
COOLING OF CRYOGENIC FLUIDS BY EVACUATION 

OF THE VAPOR SPACE 

Ao B~ Grachev, B. So Voroshilov, 

and V. M~ Brodyanskii 

UDC 536o421~ o27 

Questions of cooling and f reezing cryogenic  fluids by evacuating the vapor  space are  examined. 
The resul ts  of a theoret ical  investigation are  compared  with experimental  data. 

The problem of cryostat ing objects at tempera ture  levels which cannot be achieved by using cryogenic  
fluids which boil at a tmospher ic  p r e s s u r e  often occurs  in low- tempera ture  investigations.  Product ion of such 
t empera tu re s  can be real ized most  simply by reducing the p r e s s u r e  over  the cryogenic  fluid [1, 2]. '  

Using such a method is associa ted with the discharge of a definite quantity of fluid which must  be evacua-  
ted in the form of vapor  in o rde r  to obtain a given tempera ture .  

An analytic solution of this problem in general ized form is given in [1] by using the Watson equation for  
p r o c e s s e s  of fluid cooling to the triple point. 

However, p rac t ica l  utilization of the dependences in [1] is constra ined because of the d iscrepancies  in 
the magnitudes of the heat of vapor  formation r obtained by means of the Watson equation and f rom experiment  
for real  gases  at low tempera tures .  

Moreover ,  f reezing p roces se s  of the cryogenic  fluid are  not examined in [1]. 

A mechanism and the kinetics of the p roces s  of cryogenic  fluid solidification are  given in [2] and the 
equation for the solidification p roces s  is derived,  but cooling the fluid to the triple point is not considered. 
Hence, the question a r i ses  of creat ing a refined single engineering method for computing the cooling and f r eez -  
ing p r o c e s s e s  for  cryogenic  fluids on the basis of the method in [1] by using temperature  dependences of the 
heat of evaporat ion (fusion) found exper imental ly  in [3]. 

The p roces s  of cryogenic  fluid cooling by evacuating the vapor space until a solid cryogenic  agent is 
obtained can provisional ly be separated into two stages shown on the T vs s d iagram (Fig. 1): 

1 -2 )  fluid cooling in the limit to the triple point (proceeds with the reduction of the p re s su re  f rom Pl = 

Pare to Ptp = P2); 

2 - 3 )  f reezing of the fluid for  Ptp = idem. Cooling of the solid along the line 3 - 4  will occur  under fur ther  
evacuation. 

Considering an adiabatically isolated sys tem,  we can write the differential equation of the p roces s  1 - 2  
of fluid cooling [1]o Equation (1) is also valid for  cooling of the solid cryogenic  agent in the p rocess  3 - 4 :  

Gc f l T - -  rdG = O. (~/~ 

Solving (1) for G (in the case of fluid cooling), we obtain 

T2 

G~ t cflT In ~ = 
G1 ,j 1" 

Tx 

O! ,2. 
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Fig. 1. Cryogenic fluid cooling and solidification p roces se s .  

Fig. 2. Diagram of the experimental  setup: 1) experimental  Dewar vesse l  with c r y -  
ogenic fluid; 2) shielding Dewar vesse l  with liquid nitrogen; 3) VN-4 vacuum pump; 
4) GSP-400 gas counter;  5) liquid manometer ;  6) thermometer ;  7) m e r c u r y  manometer ;  
8) thermocouple;  9) potent iometer ;  10) e lec t r ic  heater .  

For  the domain of cryogenic  fluid solidification (the p rocess  along the line 2 - 3 ) ,  we can wri te  the equa- 

(G 2 - -  G3) xrf = rtp G 3. (3) 

Solving (3) for  G 3 w.e obtain 

G3 G~xrf 
= (4) 

% + xrf 

Under real  conditions the p r o c e s s  of cryogenic  fluid solidification, exactly as its cooling, is nonadiabatic. 
Hence, a cor rec t ion  for  the heat influx must  be introduced~ The quantity of vapor  removed to cancel the heat 
influx can be determined f rom the rat io 

6h = Q__hb. 
r (5) 

Let us consider  the analytic solution of (2) for the most  widespread cryogenic  fluids such as nitrogen, 
oxygen, neon, and pa ra  hydrogen,  and let us compare  it to the experimental  resu l t s  obtained for some of them. 

The specific heats c s of ni t rogen,  oxygen, and neon can be taken as 2.02 kJ /kg �9 deg, 1.68 kJ/kg �9 deg, 1.82 
k J / k g ,  deg, respect ively ,  in the T0-Tt p tempera ture  range with an e r r o r  not exceeding 3% of the experimental  
values [5-7]0 

The tempera ture  dependence of the specific heat  c s of liquid pa ra  hydrogen,  as well as the heat of vapor 
formation r s of ni trogen and oxygen in the T0-Ttp range,  can be assumed l inear with an e r r o r  not exceeding 
5% of the experimental  values [4, 6, 7] and can be expressed ,  respect ively ,  by Eqs. (6), (7), and (8): 

C~ = 7.02 + 0.415(T-- 13.8) kl/kg.deg, (6) 

r = 2 9 2 -  1.19 T 1-J/kg, (7) 

r ---- 288-- 0,833 T kl/kg, (8) 
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To 3% accuracy ,  the values of r for  neon and para  hydrogen can be considered constant in the same temperature  
range and equal, respect ively ,  to 86 kJ/kg and 452 kJ/kg [7, 3]. 

