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On the basis of experimental  studies of the tempera ture  fields over a permeable plate 
during i c e - w a t e r  sublimation f rom it into a vacuum, we propose an explanation for 
the mechanism of heat and mass  t ransfer .  

The process  described in [1, 2] is suitable fo r  studying the tempera ture  fields over a permeable plate 
with i c e - w a t e r  sublimation f rom it into a vacuum in the presence of a conduction heat supply. One of the 
peculiari t ies of this process  is that for plates of fine porosi ty  the tempera ture  of the plate surface on the 
vacuum side is pract ical ly  independent of the vacuum and the thermal loading and assumes  a value tsu ~ 0 ~ C. 

E X P E R I M E N T A L  M E T H O D  

Following a standard procedure,  if we place a thermal  data unit so as to measure  the tempera ture  
in the immediate  vicinity over a permeable plate, we find, in the case of disengagement of the thermal  
loading (cessation of the sub l imat ion-vapor iza t ion  process) ,  that after  a cer tain t ime has expired the 
tempera ture  of the surface t ~ 0~ For  example, for a thermal  loading of q = 8700 W / m  2 and a chamber 
p re s su re  of P = 0.15 mm Hg, this time is on the order  of 10 rain (Fig. 1). When the disengagement of this 
thermal  loading is repeated,  the time taken to establish an initial t empera ture  distribution in a surface 
layer  over the permeable plate is pract ical ly  the same,  confirming thereby the validity of measuring tem-  
pera tures  in this way. Using a thermal  data unit (accurate to •176 we measured the tempera ture  field 
over a permeable  surface through the pores of which there was a flow of water vapor as the ice subli-  
mated. The coordinates locating the position of the thermal  data unit in the space above the plate were 
determined with an accuracy  of 0.01 mm at an a r b i t r a r y  point. Contact of the thermal  data unit with the 
surface  was indicated by means of an e lectr ical  sys tem consist ing of a bulb and a battery~ The electr ical  
contact signalling sys tem was described in [3]. In our experimental  procedure we employed special meth-  
ods to negate the effect of uncontrolled flows of radiation (from the vacuum chamber  shielding, control 
measur ing devices,  and s imi lar  sources) on the measurement  of the tempera ture  fields ar is ing f rom the 
i c e - w a t e r  sublimation through the permeable  plate. 

J u m p s  in  T e m p e r a t u r e  o v e r  a P e r m e a b l e  P l a t e  w i t h  

I c e - W a t e r  S u b l i m a t i o n  i n t o  a V a c u u m  

Our investigations of the tempera ture  fields close to the sublimation surface of a permeable plate 
in a vacuum, through the pores of which there is a flow of water  vapor, have shown, as indicated in Figs. 
2 and 3, that in the immediate  vicinity of the surface,  at the distance of a f ree  path length f rom the pe rme-  
able p l a t e - v a c u u m  boundary, a jumpwise tempera ture  change takes place, i.e., there exists a difference 
between the t empera tu re  of the surface and the tempera ture  t of the vapor subliming f rom its pores: 

h t s=  tsu-- t. (1) 

Institute of Chemical and Mechanical Engineering. Energet ics  Institute, Moscow. Translated f rom 
Inzhenerno-Fizicheski i  Zhurnal, Vol. 21, No. 2, pp. 283-289, August, 1971. Original ar t ic le  submitted 
November 10, 1970. 

�9 1974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 ~'est 17th Street, New York, N. Y. I0011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher, rl 
copy of this article is available from the publisher for $15.00. 

1013 



_ f  .z,/ 
- 3  

f 
. ~s 

-2,70 

0 2 �9 6 8 

Fig. 1. The dependence t 

269 

.288 ,,f 

= f(T); q = 8.7 "103 W / m 2 ;  P 

= 0.15 mm Hg; T s =-36 .4~  
t, ~ T, ~ r, miz~. 

Our investigations were conducted under steady state conditions at 
p ressures  f rom P = 0.45 to 5 .10  -3 mm Hg and thermal loadings f rom 
q = 2 . 1 0  s to 7 . 7 . 1 0 3 w / m  2. 

