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With the aid of the solution in [5], data have been obtained pertaining to the distribution of 
p re s su re  and velocity in a vapor s t r eam through a gap between disks with r a d i a t i v e - c o n -  
ductive heating. 

In industrial sublimation drying in shelf- type vacuum ovens with highly efficient means of energy 
supply it is often n e c e s s a r y  to utilize the inside space most  rat ional ly and to optimize the distance between 
heat -  and m a s s - t r a n s f e r  sur faces .  Fu r the rmore ,  rel iable and compactly designed heat exchangers are  
needed in many engineering applications for the purpose of regulating the thermal  per formance  pa rame te r s .  
Among such heat exchangers are,  for instance, box-type aggregates  [1] operating on the principle of 
t ranspira t ion cooling, with the vapor removed from the sublimate through na r row-gap  channels. 

The problems of heat and mass t r ans fe r  in na r row-gap  channels with phase t ransformat ion at the 
walls under vacuum have been analyzed but not thoroughly enough [2-5]. The process  of ice sublimation 
in the gap between two c i rcu la r  disks was studied ha [4] over a wide range of gap heights 2h (4-170 ram) 
under p re s su res  of 80-170 N / m  2 in the chamber .  It has been established there that, trader a constant 
energy  supply, the hea t - t r ans fe r  ra te  is maximum when the gap height is 2h < 20 mm with the energy 
t ransmi t ted  from the heater  to the phase- t rans format ion  surface solely by radiation and conduction through 
the gaseous in ter layer .  

The purpose of this study was to fur ther  explore the sublimation process  in narrow gaps (2h -< 20 
ram) and to expose any special features in the m a s s - t r a n s f e r  mechanism as well as in the hydrodynamics 
of the vapor flow. 

The experiments  were per formed in a l abora to ry  vacuum apparatus (Fig. 1). A vacuum chamber with 
a volume of 0.25 m 3 was installed inside a heat chamber  7 where the tempera ture  of the ambient a i r  could 
be var ied  over a wide range. Hermet ic  windows were provided in both chambers  for visual observation.  

Two flat disks 130 mrn in diameter  were placed so as to form a horizontal gap. The upper disk 10 
se rved  as the heater ,  the lower disk 11 was covered with ice (H20) on the inside surface and served as a 
source  of s teady vapor supply throughout the experiment .  

The heater  disk had been made of two flat e lec t r ic  heaters  130 mm in d iameter ,  a main heater  and an 
auxi l iary  (compensating) one. In o rder  to eliminate local  t empera ture  drops ac ross  the energy supply s u r -  
face, a copper disk had been attached to the main heater  on the gap side. The endface of the heater  disk 
had been careful ly  insulated, and the energizing surface  had been covered with a thin layer  of lampblack 
on the gap side. The power input to the main heater  was measured  by the v o l t m e t e r - a m m e t e r  method. 

The heater  disk could be moved ver t ica l ly  by an e lectr ic  motor  13 driving it through a sc rew mech-  
anism 14. The n e c e s s a r y  gap height was set  automatical ly on a control panel outside the vacuum chamber .  
This el iminated any loss of vacuum during gap height adjustments and, at the same t ime,  ensured a better  
tes t  accuracy .  
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Fig. 1. Schemat ic  d iagram of the tes t  appara tus :  1) r e f r i ge ra t i ng  
c o m p r e s s o r  machine;  2) model VN-4g mechanica l  vacuum pump; 
3) vacuum seal ;  4) model BN-2000 boos te r  pump; 5) model VA- 
5-4 high-vacuum aggregate ;  6) vacuum chamber ;  7) heat chamber ;  
8) model PMS-48 low- re s i s t ance  potent iometer ;  9) Dewar f lask 
with a cold junction; 10) hea te r  disk; 11) ice disk; 12) model 
VLTK-500 balance;  13) e lec t r i c  motor;  14) sc rew mechan ism.  

The ice disk, 15 mm thick,  was produced by slowly f reezing thoroughly deaera ted  dist i l led water  in 
a specia l  cyl indr ica l  j a r .  The ice was p reven ted  f rom evaporat ion a t  the endface and at the outside su r face  
of the disk.  It was placed on the sca le  of a l abo ra to ry  balance 12 and, in the course  of the e x p e r i m e n t ,  
the loss  of weight (~G) due to subl imation during a definite t ime  in terval /x7 was thus measured .  For 
measu r ing  the t e m p e r a t u r e  of the sublimation su r face ,  c o p p e r - c o n s t a n t a n  mic ro the rmocoup les  had been 
frozen into the ice. The t e m p e r a t u r e  of the hea ter  su r face ,  of the vacuum chamber  wal ls ,  and of the a m -  
bient medium was m e a s u r e d  with c o p p e r - c o n s t a n t a n  mic ro the rmocoup les  and h igh-prec i s  ion a c c e s s o r y  
l abo ra to ry  ins t ruments .  

