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C e r t a i n  f e a t u r e s  of the  m e c h a n i s m  for  the  g r o w t h  of the  c o n d e n s e d  p h a s e  d u r i n g  d e s u b l i m a -  
ticm of w a t e r  v a p o r  in v a c u u m  a r e  e x a m i n e d .  A p p r o x i m a t e  equa t ions  a r e  found fo r  the  d u r a -  
t ion  of w a t e r - v a p o r  d e s u b l i m a t i o n  on a f l a t  p l a t e .  

The  d e v e l o p m e n t  of h igh ly  e f f i c i en t  v a c u u m  f r e e z i n g  c o n d e n s e r s  r e s t s  l a r g e l y  on p h y s i c a l l y  j u s t i f i e d  
i d e a s  r e g a r d i n g  the  m e c h a n i s m  fo r  the  f o r m a t i o n  of a condensed  s y s t e m  u n d e r  t h e s e  cond i t i ons .  

1. F e a t u r e s  of the  Hea t  and M a s s  T r a n s f e r .  The  f o r m a t i o n  of i ce  f r o m  w a t e r  v a p o r  in v a c u u m  b e -  
tow the  t r i p l e  po in t  (desub l ima t ion )  can  be exp la ined  in the  t r a d i t i o n a l  m a n n e r  on a P - - t  d i a g r a m  (Fig .  1). 

Spon taneous  c o n d e n s a t i o n  (desub l ima t ion )  s e t s  in only i f  the  t e m p e r a t u r e  of t he  cool ing  s u r f a c e s  l i e s  
above  s o m e  c u r v e  CD for  the  g iven  p r e s s u r e  [2, 3]. T h e r e  is  a r e g i o n  (be tween c u r v e s  AB and CD) in 
which  c r y s t a l s  do not  f o r m  s p o n t a n e o u s l y  (the m e t a s t a b l e  reg ion) ;  the  b o u n d a r y  of th is  r e g i o n  is g o v e r n e d  
by  the  s t a t e  of the  c o n d e n s a t i o n  s u r f a c e  - -  w h e t h e r  t h e r e  a r e  a d s o r b e d  f i l m s ,  dus t ,  ions ,  e t c . ,  on it .  Nea r  
c u r v e  AB the  d e s u b l i m a t i o n  o c c u r s  i n f in i t e ly  s l o w l y .  

The  a c t i v e  f o r m a t i o n  of the  condensed  p h a s e  (ice) on the  coo l ed  s u r f a c e  can  o c c u r  in two d i r e c t i o n s .  
A r a p i d  change  in the  p r e s s u r e ,  e . g . ,  a t  t V = cons t  ( l ine eF)  l e a d s  to  the  r a p i d  f o r m a t i o n  of a f r o s t  c o n s i s -  
t ing of a th in ,  snowy,  d i s p e r s e  dus t ,  which  f o r m s  a f i lm  o v e r  the  e n t i r e  c o n d e n s a t i o n  (desub l ima t ion )  s u r -  
face  (Fig .  2a); th i s  f i l m  s u b s e q u e n t l y  b e c o m e s  t h i c k e r  [2]. 

The  n a t u r e  of the  c o n d e n s a t i o n  (desub l ima t ion )  at  a cons t an t  p r e s s u r e  Pv (Fig .  1) depends  on the  r a t e  
of change  of the  t e m p e r a t u r e  of the  cool ing  s u r f a c e  (l ine k F ) .  T h e r e  is u s u a l l y  a l o c a l i z e d  s p o n t a n e o u s  
n u c l e a t i o n  of the  condensed~)hase  i n t h i s  p r o c e s s  (Fig .  2b). 
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Fig .  1. D i r e c t i o n  of the  d e s u b l i -  
m a r i o n  p r o c e s s e s  on the  P - - t  d i a -  
g r a m  fo r  w a t e r .  The  p r e s s u r e  P 
i s  in t o r t  and the  t e m p e r a t u r e  t 
i s  C e l s i u s  d e g r e e s .  

