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An experimental  study has been made concerning the mechanism by which liquid nitrogen 
f reezes  during evacuation. The density of f rozen gases  produced by the evacuation method 
is est imated.  

Frozen  gases  are  now used more  and more  for widening the tempera ture  range of low- tempera ture  
r e s e a r c h  [1-3]. The s implest  method of producing them is bypumpinga  cryogenic liquiddown to a p r e s s u r e  
below its t r iple-point  level. This method was used on a labora tory  scale already in the last  century [4]. 
Nevertheless  the mechanism by which liquefied gases  f reeze during such an evacuation has remained al-  
most  completely unexplored. A few studies were concerned with the freezing of water  under vacuum [5, 6]. 
The freezing charac te r i s t i c s  of cryogenic  liquids, however,  may entail some specific features ar is ing 
f rom the significant difference between their physical  p roper t i es  and those of water (different trends in the 
change of specific volume during phase t ransformat ion,  ve ry  different heats of sublimation and tr iple-point  
p r e s s u r e s ,  etc.). 

The object of this experimental  study was to examine the freezing of liquid nitrogen during evacua-  
tion. Some of the t e s t s  were pe r fo rmed  also with liquid hydrogen. 

The test  apparatus is shown schemat ical ly  in Fig. 1. The f reezing gases were  collected in a Dewar 
glass  flask 1 with a 3 l i ter  capacity, inside a protect ive vesse l  2 with liquid nitrogen. Vert ical  slots had 
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Schematic diagram of the test ap- 
para tus .  

been provided in the vesse ls  for visual inspection. A 
ver t ica l  graduation scale on vesse ls  1 indicated the 
upper level of the liquid or  the solid phase. 

Vessel  1 was evacuated by means of a vacuum 
pump 11 with a 6 l i t e r / s ec  capacity. The evacuation 
rate  was regulated and maintained by means of valves 
7-9 and a membrane- type  manostat  10. The flow rate 
of vapors  pumped out of vesse l  1 was measured  with a 
drum-type  gas me te r  12. 

The p r e s s u r e  in the vesse l  was measured  with a 
spring vacuum manometer  ca the tometer  4 and a U-shaped 
m e r c u r y  manomete r  3 f rom which readings were taken 
with the aid of a eathetometer .  

Liquid nitrogen was supplied through a thermal ly  
insulated t rans fe r  tubing 5 with a regulating valve 6. 

Two hea ters  were installed inside vesse l  1 oppo- 
site the sighting slot. One of the heaters  (13) was 
placed in the lower par t  and the other heater  (14) 150 
mm high. Fu r the rmore ,  differential copper -cons tan tan  
thermocouples  T1-T 5 were mounted on tension-wire s t raps  
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in vessel 1 at 7, 83, 143, 205, and 216 ram, respectively, above the lower heater. In order to improve 

the accuracy of measurements, one wire of each thermocouple ran horizontally for 10-15 mm from the 

wall and all the way to the exit from the vessel all leads were pasted onto a copper plate inside the solid 

ni t rogen.  