It is evident f rom Figs. 2 and 3 that as the thermal  loading in- 
c reases  up to 7.7 - l0  s W / m  2 for differing vacuum values (P = 0.45 
mm Hg, 0.15 mm Hg, and 0.04 mm Hg) the tempera ture  jump is 
magnified, i.e., the tempera ture  of the vapor being exhausted out of 
the porous plate is decreased�9 This phenomenon can be explained by 
a deepening of the sublimation region relat ive to the surface of the 
permeable plate and by means of an increase  in' the choking effect of 
the subliming vapor. This regular i ty  was observed in all the p re s -  
sure  intervals  investigated as the thermal  loading was varied. For  
a constant thermal  loading the magnitude of the tempera ture  jump 
also depends on the total p ressure  in the sublimator.  As shown by 
the experiments,  as the p ressure  is lowered to a value of P = 4 �9 10 -2 

mm Hg (which corresponds  to conditions of viscous flow of the water vapor in the sublimator),  the tem- 
perature  jump increases .  This may be explained by the fact that in the viscous regime a pressure  decrease  
in the chamber (sublimator) is accompanied by a p ressure  decrease  in the pores of,the plate and as a r e -  
suit of this the tempera ture  at which the i c e - w a t e r  sublimation takes place in the pores of the plate de- 
c reases ,  and, consequently, the temperature  of the vapor leaving the plate also decreases .  The effects of 
displacing the sublimation region by increasing the thermal  loading and the vacuum have been completely 
confirmed in our studies on models of capi l la ry-porous  bodies [4, 5]. As the sublimator vacuum is raised 
above P = 0.04 mm Hg, the viscous flow conditions become changed to molecular  viscosity.  When P = 5 
�9 10 -3 mm Hg, there is more  than a threefold decrease  in the diffusion layer at the wall. 

In contrast  to the viscous conditions, in which all the molecules leaving the plate take part in forming 
the layer at the wall, in conditions of molecular  v iscos i ty  the layer at the wall is formed by only a part 
of the molecules in which the free path length is small  and molecular  collisions may o c c u r .  The remaining 
molecules,  those not entering into the collision process ,  fly off into the space of the vacuum chamber.  
In consequence the tempera ture  jump when P = 5 .10  -3 mm Hg is small  compared with that at P = 0.04 mm 
Hg. 

T h e  T e m p e r a t u r e  F i e l d  o v e r  t h e  P e r m e a b l e  P l a t e  

As is evident f rom Fig. 4 and f rom Figs�9 2 and 3, we can divide the temperature  field at the surface 
of the plate into three regions:  I, a region of constant tempera ture  (diffusion layer); II, a region of con-  
stant temperature  gradient  for a given thermal loading and a given vacuum (molecular sublayer);  III, a 
mixing region for the vapor emptying f rom the chamber.  

Region I. As can be seen f rom Fig. 2 and Fig. 3a, b, there exists at  the plate surface a vapor layer 
"at the wall"; this layer may be determined by the portion of the tempera ture  field at the plate surface i n  
which the tempera ture  stays pract ical ly  c6nstant. The depth of the layer at the wail amounts to 3.8 mm 
when the p ressure  P = 0~04 mm Hg. The molecular  free path length is equal to 1.32 m when the p ressure  
in the chamber is P = 0�9 mm Hg. The maximum size of this region is ~5 mm and is probably connected 
also with the length of the free jet as the vapor flows f rom the microcapi l la r ies  of the permeable plate�9 
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Fig. 2. Tempera ture  field over a permeable plate in a vacuum 
for various values of q and for  P = 0.15 mm Hg, T s = -36.4~ 
1) qt = 2"103 W/m2;  2) q2 = 5"103 W/m2;  3) q3 = 6"5"103 W 
/m2;  4) c14 = 7.7" 10s; l, mm. 
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Fig .  3. T e m p e r a t u r e  f i e ld  ove r  a p e r m e a b l e  p la t e  in  a 
v a c u u m  fo r  v a r i o u s  v a l u e s  of P: a) P = 0.45 m m  Hg; T s 
= - 2 5 . 5 ~  b) P = 0.04 m m  Hg, T s = - 4 7 ~  c) P = 5- 10 -3 
m m H g ,  T s = - 6 1 . 8 ~  F o r a ,  b, c: 1) ql = 2 " 1 0 3 w / m 2 ;  
2) q2 = 5"103 W / m 2 ;  3) q3 = 7.7"103 W / m  2. 

