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It has been  es tab l i shed  that the t e m p e r a t u r e  or  cor responding  p r e s s u r e  gradient  c rea ted  by 
radiant  heating is the mot ive  force  of the subl imation p roce s s .  A reduct ion of t e m p e r a t u r e  
at the phase  in ter face  causes  the c rys ta l l i za t ion  (desublimation) of migra t ing vapor  mole -  
cules on the sur face .  The branchl ike  growth of the c r y s t a l s  is accompanied  by the eventual 
separa t ion  and en t ra inment  of the individual b ranches ,  which c h a r a c t e r i z e s  the m o l a r - m o -  
lecu la r  subl imat ion p r o c e s s .  

The invest igat ion of the mechan i sm of vacuum subl imat ion of ice began a re la t ive ly  long t ime  ago. 
However ,  compara t ive ly  li t t le has been published on this quest ion [1-4]. 

We have made a study of the phys ics  of the subl imat ion p r o c e s s  in o rder  to es tabl i sh  its mechan i sm,  
de te rmine  the heat and m a s s  t r a n s f e r  potent ia ls ,  and es tab l i sh  the nature  of the accompanying effects .  

Fo r  this purpose  we designed and built  a specia l  exper imenta l  h igh-vacuum appara tus  with an adiabatic  
envelope,  which enabled us  to control  the exper imenta l  conditions p r ec i s e ly ,  make visual  and photographic 
observa t ions  of the sur face  of the ice,  and accura te ly  fix all  the n e c e s s a r y  p a r a m e t e r s  ( t empera tu re s  and 
p r e s s u r e s )  of the surrounding medium and the ice. 

A specia l  patented automat ic  vacuum balance was designed for 
measu r ing  the weight loss  o f t h e i c e  spec imen or de te rmin ing  the sub-  
l imat ion  ra te .  

�9 We will examine ce r ta in  r e su l t s  of an invest igat ion of the p r o -  
~ 12"-..." ~ J cess  of subl imat ion of ice to which heat  is supplied by the rma l  r a d i a -  

t-  ~ _  I " t i~ 
- -  

~__~__~ ___it i T e m p e r a t u r e  and P r e s s u r e  Gradients .  Many inves t iga tors  have 
es tab l i shed  that ice is an a lmos t  absolutely b lack  body (e ~ 0.95) and in 
the p r e s e n c e  of in f ra red  i r rad ia t ion  is cha r ac t e r i z ed  by sur face  a b s o r p -  

rc I t ion of the heat r ays  throughout the subl imation p r o c e s s ,  while the r i s e  
- I in t e m p e r a t u r e  throughout the spec imen  is the r e su l t  ofphonon heat  con-  

. I , duction. A ce r t a in  fall  in t e m p e r a t u r e  over  the th ickness  of the i r r ad ia ted  
- j I spec imen  is a t t r ibutable  to damping of the t h e r m a l  waves .  

' We were  able to achieve re l iable  contact and accura te  posi t ioning 
of the the rmocouples  in the invest igated spec imen.  

~ _ _  ~ The m e a s u r e m e n t s  r evea led  the following pa t t e rn  of t e m p e r a t u r e  
dis tr ibut ion within and at the su r face  of the ice during subl imat ion 

Fig. 1. T e m p e r a t u r e  var ia t ion  (Fig. 1). The sharp  t e m p e r a t u r e  jump at the phase  in ter face  (ice s u r -  
in the vacuum subl imat ion of f a c e - a m b i e n t  medium of the vacuum chamber)  is a t t r ibutable  to sur face  
ice: 1) "dark"  s c r een  radia tor ;  absorpt ion  of the in f ra red  r ays  and m a r k s  the region in which the 
2) ice po lyc rys ta l ,  t e m p e r a t u r e  falls  abrupt ly to the sa tura t ion  (near  crys ta l l iza t ion)  
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Fig. 2. Crys ta l  growth during the vacuum sublimation of ice (p 
= 66.6 N/m2; q = 0.57 W/m2: a) sur face  front; b) sur face  of icewi th  
slip bundles.  Side of squa res  equal to 100 IZ. 
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Fig. 3. Effect of heat  load q, W/cm 2, 
on c rys t a l  growth.  
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t e m p e r a t u r e .  The ice subl imes  both f rom the i r rad ia ted  s u r -  
face and l e s s  intensively f rom all the other  s ides  of the spec i -  
men. 

