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We so lve ,  in  a o n e - d i m e n s i o n a l  a p p r o x i m a t i o n ,  the  equa t ion  of  gas  d y n a m i c s  fo r  the  s t e a d y -  
s t a t e  f low of  a v a p o r ,  t a k i n g  into accoun t  c o n d e n s a t i o n  and r e v a p o r i z a t i o n .  We c o m p a r e  the  
r e s u l t s  of ou r  t h e o r e t i c a l  c a l c u l a t i o n s  with t hose  tha t  we o b t a i n e d  by  e x p e r i m e n t a l  m e a n s .  

In [1], a s  a r e s u l t  of an e x p e r i m e n t a l  s tudy  of the  spa t i a l  d i s t r i b u t i o n  of c o n d e n s a t e  t h i c k n e s s  (of 
c o n d e n s a t i o n  speed)  on the w a l l s  of a c y l i n d r i c a l  c h a m b e r  hav ing  a t e m p e r a t u r e  g r a d i e n t ,  a q u a l i t a t i v e  
m o d e l  was  f o r m u l a t e d  fo r  the  m e c h a n i s m  of t r a n s p o r t  of m a t t e r  d u r i n g  i t s  v a p o r i z a t i o n  in a q u a s i c l o s e d  
v o l u m e . t  It was  shown t h e r e  tha t  the  m o t i o n  of the  v a p o r  in a q u a s i c l o s e d  vo lume  in the i n t e r v a l  of t e m -  
p e r a t u r e  cond i t ions  e m p l o y e d  r e p r e s e n t s  i t s  g a s - d y n a m i c  e x p a n s i o n  with  c o n d e n s a t i o n  and r e v a p o r i z a t i o n .  
Our  c o n c e r n  in th i s  p a p e r  i s  to give  a quan t i t a t i ve  d e s c r i p t i o n  of th i s  p r o c e s s .  

The  p o s i t i o n  of the  c r i t i c a l  s e c t i o n  and the v a l u e s  of  the  v a p o r  p a r a m e t e r s  a t  the  i n i t i a l  g a s - d y n a m i c  
s e c t i o n s  a r e  g iven  by  [1]: 

7~ 
T 0 (I - -  • -~- 1,3 ~-~ 

dT~ 
dx 

T~ ~ 0.7To, P1 ~ 0.33 Psat(To), P1 = 91 RT~t 
p. 

r ~d ~ tt 1 | RT~ G~ = p~u 1 - ( ,  M1 - 
ul = Co / /  7 ~ -  , Co - - 1 .  

(i) 

Since in the  p a r t  of  the  v a p o r  mo t ion  f r o m  the  i n i t i a l  g a s - d y n a m i c  s e c t i o n  to the  c r i t i c a l  s e c t i o n t $  
no c o n d e n s a t i o n  of  p a r t i c l e s  on the c h a m b e r  w a l l s  t a k e s  p l a c e  and the  v a p o r  p a r a m e t e r s  do not  v a r y ,  we 
can  t ake  an a r b i t r a r y  s e c t i o n  in the  i n t e r v a l  x* - x - x 0 a s  the  i n i t i a l  g a s - d y n a m i c  s e c t i o n .  H e n c e f o r t h  
we t ake  the  i n i t i a l  g a s - d y n a m i c  s e c t i o n  a s  x = x 0. 

F o r  the  m o t i o n  of  the  v a p o r  in the  c y l i n d r i c a l  c h a m b e r ,  a un ique  independen t  v a r i a b l e  which  de f i ne s  
the  cond i t i ons  of  v a p o r  m o t i o n  i s  the  gas  outf low r a t e ;  i t  d e p e n d s  on only  a s ing le  c o o r d i n a t e  [1] 

nd ~ 
G x = PxUx - - ,  (2) 

4 

The  m e t h o d  and the e x p e r i m e n t a l  r e s u l t s  a r e  g iven  in d e t a i l  in [1]. 
$ Without  l o s i n g  the g e n e r a l i t y  of  the  b a s i c  r e l a t i o n s ,  we c a r r y  out o u r  n u m e r i c a l  so lu t i on  fo r  a d i a t o m i c  

v a p o r .  
t~  In ou r  c a s e  x* < x 0. 

