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Results  are  shown of a study concerning the distribution of solid condensate on a cold cylin-  
der  surface  under a vapor -gas  p r e s s u r e  within the 10 <Ps < 103 N/m2 range. 

Vacuum condensation of vapor  on the outside cold surface of a cy l inder  is a technique often used in 
modern  sublimation apparatus,  in cryogenic  and adsorp t ion-condensa t ion  pumps for  the purpose of scav-  
enging vapor  out of a vacuum sys tem,  also in distillation and in producing cer tain organic compounds which 
a re  unstable at high t empera tu res ,  etc. 

The ever  growing interest  in these applications is not matched by the amount of data available and, 
the re fore ,  r equ i res  fur ther  r e sea r ch .  

It is well known that the buildup rate  of solid condensate and its distribution over a cold surface are  
both determined by the thermodynamic  proper t i es  of the medium (Tc, ps ) and on the hydrodynamics  of its 
flow, la rge ly  dependent on the geomet ry  of the condensation surface and its disposition relat ive to the di-  
vergent  vapor  s t r eam [1-3]. 

The authors  have succeeded in establishing [4] that the angle of divergence of a water  vapor s t r eam 
flowing f rom the sublimating body into the ambient medium, ff the medium is a viscous or molecu la r -  
v iscous gas,  and the profi le of the solid condensate layer  forming on a flat surface depend mainly on the 
ambient vapor -gas  p r e s s u r e .  These facts may serve  as the basis  for a most appropriate  design of flat 
subl imator  and condenser  sur faces  inside a vacuum chamber.  

The radial  var ia t ion of local density f rom the center  of mass  to the per iphery  of a s t r eam above a 
flat surface  will s e t ,  re as the point of depar ture  in our analysis  of the kinetics of vapor condensation on the 
outside cold surface  of a c i r cu la r  cylinder.  On the basis of evMuated test  data for flat and cylindrical  s u r -  
faces ,  we will then determine the optimum active surface of a vacuum condenser.  

The condensation tes ts  on a cylinder surface were pe r fo rmed  under s teady-s ta te  conditions in a 
thermos ta t ic ized  vacuum chamber  1 (Fig. 1). On model VLTK-500 scales  12 was placed a condenser  con- 
sist ing of an aluminum tube 2 0.045 �9 0.0025 m in d iameter  and 0.3 m long, whose wall was cooled ac ros s  
the gap f rom a coaxial inner cylinder 3 0.03 + 0.0025 m in d iameter .  Cylinder 3 was r igidly  fastened to the 
wall of a p r e s s u r e  chamber  and cooled by pumping through it liquid nitrogen. The length of the active con- 
denser  sur face  was by one o rder  of magnitude l a rge r  than the d iameter  D v of the evaporation surface,  
while the distance between both sur faces  did not exceed 2.5Dr, so that the s t r eam of water vapor diverging 
f rom the subl imator  covered the center  port ion of the tube. Edge effects could be d is regarded  here  and 
the condensation p roces s  could be considered occurr ing  at an infinitely long cylinder surface.  

In o rder  to increase  the radiat ive component of the thermal  flux through the annular channel between 
outer and inner cylinder,  the opposite sur faces  of both cyl inders  ac ross  the gap were covered with thin 
l ayers  of lampblack, af ter  thermocouples  had been installed on them. The active surface of condenser  2 
was graduated for  measur ing  the a rea  covered by condensate,  while the condensate layer  thickness along 
the cylinder genera t r ix  was determined both by visuM inspection (with a ruler)  and by means of a record ing  
instrument  5. 
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Fig.  1. Schemat ic  d i a g r a m  of the t e s t  appara tus .  

The t e m p e r a t u r e  field in the space  between sub l imator  and condenser  was m e a s u r e d  with a t h e r m o -  
couple s y s t e m  consis t ing of ten shielded c o p p e r - c o n s t a n t a n  p a i r s  held together  with a thin polyamide  
th read  9, a mul t iposi t ion s t eppe r  8 with an e l ec t romagne t i c  switch, a l ow- re s i s t ance  po ten t iomete r ,  and a 
m i r r o r  ga lvanome te r .  Thermocoup les  f rozen  into the condensate at the condenser  sur face  under  the cen-  
t e r  of the vapo r  s t r e a m  were  spaced c loses t  (2 m m  apar t ) ,  for  a p r e c i s e  study of the t e m p e r a t u r e - t i m e  
c h a r a c t e r i s t i c s  of the condensate  l a y e r s  buildup. 

