  thermocouple w a s  attached t o  t h e  sealed end of t h e  
d i f f u s e r ,  The base of t h e  d i f f u s e r  w a s  connected t o  t h e  va lves  
and l i n e s  necessary fo r  evacuating and b a c k - f i l l i n g  t h e  i n t e r i o r  
of t h e  d i f f u s e r  with hydrogen. 
t a ined  wi th  t h e  Mark I c a l i b r a t o r  may be summarized as follows: 

The most p e r t i n e n t  r e s u l t s  ob- 

A f t e r  degassing t h e  gauge and d i f f u s e r  a t  approximately 
3OO0C, t h e  p re s su re  i n  t h e  Nottingham gauge w a s  
2 x T o r r  wi th  the d i f f u s e r  f i l l e d  with 1 atmos- 
phere hydrogen at 25OC. 

Pressure  v a r i a t i o n s  were introduced w i t h i n  t h e  d i f f u s e r  
tube while  held a t  a constant  temperature of 25OC. 
Hydrogen leakage and hydrogen permeation w e r e  below 
t h e  experimental  l i m i t  of d e t e c t a b i l i t y ,  although t h e  
background pressure  i n  t h e  Nottingham gauge conta in ing  
t h e  d i f f u s e r  w a s  1 x Torr .  

An i nc rease  i n  t h e  temperature of t h e  d i f f u s e r  caused 
a rap id  i n c r e a s e  i n  the  pressure  w i t h i n  t h e  system. 
Experimental r e s u l t s  c l e a r l y  ind ica ted  t h a t  t h e  effect  
w a s  no t  t h e  r e s u l t  of su r face  degassing of t h e  d i f f u s e r  
bu t  r a t h e r  w a s  hydrogen permeation. 

The pressure  i n  t h e  Nottingham gauge could be increased 
t o  approximately 1 x lom6 Torr  by hea t ing  t h e  d i f f u s e r  
t o  about 45OoC. 
maximum temperature (Tmax) reached during pulses  wi th  
h e a t i n g  t imes of 3 t o  5 mins. w e r e  r e l a t e d  as fol lows:  

The max imum p res su re  (Pmax) and t h e  

l o g P  = A + B T  wi th  A and B cons t an t s .  m a x  max ' 
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Not t ingham Thermocouple 
Gauge Leads 

(See Fig.  3 )  

T n r r  

m 
Leads t o  Heater  

I n  Diffuser 

To Vacuum System 
( l o m L o  Torr) Approx. 

A R.F. Co i l  f o r  Degassing 

Pressure  Gauge 

High P u r i t y  

To Liquid Nitrogen Trap 
and Vacuum System 

FIGURE 2 
APPARATUS FOR MEASURING HYDROGEN PERMEATION RATES (Schematic) 
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Thermocouple Gold Nickel Braze 
Connection 

Hydrogen (1 Atmosphere) 

- 
rungsten Heater - Alumina Insulator 

Stainless  Stee l  (304) 
Tubing (Grounded) 

0.005" Wall Thickness I 

Heater Lead 

To  Hydrogen F i l l i n g  
and Supply Systems 

FIGURE 3 PERMEATION APPARATUS AND HEATER ASSEMBLY (Schematic) 
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Steady s t a t e  hea t ing  of t h e  d i f f u s e r  a t  4OO0C f o r  24 
hours showed no change i n  permeation r a t e ;  t h a t  i s ,  
t h e  permeation rates before  and a f t e r  t h e  24 hour 
permeation i n t e r v a l  were the  same. Within t h e  condi- 
t i ons  of t h e  t e s t s  conducted t o  d a t e ,  t h e  permeation 
r a t e  appears t o  be reproducible  and a f u n c t i o n  of 
temperature only ( f o r  a cons tan t  hydrogen pressure  i n  
t h e  d i f f u s e r ) .  

The fol lowing r e s u l t s  are t y p i c a l  of t h e  inc rease  i n  
pressure obtained a t  var ious power l e v e l s ,  each f o r  
hea t ing  per iods of 60 seconds. 

