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The subl imat ion method of drying is finding eve r  wider  applicat ion in scient i f ic  and technical  
f ields.  F o r  example ,  one of the newest  f ields employing this  method is c ryochemica l  synthes is  
of inorganic  m a t e r i a l s ,  with subl imat ion dehydrat ion as the b a s i s  of the p r o c e s s .  Sublimation 
of ice f r o m  rapidly  f rozen  salt  solutions p roduces  powders  with a component  dis t r ibut ion close 
to that existing in the solution. We will consider the problem of ice sublimation from salt so- 
lutions frozen in the form of a plate, cylinder, and sphere in a flow of noncondensing gas at a 
pressure of 0.01 -< P -< 1.02 bars. The noncondensing gas contains vapors of the subliming ma- 
terial at a partial pressure of pf. Comparison of theoretical and experimental data reveals 
completely satisfactory agreement. The mass output coefficient, which is usually determined 
experimentally for mass-exchange processes with phase transitions, can be found in a manner 
analogous to the heat-liberation coefficient for a volume content of noncondensing gas beh~een 
25 and 100%. 

Experiments have revealed that in sublimation dehydration of various materials with porous structure 
the temperature difference between the phase-transition boundary and the beat-exchange medium is small [I]. 
This allows neglect of the convective component of heat transfer as compared to the heat of phase transition. 
Vapor transfer is accomplished not only by molecular diffusion, but also by a Stefan flow, which produces a 
change in the mass output coefficient ft. The effect of the material's porous structure on the diffusion process 
within the limits of the dehydrated zone is considered by means of an effective diffusion coefficient D=kD0, 
where D O is the diffusion coefficient in a free volume and k is a proportionality coefficient dependent on the 
structure of the material. The following assumptions are also made: the vapor-gas mixture surrounding the 
subliming body is a two-component ideal gas; the temperature change at the phase-transition boundary is neg- 
ligibly small; thermodiffusion and radiative heat transfer are absent. 

In this case the basic equation of the problem has the form 

@la~ + v@lO~= (D!~,)(81a~)(~SplO~) (T>O, q ~ ~ ~ a) (1) 

with boundary conditions 

p(q, r) = Pb; (2) 

--(D/RT)Op/O~ ~- vp /RT = (~/RT)(p - -  Pi) (,c > O, ~ = a); (3) 

--{DIRT)Op/O~ + vp /RT = (ypdqld.~ (x > O, ~ = ~1('0), (4) 

where  v is the ve loc i ty  of the Stefan flow, defined by the e x p r e s s i o n  [2] 

v = - - [D/ (P  --  p)]ap/o~; (5) 

where p is partial pressure of vapor; P is the total pressure of vapor-gas mixture; a is the characteristic 
dimension of body from which ice sublimes (radius of sphere or cylinder, thickness of plate); ~ is the general- 
ized coordinate; V is the position of the phase-transition boundary; r is the time; n is the form constant, equal 
to 0, i, and 2 for a plate, cylinder, and sphere, respectively; R is the specific gas constant of vapor; p is the 
ice density; ff is the volume porosity of material; T = (Tb+Tf)/2 is the mean temperature of vapor-gas mix- 
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ta re ;  the subscr ip t  b r e f e r s  to conditions in the f rozen  zone, including the phase- t rans i t ion  boundary; sub- 
s c r i p t  f r e f e r s  to the flow of noncondensing gas. 

The diff iculty of solving this equation l ies  in i ts nonl inear i ty  [in light of Eq. (5), Eq. (4)] and the fact that 
the mass  output coeff ic ient  fl in Eq. (3) is  not a constant ,  but is dependent in a complex fashion on total par t ia l  
p r e s s u r e s  of the v a p o r -  gas mixture .  