Substituting the values of c s and r for each of the substances into (2), we obtain express ions  (8) for n i t ro-  
gen, (10) for oxygen, (11) for  neon, and (12) for pa ra  hydrogen, respect ively:  

G~ = 1.96 dT (9) 
In G--~ 292-- 1.t9T ' - 

T1 

in G---3-2 = 1,68 dT (10) 
Gx 288--0.833T ' 

T1 

G~ = 0,0211 (T,~ --- Tx), (11) In G--~- 

T2 

In G--~- 68 = 4521 ~ [ 7 , 0 2 '  0.415(T-- 13.8)dT. (12) 

T~ 

The setup shown in Fig. 2, was used for  an experimental  confirmation of these dependences during the 
cryogenic fluid cooling and freezing p roces se s .  

The cryogenic fluid being investigated was poured into the experimental  Dewar vessel  (1). To diminish 
the heat influx, the vesse l  (1) was shielded by liquid nitrogen which was poured into the guard vesse l  (2). Visual 
observations were conducted through a t ransparent  strip in each of the vesse ls .  Vapor of the cryogenic  fluid 
was evacuated by means of a VN-4 vacuum pump; the quantity of evacuated vapor was recorded  by a GSB-400 
counter. The vapor p r e s s u r e  above the fluid surface was measured  by using an absolute mercury  manometer  
with a 1 mm Hg e r r o r .  

The mean fluid tempera ture  in the experimental  vessel  was measured  by using a thermocouple of gold + 
0.02% i r o n -  copper.  

The percentage content of solid phase in the mixture was determined by means of the vapor  evacuated 
and was compared  selectively with the quantity found by the method of melting the "ice" formed during cooling. 
To this end, an e lectr ic  heater  10, whose power was determined f rom readings on an ammete r  A and vol tmeter  
V of 0.2 c lass ,  was placed on the bottom of the experimental  vessel .  

The quantity of solid phase in the mixture,  which was determined by the melting method, was computed 
according to the equation 

Gs 0 := (QH_-- Wf) Tf (13) 
rf 

The values of the percentage content of solid phase in the mixture ,  obtained by measur ing the quantity of evacu- 
ated vapor ,  differed f rom the quantities found by means of the melting methodby  3-15%. The mean value of the 
sol id  phase content in hydrogen and nitrogen hence var ied  within 10-70% limits.  

It is difficult to assure  and control the uniformity of the temperature  field over  the whole volume of c ryo-  
genic agent during melting of the "ice." Hence, the e r r o r  in determining the percentage content of solid phase 
by means of this method can be g rea te r  than the determination of this content by means of the quantity of evacu- 
ated vapor.  

We henceforth used the method of determining the solid phase content in a mixture by means of the 
quantity of evacuated vapor  as it was more  simple and reliable.  

Graphs of the dependences of the cryogenic  fluid temperature  T on the quantity G2/G1, computed by means 
of (9)-(12), are  presented in Fig. 3. 

Values of T = f(G2/Gt) obtained in our  experiments  for n i t rogenand  p a r a  hydrogen, respect ively ,  under 
nonadiabatie and adiabatic cooling conditions are  shown by points in the graphs.  In the general  case the magni-  
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Fig. 3. Dependence of the cryogenic  fluid t e m p e r a t u r e  on the quantity G2/GI: 1) 
oxygen; 2) nitrogen; 3) neon; 4) pa ra  hydrogen; 5) exper imenta l  points  for  ni t rogen 
and p a r a  hydrogen,  r e spec t ive ly  (nonadiabatic conditions); 6) exper imenta l  points 
fo r  n i t rogen and hydrogen,  r e spec t ive ly  (adiabatic conditions),  T,  ~ 

Fig.  4= Dependence of the pe rcen tage  content of s o l i d p h a s e  in a mix ture  on the 
quantity (G2~G3)/GI: 1) oxygen; 2) nitrogen; 3) neon; 4) p a r a  hydrogen; 5) expe r i -  
mental  points for  ni t rogen and p a r a  hydrogen,  respec t ive ly  (nonadiabatic conditons); 
6) points  r e f e r r i n g  to the ni t rogen and p a r a  hydrogen solidification p r o c e s s e s ,  reduced 
to  adiabat ic  condit ions,  x, %= 

rude of the heat  influx to the cryogenic  agent depends on the ve s se l  shape,  the quality of the insulat ion,  
etc .  

The quantit ies of n i t rogen and p a r a  hydrogen being evapora ted  because  of hea t  influx were  de te rmined  
special ly in the exper iment .  

