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The effect of displacement of the phase interface on mass transport 
in capillary-porous bodies is described and the particular role of molar 
vapor transport in the over-all mass transfer process is noted. Em- 
pirical relations for the motive force of molar vapor transport are pre- 
sented. 

In des igning sub l ima t ion  d r y e r s  it is n e c e s s a r y  to 
take into account  the specif ic  m e c h a n i s m  of m o i s t u r e  
t r a n s p o r t  in the m a t e r i a l  and, in  p a r t i c u l a r ,  the de-  
p r e s s i o n  of the sub l ima t ion  zone dur ing  drying.  This 
effect is cont inuous ly  r e l a t ed  with the s t r u c t u r a l  p rop -  
e r t i e s  of the m a t e r i a l .  

Phys ica l ly ,  the d e p r e s s i o n  of the sub l ima t ion  zone 
is analogous to p r o c e s s e s  of d i sp l acemen t  of the phase 
t r a n s f o r m a t i o n  zone at cons tan t  m o i s t u r e  content  and 
sur face  heat  flux. A l i n e a r  law of d e p r e s s i o n  of the 
evapora t ion  sur face  was e s t ab l i shed  by Luikov [1], 
while the p rob lem of the d e p r e s s i o n  of the evapora t ion  
zone (Stefan p rob lem type) was solved by Luikov and 
P o m e r a n t s e v  [2]. 

In r e l a t i on  to the sub l ima t ion  p roces s  a l i nea r  law 
of d e p r e s s i o n  of the sub l ima t ion  zone can be a s sume d  
if the m o i s t u r e  content  of the f rozen  pa r t  of the m a -  
t e r i a l  and the sur face  heat  flux a re  constant .  

Star t ing f rom these a s sumpt ions ,  we calcula ted the 
d e p r e s s i o n  c h a r a c t e r i s t i c  (dis tance of sub l ima t ion  
zone f rom sur face  of m a t e r i a l )  f rom the following 
equation: 

~ 1 ( 1 -  Um 
Uo ) .  (1) 

An ana lys i s  of the p a r a m e t r i c  c r i t e r i o n  ~/ l  showed 
that  the d e p r e s s i o n  of the sub l ima t ion  zone is l i nea r  
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Fig.  1. Var ia t ion  of the p a r a -  
m e t r i c  c r i t e r i o n  ~/l with t ime .  

only for the per iod of cons tan t  d ry ing  ra te  (~ = b T), 
while for the per iod  of fa l l ing dry ing  ra te  the law is 
parabol ic  (~ = b T  n) [3,4] (Fig. 1). 

To de t e rmine  the locat ion of the phase in ter face  
dur ing  sub l imat ion ,  we expe r imen ta l l y  r eco rded  the 
p r e s s u r e  and t e mpe r a t u r e  fields in the spec imen  at 
va r ious  p r e s s u r e s  of the v a p o r - a i r  med ium in the sub -  
l ima to r  and var ious  heat ing wall t e m p e r a t u r e s .  

The following expe r imen ta l  method was used to de-  
t e r m i n e  the p r e s s u r e  d i f ference  between the spec imen  
and the medium.  The p r e s s u r e  in the spec imen  was 
m e a s u r e d  with in jec t ion  need les  (dex = 1 and din = 0.5 
ram) d i s t r ibu ted  over the height of the spec imen  at in -  
t e r va l s  of 5 �9 10 -3 m f rom the sur face ;  the p r e s s u r e  
r ead ings  were  r e g i s t e r e d  with an oil U - m a n o m e t e r ,  
the ini t ia l  p r e s s u r e  at both ends of which was equal to 
the p r e s s u r e  of the medium.  The expe r imen t s  were 
pe r fo rmed  on quar tz  sand,  which was poured into an 
insula ted  p lexiglas  mold m e a s u r i n g  30 • 30 • 30 m m  
and then in t roduced into a vacuum chamber .  The 
heat ing sur face  su r rounded  the spec imen  on all  s ides ,  
but heat  was supplied only f rom above, s ince  the la t -  
e r a l  su r f aces  were  insulated.  The vapor also escaped 
upward. The expe r imen t s  were  conducted on a l a b o r a -  
tory  vacuum appara tus  (Fig. 2). The ini t ia l  m o i s t u r e  
content  was the same ,  i r r e s p e c t i v e  of the d i spe r s i t y  
of the m a t e r i a l  (U 0 = 25 %); the p r e s s u r e  in the cham-  
be r  was 93.3, 133.3, and 500 N / m 2, and the t e m p e r a -  
tu re  of the heat ing wall  45 -75  ~ C. The mold containing 
the sand was mounted on a VTK-500 ba lance  and the 

loss  of m o i s t u r e  me a su r e d .  The t e m p e r a t u r e  f ields 
were m e a s u r e d  with c oppe r - c ons t a n t a n  thermocouples  
d = 0.1 • 10 -3 m,  s t r e t ched  over  a plexiglas  f r ame  at  
i n t e rva l s  of 5 �9 10 -3 m. The the rmocoup le s  andneed l e s  
were  under  ident ica l  i so the rma l  condi t ions.  

