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An analysis is made of the problem of the desublimation of vapor f rom a laminar  s t ream of a 
v a p o r -  air  mixture in a plane channel with allowance for the changes in the boundary condi- 
tions cormectedwith the buildup of a layer  of ice. 

The process  of desublimation of vapor in vacuum condensers has a number of specific features distin- 
guishing it from the o rd ina ryp roces s  of condensation into the l iquidstate.  This is pr imar i ly  connectedwith the 
variat ion in the conditions at thesur face  in the course  of the process  owing to thebuildup of the desublimate.  
The existing methods of calculating the process  of desublimation allow for only individual aspects  of the phenom- 
enon [1-3], and their application is limited. 

The problem of the desublimation of vapor from a v a p o r -  a ir  mixture moving in a channel, one wall of 
which has a temperature  T c below the dew-point temperature  while the tempera ture  Th of the other is above 
the dew-point temperature ,  which is important ina pract ical  respect ,  is analyzed here .  

The paramete r s  of the process ,  such as the tempera tures  of theplates and the inlet temperature  of the 
s t ream and the flow rate and pressure  of the mixture,  are  kept constant.  Taking the process  as quasisteady 
and the thermophysical  propert ies  of the mixture as constants,  we write the equations of vor t ic i tyand of the 
conservation of mass ,  momentum, and energy in the form [4] 
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We neglect the variat ion in the total p ressu re  in the field of flow, so thatthe density p of the mixture is 
found from the equation 

o = A (m + B) -~ (0 + C)-L 
(5) 

where 

A = (m 0 + B) (1 + C), B = Mt/(Mz --Mi), C = Tc/(T o -  Tc). 

A diagram of the flow is shown in Fig.  1. 

The boundary conditions at the cooledplate for a vortex intensity co canbe obtained from (1) and (2)under 
the assumption that the gradients in the d i rec t ionpara l te l  to the wall are  considerably tess than the gradients 
normal  to it. We obtain the connection between the s t ream function and the vort tci ty in the form [4] 

.I (6) 
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Fig. 2 

Diagram of the reg ionof  flow with the f inite-difference grid.  

Profi les  of the temperature  0 and mass  concentration m in dif- 
ferent  channel c ross  sections: solid curves) x =11.71; dashed curves) 
0.33; 1) at r=0;  2) 3 �9 103 . 
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where Al and Bi are integration constants; f(y) =exp [Re ~ (-~-x ) d~ ] �9 
0 

The derivative 8O/Ox entering into (7) has the meaning of the flux of mat te r  to the wall. This flux is due to 
the condensation of only one component of the m i x t u r e -  the water vapor. This phenomenon is accompanied by 
convective motion of the mixture - Stefan flow [5, 6]: 

I ix, ~) = O~ 1 0 In (1 - -  m) 
Ox -- ReSt Oy (8) 

Substituting (8), which in turn is the boundary condition at the desublimation surface for the s t ream func- 
tion $, into (7) and performing the integration in the boundary region, we obtain the boundary condition for the 
vortex intensity at the absorbing surface:  

E0 c = - -  - -  E - i ,  ( 9 )  
py~ 2 

where D =[(1 -- m(y))/(1 -- mi)]l /Sc and E = [ l l+SD -- (7+D)lnD]/16.  The temperature  a t the desublimation 
surface is determined from the conjugation condition at the v a p o r -  ice boundary [7, 8]: 

I 
qhe -r qcon-- q, (10) 

Ov= Oi, (11) 

where qhe is the flux due to molecular  heatconduction; qcon is the heat flux due to vapor condensation onto the 
surface.  

The assumption that the process  ts quasis teadyal lows one to adopt a l inear temperature  distribution in 
the layer  of desublimate and to write the condition (10), with allowance for (8), in the form 

( 00~ Pr 1 Ore_ 7,i (0c--0i) 
--~y]vWSc-Ste " 1 - - m  0y ),v h(x, "r) (12) 

The rate of movement  of the ice surface is 

Oh 1 (x, r} 
0x Pi (13) 

The conditions (11)-(13) determine the law of motion of the phase interface and the tempera ture  0i at 
this boundary. Neglecting the temperature  and concentrat ionjumps [9, 10] at the desubltmation surface,  we 
write the boundary condition for the mass  concentrat ion in the form 
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F ig .  3.  T ime  dependences  of m a s s  concen t ra t ion  at the ice 
s u r f a e e a n d  of th ickness  of the ice l ayer :  1) x =0 .33;  2) 2 .04;  
3) 11 .71 .  

F ig .  4.  Dis t r ibu t ion  of the loca l  N u s s e l t n u m b e r  a long the  
wal ls :  sol id curves)  a t h o t  wall ;  dashed curves)  at  cold wall;  
1, 2) ba sed  On E q s .  (18) and (19), r e s p e c t i v e l y .  

mi-= "A4t Psat(Oi) q- ~ l - -  

where  Psat(0i)  is the s a t u r a t i o n p r e s s u r e .  

Thus ,  E q s .  (8), (9), and (11)-(14) give the boundary  condit ions at  the su r face  of the desub l imate .  

