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A differential equation describing the change in the density of residual  gas inside a closed 
volume in the course  of vapor  condensation is derived and analyzed. The concentrat ions of 
gaseous- impur i ty  a toms in the condensate obtained by the closed-volume method and in an 
"open" vacuum are  est imated.  

In the manufacture of e lect rovacuum apparatuses  and in the vacuum spraying of fi lms, when a mater ia l  
is vaporized and its vapor  condensed, there occurs  a ' ge t t e r"  effect, in which some of the a toms of the gaseous 
medium are  enclosed and trapped within the condensate. 

We est imate the concentrat ions of residual  gas atoms trapped during the condensation of vapor in an 
"open" vacuum and in a closed volume. If the accommodat ion coefficient a (0 _< a _< 1) on the condensation 
surface is known, then f rom known relat ions [1] it is easy  to obtain an e~pression for  the concentrat ion of 
gaseous- impur i ty  atoms n o trapped by the condensate in an "open" vacuum: 

1 

n o =  4k---~-k--~M-/ a-- 'L  h (i) 

We consider  the dynamics of gas exchange in a closed volume, taking the example of a closed crucible.  

Modern closed crucibles  rake the form of a separable graphite [2] o r  quartz  [3] cylinder,  in the inner 
cavity of which are  placed the substrate  and the mater ia l  to be vaporized,  t h e n e c e s s a r y  temperature  field in 
the crucible being achieved by means of hea ters  and sc reens .  To pe rmi t  evacuation of the gas f rom the closed 
crucible,  its casing is permeable  to the atoms of the residual  a tmosphere .  Before sp ra~ng ,  the closed crucible 
containing the substrate  and the mater ia l  to be vapor ized is placed in the chamber  of a spraying installation. 
Then evacuation and d e ~ s s i n g  of the crucible is ca r r ied  out. After a working p r e s s u r e  of the o rde r  of 10 -~ 
m r r  has been established in the chamber  of the vacuum equipment and inside the crucible,  the substrate  is 
brought to the required  temperature  and vaporizat ion of the start ing mater ia l  begins. 

We compare the integral  concentrat ions of res idual  gas atoms enclosed within the fi lm in the course  of 
condensation inside the closed crucible and outside it (for otherwise identical conditions), d isregarding gaseous 
impuri t ies  adsorbed on the subst ra te  surface ,  which may also cause contamination of the mater ia l  of the con- 
densed thin layer.  In developing a model of gas exchange, it is assumed that the chamber  of the spraying appa- 
ratus has infinitely large volume and that the specific density of the gas in it Pl and the temperature  T 1 a re  
constant over  t ime. In this model,  the conduction of the pores  and the manufacturing flaws in the wails of a 
real  closed crucible of volume V is replaced by an equivalent, in the form of two channels with opposed uni- 
directional conduction of magnitude U 1 (from the outer chamber  to the closed volume) and U 2 (from the closed 
volume into the chamber) ,  the c ross - sec t iona l  a rea  of each of the channels being denoted by F. 

We assume that the law of thermomolecular  flow is valid both in the real  s t ruc ture  and in the model [1], 
so that 

Us V T~ 
U, = TI - (2) 
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In o r d e r  to take account of the "ge t te r"  effect ,  a th i rd  channel with equivalent  conduction U c is  in t roduced in 

the model .  By analogy with [1] 

Uc = U2 aFc (3) 
kF 

F o r  compa r i son  of the c lo sed -vo lume  method with condensat ion in an "open" vacuum, i t  i s  a s s u m e d  that the 
accommodat ion  coeff ic ients  of the r e s i d u a l  gas  a toms on the condensat ion sur face  in the two cases  a r e  equal.  

F r o m  the k ine t ic  theory of gases  i t  follows that the in teg ra l  concent ra t ion  of gaseous  i m pur i t i e s  in the 
f i lm p r e p a r e d  by the c lo sed -vo lume  method i s  given by 

xS 

n 3 = avd'c. (4) 

0 

Knowing the concent ra t ion  of gaseous  a toms  in unit volume n z and the i r  a r i t h m e t i c - m e a n  veloci ty  v2, we d e t e r -  

mine v f rom the f o r m u l a  [1 ] 

/22,0, ~ 
V = - -  (5) 

4 

By analogy with the known re l a t ion  in  [1], we wr i te  the e xp r e s s i on  for  the concen t ra t ion  of r e s i d u a l  gas  a toms  
ins ide  the c losed  c ruc ib l e  fo r  any given ins tan t  T in the fo rm 

1 P1 P~ 
n ~ = - ~ ,  r-T" p, 

where  P2 is  the spec i f ic  dens i ty  of the gas  inside the c losed  c ruc ib le ,  depending on the t ime "r. 

