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Resul ts  a r e  given of v isual  and cinephotographic observa t ions  on a f i lm model (containing a 
grid) of the subl imat ion mechan i sm of ice for  a cap i l l a ry  body under  vacuum under  condi-  
tions of continuous wa te r  supply.  

We have p rev ious ly  [1] cons idered  subl imat ion of ice f o r m  a cap i l l a ry  body under  vacuum.  This body 
was the lid of a ves se l  filled with water ;  on one side of the plate  we had sublimation,  desubl imation,  and 
migra t ion  into the vacuum chamber  for  vapor  and ice c rys t a l s ,  while on the other side there  was continuous 
supply of wa te r .  A wi re  hea te r  was placed within the c e r a m i c .  This method of heat ing was cal led conduc-  
t ive.  Three  zones a re  set  up in the c e r a m i c  under  normal  subl imat ion conditions: liquid phase ,  ice,  and 
vapor .  Water  was ejected at high heat  inputs and it f roze  on the sur face  of the c e r a m i c  to give ice pa r t i c l e s  
of var ious  shapes .  This  r ep re sen t ed  halts  in the normal  subl imat ion.  Here  we have sought to es tabl i sh  
whether  the eject ion is due to melt ing of the subl imed ice l aye r ,  and a lso  to test  two other  theor ies  [1] on 
the subl imation mechan i sm in conductive heat supply and continuous water  input. 

We made a f i lm model for  a cap i l l a ry  body in o rde r  to provide scope for  v isual  observa t ion  of the 
subl imat ion.  The model cons is t s  of a thin grid gripped between flat ,  t r ansparen t ,  op t ica l ly-worked g lass  
p la tes  (Fig. 1). The wa te r  and heat  we re  supplied to the grid f r o m  below. The upper  pa r t  of the grid was 
in contact with vacuum.  

A meta l  gr id was used to s imula te  a porous  c e r m e t ,  while cotton gauze was used  for  nonmetal l ic  
porous  ma te r i a l .  The c h a r a c t e r i s t i c s  of the b r a s s  gr ids  used a r e  given in Fig.  1 and in Table 1. 

We used a Vi t - lA  vacuum gauge, while the heat input was measu red  with a wa t tme te r .  The t e m p e r a -  
ture of the wall  was kept constant at that of the wa te r  supply during the m e a s u r e m e n t s .  We made m a c r o -  
photography record ings  in t r ansmi t t ed  light,  with the i l lumination adjusted to give good cont ras t  for  the 
var ious  in te r faces .  The higher the t r ansmis s ion  of a medium,  the l ighter  it appears  on the photographs .  
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Fig.  1. Model of a capi l la ry  body. 
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Fig.  2. Views of body in t r ansmis s ion :  a) general ;  b) in-  
dividual zones;  e) wa te r  zone with vapor  bubbles;  1) vapor  
zone; 2) subl imat ion  zone; 3) zone of v i t reous  ice; 4) wa te r  
zone. 

TABLE 1. C h a r a c t e r i s t i c s  
of B r a s s  Grids  

Symbol 

d 
ff 

b 
rain 

,max 
aequ 

e = ~'pot, % 

Grid 
b;~l [ ~ 2 

0,2 10,075 
0,9 10 185 
o,9 Io,i85 
0,139 0,0377 

0,407 0,115 

82,2 66 

F igure  2 shows p ic tu res  of the model .  Init ial ly,  the wa te r  filled 
the ent i re  gr id .  The rapid evapora t ion  caused the wa te r  to supercool  and 
a l aye r  of ice to f o r m  at the sur face ,  which subl imed.  The equi l ibr ium 
thickness  of the ice was dependent on the heat input and the wa te r  p r e s -  
su re ,  as well  as on ce r ta in  other  f ac to r s ,  as  shown in Fig.  2a, where  the 
broad ,  s tepped band cor responds  to the subl imat ion zone. 

F igure  2b shows the vapor  zone (1) and below it the subl imat ion 
zone (2), an opaque, porous  l ayer  consis t ing of f ine -g ra ined  ice cont inuous-  
ly subl iming into the vacuum.  Under the subl imat ion zone there  was a 
t r anspa ren t  nonporous l ayer  of ice (3), impe rmeab le  to the wa te r .  F igure  
2 shows the boundary between this l aye r  and the wa te r  as a thin, wavy 
band. 