Usually, the value of  the coefficient/3 cannot be de te rmined  by analytic methods.  In the major i ty  of cases  
it  is n e c e s s a r y  to use va r ious  empi r ica l  equations.  A cha rac t e r i s t i c  example  a r e  the c r i t e r i a l  equations r e -  
cently obtained by genera l iza t ion  of a large  amount  of exper imenta l  data on vapor  condensation f rom v a p o r -  
gas mix tu res  [3]: 

NuD]NuD~ = 0.7t e~'~ c''~ at 0.1 <~ eg/ap ~< 1; (6) 

. (3 "~J 0 9 - - 0 . 1  NUD/NUDo = ~.~leg~ ~p at i < e g / a p < 3 ;  (7) 

N U D ] N U D o = e g  I at eg/~p>3,  (8) 

where  N U D = f l l / D  is the Nussel t  diffusion number;  NUD0 is the Nussel t  diffusion number calculated by analogy 
to the Nussel t  thermal  number;  l is the cha rac t e r i s t i c  dimension of body; r p =  ( p f - p w ) / P  is the dimension-  
less  d i f ference of vapor  par t ia l  p r e s s u r e  in the flow and at the condensation surface;  eg= ( P - p ) / P  is a d imen-  
s ionless  quantity cha rac te r i z ing  the volume gas content in the v a p o r - g a s  mixture .  It is obvious that use of fl 
f rom these equations c r ea t e s  p rac t i ca l ly  insurmountable  difficulty in solving the problem, which could be 
avoided if there  were  an express ion  for  the mass  output coeff icient  in which at  a L e w i s - S e m e n o v  number near  
unity the coeff icient  could be defined analogously to the heat - l ibera t ion  coefficient.  With this purpose in mind, 
the concept  of c o r r e c t e d  f i lm thickness 6 has been used [2, 4, 5]. The t r a n s f e r  mechan ism in the film is con-  
s idered  not only molecula r ,  but a lso convective.  The density of m a t t e r  flow t r a n s f e r r e d  through the fi lm in 
the d i rec t ion perpendicu la r  to the body sur face  is expres sed  by the well-known Stefan equation [2] 

m = -+-(DoP/BT6 ) In [(P -- p,~)/(P - -  Pl)], 

where  the plus sign co r responds  to the case  of desublimation (condensation) of vapor ,  and the minus sign to 
the case  of sublimation (evaporation); Pw is par t ia l  vapor  p r e s s u r e  at  the body surface .  

Since for  the c o r r e c t e d  f i lm 6 = D0/fl0, the Stefan equation is wri t ten in the form 

m = •  In [(P -- p ~ ) / ( P  - -  p])]. (9) 

We will show that the quantity fl0 introduced in Eq. (9) is defined in a manner  analogous to the heat- l iberat ion 
coeff icient  and can rep lace  the coefficient/3 in the boundary conditions of Eq. (3). To do this,  we wri te  the 
m a t t e r  flow densi ty exp re s sed  by Eq. (9) in the form 

m = +_( f~ /R1: ) (p / - -  pw).  (lO) 
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C o m p a r i s o n  of Eqs.  (9) and (10) gives  

[~/D~ ~ Nuo/NUD, = - [P/(Ps  - -  p,,.)l In [(P --  P,-)/(P - -  Pf)] 

or ,  in the notation used  in Eqs. (6)-(8) we m a y  wr i te  

NuD/NUD o ~ -- (t/ap) In (1 + ap eg;). (ii) 

The va lues  of NUD/NUD~ a re  p r e sen t ed  in Fig. 1: cu rve  1 c o r r e s p o n d s  to Eq. (11) of  the p r e s e n t  study (the 
s a m e  r e su l t  is given by Eqs.  (6)-(8) of [3]); curve  2 shows expe r imen ta l  data  of [3]; curve  3, data of [6]; curve  
4, equations of [7]. 

The good a g r e e m e n t  of the ca lcula ted  r e su l t s  with expe r imen ta l  data is just i f icat ion for  the conclusion 
that  the m a s s  output coefficient/30 can be ca lcula ted  with sufficient  a c c u r a c y  by analogy with the h e a t - l i b e r a -  
tion coeff icient ,  and Eq. (9) can be used in p lace  of the r igh t  side of Eq. (3). Moreover ,  ins tead of the separa te  
equations (6)-(8), it will be convenient  to use the single equation (11) in the range  Sgf/ rrp >-- 0. 2. It should be 
noted that  with a smal l  d i f ference  between pa r t i a l  p r e s s u r e s  at  the body su r face  and in the flow, i .e. ,  when 
~rp/egf<< 1, Eq. (8) can be der ived  f r o m  Eq. (11) as  a specia l  ease  by re ta in ing  the f i r s t  t e r m  in the expansion 
of the logar i thm in a s e r i e s .  

