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The dynamics of the condensation process  are  analyzed, and the kinetic equations of phase 
t ransformat ions  (transitions) in a supersaturated vapor are derived. The formation of 
molecular  associa tes  is descr ibed by means of the well-known chains of A. A. Markov. 

1. S t a t i s t i c a l  P r o c e s s  o f  t h e  F o r m a t i o n  o f  M o l e c u l a r  A s s o c i a t e s  

A study of the physical  mechanisms underlying the condensation of vapor is of considerable interest  
in many fields of science and technology. The problem assumes  special technological importance in con- 
nection with condensation-type steam turbines in which the working substance is water vapor with drops of 
moisture suspended in it. 

Many theoret ical  and experimental  investigations have been devoted to the problem of condensation 
[1-4}. However, as yet the physical  mechanism underlying the condensation p rocess  has been inadequately 
studied, and the problem of constructing a general  theory of phase t ransformat ions  is still a long way from 
pract ica l  solution. 

Questions relat ing to condensation may be approached not only from the phenomenological principles 
of thermodynamics  but also from the physical  kinetics of the p rocess .  

In this paper we shall make an attempt at deriving the kinetic equations of the phase t ransformat ions  
on the basis of an analysis  of the dynamics of the condensation process .  We shall assume that the fo rma-  
tion of a stable equilibrium complex consisting of g molecules is preceded by the formation of intermediate,  
unstable associa tes  comprising a smal ler  number of molecules.  The collision of two molecules will be 
regarded as the initial act. The simultaneous collision of a large number of molecules is an unlikely event. 
Coagulation as a resul t  of the collision of complexes is neglected. 

The stability of the complex being formed is determined by the possibil i ty or otherwise of eliminating 
the heat of condensation evolved on forming a bond between the molecules.  This energy may be carr ied  
away, in heterogeneous condensation, by a cold surface,  and in homogeneous condensation by collision with 
other gas molecules.  

Let us consider the formation of a liquid phase in an a tmosphere  of supersaturated (supercooled) 
vapor, assuming the existence of a Maxwel l -Bol tzmann velocity distribution of the gas molecules.  We 
shall further  assume that the vapor phase is so raref ied that the time of interaction when the molecules col-  
lide is small  compared with their mean free period. Under these assumptions we may picture the follow- 
ing mechanism for the formation of stable molecular  associa tes .  

As a result  of the paired collision of molecules,  a bond is established between these and an unstable 
saturated binary complex is formed. The bond energy is concentrated in the colliding molecules in the 
form of vibrational energy.  We shall call the type of molecular  complex in which the bond energy is con- 
centrated in this way an activated complex. The lifetime of an activated complex consisting of g molecules 
we shall denote by "r~. If in the lifetime ~-~' of an activated complex consisting of two molecules the bond 
energy is car r ied  away from the complex, the lat ter  will become stable, and we shall then descr ibe it as 
deactivated. 
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The binding (bond) energy  may be ca r r i ed  away f rom the act ivated b inary  complex by vir tue of col-  
lision with a third gas molecule (homogeneous condensation) or  with a solid surface  (heterogeneous conden- 
sation). The I i fe t tme of a deact ivated complex consist ing of g molecules  we shall denote by ~-g. 

It  follows f rom the kinetic theory of gases  that the l i fe t ime of an act ivated complex r~ (or the ac t iva -  
tion t ime of a deact ivated assoc ia te  of molecules)  coincides with the t ime of interact ion between two col-  
liding molecules  or  between a molecule and a complex.  The l i fe t ime of a deact ivated complex is in turn 
de te rmined  by the t ime of f ree  flight of the molecules  (time between collisions).  

The format ion  of a complex of g molecules  may be p ic tured  as a chain of e l emen ta ry  act ivat ion and 
deactivat ion p r o c e s s e s .  Using an a s t e r i s k  to denote the act ivated state of the complex,  we may wri te  this 
p r o c e s s  in the fo rm of a success ion  of coll isions.  For the coll ision of two molecules  

M 1 + M1 --~ M~ (x~). (1) 

The act ivated complex M~ thus fo rmed  may be converted into a stable deact ivated complex M 2 if 
during its l i fe t ime ~-~ it coll ides with a third molecule M 1 which r emoves  the bond energy  in the complex.  
We then have 

M~ (x~) + M, --~ M, (~2) -]- M;. (2) 

The stable complex M 2 so formed may exist for a period Y2 before the next collision with a molecule 
M i. Then 

M s (~) + M~ ~ M; (~). (3) 

By analogy with (2) we may wri te  the condition for the format ion  of a stable complex of three mo le -  
cules in the fo rm 

M~ ('~;) + Ma-~ M~ ('~) + M~. (4) 

On the bas is  of the foregoing,  we may fur ther  wri te  down the condition for  the format ion  of a stable complex , 
of g molecules  Mg, which is p receded  by an unstable (activated) complex Mg with a l i fet ime ~ :  

M~_ 1 (,rg_~) q- MI--~ M~ (-c~), (5) 

M~ (Q + M~ -~ M~ (~) + M; . (6) 

This p roc e s s  will continue until a s table complex is fo rmed,  this consist ing of such a la rge  number  
of molecules  gcr  that any fur ther  interact ion with the gas  molecules  will be de te rmined  by the cha rac t e r  of 
the heat  and mass  t r an s f e r  assoc ia ted  with f ree  molecular  flow. This l imiting (crit ical)  complex Mger con- 
s t i tutes  a condensation nucleus. 

