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Resu l t s  a r e  shown of an expe r imen ta l  study with r e g a r d  to the equi l ibr ium or depar tu re  f r o m  
it  during the cooling of c ryogenic  liquids by vapor  evacuat ion or  by paddling with bubbles  of 
an uncondensable  gas .  

Vapor  evacuat ion or  paddling with bubbles  of an uncondeusable  gas  a r e  nowadays cons idered  ve ry  
effect ive means  of cooling a c ryogenic  liquid. During e i ther  of these t r e a tmen t s  the t e m p e r a t u r e  of the 
p r inc ipa l  liquid drops  as  a r e s u l t  of pa r t i a l  evapora t ion  while the vapor  is continuously r emoved .  

In the e x t r e m e  case ,  the pa r t i a l  p r e s s u r e  of the vapor  in a gas bubble during paddling or  the vapor  
p r e s s u r e  above the f ree  su r face  during evacuat ion r each  the sa tura t ion  level  cor responding  to the given 
t e m p e r a t u r e  of the liquid. Under  r ea l  conditions,  however ,  the cooling p r o c e s s e s  may  involve depa r tu r e s  
f r o m  equi l ibr ium in a c ryogenic  liquid. D i s r ega rd ing  such a depar tu re  during paddling or evacuat ion may  
r e su l t  in la rge  e r r o r s  in the design of indus t r ia l  t r e a t m e n t  fac i l i t i es .  

In this a r t i c l e  the authors  show the r e su l t s  of an expe r imen ta l  study concerning the depar tu re  f rom 
equi l ibr ium in the p r o c e s s e s  of cooling liquid ni t rogen by vapor  evacuat ion and by paddling with hel ium, 
mixed  h e l i u m - n i t r o g e n ,  o r  hydrogen bubbles .  The se lec t ion of ni t rogen as the cooled liquid was dictated 
by  the s impl ic i ty  of handling it and by the l a rge  number  of t e s t s  needed for  es tab l i sh ing  the p r o c e s s  t rends .  
The expe r imen t  was p e r f o r m e d  in a Dewar  g lass  j a r  with a 10 l i t e r s  capac i ty  and with t r a n s p a r e n t  windows 
for  visual  observa t ion  throughout the volume of cooled liquid. A model  VN-2 pump was used  for  evacua-  
tion. Paddling was effected under  adiabat ic  conditions,  without a mechan ica l  loss  of m a s s ,  for  which the 
j a r  had been spec ia l ly  designed.  The t e m p e r a t u r e  of the liquid along the j a r  height was m e a s u r e d  with 
s ix c o p p e r - c o n s t a n t a n  the rmocouples ,  while the p r e s s u r e  was m e a s u r e d  with a s tandard  v a c u m e t e r  and a 
s tandard  m a n o m e t e r .  Throughout  the expe r imen t  the t e m p e r a t u r e  of the liquid was va r i ed  f rom 63 to 
77~ while the height  of c l e a r  liquid in the j a r  (height of liquid above the nozzle,  during paddling) was 
va r i ed  f r o m  100 to 400 ram.  The pumping ra te  during evacuat ion was va r i ed  f rom 0.78 to 0.02 n . l i t e r / s e c ;  
the gas  flow ra te  during paddling was va r i ed  f r o m  0.1 to 1.0 n .  l i t e r / s e c .  The equi l ibr ium index with r e -  
ga rd  to the subcooling p r o c e s s  is defined he re  as the ra t io  

c = Pa/Ps, '  

of the actual  n i t rogen vapor  p r e s s u r e  Pa to its sa tu ra t ion  p r e s s u r e  Ps at  the t e m p e r a t u r e  of the liquid. The 
actual  ni t rogen vapor  p r e s s u r e  during evacuat ion was m e a s u r e d  with the v a c u m e t e r  and the m a n o m e t e r ,  
but  during paddling it  was de t e rmined  by i n t e r f e r o m e t r y  f rom the ni t rogen concent ra t ion  in the gas mix tu re  
at  the exit .  The t e m p e r a t u r e  drop a c r o s s  the liquid column during the cooling expe r imen t  did not exceed 
0.1-0.2~ which was within the e r r o r  of t e m p e r a t u r e  m e a s u r e m e n t s ,  and could thus be d i s r ega rded  for  all  
p r a c t i c a l  p u r p o s e s .  

It was  noteworthy that  on the overf low tube reaching  a l m o s t  to the bot tom of the j a r  there  appea red  
vapor  bubbles  during evacuat ion throughout the 63-77~ t e m p e r a t u r e  range in the liquid. The buoying 
bubbles  helped to s t i r  the liquid throughout i ts  volume.  

The equi l ibr ium index during both paddling and evacuat ion under  our  tes t  conditions was somewhat  
below unity,  independent of the pumping ra t e  or  the paddling r a t e ,  r e s p e c t i v e l y ,  and a function of the 
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Fig. 1 Fig. 2 

Fig. 1. Saturation level c = pa /Ps  as a function of the tempera ture  T (~ of liquid 
n i t rogendur ingpaddl ingwi th :  1) helium; 2) he l ium-n i t rogen  mixture;  3) hydrogen.  

Fig. 2. Equil ibrium index c = Pa/Ps as a function of the tempera ture  T (~ of liquid 
ni trogen during evacuation at: 1) Q = 0.75 n .  l i t e r / s e c ;  2) Q = 0.35 n .  l i t e r / s ec ;  3) 
Q = 0.02 n - l i t e r / s e c .  

temperature of the liquid only. The measured values of the saturation level varying with the temperature 
of the liquid during paddling and evacuation are shown in Figs. 1 and 2. An analysis of curves approximat- 
ing the test values indicate that the temperature characteristics of both processes are similar. 

The noted departure from equilibrium between liquid and vapor during subcooling has to do with the 
peculiarities of the heat transfer across the liquid-vapor interface. Thermodynamic equilibrium between 
liquid and vapor prevails only at their interface. With respect to the entire bulk of liquid, however, 
thermodynamic equilibrium can prevail only when the heat from the liquid is transmitted sufficiently fast 
to that interface with vapor. The departure from equilibrium observed in our experiment was due to the 
thermal resistance building up in the region adjacent to that interface. 
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