C o m p a r i n g  the s i z e s  of the  l a y e r  a t  the  wa l l  and  the m o l e c u l a r  f r e e  pa th  length,  we can  conc lude  tha t  
the  s i z e  of the l a y e r  a t  the  wa l l  i n c r e a s e s  a s  the f r e e  path  length  i n c r e a s e s .  We  m a y  t h e r e f o r e  p r e s u p p o s e  
tha t  m o l a r  hea t  and m a s s  t r a n s f e r  t ake  p l a c e  in  the  l a y e r  a t  the wal l ,  i . e . ,  th i s  wa l l  l a y e r  i s  d e t e r m i n e d  
by  a n  a c t i v e  d i f fu s ion  of w a t e r  v a p o r .  

The p r o c e s s  of v a p o r i z a t i o n  in  the p e r m e a b l e  p la te  i s  of  a p r o b a b i l i s t i c  n a t u r e ,  o c c a s i o n e d  by the 
d i s c r e t e l y  p i aced  p u l s a t i n g  s u b l i m a t i o n  c e n t e r s .  A l i k e l y  a s s u m p t i o n  i s  tha t  the  wa i l  d i f fus ion  l a y e r  has  
a t u r b u l e n t  s t r u c t u r e  and a w e l l - d e f i n e d  f r o n t  the  c o o r d i n a t e  of which  m a y  be d e t e r m i n e d  by  the change  
in  s l o p e  of the  t e m p e r a t u r e  c u r v e .  In m o l e c u l a r  cond i t ions  the  s i z e  of the wal l  l a y e r  wi l l  obv ious ly  tend 
to z e r o  s i n c e  the nonco l l i d ing  m o l e c u l e s  f l y  off in to  the s p a c e  of the v a c u u m  c h a m b e r  and the  r e g i o n s  I and 
II wi l l  m e r g e .  In s p e c i a l  s t u d i e s  we found that  when the t h e r m a l  da ta  unit  was  p l aced  a t  a d i s t a n c e  of 0.5 
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Fig. 4. The dependence t = f(/): P = 0�9 mm 
Hg; T s = -34 .4~  q = 7.7.103 W/m2;  t, ~ T, 
~ l, mm. 

mm f rom the permeable surface it reacted to the 
change and to the formation of molecular  flows in the 
diffusion layer region near the wall (Fig. 5). As the 
vacuum in the sublimator was decreased f rom 5- 10-3 
to 10 -1 mm Hg at a constant thermal  loading of q = 7.7 
�9 103 W / m  2, the vapor flow tempera ture  changed non- 
l inearly (see Fig. 5). As can be seen, there exist two 
regions in which the sublimation process  f rom the 
permeable surface is essential ly distinct: a region 
of viscous conditions and a region of molecular  v i s c o s -  
ity. These two regions are  separated by a transit ion 
region. In viscous flow conditions the vapor t empera -  
ture dec reases  with a decrease  in the pressure .  The 
reason for this (in addition to that given above) is that, 
as the p ressu re  is lowered and the wail layer becomes 

thicker,  the res i s tance  to the motion of the subliming vapor f rom the pores of the permeable plate in- 
c reases .  

In order  that the vapor outflow f rom the permeable plate remain  constant for a constant thermal  
loading and an increase  in the vacuum, it is necessa ry  to increase  (to raise) the region of sublimation 
to the surface of vaporizat ion (sublimation) and this leads to a (linear) decrease  in the vapor t empera -  
ture (see Fig. 5). 

In conditions of molecular  v iscos i ty  flow the layer  at the wall collapses (see Fig. 2) and its size 
tends to zero in molecular  conditions. As the wall layer thickness decreases  so will the res i s tance  to the 
motion of the vapor f rom the plate�9 

Region II. The linear thickness of the region II over the permeable plate, for a total p ressure  in the 
sublimator of P = 0.15 mm Hg and a thermal  loading of q = 7.7-103 W / m  2, amounted to ~70 mm�9 For  
this region the vapor tempera ture  charac ter i s t ica l ly  increases  monotonically (a constant value for the 
tempera ture  gradient). Whereas in region I there is a significant expansion of the vapor flow at the pe rme-  
able p l a t e - v a c u u m  boundary, in region II this expansion is insignificant (see Fig. 4). 

