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Resul ts  a re  shown of a study concerning the desubl imat ion  of wa te r  vapo r  flowing between 
pa ra l l e l  plates ,  with a finite coeff icient  of heat  t r a n s f e r  between coolant and heat  sink s u r -  
face.  

In [1] the au thors  have p resen ted  r e su l t s  of a study concerning the desubl imat ion  of water  vapor  du r -  
ing i ts  flow between pa ra l l e l  p la tes .  The su r face  t e m p e r a t u r e  was there  a s sumed  to r ema in  constant .  

In prac t ice ,  however ,  the desubl imat ion  p r o c e s s  occurs  often under conditions where the heat  of phase  
t r a n s f o r m a t i o n  is c a r r i e d  away along a path with a significant  t he rma l  r e s i s t ance .  This  is the case,  for  
ins tance,  in a desub l ima to r  with the heat  sink su r face  cooled by a slowly c i rcula t ing  coolant.  

It is of in teres t ,  the re fore ,  to analyze the laws which govern  the desubl imat ion  of water  vapor  when 
the compl ica t ing  effect  of t h e r m a l  r e s i s t a n c e  is taken into account.  

The theore t ica l  ana lys i s  of this p r o c e s s  will be based  here  on the genera l  concepts  about the pheno-  
menon and on the a s sumpt ions  made e a r l i e r  in [1]. It will a l so  be a s sumed  that the heat  t r a n s f e r  coeff i -  
cient  is independent of the heat  load. 
wr i t t en  as:  
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Fig.  1. Schemat ic  d i a g r a m  of the t es t  
segment :  1) inlet tube for  the v a p o r -  
gas  mix tu re ;  2) case ;  3) m e t a l  cup; 4) 
g l a s s  cup; 5) insulat ion;  6) a i r  d ra in  
tube; 7) m i x e r .  

The s y s t e m  of equations descr ib ing  the desubl imat ion  p roce s s  will be 

Oh 2all 2 

0~ = h + A '  (1) 
X(x) 

�9 h(x, x)dx----- pb- (2) 
0 

with the boundary conditions 

h = O ,  x = O  at 

h = 0 ,  x =  X('O 

---- 0, (3) 

at "~ > O, (4)  

= ~ (1 /~  + ~ Ri); fi2 = e ( T s _ T f ) / 2 r .  where  A 

i ~ l  

An exact  solution to s y s t e m  (1), (2) cannot be found. In 
o r d e r  to find an approx imate  solution, we will p roceed  f r o m  
the following p r e m i s e .  

As is well  known [2], the desubl imat ion  ra te  becomes  
always finite when t he rma l  r e s i s t a n c e s  exis t  between the heat  
sink su r face  and the coolant (A > 0). When the vapor  flows 
along a plate,  there fore ,  then the length of the desubl imat ion 
su r face  becomes  finite too and the p r o c e s s  sLarts at a definite 
ins tant  of t ime .  We note that, when A = 0, the init ial  desub-  
l imat ion ra te  (when no desubl imate  has  been  fo rmed  yet) is  
infinite while the length of the desubl imat ion  sur face  is ze ro .  
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Fig. 2. Ice p ro f i le  along a plate (P = 333 N/m2;  T f  = 208~ 
~r = 7200 s e c ;  b : 65"10  -3 m;  j = 2 1 . 1 0  -6 k g / s e e ;  JA = 5"10  -9 
k g / s e c ) :  A = 0 (1), 0.010 m (2); 0.02 m (3); 0.03 m (4); 0.04 m 
(5). So l id  l i n e s  r e p r e s e n t  c a l c u l a t e d  v a l u e s ,  d a s h e d  t i ne s  r e -  
p r e s e n t  t e s t  v a l u e s .  

Thus ,  i f  i n i t i a l l y  the  v a p o r  d e s u b l i m a t e s  on a f in i t e  a r e a ,  then  the h e i g h t  of the i n t e r p h a s e  b o u n d a r y  
i s  o b v i o u s l y  a func t ion  of  t i m e  on ly .  T h e r e f o r e ,  Eq .  (2) m a y  be r e w r i t t e n  as  

X0 X(T)  

C ho T dx @ ~ h ('~, x) dx -- ]'r (5) 
�9 J | .  , pb 
0 Xo 

H e r e  the  f i r s t  i n t e g r a l  r e p r e s e n t s  the  v o l u m e  of  i ce  on the i n i t i a l  a r e a .  ~ n e t i o n  h0(T ) u n d e r  th i s  i n t e g r a l  
i s  d e t e r m i n e d  f r o m  (1) e a s i l y ,  i n a s m u c h  as  th i s  i s  a func t ion  of t i m e  ~- on ly :  

h 0 (~) = ~/4a~% + A ~ - -  A. (6) 

T h e  s i z e  of  the  i n i t i a l  a r e a  (X0) wi l l  be d e t e r m i n e d  f r o m  the e q u a l i t y  

] 6~ = x sh .  (7) 
p b  

which  i s  v a l i d  fo r  a s h o r t  t i m e  i n t e r v a l  57 m e a s u r e d  f r o m  the s t a r t  of the  p r o c e s s .  

Hav ing  expanded  h in to  a T a y l o r  s e r i e s  and r e t a i n i n g  the f i r s t  two t e r m s  only ,  we ob t a in  f o r  5T ~ 0 

Xo _ ]A 
2bpa~2 (8) 

Consequen t ly ,  the f i r s t  i n t e g r a l  in Eq .  (5) m a y  be w r i t t e n  as  7rAh0/4flk w h e r e  k = ~rpabf i /2 j .  