A continuous s teady s t r e a m  of wa te r  vapor  s t r ik ing  the cold cyl inder  sur face  was produced by the 
subl imat ion of ice forming  in the cap i l l a r i e s  of a porous  t i tanium plate  10 constant ly supplied with dist i l led 
wate r .  The water  flow r a t e  was m e a s u r e d  by the vo lumet r i c  method which had been desc r ibed  e a r l i e r  in 
[4], while the subl imat ion r a t e  was regula ted  with an e lec t r i c  hea t e r  11 as well  as by a f lat  p ro tec t ive  
hea te r ,  and a d i f ferent ia l  the rmocoup le .  

The t e m p e r a t u r e  of the condensat ion su r face  was mainta ined constant  during the exper iment  by r e g u -  
lat ing the supply of coolant (liquid nitrogen) to the s t a t iona ry  cyl indr ical  ni t rogen shield. The heat  t r a n s -  
f e r  through the thin (~0.005 m) annular  i n t e r l aye r  of r a r e f i e d  gas was he re  pure ly  conductive and r a d i a -  
t ive .  

The dynamics  of condensate  buildup and dis t r ibut ion over  the cyl inder  su r face  at the center  of the 
vapo r  m a i n s t r e a m  was studied with the aid of a spec ia l  device consis t ing of a pantograph,  a ro l l ing  wheel 
4, and a r eco rd ing  pen 5 which copied the condensate  p rof i le  on m i l l i m e t e r  paper .  A model  DSM-P-220 
e l ec t r i c  moto r  7 with a speed r e d u c e r  6 was switched on during the t e s t  at equal t ime  in terva ls  and the p r o -  
f i le  of the building up desubl imate  l a y e r  was t r a c e d  with the  ro l l ing  wheeI.  

The en t i re  a s s e m b l y  was instal led on sca les  and, thus,  the condensation r a t e  was being m e a s u r e d  
continually throughout  the tes t ing  t ime .  It has  been es tabl i shed,  in this way, that for  e i ther  a fiat  or  a 
cyl indr ica l  condenser  Jc = f(Ps, Tc) and that the d imens ion less  p a r a m e t e r  B = f(Ps, H) cha rac t e r i z ing  the 
prof i le  of solid condensate  is a lmos t  independent of the p r o c e s s  t ime ,  with Ps '  Tc '  and H constant ,  i . e . ,  
that  the absolute  quantity of condensate  i n c r e a s e s  with t i m e  but the re la t ive  quanti t ies on the condenser  
su r face  e lements  (the condensate  profi le)  r e m a i n  a lmos t  unchanged. All this  holds t rue  for  a smal l  l aye r  
where  the d is t r ibut ion of condensate  is not yet  much  affected by some  t e m p e r a t u r e  r i s e  at the condensa-  
t ion su r face .  Our t e s t  data  a r e  in comple te  accord  with the F i r s t  Law of Mass  Effect  [5]. We were  a lso  
able to connect  the ball  joints of the pan tograph  with the spr ing  sca le  of a ca l ib ra ted  dynamomete r  and to 
evaluate ,  by the depth of the wheel t r ack ,  the densi ty  of the super f ic ia l  condensate l ayer  fo rming  on the 
cyl inder  su r face  during the exper iment .  
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Fig.  2. Condensate dis t r ibut ion:  on a cyl inder  (1 and 

2), on a p l a t e  (3). 

The t e s t  r e s u l t s  have shown that  a d e c r e a s e  of the ambient  p r e s s u r e  causes  the densi ty  of the building 
up condensate  to inc rease  apprec iab ly .  The superf ic ia l  l aye r  of condensate  appea r s  mos t  br i t t le  and 
v a p o r - p e r m e a b l e ,  e spec ia l ly  under  p r e s s u r e s  nea r  the " t r ip le  point.  M 

The the rmophys i ca l  and the mechan ica l  p r o p e r t i e s  of the condensate  change apprec iab ly  in this layer ,  
owing to the high r a t e  of heat  and m a s s  t r a n s f e r  between desubl imate  c r y s t a l s .  As to the density,  the spe -  
cif ic  heat ,  and the effect ive t h e r m a l  conductivi ty of the fo rming  solid condensate,  we r e f e r  to the mean -  
o v e r - t h e - t h i c k n e s s  values  in the building up l aye r ,  inasmuch as  they a re  functions of the condensat ion 
t im e. 

