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Theore t ica l  and expe r imen ta l  re la t ionsh ips  a re  der ived  fo r  the p r e s s u r e  dis t r ibut ion between 
two pa ra l l e l  subl iming pla tes .  The  poss ib i l i ty  of using the analyt ica l  re la t ionsh ips  so obtained 
in o r d e r  to choose the op t imum sl i t  height in indus t r ia l  subl imation plants  is  d iscussed .  

Many p a p e r s  have been wri t ten on the de te rmina t ion  of op t imum p r o c e d u r e s  for  the subl imat ional  
drying of food and biological  p roduc t s  with va r ious  f o r m s  of power  supply. Chief a t tent ion has been paid 
to intensifying the drying p r o c e s s  while p r e s e r v i n g  the na tura l  tas te  and nutr i t ional  p r o p e r t i e s  of the p r o -  
duct. It should be noted that, in ce r ta in  ca se s  (drying on shelves  with rad ia t ive- -conduct ive  heat  supply, 
drying in ampoules ,  etc.  ), i nc reas ing  the ef f ic iency of the appara tus  is  main ly  a s soc ia t ed  with reducing the 
distance between the hea t -  and m a s s - t r a n s f e r  sur faces .  However  i t  has never  been made c l e a r  to what 
extent  this dis tance m a y  in fac t  be reduced.  

If subl imat ion occu r s  in nar row,  s lo t - l ike  channels ,  a ce r t a in  t e m p e r a t u r e  and p r e s s u r e  drop is  se t  
up along the channel; i t  depends on the in tens i ty  of subl imation and the total  p r e s s u r e  in the chamber ,  and 
a lso  on the geome t r i ca l  d imensions  of the slot. A r i se  in p r e s s u r e  in the cen te r  of the slot  m a y  lead to 
local  overhea t ing  of the sur face  of the ma te r i a l ,  and even to a technological  breakdown of the drying p r o -  
cess .  Fo r  p r ac t i ca l  appl icat ions it is  the re fo re  e s sen t i a l  to e s t a b l i s h  f a i r ly  re l iable  ru les  as to the choice 
of the bes t  dis tance between the walls  of the slot. 

The hydrodynamics  of the flow of a vapor  in na r row gaps  between c i r c u l a r  subl iming disks  under 
v iscous  conditions (Kn < 0.01) were  studied in r e f e r ence  1. 

We subsequent ly  a t t empted  a theore t ica l  and expe r imen ta l  invest igat ion into the v a p o r - p r e s s u r e  d i s t r i -  
bution of the subl imate  in s lots  of r ec t angu la r  configurat ion for  the m o l e c u l a r - v i s c o u s  type of flow (0.01 
<Kn< 0.i). 

Let us consider the three-dimensional flow of a rarefied vapor in a slot channel (Fig. i). We assume 
that the slot chatmel has a medium surface and its height 2h satisfies the condition (Vh) << I where V = TS/Sx 
+ Ta/Oy. In the symmetry plane we use the rectangular coordinates 0xy. The distances from this plane 
are measured by the coordinate z. Since the height of the slot channel is small compared with the scale of 
the flow vapor in the 0xy plane, the equations of motion, continuity, and heat conduction may be expressed 
in the following form (as in the analysis of flows of incompressible liquid in a narrow gap [2], we specially 
separate out the transverse velocity component v = u + kw): 
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Fig. 1. Scheme of slot. 
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Fig. 2. Expe r imen ta l  appara tus  for  m e a s u r -  
ing vapor  p r e s s u r e  in a plane slot. 

0 (~ OT ) = c v ~ v T + c p p W  OT 
7z -&z oz - v ( ~ v r )  (4)  

At the walls  of the channel [z = +h(x, y)] conditions cor responding  to the occu r rence  of slip and a t e m -  
pe ra tu re  jump have  to be sat isf ied:  

2 . ~  3 ,5, u - -  l i 
~,dz Jz~__h 4 9T 

a ? - i  1 Pr . . . .  h" (6) 

Let  us cons ider  the l am i na r  flow of vapor  in a slot channel, cor responding  to the smal l  Reynolds 
number s  which c h a r a c t e r i z e  these ,  flows in the same way as  flows of i ncompress ib l e  liquid of the Hill--Shaw 
type. 

The vapor  is  cons idered  as  an ideal  gas ,  i . e . ,  we use the equation of state 

p = P/RT. (7) 

Using Eqs.  (1)-(3), we may  obtain an e s t ima te  for  the ra t io  of the p r e s s u r e  drop ove r  the height of 
the slot  to the p r e s s u r e  drop in the s y m m e t r y  plane A P h / A P  L = 0(h2/L2). If h2/L 2 << Re,  and r e m e m b e r i n g  
that for  gases  P r  < 1, we may  use Eqs.  (4) and (6) to der ive the following es t ima te  for  the ra t io  of the t e m -  
pe r a tu r e  drop over  the height of the s lot  AT h to the t empe ra tu r e  drop along the s y m m e t r y  plane A T  L : A T  h 
/ A T  L = 0(Pc) = 0(Re). We m a y  thus cons ider  that ove r  the height of the s lot  the vapor  p a r a m e t e r s  P,  T, 
p a re  p rac t i ca l l y  constant,  and that  subl imat ion at  the walls takes place  in a quas i -equ i l ib r ium manner ,  
i. e . ,  the t e m p e r a t u r e  and p r e s s u r e  of the vapor  in the s lot  a re  re la ted  by the Ciapeyron- -Claus ius  equation 