The  f i r s t  s t a g e  of the  d e s u b l i m a t i o n  p r o c e s s  - -  the  n u c l e a -  
t ion  of i ce  c r y s t a l s  and t h e i r  g rowth  - -  was  s t ud i e d  in [2]. Th is  
s t a g e  is  s t r o n g l y  in f luenced  by the  p r e s s u r e  PS and the  p h y s i c a l  
s t a t e  of the  s u r f a c e .  E x p e r i m e n t s  show tha t  if  the  p r o c e s s  fo l -  
lows l ine  e F  t h e r e  is  a c e r t a i n  p r o b a b i l i t y  for  the  h o m o g e n e o u s  
a p p e a r a n c e  of ice  nuc l e i  f r o m  the  s u p e r s a t u r a t e d  v a p o r  and the  
d e p o s i t i o n  of t h e s e  n u c l e i  on the  w ork ing  s u r f a c e .  If the  p r o c e s s  
fo l lows  l ine  k F ,  the  a p p e a r a n c e  of nuc le i  f r o m  the  s u p e r s a t u r a t e d  
v a p o r  can  be  h e t e r o g e n e o u s ;  i . e . ,  the  nuc le i  of the  new p h a s e  
(ice) f r o m  a t  loca l  c e n t e r s ,  e . g . ,  a d s o r b e d  w a t e r  f i l m s  on the  
work ing  s u r f a c e ,  as  shown in F ig .  2b. In th is  c a s e  the  s h a p e  of 
the  c r y s t a l s  of the  new p h a s e  is  qu i te  d i f f e r e n t .  

V a r ious  i n v e s t i g a t o r s  have  o b s e r v e d  a l t e r n a t i n g  l ight  and 
d a r k  bands  in a c r o s s  s e c t i o n  of the  i ce  and have  o f f e r ed  v a r i o u s  
p h y s i c a l  e x p l a n a t i o n s  for  t h e m .  It was  shown in [1] tha t  if the  
t e m p e r a t u r e  at  the  s u r f a c e  at  which  the  p h a s e  t r a n s i t i o n  o c c u r s  

M o s c o w  I n s t i t u t e  of C h e m i c a l  Mach ine  Cons t ruc t i on ;  A l l - U n i o n  S c i e n t i f i c - R e s e a r c h  B i o e n g i n e e r i n g  
i n s t i t u t e ,  Moscow.  T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s k i i  Z h u r n a l ,  Vol.  27, No. 2, pp.  231-238,  
Augus t ,  1974. O r i g i n a l  a r t i c l e  s u b m i t t e d  M a r c h  22, 1973. 

�9 76 Plenum Publishing Corporation, 22 7 West 17th Street, New Yollk , N. Y. 10011. No part of  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $15.00. 

939 



o. ~. ~ e r t a i n  s t a g e s  in the  f o r m a t i o n  and s t a t e  of 
the  c o n d e n s e d  p h a s e  as  v a r i o u s  p a r a m e t e r s  a r e  chan -  
ged .  a) The  p r e s s u r e  is  changed  {0.1-2 t o r r ) ;  b) the  
t e m p e r a t u r e  of t he  work ing  s u r f a c e  is  changed  ( f rom 
- -20  to - -30~ at  P = 2 t o r r ) ;  c) t h e r e  a r e  p e r i o d i c  
p r e s s u r e  c h a n g e s .  The  d i s t a n c e  b e t w e e n  the  l ines  in 
the  g r i d  is  10 #. 

( e . g . ,  d u r i n g  the  f r e e z i n g  of w a t e r )  b e c o m e s  v a r i a b l e ,  s e v e r a l  thawed and f r o z e n  zones  can  f o r m  in an 
i n t e r s t r a t i f i e d  m a n n e r .  Th i s  is  p r o b a b l y  the  s i t u a t i o n  r e s p o n s i b l e  fo r  t he  f o r m a t i o n  of the  d a r k  bands  in 
a s e c t i o n  of the  d e s u b l i m e d  ice  in the  c a s e  in which  the  p r e s s u r e  in the  c o n d e n s e r  is  r a i s e d ,  but  not  a l l  the  
way  to a t m o s p h e r i c  p r e s s u r e .  The  n u m b e r  of d a r k  bands  shows  the  n u m b e r  of t i m e s  the  p r e s s u r e  in the  
s y s t e m  was r a i s e d  (Fig .  2c).  

On the  b a s i s  of t h e s e  e x p e r i m e n t s  on the  d e s u b l i m a t i o n  of w a t e r  v a p o r  in v a c u u m  [2] we can  a s s u m e  
tha t  the  c o n d e n s e d  p h a s e  f o r m s  in a t w o - s t a g e  m e c h a n i s m :  m o l e c u l e s  f r o m  the  gas  p h s s e  i n i t i s l l y  c o n d e n s e  
into a m o v a b l e  f i l m  (an a d s o r b e d  f i lm)  and can  e i t h e r  go f r o m  th i s  f i l m  b a c k  to  the  gas  p h a s e  o r  b e c o m e  
a t t a c h e d  to  the  s u r f a c e  (to a c r y s t a l l i z a t i o n  c e n t e r ) .  