The p re sence  of a t e m p e r a t u r e  gradient  also de te rmines  
the fo rmat ion  of an additional internal  anisot ropy in the ice 
c rys ta l .  This is why the t e m p e r a t u r e  gradient  c r ea t e s  the con-  
ditions for a ce r ta in  volume subl imat ion p r o c e s s .  Depending 
on the subl imation conditions this volume may va ry  within wide 
l imi t s ,  f rom zero ,  when subl imat ion t akes  place only at the 
sur face  (at a tmospher i c  p r e s s u r e ) ,  to the ent i re  volume of the 
spec imen,  when the ma te r i a l  is thin or  the subl imat ion p r o c e s s  
very  act ive.  The t e m p e r a t u r e  gradient  co r r e sponds  to a p r o -  
port ional  p r e s s u r e  gradient ,  which causes  the migra t ion  of vapor  
molecules  f rom the in ter ior  to the sur face .  As our subsequent 
invest igat ions showed, the t e m p e r a t u r e  or  p r e s s u r e  gradient  
(relat ive to the p r e s s u r e  in the vacuum chamber)  is the motive 
force  of the subl imation p r o c e s s  even in the p r e sence  of a con-  
ductive heat supply. 

Crys ta l  Growth at Surface of Subliming Layer .  By means  of a specia l  optical  sys t em we f i lmed the 
subl imat ion sur face  at a magnif icat ion of 150 and measu red  the r a t e  of d i sp lacement  of the boundary of the 
subl iming l aye r  of ice.  This  invest igat ion showed that in the p r e sence  of radiant  heating c ry s t a l s  a re  
fo rmed at the sur face  of the ice,  i. e, "desub l imat ion '  is observed .  

The cha rac t e r i s t i c s  of the vacuum sublimation p r o c e s s  a re  explained by the c rys t a l  s t ruc tu re  of the 
ice. Ice c ry s t a l s  belong to the hexagonal sy s t em [5, 6]. X - r a y  analys is  of the s t ruc tu re  of ice has  e s t ab -  
l ished that each molecule  of wa te r  is surrounded by only four n e a r e s t  molecules  0:76/il away and located 
at the ve r t i c e s  of a r egu la r  t e t rahedron .  The s t ruc tu re  of ice is de te rmined  by the s t ruc tu re  of water .  
Owing to the low coordinat ion number  of the wa te r  molecules  in the ice,  namely  four,  its s t ruc tu re  p o s -  
s e s s e s  l a rge  voids.  Ice is a c rys ta l  well  capable of p las t ic  deformat ion ,  which is explained by the l aye red  
c rys t a l  s t ruc tu re  of the wa te r  molecu les ,  each molecule  being at tached by three  bonds to molecules  belong-  
ing to the s ame  l aye r  and by only one bond to the molecules  of another  l ayer .  Accordingly,  sliding along 
such a l aye r  is re la t ive ly  e a s i l y  produced by the action of fo rces  of deformat ion  (for example ,  p r e s s u r e  
grad ien ts ,  t e m p e r a t u r e  grad ien ts ,  etc.). 