I n i t i a l  Pressure Maximum Pressure 

4 x 10 -lo T o r r  
6 a 5 x lo-!! Torr  
7 .5  x lo-'" Torr 
9 .0  x 10-10 Torr  

Power 

-lo Torr  0.57 w a t t s  
0.96 w a t t s  

8.5 x 10 
3 . 5  x IOy, Torr  9 

8.0  x 10"' Torr  
3.8  x I O a 9  Torr  

1.16 w a t t s  
1.6 w a t t s  

Mark I1 Cal ib ra to r  

The ana lys i s  of t h e  d a t a  from Mark 1 c a l i b r a t o r  suggested 
t h a t  improved performance would be obtained i f  t h e  d i f f u s i n g  
s e c t i o n  of the s t a i n l e s s  s t e e l  tube could be r e s t r i c t e d  t o  an 
isothermal  s ec t ion  c lose  t o  t h e  h e a t e r .  The Mark 11 c a l i b r a t o r  
w a s  constructed t o  incorporate  these  changes. The main f e a t u r e s  
incorporated i n  the  new des ign  were: 

An OFHC copper p l a t e  w a s  brazed onto the  high tempera- 
t u r e  region of t h e  d i f f u s e r .  The func t ion  of t h e  
copper p l a t e  was t o  f o r c e  t h a t  po r t ion  of t h e  d i f f u s e r  
through which hydrogen permeation occurred t o  be 
isothermal.  

The a rea  of t h e  d i f f u s e r  through which permeation w a s  
not des i red  w a s  coated with gold by vacuum depos i t ion .  
The thickness  of t h e  gold coa t  w a s  e s t i m a t e d  t o  be i n  
excess of IOOOR. 
The d i f f u s e r  was made from 304 LC ins t ead  of 304.  
w a s  considered t h a t  t h e  low carbon 304 s t a i n l e s s  s t e e l  
would reduce the  p o s s i b i l i t y  of methane formation 
which cou ld  cause t h e  hydrogen permeabi l i ty  t o  vary 
with amount of hydrogen passed through t h e  d i f f u s e r .  

It 

1 2  



4)  The thermal i s o l a t i o n  of t h e  d i f f u s i n g  area w a s  reduced 
i n  order  t o  inc rease  t h e  r a t e  of cool-down af ter  h e a t i n g  
t o  t h e  required temperature. This  w a s  done a t  t h e  
expense of t h e  thermal e f f i c i e n c y  bu t  it w a s  expected 
t h a t  t h e  power requirements would s t i l l  be less than  
5 w a t t s .  

0 

Before making any measurements with t h i s  d i f f u s e r ,  t h e  
permeation area w a s  thoroughly degassed a t  temperatures up t o  
about 650OC wi th  R F  and r e s i s t a n c e  hea t ing .  
h i s t o r y  of t h e  first hydrogen pu l se  wi th  t h i s  d i f f u s e r .  The 
d a t a  show t h a t  t h e r e  w e r e  no gross  leaks  i n  t h e  d i f f u s e r  and 
t h a t  t h e  genera l  performance was s a t i s f a c t o r y .  