2. R a t e  o f  F o r m a t i o n  o f  C o n d e n s a t i o n  N u c l e i  u n d e r  C o n d i t i o n s  

o f  D y n a m i c  E q u i l i b r i u m  

Using N~ to denote the number  of two-molecule  coll isions assoc ia ted  with the the rma l  motion of the 
gas molecules ,  and considering that the probabi l i ty  of the loss  (decay) of an ac t ivated complex M~' is in- 
ve r se ly  propor t ional  to its l i fe t ime z*, it is not hard  to de te rmine  the resu l tan t  concentrat ion n~ of the un-  
stable act ivated b inary  complexes .  

Following [5], we may wri te  the differential  equation de termining  the ra te  of format ion  of act ivated 
complexes  in the fo rm 

dn* 2 , n" 2 
dt = N2 ~ . (7) 

The t e r m s  N~ and * * n2/T2 on the r ight-hand side of Eq. (7) r e spec t ive ly  cha rac t e r i ze  the number  of genera ted  
and el iminated b inary  complexes  per  unit voiume per  unit t ime.  

Analogously for the act ivated and deact ivated complexes  of g molecules  

dn~ , n* 

dt  = Ng Tz, g 

and (8) 

dnz  _ Ne n ~  

dt xg 
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Under s t eady-s ta te  conditions of dynamic equi l ibr ium (dn~/dt = 0; dng/dt  : 0), the number  of genera ted  
complexes  equals the number  of e l iminated complexes:  

~ * N* "r,* 
= g  g' (9) 

n g  ~--- Ng Tg. 

Let us suppose that unit volume of gas contains n i molecules  of radius  r i and nj molecules  of radius  r j .  
According to the kinetic theory  of gases ,  the number  of poss ib le  pa i red  coll isions between molecules  of 
types i and j per  unit t ime is 

N~+j = a (h  + O) 2 n,njcu,  (10) 

where  ~[j is the mean re la t ive  veloci ty  of the rma l  motion of the molecules .  

In the vapor-condensa t ion  p rob lem under considerat ion we a re  concerned with coll isions between in- 
dividual molecules  and between single molecules  and complexes  (activated and deact ivated) ,  r espec t ive ly .  
Using r 1 to denote the radius  of a vapor  molecule  (i = 1) and rg  for the effect ive radius  of a complex of 
g molecules ,  we may conver t  (10) into 

Nl+g : z~ (q  q- rz) ~ n ,n  e Qg. (11) 

Considering that the mass  of a complex consis t ing of g 
composing it, we may read i ly  de te rmine  the effect ive radius  

r ~ = q  V g .  

Then 

molecules  equals the sum of the molecules  
of the complex 

The quantity N~+g cha rac t e r i z e s  the ra te  of fo rmat ion  of different  complexes  as a r e su l t  of pa i red  

(12) 

col l is ions.  Such complexes  may be e i ther  ac t iva ted  or  deact ivated.  

The format ion  of act ivated complexes  is a lways accompanied  by the joining of a molecule to another  
molecule  or  a deact ivated complex.  Under these conditions, on the bas is  of (12), we may wri te  

N ; + g =  ~tr~(1-4- V g )  ~ nlngcl--g. (13) 

The format ion  of a s table deact ivated complex,  in turn,  takes place as the r e su l t  of a collision be -  
tween a molecule  and an act ivated complex.  The number  of molecules  in the complex does not change in 
this p rocess ;  only deact ivat ion occurs .  Under these conditions 

Denoting 

(14) 

we wri te  (13) and (14) in the fo rm 

(is) 

N~+r = Wgng, (16) 

Ng = W g n g .  (17) 

the volume concen t ra -  In accordance  with (9), under s t eady-s ta te  conditions of dynamic equi l ibr ium, 
tion of the unstable ac t ivated complexes  is 

nL~ = N~+~ ~+~ = ~ n ~ + ~ .  (IS) 

The volume concentrat ion of the stable deact ivated complexes  is 

n z = Ng'~ z = Wgn*z" %. (19) 

As indicated ea r l i e r ,  in the mode of condensation under considerat ion,  a s table two-molecule  complex 
M 2 is fo rmed  by the collision of an ac t ivated unstable complex M~ with a gas  molecule M 1. Using (17), we 
may de te rmine  the number  of stable b inary  complexes  M2 formed eve ry  second. Taking g = 2 for this case 
we obtain 

N~ = Wofi* 2 . (20) 
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Allowing for (18), we may wri te  

N.> = W,n,  (~.~;). 

The volume concentrat ion of stable two-molecule complexes is 

n,, = w~n~ ( w ~  ~). 