The density and d i rec t ion  of slip fo rm a so-ca l led  glide or shear  sys t em.  Under the action of d e f o r m a -  
t ion fo rces  the ice c rys t a l  is spli t  into regions  between these planes ,  which are  cal led slip "bundles" (Fig. 
2a). These  bundles a re  d isplaced as a unit whole. As the expe r imen t s  show, in an ice po lyc rys t a l  p laced 
in a vacuum under the action of a radiant  flux a t e m p e r a t u r e  gradient  varying over  the th ickness  (Fig. 1) 
or  a correspondingly  p r e s s u r e  gradient  is es tabl ished near  the sur face  or over  the en t i re  volume in the 
course  of a ce r ta in  t ime.  Under the influence of this gradient  the initially homogeneous medium (ice) be -  
comes  the rmodynamica l ly  unstable and the po lycrys ta l  is p las t ica l ly  deformed,  i . e . ,  some molecu la r  planes 
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Fig. 4. Effect of pressure in sublimation cham- 
ber on crystal growth (I s is the distance to the 

screen).  

of the c rys ta l  lattice slip over other paral lel  planes. 
The glide sys tem of these "bundles" is c lear ly visible 
in Fig. 2a. 

The slip planes of the c rys ta l  bundles are the 
most  convenient regions of vapor migrat ion from the 
polycrys ta l  and its surface.  

It is assumed that the banded s t ructure  of the 
ice surface produced by plast ic flow represen ts  the 
accumulation of var ious imperfect ions and defects of 
the latt ice s t ructure .  Each imperfect ion causes a 
local increase  in the free energy of the solid and in- 
c r ea ses  the probabili ty of t ransformat ions  near these 
imperfect ions.  Only the formation of a nucleus 
(crystal) of a new phase at the surface of the ice can 
reduce the growing free energy.  

The sharp expansion of the vapor migrat ing 
from the inter ior  of the polycrys ta l  at the surface 
also increases  the probabili ty of a considerable in- 
c rease  in defect concentration at the phase ( i ce -vapor )  
interface.  The surface i tself  is bordered  by a region 
of sharp supercooling relat ive to the t empera tu re  of 
the migrat ing vapor,  which crea tes  all the conditions 
necessa ry  for crys ta l  growth at the crysta l l iza t ion 

centers  formed. The question of the nature of the crys ta l l iza t ion centers  - dislocations,  surface defects ,  
etc. - is still open. For  example, some authors consider that the crys ta l  growth is associated with a 
screw dislocation built into the polyerys ta l  [7-10]. However, it is clear that the growing ice c rys ta l  will 
acquire a new molecule f rom the vapor r is ing f rom the inter ior  of the ice in the neighborhood of any im-  
perfect ion,  if this tends to minimize the free energy. Both vapor migrat ion to the surface and crys ta l  
format ion at the surface are  associated with the loss  of thermodynamic  stability. 

The c rys ta l s  growing at the surface of the ice have a sharply expressed dendritic form (Fig. 2b). The 
format ion of a dendrit ic s t ruc ture  may be explained as follows. Because of the p resence  of a zone a the r -  
mal supercooling of the molecules ,  if a so-cal led  "whisker" (see Fig. 2b) is formed at the crysta l l izat ion 
front, its tip will a l ready be located in a region of g rea te r  supercooling as compared with neighboring par ts  
of the crysta l l izat ion front; and this whisker will tend to go on growing. 

The corresponding heat of crys ta l l iza t ion reduces  the supercooling at the crysta l l izat ion front. 
Therefore ,  as the growing c rys ta l s  advance into the supercooling zone, the crys ta l  is increasingly con- 
ver ted into a needle. In this case the rate of growth of the c rys ta l s  on adjacent port ions of the surface  
may be reduced. 