Figure 4 i s  a time 

The main emphasis of t h e  experimental  work w a s  placed on 
determining t h e  s t eady- s t a t e  permeation rate as a func t ion  of 
temperature 
p re s su res  of 1 x loB6 Torr  (N2) could be produced i n  t h e  ion iza-  
t i o n  gauge. The hea t ing  power requi red  w a s  about 2.9 w a t t s .  
I n  a l l ,  s i x  s t eady- s t a t e  runs w e r e  made i n  o rde r  t o  determine 
t h e  e f f e c t  of temperature on permeation rate.  
summarized i n  Figure 5. It should be emphasized t h a t  i n  t h e  
e a r l y  runs i n  t h e  series, t h e  l o w  pressure  performance of t h e  
system w a s  not as good as fo r  l a te r  runs.  A f t e r  repeated de -  
gass ing  of t h e  gauge, d i f f u s e r ,  and s e c t i o n s  of t h e  main pumping 
system, t h e  vacuum performance gradual ly  improved as i s  evidenced 
by t h e  data i n  Figure 5. A t  t h e  h ighe r  temperatures ,  t h e  d a t a  
for  Run V I  are considerably d i f f e r e n t  from previous runs., 
Shor t ly  after Run No. V I  t h e  heater i n  t h e  d i f f u s e r  f a i l e d  and 
t h e r e  w a s  evidence t h a t  a p a r t i a l  e lectr ical  s h o r t  i n  t h e  h e a t e r  
may have occurred during Run V I .  This  could have a f f ec t ed  t h e  
temperature measurements. Hence, t h e  d a t a  of Run V I ,  p a r t i c u l a r l y  
a t  t h e  h igher  temperatures ,  i s  open t o  doubt. 
probably those from Run. I V .  These have been r e p l o t t e d  i n  
Figure 6 .  According t o  permeation theory,  a p l o t  of permeation 
rate ( o r  pressure)  versus  1 / T  should be  l i n e a r .  A t  t h e  h ighe r  
temperatures,  t h e  l i n e a r i t y  i s  reasonable and t h e  s lope  i s  con- 
s i s t e n t  wi th  published d a t a  f o r  s t a i n l e s s  steel .  A t  t h e  lower 
temperatures,  t h e  depar ture  from l i n e a r i t y  appears t o  be caused 
by t h e  fol lowing f a c t o r s :  

By inc reas ing  t h e  temperature t o  about 43OoC, 

The data are 

0 

The best d a t a  a r e  

1) The h o t  f i l ament  i o n  gauge has  an X-ray l i m i t  of 
approximately 6 x Torr  (N2). 

2) The background pressure  of t h e  vacu system used t o  
pump t h e  i o n i z a t i o n  gauge w a s  about 1.8 x 10" Torr  (N2). This  
w a s  confirmed by a magnetron gauge measuring p res su re  i n  t h a t  
system. 
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FIGURE 5 CALIBRATION IN ORBIT (Summary of Data) 

15 



C 0 

410360 300 235 158 110 52 25  

91 ' I I I I I I 

I LOS7 

l op8  

m 

10SIO 

ia 
4 

a Data Po in t s  

A Data-1.8 x 10 -10 
(System Background) 

Gas Permeation 
Through Heater 

Sect ion of 
D i f fuse r  i Background 

\ Gas From 

of Di f fuser  
Botton Sec t ion  \ 

\ - - 
I 

2x1o=-l1 - I I I I I I I I I I I 

1 . 2  1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 
- 3  &) 1 / T  (Units  of 10 

FIGURE 6 CALIBRATION I N  ORBIT. RUN NO. IV 

16 



3) A t  t h e  h igher  temperatures t h e  area through which s i g -  
n i f i c a n t  d i f f u s i o n  occurred was r e s t r i c t e d  t o  t h a t  i n  t h e  prox- 
i m i t y  of t h e  hea ter .  However, a t  room temperature t h e  t o t a l  
area of t h e  d i f f u s e r  i n  t h e  vacuum system w a s  a v a i l a b l e  t o  H2 
d i f f u s i o n .  The ra t io  of t h e  t o t a l  area t o  t h a t  adjacent  t o  t h e  
h e a t e r  w a s  approximately 1O:l. Apparently the  gold coa t  on t h e  
lower p a r t  of t h e  s t a i n l e s s  steel tube did not prevent hydrogen 
d i f f u s i o n .  
bu t  a f u r t h e r  l i m i t a t i o n  w a s  t h a t  t h e  gold d i f fused  i n t o  t h e  
s t a i n l e s s  steel  during brazing and degassing opera t ions .  

