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The present  ar t ic le  gives the resu l t s  of an experimental  investigation of the so l id -conden-  
sate distribution during the condensation of water vapor on a chilled fiat surface in the 
t ransi t ion region of p r e s s u r e s  of the ambient medium (10 < P < 103 N'/m2). 

Intensification of m a s s - t r a n s f e r  p rocesses  in the chemical,  metallurgical ,  and foodstuffs industr ies  
is widely conducted by using vacuum-equipment  designs [n which the sublimation and condensation s u r -  
faces are  placed in the same unit (chamber). When such equipment is operated in the transi t ion p r e s s u r e  
region {where the t ransi t ion f rom viscous flow to a f ree molecular  flow mode occurs),  the solid conden- 
sate is distr ibuted ex t remely  nonuniformly over the cooled surface,  which leads to a deter iorat ion of heat-  
and m a s s - t r a n s f e r  conditions and of equipment operation as a whole. It follows f rom analysis  of the op- 
erat ion of such equipment that the study of the condensate-dis tr ibut ion pat terns  is neces sa ry  both to es tab-  
lish the condensation mechanism and to select  the optimum design for vacuum sublimation equipment. 

It has now been established that the most  effective units a re  vacuum condensers  in which the vapor 
is condensed on a cooIed external surface .  The distribution of the solid condensate formed on the cooled 
surfaces  and the ra te  of the condensation p roces s  depend on the operating pa rame te r s  {vapor and medi -  
um p res su re ,  condensat ion-surface  tempera ture ,  and ra te  of v a p o r - a i r  mixture flow in chamber) and the 
location of the cooled surface with respec t  to the subliming material ,  i . e . ,  the ra te  of heat and mass  
t ransfer ,  which is charac te r i zed  by the t ransfer  constants,  is a function of many variables ,  including the 
evaporator  size and configuration and the condenser  pa r ame te r s .  

For  viscous a n d m o l e c u l a r - v [ s c o u s v a p o r  flow regimes ,  the ra te  of heat and mass  t ransfer  and the 
distr ibution of the condensate formed depend on the  angle ~ between the vapor flow direct ion and the p e r -  
pendicular to the condenser  surface.  When the evaporator  and condenser surfaces  a re  paral lel  C/ = 0), 
the maximum ra te  of heat and mass  t ransfer  and a more  uniform condensate distr ibution on the cooled 
surface occur .  In this case,  the vapor flow itself  has a quite definite direction, so that the charac te r  of 
the vapor distribution on the condensation surface is governed by the angle 2~0 of s t r eam broadening over 
the path f rom the evaporator  to the condenser .  This angle essent ial ly  depends on the p r e s s u r e  of the 
v a p o r -  gas mixture .  

The distr ibution and condensation ra te  can be used to evaluate the efficiency of condenser  opera -  
tion in a single-unit  vacuum apparatus .  We therefore  f irst  conducted experiments  to determine the con- 
densate-dis t r ibut ion pat terns  on fiat and cyl indrical  sur faces .  We also determined the condensation rate  
as  a function of the total p r e s s u r e  of the v a p o r - g a s  mixture,  the part ia l  p r e s s u r e  of the uncondensed 
gases,  the condensat ion-surface  tempera ture ,  and the re la t ive  posit ions of the sublimation and conden- 
sation sur faces .  

We will present  below only the resu l t s  of our experimental  investigation of the condensation kinetics 
of s team on a flat surface .  We established the charac te r  of the sol id-condensate distribution on the s u r -  
face and determined the local condensation ra tes  as a function of the p re s su re  of the s t e a m - g a s  mixture 
(10 < P < 103 N/m2). The other data mentioned above will be published later .  The resu l t s  of the f i rs t  
por t ion of our investigation can be used in applied chemis t ry  for studying the condensation mechanism 
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Fig. 1. D i a g r a m  of exper imenta l  appara tus :  1) condenser  
unit; 2) ni t rogen tank; 3, 7, 9) vacuum pumps;  4) r e c e i v -  
er;  5) vacuum t raps ;  6) GSB-400 gas  meter ;  8) regula tor ;  
10) control led t e m p e r a t u r e  chamber ;  11) p r e s s u r e  cham-  
ber;  12) ni t rogen baffle; 13) sylphon; 14) Dewar f lask 
(ASD-15); 15) balance; 16) thermocouple  vacuum gages;  
17) PMS-48 poten t iometer  with ga lvanometer ;  18) con-  
ta iner  with thawing ice; 19) container  with water;  20) l e v -  
el gage; 21) moi s tu re  sett l ing tank; 22) pump; 23) LATR-  
IM220v; 24) VTK-500 balance; 25) brace;  26) heating e l e -  
ment; 27) subl imator  dish; 28) porous  t i tanium plate; 29) 
adjustment  ring; 30) ru le r ;  31) condenser  disk. 

