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ABSTRACT 

An a e r o d y n a m i c a l l y  shaped probe has  been developed for  in s t an taneous  
m a s s  s p e c t r o m e t r i c  a n a l y s e s  of gas  s a m p l e s  taken f rom low dens i ty ,  high 
enthalpy,  h y p e r s o n i c  flows. The r e q u i s i t e  10-5 t o r t  opera t ing  p r e s s u r e  for  
a quadrupole  m a s s  s p e c t r o m e t e r  mounted in the w a t e r - c o o l e d  probe was 
e s t a b l i s h e d  and ma in ta ined  by a l i q u i d - h y d r o g e n  cryopump.  Dur ing  an 
in i t ia l  s e r i e s  of 5 -min  t e s t s ,  the detected compos i t ion  of an a r c - h e a t e d  
a i r f low with a s t agna t ion  condit ion of app rox ima te ly  10 a tm at 3000~K 
agreed  well  with a nonequ i l ib r ium flow expans ion  ca lcula t ion .  
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SECTION I 
INTRODUCTION 

There are many experimental gas flows in which a direct measurement 
of chemical composition would be of great value. One of the most important 
of these is the rapid expansion of very high temperature air in a hyper- 
velocity wind tunnel nozzle. If such flows remain in equilibrium, even 
though the composition changes rapidly, the chemical and fluid dyuamic 
behavior can be readily predicted theoretically and easily observed experi- 
mentally by taking a minimum number of flow measurements. In many 
cases of practical interest, however, the expansion is so rapid that the 
chemical reactions proceed more slowly than the flow changes, and equilib- 
rium is not maintained. Theoretical and experimental analysis of non- 
equilibrium airflows is very complex because of the large number of degrees 
of freedom of the microscopic constituents that must be considered. The 
number of independent measurements that must be made to uniquely define 
the state of nonequilibrium flow is directly related to the number of degrees 
of freedom that are not in equilibrium. Most attempts to verify experi- 
mentally the theory of flow expansion with finite rate chemical reactions 
have relied almost exclusively on measurement of gross thermodynamic 
variables (~efs. 1 and 2). The agreement of such measurements with 
theoretical predictions has been accepted as powerful evidence that the 
finite rate theories are correct, but a complete and unambiguous verifica- 
tion requires that the chemical composition of the flows be determined as 
well. 

It is imposs ib l e ,  without a l t e r i ng  i ts  composi t ion ,  to r emove  and 
s to re  for  subsequent  l a b o r a t o r y  a n a l y s i s  a s amp le  of a nonequ i l i b r ium 
gas flow. An a c c u r a t e  d e t e r m i n a t i o n  of the flow compos i t ion  can be made 
only by an ins t an taneous  ana ly s i s  of the f lowing gas ,  for  which s e v e r a l  
t echniques  have been used.  P r o b e s  have been developed which in fe r  f r e e -  
s t r e a m  atom concen t ra t ions  by m e a s u r i n g  the d i f fe rence  in a e r o d y n a m i c  
heat  t r a n s f e r  to ca ta ly t i c  and nonca ta ly t i c  probe s u r f a c e s .  To date,  only 
a tomic  oxygen (O) concen t r a t ions  have been deteITnined with these  p robes ,  
and with a c c u r a c i e s  of only 15 to 30 pe rcen t  (Refs.  3 and 4). Other  t ech-  
niques include chemica l  t i t r a t i o n  m e a s u r e m e n t s  and m e a s u r e m e n t s  of 
opt ical  abso rp t ion  or opt ical  e m i s s i o n  (Ref. 5). 

Recently, as part of a general study of flow diagnostics in arc-heateo 
facilities, another approach has been investigated within the organization 
of the Propulsion Wind Tunnel (PWT) of the AEDC: instantaneous mass 
spectrometric analysis of the flowing gas. Commercial availability of 
small monopole and quadrupole mass spectrometers has made possible 
the fabrication of a sampling probe compact enough to operate in the 



A EDC-TR-69-37 

s m a l l - d i a m e t e r  core  f lows c h a r a c t e r i s t i c  of low dens i ty  wind tunne ls ,  ye t  
l a r g e  enough to accommoda te  the m a s s  ana lyz ing  device.  The des ign  and 
development  of such a s ampl ing  probe to aid in the chemica l  c a l i b r a t i o n  
of an a r c - h e a t e d  low dens i ty  wind tunnel  is  p r e s e n t e d  he re in .  

SECTION II 

THE QUADRUPOLE MASS SPECTROMETER 

2.1 GENERAL COMMENTS 

In the sequence  encoun te red  by incoming  p a r t i c l e s ,  a m a s s  s p e c t r o m -  
e t e r  cons i s t s  of an ion ize r ,  in which a s m a l l  f r a c t i on  of flow p a r t i c l e s  is  
g iven a net charge ,  if r equ i red ;  a m a s s  f i l t e r i n g  or ana lyz ing  chambe r ,  
in which the charged  p a r t i c l e s  a r e  s o r t e d  by m a s s - t o - c h a r g e  ra t io ;  and a 
c h a r g e d  p a r t i c l e  de tec tor .  The d e s c r i p t i v e  t e r m  "quadrupole"  appl ies ,  
g e n e r i c a l l y ,  to those  m a s s  s p e c t r o m e t e r s  that  a c c o m p l i s h  m a s s  s e p a r a -  
t ion with an e l e c t r o s t a t i c  f ie ld  of four  poles ,  two pos i t ive  and two nega-  
t ive .  F o u r  c y l i n d r i c a l  rods  s e r v e  as the poles ,  a r r a n g e d  with mu tua l l y  
p a r a l l e l  and a p p r o p r i a t e l y  spaced  longi tudinal  axes .  F i g u r e  1, Appen- 
dix I, shows,  s c h e m a t i c a l l y ,  the  components  of a typ ica l  quadrupole  spec-  
t r o m e t e r .  Diagona l ly  opposi te  rods  ~tre e l e c t r i c a l l y  connected,  c r e a t i n g  
two p a i r s  of rods .  These  rod p a i r s  have appl ied to them the equal pos i -  
t ive  and nega t ive  components ,  r e spec t i ve ly ,  of the vol tage  waveforrn 

%:R = VDC + %:0 cos~t 

As ions en t e r  the quadrupole  c h a m b e r  on the cen t r a l  axis  of the rod  a r r a n g e -  
ment ,  the f ie ld  e s t a b l i s h e d  by the vo l t ages  +V R e x e r t s  f o r c e s  on the ions 
that  affect  t h e i r  t r a j e c t o r i e s  through the c h a m b e r  in a known m a n n e r  depend-  
ent upon t h e i r  m a s s - t o - c h a r g e  ra t io ,  m / e .  T h e r e f o r e ,  at any ins tan t ,  the 
t r a j e c t o r i e s  of only those  ions with the one p r o p e r  m / e  r a t i o  pass  th rough  
the ion de tec to r  en t r ance  window. All ions with o ther  m / e  r a t i o s  e x p e r i e n c e  
t r a j e c t o r i e s  that  t e r m i n a t e  on one of the rods .  Then, as the d-c  and r - f  
ampl i tudes  v a r y  th rough  t h e i r  a l lowable  r a n g e s  with a cons tant  amlalitude 
ra t io ,  the abundance of ions de tec ted  as a funct ion of t h e i r  m / e  r a t i o  is 
d i sp layed  on an app rop r i a t e  i n s t r u m e n t .  

Additional theoretical discussion of the equations of motion of ions 
in the quadrupole field (Mathieu equations) is available in the literature, 
e.g., Refs. 6 through 8. 
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a l  

2.2 TEST INSTRUMENT DESCRIPTION 

The p a r t i c u l a r  quad rupo le  s p e c t r o m e t e r  u s e d  in the  s a m p l i n g  p robe  
d e s c r i b e d  h e r e i n  was  a m o d e l  of the Quad 200 ® s e r i e s  m a n u f a c t u r e d  by 
E l e c t r o n i c  A s s o c i a t e s ,  Inc. It c o n s i s t e d  of an axia l  b e a m  i o n i z e r  (i. e . ,  
the  i o n i z e r  was  e x p o s e d  to a s a m p l e  p a r t i c l e  b e a m ,  o r  f low, with an axis  
that  c o i n c i d e d  wi th  the  axis  of the  q u a d r u p o l e  a r r ay ) ;  the  q u a d r u p o l e  
f i l t e r ,  o r  a n a l y z e r ;  and an e l e c t r o n  m u l t i p l i e r  c h a r g e d  p a r t i c l e  d e t e c t o r ,  
a r r a n g e d  as in Fig.  1. 

In o p e r a t i o n ,  s a m p l e  b e a m  p a r t i c l e s  e n t e r e d  the  F a r a d a y  cage ,  
which  was  m a i n t a i n e d  at an ad ju s t ab l e  pos i t i ve  po ten t i a l  wi th  r e s p e c t  to 
g r o u n d  ( h e r e i n a f t e r  ca l l ed  ion e n e r g y ) ,  w h e r e i n  they  w e r e  s u b j e c t e d  to 
e l e c t r o n  b o m b a r d m e n t  f r o m  the  f i l a m e n t ,  hav ing  a po ten t i a l  ( h e r e i n a f t e r  
i den t i f i ed  as e l e c t r o n  ene rgy )  m a i n t a i n e d  at a va lue  be low tha t  of the  
F a r a d a y  cage.  An e l e c t r o n  e x t r a c t o r  p la te  a t t r a c t e d  e l e c t r o n s  f r o m  the 
cage  wi th  a po ten t i a l  p o s i t i v e  wi th  r e s p e c t  to the  cage.  An ion " l e n s ,  " 
c o n s i s t i n g  of the  cage  exi t  p la te ,  a focus  p la te  s t r o n g l y  n e g a t i v e  wi th  
r e s p e c t  to g round ,  and a g r o u n d e d  p la te ,  a t t r a c t e d  the  ions  f r o m  the  cage  
and f o c u s e d  t h e m  onto the  c e n t r a l  axis  of the  q u a d r u p o l e  a r r a y .  

