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It is shown that the fo rm of the subl imat ion p r o c e s s  in which phase  t r ans fo rma t ion  takes  place 
not f rom the g e o m e t r i c  sur face  but in a cer ta in  l aye r  of finite thickness  is a s table  one. 

A whole s e r i e s  of phenomena obse rved  in connection with the subl imation of ice - the poros i ty  of the 
su r face ,  the p re sence  of a subl imat ion zone, etc.  - a re  usually a t t r ibuted to its nonuniform s t ruc tu re .  We 
will show that these  phenomena often have a more  genera l  origin assoc ia ted  with the penet ra t ion  of energy  
into the th ickness  of the ma te r i a l .  For  this purpose  we will examine the t e m p e r a t u r e  field in a subliming 
specimen.  

We a s sume  that the at tenuation of the energy  flux can be desc r ibed  with sufficient accuracy  by an ex-  
ponential  law. The re la t ive ly  high values of the l inear  co r re la t ion  coeff icients  (0.6-0.8), obtained f rom a 
s ta t i s t ica l  analys is  of the exper imen ta l  data  of a number  of authors  [1, 2] for the in tegral  energy  flux, indi-  
cate that this assumPtion is quite acceptable  for the purposes  of a quanti tat ive evaluation. Each method of 
energy  supply can be cha r ac t e r i z ed  by a ce r ta in  absorpt ion  coefficient k, which va r i e s  f rom a lmos t  ze ro  
(for example ,  in the case  of a h igh-f requency energy  supply for  ice) to ve ry  la rge  values (for a convective 
energy  supply). 

With the above assumpt ion  the dis t r ibut ion of the internal  heat  sources  for  a plate  with a b i l a te ra l  en-  
e rgy  supply has  the form:  

M (x) = kqo {exp [-- k p (~ - -  x)] + exp [--  k p (~ + x)]l. (1) 

Correspondingly  (assuming that the t e m p e r a t u r e  field co r r e sponds  to the steady state) ,  the different ial  
equation of heat  conduction is wr i t ten  in the form:  

02T kqo { } 
Ox---- C + - - ~  exp [-- k p (~ - -  x)] ~- exp [-- k p (~ + x)] = 0. i2) 

We a s sume  that  subl imat ion and hence the r emova l  of energy p roceed  f rom the g e o m e t r i c  su r face  of the 
spec imen.  Then the boundary conditions take the form:  

when x = 0 c)T = O, 
0x 

when x = ~  T =  T~,. 
(3) 

The solution is eas i ly  obtained. We have 

T - -  T~ = ~ {exp(--2kp~)-- exp [kp(x--~)] - -  exp [-- kp(~ +x)]  + 1}. (4) 

If the t e m p e r a t u r e  at the center  of the pla te  is given (for example ,  if the p r o c e s s  is such that it does not 
exceed a ce r ta in  value To) , then we can give express ion  (4) the form:  

O=  T - -  T~ _ c h k p x - - c h k p ~  (5) 
To--  Tt 1 - -chkp~ 

Having an expres s ion  for  the t e m p e r a t u r e  field, we can eas i ly  de te rmine  the nature  of the equi lbr ium p r e s -  
sure  dis t r ibut ion in the spec imen .  If, in accordance  with the C l a p e y r o n - C l a u s i u s  equation (assuming that  
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TABLE 1. Mean Period (% rain) of Existence of 
Excess Tempera tu re  at Center of Ice Specimen 
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Fig. 1. Theoret ical  t empera -  
ture distribution in half-plate:  
1) kp~ --~ ~o; 2) kp~ = 20; 3) 10; 
4) 5; 5) 2; 6) kp~ ~ 0. 

the heat of evaporation does not depend on tempera ture) ,  we set 

we find 

In P = A - -  B ,  (6) 
T 

[ ( T o -  TO(chkpx-- chkp~) ]-1 
P = e x p { A - - B [  ]~c~k~o~ + T~ J } . (7) 

For  the tempera ture  interval f rom 233 to 268~ A = 24.38 and B = 6236. Express ions  for  the t empera tu re  
and p re s su re  gradients are  easily obtained by differentiating (5) and (7). The resul ts  of a calculation based 
on express ion (5) are  presented in Fig. 1. 

It follows f rom the express ions  obtained that under the conditions of evaporation of ice f rom the geo-  
met r i c  surface of the specimen considerable tempera ture  and p re s su re  gradients ,  producing high s t r e s ses ,  
must exist in the body. At a fixed value of the excess tempera ture ,  these gradients  increase  with increase  
in k. The p r e s s u r e  gradients ,  moreover~ increase with increase  in the surface tempera ture .  The maxi-  
mum tempera ture  should be observed at the center  of the plate. 

We note that the principal  resul ts  foUowing from this reasoning remain  valid even if a nonexponential 
expression is used in the approximation. Qualitatively, the resul ts  also apply to bodies of other shapes 
(cylinders,  spheres ,  etc.). 

The object of the experimental  investigation was to establish the possibi l i ty  of real izing a form of 
p rocess  in which evaporation takes place from the geometr ic  surface of determining its duration. The ex- 
per iment  reduced to determining the tempera ture  fields at different frequencies of the e lectromagnet ic  en-  
ergy supply: 38-40 MHz (LD1-2 oscil lator) ,  2375 * 50 MHz ("Lueh-58 ~ osei l la tors) ,  and in the infrared 
frequency spectrum with maximum wavelength near 1 ~ created by an ordinary ineadeseent lamp with a 
filament t empera ture  2800~ ("bright emit ters")  and with a maximum wavelength near  6 ~ created by a 
blackened metal plate at a tempera ture  of 500~ ("dark emit ters") .  