Since the ho t t e r  plate is impermeab le ,  the boundary  condit ions at  it can be wr i t t en  in the f o r m  

3 (~ (u) -- ~h~ ~ (v) 
tOh= - -  

py2 2 (15) 

~ ;h=0,  0 = 0 h ,  Om/Oy=O. 

The equat ion for  the vor t i c i ty  00 is obtained f r o m  (9) wt thD =1 (the absence  of m a s s  exchange) ,  which 
a g r e e s  with the r e su l t s  of [4]. 

At the channel  inlet the s t r e a m  is undis turbed ,  so that  the condit ions at  the boundary  have the f o r m  

6o=0,  a~=y ,  0 = 1 ,  m = m o .  (16) 

The condi t ions  in the out let  c r o s s  sec t ion  r e q u i r e d  for  c lo su re  of the p rob lem a r e  no tknown a p r i o r i .  
A s suming  that  the flow is s tab i l ized  and the channel  length is g r e a t  enough that  the influence of the out let  on the 
initial sec t ion  is smal l ,  we wr i te  the condit ions at  the outlet:  

8o, O@ 80 _=--am = O. 
8x - Ox c)x 8x (17) 

It should be noted that  the condit ions (8)-(14) o c c u r r i n g  at the ice su r face  can be r e f e r r e d  to the su r face  
of the plate,  s inee the th ickness  of the desubl imate  is a s s u m e d  to be suff ic ient ly  sma l l  in c o m p a r i s o n  with the 
d is tance  be tween the  p la tes .  This  al lows one r e a s s u m e  that  the n o r m a l  to the ice su r face  coincides  with t h e y  
d i rec t ion  on the en t i r e  plate except  fo r  the initial sec t ion ,  where  one m u s t  allow for  the hor izon ta l  componen ts  
of the h e a t a n d  m a s s  f luxes .  

To solve the s ta ted  p rob lem w e u s e d  the d i f fe rence  method p re sen t ed  in [4]. A d i ag ram of the f lowwith  
the f in i t e -d i f fe rence  g r id  is p r e s e n t e d  in F ig .  1. The g r e a t e s t  densi ty  of g r id  l ines fal ls  in t h e r e g i o n s  wi th the  
l a r g e s t  g rad ien t s  of the dependent  va r i ab l e s :  the i n l e t c r o s s  s ec t i onand  the boundary  l aye r s  at  both p la t e s .  
The in tegra t ion  of Eq.  (13) was c a r r i e d  outwi th  a va r i ab le  t ime s tep,  w i t h c o r r e e t i o n  of the s tep  as  a funct ion 
of the s ize  of the m a s s  flux to the wal l .  The f in i t e -d i f f e rence  equat ions w e r e  solved by the G a u s s -  Za ide l '  
me thod  of s u c c e s s i v e  d i s p l a c e m e n t s .  The c r i t e r i o n f o r  conve rgence  of the i te ra t ions  with r e s p e c t  to the v a r i -  
ables  r 6, and m is i l --  f i /f i_l  I< e, while for  the intens ity of the vo r t i c l t y  w it is t(wt_ 1 --  ~i)/00i max  I < el, where  
e and el were  taken as 0 .01 and 0. 0001, r e spec t i ve ly ;  i is the i te ra t ion  number ;  the index max  denotes  the m a x i -  
m u m  absolute  value of w in the en t i re  flow f ield.  A s the initial approx ima t ion  for  the p rocedu re  of s u c c e s s  ive d i s -  
p l acemen t s  inthe n e x t t i m e  s t epwe  took the values  a t  the endof  the p reced ing  s tep .  
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The numer ica l  solution makes it possible to obtaina ra ther  complete picture of the development of the pro-  
cess  of heat and mass  exchange in a wide range of var ta t ionof  the technological pa rame te r s .  

The profiles of tempera ture  and concentrat ion at x =0.33 and x =11.71 with a total channel length L =100 
for T =0 and T =3 �9 103 fo ra  v a p o r - - a i r  mixture withan init ialvapor concentration m 0 =0.9 in the s t ream (Re = 
1.1 �9 103 , T O =323~ T h =293~ T c =238~ P0 = 0 . 3 m m  Hg)are  shownin Fig.  2 as an example.  As onewould 
expect, the tempera ture  profile is a symmet r i c  and its maximum is shifted toward the cold surface:  the suction 
effect [s manifested.  Nevertheless ,  in an analysis  ofthe eoncentrat ionprofi le  it is seenthat  the bulk of the 
vaporhas  not condensed in a section of length x =11.71.  For  these conditions the efficiency of the desublknation 
surface is evidently inadequate, and one must  intensify the process  of mass  exchange to assure  fuller freezing 
out of the s t ream.  