during vacuum dist i l lat ion and production of a number  of pure  organic compounds that a r e  unstable at high 
t e m p e r a t u r e s  and can be dist i l led only at low t e m p e r a t u r e s  with a low vapor  tension.  

The expe r imen t s  in this par t  of the invest igat ion were  conducted with the exper imenta l  appara tus  
shown d iagramat ica l ly  in Fig. 1. Within the con t ro l l ed - t empera tu re  chamber  (10), in which the medium 
t e m p e r a t u r e  could be maintained and adjusted between 200 and 370~K, there  was a p r e s s u r e  chamber  fab-  
r i ca ted  f r o m  s ta in less  s teel  (11), which contained all the n e c e s s a r y  piping and an o rgan i c -g l a s s  in spec -  
tion window. The condenser  (31) was mounted in the horizontal  plane in this chamber  (on a l abo ra to ry  
balance with scale  divisions of 0.1 g) and consis ted  of a thin, flat a luminum disk 0.3 m m  in d i ame te r .  In 
order  to m e a s u r e  the surface  a r e a  of the solid condensate  formed,  a scale  was m a r k e d  on the lower s u r -  
face of the disk af ter  thorough cleaning; a thin Teflon ru l e r  was at tached to the center  of the disk for  the 
de terminat ion  of the condensate  prof i le  (30). 

The resu l tan t  s t r e a m  of vapor  moving toward the condenser  under invest igat ion was set  up by sub-  
l imat ion of ice fo rmed  in the cap i l l a r i e s  of a porous  c e r m e t  (titanium) pla te  (28), which was posi t ioned 
exact ly  coaxial ly with the condenser  and had a subl imat ion sur face  l e s s  than the condensat ion sur face  by 
a fac tor  of 100. The porous  plate was contained in a flat dish, which was an evapora to r  with an e lec t r ic  
heating e lement  (26) the  power of which could be adjusted.  A s t eady- s t a t e  flow was obtained by continuous 
de l ive ry  of dist i l led wa te r  to the porous  plate; the density and ra t e  of vapor  flow was control led with the 
amount of heat r e l e a s e d  by the evapora to r  heating e lement .  The disk (condenser) was cooled and a con-  
stant t e m p e r a t u r e  maintained during condensation by r emova l  of heat through a thin gas in te r layer ,  using 
a flat n i t rogen-containing sc reen  a r r anged  coaxial ly  with the disk.  

This  method pe rmi t t ed  a more  exact g r a v i m e t r i c  study of the k inet ics  of w a t e r - v a p o r  condensation 
under a continuous mode, even under nonsteady s tate  t rans i t ion  conditions, and de termina t ion  of the t rend 
of the condensation r a t e  (Jc) with t ime .  Heat t r a n s f e r  f r o m  the disk (condenser) to the f lat  ni t rogen s c r een  
through the thin gas in te r l aye r  was effected by t he rma l  conduction and radia t ion.  In order  to inc rease  the 
eff iciency of condenser  and n i t r ogen - s c r een  radiat ion,  the su r f aces  facing one another  were  coated with a 
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layer of carbon Mack; the opposite side of the screen was polished. The heat-removal method proved 
useful only for studying the condensation process with small thermal loads on the condenser (q ~ 500 W 
/m2). For higher thermal loads, the nitrogen screen was used as the condenser, a predetermined amount 
of coolant (liquid or gaseous nitrogen) being pumped through it. Under steady-state conditions the coolant 

consumption and the coolant temperature at the screen inlet and outlet were used (taking into account all 
losses) to find the amount of heat evolved during condensation. The main drawback of this heat-removal 
method was the difficulty of continuous monitoring of the coolant delivery rate and the amount of frozen 
solid condensate. The evaporator, condenser, and nitrogen-screen temperatures were monitored with 
copper-eonstantan thermocouples calked into their surfaces. The sublimation rate of the ice (Je) was 
determined from the amount of liquid supplied to the evaporator from the batching tank; the liquid flow 
rate was continuously monitored by the volumetric method, from the level in the batching-tank gage. 

