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A sys tem of equations is derived descr ibing the desublimation of water vapor as it flows be-  
tween two plates,  and test  resul ts  a re  evaluated in t e rms  of these equations. 

Knowing the laws which govern the desublimation of water vapor is ve ry  important for pract ica l  pu r -  
poses.  

One such problem will be considered here ,  namely the desublimation of water  vapor flowing through 
a channel formed by two plates under the following conditions: the flow rate of the v a p o r - a i r  mixture at the 
channel entrance remains constant, the mixture p res su re  is higher than the saturation p ressu re  at the tem-  
pera ture  of the heat sink surface,  and the content of noncondensating components in the v a p o r - a i r  mixture 
entering the channel is much lower than 1%. The last  of these conditions is very essential to our analysis.  
Tests [1] have shown that less than 1% of noncondensating components in the mixture will not affect the 
process  significantly. With noncondensating gases  amounting to more than 1%, on the other hand, the de-  
sublimation rate will dec rease  by one or two orders  of magnitude, because the diffusion mechanism as -  
sumes a dominant role then. 

In view of this and on the basis of ear l ie r  resul ts  in [2], we may represen t  the process  concerning 
us in the following manner.  

As the v a p o r - a i r  mixture flows along the cooled plate, the vapor desublimates and the concentration 
of noncondensating gases in the mixture r i ses .  At some instant at some section the content of such gases 
will exceed 1% and the desubllmation rate will be reduced sharply.  Moreover,  this section from which on 
the process  ra te  is governed by the diffusion mechanism will shift with t ime along the plate. Owing to the 
desublimatton of vapor, the mass  flow rate of the mixture will continuously decrease  in the direction of 
flow, while at every individual section the rate will increase with t ime approaching the inlet rate.  

For  a theoret ical  analysis  of this problem, we make the following assumptions:  

the time of vapor t ravel  in the direction normal  to the desublimation surface is negligibly shor t  (the 
problem can thus be t reated one-dimensionally);  

the direct ion of the thermal  flux at every  section of the desublimate is normal to the heat sink s u r -  
face and the tempera ture  distribution corresponds to that in a s ta t ionary medium (is linear); 

the enthalpy of vapor is negligibly sma l l e r  than the heat of phase t ransformat ion;  

the p r e s s u r e  in the direction of flow is invariable, i.e., no flow energy is dissipated; 

and the quantity of vapor desublimating during diffusion is only a very  small fraction of the total de- 
sublimate. 

With all these assumptions,  the sys tem of equations for the case of an isothermal heat sink sur face  
(boundary condition of the f i rs t  kind) is 

Oh 2a~2 ; (1) 
0x h 
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X(~) 

.f bph(~, x) dx =h  
0 

with the constraints  

here  

(2) 

h=O at "c=O;  (3)  

h=O at x=X( 'c )  and I : > 0 ;  (4) 

[3 2 _ c (T ,  - -  T ~ )  

2r 

The exact  solution contained within the region 0 -< x <- X(~) will 

h = 2 ~  ~ a 'c - -k~x  ~ ; (5) 

be written as 

x (,) = --V-~, (6) 
k 

where 

k =  npbaf3 

Fig. 1. Schematic d iagram of 2] 
the tes t  segment .  It must  be noted that (5) is the equation of an ellipse with the 

major  semiaxis  equal to k-l(aT) t /2  and the minor semiaxis  equal to 
2/3(a7)i /2 These relat ions indicate c lear ly  that, under constant p r e s s u r e s  in the channel and at constant 
t empera tu res  at the heat sink surface ,  the magnitude of the major  semiaxis  (length of the desublimation 
zone) is proport ional  to the mass  flow rate  of vapor and to the square root  of t ime, while the minor semi-  
axis (height of ice l ayer  over  the entrance segment) is in this case a function of t ime only. 

These conclus ions were  verif ied experimental ly  on a special  test  stand cons isting of vapor genera-  
tors  in se r i es ,  a buffer chamber ,  a heat exchanger,  the test  segment,  and vacuum pumps. 

The tes t  segment  (Fig. 1) was a copper tube 1 (diameter 30 mm, wall thickness 1 mm, length 0.4 m) 
wrapped in Styrofoam 2. A 12 mm wide rec tangular  channel was cut out in this Styrofoam, the bottom of 
which constituted the desublimation sur face  3. 

In order  to give this desublimation surface the neces sa ry  flat shape, the tube was made slightly 
oblate and a thin layer  of metal (0.1-0.2 ram) was shaved off. The thus insulated tube was placed inside 
a glass container 4 (diameter 85 ram, wall thickness 2.5 mm) with inlets for the v a p o r - a i r  mixture and 
with outlets for the noneondensating gases ,  also with openings for t empera tu re  and p r e s s u r e  probes .  In 
o rde r  to produce the n e c e s s a r y  t empera tu re  at the heat sink surface ,  tube 1 was either filled direct ly  with 
a mixture of alcohol and solid carbon dioxide or  a coolant at the given tempera tu re  was passed through it. 

Depending on the par t icu lar  experiment ,  the v a p o r - a i r  mixture was fed into the test  segment either 
d i rec t ly  or through the heat exchanger for  preheat ing to the requi red  tempera ture .  

The measurements  in these tes ts  included the t ime, the total p re s su re  of the mixture at various 
sections along the apparatus ,  the t empera tu re  of the mixture and of the heat sink surface as well as of 
the coolant, the mass  flow ra tes  of vapor and air ,  also the weight and the profi le of the desublimate layer .  
Fu r the rmore ,  the length of the desublimation zone was "measured d i rec t ly  throughout the p rocess .  

