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It is shown that for rapid adiabatic expansion processes a considerable 
contribution to the rate of formation of condensation centers is made 
by the mobility of the boundary between stable drops and droplets of 
subcritical size formed as a result of heterophase fluctuations. 

Modern  ideas  conce rn ing  the condensat ion  m e c h a -  
n i s m  [1-3] a s soc i a t ed  with the adiabat ic  expans ion  of 
a supe rhea ted  and sa tu ra t ed  vapor  can be e x p r e s s e d  
in the fol lowing v e r y  condensed  fo rm.  

In the supe rhea ted  and sa tu ra t ed  vapor  the re  a r e  
h e t e r o p h a s e  f luc tua t ions  that lead to the f o r m a t i o n  of 
d rop le t s  of l iquid phase .  The  number  of these  drople t s*  
d imin i shes  v e r y  quickly  as the i r  d i a m e t e r  (the number  

of m o l e c u l e s  in the droplet)  i n c r e a s e s .  Th is  number  
can be d e t e r m i n e d  f r o m  the f o r m u l a  

N (g) = Cexp ( - -  hcpg + bg2/3 ) (1) 

F o r  the supe rhea ted  and sa tu ra t ed  vapor  the quan-  
ti ty N(g) is a mono ton ica l ly  d e c r e a s i n g  function depend-  

ing on g, s ince  in this e a s e  goB > goA and hence Ago > 0. 
In the case  of a supe rcoo l ed  vapor  the quanti ty N(g) 

has a d i s t inc t ly  e x p r e s s e d  m i n i m u m ,  s ince  for  the 

supe rcoo l ed  vapor  go B < goA and hence Ago < 0. 
It is  easy  to show that this m i n i m u m  is o b s e r v e d  

when 

2 
2 bg~ - -  (ep A - -  q%) g:cr = O. 

In this ca se  

N (ger) = C exp [--  (ePA --CgB) gcr "] (2) 

When g > gcr  the number  of d rop le t s  begins to i n c r e a s e .  
Thus ,  in the r eg ion  of supe rhea ted  vapor  and at 

g < gc r  the d i s t r ibu t ion  N(g) is pu re ly  dynamic;  the 
drops  a r e  unstable .  At g > gc r  the drops  a re  s table;  
they do not d i s i n t eg ra t e  but become  condensat ion  cen -  
t e r s .  As  condensa t ion  p r o c e e d s ,  the number  of m o l e -  
cules  in the drop i n c r e a s e s  and, consequent ly ,  so 
does its s tabi l i ty .  

We note that the quant i ty  N(g) is a s t a t iona ry  d i s -  
t r ibut ion,  i . e . ,  the d i s t r ibu t ion  that ex i s t s  in a s y s -  
t em in the equ i l i b r i um state .  In this s ense  N(g) is a 
c a t ego ry  c h a r a c t e r i s t i c  only of a supe rhea t ed  and s a t -  
u ra ted  vapor .  A supe rcoo led  vapor ,  by i ts  v e r y  na-  
ture ,  cannot be in the e q u i l i b r i u m  sta te ,  i . e . ,  in a 
supe rcoo l ed  vapor  a s t a t i ona ry  d i s t r ibu t ion  N(g) can-  
not be achieved;  in the supe rcoo l ed  vapor  a p r o c e s s  
o c c u r s  in which a c e r t a i n  number  of d rop le t s  pass  

through the c r i t i c a l  s ize  and f o r m  condensat ion  cen -  
t e r s .  Th is  p r o c e s s  continues until the supe rcoo led  
vapor  goes  ove r  into the s ta te  of dry sa tu ra ted  vapor  
and l iquid drople ts .  

The  r a t e  of fo rma t ion  of condensat ion  cen t e r s  can 

be obtained on the assumpt ion  that the l iquid d rop le t s  
f o r m e d  are  e l imina t ed  f r o m  the s y s t e m  and r e p l a c e d  
by the s a m e  number  of individual  m o lecu l e s .  As a 
consequence ,  a c e r t a i n  s t a t ionary  drople t  d i s t r ibu t ion  

(di f ferent  f r o m  the N(g) dis t r ibut ion)  and a c e r t a i n  
d rop le t  flux through the c r i t i c a l  d i a m e t e r  develop in 
the supe rcoo l ed  vapor.  

The  number  of condensat ion  cen t e r s  (the drople t  
flux through the c r i t i c a l  d i a m e t e r  pe r  unit t ime,  the 
r a t e  of fo rma t ion  of condensat ion  cen te r s )  is  then de-  
t e r m i n e d  f r o m  the f o r m u l a  

( 1:  2r2r ~TT V (~A--f~)B) ~r - - i x  (3 )  3m 3-~-!  