Analogously for t h r ee -  and four-molecule  complexes 

n a -= W~n I (W~ -c~ "r~) (Wa~ a %) 

and 
N, = W,n, (W~ -c'2 %) (W~ g "ca) (WG~), 

n, = W~n~ (W~ -c~ -co.) (W i g %) (WG; %). 

For complexes of g molecules 

and 

Nz = W~n~ (W~ -c*~ "%) (W~ -c~ %) ... ,rW 2g_t T*g_~ -cz-~) (Wg-cg), 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

o r  

and 

g-- ,  

Ng Win , (We're) [~ ,(W 2, -c*, -c.~,, (27) 
i ~ 2  

g--I  

i=2 

The foregoing model, represen t ing  the formation of complexes by the collision of molecules,  is based 
on the assumption that the probabil i ty of the formation of a complex of higher o rder  does not depend on the 
probabil i ty of the formation of complexes of the preceding lower o rders .  We see f rom (27) and (28) that 
the process  may be descr ibed by the well-known chains of A. A. Markov [6]. 

Using the concepts of the kinetic theory of gases [7] and liquids [3], we may determine the l ifet ime of 
the activated and deactivated complexes ~-~ and r i in Eqs. (27) and (28). Taking the l ifet ime of an act ivated 
complex as equal to the t ime of interaction,  we write 

-ca+, - % exp U~ (29) 

where the period of natural oscil lat ions of the molecule 

A 
-co = - (30) 

Clg 

Here k is Boltzmann's constant; T is the tempera ture ;  U 0 is the activation energy of the bond; A is the 
"effective" width of the potential pit (well). In turn 

-- V '  8~T rtti -'r- n'Zg (31) 
C l g :  - -  /~l/T/g 

Substituting mg = mlg , we obtain 

Hence 

(32) 

(33) A exp \kT)  " 

~#Tt 1 
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Fig. 1. Activation and deactivation 
times of a complex as a function of the 
number of constituent molecules: 
1) 

If, on the basis  of (33), we wri te  down the l i fe t imes  of act ivated 
complexes  fo rmed by two and g molecules ,  r e spec t ive ly ,  we may 
readi ly  der ive  the relat ion 

.r2"C:--V/'2(1-- 1 (34) 

Equation (34) cha rac t e r i ze s  the re la t ive  change in the l i fe-  
t ime of the ac t ivated complexes  on changing the number  of mole -  
cules in the complex,  e x p r e s s e d  in f rac t ions  of the l i fe t ime of the 
original  two-molecule  complex.  

The f ree  flight t imes  of a complex of g molecules  and a 
single molecule ,  r e spec t ive ly ,  equal 

Tg = ~ z  and ~i = _)~1 (35) 
Clg C1,1 

Writing down the express ion  for  the f ree  path 

1 V 1 V 

Zg- -u ( r~+Q)2  N1 ~ r [ ( l + ~ / ~ - ) 2  N1 , 

we eas i ly  find 

Tz __ 4 .c-~, 1 (36) 
(i+ 

"f~ = 4 ] / ' 2  (37) 

V 

Allowing for (32), we finally obtain 

Equation (37) c h a r a c t e r i z e s  the re la t ive  change in the f ree  flight t ime as  a function of the number  of mo le -  
cules in the complex.  

Figure 1 i l lus t ra tes  some curves  ref lec t ing the effect  of the number  of molecules  in the complex on 
its l i fe t ime for both the ac t ivated and the deact ivated s ta te .  The re la t ive  l i fe t ime of the act ivated com-  
plexes inc reases  with increas ing  number  of molecules  in the complex. This inc rease  appea r s  most  
marked ly  in complexes  containing less  than ten molecules .  The l i fe t ime of complexes  of higher o rde r  is 
a lmos t  independent of the number  of molecules  in the complex,  and exceeds  the l i fe t ime of the or iginal  two- 
molecule  complex by approx imate ly  40%. For an unlimited increase  in the number  of molecules  in the 
complex 

lira --~ : ~'2-. 
T 2 

The re la t ive  l i fe t ime of s table deact ivated complexes  (the per iod of their  f ree  flight), on the other  
hand, d iminishes  with increas ing  number  of molecules  in the complex.  The ra t io  ~'g/T 1 tends a sympto t i -  
cal ly  to zero as the number  of molecules  la the complex inc reases  without l imit .  The g r e a t e r  the number  
of molecules  in the complex,  the shor t e r  is its l i fe t ime Tg as compared  with the l i fe t ime of a molecule T 1. 

Thus,  as the number  of molecules  in a deact ivated complex inc reases ,  the collision f requency r i s e s  
sharply ,  and in the l imit  of g -~ co the complex undergoes  continuous bombardment  by gas molecules .  Under 
these conditions the cha rac t e r  of the interact ion between the complex and the gas molecules  suffers  a quali-  
tat ive change, and becomes  analogous to the interact ion of gas  molecules  with a solid sur face .  

The re la t ionships  here  obtained enable us to calculate the ra te  of format ion  of molecu la r  a s soc i a t e s  
constituting nuclei of the liquid phase  in a super sa tu ra ted  vapor .  
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