a 

It i s  poss ib l e  t h a t  t h e  gold coa t  w a s  not  impervious 

I n  a d d i t i o n  t o  t h e  steady-state d a t a ,  a number of tests 
were made i n  which pressure  pulses  were produced. 
are shown i n  Figure 7. 
t o  1 x loo7 and 1 x loo6 a r e  out l ined  i n  Table 1. 
t h i s  work, t h e  hea t ing  power t o  t h e  d i f f u s e r  w a s  var ied by 
switching i n  r e s i s t o r s  of var ious s i z e s .  The d e t a i l s  of t h e  
shape of t h e  pressure  pu l ses  obtained by r e s i s t a n c e  switching 
are shown i n  Figures  8 and 9. 
a t  pu l se  peak values  of 1 x Torr .  It w i l l  be not iced t h a t  
t h e  shape of t h e  pu l se  peak could be var ied  by a l t e r i n g  t h e  
va lue  of t h e  series r e s i s t ance .  With a r e s i s t a n c e  of 9.35 ohms 
t h e  peak pressure  v a r i a t i o n  was approximately + 1 x 10-9 Torr. 
Figure 9 shows t h e  d e t a i l e d  shape of a pulse  t; approximately 
1 x lom6 T o r r .  A series r e s i s t a n c e  of 2 ohms gave a pressure  
peak with f l a t - t o p  value which was  e s s e n t i a l l y  constant  f o r  more 
than  10 secs .  

Typica l  pu l se s  

I n  some of 
The condi t ions and r e s u l t s  for  pu l ses  up 

The d a t a  of Figure 8 were obtained 

0 
The d a t a  i n d i c a t e  t h a t  3 w a t t s  i s  adequate t o  e s t a b l i s h  

1 x Torr  w i th in  3.5 i n s .  However, t h e  rate of  pressure  
decrease  from t h e  1 x lo'$ pulse  i s  somewhat lower than  d e s i r e d .  

When t h e  pressure  i n  t h e  gauge w a s  increased t o  1 x loo6 
Torr ,  t h e r e  w a s  evidence t h a t  t h e  gauge w a s  severe ly  contami- 
nated.  It was considered l i k e l y  t h a t  t h i s  effect  would be 
s u b s t a n t i a l l y  reduced wi th  a cold cathode magnetron gauge. An 
added advantage of the magnetron gauge would be t h e  absence of 
an  X-ray l i m i t  and a much lower l i m i t  f o r  pressure  measurement. 
It w a s  a l s o  bel ieved t h a t  t h e  rate of pressure  decrease a f t e r  
a pu l se  could be increased by b e t t e r  conductance from t h e  h e a t e r  
and d i f f u s e r  t o  t h e  base of t h e  d i f f u s e r .  
i nc rease  t h e  power requirements, t h e  maximum allowable power 
r a t i n g  - 5 w a t t s  - had not  been required i n  t h e  Mark I and 
Mark I1 des igns .  The above a l t e r a t i o n s  were among those  i n -  
corporated i n  t h e  Mark I11 design. 

Although t h i s  would 
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TABLE 1 

TYPICAL CONDITIONS AND RESULTS FOR PRESSURE PULSE TESTS 

Pulse to 1 x Torr (N,) 

Initial pressure 2.2 x 10-l0 Torr. Initial temperature 50 0 C. 
Heater on for 40.5 sec. at 13V and 0.33 - 0.22 amps. 
After 40.5 sec.,resistance of 9.35 ohms switched into heater 
circuit for 10 secs, 
Resultant pressure 1.00 + 0.01 x Torr. 
Heater switch off 

P 

After 13.75 min., pressure 2.3 x 10 - 10 Torr. Temperature 50 0 C. 

Pulse to 1 x Torr (Approx.) 