The tes ts  were  pe r fo rmed  with the heat sink surface  at a t empera tu re  ranging f rom 203 to 264~ 
and the p r e s s u r e  of the v a p o r - a i r  mixture ranging f rom 13.3 to 600 N / m  2. The mass  flow rate  of vapor 
was varied over the 10-6-15 �9 10 -s k g / s e c  range,  while the mass flow rate  of a i r  was varied over the 10 -1~ 
10 -9 k g / s e c  range.  The t empera tu re  of the mixture entering the tes t  segment  was varied f rom 280 to 
450~ 

The theore t ica l  distribution calculated according to formula  (5) and the actual distr ibution based on 
measurements  a re  both shown in Figs.  2-4. 
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Fig .  2. Ice  p r o f i l e  a s  a funct ion  of the  v a p o r - a i r  p r e s s u r e :  a) 
P = 66.6 N / m  2 and j = 6 . 6 . 1 0  -6 k g / s e c ;  b) P = 466 N / m  2 and j 
= 6 . 1 5 . 1 0  -6 k g / s e c .  T e m p e r a t u r e  o f  hea t  s i n k  s u r f a c e  T w 
= 203~ v a p o r  t e m p e r a t u r e  T V = 290~ t i m e  �9 = 3600 s e c ,  m a s s  
f low r a t e  of  a i r  JA = 0 . 2 8 . 1 0  -9 k g / s e c ,  width  of h e a t  s i n k  s u r -  
f a c e  b = 0.012 m. 

F ig .  3. I ce  p r o f i l e  a s  a funct ion  of  the  v a p o r  flow r a t e :  a) j 
= 4.81 - 10 -8 k g / s e c ;  b) j = 8.18" 10 -6 k g / s e c .  P r e s s u r e  P 
= 333 N / m  2, v a p o r  t e m p e r a t u r e  T V = 291~ t i m e  7 = 2400 
s e c ,  a i r  flow r a t e  JA = 0.13 �9 10 -9 k g / s e c ,  wid th  of h e a t  s i n k  
s u r f a c e  b = 0.012 m. 

E v i d e n t l y ,  d i s c r e p a n c i e s  be tween  c a l c u l a t e d  and m e a s u r e d  v a l u e s  e x i s t  p e r t a i n i n g  to the  f r o n t  s e g -  
m e n t  and the  b a c k  s e g m e n t  of  the  p l a t e .  F o r  the  f ron t  r e g i o n  the d i f f e r e n c e  a m o u n t s  to 1-10% of the  to ta l  
i c e - c o v e r e d  s e g m e n t .  Th i s  is  a c o n s e q u e n c e  of  the  t w o - d i m e n s i o n a l [ t y  of  the  p r o c e s s .  The  ice  l a y e r  in 
t he  f r o n t  r e g i o n  bu i l d s  up no t  on ly  in the  d i r e c t i o n  n o r m a l  to  the  s u r f a c e  (as has  been  a s s u m e d  in the  t h e o -  
r e t i c a l  a n a l y s i s )  but  a l~o in the  d i r e c t i o n  f ac ing  the  s t r e a m .  Th i s  is  s een  c l e a r l y  in the  uppe r  p i c t u r e  of 
F ig .  2a ,  w h e r e  t he  f r o n t  edge  of  i ce  p r o t r u d e s  about  13 m m  beyond  the  h e a t  s i n k  s u r f a c e .  
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Fig.  4. Desubl imat ion  su r f ace  as  a function of t ime:  a) heat  s ink 
t e m p e r a t u r e  T w = 203~ b) v a p o r - a i r  p r e s s u r e  P = 333 N / m  2. 
Solid l ines)  Calcula ted  values;  dashed l ines)  t e s t  values (j = 6.6 
�9 10 -6 k g / s e c ,  JA = 0 .3 .10  -9 k g / s e c ,  T V = 290~ 

The d i s c r e p a n c y  is more  a p p r e c i a b l e  pe r t a in ing  to the back  reg ion ,  where  desub l imat ion  is governed  
by the diffusion mechan i sm,  but this  region is r e l a t i v e l y  s h o r t e r  and shr inks  with t ime.  This can be seen 
in Fig. 4, where  the t e s t  points approach  the t heo re t i c a l  curve a f t e r  some t ime .  

A s e r i e s  of t e s t s  to e s t ab l i sh  how the t e m p e r a t u r e  of the v a p o r - a i r  mix ture  affects  the d e s u b l i m a -  
tion p r o c e s s  has shown that superhea t ing  the vapor  to 200~ does not influence the desub l ima te  l a y e r  

buildup. 

The c lo se  a g r e e m e n t  between ca lcu la ted  and m e a s u r e d  r e s u l t s  conf i rms  the va l id i ty  of the a s s u m p -  
t ions made in our t h e o r e t i c a l  ana lys i s  and sugges t s  that  the fo rmulas  de r ived  he re  may be used for the 
des ign  of indus t r ia l  d e s u b l i m a t o r s .  

7 is the t ime;  
a is the t h e r m a l  diffusivi ty;  
h is the th ickness  of ice l aye r ;  
b is the width of hea t  s ink  su r face ;  
(J i s  the dens i ty  of ice; 
x is the longi tudinal  coord ina te ;  
j is the mass  r a t e  of vapor  flow; 
JA is the mass  r a t e  of a i r  flow; 
X is the length of i c e - c o v e r e d  segment;  
e is the spec i f i c  hea t  of ice; 
T s is the sa tu ra t ion  t e m p e r a t u r e ;  
T w is the t e m p e r a t u r e  of hea t  s ink  sur face ;  
T V is the vapor  t e m p e r a t u r e ;  
r is the heat  of phase  t r ans fo rma t ion ;  
P is the pressure. 
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