"' .~wg into accoun t  t h e s e  a r g u m e n t s ,  and  us ing  the  a r g u m e n t s  of [8, 9], we can  d e s c r i b e  the  conden -  
s a t i o n  of w a t e r  v a p o r  in v a c u u m  by 

Y : :  a (2~mkTv)-l/2 [Ps-- Pd], 

w h e r e  a is a coe f f i c i en t  which  is  a m e a s u r e  of the  c o n d e n s a t i o n  r a t e .  

N u m e r i c a l  v a l u e s  of a could  not  be  found f r o m  the  e x p e r i m e n t a l  da t a  and t h e o r y  of [2, 3] fo r  t he  c a s e  
in which  d e s u b l i m e d  ice  is f o r m e d  in v a c u u m .  A n a l y s i s  of  the  e x p e r i m e n t a l  da t a  of [2, 3] r e v e a l s  tha t  the  
c o n d e n s a t i o n  coe f f i c i en t  u n d e r  the  cond i t ions  of t h e s e  e x p e r i m e n t s  v a r i e d  f r o m  0.03 to  0.058 (over  the  p r e s -  
s u r e  r a n g e  0 .1-3  t o r r ) .  T h e s e  r e s u l t s  a g r e e  wel l  wi th  the  d a t a  of [6, 7]. 
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Fig .  3. a) I ce  g rowth  r a t e  a s  a funct ion  of the  s u p e r s a t u r a t i o n  of the  i n c o m -  
ing w a t e r  v a p o r ;  b) t e m p e r a t u r e  at  the  s u r f a c e  of the  r e s u l t i n g  ice  l a y e r  as  
a func t ion  of the  r e s i d u a l  p r e s s u r e  and the  t h i c k n e s s  of the  d e s u b l i m e d  ice  
l a y e r ,  a :  1) t v = - -30~ 2) P = 2 t o r r ;  ~/T is g iven  in m i l l i m e t e r s  p e r  

m i n u t e ,  b: 1) t d p = 2  =f(~) ;  2) t d p =  1 =f(~) ;  3) t d P = 0 . 5  =f(~) ;  4) t d P = 0 . 1  
= f(~); 5) t s P = 2 ;  6) t s p = l ;  7) t s P = 0 . 5 ;  8) t s P = 0 .  I. H e r e  t is  in C e l s i u s  
d e g r e e s  and ~ is  in m i l l i m e t e r s  (Pv = Pd)" 

F ig .  4. a) P h y s i c a l  m o d e l  fo r  the  d e s u b l i m a t i o n  p r o c e s s ;  b) e f f ec t ive  t h e r -  
m a l  conduc t i v i t y  and d e n s i t y  of the  d e s u b l i m e d  ice  a s  func t ions  of  the  p r e s -  
s u r e  d u r i n g  the  g r o w t h  of the  i ce  l a y e r .  1) p = f(P) (for i ce  10 m m  thick) ;  
2) )~e = f(P) (for ice  t h i c k n e s s e s  f r o m  2 to 10 ram) .  H e r e  p is  in k i l o g r a m s  
p e r  cub ic  m e t e r  and k is in wat t s  p e r  m e t e r  p e r  C e l s i u s  d e g r e e .  

The values of ~ which are much less than one during condensation in vacuum (desublimation) under 
these conditions can probably be explained by arguing that in this case there are both interactions of the 
molecules "escaping" from the adsorbed surface layer and collisions of these molecules in the vapor phase; 
only some of these molecules return to the desublimation surface. These arguments are confirmed by ob- 
servations of the formation and growth of the eccentric ice profile on a tube under certain conditions in 
vacuum [2]. 

We believe that the external gasdynamic conditions during the formation of the condensed phase (the 
external problem of the desublimation process) require special thermal-physics research in order to de- 
termine ~. Experiments as well as methodological studies in this field are very complicated. 

Our experiments [2, 3] have shown that the rate at which the ice crystals grow in vacuum (for a con- 
st~nt wall temperature of the working surface, --30~ depends strongly on the relative supersaturation 
PS-- Pd/PS (Fig. 3a) at the time at which the ice layer is 10 mm thick. The maximum rate for a given 
wall temperature (Fig. 3a) corresponds to a critical pressure of 2 torr. 

The kinetics of the desublimation of water vapor in vacuum was analyzed in [2, 3] on the basis of the 
measured temperature fields in the condensed phase (the layer of ice which formed) and of the unsteady 
heat fluxes (the internal problem). The surface temperature of the resulting ice layer was also deter- 
mined in these experiments as ~ function of the pressure in the sublimator and the thickness of the ice 
layer (Fig. 3b). A similar method for determining the surface temperature of a condensed phase was 
used in [4] to calculate the condensation coefficient. 