T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i e h e s k i i  Zhurna l ,  Vol.  21, No. 4, pp.  646-656,  O c t o b e r ,  1971. O r i g -  
ina l  a r t i c l e  s u b m i t t e d  F e b r u a r y  13, 1970. 

�9 1974 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 ff'est 17th Street, New York, N. Y. 10011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher for $15.00. 

1256 



and a connect ion  be tween  the seven  vapo r  p a r a m e t e r s  in d i f fe ren t ia l  f o r m  m a y  be es tab l i shed  by m e a n s  of 
the fol lowing r e l a t ions  [2, 3]: 

(M2x - 1) duS d G ~ ,  (3a) 
u S G~ 

(M~-- 1) dP,~ M 2 dG~ 
�9 = 7 ~ , (3b) 

P~ Gs 

(M S - 1 )  2 dP----X=M~ dG~ , (3c) 
9~ G~ 

dT dG,~ 
(M~---1) ~ Z  = ( ? - I ) M ~  Gs , (3d) 

(M x - l )  2 M2 x -- 2 1 -k M~ ) dGS (3e) 
, Gx 

Solving the s y s t e m  of Eqs.  (3a)-(3e) s imul t aneous ly ,  we can e x p r e s s  all  the vapor  p a r a m e t e r s  in 
t e r m s  of the M a t h  n u m b e r  and its value at the c r i t i c a l  sec t ion:  

us 2 P~ 2 
~-~ri~ Mx ' Pcrit -- __ ' 

1 

9s = 2 T S _ 2 

Pcrit 1 -t- Mx 2 ' Tcrit 1 @ M~ 

G~ = M 2 
Gcri t x 7 -  1 M 2 

(4) 

Of all  the v a r i a b l e s  in the s y s t e m  (4) only G x in a given case  can be c o n s i d e r e d  to be a known function of x. 
In o r d e r  to find all  the r e m a i n i n g  p a r a m e t e r s  of the vapo r  as  funct ions  of  the coord ina te ,  it is n e c e s s a r y  
to e x p r e s s  M x in t e r m s  of  G x f r o m  the l a s t  equat ion of the s y s t e m  (4) and then to subs t i tu te  into the r e -  
ma in ing  equat ions  of the s y s t e m .  We e x p r e s s  the quant i ty  G x th rough  the use  of the m a s s  flow c o n s e r v a -  
t ion law (equation of continuity) ,  t ak ing  into accoun t  condensa t ion  and r e v a p o r i z a t i o n  of the vapo r  at the 
c h a m b e r  wal ls .  

We write the equation of continuity in the form 

where  Jx = 4Gx/Ird2. 

d 4 
d--~- (p.)= - d  is, 

When condensa t ion  and r e v a p o r i z a t i o n  is p r e s e n t ,  j = J r - J c .  

(5) 

In a c c o r d a n c e  with [1], 

RT~ jr (Tw)--~~ ( Tw)~ I | 2 n ~  ' 

J c ( T v ) = P T v  ~ C R T v  
2n~ 

Then 

4 k/ d--ff (pu) : - ~ - ~  R [Psat(Tw)~ 'Tw-w --p(T~)? Tv] 
zn,~ 

or ,  taking r e l a t i on  {2) into account ,  

(6) 

(7) 

(8) 

dGx - - [ / R T v  _ . 9 .  ( T w )  1 / ~ 1  4dx 
O~ 2~t  O (my) V 2~tx ] 4xd 

(9) 
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We in t roduce  the new coord ina t e  x '  = x - x  0. 