Since these  values  v a r y  a lso  over  the en t i re  p h a s e - t r a n s f o r m a t i o n  sur face ,  hence diff icult ies  in an 
analy t ica l  solution of the p r o b l e m  will a r i s e ,  of course ,  when vapor  condensation under  vacuum is consid-  
e red  and the expe r imen ta l  method of solution will, n e c e s s a r i l y ,  become crucia l .  

In o rde r  to design the s ize  and the shape of an act ive  condenser  su r face  and to de te rmine  the local  
condensat ion r a t e s ,  it is p a r t i c u l a r l y  worthwhile to know how the dis t r ibut ion of vapor  dens i ty  within the 
volume of the vacuum c h a m b e r  will v a r y  with the p r e s s u r e  Ps" 

The p roposed  method has  made it poss ib le  to es tab l i sh  this  re la t ion  for  the case  of a v iscous  or  a 
m o l e c u l a r - v i s c o u s  flow of water  vapor ,  on the bas i s  of the ice dis t r ibut ion on cold su r f aces  of va r ious  
shapes .  The effect ive solid angle 2~e of the d ivergent  vapor  s t r e a m  was de te rmined  during an ana lys i s  of 
condensat ion on an infinitely l a rge  flat  p la te ,  accord ing  to the p rocedu re  in [4]. It has been thus e s t ab -  
l ished that ,  under  t he rmodynamic  conditions c h a r a c t e r i s t i c  of operat ing sub l ima to r s ,  the magnitude of this 
angle depends on the ambient  v a p o r - g a s  p r e s s u r e :  ee = c ~  exp (-Ps/P0) when 0.01 < Ps/P0 < 0.2 and T c 
= 230-240~ but q~e = c ~  exp ( - 0 . 4 2 v ~ - / ~  when 0.2 < ps/P0 < 1. Under these  conditions the rad ia l  v a r i -  
a t ion of l aye r  th ickness  within the flat  spot of condensate  is bes t  desc r ibed  by the equation of the Gauss 
curve  [1]: 

AhR =exp  I - - (  2R ~21 (1) 
aho \ Z~v[~ / J ' 

with fi = 0.55(1 + 2Htanq~e/Dv) , i . e . ,  .e = f(H, Ps)" 

This  e m p i r i c a l  r e la t ion  (1) is analogous to the approx imate  dis t r ibut ion function with the co r r e l a t i ng  
s t a t i s t i ca l  index of m a s s  effect  equal to R in [5]. 

D i s r ega rd ing  the var ia t ion  of the condensat ion fac to r  and of the condensate  densi ty  along radius  R, 
but applying the law of cosines  to molecu les  s t r ik ing  an inclined sur face ,  we use  the dis t r ibut ion equation 
(1) for  de te rmin ing  how the effect ive densi ty  of the m a s s  s t r e a m  v a r i e s  f r o m  the cen te r  to the p e r i p h e r y  
within the confines of the solid angle 2ee :  

So _ co  oxp [ (  
J,p [ \ Dx,13 ] J " (2) 
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Fig. 3. Flow pattern of a vapor-gas mixture at a cylindrical surface. 

Fig. 4. Variation in the optimum geometry of an active condenser surface, following 
an increase in the divergence angle of the vapor stream ~0 = f(ps) and an increase in 
the distance from the vapor source H. 