The tempera tures  in e lectr ic  fields of high and superhigh frequencies were measured  with special  
thermoeouples  designed to eliminate both local overheating of the mater ia l  and self-heat ing of the t he rmo-  
couple in the e lectromagnet ic  fields [3]. Seven thermoeouples  were available for measur ing  the t e m p e r a -  
tures  in the high-frequency e lec t r ic  field for the plate and five for the cylinder.  The distr ibution of the 
thermoeouples  (two or three thermoeouples in the equipotential plane of the tempera ture  and e lec t r ic  
fields) made it possible to monitor the uniformity of the energy supply over  the thickness of the plate. For  
prepar ing the ice samples We used a solution of the following composition: distilled water  - 1000 g, sodium 
chIoride - 10 g, potass ium chloride - 0.5 g, calcium carbonate - 0.25 g, sodium bicarbonate - 0.5 g, and 
glucose - 2 g. 

The use of this solution (employed in medicine as a physiological solution) leads to impregnation of the 
lee with unfrozen moisture.  This makes it possible to supply the spec imenwi tha  sufficient amount of 
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Fig. 2. Variat ion of tempe~'ature (~ in plate (era) with time: a) in high- 
frequency e lec t r ic  field; b) "bright" emi t te rs  [1) r = 50; 2) 40; 3) 30; 4) 
10 and 15; 5) 9; 6) 7; 7) 4]. 

energy in a high- or superhigh-frequency e lec t r ic  field. At the same time, the composit ion of the e x p e r i -  
mental ice approaches the composition of the ice in products  subjected to f reeze drying. The ice was 
cooled in such a way as to reduce as far as possible the s t r e s s e s  created in the freezing process .  

In the experiments  with "dark" emi t te rs  it was not possible to achieve a significant t empera ture  r i s e  
in the center  of the specimen. With the other methods, however,  this did prove possible.  

Table 1 shows the mean of three measurements  of the period of existence of an elevated t empera tu re  
in the specimen of ice. The period of existence of the maximum tempera ture  a t  the center  of the speci -  
men was determined as the interval during which the tempera ture  fell to 10% of the original  value. 

We also investigated the variat ion of the tempera ture  field in time. The nature of the tempera ture  
variat ion in the specimen during sublimation in a high-frequency electr ic  field is shown with re fe rence  to 
one of the experiments in Fig. 2a. When bright emit ters  are  used as the energy source,  the tempera ture  
variat ion is usually more  rapid (Fig. 2b). 

As the experiments  show, in the case of sublimation in a high-frequency electr ic  field a parabolic  
distribution exists  for a cer ta in  time. 

The parabolic  distribution cor responds  to the theoret ical  distr ibution and is easily obtained from (2) 
on the assumption that the sources  are uniformly distributed over the volume or f rom (5) as k ~ 0. 

The resul ts  show that under conditions of evaporation from the geometr ic  surface the sublimation p ro -  
cess is unstable and in the case of tradit ional methods of energy supply can exist only for a short  t ime. 
Subsequently, approximately the same tempera ture  is established over the thickness of the specimen. This 
is due to the format ion within the ice of cavit ies,  f i s sures  and cracks  that permit  the escape of vapor f rom 
the inter ior  of the specimen,  i . e . ,  to the presence  of a cer tain sublimation zone of finite thickness.  The 
depth of this zone is determined by the penetrat ing powder of the radiation. For  example, in the case of a 
high-frequency energy supply, as soon as a uniform tempera ture  is established in the specimen, this zone 
extends over its entire depth. 

The formation of a sublimation zone may be accompanied b y a  number of phenomena, for example, 
supersonic  jet flow effects and the spalling and separat ion of ice par t ic les .  In fact,  in any cavity created by 
a tempera ture  difference the vapor t r ies  to escape into the surrounding medium, which may cause par t ic les  
to break away. This conclusion is consistent with an ea r l i e r  hypothesis [4, 5]. In f reeze drying prac t ice  the 
ice specimens already have a cer tain porosi ty.  However, this does not imply that the effects due to the 
existence of t empera tu re  and p r e s s u r e  gradients  cease to operate:  in this case they are  observed in the in- 
dividual continuous regions of the specimen.  

In conclusion, we note that the investigator should not overlook the possibili ty of specific effects a s -  
sociated with the penetrat ion of energy into the thickness of the mater ia l .  

k 
q 

is the absorption coefficient, cm -1 �9 g-l;  
is the surface energy density,  W/cm2; 
is the thickness of half-plate ,  cm; 

N O T A T I O N  
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is the temperature,  ~ 
is the temperature  at center,  ~ 
is the surface temperature,  ~ 
is the thermal conductivity, W/re.  deg; 
are the empirical coefficients; 
is the pressure ,  N/m2; 
is the time, rain; 
is the distance from center of plate, cm; 
is the relative thickness; 
is the dimensionless temperature; 
is the density, g; 
is the diameter of the cylinder, ram; 
is the height of the cylinder, ram. 
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