Once  in the  q u a d r u p o l e  f ie ld ,  the  ions w e r e  s o r t e d  by m a s s - t o - c h a r g e  
r a t i o ,  as d e s c r i b e d  in Sec t ion  2 .1 ,  and as i l l u s t r a t e d  in Fig .  1. The  ions  
that  s u r v i v e d  w e r e  a c c e l e r a t e d  t o w a r d  the  f i r s t  dynode  of the m u l t i p l i e r ,  
which  was  o p e r a t e d  at a h igh ly  n e g a t i v e  po ten t i a l .  Upon i m p a c t  wi th  the  
dynode ,  e a c h  ion i n i t i a t ed  an e l e c t r o n  a v a l a n c h e  which  p r o d u c e d  at the  
c o l l e c t o r  an output c u r r e n t  which  was d i s p l a y e d  on an o s c i l l o s c o p e .  

C o n t r o l s  on the i n s t r u m e n t  conso l e  p r o v i d e d  s e l e c t i v e  d i sp l ay  of al l  
o r  any p o r t i o n  of a m a s s  r ange .  The  s w e e p  t i m e ,  or  d i s p l a y  t i m e ,  f o r  
the d e s i r e d  r a n g e  of m / e  va lue s  could be se t  fo r  f r o m  50 m s e c  to 30 rain.  
It was  a l so  p o s s i b l e  to con t i nuous ly  m o n i t o r  the  abundance  of one va lue  of 
m/e. 

SECTION III 
PROBE DESIGN CONSIDERATIONS 

4m 

1 ,  

3.1 TEST FACILITY FLOW CONDITIONS 

Both logic and prudence indicated that initial sampling studies be made 
in a facility in which rarefied flows of moderately high stagnation enthalpy 
could be established. Such a facility was available at the AEDC: an 18-in. 
low density wind tunnel operated in support of research in the PWT. 
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The 18-in.  f a c i l i t y  c o n s i s t s  of a 250-kw a r c  h e a t e r ;  a 10 -deg  ha l f -  
ang le  con ica l  n o z z l e  wi th  s e v e r a l  d i f f e r e n t  f i x e d - d i a m e t e r  t h r o a t  i n s e r t s  
and n o z z l e  exi t  s e c t i o n s ;  an o p e n - j e t  t e s t  s e c t i o n  e n c l o s e d  in  a t e s t  c h a m -  
ber ;  a d i f fu se r ;  a hea t  e x c h a n g e r ;  and a s i x - s t a g e  s t e a m  e j e c t o r .  An 
e l e v a t i o n  of the  f ac i l i t y  is p r e s e n t e d  in Fig .  2, and a c r o s s  s e c t i o n  of the  
t e s t  c h a m b e r  is  d e s i g n a t e d  as Fig.  3. 

F o r  the  d e s i g n  of the  s a m p l i n g  p robe ,  a s t a g n a t i o n  cond i t i on  of 20 a rm 
and 3400°K was chosen ,  r e p r e s e n t i n g  an -ac tua l  cond i t i on  e s t a b l i s h e d  in 
p r e v i o u s  t e s t s  in the  f ac i l i t y .  F o r  t h e s e  v a l u e s  of s t a g n a t i o n  p r e s s u r e  and 
t e m p e r a t u r e ,  the  n o z z l e  ex i t  cond i t ions  w e r e  as fo l lows :  s t a t i c  p r e s s u r e ,  
about  2 .4  x 10 -2 t o r r ;  s t a t i c  t e m p e r a t u r e ,  a p p r o x i m a t e l y  80~K; and s t a t i c  
dens i ty ,  1 .08 x 10-4 a m a g a t s .  The  f low v e l o c i t y  was  2680 m / s e c ,  wi th  
a Mach  n u m b e r  of 14.85.  

3.2 REQUIRED PROBE FUNCTIONS 

To a c c u r a t e l y  d e t e r m i n e  the c o m p o s i t i o n  of the  n o z z l e  f low, it was ,  
of c o u r s e ,  n e c e s s a r y  to a d m i t  to the m a s s  s p e c t r o m e t e r  an u n d i s t u r b e d  
s a m p l e  of the  f r e e  s t r e a m .  The  f i r s t  s t e p  in s a t i s f y i n g  th i s  r e q u i r e m e n t  
was to d e s i g n  the  p robe  nose  so  tha t  i ts  shock  wave  would  be a t t a c h e d  to 
the  l ip  of the s a m p l i n g  o r i f i c e .  F u r t h e r ,  the o r i f i c e  i t s e l f  had  to be of 
s u f f i c i e n t l y  s m a l l  d i a m e t e r ,  c o m p a r e d  to the  m e a n  f r e e  path  of the  f low,  
and n e g l i g i b l e  L / D  to avoid  c o l l i s i o n a l  d i s t u r b a n c e  of the  s a m p l e  f r o m  
wal l  e f f ec t s .  

Secondly ,  the  s t a t i c  p r e s s u r e  wi th in  the  p r o b e  had  to be e s t a b l i s h e d  
and m a i n t a i n e d  at no m o r e  than  10-4 t o r t ,  p r e f e r a b l y  10 -6 t o r r ,  so  tha t  
the  m a s s  s p e c t r o m e t e r  i o n i z e r  could  func t ion  wi thout  a r c i n g  or  p r e m a t u r e  
f i l a m e n t  burnout ,  and so  that  no r e c o m p r e s s i o n  (and h e n c e  c o l l i s i o n a l  
d i s t u r b a n c e )  of the  e x p a n d e d  s a m p l e  would  occu r .  It shou ld  be no t ed  h e r e  
that ,  f o r  the  a c c e p t e d  f low m o d e l  of v e r y  e a r l y  f r e e z i n g  of the  s e v e r e l y  
expanded  f lows that  e x i s t  in al l  such  h igh  en tha lpy ,  low d e n s i t y  f a c i l i t i e s ,  
f u r t h e r  e x p a n s i o n  of a f low s a m p l e  in to  the  p r o b e  i n t e r i o r  would  not  sub-  
s t a n t i a l l y  d i s t u r b  the  c o m p o s i t i o n .  It was  r e q u i r e d ,  then ,  to e s t a b l i s h  a 
p r e s s u r e  wi th in  the  p r o b e  of about  t h r e e  to f ive  o r d e r s  of m a g n i t u d e  l e s s  
than  the  f r e e - s t r e a m  s t a t i c  p r e s s u r e  of 2 .4  x 10 "2 t o r t .  

It was  a l so  n e c e s s a r y  to d e c i d e  on the m o d e  of ope ra t i on :  i. e . ,  
w h e t h e r  the  p robe  was  to s a m p l e  i n t e r m i t t e n t l y  o r  con t inuous ly .  The  
r a t e  at wh ich  the  p r o b e  could  be t r a n s l a t e d  a c r o s s  the  n o z z l e  ex i t  p lane  
wi th  the  e x i s t i n g  t r a v e r s i n g  m e c h a n i s m  d e t e r m i n e d  the  m i n i m u m  e x p e c t e d  
d u r a t i o n  of e x p o s u r e  of the p r o b e  to the  f low (about 2 rain).  S ince  it was  
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probable that O-ring seals would be used, probe heating became a design 
factor. With the existing cooling water system, and assuming an expected 
cone-cylinder probe configuration, calculations based on the design flow 
conditions of Section 3. 1 indicated that probe body temperatures would 
remain below the O-ring distortion temperature of 530°K for approximately 
5 min. 

C o m p a r a t i v e l y ,  da ta  a c q u i s i t i o n  t i m e  was n e g l i g i b l e  and not  a d e s i g n  
f ac t o r ,  s i n c e  a g iven  r a n g e  of m / e  v a l u e s  could be d i s p l a y e d  in as l i t t l e  
as 50 m s e c ,  as d i s c u s s e d  in Sec t ion  2 .2 .  

In s u m m a r y ,  the p robe  would  be r e q u i r e d  to (1) a d m i t  a c h e m i c a l l y  
u n d i s t u r b e d  r a r e f i e d  h y p e r s o n i c  f low s a m p l e  to i ts  i n t e r i o r  by a s s u r i n g  an 
a t t a c h e d  shock,  (2) m a i n t a i n  an i n t e r n a l  p r e s s u r e  of 10-6 to 10-4 t o r t ,  
and (3) s u s t a i n  no phys i ca l  d a m a g e  or  d i s t o r t i o n  fo r  s a m p l i n g  p e r i o d s  of at 
l e a s t  5 min .  

SECTION IV 
PROBE DESIGN PROCEDURE AND DESCRIPTION 

4.1 'OUTER CONFIGURATION 

A cone was s e l e c t e d  fo r  the p robe  t ip  shape ,  wi th  an i n c l u d e d  ang le  
of 90 deg  - blunt  enough  both to a c c o m m o d a t e  coo l ing  w a t e r  p a s s a g e s  of 
r e a s o n a b l e  s i z e  and to a l low p lac ing  the q u a d r u p o l e  s p e c t r o m e t e r  head  
c l o s e  to the  s a m p l i n g  o r i f i c e ,  if r e q u i r e d ,  ye t  su f f i c i en t l y  s h a r p  to 
e n s u r e  a t t a c h e d  shocks  for  a r a n g e  of f low cond i t ions .  The  q u a d r u p o l e  
s i z e  and shape  r e q u i r e d ,  in addi t ion ,  that  the p robe  p r o v i d e  a c y l i n d r i c a l  
v o l u m e  of a p p r o x i m a t e l y  7 cm in d i a m e t e r  and 30 c m  long,  m o u n t e d  so 
that  the  c y l i n d r i c a l  axis  would  be p a r a l l e l  to the f r e e  s t r e a m .  