The conclusion a r r i v e d  at  in cons ider ing  the m a s s  output coeff ic ient  p e r m i t s  wri t ing boundary condition 
(3) in the fo rm 

- - ( O  '.~ r)c~l, O~ -!- L'i~ ~I~ r - -  - ~u(l~:'[r r) h~ [(P --  p ) ( P  -- p31. (12) 

In o r d e r  to e l iminate  the square  of the f i r s t  de r iva t ive  in Eq. (1) a new var iab le  is introduced (Stefan subs t i -  
tutio n), 

~ = In f ( P  - -  p ) / ( P  - -  Pi) J. 

F o r  the new va r i ab le ,  basic equation (1) and the boundary conditions (2), (12), (4) take the fo rm 

Oq: & := (D,~,9(O:d~)(~,~&~/c)~) (~ > 0. '1 <~ ~ ~< a); (13) 

(~(~1, T) = %; (14) 

DO~,'O~ = --~0rp (~ > 0, ~ = a); (15) 

DPO( f /O~  = R r a p d r l / &  (~ > 0. ~ = II(T)), (16) 

where  ~)b = In [ ( P - p b ) / ( P - p f ) ] .  

Since the re laxa t ion  t ime of the par t ia l  vapo r  p r e s s u r e  field in the dehydrated zone is s ignif icantly l ess  
than the t ime for  advancement  of the phase - t r ans i t i on  boundary, the der iva t ive  0 p / 0 r  m a y  be omit ted in Eq. 
(13), and the t ime  can be found f rom Eq. (16). In this case  solution of the homogeneous equation 

( D / ~ " ) ( d / d ~ ) ( ~ " & , - ' d D  = o 

with boundary conditions (14), (15) gives  

(f -= %[(1 --n)D'( t"  _ ~o(Ct: . . . .  ~:-")],:[(1 --t~)D/a" - -  ~o(a l - , ,  _ tl:-.,)] for a plate and sphere; 

1/BID0 ~- hi (a/~) 
q0 = (Pb 1~13ii)o @ In (o/q) for a cylinder,  

where  BiD0=/30a/D is the Blot  diffusion number .  

Then in tegra t ion of Eq. (16) al lows us to find an expres s ion  for  the total  t ime for  sublimation dehydration 
of sa l t  solutions f rozen in the fo rm of a plate ,  cyl inder ,  o r  sphere :  

a"-BT(~p (I/BiD. q- t/2). (~7) 
= (,~ + 1) l)P in [(P - v l ) / (p  - Pb)l 

It should be kept  in mind that  in us ing Eq. (17) to ca lcula te  subl imation t ime  it  is f i r s t  n e c e s s a r y  to de-  
t e rmine  the pa r t i a I  v a p o r  p r e s s u r e  value at  the phase - t r ans i t i on  boundary (pb) f r o m  the t he rma l  balance equa~ 
tion 

L ( T  t - -  T~) ---- [ 2 P D r / R ( T !  + Tb)] In [(P --  p t ) / ( p  - -  p,,)], 

where  it is the effect ive the rma l -conduc t iv i ty  coeff ic ient  of the dehydra ted  zone; r is the heat  of phase  t r a n s i -  
tion (sublimation);  Pb and T b a r e  re la ted  by the C l a p e y r o n - C l a u s i u s  equation. 

399 



T A B L E  1 

a.10 8, In 

T, *K P, Pa 

T, SCC 

~, r~ec  ~sults 

I experi- l.theory experi- 

0,2 

theory 

268 i333,2 0,52 897 990 224 -- 6,2 1.00 
6666,0 2899 3|00 725 800 20,1 3,00 

15998,4 5443 5670 ]36i 1450 37,8 6,00 
i02389,8 2408i 25530 6020 6600 t67,O 26.80 

258 i333,2 0,52 2442 2670 ~ill 680 17,0 2,70 
6666,0 7359 7980 i5~) 17i0 51,t "8.00 

t5998,4 t50t3 !6130 3753 4130 ]04,2 ]6.70 
102389,8 59781. 62170 i 4 9 4 5  16080 415,t 66,40 