We now wr i t e  the m a s s - b a l a n c e  equation for  the pe r iod  of vapor  condensat ion:  

(6) 

V dp 2 = Ulpldx  - -  U~p~dx - -  UeP2d'r. (7) 

The p a r a m e t e r  c h a r a c t e r i z i n g  the degree  of h e r m e t i c i t y  of the c l o s e d - c r u c i b l e  cas ing 

n z ~ -  - -  
V l  

V 
(8) 

can reasonab ly  be ca l led  the " r a t e  of inflow" of the gas into the c losed  vo lume.  Introducing the notation 

y(T ) -  o,(~) 

91 
(9) 

0---- aFc q - l ,  
k F  

a o )  

we can r e w r i t e  Eq. (7) in  s t anda rd  fo rm,  

au _ /  T~ § m0 I /  
d-Y- v - ~ ?  y = m. 

(Ii) 

If we so lve  Eq~ (11) for  the case  when the gas  t e m p e r a t u r e  ins ide  the c losed  volume,  the t e m p e r a t u r e  of the 
condensat ion su r f ace ,  and the subs t r a t e  t e m p e r a t u r e  a r e  equal to T 2 and do not change with t ime ,  then, sub- 
st i tut ing f rom Eqs.  (9), (6), and (5) into Eq. (4) and in tegra t ing ,  we obtain 

n s = - -  ~ -  1 +  , 
tn'rs Pl 0 , 

(12) 
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Fig .  I.  Dependence of the d imens ion les s  pos i t ive  p a r a m e t e r s  go 
and ~ on the inflow r a t e  m (T 1 - 300~ M = 29.89). a: 1-5) a F c / V  
~- 0.564 cm-1; 1) ~'s = 50 min ,  T 2 = 300~ 2) 5 min,  300~ 3) 0.5 min,  
300~ 4) 0.05 min,  800~ 5) 0.05 rain, 100~ b: 1) aFc /V  -- 5 .64.10 ~4 
c m - i ;  2) 5 .64.10 -3 cm-1; 3) 5 .64 .10-2"cm-1 ;  4) 5,64"10 -1 cm -1. 

where  p2(0) is  the spec i f ic  densi ty  of the r e s i d u a l  gas  at  the ins tant  of onse t  of condensat ion.  Assuming  that 
at the onset  of vapor  condensat ion the r e s i d u a l  gas  a tmosphe re  ins ide  and outs ide the c losed  volume i s  in a 
s ta te  of dynamic  equ i l ib r ium,  i . e . ,  that  

pl VV, = p, (o) VV , 0.3) 

we can r ewr i t e  Eqo (12) as  

/7"3 ~ no r ,  (14) 

w h e r e  

! 
l =  r + -~- (1 --(p) [1 - -  exp ( - - , ) 1  

~0 

is  a d imens ion les s  function of the d imens ion l e s s  p a r a m e t e r s  go and ~o, which a r e  r e l a t e d  to the v a r i a b l e s  in 
Eq. (12) as  fol lows:  

(15) 

1 
9 = - - ,  (16) 

0 

, = m 0  k ~ - i  Ts. (17) 