Initial pressure 5.2 x 10-l' Torr. Initial temperature 50 0 C. 
Heater on for 3.0 min. at 13V and 0.33 - 0.21 amps. 
After 3.0 min., resistance of 2.0 ohms switched into heater 
circuit for 10 secs. 
Resultant pressure 9.5 + 0.1 x Torr. - 
After cooling for 15 mins: pressure 8.7 x 10 - 10 

temperature 50 0 C. 
After cooling for 20.8 mins: pressure 6.9 x 10 -lo and 
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FIGURE 8 SHAPE OF PRESSURE PULSE AT 1 x TORR 

EFFECT OF SERIES RESISTOR VALUE 
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Mark 111 C a l i b r a t o r  

The main f e a t u r e s  of t h e  Mark I11 a r e  shown i n  F igures  10 
and 11. The general  design w a s  s i m i l a r  t o  t h a t  used i n  t h e  
Mark I and Mark 11. c a l i b r a t o r s ,  bu t  t h e  fol lowing changes were 
made: 

1) A normal magnetron gauge (NRC 552) w a s  used ins tead  of 
t he  ho t  f i lament Nottingham gauge. The low pressure  l i m i t  of 
t he  magnetron gauge has  been measured down t o  about 3 x 10-13 
Torr.  This i s  nea r ly  two decades below t h a t  of t h e  Nottingham 
gauge 

2) A vacuum jacke t  w a s  b u i l t  around t h e  s t a i n l e s s  s t e e l  
tube below t h e  d i f f u s e r  s ec t ion .  This  j a c k e t  should serve  
seve ra l  purposes, F i r s t l y ,  any hydrogen which permeated through 
the  lower s e c t i o n  of t he  tube would not pass  t o  t h e  gauge volume. 
Consequently, with t h e  a rea  a v a i l a b l e  f o r  hydrogen d i f f u s i o n  
r e s t r i c t e d  t o  t h a t  immediately adjacent  t o  t h e  h e a t e r ,  t h e  low 
pressure performance ( d i f f u s e r  cold) should be considerably 
improved ~ 

Secondly, t h e  degree of thermal i s o l a t i o n  of t h e  d i f f u s e r  
s ec t ion  would be reduced. This  should have t h e  e f f e c t  of i n -  
c reas ing  t h e  r a t e  of cool-down of t he  d i f f u s e r  a f t e r  a pulse .  

3) The OFHC p l a t e  a t  t h e  d i f f u s e r  s e c t i o n  w a s  made of 
t h i c k e r  ma te r i a l  with a narrower s e c t i o n .  
a t tached t o  the d i f f u s e r  tube with a more s u b s t a n t i a l  f i l l e t  of 
gold n i c k e l  braze.  These changes were made t o  make t h e  d i f f u s e r  
a rea  more near ly  isothermal .  

The p l a t e  w a s  

4) The thermocouple was located c lose  t o  t h e  d i f f u s i n g  
area.  This  was expected t o  reduce e r r o r s  i n  temperature measure- 
ment during rapid t r a n s i e n t s .  

5) The gas conductance i n s i d e  t h e  d i f f u s e r  w a s  increased 
i n  order  t o  increase  the  r a t e  a t  which t h e  i n s i d e  of t h e  d i f f u s e r  
could be cleaned up during degassing. I n  a d d i t i o n ,  more a t t e n t i o n  
was given t o  admit t ing only h igh ly  p u r i f i e d  hydrogen t o  t h e  
i n s i d e  of t h e  d i f f u s e r .  (The evidence ind ica ted  t h a t  impur i t i e s  
i n  t h e  hydrogen, probably carbon monoxide, caused the  f a i l u r e  of 
the  h e a t e r  i n  the Mark I1 c a l i b r a t o r . )  

6 )  Only the h ighes t  grades of vacuum m a t e r i a l s  were used 
i.n t h e  cons t ruc t ion  of Mark 111. For example, a l l  b raze  j o i n t s  
required were made with gold-nickel  braze (M.P. 9 5 0 O C ) .  It was 
an t i c ipa t ed  t h a t  t hese  changes would allow f o r  h igher  degassing 
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I Diffuser 

FIGURE 10 
MARK I11 CALIBRATOR 
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FIGURE 11 

MARK I11 CALIBRATOR AND GAUGE 



temperatures and improved low pressure  performance of t h e  
c a l i b r a t o r  

7) The des ign  of t h e  c a l i b r a t o r  was made more compact - a 
s i n g l e  tubu la t ion  onto t h e  gauge was poss ib l e  i n  l i e u  of t h e  
t h r e e  required i n  t h e  Mark I and Mark I1 c a l i b r a t o r s .  

a 
The Mark 111 c a l i b r a t o r  was constructed but  m o r e  work i s  

requi red  i n  order  t o  determine i t s  performance parameters.  