F r o m  p r e v i o u s  e m p i r i c a l  data ,  it  was  known that  the  t e s t  f a c i l i t y  
would  o p e r a t e  wi thout  f low b r e a k d o w n  with  cones  of 6 0 - d e g  i n c l u d e d  ang le  
and b a s e  d i a m e t e r s  of 10 cm i n j e c t e d  a f t e r  e s t a b l i s h i n g  the  flow. With 
a p r o b e  d i a m e t e r  of about 7 cm,  the  p r o p e r  a r e a  of the  p r o b e  would 
t h e r e f o r e  not  e x c e e d  that  of the  l a r g e s t  m o d e l  s u c c e s s f u l l y  t e s t e d ,  but i ts  
l e n g t h  would be c o n s i d e r a b l y  g r e a t e r .  Also ,  the  s t r u t  on which  the  p r o b e  
would  be m o u n t e d  would add m o r e  f r o n t a l  a r e a  than  the  p r e v i o u s  m o d e l  
s t ru t .  Hence ,  to a l low t e s t i n g  of the  p r o b e  at as m a n y  d i f f e r e n t  f low 
cond i t ions  as p o s s i b l e ,  it was  n e c e s s a r y  to c r e a t e  a c l e a n  a e r o d y n a m i c  
shape  fo r  the  ou t e r  con f igu ra t ion ,  m i n i m i z i n g  a t t a c h m e n t s ,  p r o t u b e r a n c e s ,  
o r  o t h e r  a p p e n d a g e s  to the  b a s i c  c o n e - c y l i n d e r  shape  e n v i s i o n e d .  
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4.2 PROBE PUMPING SYSTEM 

Of c o u r s e ,  only  a v e r y  s m a l l  f r a c t i o n  of t h o s e  f low p a r t i c l e s  e n t e r i n g  
the p robe  would be a n a l y z e d  by the s p e c t r o m e t e r .  The  r e m a i n d e r ,  if  
a l lowed  to a c c u m u l a t e ,  would s e r v e  only  to  i n c r e a s e  the p robe  i n t e r n a l  
p r e s s u r e .  S ince  the quadrupo le  p robe  could o p e r a t e  only in  a h igh  v a c u u m ,  
it was  n e c e s s a r y  to p r o v i d e  a m e a n s  of p r e v e n t i n g  the a c c u m u l a t i o n  of 
s u r p l u s  p a r t i c l e s .  

To e s t a b l i s h  s o m e  f o r m  of v a c u u m  pumping  of the  p robe  i n t e r i o r ,  
the  c h o i c e s  w e r e  (1) pumps  l o c a t e d  ou t s ide  the  n o z z l e  f low and c o n n e c t e d  
to the  p robe  by a p p r o p r i a t e  l i n e s ,  o r  (2) an i n t e r n a l ,  s e l f - c o n t a i n e d  p u m p -  
ing s y s t e m .  P u m p s  a t t a c h e d  to the  p robe  and exposed  to the  n o z z l e  f low 
w e r e  e l i m i n a t e d  f r o m  c o n s i d e r a t i o n  b e c a u s e  of the  b l o c k a g e  p r o b l e m  
m e n t i o n e d  in Sec t ion  4 . 1 .  

S ince  the  t e s t  c h a m b e r  had a d i a m e t e r  of 2 m ,  to connec t  p u m p s  
ou t s ide  i t s  wa l l s  to  the  p robe  would have  r e q u i r e d  l i n e s  about  1 .5  m long .  
F r o m  Ref.  9, the f r e e - m o l e c u l a r  f low conduc tance ,  in l i t e r s / s e c ,  of a 
long  v a c u u m  l i n e  wi th  d i a m e t e r  and l e n g t h  g iven  in c e n t i m e t e r s ,  was  

D 3 
C = 12.1-- (i) 

L 

Connec t i ng  a pump and a conduc t ance  in  s e r i e s  r e s u l t s  in  an  e f f e c t i v e  
pumping  s p e e d  of 

] ! ] 

sof~ - s ,  c ( 2 )  

Hence ,  to m a x i m i z e  the e f f ec t i ve  pumping  s p e e d  (i. e . ,  to  a p p r o a c h  the  
pump speed) ,  the  conduc tance  had to be m a x i m i z e d ,  wh ich  r e q u i r e d  
e i t h e r  r e d u c i n g  the p u m p  l i ne  l eng th ,  o r  i n c r e a s i n g  the pump  l i n e  d i a m -  
e t e r ,  wi th  the  l a t t e r  hav ing  m u c h  the  m o r e  e f f i c i e n t  e f fec t .  U n f o r t u n a t e l y ,  
r e d u c i n g  the  l i n e  l e n g t h  was  v i r t u a l l y  i m p o s s i b l e ,  and i n c r e a s i n g  the  l i n e  
d i a m e t e r  a g g r a v a t e d  the tunne l  b lockage  p r o b l e m .  F o r  e x a m p l e ,  a s s u m -  
ing a r e a s o n a b l e  and l i k e l y  o r i f i c e  d i a m e t e r  of 0 . 0 2  cm,  an  a p p r o x i m a t e  
c o m p u t a t i o n  r e v e a l e d  a r e q u i r e d  e f f ec t i ve  pumping  s p e e d  of 850 l i t e r s / s e c  
to m a i n t a i n  a p robe  p r e s s u r e  of 10-6 t o r t .  F r o m  Eq.  (1), to p r o v i d e  a 
conduc tance  of 850 l i t e r s / s e c  in a pumping  l i n e  1 .5  m long  would r e q u i r e  
a l i n e  d i a m e t e r  of 22 cm,  f a r  beyond  r e a s o n .  

Af t e r  t h e s e  f u n d a m e n t a l  o b s e r v a t i o n s ,  a t t e n t i o n  sh i f t ed  to s e l e c t i n g  
a pumping  s y s t e m  tha t  could  be m o u n t e d  wi th in  the p robe  e n v e l o p e .  
S u c c e s s f u l  e x p e r i e n c e  wi th  l i qu id  h y d r o g e n  (LH 2) c r y o p u m p i n g  (Refs .  10 
and 11), and t h e  a v a i l a b i l i t y  of bulk and l o c a l  s t o r a g e  f a c i l i t i e s ,  t r a n s f e r  
e q u i p m e n t ,  and t r a i n e d  p e r s o n n e l  a l l  s u g g e s t e d  i t s  u se .  The  f ina l  d e c i s -  
ion to u se  L H  2 c r y o p u m p i n g  was  b a s e d  not on ly  on t h e s e  " c o n v e n i e n c e "  

6 
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f a c t o r s ,  but a l so  on e s t i m a t i o n s  of r e q u i r e d  c r y o s u r f a c e  a r e a  and a v a i l -  
ab le  p u m p i n g  t i m e ,  as  d i s c u s s e d  in Append ix  H. 

S ince  al l  o t h e r  c o n s i d e r a t i o n s  i n d i c a t e d  that  the  p r o b e  would  be 
c y l i n d r i c a l ,  an o p e n - e n d ,  annu la r ,  r i g h t - c y l i n d r i c a l  shape  was  c h o s e n  
fo r  the  c r y o p u m p .  The  p r o b e  o r i f i c e  d i a m e t e r  and the  c r y o p u m p  out-  
s i d e  and  i n s ide  d i a m e t e r s  and l e n g t h  w e r e  t a k e n  as v a r i a b l e s  of the  
fo l lowing  i t e r a t i o n :  an o r i f i c e  d i a m e t e r  was  chosen ,  t h e r e b y  f ix ing  the  
c r y o s u r f a c e  a r e a ,  wh ich  was t h e n  m a t c h e d  wi th  s o m e  c o m b i n a t i o n  of 
c r y o p u m p  d i m e n s i o n s .  If a s u i t a b l e  c o m b i n a t i o n  of d i m e n s i o n s  could  l 
not  be s e l e c t e d ,  a new o r i f i c e  d i a m e t e r  was  chosen .  

4.3 PROBE ORIFICE 

s e l e c t e d .  
f r o m  

The  func t ion  of the  o r i f i c e  was ,  of c o u r s e ,  to  l i m i t  the  m a s s  f low 
into t he  p r o b e  wi thout  d i s t u r b i n g  the  f r e e - s t r e a m  c o m p o s i t i o n .  As no t ed  
in Sec t ion  3 .2 ,  it was  n e c e s s a r y  to  m a i n t a i n  the  p r o b e  i n t e r n a l  p r e s s u r e  
at 10-6 to 10-4 t o r r  fo r  about 5 m i n .  As a f i r s t  a p p r o a c h  to s e l e c t i o n  of 
an o r i f i c e  d i a m e t e r ,  a va lue  n e a r  the  f r e e - s t r e a m  m e a n  f r e e  path  was  

The  m e a n  f r e e  path at the  d e s i g n  f low cond i t ion  was  c o m p u t e d  

2,= 5 2~-" P (3) 

t a k e n  f r o m  Ref. 12. The  va lue  ob ta ined  was  0 .036  cm.  Th i s  va lue  of 
o r i f i c e  d i a m e t e r  was  u s e d  to  b e g i n  the  i t e r a t i v e  p r o c e d u r e  d e f i n e d  in 
Sec t ion  4 . 2 .  The  f ina l  va lue  of 0. 0254 c m  was  c h o s e n  a f t e r  s e v e r a l  
i t e r a t i o n s  and c o n s u l t a t i o n  wi th  m a c h i n e  shop  p e r s o n n e l  c o n c e r n i n g  t h e i r  
f a b r i c a t i o n  f a c i l i t i e s .  

,1.4 FINAL CRYOPUMP CONFIGURATION 

A f t e r  a c c e p t i n g  a p r o b e  o r i f i c e  d i a m e t e r ,  the  p r o b e  c r y o p u m p  s i z e  
was  d e t e r m i n e d ,  as  d i s c u s s e d  in Append ix  II. The  n e c e s s a r y  s u r f a c e  
a r e a  was  a p p r o x i m a t e l y  140 cm 2. To a l low i n s e r t i o n  of the  q u a d r u p o l e  
i o n i z e r  in to  the  c ryopurnp ,  an i n s i d e  d i a m e t e r  of the  annu l a r  c y l i n d e r  
of 4 . 5  c m  was  r e q u i r e d ,  and to r e s t r i c t  the  p r o b e  d i a m e t e r  to about  7 cm,  
the  c y l i n d e r  ou t s ide  d i a m e t e r  was  l i m i t e d  to 6 cm.  A l e n g t h  of 10 c m  was  
t h e n  n e c e s s a r y  to  p r o v i d e  the  r e q u i s i t e  c r y o s u r f a c e  a r e a .  The  f inal  
c r y o p u m p  a r e a  e x p o s e d  to the  i n c o m i n g  f low was  a p p r o x i m a t e l y  140 cm2 ,  
as r e q u i r e d .  The  r e m a i n d e r  of the  c r y o s u r f a c e  (ou t s ide  d i a m e t e r )  was  
to  s e r v e  as a p u m p  fo r  m a i n t a i n i n g  a low b a c k g r o u n d  p r e s s u r e  in the  
p robe .  
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4.5 FINAL PROBE CONFIGURATION 

F i g u r e  4 is  a sec t ion  view of the t e s t  chambe r ,  showing the probe ,  
i ts  docked pos i t ion ,  and a typ ica l  t e s t  posi t ion.  F i g u r e  5 is  a s ec t i on  
view of the comple ted  probe.  