In Eqs.  (16) and (17) the d imensions  of m and ~'s a r e  min -1 and  min,  r e s pe c t i ve l y .  Using the l i nea r  r e l a t ion  
between F and m [1], we p r e s e n t  cu rves  of the va r ia t ion  of go and ~ with inflow r a t e  m and of the dependence 
of the function f on the p a r a m e t e r s  r and ~ in F i g s .  1 and 2, r e s p e c t i v e l y  (b i logar i thmic  coord ina tes  a re  used) .  
Invest igat ing the effect  of the p a r a m e t e r  m on the solut ion of the d i f fe ren t i a l  equation de s c r i b i ng  the evacuat ion 
of r e s i d u a l  gas  f rom a c losed  c r u c i b l e  of fixed des ign,  we find that the region of change of the h e r m e t i c i t y  of 
the c losed  volume should be bounded at the left  by the value m = 10 -2 min -1. This means  that, f o r  s m a l l e r  
va lues  of inflow ra t e  m, the evacuat ion of gas f rom the c losed  c ruc ib le  is  d i f f icul t  and takes too long. In addi -  
tion, the inflow r a t e  m mus t  not be too l a rge ,  and i t  i s  r ea sonab le  to set  a bound m ~- 1 min -1 at  the r ight ,  s ince  
the degass ing  pe r iod  for  the equipment  and a l l  the a s s oc i a t e d  appa ra tu se s  for  the rmal  vapor iza t ion  of the m a -  
t e r i a l  usual ly  exceeds  30 rain even in an ~open" vacuum. F u r t h e r ,  i t  should be noted that i n c r e a s e  in the r ea l  
condensat ion sur face  ins ide  the c losed  volume without any change in i ts  h e r m e t i c i t y  camsign i f ican t ly  affect  the 
value of the p a r a m e t e r s  go and ~in  Eqs.  (16) and (17). F r o m  Fig.  2 i t  can be seen  that for  go >_ 0.5 the advantage 
of the c losed-vo lume  method o v e r  sp ray ing  in an "open ~ vacuum i s  ins igni f icant .  As a r e s u l t ,  any change af fec t -  
ing the value o f  go should not v io la te  the upper  bound. 

According  to Eq~ (14), the concent ra t ion  of gaseous  impur i ty  in the f i lm p r e p a r e d  by the c losed -vo lume  
method is  de t e rmined  by the value of the function f. F r o m  Eq. (12) i t  follows that i n c r e a s e  in h e r m e t i c i t y  of 
the c l o s e d - c r u c i b l e  cas ing  in the l imi t s  spec i f ied  above and d e c r e a s e  in the t ime of condensat ion of the thin 
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Fig. 2 Fig. 3 

Fig~ 2. Dependence  of func t ion  f on ~ and Cpo 1) ~ = 0.5; 2) 10-1; 3) 10-2; 4) 10-3; 
5) 10-4; 6) 10-2; 7) 10-6; 8) 10-7; 9) 10-6; i0) 10-3o 

Fig~ 3o Effect of condensation conditions on the concentration of gaseous impurities 
in the film: 1) for a film (thickness h = 3 p) prepared in an "open" vacuum (P1 = 10-6 
torr); 2) film of thickness h = 300 #; 3) film prepared in a closed crucible with an 
in f low r a t e  m = 1 ra in  ~I a t  an  e x t e r n a l  p r e s s u r e  PI = 10-6 t o r r  ( a F c / V  = 0.563 c m - l ) ;  
4) f i l m  p r e p a r e d  in a c l o s e d  c r u c i b l e  wi th  m = 10 -2 ra in  -1 and P1 = 10-6 t o r r  ( a F c / V  
= 0.563 cm- t )o  

l a y e r  (for a g iven  r a t e  of  condensa t i on )  c o n s i d e r a b l y  r e d u c e  the i n t e g r a l  c o n c e n t r a t i o n  of i m p u r i t i e s  in  the f i l m .  
In add i t i on ,  an a n a l y s i s  of  Eqo (14) t ak ing  into a c c oun t  Eqs .  (15)-(17) shows that  the i n t e g r a l  c o n c e n t r a t i o n  of  
g a s e o u s  i m p u r i t i e s  in the f i lm  f o r  c o n d e n s a t i o n  at  a c o n s t a n t  r a t e  by the c l o s e d - v o l u m e  m e t h o d  g r a d u a l l y  d e -  
c r e a s e s  and ,  f o r  a su f f i c i en t l y  l a r g e  t h i c k n e s s  of  the c o n d e n s e d  l a y e r ,  t ends  to a c o n s t a n t  l i m i t .  Th i s  l i m i t i n g  
va lue  i s  d e t e r m i n e d  by the r a t i o  be tween  the e f f ec t ive  a r e a  of  the c o n d e n s a t i o n  s u r f a c e  a F c  and the e f f e c t i v e  
a r e a  of  the p o r e s  in  the c l o s e d - c r u c i b l e  c a s i n g  k F .  