F o r  a cyl inder  with su r face  e lements  at  an  angle to the d i rec t ion  of the v a p o r - g a s  flow, the prof i le  
along the cen te r  c r o s s  sect ion is 

"h~ =exp [[-2RcylsinT~ ~] cos(p (3) 
a~ [ \  ~v~ ] J c o s ( 7 + ~ ) '  

with angle ~ e x p r e s s e d  in t e r m s  of angle 7: 

tg ~ = Rcylsin 7 - -  Dv/2 
L - -  R~yl cos 7 

and, a f t e r  the appropr i a t e  t r a n s f o r m a t i o n ,  

h~ exp [ (  2RcylSirlT/2] L - -Rcy lc~  . (4) 
h~- = kk- DUB ] J Lcos7+RHsinT--Rcyl, 

/ 

A compar i son  in Fig.  2 between prof i le  1 based  on Eq. (4) and prof i le  2 based on exper iment  with a 
cy l indr ica l  condenser  su r face  under  the s a m e  conditions indicates some d e c r e a s e  in the th ickness  of p r o -  
f i le  2 nea r  the condensate  f r o m  under  l a r g e r  angles  7. An explanation for  this  ought to be sought,  a p p a r -  
ently,  in the d i f fe rence  between the hydrodynamics  of a s t r e a m  at a f ia t  and at a cyl indr ica l  cold su r face  
r e spec t ive ly .  

It is n e c e s s a r y ,  t he r e fo re ,  to fu r the r  study the hydrodynamic  conditions preva i l ing  at condensation 
su r f ace s  of va r ious  Shapes.  

The pa t t e rn  of a t r a n s v e r s e  v a p o r - g a s  s t r e a m  flowing at a ve loc i ty  of 0.1-0.2 m / s e c  around an i m -  
m e r s e d  c i r c u l a r  cyl inder  has been v i sua l ly  obse rved  and then photographed,  as shown in Fig.  3. A typical  
f ea tu re  of this  flow pa t t e rn  is the buildup of a v a p o r - g a s  cloud nea r  the condensat ion su r face  f r o m  a min i -  
m u m  at ~/ = 0 to  a m a x i m u m  at 7 = 27. This  v a p o r - g a s  cloud r e p r e s e n t s  an additional b a r r i e r  to m o l e -  
cules  and molecule  complexes  of v a p o r  t ry ing  to pene t r a t e  to the cold cyl inder  su r face  - a r e s i s t a n c e  which 
i n c r e a s e s  d i r ec t l y  with the angle 7.  This a l so  r e su l t s  in a l ess  un i fo rm dis t r ibut ion of solid condensate 
(profile 2 in Fig.  2) around the cyl indr ica l  condenser  (Rcyl/D v = 0.75, L /D  v = 3.25). F o r  compar i son ,  we 
show in Fig.  2 the dis t r ibut ion of condensate  fo rming  under  the same  the rmodynamic  conditions on a fiat 
cold su r face  (profile 3). Thus,  f r o m  the laws of condensate  dis t r ibut ion on condenser  su r face  e lements  we 
have es tab l i shed  the dis t r ibut ion of vapo r  densi ty .  Solving now the r e v e r s e  p rob l em,  f r o m  an a l r eady  e m -  
p i r i ca l l y  known rad ia l  d is t r ibut ion of vapor  densi ty  f r o m  the m a i n s t r e a m  center  to  the p e r i p h e r y  we can 
design an act ive  condenser  su r face  whose e v e r y  e lement  will f o r m  a r e spec t i ve  angle ~ with the subl imat ion 
su r f ace  and which will be  located at a given dis tance f r o m  it. These  angles and d is tances  mus t  ensure  a 
un i fo rm buildup of the condensate  l aye r  on the designed sur face .  
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Let the mean layer  thickness on a flat surface ~D2/4 be the optimum. 

h m = ([3Dv/Dc)," 
ho 

This relat ion remains  invariant with constant Ps and H. 

It is easy  to see that 

t g a =  V h~--h~n/hm- 

Inser t ing here  (1) and (5), we obtain, af ter  integration, 

Then for (1) we have 

(5) 

(6) 

q s ( R ) _ ~  f/ De \4 (2 ]/2/~ ha] (7) 

The resulting function (related to the error probability) within the interval 0 < R < Rm, where R~ = (~D,T 
/2) [/n (h/hm)] I/2, defines exactlythe curve which, by rotation about the symmetry axis of the stream, will 
yield the desired e6ndensation surface based on the criterion of uniform condensate thickness h m buildup. 
The solid lines in Fig. 4 indicate segments of such axially symmetric surfaces and the trend in their vari- 
ation with an increasing angle of vapor stream divergence from r = 19~ to ~2 = 46~ (such an increase fol- 
lows a rise in pressure Ps from 33 to 465 N/m 2) as well with an increasing distance between these sur- 
faces and the evaporation surface H/D v from 1 to 3. The upper parts of these segments may be disre- 
garded in our case, because uncondensed gas cannot be easily removed from such surfaces after extended 
process periods and the condensation surfaces become very distorted then. 