Us ing  Eqs .  (3e), (4), and (9), we obta in  

1 - ~ - ~ M ~ ,  2 dMx, / 2 
. . . .  " 2 i X dx' [ /  M.,--1 

[ 1 -  Psat(Tw)| ~w-w ( I +_ ~'~'~ 

F o r  a l i n e a r  t e m p e r a t u r e  v a r i a t i o n  a long the c h a m b e r  wal l s  

I+v 
2(?-i  

(10) 

where 

T w =Tcri~l - -  kX'), (11) 

In a c c o r d a n c e  with [4], 

�9 Tcrit--Tch d T w 1 
�9 , ; t = L - - x ~  

l Tcrit dx Tcrit 

A ( / 
Psa t (TW)=T~exp  - -  Tc } '  

Since a t  the sec t ion  x = x 0 we have  the r e l a t i o n  [1]: 

P(Tcrit)V"~crlt= 9i ] / ~ 1 ,  

then  

whence 

A = Pl l-T1Tcritexp ( ~]T--Z-v / 
\ Wcrit ] ' 

Psat(Tw) ifFT~ ~ c r i t ~ e x  ~IT* ~IT* "~ 
Pi V T1 = [T- -~ )  P -----~--w + Tcrit] �9 (12) 

The  change in the quant i ty  (Tc r i t /Tw)3  fo r  a d e c r e a s e  in T w f r o m  T c r i t  to TeL h i s  s m a l l  in c o m p a r i -  

son  with the change  in the exponent ia l  t e r m ,  so that  we can  sa fe ly  put  ( T c r i t / T  w) 3 ~_ 1 in Eq. (12). In th is  
c a s e ,  taking Eq. (11) into account ,  

Psat(Tw) ] / r . ~ w  "~exp [ ~lT*kx' . ]  (13) 
Pi . Tcrit Tcrit( 1 - -  kx') 

Subst i tut ing r e l a t i o n  (13) into Eq. (10) and put t ing it into d i m e n s i o n l e s s  f o r m ,  we obtain  
1+? 

dE = - d -  7~ M * - -  1 • 1 - -  exp - -  llT*ttl~ , (14) 
7 ~- I TcHt (1 - -  kl ~) 

2 

w h e r e  ~ = x ' / l ;  0 <- ~ s i. F o r  a d i a tomic  gas ,  7 = 7/5;  4 " ~ - / - ~  = 0.67. 

We in t roduce  the nota t ion  

F ina l ly ,  

Q = 

2l ~lT*kl Tcrit-- T c a ' = 0 . 6 7 ~ ;  b-~ , c = k l - -  h, 
Tcrit TcrR �9 

1 + ~ - ~  M~ 1 + 0 . 2 M 2  7 + 1  a, 
, a . . . . . . . . .  -= 1 . 2 a ' .  

7 +  I 1.2 2 
2 

(15) 

d~ A4 ~ ~ 1 1 - -  c~ 
(16) 
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T A B L E  1. V a l u e s  of the  C o e f f i c i e n t s  m i, m 2, m 3 

Material  d, cm L, cm 

CdS 

CdS 
CdSe 
CdTe 

5.2 

5.2 
8.0 
5.2 

8.0 

8.0 
6.0 
4.0 

8.0 

8.0 

l ,  cmlr  . . ~ 

6,4 550 
6,2 600 
6.0 650 
5.8 700 
5.3 
6.2 600 
6,7 
6.2 
4.2 600 
2.2 

6,21 600 
6,2 ' 
6.05 600 
5.85 

~Tw/dx, 
leg.era -1 

30 

20 
30 
40 

30 

30 

30 

t n  l 

2.28 
72.12 
1 . 9 1  

1.75 
1.39 
2.12 
2.65 
2.12 
t .65 
0.73 
2.12 
1.61 
2.12 
2.03 
1.9 

,q't 2 

--4.56 
- -3 .3  
--2.65 
- -2 .0  
--1 
- -3 .3  
--5.75 
- -3 .3  
--1.38 
--0.4 
- -3 .3  
--2.26 
- -3 .3  
- -2 .9  
--2.4 

rrt 3 

!4.2 
126 
8.87 
6.4 
3.13 
t2.6 
15.5 
12.6 
3.92 
0.61 
12 6 
5 5 5  
12.6 
10.9 
8.6 