One of the interest ing points observed in connection with crysta l l izat ion was the fact that the axis of 
the dendrite and its branches  tend to grow in definite direct ions - la teral ly  relat ive to the heat flux. These 
direct ions also correspond to the direct ion of the crys ta l lographic  axis (Fig. 2b) [9, 10]. The rate  of growth 
of the c rys ta l s  depends on the relat ive orientation of the optic axis of the c rys ta ls  and their  plane of growth. 
As our numerous experiments  show (Fig. 2b), each needle of the dendrite is an individual d is locat ion-f ree ,  
a lmost  perfec t  c rys ta l  of c lose-packed s t ruc ture  with a strength considerably exceeding that of the mono- 
lithic ice itself. According to s tat is t ical  calculations,  the density of this c lose-packed ice s t ruc ture  is no 
longer 0.92 g / c m  3 but of the order  of 1.8 g / c m  3. P rec i se ly  for this reason,  as our experiments  showed, 
in the course  of t ime instead of being melted by the radiant flux the dendri tes break  off and are  ca r r i ed  
away. 

As many invest igators  have stated [9-11], for c rys ta l  growth it is necessa ry  that the number of 
molecules  joining the solid phase be g rea te r  than the number escaping it; therefore  the local t empera ture  
of the surface must be somewhat lower than the tempera ture  of the migrat ing molecular  flux. 

The rate  of growth of the c rys ta l  during sublimation is thermodynamical ly  determined either by the 
t empera tu re  difference 
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Fig. 5. Effect of vibration of c rys ta l  
growth in a vacuum (p= 66.6 N/m2; q 
= 0.57 W/cm2). Side of squares equal 
to 100/~. 

A0 = 7" s - To,  (1)  

or by the supersaturat ion 

= P / P c .  (2) 

It can be stated that the p rocess  of sublimation of ice 
and all the accompanying phenomena can be explained in t e r m s  
of its plast ic deformation under the influence of a temperature  
or p r e s s u r e  gradient.  

Effect of Heat Load on Crystal  Growth. An increase  in 
the heat load q (at constant p r e s s u r e  in the sublimation cham- 
ber) increases  the tempera ture  gradient in the polycrys ta l  A~, 
the supersaturat ion fl and the number  of crys ta l l iza t ion centers  
at the surface as well as causing a more  intense migrat ion of 
vapor to the surface.  The simultaneous increase  in all the 
above-mentioned fac tors  thus leads to an increase  in the rate 

of growth and the height of the c rys ta l s  5 as well as to a decrease  in the density of the surface layer  of 
c rys ta l s  p*. The resul ts  obtained are  presented in Fig. 3. 

Effect of Vacuum on Crystal  Growth. As shown in Fig. 4, the height of the c rys ta l s  5 and hence the 
sublimation p rocess  itself depend significantly on the degree of vacuum in the sublimation chamber.  An 
increase  in the vacuum affects the sublimation p rocess  in two ways. F i rs t ly ,  the t empera tu re  of the poly-  
c rys ta l  is reduced,  which leads to an increase  in its strength, improved res i s tance  to plast ic  deformation 
and a reduction in surface defects ~, and this reduces the number of crysta l l izat ion centers .  Secondly, the 
migrat ion of vapor to the surface is impeded. Moreover ,  such kinetic factors  as the mean free path l b e -  
gin to play a part .  In our case the molecular  mean free path is determined by the distance of the f i rs t  
probable collision of migrat ing vapor molecules  above the surface of the polycrystal .  As it expands in the 
vicinity of the surface in the low vacuum, the migrat ing mass  of molecules  is in di rect  contact with the 
surface defects,  on the one hand, and with the supercooling zone, on the other. This causes  the deposition 
of molecules at surface defects and the growth of c rys ta ls .  

With fur ther  increase in the vacuum the mean free path l of the migrating molecules  becomes  even 
g rea te r  and the f i rs t  probable collision occurs  not at the surface of the single c rys ta l  but somewhere  in the 
supercooling zone. This reduces  the probability of the deposition of molecules  at su r f ace  defects.  