Connect ions  for  i on i ze r  vo l t ages ,  rod  vo l tages ,  and e l e c t r o n  m u l t i -  
p l i e r  high vol tage  and output c u r r e n t  were  e s t a b l i s h e d  between the quad-  
rupole  in the probe  and the cont ro l  console  outs ide the t e s t  c h a m b e r  by 
app rop r i a t e  e l e c t r i c a l  cables  and vacuum feed th roughs .  A m e t a l  tube 
was a t tached  to the r e a r  of the probe  for  p ro t ec t i ve  rou t ing  of some of 
the cab les  (see Sect ion 6.3) .  

A w a t e r - c o o l e d  s t r u t  p rovided  m e a n s  fo r  a t t ach ing  the probe  to the 
t r a v e r s i n g  m e c h a n i s m  and al lowed cool ing wate r ,  c ryof lu id  t r a n s f e r  
l i ne s ,  and roughing  vacuum l ine  connect ions  to be made  outs ide  the noz-  
zle  flow. D e m i n e r a l i z e d  cooling w a t e r  was suppl ied  by a 400 -ps i  sou rce .  

SECTION V 
PROBE CALIBRATIONS 

5.1 HEAT-TRANSFER CALIBRATION 

After  the probe body and suppor t  s t r u t  were  f ab r i ca t ed ,  they  were  
i n s t a l l ed  in the t e s t  f a c i l i t y  for  eva lua t ion  of f low blockage and the cool-  
ing wa te r  s y s t e m .  F o r  th i s  tes t ,  the quadrupole  head was not mounted  
within the probe.  T h e r m o c o u p l e s  were  a t tached  at points  on the probe  
c o r r e s p o n d i n g  to O - r i n g  loca t ions .  

F i g u r e  6 conta ins  the r e s u l t s  of the h e a t - t r a n s f e r  ca l ib ra t ion .  A 
flow with s t agna t ion  condi t ions  of Po -- 5 a tm and To = 3680°K was e s t ab -  
l i shed ,  into which the probe  was in jec ted  with the t r a v e r s i n g  m e c h a n i s m .  
The rmocoup le  r e a d i n g s  were  obtained for  about 5 rain,  a f t e r  which the 
probe was e x t r a c t e d  f r o m  the flow. The a r c  was ex t ingu i shed  and the 
probe al lowed to cool for  some 3 min .  The a r c  was r e ign i t ed ,  and flow 
with a s t agna t ion  p r e s s u r e  and t e m p e r a t u r e  of a p p r o x i m a t e l y  19 a tm and 
3 5 1 0 ~ ,  r e s p e c t i v e l y ,  was e s t ab l i shed .  The probe was r e i n j e c t e d ,  and 
again  t he rmocoup le  data  were  r e c o r d e d  fo r  n e a r l y  5 m i n  - th is  t i m e  unt i l  
the ho t tes t  t h e r m o c o u p l e  r e a c h e d  475~K, n e a r  the O - r i n g  d i s t o r t i o n  
t e m p e r a t u r e .  

Af ter  the t e s t ,  an inspec t ion  of the probe r e v e a l e d  no damage  or  
d i s to r t ion .  Hence,  it was concluded fo r  r e s e r v o i r  p r e s s u r e s  g r e a t e r  
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than  5 a tm,  and fo r  r e s e r v o i r  t e m p e r a t u r e s  l e s s  than  3700~K, that  f low 
b lockage  would not  o c c u r ,  and that  the coo l ing  w a t e r  s y s t e m  was  adequa t e  
fo r  the  d e s i g n  e x p o s u r e  p e r i o d  of a p p r o x i m a t e l y  5 min .  

5.2 INTERNAL PRESSURE CALIBRATION 

To m e a s u r e  the  pumping  capac i ty  of the  c r y o p u m p  and the  u l t i m a t e  
p r e s s u r e  a t t a inab l e  in the  p robe ,  the  p r o b e  was m o u n t e d  in a h igh  v a c u -  
um c h a m b e r  wi th  LH2 s e r v i c e  l i n e s .  The p robe  c r y o p u m p  was f i l l e d  
with LH2, and gas  f r o m  a supply  ou t s ide  the  c h a m b e r  was  a l lowed  to 
l e a k  in to  the p robe  o r i f i c e  f r o m  a s m a l l  p l e n u m  c h a m b e r  a t t a c h e d  to the  
con ica l  t ip  of the  p robe .  Mass  f lows into the  p robe  c o r r e s p o n d i n g  to t h o s e  
to be s a m p l e d  in the  18-in.  wind tunne l  w e r e  e s t a b l i s h e d ,  and i n t e r n a l  
p robe  p r e s s u r e  r e c o r d e d  for  f r o m  20 rain to 1 h r .  An i o n i z a t i o n  gage  u s e d  
to s e n s e  the  p r o b e  p r e s s u r e  was  a t t a ched  to the d o w n s t r e a m  end of the  
p robe  in p l ace  of the e l e c t r i c a l  f e e d t h r o u g h .  

B e f o r e  conduc t ing  the p robe  p r e s s u r e  h i s t o r y  t e s t s ,  an a t t e m p t  was  
m a d e  to iden t i fy  the  ba s i c  s p e c i e s  of the  l e a k  gas .  Two p u r p o s e s  w e r e  
in t ended :  (1) check ing  the  o p e r a t i o n  of the  i n s t r u m e n t  in the  p r o b e ,  and 
(2) i n v e s t i g a t i n g  the  func t ion  of the  i n t e r n a l ,  s e c o n d  o r i f i c e  m o u n t e d  up-  
s t r e a m  of the  i o n i z e r  (Fig.  5). With a 0. 0 2 5 4 - c m - d i a m  o r i f i c e  in p l ace ,  
no s p e c i e s  w e r e  d e t e c t e d  fo r  20 rain,  d e s p i t e  a s t e a d y  l e a k  into the  p r o b e  
f r o m  a supply  of a i r  at a p p r o x i m a t e l y  1 t o r t .  A h e l i u m  (He) l e a k  was  c o n -  
n e c t e d  to the  p l e n u m  so  tha t  o p e r a t i o n  of the  i n s t r u m e n t  could  be c o n f i r m e d .  
I m m e d i a t e l y ,  a peak  c o r r e s p o n d i n g  to m / e  = 4 was  o b s e r v e d ,  v e r i f y i n g  
p r o p e r  func t i on ing  of the quad rupo l e .  Then ,  a f t e r  about 30 rain,  p e a k s  at 
m / e  = 1, 2, 4, 20, 21, and 22 w e r e  o b s e r v e d ,  c o r r e s p o n d i n g  to H, H2, 
He, and the neon  f a m i l y  Ne20, l%'e 21, and Ne 22. The  s e c o n d  o r i f i c e  was  
r e p l a c e d  with one of 0. 2 5 4 - c m  d i a m e t e r ,  and the  l e a k  t e s t  r e p e a t e d .  
Spec i e s  w e r e  d e t e c t e d  i m m e d i a t e l y  at m / e  = 18, 28, and 32, c o r r e s p o n d i n g  
to w a t e r  (B20) ,  n i t r o g e n  (IN2), and oxygen  (02) .  The s e c o n d  o r i f i c e  was  
then  r e m o v e d ,  and a t h i r d  l e a k  t e s t  conduc ted ,  d u r i n g  which  the  p e a k s  18, 
28, and 32 w e r e  aga in  i m m e d i a t e l y  d e t e c t e d .  

The  q u a d r u p o l e  e l e c t r i c a l  f e e d t h r o u g h  at the  d o w n s t r e a m  end  of the  
p robe  was  r e p l a c e d  wi th  an i o n i z a t i o n  gage  tube ,  and the l e a k  t e s t  s e q u e n c e  
r e p e a t e d .  The  r e s u l t s  a r e  p r e s e n t e d  in F ig .  7. Al though  v a r i o u s  vacua  
w e r e  e s t a b l i s h e d  b e f o r e  in i t i a t i ng  the  l e a k ,  the  p r e s e n c e  of the  s e c o n d  
o r i f i c e  a p p a r e n t l y  m a d e  l i t t l e  d i f f e r e n c e  in the  s u b s e q u e n t  p r e s s u r e  
h i s t o r y  s e n s e d  by the  i o n i z a t i o n  gage  tube.  H o w e v e r ,  an u n e x p e c t e d  
s t eady  d e c r e a s e  in p r o b e  p r e s s u r e  wi th  l e a k  t i m e  was o b s e r v e d  - as if 
the  l e a k  had not ex i s t ed .  The e n t i r e  q u a d r u p o l e  head  was then  r e m o v e d ,  
l eav ing ,  t h e r e f o r e ,  no b l o c k a g e  b e t w e e n  the  ion iza t ion  gage  tube  and the  
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o r i f i c e ,  and the leak  t e s t  r e p e a t e d .  The p r e s s u r e  h i s t o r y  s e n s e d  by the  
ion iza t ion  gage  tube then  ind ica t ed  the  e x p e c t e d  i n c r e a s e  with l e a k  t i m e .  
Th i s  b e h a v i o r  was i n t e r p r e t e d  as a v e r i f i c a t i o n  that  the  m e a n  f r e e  pa th  of 
the  r a r e f i e d  e n v i r o n m e n t  e s t a b l i s h e d  by the  c r y o p u m p  u p s t r e a m  of the  qua-  
d r u p o l e  head  was g r e a t e r  than the  a n n u l a r  c l e a r a n c e  b e t w e e n  the  q u a d r u p o l e  
and the  c r y o p u m p ,  i. e . ,  a p p r o x i m a t e l y  0 .4  cm.  Hence ,  the  p r e s s u r e  
u p s t r e a m  of the  q u a d r u p o l e  head  m u s t  have  b e e n  no m o r e  than  a p p r o x i -  
m a t e l y  10 -3 t o r r ,  the p r e s s u r e  of the  t e s t  gas  at wh ich  A = 0 .4  cm.  
Al though th is  o b s e r v a t i o n  was  not de f i n i t i ve ,  it was in a g r e e m e n t  wi th  
the p r e s s u r e s  m e a s u r e d  and s t a t e d  in F ig .  7. 