In order to prevent any heat flow from the wails of the pressure chamber to the condenser, the walls 
were held at the condenser temperature and their temperature was regulated with a three-stage Freon 
re f r ige ra t ion  apparatus and e lec t r ic  heaters .  In order  to obtain uniform heating or cooling of the p r e s -  
su r e - chamber  walls, the heata t ransfer  medium was c i rcula ted between the walls of the con t ro l l ed- tem-  
pera ture  and p r e s s u r e  chambers .  The uncondensed gas was delivered f rom a nitrogen tank through a 
GSB-400 gas meter  and the p r e s s u r e - c h a m b e r  regulator;  the chamber  p r e s s u r e  was control led and held 
constant with needle valves installed in the pipe connecting the vacuum pumps. The total p re s su re  was 
measured  with thermocouple- type  and liquid vacuum meters ,  while the tempera ture  was recorded  with 
high-sensi t ivi ty  m i r r o r  galvanometers  in conjuction with low-res i s tance  potent iometers .  

The basic measurements  were made under s teady-s ta te  conditions. Steady-state conditions were 
considered to have been reached when the charac te r i s t i c  p rocess  p a r a m e t e r s  (vaporization and condensa-  
tion rates)  remained  unchanged in three or four measurements  made over a considerable period of t ime.  

The specific heat flux going f rom the evaporator  through the condenser to the nitrogen sc reen  was 
determined f rom the mater ia l -hea t  balance equation 

4 4 Jcrc: : s 'Te h Ts q_ e~(T~--Ts). (1) 

The conductive and radiat ive eomponents of the heat flux f rom the condenser (disk) to the nitrogen 
sc reen  were determined with the usual hea t - t r ans fe r  formulas  for paral le l  plane surfaces .  When the ex- 
per iments  were conducted under m o l e c u l a r - v i s c o u s  conditions (the Knudsen number was Kn > 0.01), a 
cor rec t ion  was introduced into the formulas  to take into account the tempera ture  discontinuities at the 
hea t - t rans fe r  sur faces .  Since the condenser  and sc reen  surfaces  were a r ranged  horizontally at a short 
distance f rom one another (h < 0.005 m) in the ra re f ied  atmosphere,  the convective component of the t he r -  
mal flux was neglected. The condensation coefficient of the water vapor was determined f rom the ra t io  
of the number of molecules  condensed on the flat surface to the number of molecules supplied to it, which 
equalled the ra t io  of the amount (weight) of ice formed on the condenser surface to the amount of liquid 
vapor ized in the sublimator,  i . e . ,  

Cr --Gc-. (2) 
Ge 

The surface a rea  of the condenser (flat disk) was selected in such fashion that it was covered by the solid 
angle of s t r eam divergence between the sublimator and condenser .  

Experiments  to determine C~c were conducted under conditions where the diffusion res i s tance  of the 
medium could be neglected, since it was ext remely  small .  

The experimental  data showed that, at p r e s s u r e s  of 10 < P < 102 N/m 2 and t empera tu res  T c "~ 230- 
240~ ,  the average  value of Cec over the condensation surface  and p rocess  t ime was 0.040-0.045. This 
is in good agreement  with the theoret ical  value of (~c obtained for water f rom the H e r t z - K n u d s e n  equa- 
tions [2, 3]. 

It was also established that the size of the solid-c0ndensate spot formed on a fiat disk (condenser) in 
the t ransi t ion p r e s s u r e  region charac te r i s t i c  of a f ree  molecular  vapor flow mode differed little f rom the 
size of the sublimation surface.  In this case, we a re  apparently dealing with a directional beam of vapor 
molecules,  the density of which var ies  in accordance  with the following rule as  a function of the distance 
L between the sublimator and condenser:  

JL = Jo exp (-- aL), (3) 
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Fig. 2. Method for determination of effective dispers ion 
angle of vapor beam (2~o) as a function of medium p r e s -  
sure  in chamber (P) with different distances (L) between 
sublimator and condenser:  ~o~ ~ 11" at P ~ 8 N/m 2, q~2 

23 ~ at P ~ 60 N/m 2, ~3 ~ 36~ at P ~ 133 N/m 2, and 
q~4 ~ 48~ at P ~ 600 N/m 2. (The condensate profi le is 
represented  after condenser operation for 4 h by the dash 
line, and after  6 h by the solid line.) 

where J0 and JL  a re  the vapor-molecule  flux densities near the sublimation surface and beyond the con- 
denser respectively,  while a is the vapor-molecule  scat ter ing factor in the beam. 