All this reasoning is confirmed by the calculations of molecular-kinet ic  theory [12]. Consider the 
f i rs t  collision of two molecules  with identical velocities c = c '  as they leave the ice at the phase interface.  
According to calculations,  for c / c '  = 1 the velocity conservat ion coefficient is 0 .4 ,  i. e . ,  40% of the o r ig -  
inal value. For other rat ios  c / c '  = 0 -oo the value of this coefficient var ies  f rom 1/3 to 1/2. 

However, if three or  more  molecules  collide, it is to be expected that the coefficient will be much 
smal ler .  Thus, the flow of molecules is sharply re tarded and their  velocity at the surface falls on the 
mean free path, which inevitably has an important  influence on crys ta l  growth and the p roces s  of desub-  
l imation when the p r e s s u r e  in the sublimation chamber  is varied.  

Our investigation of the effect of the vacuum on the sublimation kinetics and numerous  photographs 
of the c rys ta l  growth convincingly confirm these physical  arguments.  

The effect of the principal pa r ame te r s  on crys ta l  growth as the vacuum in the sublimation chamber 
var ies  is shown in Fig. 4. 

In Fig. 4 the A0 = f(Pc) curve has an extremum, which is attributable to the fact that at a cer ta in  vac-  
uum the mean free path of the molecules becomes  equal to the distance to the sc reen /e .  The molecules 
strike the heat - radia t ing screen ,  and then are diffusely ref lected f rom it. Having acquired a new re se rve  
of energy,  the molecules  bombard the surface of the ice and ra ise  its t empera ture .  

From an analysis  of the A0 = f(Pc) curve it follows that under our conditions the Knudsen number 
Kn = l / / s .  

It should be emphasized that the pa rame te r  l s in the Knudsen number is a factor  reflecting the change 
in the molecular  p rocess  at the surface of the specimen and the thermodynamic  pa rame te r s  inside it. 
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Fig. 6. Effect of audio frequencies on sub- 
l imation rate  AS/A~-, t~/min, and crys ta l  
growth at p = 66.6 N/m 2 and q = 0.57 W 
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The establishment of the Knudsen number in this 
form has important  consequences in engineering pract ice ,  
since it de termines  the optimal distance between the emit- :  
t e r  and the i r radiated mater ia l .  The Knudsen number in- 
dicates that for the sublimation p rocess  to proceed in the 

molecular  region it is necessa ry ,  on the one hand, that the radiating sc reen  be installed at a distance from 
the mater ia l  l s < l and, on the other,  that the reflect ion of molecules  f rom the sc reen  be close to specular ,  
i. e . ,  in molecular  sublimation (Kn > 1) a pa r t  is played by such fac tors  as interaction of the molecules of 
vapor migrat ing from the ice and the radiating screen.  

Effect of Vibration on Crysta l  Growth. Technically, the most  promis ing method of intensifying sub- 
l imation p rocess  is the use of e lect rodynamic v ibra tors .  

Vibration of the ice polycrysta l  leads,  on the one hand, to the accelera ted  migrat ion of vapor to the 
crys ta l  surface and to an increase  in the defects at the surface due to additional dislocation of the crys ta l  
lattice and, on the other  hand, to an increase  in the number of molecular  collision events. The i n c r e a s e d  
number of surface defects increases  the number of crys ta l l iza t ion centers  and leads to the formation of a 
more  f ine-grained s t ructure .  

Whereas without vibration the c rys ta l s  grow at a cer ta in  angle (Fig. 2b) to the surface,  in the p r e s -  
ence of vibration the c rys ta l s  grow at right angles to the surface (see Fig. 5). Correspondingly,  the optic 
axes of the c rys ta l s  are  directed,  in one case,  at an angle and, in the other,  no rma l to  the surface.  It is 
known [9, 10] that the more  inclined the optic axis of the growing c rys ta l ,  the more slowly the crys ta l  
grows. 