0.8 

] 

. r "q 

Fig .  1. C o m p a r i s o n  of e x p e r i -  
m e n t a l  r e s u l t s  (5) wi th  v a l u e s  
of  w* = w*(~), c a l c u l a t e d  f r o m  
v a r i o u s  a p p r o x i m a t e  f o r m u l a s  
(1-4):  1) f r o m  Eq. (22), u s i n g  
two t e r m s  of the  e x p a n s i o n  (21); 
2) f r o m  Eq.  (22), u s i n g  t h r e e  
t e r m s  of the  e x p a n s i o n  (21); 3) 
f r o m  Eq.  (23), u s i n g t h r e e  t e r m s  
of the e x p a n s i o n  (18); 4) f r o m  
Eq. (23), u s i n g  fou r  t e r m s  of the  
e x p a n s i o n  (18). 

b e r  i s  w = - d G / d $  (the m i n u s  s ign  
sa t ion) .  

Equa t ion  (16) cannot  be  s o l v e d  in g e n e r a l  f o r m  e x c e p t  n u m e r i -  
c a l l y ;  h o w e v e r ,  t ak ing  r e a l i s t i c  v a l u e s  of the  p a r a m e t e r s  a p p e a r i n g  
in  Eq.  (16), we can  so lve  Eq.  (16) a p p r o x i m a t e l y  wi th  su f f i c i en t  a c c u -  
r a c y  in two e x t r e m e  c a s e s  (c lose  to the  b o t t o m  o r  c l o s e  to the  top  of  
the  c h a m b e r )  and then  c ombine  the  two so lu t i ons .  F o r  s m a l l  ~ (0 < 

0.5), we can  expand  the so lu t i on  of  Eq. (16) in a M a c l a u r i n  s e r i e s :  

_ j I M ,  I . ,, 
M(~)=MI~=~176247 2! Ie=~247 M [ e = ~  

F r o m  Eqs .  (1) we have  MI~= 0 = 1. 

L e t  

M'l~o = m~; M"I~=o = m~; M"'l~=o = m 3. 

Then 

(17) 

F r o m  Eqs .  (4) 

1 I 3 + .  (18) M (~) = 1 + ml~ + - ~ -  m ~  + - ~  m ~  . .  

The p r o b l e m  now r e d u c e s  to f ind ing  the  c oe f f i c i e n t s  m 1, m 2, m 3 (see  
the  Append ix ) .  

In T a b l e  1 we p r e s e n t  v a l u e s  of the  c o e f f i c i e n t s  m 1, m z, m 3 fo r  
c e r t a i n  c a s e s  which r e f l e c t  the  in f luence  of the  v a r i o u s  f a c t o r s  (the 
t e m p e r a t u r e  c o n d i t i o n s ,  c h a m b e r  g e o m e t r y ,  n a t u r e  of the  m a t e r i a l )  on 
the  p r o c e s s  of m a s s  t r a n s f e r  and v a p o r  c o n d e n s a t i o n  in a q u a s i c l o s e d  
v o l u m e .  Subs t i t u t ing  the  v a l u e s  of M(~) into Eq. (4), we can  d e t e r m i n e  
the o t h e r  p a r a m e t e r s  fo r  the  v a p o r  m o v i n g  in the  c h a m b e r .  The  s p e e d  
of  the  r e s u l t i n g  c o n d e n s a t i o n  of the  v a p o r  on the  w a l l s  of the  c h a i n -  
t a k e s  accoun t  of  a d e c r e a s e  in the  a m o u n t  of  v a p o r  du r ing  c o n d e n -  

then  

[ 12 
G (~) = G1M (~ ) 1 + 0.2M2(~)J 

dG dG dM 
. . . . . . . .  , (19)  