The resul ts  onthe time variat ion of the vapor concentration at the surface of the desublimate (Fig. 3) and 
of the thickness of the ice layer  in different channel c ross  sections are  of independent interest .  The behavior 
of these charac te r i s t i c s  indicates that in the inlet section the process  of desublimationof vapor f rom the v a p o r -  
gas mixture is l imited mainly by the thermal  res is tance  of the layer  ofdesublimate,  since the diffusional bound- 
ary layer  is thin. In later  c ross  sections the growth of the desublimate is determined by the rate of vapor 
t ranspor t  to the cold surface,  i . e . ,  by the d i f fus ional res is tance .  

The distribution of the local values of Nu (Fig. 4) is of definite interest  from the point of view of pract ical  
engineering.  At the desublimation surface (as at the hotter  wall)the values of Nu were calculated from two equa- 
tions: 

Nu---- a_~.0y , (18) 

N u =  l I0_O_0, (19) 
laul <o> 

where (e) is the ca lor imet r ic  mean value of the temperature  over a channeleross section [12]: 

~i O(y) .i i d,(y) Oi" (20) 
<0> = J ~ d~(y)/ P(Y) 

0 0 

As is seen, the value of Nu is quite variable at the desubILmation surface. Therefore, calculating 
methods based on constancy of the coefficient of heat transfer atthe desublimation surface shouldbe used with 
some caution. 

N O T A T I O N  

H, distance between plates, scaleof length, m; (x, y), L, h, dimensionless coordinates, length of plates, 
and thickness of ice layer, respectively; V, velocity ofgas mixture, m/see; T, temperature, ~ $, co, 0, m. p, 
q, I, P, T, stream function, vorticity, temperature, mass concentration, density, heat flux, mass flux, pres- 
sure, and time, respectively, all dimensionless; Sc =~/(pD'), Sehmidt number; Pr =~Cp/~., Prandtl number; 
Re = p0VoH//a, Reynolds number; Ste =cp(T 0 -- Tc)/r,  Stefan number; Nu =aH/X, Nusseltnumber; i, j, indices 
offinite-difference system; A, Laplace operator; MI, M2, molecular weights of water and air, respectively. 
Indices: 0, inlet cross section; c, cold plate; h, hot plate; v, vapor--air mixture; [, ice surface. 
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R E F I N E D  C A L C U L A T I O N  OF S U P E R S A T U R A T I O N  D U R I N G  H E A T  

AND M A S S  E X C H A N G E  IN A S T A T I O N A R Y  GAS M E D I U M  

A .  R .  G o r d o n ,  G . V .  S a m o i l o v ,  
a n d  L .  S .  S t a r o d u b o v  
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Equations are  presented for calculating the supersaturat ion in the absence of convection with 
allowance for the Stefan flow. 

The appearance of a fog during the condensation of a vapor is observed in the mos tva r i ed  industrial and 
natural phenomena. In the production of sulfuric,  phosphoric,  and other acids,  e . g . ,  a stable and corros ive  
fog forms,  a considerable pa r to f  which passes  through the fi l ters and is discharged into the a tmosphere .  The 
obtainment of fine powders of metals  by the distillation method is accompanied by volume condensation, P r o -  
cesses  of fog formation are  also used for purposes of scientific r e sea r ch .  

In the indicated cases  the jointly occurr ing p rocesses  of heatand mass  exchange are  accompaniedby a 
r i se  in the vapor p ressure  to values exceeding the saturation vapor p ressure  at the given temperature  above a 
plane surface.  The rat io S =p/p(T) is called the supersaturat ion.  Butthe supersaturat ion is lkmitedto its 
cr i t ical  value for each case.  The value of the cr i t ical  supersaturat ion depends both on the presence  of suspend- 
ed par t ic les  and on the presence of gas ions, and it can differ markedly from unity in a sufficiently purified 
medium [1]. 

When the cr i t ical  supersaturat ion is reached the process  changes qualitatively -- the fo rmat ionofa  fog 
begins -- and therefore  in an analysis of a problem concerning volume condensation one must  know whether the 
supersaturat ion has reached the cr i t ical  value. 

Let us consider  the problem of determiningthe supersaturat ion profile ina gap formed bywet  porous or  
solid wetted plane-paral le l  sur faces .  To reduce to a minimum the phenomena connected v~ith the occurrence  
of natural  convection, we place the evaporator  ontop andthe condenser  on the bottom (Fig. 1). The gap is filled 
witha gas .  The dimensions of the plates in the horizontal  directions are  so great  that the problem can be t reated 
as one-dimens ional. 

A simple solution to the problem under cons ideration was obta ined in [1] on the bas is of the equations 
D(d2p1/dx2) = 0 and a(d2T/dx 2) =0, the integrals of which have the form 

p~ = p Pe - -  Pc x, (1) 
6 

/ 

T =  T e 
e 

/ z / f / " ~ / J f f f f f f f f f f e  

/ / / / / / / / / / / / / / /  

X 

Te - -  Tc 
- -  x .  ( 2 )  

8 

Fig.  1. Schematic represen ta -  
tion of the p rocess .  

Trans la ted  from Inzhenerno-Fiztcheski i  Zhurnal, Vol. 35, No. 2, pp. 303-306, August, 1978. Original 
ar t icle  submitted September 5, 1977. 
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