It can be seen f rom this equation that the density of the molecular  beam decreases  by a factor  of e 
for free molecular  flow, w h e r e ' -  = L, a = 1//-, and aL = 1. As the p re s su re  is ra i sed  andT<< L, the 
increase  in the diffusion res is tance  of the medium causes  an increase  in the dispersion of the vapor -  
molecule beam between the evaporator (sublimator) and the condenser.  Figure 2 shows the change in the 
effective solid angle of vapor -beam broadening 2q~ as a function of the medium p r e s s u r e P m i x a n d t h e  d is -  
tance between the evaporator  and condenser L. The angle ~ was determined experimental ly f rom the di- 
ameter  of the ice spot formed on the chilled condenser surface.  As our experiments  showed, this angle 
is independent of the distance L but depends mater ia l ly  on the p re s su re  of the v a p o r - g a s  mixture in the 
space between the evaporator  and condenser.  While cos q~ is an exponential function of p ressure ,  the r e -  
lationship obtained by approximation to the experimental  data (Fig. 3) for a viscous flow mode (2 �9 10 -2 
< Pmix/P0 < 1) has the form 

cos ~ = exp [--k (P.mix/p0)0.~], (4) 

where the proport ional i ty  factor is k = 0.42; for a m o l e c u l a r - v i s c o u s  mode (1 �9 10 -2 < Pmix/Po  < 2 �9 1 0 - 2 ) ,  

we obtain 

cos ~ = exp [-- (Pmix/P0)l. (5) 

Thus, the beam broadening angle can be used to determine the optimum distance between the sub- 
l imator  and condenser,  for which the maximum heat-  and m a s s - t r a n s f e r  ra te  is obtained. 

The profi le of the solid condensate formed on the plane surface depends on the duration of the con-  
densation process ,  the p res su re  of the v a p o r - g a s  mixture,  the relat ive posit ions of the sublimation and 
condensation surfaces,  and the distance between them. At p r e s s u r e s  P < 10 N/m 2, the interaction of the 
incident molecules  in the vapor phase with the spontaneously evaporating molecules  and complexes leads 
to smoothing of the condensate profi le to a l inear distribution. 

As the p re s su re  is ra i sed  (P >> 10 N/m2), the number of collisions between vapor molecules and 
between these molecules  and those of the noncondensing gas increases  and the l inear i ty  of the ice d is -  
tr ibution breaks  down. With viscous or m o l e c u l a r - v i s c o u s  flow of the v a p o r - g a s  mixture,  the profi le 
of the condensate formed is well descr ibed by a relationship of the type 
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TABLE 1. Values of Coefficient fl Calculated f rom the Formula  
{ L [ 1 ~0,51 

L.IO', .m -- Pmix, N/m2 
33 I I0 200 465 665 

2 0,9 
5 1,4 

10 2.25 
15 3,1 

1,0 
1 , 7 5  
3,0 
4,2 

1,1 
2,0 
3,4 
4,8 

1,3 
2,45 
4,3 
5,7 

1,4 
2,7 
4,9 
6.5 

g(,~) =go exp [--(R*/[3)~]. (6) 

The value of the coefficient fi, which depends on the Knudsen number, is given in Table 1 (R* = R/Re) .  