The tes t  p r o c e d u r e  was as follows.  Liquid ni t rogen at the t e m p e r a t u r e  of 77~ was poured  through 
the t r a n s f e r  tubing 5 into v e s s e l  1 up to a 225-230 mm level .  The t e m p e r a t u r e  was then lowered  to the 
t r i p l e - p o i n t  leve l  (~63~ by evacuation.  Evacuat ion of v e s s e l  1 was effected through the manos ta t  tubing 
10. A constant  vapor  p r e s s u r e  was e s t ab l i shed  in v e s s e l  1, c lose  to the t r i p l e - p o i n t  leve l  (~94 mm Hg). 
The t h e r m a l  power  suppl ied to v e s s e l  1, about 1.0-1.5 W, was de t e rmined  f rom the flow ra t e  of evacuated  
vapor .  When manos ta t  9 was turned off, evacuat ion eontinued through the bypass  tubing. The upper  level  
of the l iquid was r ead  on the sca le .  With the ini t ia l  pos i t ion  of valve 7 fixed, the p r e s s u r e  in v e s s e l  1 
dropped  below the t r i p l e -po in t  level .  During the f r eez ing  of l iquid ni t rogen,  we m e a s u r e d  p e r i o d i e a l l y  the 
t e m p e r a t u r e  at  the T1-T 5 points  (with a :~0.03~ p rec i s ion ) ,  the p r e s s u r e  in v e s s e l  1 (with a :L0.05 mm Hg 
p rec i s i on ) ,  the volume of evacuated  vapor ,  and the pos i t ion  of the c r y s t a l l i z a t i o n  front.  Evaeuat ion was 
discont inued a f te r  complet ion  of the f r eez ing  p r o c e s s .  A s m a l l  por t ion  of hot gaseous  ni t rogen was poured  
into v e s s e l  1 for  mel t ing  and level ing the upper  su r face  of the sol id  phase .  The height of this upper  s u r -  
face was then r ead  on the sca le .  By means  of the he a t e r ,  the sol id  n i t rogen was w a r m e d  up to the t r i p l e -  
point  t e m p e r a t u r e  and mel ted .  Af te r  that,  the leve l  of the r e su l t i ng  l iquid at t r i p l e - p o i n t  t e m p e r a t u r e  was 
a lso  de te rmined .  

In some t e s t s  the l a y e r  of sol id  n i t rogen forming  over  the sighting slot  was quickly r e m ove d  with the 
aid of the hea te r .  In this way, it was pos s ib l e  to examine the inner  s t r u c t u r e  of the sol id  phase .  

Kine t ics  of the P r o c e s s  and Resu l t s  of the Exper iment .  The f reez ing  of gases  during evacuat ion of 
the l iquid p r o c e e d s  in th ree  s tages :  1) cooling of the c ryogenic  l iquid down to i ts  t r i p l e - p o i n t  t e m p e r a t u r e ,  
2) f r eez ing  the l iquid phase  at i ts  t r i p l e - p o i n t  t e m p e r a t u r e ,  and 3) cooling the f rozen p a r t  below the t r i p l e -  
point  t e m p e r a t u r e .  

As pa r t  of the l iquid bo i l s ,  the r ema in ing  m a s s  is  made to cool down to i ts  t r i p l e - p o i n t  t e m p e r a t u r e .  
When this t e m p e r a t u r e  is  r eached ,  there  appe a r s  a sol id  f i lm on the l iquid sur face .  This  f i lm of sol id  
n i t rogen cons i s t s  of c r y s t a l s  with a d i s t inc t  m a c r o s c o p i c  hexagonal  s y m m e t r y  and 10 mm long edges .  It 
is  to be noted that, unlike in the ease  of f r eez ing  wa te r  [5, 6], no subcooling of the l iquid below i ts  t r i p l e -  
point  t e m p e r a t u r e  takes p laee  he re  be fore  f reez ing .  

The th ickness  of the sol id  phase  i n c r e a s e s  fu r the r  by way of dendr i te  format ion ,  mainly  along the 
junction of the o r ig ina l  c r y s t a l s .  The growth of the i n t e r c r y s t a l l i n e  boundar i e s  inhibi ts  evapora t ion  f rom 
the l iquid su r face  and, consequently,  the p r e s s u r e  above the sol id  l a y e r  d rops .  Inc reas ing  p r e s s u r e  on 
the sol id  l a y e r  f rom below de fo rms  it and b r e a k s  it away f rom the l iquid sur face ,  but the l a t t e r  is then 
i m m e d i a t e l y  covered  with a new sol id  l aye r .  This  p r o c e s s  may r epea t  many t imes .  It is  s t imula ted  by a 
high evacuat ion r a t e  in v e s s e l  1 or  by app rec i ab l e  vapor  fo rmat ion  as  a r e su l t  of heat  appl ied  to the l iquid. 
The fo rmat ion  of s e v e r a l  sol id  l a y e r s  r educes  the evaeuat ion ra te  f rom the l iquid su r face  and impedes  
the i r  fu r the r  b reakaway .  No repe t i t ive  b r e a k a w a y  will  be obse rved ,  if the evacuat ion r a t e  is  made tow at 
the beginning of the f r eez ing  p r o e e s s .  