di dM d~ 

1.2 ( -  1.2).0,4M M 2 - -  1 1.2 4, 

1 q- 0 . 2M 2 (1 + 0 . 2 M 2 )  ~ 1 .2  1 + O,2M 2 

( ,2 
d M  1 ,-k 0 . 2 M  2 

dM 1 
d~ - -  m l  -~ rrt2~ @ ~ -  m3~ 2 @ . . . (21) 
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q8 

q8 

q* 

~ r 

~2 

x b 

0,o 

0.2 

o 

o 

I 
I 

o q,  o,8 o3 ~, 02 q~ 
Fig .  2 Fig.  3 

~8 qa ~, 

Fig.  2. Var ia t ion  of  the condensa t ion  coeff ic ient  of  CdS vapo r s  
a long the length of the c h a m b e r  (T o = 550~ dTw/dx  + 30 deg .  cm- t ) .  

Fig.  3. C o m p a r i s o n o f  expe r imen ta l  r e s u l t s  (3a, 3b) and ca lcu la ted  
va lues  (1, 2) of  w* = w*(~) fo r  CdS v a p o r s  (T O = 550~ dTw/dx  
= 30 d e g .  cm-1):  1) taking accoun t  of  r evapo r i za t i on ;  2) neg lec t ing  
r evapo r i za t i on ;  3a, 3b) fo r  p la tes  p laced  p a r a l l e l a n d  p e r p e n d i c u l a r  
to the flow, r e spec t i ve ly .  

Substi tut ing (20) and (21) into Eq. (19), we obtain,  f o r  the r e l a t ive  speed  of  condensa t ion  

where  
ulpld 

2Pml 

1.2 1 -}(0.2)M ~ ml + rn~ + --~rn3~ + . . . .  (22) 

More  a c c u r a t e  va lues  of w*(~) m a y  be obta ined by a subst i tu t ion fo r  dM/d~ f r o m  Eq. (16): 

!1,2 / 3 b~ 

In Fig.  1 expe r imen ta l  r e su l t s  a r e  c o m p a r e d  with v a r i o u s  app rox ima te  ca lcu la ted  condensa t ion  
speeds  fo r  T O = 550~ The bes t  a g r e e m e n t  with e x p e r i m e n t  is fu rn i shed  when w*(~) is ca lcu la ted  f r o m  
Eq. (23), us ing  four  t e r m s  of  the Maclaur in  s e r i e s  (18) for  the expans ion  of the function M(~). 

F o r  va lues  of ~ ~ 0.4 the expe r imen ta l  and t heo re t i c a l  r e s u l t s  a g r e e  a l m o s t  exact ly .  As  ~ i n c r e a s e s ,  
the a c c u r a c y  of  the solut ion of Eq. (16) in the f o r m  of the expansion (17) d e c r e a s e s  (as ~ i n c r e a s e s  the 
f o r m u l a  g ives  s m a I l e r  va lues  of w*); this  m a y  be explained by  the r e l a t i ve ly  slow conve rgence  of  the 
Mac lanr in  s e r i e s  (18). 

We e s t ima te  now the cont r ibut ion  of  the r e v a p o r i z a t i o n  of the p a r t i c l e s  in the m a s s  t r a n s f e r  of  the 
vapor  on the c h a m b e r  wal ls  as  a funct ion of the magni tude  of the condensa t ion  coeff ic ient  ~ = (Wc-Wr)/Wc. 
It is not  diff icult  to show that  in ou r  ca se  

= exp - �9 (24) 
1.2 1 - -  c~ 

It is obvious  that  when ~ = 0, w c = w r and a = 0. In the absence  of r evapor i za t ion ,  w r = 0 and o~ = 1. 