The lower parts of these segments have the drawback of having been plotted without consideration of 
the hydrodynamics of vapor flow near a body of such a complex shape. Correcting the orientation of such 
a surface to account for the flow hydrodynamics (within the same interval 0 <R < Rm) , therefore, will 
yield the optimum condensation surface indicated in Fig. 4 by symmetric segments (dashed-dotted lines). 
These curves almost coincide with the streamlines plotted according to the equation in [I]: 

( z §  z - -a  ') 

and derived for  a theoret ical  design of the conics2 guide vane in a vacuum pump by the Chaplyagin method 
(the hydrocone problem).  In Eq. (8) the s t reamline  ~b = const. It follows f rom the experiment in [4] that the 
magnitude of ~ depends essent ia l ly  on the density of the ambient medium and that the coefficient a is p ro -  
portions2 to the distance H f rom the sublimation surface;  z and r are  space coordinates.  

In the design of active sur faces  for  vacuum condensers  operating under typical industrial  subl imator  
p r e s s u r e s ,  however,  one must  not only consider  a uniform distribution of condensate on the cold element 
and ensure  a continuous removM of uncondensed gas f rom the condenser  surface,  but one must  also con- 
s ider  as crucia l  the technical  feasibil i ty of producing such a surface.  On this basis ,  and s21owing for  
changes in the geomet ry  of the entire condensation surface during the buildup of new condensate layers ,  we 
have a r r ived  at the concept of a toroids2 condenser  surface with a flat vapor source.  Such a surface is 
generated by rotat ing a c i r cu la r  a rc  with radius R m (dashed lines in Fig. 4) about the tangent to it which 
coincides with the s y m m e t r y  axis of the vapor  s t ream,  with R m and H determined by the thermodynamics  
of the condensation p roces s .  More prec ise ly ,  only par t  of this surface is active:  the par t  subtended by the 
effective solid angle 2~o e of the s t r eam cone. 

F o r  or i f ice- type  sublimation sources  used in prac t ice ,  one follows an analogous procedure  in de te r -  
mining the geomet ry  of the condenser  surface close to the subl imator  orif ice in the vapor  s t ream.  Such 
a surface can be produced by piecing together  concave surface elements of a c i rcu la r  cylinder whose com-  
mon genera t r ix  lies in the s y m m e t r y  plane of the vapor  s t r eam f rom the orifice source  and becomes the 
front edge protruding into the oncoming vapor  s t ream.  

In this case,  for maintaining a constant and uniform (over the condensation surface) t empera ture ,  
it is r ecommended  that such a cold element be produced like a cryogenic heat exchanger pipe with external 
fins made up of these concave cylindrical  sur faces .  If these tubular elements are  now spaced in a row 
above the vapor  source,  and ff another row follows behind in a s taggered position, then the number of nec-  
e s s a r y  such stages will be governed by the condensation fac tor  charac te r iz ing  the given thermodynamic  
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conditions under which the sublimator operates.  Thus, a uniform freezing of solid condensate on cold sur-  
faces can be ensured together with an efficient utilization of the active volume in the vacuum chamber. 

Po, Ps 
Tc 
J0/J  
ho, hR, hm 

H 

Rcyl 
L = H + Rcyl; 
D v, De 

q~i, 7i 

NOTATION 

are the "triple point" pressure  and pressure  inside the chamber, respectively; 
is the temperature  of the condensation temperature;  
is the relative density of diverging vapor stream; 
are the thickness of condensate layer at the center of the mainstream, at distance R from 
the mainstream, and the mean thickness (at Rm), respectively; 
is the distance from sublimator to condenser; 
is the radius of cylinder; 

are the diameter  of flat evaporation surface and of fiat condensation surfaces,  respec-  
tively; 
are the angular space coordinates; 
is the angle between condensation surface and sublimation surface ensuring a uniform 
buildup of mean layer  thickness, hm; 
is the parameter  characterizing the condensate profile, on a flat surface. 
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