A c o m p l e t e  i d e a  of  the d e g r e e  of c o n t a m i n a t i o n  of the f i lm  m a t e r i a l  by  r e s i d u a l  g a s  a t o m s  can  be  o b t a i n e d  
on ly  f r o m  an a n a l y s i s  of Eqso (1) and {12). In F ig .  3 we show an e x a m p l e  of  n u m e r i c a l  c a l c u l a t i o n  by these  
f o r m u l a s  on the b a s i s  of r e a l  e x p e r i m e n t a l  da t a ,  f r o m  which i t  fo l lows  tha t ,  f o r  low r a t e s  of c o n d e n s a t i o n ,  the 
c l o s e d - v o l u m e  m e t h o d  p e r m i t s  a r e d u c t i o n  in the i n t e g r a l  c o n c e n t r a t i o n  o f  i m p u r i t i e s  in the f i lm  ana logous  to 
tha t  a c h i e v e d  in an "open"  v a c u u m  on a c c o u n t  of the  d e c r e a s e  in  r e s i d u a l  g a s  p r e s s u r e .  In th is  c a s e ,  the equ iv -  
a l en t  v a c u u m  is  d e t e r m i n e d  m a i n l y  by the h e r m e f i c i t y  of the c l o s e d - c r u c i b l e  c a s i n g  and the e f f ec t ive  a r e a  o f  
the c o n d e n s a t i o n  s u r f a c e  of  the  m a t e r i a l .  Above a c e r t a i n  v a l u e  (in o u r  c a s e ,  500 ~ / s e c ) ,  the c o n d e n s a t i o n  r a t e  
a l m o s t  c e a s e s  to have  any e f fec t  on the c o n t a m i n a t i o n  of the f i l m  by r e s i d u a l  gas  a t o m s  and,  f i na l l y ,  fo r  a su f -  
f i c i e n t l y  l a r g e  r a t e  o f  c o n d e n s a t i o n ,  the c o n t a m i n a t i o n  of the f i l m  b e c o m e s  a p p r o x i m a t e l y  the s a m e  fo r  the 
c l o s e d - v o l u m e  m e t h o d  and the "open" v a c u u m .  H o w e v e r ,  c o n d e n s a t i o n  of a thin l a y e r  of m a t e r i a l  a t  v e r y  high 
r a t e s ,  above  104 # / s e c ,  when the c l o s e d - v o l u m e  me thod  and the e l e c t r i c - s p r a y i n g  me thod  a r e  a p p r o x i m a t e l y  
equal  in p u r i t y ,  i n v o l v e s  the so lu t i on  of a whole  s e r i e s  of  c o m p l e x  t e c h n i c a l  p r o b l e m s .  

F r o m  these  r e s u l t s ,  we conc lude  that ,  when thin f i l m s  (of the  o r d e r  of  a few m i c r o n s  o r  m o r e )  a r e  p r e -  
p a r e d  by t h e r m a l  s p r a y i n g  in vacuo ,  c o n t a m i n a t i o n  by a t o m s  of r e s i d u a l  g a s  m a y  be s h a r p l y  r e d u c e d  if  the 
p r o c e s s  i s  c a r r i e d  out  in  a su f f i c i en t l y  h e r m e t i c  (10 -2 m i n  -1 _< m _< 1 min  -1) c l o s e d  c r u c i b l e  at  a c o n d e n s a t i o n  
r a t e  o f  m o r e  than 500 ~ / s e c ~  In this  way ,  the i n t e g r a l  c o n c e n t r a t i o n  of g a s e o u s  i m p u r i t y  in f i l m s  p r e p a r e d  by 
the c l o s e d - v o l u m e  m e t h o d  can  be r e d u c e d  in p r a c t i c e  to n 3 ~ 1014 cm -3, which i s  e qu iva l e n t  to the p u r i t y  ach i eved  
by  s p r a y i n g  in a s u p e r h i g h  vacuum~ 