We see f r o m  Fig.  2 tha t  as  } i n c r e a s e s ,  the r e v a p o r i z a t i o n  cont r ibut ion  d imin i shes  rap id ly ,  and fo r  
~- 0 .5-0.8  the condensa t ion  coeff ic ient  is c lose  to one. T h e r e f o r e  on this  p a r t  of  the c h a m b e r  the mot ion  

of  the vapor  can be f a i r l y  a c c u r a t e l y  d e s c r i b e d  by the funct ion M(~), which does  not take into account  r e -  
vapo r i za t i on  of  the vapor  f r o m  the wal ls  of  the c h a m b e r ,  i . e . ,  we a s s u m e  that  an a r b i t r a r y  vapor  m o l e -  
cule,  impac t ing  on the wall ,  condenses  on it.  In this  case ,  Eq. (16) a s s u m e s  the f o r m  

(M ~ - l )  dM / /  2 21 . d ~ .  (25) 
1 - t - 7 - - 1 M  ~ = ~  ~/  ' d 

2 
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The left  side of the resu l t ing  equation can be s impl i f ied  by expanding the left  m e m b e r  so as to in- 
volve M in a p r o p e r  f ract ion.  As a r e su l t  the equation a s s u m e s  the fo rm 

2 .dM 7 + 1  dM a'd~. 
7 - - 1  7 - - 1  l + 7 - - 1 M  2 

2 

After  integrat ing,  we obtain 

2 M _ _ 7 - + - l ] / / ?  2 l a r c i g V T - - 1  
7 - - I  7--i 2 M = V  2-~?" 2-d-l ~ + C .  

We de te rmine  the constant  C f r o m  the condition M [ ~ =0 = 1, 

then 

c 2 7 + I  1 /  1 
7 1 7 - - 1  arctg V 7 -  

2M 7 +  1 2 
a ' ~ - - 7 ~ l  7 - - 1  ~ a r c t g  M 

2 7 + 1 V  2 V T - - 1  (26) 
7 - -  1 + ~ ~ arctg 2 

Fo r  7 = 7/5 we obtain the following re la t ion  for  calculat ing M: 

a'~ --~ 5M -- 13.4 arCtg (0.447M) + 0.65. (27) 

The re la t ion  (27) involves M implici t ly;  however ,  var ious  values  of M may  be ass igned and c o r r e -  
sponding values of ~ calculated;  a table or  graph of M = M(~) can then be const ructed.  

The express ion  for  the re la t ive  speed of condensation in the absence  of r evapor iza t ion  has the fo rm 

~* = a '  ( 1 ,-[-1"20.2M 2 )3. (28) 

In Fig. 3 we p r e s e n t  both expe r imen ta l  and calculated values  of the function w* = w*(~) for  T O = 550~ 
the calculated values  being de te rmined  f rom Eqs. (22) and (28). The exper imenta l  vapor  condensation 
speeds  of condensat ion on the chamber  walls  were  also reduced  to d imens ion less  fo rm by dividing by w 1. 

F r o m  Fig. 3 we see that in the in te rva l  0 < ~ ~ 0.5, curve  1 (in which revapor iza t ion  is taken into 
account) gives a much c lose r  a g r e e m e n t  with the exper imen ta l  va lues ,  whereas  in the in te rva l  0.5 ~ ~ -< 1, 
it is curve  2 (in which revapor iza t ion  is not accounted for) which gives the be t t e r  ag reemen t .  

Fo r  values  of ~ ~ 0.5 both cu rves  give approx imate ly  the same  re su l t s .  Applying curve 1 for  the 
in te rva l  0 < ~ -< 0.5 and curve  2 for  the in terva l  0.5 -< ~ ~< 1, we obtain a theore t ica l  dis t r ibut ion of conden- 
sat ion speeds  for  all  va lues  of the d imens ion less  coordinate  ~ (the dashed curve  in Fig. 3). Curves  for  the 
va r ia t ion  of the other  vapor  p a r a m e t e r s ,  P = P(~), p = p(~), T = T(~), etc. ,  may  be obtained in an analogous 
way. 