As a l r eady  noted [5], when mo i s t  m a t e r i a l s  a re  in -  
t ense ly  heated,  a total  p r e s s u r e  g rad ien t  develops 
ins ide  the ma te r i a l .  Although in our expe r imen t  the 
t e m p e r a t u r e  of the heat ing wall  was r e l a t i v e l y  low, 
m a x i m u m  75 o C, and the t e mpe r a t u r e  of the m a t e r i a l  
- 15  ~ C, none the less  a total  p r e s s u r e  gradient ,  an i m -  
por tan t  factor  in m a s s  t r a n s f e r ,  was detected in the 
m a t e r i a l .  

The total  p r e s s u r e  d i f ference  be tween the spec imen  
and the med ium over the height of the m a t e r i a l  is 
shown in  Fig.  3a as a funct ion of ~ at a v a p o r - a i r  
p r e s s u r e  of 133.3 N / m  2 and a heat ing wall t e m p e r a t u r e  
of 55 ~ C for  mois t  quar tz  sand with a cap i l l a ry  d i am-  
e te r  of 0 .07 .10  -3 m. The s ame  graph includes the 
dry ing  ra te  curve  for the sand. The sub l ima t ion  drying  
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Fig,  2. Diagram of the expe r imen ta l  vacuum appara tus :  1) sub -  
l ima to r ;  ~.) suppor t  for sub i imator ;  3) condenser ;  4) VN-1MG 
vacuum pump; 5) P..PP-0.9 MG; 6) VTK-500 balance;  7) m e r -  
cu ry  U - m a n o m e t e r ;  8 ) the rmocoup le  m a n o m e t e r ;  9) LT-2  lamp; 
10) oil U - m a n o m e t e r ;  1 1 ) w a t t m e t e r ;  12) PMS-48; 1 3 ) t h e r m o -  

stat ;  14) switch; 15) t r a n s f o r m e r ;  16) hea te r ;  17) spec imen ,  
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Fig. 3. P r e s s u r e  difference between spec imen  and med ium over the 
th ickness  of the m a t e r i a l  as a funct ion of ~ for quar tz  sand (a) and 
LLm t e m p e r a t u r e  curves  for  the s ame  condit ions (b): 1) 5 . 1 0  -3 m; 

2) 10 .10  -3 m; 3) 15- 10 -3 m; 4) 20 '  10 -'~ m; 5) qm = f(T). 

p rocess  as a whole should be examined  l ayer  by l a ye r  
(over the th ickness  of the mate r i a l ) .  The m a x i m u m  
value of •P r e l a t e s  to the sub l imat ion  zone. It is c l ea r  
f rom the graph that as the sub l ima t ion  zone is de -  
p r e s sed  into the m a t e r i a l  AP i n c r e a s e s ,  which is obvi -  
ously because  the r a t e  of phase t r a n s f o r m a t i o n  exceeds 
the ra te  of vapor t r anspo r t ,  owing to the i nc r e a se d  r e -  
s i s t ance  of the dry  l ayer .  The t e m p e r a t u r e  curves  
for quar tz  sand with the s a m e  p a r a m e t e r s  a re  p r e -  
sented in Fig.  3b. As may be seen  f rom the f igure ,  
dur ing  the per iod of constant  d ry ing  ra te  the t e m p e r a -  

tu re  of the m a t e r i a l  a lso  r e m a i n s  a lmos t  constant .  
Then ,  as the r e s idua l  mo i s tu r e  is r emoved  and the 
m a t e r i a l  heated,  i ts  t e m p e r a t u r e  cons tan t ly  r i s e s  and, 
at the end of sub l ima t ion  drying,  r eaches  the t e m -  
pe ra tu r e  of the medium.  A jo in t  cons ide ra t ion  of the 
t e m p e r a t u r e  and p r e s s u r e  curves  c l e a r l y  demons t r a t e s  
the pa t t e rn  of d i sp lacemen t  of the phase in te r face  in 
the spec ime  m It is  c l ea r  f rom Fig.  3a that  the per iod  
of cons tant  d ry ing  ra te  ends before  the m a t e r i a l  a t -  
t a ins  a posi t ive  t e m p e r a t u r e  over i ts  en t i r e  th ickness ;  
i. e . ,  the per iod of cons tant  d ry ing  ra te  and the sub-  
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Table 1 