NOTATION 

no, n3, integral concentrations of gaseous impurity in the film prepared in an "open" vacuum and by the 

closed-volume method, respectively; a, accommodation coefficient; F c, area of the condensation surface; F, 

area of the model channel connecting the outer chamber to the closed volume; 7r, R, k, ko, consant coefficients; 

h, ~'s, thickness and time of spraying of the film; PI, TI, Pl, pressure, temperature, and density of the gas in 
the outer chamber of the apparatus; UI, U 2 values of the conduction of the channels from the outer chamber to 
the closed volume and from the closed volume to the outer chamber, respectively; M, molecular weight of the 
gas; Uc, "carrying capacity ~ of the condensation surface; v, number of atoms striking unit area of the conden- 
sation surface in unit time; V, volume of the inner cavity of the closed crucible; n2, number of gas atoms in 
unit volume inside the closed volume; v2, aritmetic-mean velocity of the gas atoms inside the closed volume; 
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P2, T~, specific density and tempera ture  of the gas inside the closed volume; f, e, e ,  d imensionless  pa rame te r s ;  
m = U1/V, outflow rate; y =PIP1; ~= (aFc/kF) + 1. 

I~ 

2. 

3~ 
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MASS TRANSFER IN CONDENSATION OF VAPOR FROM 

A FLOW OF FOG-CONTAINING VAPOR- GAS MIXTURE 

Ya. M. Vizel', D. I. Lamden, 

and I. Lo Mostinskii 

UDC 536~ 

Results  are  presented  for the experimental  settling of fog on the internal wall of a c h a n n e l f r o m  
a v a p o r - a i r  mixture  moving along it. Variat ion of fog concentrat ion was determined by mea-  
surement  of the intensity of sca t tered  light. Experiment  and theory are  compared .  

The analogy between the p r o c e s s e s  of heat  and m a s s  t ransfer  is valid for  condensation of a vapor  on a 
cold surface f rom a flow of superheated o r  slightly supersa tura ted  v a p o r - g a s  mixture.  For  a high degree of 
supersaturat ion,  the intensity of mass  t ransfer  is determined not only by diffusion of vapor  to the condensation 
surface but also by the settl ing of par t i c les  of condensed aerosol  on it. The la t ter  p roce s s  is often predominant ,  
and many special is ts  a re  engaged in a study of it. 

The existing experimental  work in this field can be divided into two groups.  In the f i r s t  group are  studies 
of the settling of  a fog which is formed by the art if icial  introduction of condensation nuclei [1, 2]~ The rate  of 
aerosol  settling was determined ei ther  f rom the deflection of a beam of "developed" nuclei in a t ransparent  
vessel  [1] or  f rom measurements  of the dust concentrat ion introduced into the condenser  and of the dust concen- 
tration emerging f rom it [2]. As a rule ,  the introduction of condensation nuclei makes it possible to distinguish 
in pu re r  form the settling of an aeroso l  f rom the overal l  p rocess  of mass  t ransfer  during the flow of a v a p o r -  
gas mixture .  

In the second group of experimental  work are studies of the settling of a fog formed by homogeneous con- 
densation of a v a p o r  in the flow of a v a p o r - g a s  mixture.  In [3 ,4] ,  the total flow rate was measured  for  a con- 
densate which was formed as  the resu l t  of s imultaneously occur r ing  p r o c e s s e s  of surface condensation and fog- 
par t ic le  settling. The relat ive contributions of the two p r o c e s s e s  were determined by theoretical  methods onlyo 

In the present  work,  a fog which was formed by homogeneous condensation before entrance into the exper i -  
mental  section was used as the nucleus.  In this case,  we measured  and calculated both the total amount of con- 
der~a-to-x~ich sett led on the wall and the var ia t ion of aerosol  concentrat ion in the flow along the condenser.  

The experimental  device (Fig~ 1) is in the form of a closed loop through which a i r  is pumped by the cent r i -  
fugal fan 1. After leaving the fan, the air  passes  through the s t ra ight  section 2 and the gas-f low mete r  3 (for 
turbulent flow, this is a normal  venturi ;  for laminar  flow, it is an RS-5 ro tameter) .  Then the a i r  is fed into the 
gas hea te r  4, into which water  vapor  f rom the vapor genera tor  is also fed, and into the chil ler  5. The gas 
heater  and chil ler  are  two sequentially installed pipes with an internal d iameter  of 95 mm in which s t ra ight -  
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