CONCLUSIONS 

The d a t a  obtained i n  t h e  t e s t i n g  of t h e  Mark I and Mark I1 
c a l i b r a t o r s  has  demonstrated the  f e a s i b i l i t y  of t h e  method of 
gauge c a l i b r a t i o n  based on the  a d d i t i o n  of con t ro l l ed  throughputs 
of gas  t o  a gauge which i s  tubulated t o  a pumping system by 
means of a r e s t r i c t i v e  conductance, It has a l s o  been shown t h a t  
con t ro l l ed  throughputs of  gas can be obtained by using tempera- 
t u r e  v a r i a t i o n s  t o  change t h e  permeation ra te  of hydrogen through 
a thin-walled s t a i n l e s s  steel tube ,  

The r e s u l t s  obtained w i t h  t h e  Mark I1 c a l i b r a t o r  have been 
summarized i n  Table 2 where they are compared with t h e  main 
performance o b j e c t i v e s  set during the  program 
of t h e  o b j e c t i v e s  w e r e  m e t ,  improvement i s  d e s i r a b l e  i n  both t h e  
low p res su re  background and i n  t h e  r a t e  of pressure  decrease 
a f te r  c a l i b r a t i o n  a t  1 x 10-7 Torr. The Mark 111 c a l i b r a t o r  w a s  
designed and constructed with the aim of achieving s i g n i f i c a n t  
improvements i n  these  d i r e c t i o n s .  Fur ther  work i s  required t o  
experimental ly  eva lua te  t h e  performance of t h e  Mark I11 cal i -  
b r a t o r  

Although m o s t  

RECOMMENDATIONS 

It i s  recommended t h a t  t h e  performance c h a r a c t e r i s t i c s  of 
t h e  Mark I11 c a l i b r a t o r  be obtained. The work should concent ra te  
on t h e  r e p r o d u c i b i l i t y  of t h e  temperature-pressure r e l a t i o n s h i p  
and i t s  l o w  pressure  performance. The d e t a i l s  of t h e  t r a n s i e n t  
behavior should a l s o  be inves t iga t ed .  
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TABLE 2 

COMPARISON OF GOALS AND PERFORMANCE OF MARK I1 CALIBRATOR 

For Ca l ib ra t ion  a t  1 x lo" Tor r  

CRITERION 

P u l s e  Pressure 

Heating Time 

Steady Pressure 

Background Pressure 

Cool Down Time 

Heater Power 

CRITERION 

Pulse Pressure 

Heating Time 

Steady Pressure 

Background Pressure 

Cool Down Time 

Heater  Power 
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GOAL 

1 x Tor r  1.00 0.01 x Tor r  

K 3 , 5  mins. 40.5 s e c s .  
10 secs .  a t  +, 2% 10 secs .  a t  +, 1% 

2.3  x 10 -lo Torr  Torr  -11 1 x 10 
< 1 5  min. 13.75 min. 

< 5 w a t t s  3 w a t t s  

For Ca l ib ra t ion  a t  1 x I O w 7  T o r r  

GOAL - 
SYSTEM 

PERFORMANCE 

1 x Torr  9 .4  2 0.1 x los7  Tor r  

( 3 . 5  min. 3.25 min. 

10 sec .  a t  & 2% 10 sec .  a t  & 1% 

1 x 10'' Torr  6 . 9  x 10 -lo Torr  

< 1 5  min. 20.8 min. 

( 5  w a t t s  3 watts 