We conducted numerous photographic experiments ,  which are  general ized in Fig. 6, to investigate 
the effect of audio frequencies  on the rate of sublimation or the rate of advance of the sublimation front 
AS/AT and the crys ta l  growth 6. As may be seen from the figure,  the sublimation ra te ,  proport ional  to 
AS/AT, and the mean height of the c rys ta l s  ~ increase with the frequency f, while the density of the su r -  
face layer  of c rys ta l s  p* decreases .  For comparison,  Fig. 6 includes the sublimation rate AS0/AT and the 
height of the c rys ta l s  10 for sublimation p roces se s  without vibration. 

We noted that the c rys ta l  growth ~ probably tends to a cer ta in  l imit  (like the growth of the subl ima-  
tion rate) over the full range of audio frequencies.  

In this case ,  f rom the mechanical  standpoint, the c rys ta l  may be regarded  as a canti levered rod, 
whose growth, though it inc reases  as a resul t  of all the above-mentioned factors  (accelerat ion of vapor 
migrat ion to the surface,  increase  in the number of crysta l l izat ion centers ,  etc.), must  be l imited on ac-  
count of the purely mechanical  cha rac te r i s t i c s  of such a model. Undoubtedly, resonance should occur  in 
this sys tem at a par t icu lar  frequency. 
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Curve 1 in Fig. 6 is purely hypothetical and is intended to indicate that at a cer ta in  frequency outside 
the audio range a decrease  in sublimation rate  and crys ta l  growth is possible.  

Undoubtedly, the determinat ion of the resonance frequency for the sublimation of ice and other ma -  
te r ia l s  is a ve ry  important  engineering problem. 

Molecular and Molar Sublimation. Our compar ison of sublimation ra tes  measured  with a balance 
and by the photooptical method from the rate of advance of the boundary of  the subliming ice revealed a 
considerable difference due to the entrainment of c rys ta ls .  

It remains  to enquire what contribution is made to the total mass  t rans fe r  flux by "spalled n c rys ta l s  
(molar component). 

If we assume that the porosi ty  of the "frostiug n of c rys ta l s  removed from the surface e = 0.9 and 
consider that the density of these c rys ta l s  is twice as high as the density of ice at a tmospher ic  p re s su re ,  
then the total coefficient in the photooptical calculations 

a = ( 1 - - e ) ,  9*/9=0,2. 

In this case ,  depending on the heat load, the molar  component, as shown in Fig. 7, may be from 20 
to 60% of the total loss  of mass .  Its variat ion,  like the growth of the c rys ta l s ,  also depends on the vacuum 
and other external influences, whose effects have already been considered. It is mere ly  necessa ry  to note 
that to each vacuum and each heat load there  cor responds  a molar  component having a maximum or mini-  
mum value. 

Thus, the vacuum sublimation p rocess  may be molecular ,  m o l e c u l a r - m o l a r ,  or  molar  depending 
on the p r e s s u r e  and the heat load. 

The isolation of these components and their  mutual influence are  of considerable interest ,  although 
their  exact determination involves ser ious  experimental  difficulties. 

The pract ical  significance of the desublimation of c rys ta l s  at the surface of ice dese rves  cons idera-  
tion. Desublimation does not affect the consumption of heat (the energy expended on the phase t r a n s f o r m a -  
tion of the ice molecules,  i . e . ,  on the convers ion of ice f rom the solid to the vapor state,  remains  constant), 
since there is no melting of the c rys ta l s  formed,  which are sys temat ical ly  ca r r i ed  away into the vacuum 
chamber  and then into the condenser.  This facil i tates the operation of the condenser ,  since instead of 
molecules  being condensed on its surface ice c rys ta l s  are  deposited. The reduction of the condenser load 
will be the grea te r ,  the grea te r  t h e m o l a r  component. In both molecular  and molar  sublimation a " f ros t -  
ing" is formed on the condenser surface.  

Our calculations showed that even at large molar components the molecular  volume of vapor c rea tes  
in the chamber  velocit ies g rea te r  than the entrainment velocity of the measured  crystal l ine par t ic les  c a r -  
ried out of the sublimation chamber.  