In o r d e r  to e v a l u a t e  the s e c o n d  i n t e g r a l ,  we a s s u m e  the i ce  d i s t r i b u t i o n  o v e r  the  d i s t a n c e  X -> X 0 to 
c o r r e s p o n d  to an i ce  d i s t r i b u t i o n  with b o u n d a r y  cond i t i ons  of the f i r s t  k ind  [1], i . e . ,  we r e p r e s e n t  i t  by a 
q u a d r a n t  of an  e l l i p s e  wi th  one s e m i a x i s  h 0 and the o t h e r  s e m i a x i s  found a c c o r d i n g  to E q. (5): 

]~ boX o -- @ -  h o (X - -  Xo), (9) 
pb 

w h e r e f r o m  

(X -- X0) - h~ 
2~k 

The total length of the desublimation zone is 

X ~ .  2h~ -~ nh 
4~ (10) 

The ice distribution on the interval X 0 --_ x --< X is determined from the equation of the ellipse: 

�9 4 ~ k  (11) 

This approximate solution satisfies the boundary conditions (3), (4) and the integral Eq. (5), and on the in- 

terval 0 ~ x _< X0the differential Eq. (I). 
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Fig. 3. Surface F (m 2) occupied by ice during desublimation of water 
vapor  on a plate (Tf = 208~ j = 21 �9 10 -6 k g / s e c ,  JA = 5 �9 10 -9 k g / s e c ) :  
(a) as a function of t ime at a constant p re s su re  P = 66.6 N / m  2 and 
var ious  fictitious layer  thicknesses  A = 0 (1), 0.010 m (2), 0.020 m (3), 
0.030 m (4), 0.040 m (5); (b) as a function of the fictitious layer  thick- 
ness  A (m) at a fixed p roces s  time T = 7200 sec and var ious  p r e s s u r e s  
P = 333 N / m  2 (1), 66.6 N / m  2 (2), 13.3 N / m  2 (3). Solid lines represent  
calculated values,  dashed lines represen t  test  values.  

Fig. 4. Dimensionless  profile of desublimate at var ious  values of ~". 

The validity of this solution was ver i f ied exper imental ly  with the apparatus descr ibed in [1t. The 
test  segment  for this was, however,  novel in principle (Fig. 1). 

The vapor -gas  mixture entered through the inlet tube 1, then flowed through the channel between 
cyl indr ical  cups 2 (outer) and 3 (inner) with a foam-plas t ic  insulation 5. The vapor  desublimated on the 
outside surface  of cup 3. In o rder  to generate the requi red  thermal  res is tance  between coolant and heat 
sink surface,  a glass  cup 4 of a specific d iameter  was placed into cup 3. The gap between them was filled 
with a liquid of known thermophysica l  proper t ies  (methyl or  ethyl alcohol, acetone, Or s imilar) .  The glass  
cup was filled with a mixture of carbon dioxide and alcohol rapidly mixed with a s t i r r e r  7. Inasmuch as the 
d iamete r  of the glass  cup 3 (200 x 5 ram) was much l a rge r  than the maximum thickness of the desublimate 
layer  (10-15 ram), the effects of curva ture  of the heat sink surface  could be d i s regarded .  

The tes ts  were pe r fo rmed  with the coolant at a t empera ture  of 208~ and the vapor -gas  p r e s su re  
varying f rom 10 to 600 N / m  2. The fictitious thickness of the ice layer  (A) changed f rom 1 to 40 ram, c o r -  
responding to a change in the heat t ransfer  coefficient f rom 2000 to 50 W / m  2. ~ After each test, the test  
segment  was d i sassembled  and the ice thickness,  base area,  and total weight were measured .  

For  i l lustrat ion,  the theoret ical  ice profi le  is compared in Fig. 2 with the resul ts  of measurements .  
It is evident here  that within the end zones the test  data deviate appreciably f rom the theoret ical  ones. This 
is due to the p resence  of a i r  in the system, i.e., the desublimation rate within an end zone is determine~ 
by the rate of vapor diffusion toward the heat sink surface .  The relative size of the surface occ}tpied by 
ice in this zone dec reases  with time and as the velocity of the vapor  s t r eam increases  (Fig. 3). 

In conclusion, it is quite worthwhile to analyze some of the resul ts  obtained by theoret ical  calcula-  
t ions. 

A family of cu rves  represeii t ing the desublimate profile along a plate is shown in Fig. 4 in dimension-  
less  coordinates ,  for  var ious  values of the p a r a m e t e r  r '  = ~-A/'r. Here ~'A is defined as the buildup time of 
the ficti t ious ice layer  thickness (A), according to the formula  
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A 2 

XA = -4a13 ~ <12) 

The graph indicates that at ~-, - -  0 the ice profile approaches a circle ,  as in [1], while at "r~ - -  oo it 
acquires  the shape of a square .  This observat ion may be applied to the design of industr ial  desubl imators~ 
Namely, the entire design may be based on the assumption of a rec tangular  ice profi le when the heat t r ans -  
fer  coefficient is low. When the heat t r ans fe r  coefficient is high, as in the case of immediate  boiling of the 
coolant in channels in the heat sink surface,  then the design may be based on formulas  (10) and (11) with the 
assumption that A = 0. In both cases  the e r r o r  in calculating the surface will not exceed 22%. 
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NOTATION 

thickness of ice layer;  
t ime; 
thermal  diffusivity; 
length coordinate;  
length of desublimation zone; 
mass  flow rate of vapor;  
mass  flow rate  of air ;  
density of ice; 
width of plate;  
thermal  conductivity; 
specific heat of ice; 
heat of phase t ransformat ion;  
thermal  res i s tance ;  
heat t ransfer  coefficient;  
sa turat ion tempera ture ;  
t empera ture  of cooling fluid; 
initial length of desublimation zone. 

1. 

2. 
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