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A method of calculating the optimum shape of the working surface of cooled condenser  e le-  
ments  used in vacuum-subl imat ion installations is presented; an engineer ' s  computing sys -  
tem for  the design of continuously acting condensers  of this kind is also given. 

In perfecting the design of installations for the sublimation drying of food products,  biological speci -  
mens,  and other  mater ia ls  of low heat res is tance ,  a number  of problems a r i se  in connection with the mass  
t r ans fe r  and hydrodynamics  of the v a p o r - g a s  mixture between the source of vapor evolution (sublimer) 
and the mass  sink (condenser) [1]. The solution of these problems (with due allowance for the actual pro-  
cesses  taking place on the exchange surface) enables us to determine the best shapes for  the subl imer  and 
condenser  working sur faces ,  as well as their  mutual disposit ion and orientation. The main requi rements  
to be satisfied are :  the organizat ion of a continuous outflow of vapor f rom the subliming source ,  with a 
minimum external res is tance;  uniform solidification of the condensate; the removal of uncondensed gases;  
maintenance of the optimum thermodynamic pa ramete r s  of the process  (pressure ,  ambient tempera ture ,  
surface temperature) .  

One of the most  complicated p rocesses  associated with any determinat ion of the shape of the con- 
denser  surface is that of obtaining the flux-density distribution function of the vapor.  Ea r l i e r  we developed 
a method [2] enabling us to est imate the values of the effective expansion angle of the flow of water vapor  
emitted by a plane subliming source ,  i.e., the values of the solid angle 2~Oeff in which the vapor flow was 
dense enough to form and grow solid condensate c rys ta ls  (the tempera ture  character iz ing the operation of 
the condenser  in the vacuum installation being 230-250~) .  

Experimental  investigations were ca r r i ed  out for  the molecu la r -v i scous ,  t ransi t ional ,  and viscous 
states of the v a p o r - g a s  mixture (10 < Pc < 103 N/m2) �9 The model of subliming mater ia l  employed was 
water  occluded in a porous metal ,  l i q u i d - i c e - v a p o r  t ransformat ions  taking place in the pores  under the 
influence of the thermal flux (heat flow) created by a set  of plane heaters .  

Whereas in a high vacuum (Kn >> 1) the molecular  beam from the subliming plane source weakened in 
accordance with the laws of ray  optics, on increasing the ambient p ressure  we obtained a more substantial 
increase in the size of the solid condensate spot in a plane condenser  (the spot was limited by the solid 
angle 2~eff). Here 

cos (peff=~ exp [k (pJpo) n ]. (1) 

For  the f r ee -molecu la r  state (Kn >> 1) k = O, n = O; for the transi t ional  state (Kn ~ 1) k = -1;  n = 1; 
for the viscous state (Kn < 1) k = -0.42;  n = 0.5. 

Use of the shadow method of visualizing the hydrodynamic pattern of the flow around surfaces  of 
var ious  configurations revealed the existence of v a p o r - g a s  sheaths close to the condensation surfaces;  
these sheaths increased the res is tance  opposing the diffusion of vapor  molecules  and their  complexes to- 
ward the surface,  and (in the case  of a cylinder) created conditions conducive toward the uniform dis t r ibu-  
tion of the condensate over  the cooled surface .  A more  uniform thickness (and resistance) of the boundary 
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Fig. 1. Distribution of the solid condensate of water vapor on cooled surfaces of various 
configurations: a) plane; b) cylinder; c) surface of optimum shape. 

Fig. 2. Arrangement of the continuously acting vacuum-sublimation condenser: 1) body; 2) 
cooled elements; 3) scraper axes; 4, 5) flanges. The faces of elements 2 are arcs of com- 
mon circles. 

sheath close to the wall is obtained in the case of flow around an infinite flat plate set at r ight  angles to the 
vapor  flow. For  this c a s e w e  obtained a distr ibution of the solid condensate h = f(R) corresponding to the 
following density distr ibution of the vapor flow from the center  to the per iphery:  

I ----/s/~2exp [(R/Rs~) ~ ~ k (pc/po) n ]. (2) 

The investigations showed that plane and cyl indr ical  condenser  surfaces  were not the best  shapes as 
regards  uniformity of condensate solidification. Ea r l i e r  we proposed [3] a surface shape for the cooled 
elements  such as would sat isfy the requi rement  of uniformity, and which could be calculated very  simply, 
the charac te r i s t i c  dimension of the surface (radius of curvature  RK) being determined in te rms  of the 
specified size of the source and the thermodynamic pa ramete r s  of the ambient.  

Figure 1 gives a normal  c ross  section of the distribution of solid condensate on plane (a), cylindrical  
(b), and opt imum-shaped (c) cooled surfaces  (surrounding p res su re  133 N/m 2, condenser  tempera ture  
240~ distance to vapor source 0.1 m). The most  uniform distribution of the condensate was obtained in 
case (c) for  a mean thickness of the solidified layer  up to 0.01 m. 

The model tes ts  showed that a co r r ec t ly  chosen working surface of the condenser  ensured u n i f o r m  
freezing of the solid condensate over  a very  long period of t ime. 