Af te r  l a y e r s  have ceased  to b r e a k  away, the sol id  phase  bui lds  up f rom below. Adhesion of this  
l a y e r  to the v e s s e l  wal l s  will  then impede any movement  of f rozen  gas.  The upper  leve l  of the sol id  phase  
does  evident ly  drop,  as  a r e su l t  of sub l imat ion  dur ing the f r eez ing  per iod .  

As the th ickness  of f rozen  gas bui lds  up, the c r y s t a l l i z a t i o n  front  c e a s e s  to be f lat  and becomes  
be l t  shaped.  The f a s t e r  p r o g r e s s i o n  of the f r o n t  at the v e s s e l  wal l s  is ,  apparen t ly ,  r e l a t e d  to the p r e s -  
ence of c r y s t a l l i z a t i o n  nuclei .  Evacuat ion through the s lot  in the v e s s e l  wall  may a lso  have an effect.  
Owing to the shape of the c r y s t a l l i z a t i o n  front,  the phase  t r a n s f o r m a t i o n  at the wall  occu r s  at  a constant  
supply of l iquid. F o r  this  r eason ,  no p o r e s  a r e  seen he re .  

The gas which f r e e z e s  at  the cen te r  of the v e s s e l  has  a f r i ab le  s t r u c t u r e  containing many m a c r o -  
p o r e s .  Under  the a rched  c r y s t a l l i z a t i o n  front  there  appear  vapor  bubbles  - such bubbles  do not appea r  
during the c r y s t a l l i z a t i o n  of wate r  [6]. The bounda r i e s  between bubbles  and the l iquid become covered  
with a sol id  f i lm.  Af te r  some t ime,  the vapor  e scapes  upward while p r e s s i n g  the f i lms  aga ins t  the sol id  
l a y e r .  At the c r y s t a l l i z a t i o n  front  there  fo rm new vapor  bubbles ,  etc.  As a r e su l t  of this  p r o c e s s ,  the 
sol id  m a s s  b e c o m e s  a porous  body p e r f o r a t e d  by a network of v e r t i c a l  c a p i l l a r i e s .  
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Fig. 2. Vapor p r e s s u r e  (solid curve) and evacuation rate (dashed curve) as functions of time 
during the freezing p roce s s  (p, mm Hg; V0, n l i te r /min;  t, min). Initial evacuation rate:  1) 
8.5 n l i te r /min;  2) 6.5 n l i ter /min;  3) 2.5 n l i te r /min .  

Fig. 3. Tempera tu re  (~ as a function of time for a ser ies  of points in the solid phase. The 
dashed line cor responds  to the sa tura ted-vapor  p r e s s u r e  above the frozen gas. 

During freezing,  as can be seen in Fig. 2, the rate  V 0 at which vapor is evacuated from vessel  1 
var ies  insignificantly (except during the initial period).  With time, the reduction of p r e s s u r e  above the 
solid phase becomes  insignificant too. 

It is to be noted that at evacuation ra tes  V 0 in the 100-500 n l i te r /h  range,  as in our tests ,  the rate 
at which the f rozen gas layer  builds up increases  approximately as a l inear function of time. It is diffi- 
cult to locate the crysta l l izat ion front accurate ly ,  however,  because of its complex shape. 

The graphs in Fig. 3 represen t  the tempera ture  of solid nitrogen at points T1-T4, as a function of 
t ime. It is evident here  that a passage  of the crysta l l iza t ion front is associa ted  with a sharp tempera ture  
jump, i .e . ,  immediately af ter  f reezing there occurs  a cooling of the jus t - fo rmed  solid phase down to the 
tempera ture  of the f rozen gas layer  above. La te r  on the tempera ture  of the solid phase drops slowly. 