In conclusion, we note the importance of the resu l t s  obtained in relat ion to the f reeze -dry ing  p r o -  
cess.  

Kessler  [6] investigated the one-sided radiant sublimation drying of capi l la ry-porous  mater ia ls  placed 
in a rectangular  plast ic box. 

As these experiments  showed, there  is a continuous depress ion of the surface of the sublimation zone 
because the ice-f i l led capi l lar ies  do not ensure a supply of mois ture  to the i r radia ted surface.  In the sub- 
l imation zone a cer ta in  t empera tu re ,  higher than the t empera tu re  in the sublimation chamber ,  is established. 
This temperature  gradient or the corresponding p r e s s u r e  gradient  is also the mass  t rans fe r  potential. It 
should be noted that the hydraulic res is tance  of the dried layer  of mater ia l  did not have much effect on the 
sublimation rate and the variat ion of the pa rame te r s  of the p rocess ,  which changed only when the residual  
mois ture ,  which was more  strongly bound to the mater ia l ,  began to be removed.  This p rocess  was a slow 
one. In this case the presence  of t empera ture  or p r e s su re  gradients ,  even though small ,  probably also 
led to plast ic  deformation of the ice polycrys ta ls  andthe migrat ion of vapor molecules in accordance with 
the model we have descr ibed.  

In a high-frequency current  field, as in our p rocess  of vibration drying, sublimation drying is con- 
s iderably intensified. There have been a number of  studies along these l ines,  the most comprehensive 
being those of E.I .  Guigo [13]. 
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Our r e su l t s  make it poss ib le  to supplement  Guigo's  descr ip t ion  of the subl imat ion mechan i sm as 
follows. Excitat ion of the ice molecu les  p roduces  t he rma l  effects  and c rea te s  cons iderable  p r e s s u r e  g r a -  
dients,  which cause total subl imat ion,  i . e . ,  p las t ic  deformat ion  of the ice c ry s t a l s  over  the ent i re  volume 
of the f rozen body and intense migra t ion  of vapor  molecules  to the sur face  of the ma te r i a l .  In this case ,  
however ,  some  dep res s ion  of the subl imat ion zone is unavoidable and internal  @subl imat ion  of vapor  
molecules  at the phase  in te r face  is poss ib le .  The ra t e  of subl imat ion will a lso be reduced in connection 
with the r emova l  of sorpt ion-bound moi s tu re  and the mo i s tu re  in mic roeap i l l a r i e s .  These quest ions r e -  
quire  fu r ther  study. 

W s 

Tc 
A0 

P 
tc 
Ap = p - Pc; 
l 
l s  
5 
60 

f 
p* 

AS0/A~" 
AG/A~" 

N O T A T I O N  

is the subl imat ion t empe ra tu r e ;  
is the vapor  sa tura t ion  t e m p e r a t u r e  (in subl imat ion chamber) ;  
is  the t e m p e r a t u r e  d i f ference  between t e m p e r a t u r e s  inside spec imen  and in subl imation 
chamber ,  ~ 
is  the vapor  p r e s s u r e  in ice spec imen  (equal to p r e s s u r e  in subl imation chamber ) ,  N/~Ti2; 
is the sa tura t ion  p r e s s u r e  (in subl imat ion chamber ) ,  N/m2; 

is the mean f ree  path of water  vapor  molecu les ,  era; 
~s the dis tance to hea te r  screen;  
is the height of c ry s t a l s ,  #; 
is the height of c r y s t a l s  without vibrat ion,  #; 
~s the mean height of c r y s t a l s ,  #; 
,s the f requency,  Hz; 
~s the density of  su r face  l aye r  of c rys ta l s ;  
is the subl imat ion ra t e  without vibrat ion,  # / ra in;  
Ls the total  subl imat ion r a t e ,  g / ra in .  
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