2. Duration of the Desublimation Process.* The physical model for the desublimation (the internal 

* The studies in [2, 3] and the mathematical formulation of the problem refer to the condensation (desubli- 
mation of pure water vapor (without impurities of gases which do not condense). 
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prob lem)  c o r r e s p o n d i n g  to these  s tudies  is i l lus t ra ted  in Fig.  4a.  

A ccord ing  to this  s c h e m e  the m a t h e m a t i c a l  fo rmula t ion  of  the conjugate  p rob l em (in which the f i r s t  
s t age  -- the nuc lea t ion  and g rowth  of the c r y s t a l s  --  is neglected)  is 

OT O~T 
= a - -  (O~<x-.<~). 

O~ ax 2 

The init ial  and boundary  condi t ions  a r e  

(1) 

T = T w ;  x = 0 ; .  T = 0 ;  (2) 

T = T d ( ~ ) ;  x = ~ ;  (3) 

OT(x, ~) ~=~-o d~ 
Ox =Prd dr (4) 

The condit ion on the ex te rna l  m a s s  t r a n s f e r  is 

d~ = o: [_Ps - -  P d  (z)] 
P d~- V2z~RTd( �9 ) (5) 

w h e r e  PS and Pd(r) ,  the s a tu r a t i on  vapo r  p r e s s u r e  above the ice and the p r e s s u r e  in the sub l ima to r ,  a r e  
defined by [5] 

lg P s  = - -  2 6 6 8 , 7 2 / T s  @ 10,43112; (6) 

lg Pd (~) = - -  2 6 6 8 ' 7 2 / T d  (~) + 10,43112. 

Taking  the expe r imen ta l  r e su l t s  o f  [2] into account ,  w e  choose  a funct ion which d e s c r i b e s  the t i m e -  
evolving t e m p e r a t u r e  field within the ice and which c o r r e s p o n d s  to Eq. (1) and to the init ial  and boundary  
condit ions of p r o b l e m  (2)-(5) in the fol lowing non l inea r  f o r m :  

�9 Xn 
T ( x ,  ~) = Tw@ (Td(~)--. Tw)~- , wheren = n(~). (7) 

In this case ,  us ing (7), we can r e w r i t e  Eqs .  (1) and (4) a s *  

d'~ L ' "n-!-lJ d~ ~ ' 

~en(  Td(~)--- Tw) d~ 
Prd d-~- (9) 

Equat ions  (5), (8), (9), and (2)-(4) cons t i tu te  the conjugate  p r o b l e m  of the desub l ima t ion  of wa te r  vapor  on 
a flat  p la te  for  c o m p u t e r  solut ion.  T h e s e  equat ions  a r e  used to d e t e r m i n e  Td,  n, and ~. 

In this  p rob lem,  in c o n t r a s t  with the s t anda rd  p r o b l e m s  o f  mel t ing  and f reez ing ,  the t e m p e r a t u r e  at  
the ice f ront  changes  cont inuous ly  as  a function of the t ime .  In a c c o r d a n c e  with [1] we adopt n = 1 in (7) 
as  an a p p r o x i m a t e  solut ion of the p r o b l e m ;  then 

X 
T (x, "0 = Tw + (Td(~)--T w) - ~ - .  

The t e m p e r a t u r e  Td(~) can be wr i t t en  

(lO) 

T d (~) = T s  - -  ( r s  - -  T w) f (~). (11) 

as ~-~0; T d(0; ~)=Tw; 
(12) 

~---~6f; x=6f ;  Td(~f; T f ) = T s .  

X 
(13) 

In this  ca se  the funct ion f(~) m u s t  sa t i s fy  

f(~)= 1 

f (~)= o ~ 

Substi tut ing (11) into (10), we find 

T (x, ~) = r w + { (Ts  - -  rw)[1 - -  [ (~)1} - -  

Subst i tut ing (13) into (9) we find, with n = 1, 

*Equat ion  (1) is f i r s t  wr i t t en  in in tegra l  f o r m  for  this p r o b l e m .  
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w h e r e  k t = o r d / k e [ T  S -  Tw]. 
we f ind 

'~ = /~ .  I1 - -  f (~)I 
0 

On the  b a s i s  of the  e x p e r i m e n t a l  da t a  (F ig .  

f(~) = 
A exp ( - -  a~) - -  B exp ( - -  bE) - -  C exp ( - -  c~) 

w h e r e  A, B, C, D, 

Subs t i t u t i ng  (15) into ( 1 4 ) w e  f ind 

rdP ! - I  
-- ),e[Ts __Twl 1 - -  

D 

a ,  b, c a r e  c o n s t a n t s  s p e c i f i e d  d e s u b l i m a t i o n  cond i t i ons .  