The  r e s u l t s  of the  p r e s s u r e  c a l i b r a t i o n  w e r e  r e c o g n i z e d  to  be only  
a p p r o x i m a t e ,  at be s t ,  s i n c e  the  l e a k  gas  was  m e r e l y  a m b i e n t  a i r ,  not ,  
of c o u r s e ,  s i m u l a t i n g  t e m p e r a t u r e  or  v e l o c i t y  e f f ec t s  of the  ac tua l  
n o z z l e  f low to be s a m p l e d .  Two c o n c l u s i o n s  w e r e  m a d e ,  h o w e v e r :  
(1) the p r e s s u r e  at the  i o n i z e r  could not be  a c c u r a t e l y  p r e d i c t e d  e m p i r -  
i ca l ly ,  and (2) fo r  the  d e s i g n  t e s t  t i m e  of 5 m i n ,  s i g n i f i c a n t  r a r e f a c t i o n  
of the  s a m p l e d  f low would  be p r o v i d e d ,  p r o b a b l y  su f f i c i en t  to r e d u c e  
p a r t i c l e  c o l l i s i o n s  to a n e g l i g i b l e  n u m b e r  b e f o r e  e n t e r i n g  the  i o n i z e r .  

SECTION VI 
OPERATIONAL COMPLICATIONS 

6.1 CRYOFLUID LINE LEAKS 

During fabrication of the probe, tests for leaks under vacuum condi- 
tions were performed as components were completed. These leak checks 
typically involved attaching the completed component to a helium leak 
detector. Unfortunately, all such leak checks were performed at atmos- 
pheric temperature, not cryogenic temperatures. Therefore, components 
that would contain the LH 2 cryofluid were not leak checked at their intended 
use temperature. A partial test of these components containing cryofluid 
was conducted by placing them in a vacuum chamber and introducing liquid 
nitrogen (LN2). Then, with appropriate instruments, the chamber pres- 
sure was monitored for changes. For all components tested in this man- 
ner, the vacuum surrounding the component did not deteriorate, and when 
the LN 2 was forced out of the components with helium, the leak detector 
sampling the vacuum chamber did not indicate a leak. 

After completion, the probe was installed in the high vacuum cham- 
ber mentioned in Section 5.2 for a check of the LH2 system. When LH 2 
was introduced, a rapid deterioration of the probe vacuum occurred. 
Investigation indicated that welds which had apparently been vacuum tight 
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at both a t m o s p h e r i c  and LN2 t e m p e r a t u r e s  had fa i led  at LH2 t e m p e r a t u r e .  
When the probe was brought  to a t m o s p h e r i c  t e m p e r a t u r e  and p r e s s u r e ,  
however ,  these  "cold"  l e aks  could not be detected.  Only by fo rc ing  the 
LH2 f r o m  the probe  under  vacuum with he l ium would a cold l eak  be 
detected.  Although it was e s t a b l i s h e d  that  the l e a k s  ex i s t ed  at the top 
of the probe s t ru t  in the v ic in i ty  of the LH2 l ine  p e n e t r a t i o n s ,  they  could 
not be a c c u r a t e l y  loca ted ,  and a t t empts  to r ewe ld  suspec t ed  jo in t s  fa i led .  
A m a j o r  r e d e s i g n  and subsequent  r e f a b r i c a t i o n  of the probe s t r u t  was  
accompl i shed ,  in which welds of t h in -wa l l  tubing to much  t h i c k e r  p ieces  
were  e l imina ted .  The modi f ied  s t ru t  is  shown in Fig.  5. 

6.2 COOLING WATER LINE RUPTURE 

During pumpdown for  the f if th t e s t  a t t empt  in the 1B-in. wind tunnel ,  
a s i l v e r - s o l d e r e d  coupling in one of the cooling wa te r  l i nes  to the probe 
nose  fa i led ,  f i l l ing  the probe with d e m i n e r a l i z e d  wate r .  Inves t iga t ion  
r e v e a l e d  that  it was poss ib le  that  the f a i l u r e  had o c c u r r e d  n e a r  the end of 
the four th  t es t .  Tha t  t e s t  had been conducted without the a r c  h e a t e r ,  
hence no cool ing wa te r  flow had been r equ i r ed .  It was poss ib l e  that  the 
s t agnan t  wa te r  t r apped  in the nose cone and i t s  l i ne s  f r o m  prev ious  t e s t s  
had f r o z e n  dur ing  the t e s t  run,  applying e x t r e m e  p r e s s u r e  on the so lde r e d  
coupling joint ,  poss ib ly  c rack ing  it. Then,  when the wa t e r  flow was e s t a b -  
l i s h e d  for  the next  run,  complete  f a i l u r e  could have occu r r ed ,  caus ing  the 
probe to f i l l  with wa te r .  Another  poss ib le  explana t ion  was s imp le  fa t igue  
of the jo int  a t t r ibu tab le  to p r e s s u r e  cyc l ing  f r o m  0 tO 400 psig.  

The l eak  was c o r r e c t e d  by r e m o v i n g  the wa te r  l i ne s  and r e p l a c i n g  
them with new, one-p iece  l i ne s  having no so lde r ed  coupl ings.  The o r ig ina l  
conf igura t ion  is  shown in Fig.  5. 

F r e e z i n g  was s t i l l  a poss ib i l i t y ,  s ince  the wa t e r  l i n e s  c l e a r e d  the LH2 
c ryopump by l e s s  than 0 .5  cm; t h e r e f o r e ,  a p r o c e d u r e  was e s t a b l i s h e d  in 
which the l i ne s  would be empt ied ,  upon t e r m i n a t i o n  of the wa t e r  flow, by 
fo rc ing  a i r  th rough  them.  

6.3 HIGH VOLTAGE ARCING 

The e l e c t r o n  m u l t i p l i e r  (Figs .  1 and 5) r e q u i r e d  a 3000 vdc supply  
nega t ive  with r e s p e c t  to ground,  which was brought  f i r s t  f r o m  the cont ro l  
console  into the t e s t  chambe r  and then  into the probe by coaxia l  cab les  
us ing  h e r m e t i c  high vol tage  feed th roughs .  At both the t e s t  c h a m b e r  wall  
and the probe  f eed th rough  f lange,  a r c i n g  of the high vol tage  conductor  to 
ground wi thin  the connec to r s  o c c u r r e d  dur ing runs  in which the t e s t  
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c h a m b e r  s t a t i c  p r e s s u r e  was  about 5 x 10-2 t o r r .  A s e p a r a t e  t e s t  s e r i e s  
wi th  t h e s e  c o n n e c t o r s  i n d i c a t e d  that  fo r  the  l e a k a g e  path  to g r o u n d  which  
they  p r o v i d e d ,  3000 vdc  could be c a r r i e d  only at p r e s s u r e s  l e s s  t han  
4 . 5  x 10-2 t o r t  or  g r e a t e r  than  50 t o r r .  S ince  s t a t i c  p r e s s u r e s  in  the  
t unne l  w e r e  f r e q u e n t l y  in th i s  f o r b i d d e n  r a n g e ,  and s i n c e  it was  v i r t u a l l y  
i m p o s s i b l e  to change  c o n n e c t o r s ,  it was  n e c e s s a r y  to p r o v i d e  a m e a n s  
of chang ing  the  p r e s s u r e  at the  c o n n e c t o r s .  A f l e x i b l e  s t a i n l e s s  s t e e l  
b e l l o w s - t y p e  tube was t h e r e f o r e  i n s t a l l e d ,  c o n n e c t i n g  the  f e e d t h r o u g h  
f l ange  on the d o w n s t r e a m  end of the  p r o b e  with a po r t  at the  c h a m b e r  wall .  
The  h igh  vo l t age  cab l e s  t hen  p a s s e d ,  at a t m o s p h e r i c  p r e s s u r e ,  d i r e c t l y  
f r o m  the  con t ro l  c o n s o l e  to the  p robe  f e e d t h r o u g h ,  t h e r e b y  e l i m i n a t i n g  the 
a r c in g .  The  tube s e r v e d  as wel l  to p r o t e c t  the  cab le s  f r o m  o v e r h e a t i n g ,  
which  had a l so  b e e n  a p r o b l e m .  ( F i g u r e s  4 and 5 i nd i ca t e  the  tube loca t ion . )  

SECTION VII 
INITIAL SAMPLING EXPERIENCE 

7.1 TEST PROCEDURE 

B e t w e e n  t e s t  runs ,  the aft s e c t i o n  of the  s a m p l i n g  p robe ,  in  w h i c h  the  
q u a d r u p o l e  h e a d  was  m o u n t e d ,  was kep t  u n d e r  v a c u u m  by a t t a ch ing  it to 
a s t o r a g e  c h a m b e r ,  a s m a l l  s e p a r a t e  v a c u u m  s y s t e m  d e s i g n e d  fo r  the  
p u r p o s e .  P r e p a r a t i o n  fo r  a s a m p l i n g  t e s t  in the 18-in.  wind  tunne l  b e g a n  
by r e m o v i n g  the  aft s e c t i o n  of the  p robe  f r o m  the  s t o r a g e  c h a m b e r  and 
a t t ach ing  it to the  f o r w a r d  s e c t i o n  of the  p robe  in the  t e s t  c h a m b e r .  The  
cab l e s  w e r e  c o n n e c t e d  to t h e i r  f e e d t h r o u g h s  at the  p robe ,  the  cab le  tube 
was a t t ached ,  and the  t e s t  c h a m b e r  was  c lo sed .  

With the probe in its docked position, as in Fig. 4, a cap was moved 
into place to seal the probe orifice before sampling. This sealing cap 
was translated by the piston of a hydraulic system having an actuator that 
was mounted outside the test chamber. Thus sealed, the probe was 
evacuated to a rough vacuum of approximately 2 x 10 -2 torr by a mechanical 
vacuum pump also located outside the chamber and connected to the probe 
by a I. 2-cm-diam line. 