F igure  2c shows vapor  bubbles  around the hea te r ,  which va r i ed  in s ize  with the heat  input and the 
wa te r  p r e s s u r e .  Somet imes ,  the zone adjoining the hea te r  consis ted  of a continuous vapor  f i lm.  The wate r  
adjoining the ice was nea r ly  at its f r eez ing  point and so no vapor  bubbles were  seen  there .  

The following cycle  is cha rac t e r i s t i c  of the subl imat ion f r o m  porous  c e r a m i c .  Above the subl imat ion 
zone there  was vapor .  At constant  heat  input, as mentioned above,  a s teady level  for  the ice above the grid 
was es tabl i shed (Fig. 3, ~" = 0 sec) .  This  s teady level  gradual ly  a l te red  as the ice subl imed (10.7 sec) ,  and 
the thickness  of the subl imat ion zone increased ,  while the thickness of the v i t reous  ice zone diminished.  
When the la t te r  r eached  a ce r t a in  c r i t i ca l  min imum value (virtually zero) ,  burs t ing  occu r r ed  in a local  a r ea  
(Fig. 3, ~" = 11.9-13~ The wate r  poured through into the subl imat ion zone, which then became  semiopaque,  
and then gave r i s e  again to two ice zones,  which gradual ly  sank (Fig. 3, ~" = 13.9-14.2 sec) until the next 
burs t ,  whose posit ion va r i e s  continua ily ac ross  the grid and in level,  though it had an ave rage  s teady  posit ion. 

The burs t ing  was of r andom cha rac t e r ,  and it occu r r ed  more  rapidly  at the higher  heat  inputs. This 
motion in the ice l aye r  a l t e rna ted  with the bu r s t s  because  the initial r a te  of loss  of heat  f r o m  the v i t reous  
l aye r  to the subl imat ion zone exceeded the ra te  of supply of heat f r o m  the hea t e r .  

At a pa r t i cu l a r  height in the gr id  the heat  flux f r o m  the hea te r  approaches  the heat  flux pass ing  to the 
subl imat ion zone, and the v i t reous  ice moves  more  slowly and finally s tops .  The continuing subl imat ion 
causes  the porous  ice to extend to the ent i re  thickness and finally,  the wa t e r  b r eaks  through into the subl i -  
mat ion zone. The wa te r  then cools again and a thin l ayer  of ice f o r m s  at its su r face ,  which again s epa ra t e s  
at once into two zones (sublimation and v i t reous  ice).  This cycle subsequent ly  r e p e a t s .  

Now consider  in more  detail  the individual ice zones occur r ing  during this p r o c e s s .  

The ice in the subl imat ion zone is porous  and f ine -gra ined  because  of substant ia l  p las t ic  deformat ion  
by the rma l  s t r e s s e s .  These ,  in turn,  a r e  caused by supercool ing of the ice c ry s t a l s  in contact with the vacu -  
um on account of the rapid  evapora t ion ,  which is conf i rmed by the observa t ion  that the driving fo rce  of the 
subl imat ion is the t e m p e r a t u r e  gradient  [2] or  the cor responding  p r e s s u r e  gradient .  

The thickness of the f ine -g ra ined  ice i nc rea se s  with the heat  flux but d e c r e a s e s  as the p r e s s u r e  and 
pore  d i ame te r  d e c r e a s e .  These  f ac to r s  affect  also the balance  between bulk and sur face  subl imat ion.  The 
ice in the apparent ly  v i t reous  zone appea r s  to have a specia l  kind of s t ruc tu re  (vi treous),  but is fa i r ly  s t rong,  
because  su r face  effects  at the cap i l l a ry  wall  affect  the s t rength  of the c r y s t a l s .  This  v i t reous  ice fo rmed 
an impe rmeab le  wall  between the wa te r ,  the p r e s s u r e  of which is always above that at the t r ip le  point (4.58 
ram Hg; in some cases  the p r e s s u r e  rose  to 1 arm) and the vacuum and, in spite of its thinness,  the ice 
l aye r  was able to withstand such a p r e s s u r e  d i f ference .  
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Fig.  3. Cine f r a m e s  of subl imat ion f r o m  a cap i l l a ry  body with 
wa te r  e jected into subl imat ion zone. 