Expe r imen ta l  Data on the Tota l  P r e s s u r e  Dif- 
f e rence  AP,  Dry ing  Rate ,  and b /#  Obtained for 
Var ious  Cap i l l a ry  D i a m e t e r s  Under  Dif ferent  

Ex t e rna l  Condit ions 

J 
0.035 5.0 

0.07 

0.328 

0.5 

133.3 

93.5; 

55 

45 

55 

75 

35 45 

45 55 

65 75 

35 45 

45 55 

45 55 

45 55 

3,4 

4,44 

4.9 

3.05 

4.16 

I 

4.58 

2.44 

3.8 

3.4 

3.0 

0.278 0.0676 

0.2 0. 0805 

0.225 0.0854 

0.278 0.0881 

0.192 0.3815 

0.216 0.3846 

0.25 0. 3366 

0.185 O.S 

O. 194 

0.159 0.12 

0.101 t 0.147 

I 

5 32.6 
10 57 
15 81.5 
20 105 

5 28 
10 37 
15 53 
20 70 
5 32.7 

10 49 
15 65 
20 82.4 

5 41 
10 57 
15 73.5 
20 102 
5 24.4 

10 33 
15 49 
20 65 

5 28 
l0 41 
15 57 
20 74.8 
5 36.7 

10 53 
15 69 
20 89 
5 2.3 

10 12.2 
15 20.3 
20 28.5 

5 16.3 
10 24.4 
15 33.0 
20 45 

5 16.3 
10 24.4 
15 ~33 
20 41 

5 t2,2 
l0 20.3 
15 24.4 
20 33 

l ima t ion  per iod do not cor respond ,  which has also 
been  noted by Guigo [6] for  thick m a t e r i a l s .  In our ex-  
p e r i m e n t s ,  the per iod  of cons tant  drying ra te  c o r r e -  
sponds to a d e p r e s s i o n  of the sub l ima t ion  sur face  by 
about 10-15  ram. 

Changing the t e m p e r a t u r e  of the heat ing wall  and 
the p r e s s u r e  in the sub l ima to r  leads to a change in 
the sub l ima t ion  ra te .  I nc reas ing  the heat ing t e m p e r a -  
tu re  with the other  condi t ions  fixed leads to an i n c r e a s e  
in  the m a s s  of vapor fo rmed  in the m a t e r i a l  and, hence,  
to an i n c r e a s e  in the total  p r e s s u r e  d i f ference  Ap 
(Table 1). Reducing the p r e s s u r e  of the v a p o r - a i r  m i x -  
tu re  in the sub l ima t ion  chamber  also leads to an in -  
c r ea se  in AP. 

On the ba s i s  of a gene ra l i za t ion  of the expe r imen ta l  
data we obtained an e m p i r i c a l  formula  (for specif ic  
condit ions)  for de t e rmin ing  the p r e s s u r e  grad ien t  in 
the spec imen ,  which depends not only on the ex te rna l  
p a r a m e t e r s  ( p r e s su re  of the med ium in the sub l ima to r  
and heat ing wall  t empe ra tu r e ) ,  but a lso on the cap i l -  

l a ry  d iamete r :  

h P = 88.7 p-0.ss t0665 d-0.40a (N/m z �9 m). (2> 

The expe r imen ta l  data on the dry ing  ra te ,  the total 
p r e s s u r e  dif ference,  andthe  coeff icient  b / # f o r  va r ious  
ex te rna l  condit ions and d i f fe rent  cap i l l a ry  d i a m e t e r s  
a re  p resen ted  in Table 1. 

It is c lear  f rom the table that the coeff icient  cha r ac -  
t e r i z ing  the ra te  of d e p r e s s i o n  of the sub l ima t ion  zone 
hard ly  changes with va r i a t i on  of the vacuum in the 
chamber  and depends ma in ly  on the ra te  of heat  supply 
and the cap i l l a ry  d iamete r ,  As a r e s u l t  of the d e p r e s -  
s ion of the sub l imat ion  zone, the hydrau l ic  r e s i s t a n c e  
of the porous  s t r u c t u r e  i n c r e a s e s  owing to the i n c r e a s e  
in the l aye r  of dry  ma te r i a l .  To analyze  this factor ,  
we in t roduce the ra t io  b /# .  