With both the  t e s t  c h a m b e r  and the  p r o b e  e v a c u a t e d  to r o u g h  vacua ,  
the  p robe  coo l ing  w a t e r  was  t u r n e d  on, and the  LH 2 c r y o p u m p  f i l l ed .  A 
f low of a i r  to the  a r c  h e a t e r  was  e s t a b l i s h e d ,  and the  a r c  ign i ted .  When  
the  d e s i r e d  s t a g n a t i o n  cond i t ions  had b e e n  s t a b i l i z e d  in the  a r c  c h a m b e r ,  
the  s e a l i n g  cap was r e t r a c t e d  and the  p r o b e  t r a v e r s e d  to the  s e l e c t e d  
s t a t ion  in the  f low. 
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Af te r  s a m p l i n g ,  the  p robe  was  m o v e d  back  to i t s  docked  p o s i t i o n  at  
the  top c e n t e r l i n e  of the  n o z z l e  ex i t ,  the  s e a l i n g  cap was  aga in  m o v e d  
into p l a c e ,  and the n o z z l e  f low t e r m i n a t e d .  When  the t e s t  c h a m b e r  was  
opened,  the  aft  s e c t i o n  of the  p robe  was  d e t a c h e d  f r o m  the f o r w a r d  ( c r y o -  
pump) s e c t i o n  and aga in  connec ted  to the  s e p a r a t e  s t o r a g e  c h a m b e r  f o r  
e v a c u a t i o n .  

7.2 INITIAL RESULTS 

F o r  the i n i t i a l  s a m p l i n g  s t u d i e s ,  a s t a g n a t i o n  cond i t ion  of 10 a rm 
and 3000°K w a s  chosen .  T h i s  condi t ion ,  a c c o r d i n g  to the  n o n e q u i l i b r i u m  
n o z z l e  f low e x p a n s i o n s  d e s c r i b e d  in Ref.  2, would  p r o v i d e  a t e s t  e n v i r o n -  
m e n t  at  the  n o z z l e  ex i t  tha t  c o n t a i n e d  n e g l i g i b l y  s m a l l  a b u n d a n c e s  of m o s t  
i on i z ed  and a t o m i c  s p e c i e s ,  y e t  wh ich  would be s u f f i c i e n t l y  h o s t i l e  to  
check  the p r o b e  coo l ing  and pumping  s y s t e m s .  A s e r i e s  of n ine  t e s t s  was  
conduc ted  at t h i s  s t a g n a t i o n  condi t ion .  

In the  f i r s t  t e s t ,  the  p robe  was  exposed  to the  f low fo r  about  4 . 5  ra in .  
F o u r  p h o t o g r a p h s  w e r e  m a d e  of the  s p e c t r o m e t e r  output  s~gnal  d i s -  
p l ayed  on an  o s c i l l o s c o p e .  F i g u r e  8a shows  the  abundance  (o rd ina te )  of 
the  d e t e c t a b l e  s p e c i e s  f o r  the  m a s s  r a n g e  m / e  = 1 to 48 ( a b s c i s s a )  a f t e r  
an  e x p o s u r e  of a p p r o x i m a t e l y  2 m i n .  (Spec ies  w e r e  d e t e c t a b l e  as  soon  
as  the  p robe  e n t e r e d  the b o u n d a r y  l a y e r  of the  n o z z l e  f low,  a l t hough  no 
p h o t o g r a p h s  w e r e  m a d e  un t i l  the  p robe  r e a c h e d  the n o z z l e  c e n t e r l i n e ,  
i. e . ,  about  45 s e c . )  The  p r o m i n e n t  i d e n t i f i a b l e  peaks  at m / e  = 28, 30, 
and 32 c o r r e s p o n d  to N2, NO ( n i t r i c  oxide) ,  and 02 ,  r e s p e c t i v e l y .  F o r  
t h e s e  t e s t s ,  the  e l e c t r o n  e n e r g y  was  s e t  at  S0 v, only o n e - t h i r d  of the  
m a x i m u m  e n e r g y  a v a i l a b l e  wi th  the  c o n t r o l  c i r c u i t  f u r n i s h e d  by the 
m a n u f a c t u r e r .  A s e p a r a t e  s e r i e s  of t e s t s  had  i n d i c a t e d  tha t  30 v would  
not c a u s e  d e t e c t a b l e  d i s s o c i a t i o n  wi th in  the  i o n i z e r  i t s e l f .  

The  m o s t  abundan t  of the  v a r i o u s  n i t r o g e n - o x y g e n  s p e c i e s  w a s  
a p p a r e n t l y  NO, a c o m p l e t e l y  u n e x p e c t e d  r e s u l t .  The  c o m p o s i t i o n  
i n f e r r e d  f r o m  Ref .  2 inc luded ,  fo r  the  t e s t  f low cond i t ion ,  an  02  abun-  
dance  of 0 .233  r e l a t i v e  to tha t  of N 2, and 0. 0591 fo r  the  r a t i o  N O : N ~  
but  f r o m  the t e s t  da ta ,  of wh ich  F ig .  8a was  r e p r e s e n t a t i v e ,  the  r a t i o s  
w e r e  O2:N2 = 0 . 2 6 ,  and NO:N2 = 6 .4 .  The  O2:N2 r a t i o  was  in r e a s o n a b l e  
a g r e e m e n t  wi th  t h e o r y ,  but  the  NO:N2 r a t i o  was  not .  Also ,  s i n c e  four  
s w e e p s  of the  m a s s  r a n g e  w e r e  m a d e  d u r i n g  the  e x p o s u r e  t i m e  of the  
p h o t o g r a p h ,  i t  was  a p p a r e n t  tha t  the peak  s h a p e s  f o r  N2 and 02  w e r e  
s m o o t h  and s t e a d y ,  but the  peak  of NO was  i r r e g u l a r  and u n s t e a d y .  

As the  p robe  was  w i t h d r a w n  f r o m  the  f low,  the  i r r e g u l a r i t i e s  in 
the  NO peak  v a n i s h e d ,  as  shown in F ig .  8b. The  p r e s e n c e  of a p r o m -  
inen t  peal~ at  m / e  = 18, c o r r e s p o n d i n g  to  w a t e r  v a p o r ,  p r e v e n t e d  the  
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a c q u i s i t i o n  of quan t i t a t i ve  data  f r o m  th i s  pho tog raph ,  s i n c e  such  was  
c o n s i d e r e d  e v i d e n c e  that  a d e g r a d a t i o n  in c a p t u r e  coe f f i c i en t ,  and h e n c e  
pumping  speed ,  of the p robe  c r y o p u m p  was o c c u r r i n g .  H o w e v e r ,  it was  
obvious  tha t  as the  bounda ry  l a y e r  was  t r a v e r s e d ,  the  peak  i n s t a b i l i t i e s  
g r a d u a l l y  d i m i n i s h e d  f r o m  l a r g e  v a l u e s  t h roughou t  the  c o r e  f low to z e r o  
at the  n o z z l e  wal l ,  w h e r e  al l  peaks  w e r e  s t a b l e  and m u c h  n e a r e r  t h e i r  
c o r r e c t  r a t i o s .  

A t e s t  was  then  c o n d u c t e d  d u r i n g  which  the  abundance  of the  NO 
peak a lone  as a func t ion  of t i m e  was d i s p l a y e d  on the  o s c i l l o s c o p e  
(Fig.  9). The  v e r y  i r r e g u l a r  abundance  r e c o r d e d  c o n f i r m e d  the  e x i s t -  
e n c e  of r a n d o m  and s h o r t  d u r a t i o n  (about 1 m s e c )  b u r s t s  of d e t e c t e d  
p a r t i c l e s  at m / e  = 30. S ince  t h e r e  was no e v i d e n c e  to suppo r t  an a r g u -  
m e n t  of a b n o r m a l  i n s t r u m e n t  func t ion ,  it was  thought  p r o b a b l e  that  f r e e -  
s t r e a m  ions  w e r e  the  cause  of the  i r r e g u l a r  peaks .  

To detect free-stream ions, it was necessary to eliminate the instru- 
ment ionizing function but retain the focusing and filtering action. To this 
end, the control circuitry was modified to provide for disabling the fila- 
ment and to allow operation of the Faraday cage at any potential up to a 
somewhat arbitrarily chosen 300 v with respect to ground. With no 
electron emission from the filament, i. e., with no ionization within the 
instrument, an output signal could be attributed to free-stream ions. 
Then, if the free-stream ion signal could be eliminated by increasing the 
cage potential, further substantiation of their existence would be made. 
In fact, a rudimentary estimate of their energy could be made, since 
only ions sufficiently energetic to overcome the repulsion of the cage 
potential could pass through the ionizer, thereby reaching the quadrupole 
section and finally the electron multiplier. 

IP, 

With the filament disabled and zero cage voltage, all peaks vanished 
except m/e = 30 and 40, corresponding to NO + and A + (argon), respectively 
(Fig. 10). As the cage voltage was increased, the height of both peaks 
decreased until they were no longer detectable. The A + peak vanished at 
approximately i0 v, but the NO+ peak persisted until 105 v. This behavior 
was interpreted as irrefutable evidence that NO + ions existed in the free 
stream, probably created by the arc process. It should be noted here that 
the overabundance of NO + relative to N2 indicated in Fig. 8a could not be 
accepted prima facie as evidence of a preponderant free-stream abundance 
of NO + . At l e a s t  two e q u i p m e n t  c h a r a c t e r i s t i c s  c o n t r i b u t e d  to the  d e t e c t e d  
NO + s igna l :  an u n n a t u r a l  a t t r a c t i o n  of c h a r g e d  p a r t i c l e s  to the  g r o u n d e d  
p r o b e ,  and the  fac t  that  m a n y  m o r e ,  if not al l ,  of the  f r e e - s t r e a m  ions  would  
be d e t e c t e d ,  w h e r e a s  n o r m a l l y  only a s m a l l  f r a c t i o n  of the  n e u t r a l  p a r t i c l e  
popu la t ion  is i o n i z e d  and d e t e c t e d .  Hence ,  with no c a l i b r a t i o n  of the  i n s t r u -  
m e n t  s e n s i t i v i t y  to ions ,  no c o m p a r a t i v e  a n a l y s i s  of the  i n d i c a t e d  f r e e -  
s t r e a m  NO + and N2 a b u n d a n c e s  could  be m a d e .  

