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An equation for  the d ry ing  ra t e  during the ice subl imat ion s tage of the p r o c e s s  is der ived  on 
the bas i s  of the molecu la r -k ine t i c  theory of gases ,  with the vapo r  (gas) pe rmeab i l i t y  of m a -  
t e r i a l s  of va r ious  s t r u c t u r e s  taken into account.  

During the ma in  s tage of the subl imat ion drying p r o c e s s ,  namely  dur ing the subl imat ion of ice,  a 
l a r g e  por t ion  of the m o i s t u r e  in the m a t e r i a l  r e m a i n s  f rozen  and,  the re fo re ,  i ts  t r a n s p o r t  in liquid fo rm 
is p rac t i ca l ly  imposs ib le .  The  subl imat ion zone, which expands deeper  into the m a t e r i a l ,  becomes  an 
in te r face  between the region containing f rozen  s ta t ionary  mo i s tu r e  and the re la t ive ly  d ry  region through 
which water  vapor  and smal l  quantit ies of noneondensing gases  t rapped in po res  mig ra t e .  All th ree  flow 
modes  occur  h e r e  a t  the s a m e  t ime:  mo lecu l a r  (Knudsenian), t rans i t ional  (sliding), and v iscous .  

For  the case  of mutual  diffusion in a b inary  mix tu re  through a porous  medium,  the veloci ty  of each 
component  (1 or  2) can be e x p r e s s e d  in t e r m s  of the following equation [1]: 

Equation (1) contains two interdependent  va r i ab l e s  Yl(X) and P(x).  No solution to it  in quadra tures  has  
been found yet .  A numer ica l  solution is poss ib le ,  however ,  by integrat ing this equation by p a r t s  ove r  n a r -  
row in terva ls  of the v a r i a b l e s .  

As a r e su l t  of such a p rocedure ,  the m o l a r  f rac t ion  of a component  in a b inary  mix tu re  is  e x p r e s s e d  
a s  a function of the total p r e s s u r e  in the l inear  s teady mode:  
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Equation (2) has  been  obtained on the bas i s  of the following assumpt ions :  

1) the v i scos i ty  ~ does not v a r y  when the composi t ion of the mix tu re  v a r i e s ,  and 

2) the quantity k 0 = ( F m - ( F m  + 1 ) Y i ) / ( F - ( F  + 1)y l) is constant .  

The f i r s t  of these  assumpt ions  is m o s t  essent ia l  and l imit ing.  I t  is to be  noted that  the v i scos i ty  does 
v a r y  when the composi t ion of the mix tu re  v a r i e s  and, in that  ca se ,  Eq. (2) is valid only for a l imi ted  range  

of composi t ion  var ia t ion .  

The second assumpt ion ,  which involves diffusion under p r e s s u r e ,  is usual ly  of l i t t le  s ignif icance.  
The fac tor  k 0 v a r i e s  f rom k 0 = 1 when Yt = 1 to k 0 = m when Yi = 0. The re fo re ,  i ts  a v e r a g e  value may  be 
used with l i t t le  e r r o r .  

As has  been  ment ioned a t  the beginning of this a r t i c l e ,  during vacuum-sub l ima t ion  drying the wa te r  
vapor  diffuses through v e r y  smal l  amounts  of iner t  gases ,  mainly  in the a i r ,  along the cap i l l a r i e s  and the 

p o r e s .  

Engineer ing Inst i tute of the Ref r ige ra t ion  Indust ry ,  Leningrad .  T rans l a t ed  f rom Inzhene rno -F i z i che -  
ski i  Zhurnal ,  Vol. 23, No. 5, pp. 868-870, November ,  1972. Original  a r t i c l e  submit ted J anua ry  19, 1972. 

�9 1974 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 West 17th Street, New York, 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 of the publisher. A 
copy of this article is available from the publisher for $t5.00. 

1422 



In this case F =  0, k 0=1 ,  anda  0=1 .  ThenEq. (2) becomes 
--1 - -  ! ! 

- -  a l  t~ 1 P-!=(e-a,P-a~P'){e-~'P~ Ierf(a22Po + ~ ) - - e r f ( a ~ P  ~ 2 ~ ) ] }  
P10 

The process of mutual diffusion during sublimation drying, which we consider here, is complicated 
by the prevailing temperature and pressure gradients in the dried material.  Gunn has derived an equation 
for G 1 [1] taking these factors into account. 

This equation contains a coefficient K I , however, which is determined indirectly according to the 
formula K~ = c'CR-T--~M with c' denoting the permeability constant for a molecular (Knudsenian) gas flow. 
This precludes an application of the proposed equation to real processes, although it is well known that sub- 
limation drying of materials occurs in most cases under pressures which correspond to a transitional 
(molecular-viscous) flow of moisture through it. Various materials for drying have different structural 
properties. Under such circumstances it is almost impossible to derive theoretically a single permeability 
characteristic for all materials. 

It seems more expedient to replace K i by a coefficient which would quantitatively reflect the coexis- 
tence of all three flow modes in a porous material during sublimation drying. For structurally hetero- 
geneous real materials, most appropriate here appears to us the vapor permeability coefficient K v deter- 
mined experimentally for each material of a group of structurally similar materials. If the quantity of 
vapor passing through a unit length of the porous body per unit time under a unit pressure drop is expressed 
in units of mass (or weight), then the dimension of the vapor permeability coefficient will be kg/m- sec 
�9 mm(Hg), but, with the quantity of passing vapor expressed in units of volume, the dimension of the vapor 
permeability coefficient will be m2/sec - which corresponds to the dimension of the standard diffusion co- 
efficients in the theory of transfer processes. 

In view of all this, the authors have transformed the Gunn equation into 

D~ 
s = ( ~ p  + D,~)~~ r 

The quantities in formula (4) are  defined as follows: 

D~ = D12Ps, 

where DI2 is the coefficient of mutual diffusion for the vapor-a i r  system under atmospheric pressure, Ps 
is the sublimation pressure, ZiP = P s - P c ,  P is the total sublimator pressure, R is the universal gas con- 
stant, T is the temperature in the sublimation zone, ~ = b~ -n, K v is the vapor permeability coefficient de- 
termined from tests under conditions simulating vacuum-sublimation drying. 

Formula (4), which has been derived by a physical analysis of the process mechanism, is proper for 
calculating the rate of sublimation drying. 
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Km= YlK2 + Y2K1 
F = G1/G2; 
m = ~ ;  
M 
a 0 = (F + l)k0/(F m + i); 

NOTATION 

are the flow intensity of components 1 and 2 respectively, kg /m ~ �9 
is the geometrical factor affecting the diffusion, dimensionless; 
is the coefficient of mutual diffusion, m2/sec; 
are  the coefficients of Knudsenian diffusion, m2/sec;  
is the universal gas constant; 
is the temperature, ~ 
is the pressure,  N/m2; 
is the molar fraction; 
is the thickness of dry layer,  m; 
N/sec; 
is the Darcy diffusion constant, m2; 
is the Knudsen permeability coefficient, m; 
mVsec; 

is the molecular weight; 
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a I = ((F + I ) / (F  m + 1)) 

�9 (K/cD~2 + co/~Ki); 

a 2 = co/2~cD12; 
a 3 = co(l-m)/(Fm + I)//CDI~ 
# i s  the dynamic viscosity of gaseous mixture, N. sec/m2; 

is the distance from the material surface to the sublimation zone. 
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