~d~ 
A e x p ( - - a ~ ) - F B e x p ( - - b ~ )  ~--Cexp(--c~) ] 

J D 

"aPV f' ~ (i) di. 
k e [ T s  - -  Tw] 

0 

The  a p p r o x i m a t i o n  of the  e x p e r i m e n t a l  da t a  on the  funct ion  4)(5) fo r  the  c o m p u t e r  is  

~) (~):-~ ~ + ~ ,  

w h e r e  a and b a r e  c o n s t a n t s  fo r  g iven  d e s u b i i m a t i o n  c o n d i t i o n s .  

Subs t i t u t ing  (17) into (16), we f ina l ly  f ind 

_ rd,oD (a'~-' b'~). 

k e [ T  s - -  Tw] 

Under  the  cond i t ion  D ~ T S - - T  w, but  b '{ 3 << a ' {  2, Eq. (18) b e c o m e s  

T -- 0,109 prd ~,  

(14) 

3b) and t h e i r  c o m p u t e r  a n a l y s i s  

(15) 

(16) 

(17) 

( is)  

(19) 

w h e r e  X e and p a r e  the  a v e r a g e  e f f ec t i ve  t h e r m a l  conduc t iv i t y  and the  d e n s i t y  of the  d e s u b [ i m e d  ice ,  d e -  
t e r m i n e d  f r o m  F ig .  4b [2]. 

Equa t ion  (19) holds  fo r  a wal l  t e m p e r a t u r e  of the  w ork ing  e l e m e n t  down to about  - -30~ th i s  equa t ion  
is a l s o  a p p l i c a b l e  o v e r  the  fo l lowing  r a n g e s :  p r e s s u r e s  of 3-0 .1  t o r r ,  f low v e l o c i t i e s  of 1 .2 -10 .7  m / s e e  
fo r  the  l o w - d e n s i t y  v a p o r ,  and ice  t h i c k n e s s e s  f r o m  2 to 10 m m .  Unde r  t h e s e  cond i t ions  Eq. (19) d e -  
s c r i b e s  the  d u r a t i o n  of the  d e s u b l i m a t i o n  of w a t e r  v a p o r  on a f l a t  p l a t e  in vacuum wi th in  10%. It is  e a s y  to 
show on the  b a s i s  of (19) tha t  fo r  th is  p r o b l e m  we have  ~ = /3~f~ w h e r e  ~ = cons t .  Th is  r e s u l t s  shows  tha t  
t h i s  p r o b l e m  has  s i m i l a r i t i e s  with the  f a m i l i a r  Stefan p r o b l e m  of the  f r e e z i n g  of so i l  [1]. 

The  a p p r o x i m a t i o n  found h e r e ,  Eq. (19), can  be u sed  to s e e k  new a p p r o x i m a t e  a n a l y t i c  so lu t i ons  of 
th i s  con juga te  p r o b l e m .  

m 

Tw 
TS, ts  
Td,  td 
(rf, r f  

a 

p 

he 
rd 

N O T A T I O N  

is the  m a s s  of m o l e c u l e ;  
is  the  wal l  t e m p e r a t u r e  of the  w ork ing  s u r f a c e ;  
a r e  the  s a t u r a t i o n  v a p o r  t e m p e r a t u r e  of the  w a t e r  v a p o r  at  p r e s s u r e  PS; 
a r e  the  s u r f a c e  t e m p e r a t u r e  of the  d e s u b l i m e d  ice ;  
a r e  the  f ina l  t h i c k n e s s  and t i m e  c o r r e s p o n d i n g  to the  end of the  f o r m a t i o n  of the  i ce  
f i lm  a t  t e m p e r a t u r e  Td = TS; 
is  the  t h e r m a l  d i f f u s i v i t y  of the  d e s u b l i m e d  ice ;  
is  the  i ce  d e n s i t y ;  
is  the  e f f ec t i ve  t h e r m a l  conduc t iv i t y  of the  d e s u b l i m e d  ice ;  
is  the  hea t  of d e s u b l i m a t i o n  (or s u b l i m a t i o n ) ;  
is  the  c o o r d i n a t e s  of the  f ron t  of the  d e s u b t i m e d  ice  (the t i m e - v a r y i n g  t h i c k n e s s  of the  
i ce  l a y e r ) .  
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