268 1333,2 t,34 627 690 157 -- 4.3 0,70 
6666,0 2201 24t0 550 610 ~5,3 2.40 
15998,4 4352 4710 1088 1210 ~L2 4,80 

102389,8 2i287 21820 - 5322 5950 147,8 23.60 

258 t333.2 t,34 t714 t840 429 480 ~ ].9 
6666,0 5613 6250 t403 152(I 39.0 

15998,4 120~8 13100 3012 32[~0 83.6 
102389,8 529i4 . 55490 13236 14190 367,6 

1,90 
1;.20 

13,30 
58,80 

268 t333.2 3,00 480 5 ~,') !20 -- 3.3 0.53 
6666,0 t821 2010 455 510 12.(i 2.09 

15998,4 3755 5060 939 1100 T .0 4.!0 
i02389,8 19724 20730 4931 55-~0 t37.0 2t.90 

258 t333,2 3,00 .i315 1450 329 370 9.1 1.46 
6(166.0 4653 5103 I 1~3 1270 32.~; 5.10 

15998.4 i0129 I i086 2fi07 253 ) 72.'~ 11.50 
]02389.8 49192 50420 ]2298 13:)s() 34t .~; 54.(i0 

268 t333,2 5,00 412 450 ]03 -- 2.9 0.46 
6666,0 t646 1780 412 4.~() 11.4 1.80 

15998.4 3484 370[) 871 1000 . . . .  94 .) ~).jl}( 
102389,8 19025 19870 4756 5180 132.1 21.10 

258 1333.2 5,00 tt32 1230 2s3 340 7.] 1,20 
6666.0 4222 45~!) 105~; t180 29,3 ~.70 

15998,4 9fi93 -10480 2~28 2570 67.3 10.80 
102389,8 47524 48570 11881 ]2830 330.0 52.80 

E x p e r i m e n t s  w e r e  p e r f o r m e d  on s u b l i m a t i o n  d e h y d r a t i o n  of  s p h e r i c a l  g r a n u l e s  ob ta ined  by f r e e z i n g  

a q u e o u s  so lu t i ons  of  M o h r ' s  s a l t  in l iqu id  n i t rogen~  In i t i a l  so lu t ion  c o n c e n t r a t i o n  was  14.7%. The  e x p e r i m e n t s  

w e r e  p e r f o r m e d  in the fo l lowing  m a n n e r .  S e v e r a l  g r a n u l e s  w e r e  p l a c e d  on a s c r e e n  which  s e r v e d  a s  the pan 

of a s p r i n g - t y p e  m i c r o s c a l e  i n s t a l l e d  in the e x p e r i m e n t a l  c h a m b e r .  A d r a f t  of  a i r  a t  c o n t r o l l e d  v e l o c i t y  and 

p r e s s u r e  was  p a s s e d  o v e r  the g r a n u l e s .  The  a i r  w a s  d r i e d  in a z e o l i t e  c o l u m n  and c o o l e d  to the d e s i r e d  t e m -  

p e r a t u r e  in a t h e r m o s t a t i c  c h a m b e r  c o n n e c t e d  to a c o o l e r  b e f o r e  e n t r y  into the e x p e r i m e n t a l  c h a m b e r .  The  

s c a l e  i n d i c a t o r  p o s i t i o n  was  d e t e r m i n e d  wi th  a c a t h e t o m e t e r .  D e h y d r a t i o n  was  con t inued  unt i l  t h e r e  was  no 

change  of  s p e c i m e n  w e i g h t  wi th  t i m e .  The  p o r o s i t y  of  the  d e h y d r a t e d  m a t e r i a l  was  d e t e r m i n e d  f r o m  the we igh t  

d i f f e r e n c e  b e f o r e  and a f t e r  dehyd ra t i on ,  and the known g r a n u l e  v o l u m e .  