Figure 2 i l lustrates the a r rangement  of our  continuously acting vacuum-subl imat ion condenser.  In 
the evacuated body of the condenser  I are  the cooled elements  2, made in the form of hollow t r ihedral  
p r i sms  with concave faces having identical radii of curvature ,  and between the cooled elements  2 are  
s c r ape r s  3 rotating around the axis for periodical ly cleaning the working sur faces  of 2 f rom the solid 
condensate.  Each sc rape r  cleans the adjacent sur faces  of three neighboring elements  2 at the same t ime 
in one pass.  The var iab le -sec t ion  body has walls contract ing toward the outlet and two flanges: flange 4 
for fixing to the sublimation chamber  and flange 5 for connecting to the discharging caisson bunker and the 
sys tem evacuating the uncondensed gases  [5]. 

A thermal  calculation may be executed for  such a condenser  if we know its rate of del ivery,  the 
radius of curva ture  RK, the mean thermophysical  charac te r i s t i c s  of the solid condensate,  and the thermo-  
dynamic pa rame te r s  of the v a p o r - g a s  mixture.  

Figure 3 shows the c ros s  section of a cooling element of optimum shape in the form of a hollow 
pr i sm with concave faces  having a radius of curva ture  R K. Uniform layers  of solid condensate with a 
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Fig.  3. Opt imum shape of the working sur face  of a cooled e l emen t  of  the con-  
dense r  (to aid in calcula t ing the f r eez ing  t ime) .  

Fig.  4. C h a r a c t e r i s t i c s  of the th i ckness  of the solid condensate  l aye r  f reez ing  
on the working sur face .  

thickness  h f reeze  on two of the working faces .  By vi r tue  of the s y m m e t r y  of the flow and the cooled e l e -  
men t  we need only cons ider  one of the faces .  

On increas ing  the thickness of the l a y e r  of condensate by an amount Ah a quanti ty AG of condensate  
f r e e z e s  on the sur face  of the e lement :  

AG = ~ pLAh (R K -  h --  Ah/2) (3) 
3 

(subsequently we shal l  eve rywhe re  neglec t  the t e r m  Ah/2).  

Assuming that at the phase in terface  the t h e r m a l  r e s i s t ance  of the phase t rans i t ion  is equal to ze ro ,  
we may  de t e rmine  the amount of heat  which has to be taken away f rom the moving boundary of the phase 
t rans i t ion:  

AQ' = AGr. 

P a r t  of the heat  AQ" is c a r r i e d  to the phase - t r ans i t i on  sur face  on cooling the v a p o r - g a s  mix ture  to the 
t e m p e r a t u r e  of this sur face  Ts:  

1 
AQ" = - - c p  (To - -  Ts) A6.  

8 

The total  amount  of heat  which has to be ca r r i ed  away when a l a y e r  of th ickness  Ah f r eeze s  is 

AQ= ~-~_ p L [ ~ c , ( T c - - T , ) + r ] ( R ~ - - h ) A h .  (4) 

In the q u a s i - s t e a d y - s t a t e  approximat ion  the h e a t - t r a n s f e r  intensi ty will be de te rmined  by the t he rma l  con- 
ductivity of the f reez ing  layer .  In our  p resen t  case  the heat-conduct ion equation for  an e lement  of the 
cyl indr ica l  su r face  may  be e x p r e s s e d  [4] as follows: 

~LX (r~ - -  T~) 
qr = 3 In [R~/(R~--h)]" (5) 
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The t ime required for  the phase interface to move by Ah for a heat-outflow intensity of qT is given by /x r  

= AQ/qT: 

p 1 c hx ~ ~ (Ts _ T~) ~ p (To-- Ts) -+- r (R~-- h) In ~ Ah. (6) 

Denoting 

K= )~(T~R~T~)__ [--~-cp(Te--Ts,-'rr ] (7) 

and integrating both sides of Eq. (6), we obtain the t ime requi red  for  the thickness of the solid condensate 
to inc rease  from 0 to h: 

h 

0 

where 

where K depends on the thermodynamic p a r a m e t e r s  of the p rocess  while the function f (1 -h /RK )  i l lustrated 
in Fig.  4 cha rac t e r i ze s  the thickness of the condensate layer .  

F o r  the case  of flat cooled sur faces  

h x =  [--~- cp (Te-- Ts) + r] phAh 
~. (T s -- T,~) 

Integrating,  we obtain an express ion  for  h on the plane: 

h=l//': [---1 2~(Ts--T~)~r ] c p ( T  e - T s ) + r  p (9) 

Thus in the quas i - s t eady-s ta te  approximation,  which is per fec t ly  sa t i s fac tory  for engineer ' s  calcula-  
tions (for 0 < h /RK< 0.4), we obtain a reasonably  s imple computing sys tem.  
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N O T A T I O N  

are the t empera tu re ,  p r e s su re ,  and specific heat of the v a p o r - g a s  mixture ,  r e spec -  
tive ly; 
is the weight proport ion of vapor  in the mixture;  
is the water  vapor  p r e s s u r e  at the "tr iple  point"; 
is the effective expansion angle of the vapor  flow; 
are  the intensity and radius of the sublimation source;  
are the t empera tu re s  of the condensation surface  and of the condenser;  
are  the densi ty,  thermal  conductivity,  and thickness of the layer ,  weight and profile char -  
ac te r i s t i c  of the solid condensate;  
is the heat of desublimation;  
are  the radius of curva ture  and length of the cooled condenser  d em en t ;  
are  the empi r ica l  coeff icients .  

i ,  
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