A RT. /A 
r =:- F (P), F (P) =, 

R 1 (RT,/A) In P/P,  

Since the ra t io  of the t e r m s  on the r ight -hand side of Eq. (1) to the t e r m s  on the lef t -hand side a r e  
quant i t ies  of the o r d e r  of Re or  h2/L 2, in the l inear  approximat ion  (to which we shall  here  confine attention) 
they may  be neglected,  and we m a y  wri te  the following expres s ion  for  the dis tr ibut ion of the longitudinal 
component  of the veloci ty  of the vapor  ove r  the height of the slot: 

u h~ ( 2 o l z 2" ) 3 pt vT" 
- -  1-~-2 - -  h" v P  + 4 oT 2Ix o h 

R e m e m b e r i n g  that 
l = 1.261xV~/pa, a = ]/"r 

we obtain 

h 

1 fuct z = 
U 

h~ [ 2--~r 3.78I~ 9 ~ dlnF(P) ] 
1 + V p .  

3p~ a ph V RT 4 ph~T dP 
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Fig.  3. Vapor  p r e s s u r e  P (N/m 2) 
a long the f la t  tube as  a funct ion of 
d i s tance  a (ram): 1) 2h = 4 m m  and 
J m  = 1.8" 10 -4 k g / m  2- sec ;  2) 4 and 
4" 10-4; 3) 4 and 7.7-  10 -4. C o n -  
t inuous c u r v e s ,  t h e o r e t i c a l  data;  
b roken  c u r v e s ,  expe r imen t .  

We find the p r e s s u r e  d i s t r ibu t ion  in the gap between the subl iming  s u r f a c e s  f r o m  the m a t e r i a l - b a l a n c e  

equat ion  

v (boy) = J=. (8) 

If  the height  of  the s lot  is  cons tan t ,  the l a t t e r  equat ion m a y  be e x p r e s s e d  in the f o r m  
P 
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we m a y  confine at tent ion to the f i r s t  few t e r m s .  Then 

, o  37 . [ ( ,  ,. ) 
" - -  o h V ~ ,  P - - P *  2 A P In p ,  q . . . . .  P 1 

P In 2 ---21n - - 2 - - @ 2  . . . .  (11) 
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If  J m  = Jm(x ,  y), the de t e rmina t i on  of  the p r e s s u r e s  in the slot  r e d u c e s  to f inding the solut ion 9 to 
the boundary  p r o b l e m  fo r  the P o i s s o n  equat ion (8). The p r o b l e m  is  g r e a t l y  s impl i f ied  if  we c o n s i d e r  that  
J m  = c o a s t  a long the length of  the slot.  

A s a spec i f ic  example ,  let  Us c o n s i d e r  the flow of vapo r  in the n a r r o w  gap between subl iming  p a r a l l e l  
p la tes  of finite length and width ]xl < a ,  lyl < b (Fig. 1). The ex t e rna l  p r e s s u r e  is  a s s u m e d  equal  to P ' ,  i . e . ,  
fo r  x = :~ a o r  y = + b �9 = ~I,, = ,I,(p,). 
(Jm = coas t )  we we sha l l  have 

tg = ~ ,  { 3~J,~ 
2h a 

where  pn a = lr(n + 1/2).  

Then fo r  a un i fo rm  d i s t r ibu t ion  of hea t  s o u r c e s  a long the su r f ace  

48~tJmaa 2 (--1)n+l cos (~,x) ch(~y)  (12) 
(a 2 - -  x 2) R a3h 3 (2n + 1) a ch (~b) ' 

n~0 

The m a x i m u m  value of  the vapo r  p r e s s u r e  o c c u r s  at  the point  x = 0, y = 0, where  fo r  b >- a 

4 5  



Being in possess ion  of the relat ionships �9 = ~(P) (9)-(11) and �9 = ~I,(x) (12), we may determine the 
p r e s s u r e  at any point of the slot. 

In o rde r  to ver i fy  the foregoing analytical  relat ionships (9)-(12), we set up a special  exper iment  to 
measure  the p r e s s u r e s  in theslot.  The a r rangement  of the experimental  apparatus,  with slot dimensions 
of 180 • 60 mm, is i l lus t ra ted in Fig. 2. A plate of ice 7 was placed in a rectangular  dish 1. On the slot 
side the ice was covered with a thin plate of porous  titanium 6, which simulated the plane sublimation s u r -  
face. Heat was supplied conductively f rom the e lec t r ic  heater  8, which had the same dimensions as  the 
ice plate. The connection between the lid 4 and the dish 1 was made air t ight  by using the bolts 3 to com-  
p r e s s  the rubber  gasket  2; the gasket  lay around the whole pe r ime te r  except for  one of the sides, through 
which the vapor was ca r r i ed  away during sublimation. The heater,  ice, and porous plate were p re s sed  
against  the support with the rubber  gasket  2 by means of the springs 9; this enabled us to maintain a con- 
stant height of the slot during the whole period of the experiment.  The height of the slot was taken as 0.8, 
2, o r  4 mm; the actual value was determined by an appropriate choice of spacers  (gaskets). In this way 
we achieved the s implest  case:  the flow of vapor  in the flat tube when one of the ends of the tube was closed. 
The last  t e r m  in Eq. (12) therefore  vanished, since for  the presen t  case in effect  b = o% 