14 
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At the  cage  vo l t age  fo r  wh ich  a l l  NO + had  b e e n  r e p e l l e d ,  the  s p e c t r u m ,  
wi th  f i l a m e n t  on, a p p e a r e d  as in F ig .  11. U n f o r t u n a t e l y ,  at the  t i m e  of 
the  e x p o s u r e  of F ig .  11, a l t e r a t i o n s  in the  c i r c u i t r y  had  not b e e n  m a d e  
to m a i n t a i n  an e l e c t r o n  e n e r g y  of 30 v. It was  l a t e r  d e t e r m i n e d  tha t  the  
e l e c t r o n  e n e r g y  was  e f f e c t i v e l y  135 v,  f a r  in e x c e s s  of the  bond d i s s o c i a :  
t ion  e n e r g i e s  of N 2 (9 .75  ev) and 02 (5 .1  ev) g iven  in Ref.  13. T h e r e -  
f o r e ,  d i s s o c i a t i o n  of N 2 and 02 wi th in  the  i o n i z e r  was  i n f e r r e d ,  a c c o u n t i n g  
f o r  the d e t e c t i o n  of N and O a t o m s  at m / e  = 14 and 16, and the  OH r a d i c a l  
at m / e  = 17. Also  d e t e c t e d  w a s  the  ub iqu i tous  H 2 0  at m / e  = 18, and A at 
m / e  = 40. I g n o r i n g  the  d i s s o c i a t e d  s p e c i e s  p r o d u c e d  in the  i o n i z e r ,  the  
c o m p a r i s o n  of f r a c t i o n a l  a b u n d a n c e s  wi th  t h o s e  d e r i v e d  f r o m  the  f i n i t e -  
r a t e  e x p a n s i o n  p r o g r a m  d e s c r i b e d  in Ref .  2 is as  fo l lows :  

O n - L i n e  S a m p l e  by 
Spec ie  F i n i t e  Ra te  C a l c u l a t i o n  M a s s  S p e c t r o m e t e r  

N N e g l i g i b l e  - - - 
O 0. 014 - - -  
N 2 0. 763 0. 793 
NO 0. 045 0. 041 
02  0. 178 0. 151 
A - - -  0 . 0 1 5  

A later test with the electron energy correctly adjusted to 30 v veri- 
fied that it was possible to repel the NO + ions without dissociating N2 and 
0 2. Figure 12 is a spectrum taken under these conditions. Although no 
dissociation was evident, no quantitative data could be gained from this 
test, since a deterioration in electron multiplier gain had occurred between 
tests. 

7.3 FURTHER INVESTIGATIONS 

The  r e s u l t s  d i s c u s s e d  in S e c t i o n  7 .2  w e r e  o b t a i n e d  f o r  one o r i f i c e  
d i a m e t e r ,  no s e c o n d  o r i f i c e ,  one ax ia l  l o c a t i o n  of the  q u a d r u p o l e  d e t e c t o r  
h e a d  wi th  r e s p e c t  to the o r i f i c e ,  one i n t e n d e d  v a l u e  of e l e c t r o n  e n e r g y ,  
one e m i s s i o n  c u r r e n t ,  and one s t a g n a t i o n  cond i t i on  in the  a r c  h e a t e r .  In 
add i t ion ,  only the  m a s s  r a n g e  m / e  = 1 to  50 has  b e e n  o b s e r v e d .  F u t u r e  
t e s t s  m u s t  be d e s i g n e d  to e v a l u a t e  the  e f f ec t s  of c h a n g e s  in t h e s e  p h y s i c a l  
and e l e c t r i c a l  d e g r e e s  of f r e e d o m .  

Before reliable quantitative interpretations of sampled spectra can 
be made, the effects of probe orifice diameter, quadrupole detector head 
location within the probe, and second orifice diameter must be investigated, 
especially with respect to their possible influence on the flow sample. With 
an apparently conservatively desigr:ed cryopump, it would be possible to 
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i n c r e a s e  the  s a m p l e d  m a s s  f low, s i n c e  p robe  hea t ing  i m p o s e s  a m u c h  
m o r e  s e v e r e  l i m i t a t i o n  on run  t i m e  than  does  c r y o p u m p i n g  t i m e .  With 
g r e a t e r  a b u n d a n c e s  s a m p l e d ,  b e t t e r  s i g n a l - t o - n o i s e  r a t i o s  can be 
ob ta ined ,  i m p r o v i n g  r e s o l u t i o n .  

D i s s o c i a t i o n  by the  i o n i z a t i o n  p r o c e s s  has  b e e n  avo ided  in the  
e l e c t r o n - i m p a c t  i o n i z e r  by s e l e c t i n g  an e l e c t r o n  e n e r g y  vo l t age  and a 
f i l a m e n t  e m i s s i o n  c u r r e n t  of only o n e - t h i r d  of t h e i r  ava i l ab l e  m a x i -  
m u m s  of 90 v and 1 ma ,  r e s p e c t i v e l y .  Many s m a l l - a b u n d a n c e  s p e c i e s  
a r e  d e t e c t a b l e  wi th  g r e a t e r  e l e c t r o n  e n e r g y ,  but wi th  the  c o n c o m i t a n t  
s a c r i f i c e  of i nduced  d i s s o c i a t i o n  of the  m o r e  abundant  s p e c i e s .  A 
t h o r o u g h  s p e c i e s  s e a r c h  shou ld  be m a d e ,  h o w e v e r ,  in t e s t s  c o n d u c t e d  
with v a r i o u s  e l e c t r o n  and ion e n e r g y  v a l u e s .  

The  f in i t e  r a t e  e x p a n s i o n s  d e s c r i b e d  in Ref .  2 p r e d i c t  the  a p p e a r a n c e  
of a s i g n i f i c an t  abundance  of a t o m i c  oxygen  at a s t a g n a t i o n  t e m p e r a t u r e  
of only 10 to 15 p e r c e n t  h i g h e r  t h a n  the  n o m i n a l  3000~K cond i t i on  s e l e c t e d  
fo r  the  t e s t s  d e s c r i b e d  h e r e i n .  A t t e m p t s  to d e t e c t  a l l  s u c h  f l o w - i n d u c e d  
a t o m i c  and i o n i z e d  s p e c i e s  shou ld  c e r t a i n l y  be m a d e .  

SECTION VIII 
SUMMARY 

A probe  fo r  the  s a m p l i n g  and i n s t a n t a n e o u s  m a s s  s p e c t r o m e t r i c  ana l -  
y s i s  of a r a r e f i e d ,  h igh  en tha lpy ,  h y p e r s o n i c  f low has  b e e n  d e s i g n e d ,  f ab -  
r i c a t e d ,  and o p e r a t e d .  It has  b e e n  shown p o s s i b l e ,  with an LH 2 c r y o -  
pump wi th in  the  p robe ,  both to e s t a b l i s h  the  h igh  v a c u u m  e n v i r o n m e n t  
wi th in  the  p r o b e  r e q u i r e d  fo r  p r o p e r  o p e r a t i o n  of a q u a d r u p o l e  m a s s  
s p e c t r o m e t e r ,  and to m a i n t a i n  the  r a r e f i e d  e n v i r o n m e n t  f o r  s a m p l i n g  
p e r i o d s  of at l e a s t  5 rain in an a r c - h e a t e d  a i r f l ow  of the  fo l lowing  cond i -  
t ions :  a s t a g n a t i o n  cond i t i on  of 3000OK and 10 a tm;  a n o z z l e  ex i t  s t a t i c  
t e m p e r a t u r e  and p r e s s u r e  of 80~K and 1.7 x 10 -2 t o r r ,  r e s p e c t i v e l y ;  a 
Mach n u m b e r  of a p p r o x i m a t e l y  14, wi th  Re ~- 4280 cm -1. 

In i t ia l  f low a n a l y s e s  c o r r e l a t e d  wel l  wi th  a n o n e q u i l i b r i u m  f low 
e x p a n s i o n  ca l cu l a t i on ,  e v e n  though  s e v e r a l  r e f i n e m e n t s  of both e m p i r i c a l  
and a n a l y t i c a l  m e t h o d s  w e r e  ye t  to be m a d e .  The p robe  a p p a r e n t l y  s u c -  
c e s s f u l l y  (1) a d m i t t e d ,  wi thout  a e r o d y n a m i c  c o m p r e s s i o n ,  a s a m p l e  of 
the  f low to i t s  i n t e r i o r ,  w h e r e  (2) a p r e s s u r e  of 10-6 to 10 -4 t o r t  was  
e s t a b l i s h e d  and m a i n t a i n e d  fo r  at l e a s t  5 m i n ,  and (3) p e r f o r m e d  wi thout  
s u s t a i n i n g  d i s t o r t i o n  or  d a m a g e  a t t r i b u t a b l e  to the  h o s t i l e  e n v i r o n m e n t .  
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To comple te  development  of the probe ,  the e f fec ts  of changes  in 
s e v e r a l  phys ica l  and e l e c t r i c a l  p a r a m e t e r s  a s s o c i a t e d  with both the 
probe i t se l f  and i ts  m a s s  s p e c t r o m e t e r  detect ing head m u s t  be d e t e r -  
mined  and evaluated .  Ex tens ion  of the t e s t  env i ronment  condit ions to 
h igher  s tagna t ion  enthalpies  mus t  a lso  be included in fu ture  t e s t  p r o -  
g r a m s ,  to m o r e  a c c u r a t e l y  de t e rmine  both the de tec tab i l i ty  l i m i t s  and 
r epea t ab i l i t y  of the m a s s  s p e c t r o m e t e r  output. 
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FLOW CONDITIONS: 

Po ='9.3 otto 
To = 3130 OK 

MASS SPECTROMETER SETTINGS: 
Ion Energy = + 15v 
Electron Energy= 3 0 v  Below Ion Energy 
Filament Emission Current-  2XlO-4omE)  

