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A photographic study was conducted of the sublimation mechanism for  water ,  in a single m a c r o -  
scopic cap i l l a ry ,under  vacuum, supplied radiat ively with heat .  It was found that the sublimation 
in a capi l lary  is analogous to that in a body with capi l lary  pores .  

Only t empera ture ,  p r e s s u r e ,  and mass loss have been measured  in most studies of sublimation in cap-  
i l lary porous colloidal ma te r i a l s .  These measurements  have been used to explain various aspects  of the 
mechanism,  and a mathematical  model has been formulated to descr ibe  the heat and mass t r ans fe r .  

The readings are  inaccurate  if t empera tu re  and p r e s su re  t ransducers  are  inser ted in a capi l lary  body, 
and this has somet imes  led to incor rec t  explanations of the effects .  

In o rde r  to formulate  co r r ec t  explanations of the sublimation mechanism contact less  measurement  
methods and photographic observat ions are  neces sa ry .  In a few papers  [1, 2] large scale photographs have 
been used in order  to examine the heat and mass t rans fe r  in the sublimation of ice under  vacuum. 

T ime- l apse  cinephotography allows one to examine 
the evaporat ion kinetics [3]. We have made photographic 
studies on single glass capi l lar ies  250-400 ~t in d iam-  
e te r .  The heat was applied by radiat ion when the water  
had been f rozen  into the capi l lary  in a r e f r i g e r a t o r  and 
also when the water  f roze  spontaneously in the subl ima-  
tion chamber .  

In Fig. 1 (the side of each square graduation is 
about 35 ~) the posi t ion of the boundary is shown in a 

Fig. 1. Sublimation of ice in a capi l lary  400 
in d iameter  f rom water  previously  f rozen  in 
the capi l lary .  

Fig.  2. Sublimation in a capi l lary  400 g in d iam-  
e te r  without previous f reez ing .  
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Fig. 3. Sublimation in a capi l lary 250 # in diameter  
without previous f reezing.  

capi l lary 400 # in diameter  at 4 and 6 minutes 
after the s tar t  of sublimation at a p r e s su re  of 0.5 
mm Hg (66.6 N/ma). The water  had previously 
been f rozen into the capi l lary in a r e f r ige ra to r .  
The mean sublimation rate with the radiator  at 
120~ was 

ud~ hl?l _ a*(4.10-~) 2 �9 0.15.0,92 
At 4.2 

= 0.85.10 -4. g/rain. 

As is evident f rom Fig.  1, the sublimation 
is accompanied by the production of c rys ta ls  at the 
surface .  These c rys ta l s  grow, break,  and are  
ca r r i ed  away as the sublimation front advances.  
Previously  [2], this crysta l l izat ion occur red  at the 
surface of an ice cube made f rom ordinary tap 
water ,  but within the capi l lary it occur red  at the 
end surface of the ice rod ar is ing f rom double 
distilled water .  

We found no such crysta l l izat ion when double- 
distilled water  sublimed under these conditions in 
a capi l lary when the p re s su re  and the radiator  
tempera ture  were the same.  

As can be seen in Fig.  1, the surface initially 
had a meniscus,  which then flattened out as the 
c rys ta l s  grew. In the steady state, the front ad- 
vanced uniformly along the capi l lary  (Fig. 1), and 
the front was covered with c rys ta ls  that were seen 
to grow, break,  and fly off continuously. 

The growing c rys ta l s  fo rm a cone because of the influx of heat f rom the capi l lary wall. The condi- 
tions as the front advances therefore  changed little f rom those for an ordinary  cube evaporating with rad i -  
ated supply of heat [2]. 

We have examined the evaporation in capi l lar ies  down to 250 # in d iameter ,  as against a mean diam- 
eter  of about 70 p in plant and animal cel ls .  It has been supposed [4] that there could be a meniscus at the 
sublimation surface,  and that the meniscus ,  in some way, effects the water vapor p r e s su re  within the capil-  
l a ry .  

The meniscus ar is ing f rom radiative heating increases  the free energy of the sys tem,  i.e., the ice 
c rys ta l  and vapor within the capi l lary .  

The free energy tends to a minimum, and so the meniscus tends to deter iora te .  This resul t  is r e p r e -  
sented by the Gibbs -  Kelvin thermodynamic equation [4] 

P~ q _ -  2,:,V/," RT[In ~ l- 
Equilibration at the front implies that 

Pr-+P~; In p" -+0; IY----~am, n. 
P= 

Our photographs show an essent ial ly  different behavior at the front when ice sublimes in a capi l lary 
in which no f reezing had previously  occur red .  We made these measurements  at 0.5 mm Hg = 66.6 N/m 2. 
Figure 2 shows the main stages in the p rocess  at intervals of 10 sec (a square has a side equivalent to about 
45 #). 