Fig.  4. Effects of inc rease  in heat  input on sub-  
l imat ion.  

The heat  input affected the ent i re  p r o c e s s .  F ig -  
u re  4a shows the spontaneous f reez ing  of wa te r  that 
occurs  when the hea t e r  is switched off. The sub l ima -  
tion continues on account of heat radia ted  f r o m  the 
wa l l so f the  c h a m b e r , a n d  a vapor  bubble appea r s  at 
the center  of each cell  in the gr id .  These  bubbles en-  
l a rge  as the subl imation zone is approached.  The 
bubbles grow because  of radia t ive  heating f r o m  the 
t r anspa ren t  side wal ls ,  and they occur  at the cell  cen-  
t e r s  because  he re  the ice is max imal ly  heated,  s ince 
there  is l eas t  heat  loss  by subl imat ion at this point. 
The p r o c e s s  is that of o rd ina ry  subl imat ion drying 
and is accompanied  by continuous extension of the 
subl imat ion zone into the gr id.  

Inc rease  in heat input causes  the ice and wate r  
zones to r i s e  towards the top pa r t  of the gr id,  as seen  

in F ig .4b ,  d. It then becomes  m o r e  l ikely that a bu r s t  will e ject  wa te r  into the vacuum chamber ,  as we ob- 
se rved .  The thickness of the porous  zone inc reases  with the heat  input, while the burs t ing  f requency  a lso  
i nc r ea se s ,  which co r responds  to an inc rease  in subl imat ion r a t e .  

The number  and s ize  of the vapor  bubbles inc rease  with the heat input. The mesh  s ize  affects  the 
f requency of the bu r s t s  and the posit ion of the subl imat ion zone, and r ep lacemen t  of b r a s s  by cotton gauze 
a lso  affects  these p a r a m e t e r s .  The inherent burs t ing  is accompanied by eject ion of smal l  ice c ry s t a l s  into 
the vacuum.  The probabi l i ty  of this i nc reases  with the mesh s ize  of the grid.  The p r o c e s s  is a lmos t  un -  
affected when the p r e s s u r e  in the chamber  is reduced f r o m  0.5 to 10 -2 m m  Hg; in pa r t i cu l a r ,  the thickness 
of the subl imat ion zone inc reases  only sl ightly,  p robab ly  because  the vapor  zone in the gr id  has substant ia l  
hydraul ic  r e s i s t ance ,  and the p r e s s u r e  above the subl imat ion zone va r i e s  much l e s s  than does the p r e s s u r e  
in the chamber  i tself .  

These  r e su l t s  give re l iab le  informat ion on the subl imat ion mechan i sm,  the cha rac t e r i s t i c  f ea tu res  of 
which a re  per iodic  pulsat ions a r i s ing  f r o m  burs t ing  of wa te r  into the subl imation zone through the v i t reous  
ice.  The wate r  enter ing this zone soon cools and f r eeze s  in the vacuum,  and the ice begins to subl ime.  The 
new l aye r s  of porous  and v i t reous  ice soon en t i re ly  rep lace  the previous  l a y e r s .  The v i t reous  l aye r  then 
becomes  thinner,  and when the min imum thickness is reached,  a f r e sh  bu r s t  occurs  and the cycle begins 
again. The length of a cycle d e c r e a s e s  as the heat input i n c r e a s e s .  Burs t ing  f requency a lso  i nc rea se s  with 
the pore  d i ame te r  and heat  input. 
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d 
b,c 
drain 
equ 

dmax 
equ 

= Vpor/v 
P 

lo 
2. 
3~ 

N O T A T I O N  

is the diameter of grid wire, mm; 
are the sides of grid cell, ram; 
is the minimum equivalent diameter in model for water and vapor passage (Fig. 1, section BB); 

is the maximum equivalent diameter in model for water and vapor passage (Fig. 2, section AA); 

is the porosity of model of body, %; 
is the pressure,  mm Hg. 
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