Fo r  the region 0 < ~ ~> 0.7, the exper imenta l ly  de te rmined  condensation speed dis tr ibut ion along the 
coordinate  is independent of the or ienta t ion of the condensing sur face ,  conf i rming thereby  the validi ty of 

the assumpt ion  of a continuous medium.  F o r  ~ ~ 0.7, the exper imenta l  re la t ion  w* = w*(~) depends upon 
whether  the condensing sur face  is p laced pe rpend icu la r  or  pa ra l l e l  to the ~ direct ion;  in the f o r m e r  case ,  w*(~ ) 
is r e t a rded  in re la t ion  to the theore t ica l  value and in the l a t t e r  case  the re ta rda t ion  is much less .  The ex- 
planation is  that  in the p r e s e n c e  of a "divergent"  effect  (condensation) the vapor  p r e s s u r e  in the chamber  
d e c r e a s e s  depending upon the s ize of ~. This  leads  to an i nc rea se  in the f ree  mo lecu l a r  path length and a 
gradual  degenera t ion  of the gas -dynamic  flow into a mo lecu la r  b e a m  di rec ted  along the ~ axis .  

Thus the quali tat ive model  p r e sen t ed  in [1], and the theore t ica l  ana lys i s  of the vaporizat ion,  m a s s  
t r ans f e r ,  and condensation in a quas ic losed  volume ca r r i ed  out in the p re sen t  paper ,  enable us  to d e t e r -  
mine the vapor  p a r a m e t e r s  at an a r b i t r a r y  sect ion of the volume,  give good a g r e e m e n t  with exper iment ,  
and may  be applied in engineer ing  calculat ions.  

1261 



A P P E N D I X  

In Eq. (16) we in t roduced  the nota t ion  Q = (1 + 0 .2M2/1.2 .  It i s  obvious  that  Ql~= 0 = 1. 

Q, dQ 1 MM' ; Q']~=o == 1 M']i=0 m 1 . dQ M 
d~ 3 D 3 ' d M  = 3  

Expanding the exponent ia l  f a c t o r  in Eq. (16) in p o w e r s  of b ~ / ( 1 - c ~ ,  we have  

d~ M" 1 ~- M 3 - ~  l - - c ~  • I . . . . .  + + . . . .  
-- 2 1 - - c ~  6 - \  1 - - c ~  ] 

We obtain  M2(~) f r o m  Eq. (18): 

, 1 
M 3 (~) = 1 + 2m1~ @ (m~ @ m.,) ~2 __ ~.Q,- (3re{n2,  m~) ~3 + . . . .  

We subs t i tu te  Eq. (A-3) into the second  t e r m  of Eq. (A-2): 

d M = a Q  l ~ Q 3  a~@ 1 - -  - -  + + . . .  - -  - - 4 : -  2 1 - - c ~  6 \ 1 - - e L ]  
1 d~ M3 - -1  1--e~ :X 2m _}_ (m2 4_ m3) ~ 

+ - ~  (3mlm: T m3) ~ + . . . 
Then  

= m s = L a +  a_bb 
~=0 /7/1 

Ll = lim ( aQ l _- Q3 ] = a lim I - - Q a  a 
~o \ M~__ I ] ~u~l M 3 -  1 2 

Subst i tut ing Eq. (A-6) into Eq. (A-5), we obta in  a quad ra t i c  equa t ion  in m V 

Then 

whence 

a ab 
m~' + - 2 -  ms - -  - -  = O, 

2 

ms ~- I _+ 1 -}- - ~ -  . 

The  s ign b e f o r e  the r a d i c a l  in Eq. (A-7) is  chosen  f r o m  the condi t ion m 1 > 0, s ince  M(~) > 1 for  r > 0: 

d3M = aQ' 1 - -  Qa 
- -  + a O  

d~ ~ M 3 -  1 

.-[-ab 4Q3Q' (1 - -c~)  -[- c@ �9 

--3@(M 3 - 1 )  dQ - ~  -- 2M ( l -- Q'J) dM 

(M 2 - -  1) 3 d~ 

1 b~ b~ . t  2 

1 (3mVn3 + m~) ~+. 2rex -k (m~ -1- me) ~ -~- ~ -  .. 