A s imilar  relat ionship was proposed at the theoret ical  level in Shumskii 's  study [1], on the basis  of 
the Chebyshev-Gauss  probabili ty distr ibution rule: 

Y =  1 V ~  2 1 ~ ' 
kn 

(7) 

where A is a constant that depends on the charac te r i s t i c  dimensions of the vacuum sys tem and Kn is the 
Knudsen number .  

it can be seen f rom Eqs. (6) and (7) that the profi le of the solid condensate formed on a plane surface 
var ies  f rom the center  to the per iphery  in accordance  with an exponential rule .  The charac te r i s t i c s  of the 
ice formed (structure,  density, thermal  conductivity, etc.) a lso  change f rom the center of the condensate 
toward its per iphery,  especial ly at p r e s s u r e s  close to the "tr iple" point. This is because capture and 
embedding of molecules  of uncondensed gas occurs  during the formation of ice layers .  The far ther  f rom 
the center  of the solid condensate, the grea te r  the probabil i ty that molecules  of uncondensed gas will enter 
the ice and the more  porous its s t ruc ture .  Larger  c rys ta l s  are  always located in the center  of the solid 
condensate, their size and shape being governed by the tempera ture  of the condensation surface and the 
p r e s s u r e  of the v a p o r - g a s  mixture.  The vapor-molecule  flux f rom the sublimation surface (evaporator) 
to the condenser  {taking into account ac) is governed by the amount of ice condensed over a definite per iod 
on the condenser  (disk) surface at a definite distance L f rom the evaporator  with a medium p r e s s u r e  P .  
Since optical methods for the determinat ion of the v a p o r - s t r e a m  cha rac te r i s t i c s  are  inapplicable in our 
case because of the low density of the medium and the calculation of the theoret ical  flux for t ransi t ion 
modes which involve a complex p roces s  of heat and mass  t rans fe r  is vir tual ly  impossible,  the vapor-f lux 

~.. l/coso)J 
I 

O,2 / 
~-"--- Q,z 

o f  ~ 

2 ~  
I - ' - '  / 

o 

. . . . , .  

0, q 0. E 0,8 P / /  Po 

Fig. 3. Dispersion angle of vapor beam (cos ~o) as a func- 
tion of pressure of vapor-a i r  mixture (P, N/m2), P0 
= 610 N/m 2. 1) Molecular-viscous mode; 2) viscous 
mode. 
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density at different dis tances f rom the center  can be determined f rom the solid-condensate distr ibution 
on the condenser.  It follows f rom this distribution that the maximum heat-  and ma~s- t rans fe r  load occurs  
at the heart  of the s t r eam in the center of the spot. 

If the entire condensate grows uniformly over the condensation surface, the average thickness of the 
condensate layer  formed on a plane surface per unit t ime is 

Because of the nonuniform distribution of the average  condensate- layer  thickness, if we take the ra t io  of 

Y0 
the volume of the condensate obtained to the a rea  of its base z~.IR~dg/nRc, since the absolute amount of 

0 

condensate on the surface inc reases  with time, we fs that it r emains  vir tual ly  constant on the c o r r e -  
sponding surface elements.  Substituting in the value of R f rom Eq. (6) and integrating, we obtain 

g~v = y~ (---~e)" (9) 

Neglecting the change in a c  and Pc over the condensate surface and comparing Eqs. (6), (8), and (9), we 
determine the local  condensation ra tes  at any radius  f rom the center of the condensate spot Jc{R). ,xhieh 
are  proport ional  to the local accret ion ra tes  Y(R) 

dc (R) =~ Jc (Ref~IRe) 2 exp [--(R*t~)~]. (10) 

In our case, 

Thus, 

Jc = cz ct jRe I  Rc) ~" 

~(R) = %JU~' e x p  [(R*/~)21. 

These relat ionships a re  applicable in the region 10 < Praix < 103 N/m 2. 

(11) 

T o, Ts 
no, rc  

Lmix, Pmix 
P0 
Je, Jc 
_Pc 
l 

Yo, Y(R) 

Re, Rc 
R ~ = R/Re;  
L, h 

N O T A T I O N  

is a charac te r i s t i c  of the condensate profi[e; 
a re  the t empera tures  of the condenser surface and the nitrogen screen; 
a re  the condensation coefficient and latent heat of condensation, respectively;  
a re  the thermal  conductivity and p r e s s u r e  of the v a p o r - g a s  mixture; 
is the p r e s s u r e  at the "triple" point; 
a re  the r a t e s  of evaporation and condensation; 
is the cortdensate density; 
is the average  molecular  free path; 
a re  the condensate accre t ion  ra tes  at the center and at a distance It f rom the center  of the 
spot; 
a re  the radi i  of the evaporation and condensation surfaces;  

a re  the distances f rom the condenser to the sublimator and to the screen, respect ively .  
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