The test  disks we re  placed inside the vacuum-hea t  chamber  under a constant  p r e s s u r e .  By means of 
a r e f r i ge r a t i ng  machine 1, the t e m p e r a t u r e  of the chamber  walls and of the medium was maintained equal to 
the t e m p e r a t u r e  of the sublimation sur face .  The heater  was then turned on and, a f te r  the subl imat ion p r o -  
cess  has become s teady (when the t e m p e r a t u r e  of the ice su r face  and that of the hea te r  sur face  have b e -  
come a lmos t  constant) ,  the loss  of weight was m e a s u r e d  and all t e m p e r a t u r e s  were  r ecorded .  

The tes ts  were  p e r f o r m e d  under following p r e s s u r e s  in the chamber :  2.6, 26.0, and 133 N / m  2, at  
var ious  levels  of the rma l  flux t r ansmi t t ed  f rom the hea ter  sur face  to the sublimation sur face  (186, 373, 
and 567 W/m2) .  

The bas ic  p a r a m e t e r  sought in a s tudy of subl imation is the subl imation ra te  Jm,  f r o m  a change 
in which one can deduce how any given physical  p rope r ty  affects  the p roce s s  of heat  and m a s s  t r a n s f e r .  
The sublimation ra te  as  a function of the gap height has been plotted in Fig. 2, showing two dist inct  ranges  
of gap height where  the t rends  a r e  different .  In smal l  gaps (2h /2 r  0 < ~0.05) Jm v a r i e s  fas t ,  while in l a rge  
gaps (2h /2 r  0 > 0.05) the re la t ion  is l inear .  As the hea te r  power is increased ,  at  a constant  p r e s s u r e  in the 
chamber  Pc,  the range of a fas t  dec reas ing  sublimation ra te  extends somewhat .  

Visual  t r ack ing  of the s ta te  of the sublimation su r face  has revea led  that,  when 2 h / 2 r  0 < 0.05, the 
or ig inal ly  flat sublimation su r face  becomes  curved c lose r  to the gap edge. This  indicates a nonuniform 
sublimation a c r o s s  the sur face  of the ice disk,  because  of a higher hydrodynamic r e s i s t a n c e  to the escape  
of vapor f rom the gap. Direc t  p r e s s u r e  m e a s u r e m e n t s  a c ro s s  a na r row  gap during the flow of subl imate  
vapor  a r e  v e r y  difficult and requ i re  the use of ve ry  sens i t ive  l o w - p r e s s u r e  p robes ,  the avai labi l i ty  of which 
is at p r e sen t  st i l l  l imited.  It  would be of cons iderable  in te res t  f rom a p rac t i ca l  engineer ing  standpoint ,  
t he re fo re ,  to der ive  analyt ical  re la t ions  on the bas is  of which the p r e s s u r e  in such a gap can be es t ima ted .  
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Fig. 2. Sublimation rate  Jm (kg 
/ m  2 �9 sec) as a function of the gap 
height 2h (mm): a) W = 186 W 
/m2; b) 373; c) 567; I) :Pc = 2.6 
N/m2;  2) 26; 3) 133. 

It has been shown in [5], on the basis of a theoret ical  analysis ,  that during an isothermal  flow of 
vapor in na r row gaps formed by two sublimating disks there appears a radial  p r e s s u r e  gradient which is 
a function of the gap height, the gap radius ,  and the sublimation ra te .  The p r e s s u r e  at  the gap center  may 
be severa l  t imes higher than at the edge. This high p r e s s u r e  at the center  produces  an additional r e s i s -  
tance to evaporation at the sublimation surface .  Toward the gap edge the conditions become more  favor -  
able to evaporation.  A resul t  of this is a decrease  in the res i s tance  to diffusion and a corresponding in- 
c r ea se  in the sublimation ra te ,  as has been observed visually. 

Under conditions of sublimation drying in a closed volume, a sublimation process  which is non- 
uniform ac ross  the surface  may cause l aye rs  of the mater ia l  to become dry  faster  at the edge than at the 
center .  Fu r the rmore ,  during sublimation near  the tr iple point in a gap of small  height, a p r e s su re  r i se  
at the center  may cause deicing of the mater ia l  and thus interfere  with the drying process .  This phenom- 
enon must be taken into considerat ion in the design of subl imators  operating under heavy heat loads. 

A solution is quadratures  has also been obtained in [51 to the problem of p res su re  distribution during 
an anisothermal  flow of vapor in a gap between two disks,  with the energy supplied by heaters  frozen into 
the ice at a distance 6 f rom the sublimation surface.  