_+_~abQ ~ {[ b2 " ( l - - l - - + ' " ] [ 2 m l - t - ( m ~ + m ~ ) ~ + '  ~ - 

- - ( 1  1 b~ ) I (m~+.m2)4_ . . .  ]} •  ]2}-1 
2 1 - - c ~  "" ' 

d~'M ' L~" ab ( 4~ 't - -  bin1-  (m~ + m 0 
d~2"~=o = m2= + L ~ - -  \ 3  m l - k o  ]!.-kab 

2m 1 4m 1 ' 

LI I) ----lim~_~o ( aQ' M 2 -1- Q3 ) = am---~l lim 1 -  3 M ~ - -1  --am16 

[ ~'~Q2(M2--I)M+2M(I--Q3) ~ ]  
L 2 =  lim~_o - - u ~  ~ 1 )  2 

= a m  1lira Q2(M 2 _ 1 ) @ 2 ( 1 _ Q 3 )  =am-- A '  
M-l . M ~ -  I 6 

(A-l )  

(A-2) 

(A-3) 

(A-4) 

(A-5) 

(A-6) 

(A-7) 

(A-8) 

(A-9) 

(A-10) 

(A-11) 
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Substituting Eqs. (A-10) and (A-11) into Eq. (A-9): 

o r  

m 2  - -  
ab { 4__4 ) bm~ + m~ + m~ aml am1 L m 1 + c  - -ab  

6 6 2m 1 \ 3 . 4m~ 

whence 

1 + 4 ~ -  m~ 3 ' 2 m  1 m l  + e -  - - .  �9 2 ,  ' 

m13 2~1b( b) 5 + - -  c + - - b  
. 2 12 

/772 ~ a b  

1 -~ 4m~ 

The coefficient  m 3 is calculated in an analogous way: 

[ ( ~ 4  3 ) 4 (m~ + m 0  

(A-12) 

4m 2 

In prac t ice ,  to calculate M = M(4) it is en t i re ly  sa t i s fac tory  to use three  or  four t e rm s  of i ts Mac- 
laur in  se r ies  expansion. 

To 

T L 
ch 

Tw 

Tv 

Tcrit 
T = Es/R 

? 
E s, E s 

R 

Jc, Jr 
G , P , p  
u 

Gcrit, Pcrit, Pcrit, Ucrit 

cp, C V 

Psat 
GI, Pt, Tt, Pl, ul 

# 

0m 
X 

L, d 

NOTATION 

is the vaporization temperature; 

is the temperature of the top of the chamber; 

is the temperature of the chamber wall; 
is the vapor temperature; 
is the critical condensation temperature; 
is the characteristic temperature; 

are the vaporization energies, respectively of 1 mole of bulk material and 
1 mole of thin film material; 
is the universal gas constant; 
is the vapor molecule "adhesion" coefficient; 
are the mass fluxes for condensation and revaporization, respectively; 
are the vapor mass flow rate, pressure, and density; 
is the gas-dynamic flow velocity; 
are the flow rate, pressure, density, and velocity of the vapor at the critical 
section; 
are the vapor specific heat capacities; 
is the density of saturated vapor; 
are the flow rate, pressure, temperature, density, and velocity of vapor at 
the initial gas-dynamic section; 
is the molecular weight; 
is the density of the material; 

is the coordinate measured from the bottom of the chamber; 
are the length and diameter of the chamber. 

i. 

2. 

3. 
4. 
5. 

LITERATURE CITED 

Yu. Z. Bubnov, M. N. Libenson, M. S. Lur'e, and G. A. Filaretov, Inzh.-Fiz. Zh., i_~7, No. 3, 
429 (1969). 

G. N. Abramovich, Applied Gas Dynamics [in Russian], GIIL, Moscow (1953). 
P. A. Vulis, Thermodynamics of Gas Flows [in Russian], GEI, Moscow-Leningrad (1950). 
L. D. Landau and E. M. Lifshits, Statistical Physics, Addison-Wesley, Reading, Mass. (1958). 
D. O. Smith, J. Appl. Phys., 4!, 697 (1961). 

1263 