The tempera ture  of the upper layer  approaches the tempera ture  which corresponds  to the sa turated-  
vapor p r e s s u r e  in vesse l  1. F i r s t  the tempera ture  drop ac ros s  the thickness of the frozen gas increases  
fur ther  only slightly. The main tempera ture  drop is noted within the zone near the crysta l l iza t ion front. 
La t e r  on, even though the total t empera ture  drop increases  with time, the tempera ture  drop near  the 
crysta l l izat ion front dec reases  gradually.  

As the crysta l l iza t ion p roces s  ends, the evacuation rate drops sharply (Fig. 2), with the p re s su re  
and the tempera ture  also beginning to decrease  fast (Figs. 2 and 3). 

The density of solid nitrogen in these tests  was within 75-80% of the c rys ta l  density (at the t r ip le-  
point temperature)  given in [7]. 

Mechanism of Crystal l izat ion.  The f reezing rate  of liquefied gas is determined by the feasibility of 
car ry ing  the heat of phase t ransformat ion  away f rom the crysta l l izat ion front. This can be effected in two 
ways: by heat conduction along the solid phase subcooled below the t r iple-point  tempera ture  or by evapora-  
tion of the liquid at the interphase boundary and escape of the vapor through capi l lar ies  in the solid phase. 

As can be seen in Fig. 3, the tempera ture  drop ac ros s  the thickness of the solid phase may, to the 
f i r s t  approximation, be assumed constant and equal to AT = T3p-T 1. As the crys ta l l iza t ion front deepens, 
therefore ,  the amount of  heat ca r r i ed  away by conduction along the solid phase must  decrease  continually. 
As a result ,  the rate  at which the crysta l l iza t ion front p r o g r e s s e s  must  decrease  considerably with t i m e .  

This rate can possibly be constant,  provided that the conductive heat t ransfer  is effeeted through a 
nar row zone along the sol id- l iquid interface.  F r o m  the condition of heat balance we obtain for the thick- 
ness of the interphase zone during crysta l l izat ion:  
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TABLE i. Relative Density, at the Triple Point, of Gases Frozen 
by the Evacuation Method and Fractions of the Liquid Evaporated in 

the Process 

S u b -  N, p-H z NH3 Ne CO Ar CH4 Oz 
s t a n c ~  

x [ 0,11 
p- 0,81 

0,12 
0,79 

0,19 
0,75 

0, t6 
0,73 

0,11 0,16 0,1 
0,81 0,73 0,75 

0,054 
0,90 

• 
hi < dh 

PL dt 

Insert ing the experimental ly determined values for the tempera ture  drop AT and for the velocity of 
the crys ta l l iza t ion front dh/dt,  we find that the thickness of the interphase zone does not exceed 0.3 ram. 

The interphase zone moves deeper  into the liquid and leaves above it a layer  of frozen gas at a be-  
low the t r iple-point  tempera ture ;  this layer  being cooled by the sublimation of some of its part .  Fo r  this 
reason,  there are  many capi l lar ies  formed within the solid phase in the direction of the evacuation and 
this ensures  excellent gas permeabi l i ty  of such a s t ruc ture .  The interphase zone is evidently also not en- 
t i rely impermeable ,  because vapor bubbles forming at its surface can periodical ly  escape through it. 

In this way, heat during crysta l l iza t ion is picked off mainly by the generation and escape of vapor 
di rect ly  at the crysta l l iza t ion front. Let  us determine the bulk rate  of the freezing p rocess  on the basis 
of such a model. In the analysis  we will assume the volume of the final solid phase to be equal to the initial 
volume of the liquid phase at the t r iple-point  temperature ,  inasmuch as the upper surface of the solid 
phase remains  in a fixed position during freezing.  We will also d i s regard  the heat capacity of the frozen 
gas, considering that the lat ter  is subcooled negligibly only (this is valid at low evacuation rates) .  