The water  in the capi l lary f reezes  when it is inserted in the vacuum chamber  and the f reezing s tar ts  
f rom the side facing the vacuum. 
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Fig .4 .  T e m p e r a t u r e  dis t r ibut ion in a 
cap i l l a ry  body showing spontaneous 
f reez ing  (resul ts  of E. I. Popova).  The 
numbers  on the curves  a r e  values  ofh  
mm,  [ ram, "r min,  t~ 

This f reez ing  resu l t s  in subl imat ion,  pa r t l y  because  of the 
direct ional  radiat ion flux, and smal l  ice c ry s t a l s  a re  fo rmed  (Fig. 
2a). 

The boundary between the f ine -gra ined  ice and the unfrozen 
wate r  can be seen  c l ea r ly  in Fig.  2b. The radia t ion  flux, warming  
the walls  of the capi l la ry ,  c r ea t e s  the conditions for  the rehea t ing  
of the unfrozen liquid and the fo rmat ion  of a vapor  bubble.  The 
growth of this bubble produces  a region of e levated p r e s s u r e  in 
the cap i l l a ry .  

The single bubble (Fig.2e) moves  towards the subl imat ion 
sur face ,  where  the p r e s s u r e  is lower ,  and s tops  at the dense 
b a r r i e r  of porous  ice.  

As the ice subl imes ,  it becomes  thinner and at a ce r t a in  
instant the p r e s s u r e  f r o m  the vapor  bubble expels  it explos ive ly  
f r o m  the capi l la ry ,  as shown in Fig.  2c. 

This  cycle is repeated  continuously, and at each s tage the 
subl imat ion zone advances into the capi l la ry .  

The t ime for  one cycle i s  dependent on the heat input, 
p r e s s u r e ,  the chemical  composi t ion of the wa te r ,  e tc .  The sub-  

l imat ion is ,  to some  extent ,  a r andom p r o c e s s ,  and at higher heat inputs it takes a r a t he r  different f o r m  
f r o m  that shown in Fig.  3 (side of square  about 45 ~). Here  the photographs were  taken at in tervals  of 15 sec ,  
and the p r e s s u r e  was 0.5 m m  Hg. The higher  heat flux led to a success ion  of vapor  bubbles between columns 
of liquid. Such a group is shown in Fig. 3a. The sect ions of liquid move towards the vacuum under  the p r e s -  
sure  di f ference,  and may f r eeze  at the same  t ime (Fig. 3b) and subl ime to f o r m  porous  ice (Fig. 3c, d). Ra -  
diation causes  the p r e s s u r e  in a bubble under  the ice to inc rease  as descr ibed  above. The ice plugs adhere  
l e s s  f i r m l y  to the cap i l l a ry  walls  as the ice subl imes  and the poros i ty  i nc reases ;  f inally,  the p r e s s u r e  dif-  
f e rence  e jec ts  the porous  ice f r o m  the capi l la ry  (Fig. 3f). 

The heat input and the p r e s s u r e  de te rmine  whether  the p roce s s  occurs  as in Fig.  2 or  in Fig.  3, or  by 
a combinat ion of the two. 

Some exper iments  due to E. I. Popova i l lus t ra te  spontaneous f reez ing  in a cap i l l a ry  body under  vacuum 
[5]. It was found that such a body has considerable  t empe ra tu r e  grad ien ts ,  and it was pointed out that the 
t e m p e r a t u r e  at any point fai ls  roughly l inear ly ,  and when a ce r ta in  negative value is r eached ,  it suddenly 
r i s e s  by 12 ~ This r i s e  occurs  mainly well  below 0~ (Fig.4).  These s teps a r e  a sc r ibed  to c rys ta l l i za t ion  
accompanied  by heat  r e l e a s e .  

Our visual  observa t ions  indicate that this t empe ra tu r e  jump is due to the pulsa t ions ,  which a re  s im i l a r  
to those in single cap i l l a r i e s .  This  is conf i rmed by our observa t ions  on the t e m p e r a t u r e  pulsat ions in a 
porous  c e r m e t .  The t e m p e r a t u r e  pulsat ions a re  due to per iodic  migra t ion  and f reez ing  of wa te r  in the 
cap i l l a r i es ,  with subsequent advance of the subl imat ion zone. These di rect ional  vapor  pulsat ions in cap i l -  
l a r i e s  move the subl imat ion zone explosively  and may disrupt  the skeleton of the ma te r i a l ,  as occurs ,  for  
e x a m p l e ,  in fish drying without p r e l i m i n a r y  f reez ing .  

Prev ious  f reez ing  in such a ma te r i a l  r e su l t s  in continuous and stable subl imat ion without damage to 
the cap i l l a r i e s .  
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N O T A T I O N  

is the subl imat ion ra te ,  g /min;  
is the d i ame te r  of cap i l la ry ,  cm; 
is the t ime interval ,  min; 
is the d isp lacement  of subl imat ion front  in capi l la ry  in AT, cm; 
is the density of ice,  g/cm3; 
a re  the vapor  p r e s s u r e  on concave and fiat  su r faces ;  
is the un iversa l  gas constant;  
is the sur face  f r ee  energy  of solid body in equi l ibr ium with vapor;  
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V is the molar volume of evaporating substance; 
T is the absolute temperature;  
T s is the temperature of screen.  
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