By knowing the exper imenta l  va lues  of G 2 and Gh, the quantity of vapor  Gcool = G i (G2-CT) , which was 
evacuated jus t  in o r d e r  to cool the fluid remain ing  in the ves se l ,  can be de te rmined .  The re fo re ,  the r ea l  
cooling p r o c e s s  can be reduced  to adiabat ic  conditions for  compar i son  with the r e su l t s  obtained by means  of  
(9)- (12) by taking account of  the exper imen ta l  va lues  of G I, G 2 and  G h. 

The d i sc repanc ies  between the computed values  by means  of (9)-(12) and the exper imen ta l  va lues  reduced  
to adiabat ic  conditions do not exceed 5%. 

Graphs  of the dependence of the pe r cen t age  content of solid phase  x in the mix ture  on the quantity (G2-G3) / 
G I computed by means  of (9)-(12) and (4) a r e  shown in Fig. 4o 

Exper imenta l  va lues  of x = ~ [(G2-G3)]/GI, r e spec t ive ly ,  fo rn i t rogen  and pa ra  hydrogen under  nonadiabatic 
and adiabat ic  conditions a r e  shown by points in the graphs .  

The d i sc repanc ies  between the r e su l t s  computed by means  of (9)-(12) and (4) and the exper imenta l  va lues  
x = ~(G2-G3) reduced to adiabatic  conditions also do not exceed 5%~ 

The kinet ics  of the p r o c e s s  of solid phase  fo rmat ion  was also studied during the exper imen t s  and the 
opt imal  r a t e s  of  c ryogenic  fluid v a p o r  evacuat ion were  de te rmined .  

The expe r imen t s  qual i tat ively conf i rmed the dist inct  p ic ture  of the so l id -phase  fo rmat ion  p r o c e s s  for  
hydrogen and ni t rogen.  Thus,  if a finely d i spe r sed  mix ture  of liquid and solid phase  was obtained successful ly  
for  ni t rogen by using continuous vapor  evacuation,  then a s i m i l a r  mixture  could be obtained for  hydrogen just  
by using agitation or  pulsat ing evacuation.  

Under adiabatic conditions, the r a t e  of vapor  p r e s s u r e  reduct ion in the vesse l  is p ropor t iona l  to the 
weight evacuat ion ra te  f rom a unit evapora t ion  sur face .  Under r ea l  conditions this propor t ional i ty  is spoiled 
because  of the heat  influx to the cryogenic  fluid. Since the fluid t e m p e r a t u r e  depends only on the p r e s s u r e ,  it is 
expedient to check i ts  cooling in the genera l  case  by means  of the ra te  of  p r e s s u r e  reduction r a t h e r  than by 
means  of the weight evacuat ion ra t e  [2, 8], de te rmined  by the quantity of  vapo r  evacuated f r o m  1 m 2 of the 
evaporat ion sur face  p e r  second. 
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The quantity of vapor  evacuated f rom 1 m 2 in 1 sec depends on the magnitude of the heat  influx to the c ryo -  
genic agent under rea l  conditions.  The higher  the heat  influx, the g r e a t e r  the opt imal  evacuat ion r a t e .  

Hence,  the op t imal  evacuat ion r a t e s  r ecommended  in [2, 8] a re  not suitable fo r  v e s s e l s  having o the r  hea t  
influxes.  

The ra te  of p r e s s u r e  reduct ion uniquely d e t e r m i n e s  the behavior  of the p roces s ;  by maintaining its opt i -  
ma l  value we a s s u r e  the mos t  favorab le  cooling mode.  The quantity of vapor  evacuated f rom unit sur face  dur-  
ing the same  t ime will hence na tura l ly  be dist inct  fo r  different  vesse l s~  

E~per iments  on the cooling of a c ryogenic  fluid in v e s s e l s  of dist inct  vo lume and shape pe rmi t t ed  the e s -  
tab l i shment  of opt imal  p r e s s u r e  reduct ion r a t e s  fo r  the cooling of p a r a  hydrogen and ni trogen.  They are  0.3- 
1 m m  Hg/ sec .  for  p a r a  hydrogen and 0.2-0.5 m m  H g / s e c .  fo r  n i t rogen.  

NOTATION 

G, G1, G2, running value of the c ryogenic  fluid weight, its init ial  and final weights ,  respect ive ly ;  G3, weight 
of vapo r  removed  f r o m  the s y s t e m  in obtaining x solid phase  a t  the t r ip le  point t empera tu re ;  Poc, Ptp,  p r e s s u r e  
of the ambient  medium and at the tr iple point,  respec t ive ly ;  Cs, speci f ic  heat  of the fluid; r ,  rtp , rf,  running 
value of the heat  of vapo r  fo rmat ion  in the range between the no rma l  boiling point and the tr iple point,  heat  of 
vapor  fo rmat ion  a t  the t r iple  point,  heat  of  fusion, respec t ive ly ;  quantity of heat  influx; T, running value of the 
t empera tu re ;  dT,  change in fluid t e m p e r a t u r e  during evaporat ion of dG vapor;  WH, e l e c t r i c - h e a t e r  power;  ~-f 
mel t ing t ime.  
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