The mass  of vapor PvV0dt evacuated during time dt is equal to the decrease  in mass  of that liquid 
volume XPLdV which has c rys ta l l ized  during this time: 

PvVodt = XPL dV. (1) 

After  integration over  the entire volume of the solid phase,  we have 
t 

1 ~ f Vo(t) dt. v = - -  �9 (2) 
x PL - ) 

0 

t 

The value of the integral  ~ V0(t)dt gives the volume of vapor  evacuated during the freezing p rocess ,  
0 

which is measured  direct ly  with the gas meter .  At a constant evacuation rate,  we obtain for a cyl indrical  
vesse l  

h =  l . . r o t  (3) 
x P L  F 

In the derivation of formulas  (2) and (3), the fract ion of vapor  formed during the freezing p rocess  
has been considered constant with time. This assumption is valid also when the subeooling is only slight, 
and it has been made ea r l i e r .  

The value of x can be easi ly found by equating the quantity of heat which the vapor ca r r i e s  off during 
evacuation to the heat of solidification plus the heat supplied to the vessel :  

xmor = (1--x) mo~, --I Q. 

F r o m  this we have 

z+• 
m 0 x =  ~ + ~  (4) 
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F r o m  relat ions (3) and (4) we obtain for the position of the crys ta l l iza t ion front at a given instant of 
time the following expression:  

h = ~ § �9 ?__v. Vo t. (5) 
~+_0 PL F 

t/~ 0 

The tests  have shown that relat ion (5) is in accord  with reali ty.  The insignificant dec reases  in the 
f reezing rate as well as in the evacuation rate (Fig. 2) a re  evidence of porosi ty  and gas permeabil i ty  of the 
building up solid layer.  The hydraul ic  res i s tance  of this layer  is much lower than that of the sol id- l iquid 
interface.  The freezing rate remains  constant,  therefore ,  even though the crysta l l iza t ion zone becomes  
deeper.  

F rom the equality of the frozen gas volume and the initial liquid volume we can easily find also the 
mean-ove r - the -vo lume  density of the solid phase: 

P0 = ( l --x)  PL' (6) 

Relative to the er3~stal density, the density of f rozen gas is 

O 

~ = P L .  mo (7) 
Ps r-F 

For  ni trogen not supplied with heat we have p = 0.81, which agrees c losely  with the test data. 

The values of re la t ive  density for var ious frozen gases are  given in Table 1, along with the fraction 
of initial liquid mass  evaporated during the f reezing p rocess .  These values have been calculated from 
relat ions (4) and (7) for the condition Q = 0. 

It follows f rom Table 1 that 10-20% of the initial liquid mass  evaporates  during freezing at the 
t r iple-point  t empera ture ,  while the density of gases  f rozen by the evacuation method does not exceed 73- 
80?o of the c rys ta l  density. 

T 

T3p 
hi, AT i 

PL 
k 

h 
t 
dh/dt  

PV 
V0 
X 

m 
V 

tf 
r 
m0 
PS 
P0 

= P0/PS 
P 
F 
Q 

NOTATION 

is the temperature coordinate; 
is the triple-point temperature; 
are the thickness of and temperature drop across the dense layer of the solid phase at the 
boundary with the liquid phase; 
is the thermal conductivity of frozen gas; 
is the density of liquid at the triple point; 
is the heat of solidification; 
is the depth of the solid phase; 
is the time; 
is the veloeity of the crystallization front; 
is the density of vapor (gas) under normal conditions; 
is the evacuation rate, measured for vapor under normal conditions; 
is the weight portion of liquid evaporating during the freezing process; 
is the mass; 
Is the volume; 
is the freezing time; 
is the heat of evaporation at the triple-point temperature; 
is the initial mass of liquid at the triple-point temperature; 
~s the density of the crystal at the triple-point temperature; 
is the mean-over-the-volume density of frozen gas; 
is the relative density of the frozen gas; 
is the pressure; 
is the cross section area of the vessel; 
is the quantity of heat supplied. 
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