We will present  here data on the distribution of p r e s su re  and velocity, when vapor flows between 
two disks and when heat is supplied by radiation and convection, on the basis of the computer -a ided  solu-  
tion in [5]. The initial data for these calculations were taken f rom te s t s ,bu t  with the sublimation rate  Jm 
var ied over a wider range than in the experiment.  The additional equations for the computer -a ided  analysis  
were :  

~,eJ2h 
J,~, (r) =: ],,~ (0) g- --~-- {F [P (0)1 - -  F [P (r)]}, 

1 
where )~e= 7.-] ~r2h; F (P) = 

A/ RT .  - -  hi ( P/P.)  

dm 4hP(ro) V(ro) V h 2 dP AF(P)  
; . . . . . . . .  , T = - - - -  

roAF[P(ro)] 3~ dr R 

The computer  p rog ram was designed for calculating the p res su re  in a gap f rom the center ,  where the 
t empera tu re  T(0) and the mean sublimation rate Jmm had been given, to the edge. A r eve r se  sequence 
of calculation was also feasible. 

The radial  p r e s s u r e  distribution in a gap is shown in Fig. 3 for disks up to 1500 mm in diameter .  
One common trend of the curves  is that the radial  p r e s s u r e  drop becomes l a r g e r  (curves 5 and 2, or 6 and 
3) as the ambient  p r e s s u r e  dec reases  while 2h = const and Jmm = const. Fu r the rmore ,  at still lower 
ambient  p r e s s u r e s  the radial  p r e s s u r e  drop becomes  more  sensi t ive to variations in Jmm. At P(0) = 34 N 
/ m  2 and a difference in mean sublimation ra tes  Jmm equal to 0.09.10"4 k g / m  2. see (curves 1 and2) , the  
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Fig. 3. Variat ion in p r e s s u r e  P ( N / m  2) along the gap radius r 0 (mm): a) 2h = 1 ram; b) 2; c) 5; d) 
10; e) 20; 1) P(0) = 34 N / m  2 and J m m  = 0-67"10-4 kg/m2 . see ;  2) 34 and 0.58-10"4; 3) 24.8 and 
0.58.10-4;  3') 22.5 and 0.53-10-4 (test); 3") 34 and 0.81 -10-5; 4) 138.1 and 5.8 �9 5) 138.1 and 
0.58 "10-4; 6) 138.1 and 0.58-10-4;  7) 610.6 and 5.8.10-4;  8) 610.6 and 3.10-~;  9) 610.6 and 5.8 
�9 10-~; 10) 610.6 and 3 .10-4;  11) 131.6 and 5.1 -10~ ;  12) 131.6 and 20" 10-4; 13) 131.6 and 20.10-4;  
14) 610.6 and 1 .1 .10-4;  15) 610.6 and 0.92,10-4;  16) 610.6 and 80.10-4;  17) 610.6 and 0.3 -10-4; 
18) 610.6 and 20.10-4;  19) 610.6 and 40-10-4;  20) 61,0.6 and 10 "10 -4. 

Fig. 4. Ve loc i ty  of vapor  V ( m / s e e )  along the gap radius r 0 (mm). Notation and curve  numbers  
a r e  as in Fig. 3. 

d i f ference in p r e s s u r e s  at  the gap edge amounts  to 4.6 N / m  2, for  example ,  while at P(0) = 610.6 N / m  2 
the di f ference in mean subl imation r a t e s  is 2.8 "10 -4 k g / m  2 - s ec  and the d i f ference  in p r e s s u r e s  at the gap 
edge is 6 N / m  2 (curves  7 and 8). 

As the gap height is dec reased ,  the p r e s s u r e  a t  the center  may become  2 to 3 t imes  higher than at  
the edge, as  indicated by curves  11 or  14, 15, and 16 for  2r 0 = 1500 ram, which leads  to a c o r r e s p o n d -  
ingly l a rge r  t e m p e r a t u r e  d i f ference  of up to 9~ between center  and edge. With 2h = 1 m m  and a high 
subl imation ra t e  (6 .18.10 ~ k g / m  2 . see ) ,  on the other  hand, the p r e s s u r e  is twice as high at  the center  
as at  the edge a l r eady  when 2r 0 = 130 mm.  This  cal ls  for  specia l  ca re  in se lec t ing the opt imum gap height 
without p r i o r  calculat ion of gap p r e s s u r e s  and t e m p e r a t u r e s .  