On the b a s i s  of a gene ra l i za t i on  of the expe r imen ta l  
data, we obtained an expe r imen ta l  r e l a t ion  between 
b / #  (for our expe r imen ta l  condi t ions)  and the ex te rna l  
p a r a m e t e r s  of the v a p o r - a i r  mix tu re  in the chamber  
and the cap i l la ry  d i ame te r  

b /~  = 12.10 -~ p-0.007 t0.07d0 28 (m/sec) ,  (3) 

f rom which it  is c l ea r  that the diffusion r e s i s t a n c e  co-  
eff ic ient  ( s t ruc tu re  factor  of the m a t e r i a l  [3]) # de-  
pends on the p r e s s u r e  and t e m p e r a t u r e  of the s u r -  
rounding med ium l e s s  than on the cap i l l a ry  d iamete r .  
The coeff icient  # is a funct ion of the m o i s t u r e  content  
[7] and, at U > 10%, of the heat ing ra te .  The coefficient  
# shows by how many t imes  the coeff icient  of diffusion 
(D) of vapor  f rom the f ree  sur face  into a i r  is g r ea t e r  
than the coeff icient  of i n t e rna l  vapor  diffusion (am) ,  

This c r i t e r i o n  (1/an)  was in t roduced by Luikov [7]: 

1 D 

~. a,.  

In the f i r s t  approximat ion ,  we calcula ted/~ as the 
ra t io  of the ra te  of evapora t ion  f rom the sur face  (qm0) 
to the sub l ima t ion  ra te  for the dep re s sed  sur face  
(qm~)" The data for/~ as a funct ion of the m o i s t u r e  
content  of the m a t e r i a l  a re  p resen ted  in Table 2. 

On compar ing  the in t e rna l  diffusion r e s i s t a n c e  co-  
eff ic ient  for c a p i l l a r y - p o r o u s  m a t e r i a l s  in a vacuum 
with the coeff icient  ~ obtained by other authors  for 
a tmospher ic  condit ions [7], we obtain close agreement .  

Table  2 

Expe r imen ta l  Data on the 
Vapor Diffusion Res i s t ance  

Coefficient  for Sand 0.07" 
�9 10 -3 m in D iame te r  at Pt  = 

N/m2 a n d t a v - -  = 55 ~ C 133.3 
as a F u n c t i o n  of t h e M o i s u r e  

Content of the Mate r i a l  

u,% 

16.5 
15.0 
13.3 

qmolqm ~ U, % qrnolqm 

1.6 11.5 1.802 
1.6 10.0 1.93 
1.7 8.4 2.04 
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As for  the i n t e rna l  d i f fus ion coef f ic ien t  (am),  under  
vacuum condi t ions  it is  much  g r e a t e r  than under  a t -  
m o s p h e r i c  condi t ions ,  which i s  coord ina ted  with a c o r -  
r e spond ing  i n c r e a s e  in the coef f ic ien t  of d i f fus ion D 
of vapor  f rom the s u r f a c e  into the su r round ing  med ium.  
Values  of D and am were  obtained f r o m  f o r m u l a s  taken  
f r o m  [7, 8]. 

A knowledge of the r e s i s t a n c e  coef f ic ien t  of the d r y  
l a y e r  of m a t e r i a l  in r e l a t i o n  to the r a t e  of d e p r e s s i o n  
of the sub l ima t ion  zone is of c o n s i d e r a b l e  p r a c t i c a l  
i m p o r t a n c e :  a l lowance  for  these  f a c t o r s  t oge the r  with 
a ca l cu l a t i on  of the r a t e  of e n e r g y  supply  to the sub-  
l ima t ion  zone m a k e s  it p o s s i b l e  to s e l e c t  the t h i ckness  
of sub l imed  m a t e r i a l .  

NOTATION 

is the d i s t ance  be tween  the phase  i n t e r f ace  and 
the m a t e r i a l  su r f ace ,  m; l i s  the to ta l  t h i ckness  of 
the m a t e r i a l ,  m; U m and U 0 a r e  the m o i s t u r e  content  
of the m a t e r i a l  a t  the r e f e r e n c e  t ime  and the in i t i a l  
m o i s t u r e  content ,  r e s p e c t i v e l y ,  kg /kg;  qm is  the r a t e  
of e v a p o r a t i o n  of ice  f rom the c a p i l l a r y - p o r o u s  body,  
k g / m  z �9 sec;  a m is  the in t e rna l  vapor  di f fus ion coef f i -  
c ient ,  m2 / sec ;  b i s  the r a t e  of d e p r e s s i o n  of the s u b l i -  
m a t i o n  zone;  T i s  the t ime ,  sec ;  # is  the v a p o r  d i f fus ion  
r e s i s t a n c e  coeff ic ient ;  P i s  the p r e s s u r e  in sub l i -  
m a t o r ,  N/m2; d i s  the c a p i l l a r y  d i a m e t e r ,  m.  
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