D r y i n g  t i m e  w a s  c a l c u l a t e d  wi th  Eq.  (17) fo r  the g iven  e x p e r i m e n t a l  cond i t ions .  It  was  a s s u m e d  tha t  
p f=  0 in the c a l c u l a t i o n s .  P o r o s i t y  was  0.85. The m a s s  output  c o e f f i c i e n t  ~0 e n t e r i n g  into the Biot  d i f fus ion  
n u m b e r  was  c a l c u l a t e d  by ana logy  wi th  the h e a t - l i b e r a t i o n  c o e f f i c i e n t  fo r  f o r c e d  v a p o r  f low [8]: 

Nu = 2 + 0.03 Pr ~ Re ~ ~- 0.35 Pr ~ Re0.~s. 

R e s u l t s  of  the  c o m p u t a t i o n  and e x p e r i m e n t a l  da ta  a r e  p r e s e n t e d  in Tab l e  1. The  c o m p l e t e l y  s a t i s f a c t o r y  a g r e e -  

m e n t  be tween  e x p e r i m e n t  and t h e o r y  t e s t i f i e s  to the c o r r e c t n e s s  of the m o d e l  chosen  f o r  the p r o c e s s  and to 

the  v a l i d i t y  of  the a s s u m p t i o n s  m a d e  in f o r m u l a t i n g  the p r o b l e m .  

Equa t ion  (17) and the e x p e r i m e n t a l  da ta  a l l ow  s e v e r a l  c o n c l u s i o n s  as  to the e f f e c t s  o f  v a r i o u s  p a r a m -  

e t e r s  on the  d u r a t i o n  of  the s u b l i m a t i o n  d e h y d r a t i o n  p r o c e s s .  F o r  e x a m p l e ,  i n c r e a s e  in v a p o r - g a s  m i x t u r e  

4 0 0  



flow ve loc i ty  leads  to reduct ion in drying t ime  down to the point where  i/BiD, < <  1/2. However ,  the theoret ica l  
and expe r imen ta l  data  show that  i n c r e a s e  in flow ve loc i ty  above 5 m / s e c  is not expedient.  

Drying t ime is d e c r e a s e d  by i n c r e a s e  in solvent  pa r t i a l  vapo r  p r e s s u r e  on the phase - t r ans i t i on  boundary 
and by reduct ion to a min imum of the content of these  v a p o r s  in the noncondensing gas  (pf = 0). This can be 
achieved by se lec t ion  of a solvent  with the h ighes t  pa r t i a l  p r e s s u r e  value at the chosen p r o c e s s  t empera tu re ,  
o r  by i nc r ea se  in the t e m p e r a t u r e  of the subl iming body for  a given solvent.  In the la t te r  case  a l imitat ion 
ex i s t s  - the eutect ic  t e m p e r a t u r e  of the f rozen  sa l t  solution. 

The binary diffusion coeff icient  p r o v e s  to have a s ignif icant  ef fec t  on the durat ion of sublimation dehy- 
drat ion.  In pa r t i cu la r ,  the dehydrat ion t ime  is  d e c r e a s e d  upon inc rea se  in the diffusion coefficient ,  which can 
be achieved by reduct ion in total  p r e s s u r e  in the sub l ima tor  and se lec t ion of a co r respond ing  solvent  and non- 
condensing gas.  It  is des i r ab le  to use methane ,  hydrogen, o r  hel ium for  the gas.  As was repor ted  in [9] and 
other  s tudies ,  upon r e p l a c e m e n t  of a i r  by hel ium as the noncondensing gas,  the duration of the dehydration 
p r o c e s s  is d e c r e a s e d  by a fac tor  of m o r e  than th ree  (with all o ther  conditions equal). 

In conclusion,  we note that  in p r epa ra t i on  of m a t e r i a l s  with smal l  po re  d imensions  (of the molecu la r  
s ieve type), a t m o s p h e r i c  subl imat ion drying is of g r e a t  in te res t .  In this case ,  for  the m a j o r i t y  of f rozen so l -  
vents  the par t ia l  v a p o r  p r e s s u r e  is much less  than a tmosphe r i c  p r e s s u r e .  Then, p r e s e r v i n g  the f i r s t  t e r m  
in the expansion of the logar i thm in the s e r i e s ,  f r o m  Eq. (17) a t  high flow ve loc i t ies  for  the d ry  noneondensing 
gas  we obtain 
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