Of pa r t i cu l a r  in te res t  a r e  the curves  of gap p r e s s u r e  for values of the chamber  p a r a m e t e r s  c lose  
to those cor responding  to industr ial  sub l ima to r s .  These  include data obtained for  130 < 2r 0 - 1500 m m  and 
P(0) = 13i .6 or  6 1 0 . 6 N / m  2 {curves 11-20). We will note that the data on the p r e s s u r e  distr ibution in a gap 
with 2r 0 = 1500 m m  can be used for de te rmin ing  the p r e s s u r e s  in gaps of s m a l l e r  radi i ,  provided that 
J m m ,  P, and 2h a re  the s a m e  as  in this study. 

When both gmra and 2h a r e  low, then the p r e s s u r e  drops  fas t  only within the edge zone in gaps with 
2% > 1200 m m  (curve 3'~. In gaps with 2r 0 < 1200 m m  there  occurs  no p r e s s u r e  drop  and, consequently,  
no rad ia l  hydrodynamic  flow of vapor .  The sub l ima t ion -condensa t ion  p r o c e s s  is in this case  effeeted by 
equil ibr  [tun diffusion kinet ics .  
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For  P(0) = 22.5 N / m  2 and Jmm = 0.53 "10 -~ k g / m  2 �9 sec we show in Fig. 3 the values of gap p res su re  
(curve 3") determined experimental ly  on the basis of the tempera ture  at the sublimation surface c o r r e -  
sponding to saturat ion.  The test  data are  in sa t i s fac tory  agreement  with values calculated according to 
Eq. (3), but toward the edge their  d i sc repancy  becomes l a rger .  This could be caused by the nonuniformity 
of the sublimation p rocess  ac ros s  the disk surface ,  and also by the not exactly equilibrium mode of that 
p rocess .  Even such an est imate of the gap p re s su re  confirms the rel iabil i ty of the theoret ical  resul ts .  

Calculated velocities of vapor in a gap are  shown in Fig. 4. This velocity is a function of P, Jmm, 
2re, and 2h. Here, too, the gap height has a governing effect on the flow velocity. At low sublimation 
ra tes  or large  gap heights we have a l inear  relation between vapor velocity and gap radius (curves 5, 13, 
19, and 18). As the gap height is decreased ,  the radial p r e s s u r e  drop in the gap increases  fast  and so 
does correspondingly  fas te r  the vapor velocity V (curves 1, 2, 14, and 11). The vapor veloci ty at  the gap 
edge may become very  high, up to 80 m / s e e  (curve 12). The higher the tempera ture  and correspondingly 
the p r e s s u r e  is at the disk center ,  the higher becomes the vapor velocity at the edge when Jmm = eonst 
(curves 1 and 5). The exit veloci ty of vapor can be made the same in gaps with different 2r 0 and P(0), but 
only by regulating Jm m (curves 1 and 14). At a very  low mean sublimation rate  Jmm,  with 2r 0 = 1500 mm 
(carve 3"), the vapor veloei tybegins to increase at 2r > 1200 mm only and changes then f rom 0 to 55 m / s e e .  

Thus, the data here indicate that, during heavy sublimation, the mass t ransfer  in nar row gaps is 
effected by a t o t a l -p re s su re  gradient.  This gradient is much l a rge r  in the edge zone than in the central  
zone and, accordingly,  the vapor escapes  at a much higher velocity. When the sublimation rate  is low 
or  the gap height is large,  then there is no t o t a l -p re s su re  gradient and the mass  t r ans fe r  is effeeted by 
diffusion kinetics.  

The design of an optimum gap height must  in eve ry  specific case be based on the condition of mini-  
mum radial  p r e s s u r e  variat ion,  for which it is n e c e s s a r y  to calculate the p re s su re  distribution according 
to the solution in [5]. An analysis  of our calculated resul ts  shows that, as long as 2 h / 2 r  0 ->- 0.015, the 
radial  p r e s s u r e  drop does not exceed the maximum allowable. When 2r 0 = 1500 mm with Jmm -< 80 �9 10 .4 
k g / m 2 " s e c  and a t empera tu re  of the sublimate surface  up to 240~ for example,  then the radial  p ressu re  
drop does not exceed 20 N / m  2 when 2h = 22 ram, while under the same conditions with 2r 0 = 130 mm it is 
poss ible to reduce the gap he ight 2h down to 2 ram. 
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N O T A T I O N  

m e a n - o v e r - t h e - s u r f a c e  sublimation rate;  
gap height; 
gap diameter ;  
vapor p re s su re ;  
vapor tempera ture ;  
vapor p r e s s u r e  on the saturation line; 
vapor t empera tu re  on the saturat ion line; 
gas constant; 
dynamic v iscos i ty  of vapor;  
latent heat of sublimation of ice; 
thermal  conductivity of vapor; 
equivalent thermal  conductivity taking into account radiation; 
coefficient of radiative heat t ransfer ;  
vapor velocity; 
p r e s s u r e  in the chamber;  
heater  power. 
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