,i iii i~ 

~,~iiii'i'i~i~i~iiii~ii~ ~ ~ ~ ~ii~ ~ ' 

m/o, 28 o32 40 

dP 

a. Probe on Nozzle Centerline 

b. Probe in Nozzle Boundary layer 

Fig. 8 Initial Flow Spectra, m/e = 1 to 50 
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FLOW CONDITIONS" 

Po = 9.8 atm 
To = 3080  OK 

MASS SPECTROMETER SETTINGS;  

Ion Energy = + 15 v 

Electron Energy = 30 v Below Ion Energy 

Filament Emission Current = 2 x 10-4amp 

Fig. 9 Abundance of NO versus Time with Faraday Cage 
Potential = 15 v 
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FLOW CONDITIONS; 

Po = 9 .9  otto 

To • 3100 OK 

MASS SPECTROMETER SETTINGS; 

Ion Energy = 0 v 

Electron Energy • 50v  Below Ion Energy 
F i lament  Off  

m / e  = 3 0  4 0  

Fig. 10 Flow Spectrum with Faraday Cage Grounded, 
m/e = 10 to 50 
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FLOW CONDITIONS: 

Po -- 9.8 otto 
To -" 3 0 8 0  OK 

MASS SPECTROMETER SETTINGSZ 

Ion Energy s + 105v 

E f fec t i ve  E lec t ron Energy - -135  v Below Ion Energy 
- 4  

F i lament  Emission Current -  2 X l O  amp 

m/e = 14 16 18 28 30 32 40 

Fig. 11 Flow Spectrum with NO + Repelled, but with High 
Electron Energy, m/e -- 10 to 50 
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FLOW CONDITIONS: 

Po = I0.0 otto 

To = 2 9 2 0  °K 

MASS SPECTROMETER SETTINGS; 
Ion Energy = 75v 

Electron Energy = 50v Below Ion Energy 

Fi lament Emission Current = 2 x lO-4omp 

' " " "  - 30 

Fig. 12 Flow Spectrumwith NO + Repelled, and with Low 

Electron Energy, m/e = 10 to 50 
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APPENDIX II 

ESTIMATION OF REQUIRED CRYOSURFACE 
AREA AND AVAILABLE PUMPING TIME 

It was  r e c o g n i z e d  tha t  the  p robe  o r i f i c e  d i a m e t e r  would have  a s m a l l  
va lue ,  p robab ly  a p p r o a c h i n g  one m e a n  f r e e  path  of the  f r e e  s t r e a m .  How- 
e v e r ,  to e n s u r e  a c o n s e r v a t i v e  e s t i m a t e  of r e q u i r e d  c r y o s u r f a c e  a r e a ,  
con t inuum r e g i m e  f low was a s s u m e d .  T h e r e f o r e ,  the  v o l u m e  f low r a t e  to 
be c r y o p u m p e d  was c o m p u t e d  f r o m  

~o P s Ao VoQ Tsc p (II- 1) 
Vcp = ~ _ Pgcp TB Pgcp 

Values  of the  gas  p r o p e r t i e s  at the  c r y o p u m p  could  only be e s t i m a t e d ,  s i n c e  
the  ex ten t  of t h e r m a l  a c c o m m o d a t i o n  m a d e  by the  s a m p l e d  p a r t i c l e s  upon 
i m p a c t  wi th  i t e m s  i n s i d e  the  p robe  b e f o r e  con tac t ing  the  c r y o s u r f a c e  was 
unknown.  Us ing  the  d e s i g n  f low cond i t ion  m e n t i o n e d  in Sec t ion  3 .1 ,  and 
a s s u m i n g  v a l u e s  of gas  t e m p e r a t u r e  and p r e s s u r e  at the c r y o s u r f a c e  of 
340°K and 10-5 t o r r ,  Eq.  (II-1) y i e l d e d  

V cp --- (2.78 x 10')Ao cm---~ ~ (II-2) 
s e c  

Since it was  r e q u i r e d  that  the  e n v i r o n m e n t  wi th in  the  p robe  be s u b s t a n t i a l l y  
f r e e  of c o l l i s i o n s ,  the  f r e e - m o l e c u l a r  m a x i m u m  s p e c i f i c  pumping  s p e e d  of 
the  20~K c r y o s u r f a c e  was e s t i m a t e d  f r o m  

[' 'rgo 
Smax = ~J ~-~P (II-3) 

wh ich  is d e r i v e d  in Ref.  14. E q u a t i o n  (II-3) a s s u m e d  tha t  al l  m o l e c u l e s  
s t r i k i n g  the  s u r f a c e  would  be i m m e d i a t e l y  i m m o b i l i z e d  - p robab ly  not  at 
all  t r u e  in the  p r a c t i c a l  s i t ua t i on  u n d e r  c o n s i d e r a t i o n ,  h e n c e  a f r a c t i o n a l  
c a p t u r e  c o e f f i c i e n t  of 0 . 9  was  a s s u m e d .  The  va lue  0 . 9  was  t a k e n  s o m e -  
what  a r b i t r a r i l y ,  s i n c e  no da ta  fo r  ct~yopumping a i r  on 20°K s u r f a c e s  w e r e  
ava i l ab l e ,  ye t  it was  in a g r e e m e n t  both  wi th  p u b l i s h e d  r e s u l t s  f r o m  t e s t s  
u s ing  r o o m - t e m p e r a t u r e  N2, A, and CO2 (Ref. 15), and not ye t  p u b l i s h e d  
r e s t f l t s  of t e s t s  in the- s a m e  l a b o r a t o r y  e x t e n d i n g  the  gas  t e m p e r a t u r e s  to  
m o r e  than  2000°K. Then ,  Eq.  (II-3) b e c a m e  

~ '~Tgcp 
S e ~ f  = 0.9 2~ M (II-4) 

or,  fo r  a i r  at 340°K 

SeU -- 1.12 x 104 ~m' (II-5) 
s e c ° c m  2 
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The r e q u i r e d  c r y o s u r f a c e  a r e a  was  t h e n  de f ined  by the  q u o t i e n t  

Acp ~;cp (2.74 x I0') A o 
- = = 2.48 x i0' Ao cm 2 (TT-6) 

Seff ( 1 . 1 2  x 10 4 ) 

An e s t i m a t e  of the  p e r i o d  of t i m e  d u r i n g  which  the  c r y o p u m p  would  
func t ion  p r o p e r l y  was  m a d e ,  u s ing  the  m e t h o d  of Ref.  16. The  e x p r e s s i o n  
fo r  c r y o p u m p i n g  t i m e  was  d e r i v e d  f r o m  the  a s s u m p t i o n  tha t  an i n c r e a s i n g  
c r y o d e p o s i t  s u r f a c e  t e m p e r a t u r e  could  be t r e a t e d  as a o n e - d i m e n s i o n a l  
hea t  conduc t ion  p r o c e s s  wi th  a t i m e - d e p e n d e n t  b o u n d a r y  cond i t i on  at the  
c r y o d e p o s i t - g a s  i n t e r f a c e .  It was  a s s u m e d  that  the  c r y o s u r f a c e  t e m p e r a -  
t u r e  was  cons tan t ,  and that  the  i n t e r f a c e  t e m p e r a t u r e  was  the  s a t u r a t i o n  t e m -  
p e r a t u r e  of the  gas .  Usefu l  c ryopv.mping t i m e ,  then ,  was  

k Pc c(Tsst - Top )~ e x p  (-2 ~) 
tc = (II- 7) 

F~(8) " (flop)' 

where 

where 

and 

c (II-8) 
B = 52.5qs kpc 

k(Ts., - Top) ( T T - 9 )  
q s  = 

e Ye 

F(8) 2 f8 = -- exp (,:.~) d6 (II- 10) 
o 

cal  cal  
A s s i g n i n g  the  v a l u e s  c = 0 . 3 9  gm_OK, k = 4 x I0 -4 s e c _ c m  o K , 

g m  ca1 (all  f r o m  Ref.  6), and Tsa t  = 40°K, Pc = i. 0 cm-'-~' and ,~ = 60 g-~ 

Tcp = 20°K, and Yc = i cm, the values 6 - 0.26 and f(5) ~ 0.29 were 
computed. 

E s t i m a t i o n  of the  hea t  f lux p e r  uni t  a r e a  of the  c r y o s u r f a c e ,  ~tcp, p r o -  
c e e d e d  f r o m  the  a s s u m p t i o n  that  the  c r y o s u r f a c e  would  a b s o r b  both  the  
s t a g n a t i o n  en tha lpy  and the  l a t e n t  hea t  of s o l i d i f i c a t i o n  of the  m a s s  f low 
into the  p robe .  The  s t a g n a t i o n  en tha lpy  f o r  the  d e s i g n  cond i t i on  was  a p p r o x i -  
m a t e l y  1160 c a l / g m ,  and the  l a t e n t  hea t  of s o l i d i f i c a t i o n  was  t a k e n  as 60 ca l l  
gm.  The  m a s s  f low into the  p robe ,  aga in  f r o m  a c o n s e r v a t i v e  a s s u m p t i o n  of 
con t i nuum flow, was  a p p r o x i m a t e l y  1.9 x 10-5 g m / s e c .  T h e r e f o r e ,  
qcp = 1 .65 x 10-4 c a l / s e c - c m  2. 

t ~  t 
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Subs t i t u t i ng  into  Eq.  (7), t c - 8 x 106 s ec .  Without  r e l i a b l e  v a l u e s  of 
the  t h e r m a l  and p h y s i c a l  p r o p e r t i e s  of a i r  c r y o d e p o s i t s  (c, k, and p), i t  
was  i m p o s s i b l e  to judge  the c r e d i b i l i t y  of tcp.  Howeve r ,  s i n c e  the  c o m -  
puted  a v a i l a b l e  c r y o p u m p i n g  t i m e  was  fou r  o r d e r s  of m a g n i t u d e  g r e a t e r  
than  the  d e s i r e d  t e s t  t i m e ,  it  was  conc luded  tha t  f a i r l y  l a r g e  u n f a v o r a b l e  
e r r o r s  in  the  p a r a m e t e r s  a f f ec t ing  t cp  would s t i l l  not  show c r y o p u m p i n g  
t i m e  to be c r i t i c a l .  
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