Region TII, In this region the mixing of the exhaust vapor  car r ied  over into the sets of vacuum pumps 
and, under the conditions of our equipment, the seal of a thermal  data unit gave way at the core of the 
vapor flow. As a resul t  of this, the readings of the thermal  data unit began to indicate the influence of an 
external radiation flow, these readings being somewhat higher (by about 0.5~ than the temperature  at 
the core of the outflowing vapor,  which showed significant overheating relative to the vapor s a t u r a t i o n  
temperature  for the given vacuum. 

H e a t - T r a n s f e r  C o e f f i c i e n t  

In accordance with the picture we have established of the hydrodynamics at the surface of the pe rme-  
able plate, we define the hea t - t rans fe r  coefficient for the i c e - w a t e r  sublimation by the equation 

Gr 6 r  
a s =  - -  - (2) 

FAt  s F (tsu-- t) 

The manner in which the hea t - t rans fe r  coefficient var ies  with the residual  p ressu re  is shown in Fig. 6, 
f rom which it follows that ~s is a minimum in the transi t ion region of vapor flow and a maximum in v i s -  
cous flow conditions�9 

Thus it has been established experimental ly that, for i c e - w a t e r  sublimation f rom a permeable plate, 
through the pores of which there is a water vapor flow into a vacuum medium when heat is supplied (the 
heat and mass  flow directions being the same), there occurs ,  in the immediate vicinity of the plate s u r -  
face at a distance of the order  of the molecular  f ree  path length, a step change in the temperature .  We 
can take the average ~ength of the free jet as the active vapor diffusion layer thickness, wherein the vapor 
is significantly overheated in relat ion to the vapor saturat ion temperature  for the given vacuum. 

The resul ts  we have obtained confirm a conjecture of Gukhman [6] concerning the jetlike charac te r  
of the sublimation process  under viscous conditions of the vapor flow and also a conjecture of Lykov [7] 
concerning the formation of a quasishock wave (molecular rarefact ion wave) close to the sublimation s u r -  
face; as experiments have shown this latter conjecture is also valid under viscous conditions of vapor flow. 

1016 



g 

272 "' vis ous "o - t  

--~giorl " "flow 
f - - i - i 7  J I , i 

- -  - -  - 3  

2 8 ~ - ' s  ~ s 8  8 6 o ; : '  ~ s , : ~  . , j 7  
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t o r .  q = 7 .7  �9 1 0 a W / m  ~. 

Ats 

~o 

o,5 

o 
3 

5 

# 

3 

f 

f 
-3 

tits 

"3 O~s-/ 
5 

4- 

" a n  I " .~o.,___~c~l~.~ : , : s c ~  / 
: i~v e.onditiqns J ~  

J<'T-X 

s # zr s 

'~ I i . 

ats I 
I / ~ o w ,  
I 

- ' - - 4 - ~  i \ o  t l 
-2 

5 

--5 

# 

3 

2 

-! log P 

F i g .  6. H e a t - t r a n s f e r  c o e f f i c i e n t  

a s  a f u n c t i o n  of  t h e  r e s i d u a l  p r e s -  

s u r e .  P = 0 .15  m m  Hg; T s = - 3 6 . 4 ~  

q = 7 . 7 . 1 0 3  = c o n s t ;  t ,  ~  a s , W / m  2 
�9 d e g ;  q,  W / m  2. 

The vapor flow arising in the sublimation of ice from a permeable plate is fundamentally different 
under molecular viscosity conditions from that under the molecular conditions; further study of this subject 
is required. 
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NOTATION 

is the value of the temperature jump; 
are the surface temperatures of the permeable plate; 
is the temperature of the vapor; 
is the coefficient of heat exchange at sublimation; 
is the rate of vapor flow through the permeable plate; 
is the surface of the permeable plate; 
is the heat of vaporization; 
is the molecular free path length at saturation pressure in the sublimator; 
is a coordinate; 
is the thermal load. 
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