The p r e s s u r e  along the slot was measured  by means of a set of thermocouple manometers  (LT-2 
tubes), which were hermet ica l ly  connected to the pipes 5. The tubes LT-2  were placed in the vacuum cham-  
ber  at as short  a distance as possible f rom the sublimation surface (150-200 mm). All four tubes were 
connected to a single VT-3 vacuum gage through a sys tem of switches. This enabled us to measure  the 
p r e s s u r e s  in the slot v e r y  precise ly .  Thus, for  example, when the p re s su re  in the chamber  equalled ~133 
N /m 2 the sca t te r  in the readings of the tubes measur ing  this p r e s su re  was no g rea te r  than • The e r r o r  
in measur ing the p r e s s u r e s  with the VT-3 vacuum gage was *15%. Thus the p re s su re  in the slot  was mea-  
sured with a total e r r o r  not exceeding +20%. In determining the p re s su re  in the slot we also introduce a 
corresponding cor rec t ion  allowing for  the difference between the thermal  conductivities of the ra ref ied  
water vapor  and air .  

The exper iments  were ca r r i ed  out with a p r e s su re  of ~4 N/m 2 in the chamber.  

The resul ts  of our theoret ical  and experimental  determinations for  2h = 4 mm (Ka ~ 0.1) are  p r e -  
sented in Fig. 3. Curves la ,  2a, and 3a were obtained f rom Eqs. (9)-(12); however, the p re s su re  at the 
outlet f rom the slot P '  was taken as being close to the vapor p res su re  measured  exper imental ly  with the 
manometer  tubes. In prac t ice  the p r e s s u r e  of the surroundings is usually known and the p r e s s u r e s  along 
the slot are  therefore calculated on the basis  of this value. Figure 3 also shows the resu l t s  of some cal -  
culations (curves lb  and 3b) for  which the genera l  p r e s su re  in the chamber  was taken as P ' .  Fo r  small  
values of Jm,  the theory agrees  sa t i s fac tor i ly  with experiment  along the whole slot, except for  the p e r i -  
pheral  regions.  

The vapor  p r e s s u r e  in the slot  section x = 0 i s  2.5-3 t imes g rea te r  than at the cut-off  section, while 
the p r e s s u r e  drop along the vapor  flow inc reases  with increasing Jm. It should be noted that the vapor  
p r e s su re  at  the outlet f rom the slot may be severa l  t imes as g rea t  as  that in the vacuum chamber.  Hence 
the p re s su re  of the escaping vapo r re laxes  to the general  p r e s su re  in the chamber  at a cer ta in  distance 
f rom the slot cut-off. 

For  2h = 0.8 and 2 mm (Ka ~ 0.9 and 0.35, respectively) and the same values of J m  the p re s su re  in 
the slot calculated f rom Eqs. (9)-(12) is 1.5-2 t imes g rea te r  than the experimental  value. This indicates 
that for  the t ransient  and molecular  modes of vapor flow in nar row slots other  relat ionships are  required,  
and the es tabl ishment  of these lies outside the scope of the p resen t  ar t icle .  

Thus for  the sublimation p roce s s  and the flow of vapor in a nar row slot between para l le l  plates at 
Knudsen numbers  of under 0.1 we have here derived some simple analytical  relat ionships enabling us to 
determine the vapor p r e s s u r e  of the sublimate along the slot  to an accuracy  sufficient for  all p rac t ica l  p u r -  
poses.  Final choice of optimum slot height in industr ial  sublimation sys tems of the t r ay  type must  be made 
separa te ly  in each specific case by seeking those conditions which establ ish the maximum possible p r e s su re  
and hence the maximum tempera ture  of the surface of the mater ia l  inside the slot. 
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N O T A  T I O N  

J m  
2h, 2a, and 2b 
T, P, p, ~ 
T .  and P .  
7 = Cp/Cv;  
R 
A 
0" 

V 

L 

is  the subl imat ion intensi ty;  
a re  the height, length, and width of the slot; 
a r e  the t empe ra tu r e ,  p r e s s u r e ,  density,  and dynamic v i scos i ty  of the vapor;  
a r e  the t e m p e r a t u r e  and p r e s s u r e  of the vapor  on the line of sa turat ion;  

i s ' t he  gas  constant;  
is  the latent  heat  of subl imation;  
is  the p ropor t ion  of molecu les  re f lec tad  diffusely f r o m  the walls  ((~ = 0.9); 
is  the in tegra ted  mean  ve loc i ty  of the vapor;  
is  the c h a r a c t e r i s t i c  d imension in the plane of the slot. 
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