Here, rcr is the critical radius: 

2s v B 
rcr - -  _ _  

(~A - -  ~0B 

In the p r o c e s s  of adiabat ic  expansion in Lava l  noz-  
z les  the flow is supe rcoo led  [4], and the amount of 
condensed m o i s t u r e  is d e t e r m i n e d  f r o m  the f o r m u l a  
p roposed  by Oswat i sch  [5]: 

! 

1 f m(l', 1)I(l')F(l')dl'. (4) v(O = Z .  
lo 

Here ,  m(l ' , l )  is the m a s s  of a drop f o r m e d  in sec t ion  

l '  a f te r  it r e a c h e s  a sec t ion  l; to a cons ide r ab l e  ex-  
tent it is d e t e r m i n e d  by the r a t e  of growth of the drop; 
I(/ ') is the r a t e  of f o r m a t i o n  of condensat ion  c e n t e r s  
in sec t ion  l ' ;  F( / ' )  is  the c r o s s - s e c t i o n a l  area;  and l 0 

the coord ina te  of the sec t ion  in which the flow i n t e r -  
sec t s  the upper boundary curve .  

E x a m p l e s  of the n u m e r i c a l  solut ion of the p r o b l e m  
of vapor  flow in nozz l e s  based  on the above ideas  can 
be found in [6, 7]. In m o s t  c a se s  the a g r e e m e n t  be-  
tween theory  and e x p e r i m e n t  is s a t i s f ac to ry .  Nonethe-  
l e s s ,  in our view,  the above method of d e t e r m i n i n g  
the number  of condensat ion c e n t e r s  d i s r e g a r d s  ce r t a in  
important factors. This applies particularly to rapid 
processes of adiabatic expansion. 

* F o r  b rev i ty ,  the t e r m  ' d r o p l e t "  is used for  p a r t i -  
c les  of subc r i t i ea l  d i a m e t e r .  
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In these  p r o c e s s e s ,  apar t  f r o m  the condensat ion  
c e n t e r s  that r e s u l t  f r o m  the addit ion of m o l e c u l e s  and 
the consequent  i n c r e a s e  in the d i a m e t e r  of the drops  to 
the c r i t i c a l  value and above,  new condensat ion cen t e r s  

appear  as a r e s u l t  of the fact  that the c r i t i c a l  s i ze  de-  
c r e a s e s  in the p r o c e s s  of adiabat ic  expansion.  In o ther  
words ,  the total  number  of condensat ion  cen t e r s  is 
composed  both of d rop le t s  that have c r o s s e d  the c r i t i -  
cal  d i a m e t e r  in the p r o c e s s  of he to rophase  f luctuat ion 
and d rop le t s  of the p r e e x i s t i n g  d is t r ibut ion ,  owing to 
the d e c r e a s e  in the c r i t i c a l  d i a m e t e r  dur ing adiabat ic  
expansion.  F o r  example ,  in the case  of a p r o c e s s  of 
inf in i te ly  rap id  adiabat ic  expansion the number  of con-  
densat ion  c e n t e r s  due to d rop le t  growth wil l  be equal  

to ze ro ,  whe rea s  the number  of condensat ion  c e n t e r s  

due to the sharp  d e c r e a s e  in c r i t i c a l  d i a m e t e r  will  be 
v e r y  cons ide rab le .  Th is  expla ins  why supe rcoo l ing  in 

e x c e s s  of 60 -70  ~ K cannot be ach ieved  even in the case  
of v e r y  rapid  expansion.  C lea r ly ,  if the expansion is 

v e r y  rapid ,  d rop le t s  a l r e ady  ex i s t ing  in the in i t ia l  s t a -  
t ionary  d i s t r ibu t ion  N(g) occupy the zone g > gcr ,  and 
it is p r e c i s e l y  these  d rop le t s  that become  condensat ion  
cen t e r s .  Thus ,  owing to the mobi l i ty  of the boundary 
between the s table  and unstable  drops  new condensat ion  

the total  number  of which can be de-  c e n t e r s  appear ,  
f ined as 

n = t f(g)dg. 

gcr 

This  quant i ty  d i f f e r s  f r o m  N(g) in that N(g) is a s t a -  
t ionary  d is t r ibu t ion ,  w h e r e a s f ( g )  c o r r e s p o n d s  to a non-  
equ i l i b r ium dis t r ibut ion .  

In expansion p r o c e s s e s  that p r o c e e d  at a f ini te  r a t e  
it is poss ib le  to d e t e r m i n e  the flux of condensat ion 
c e n t e r s  ( ra te  of fo rma t ion  of new condensat ion cen te r s )  
due to the mobi l i ty  of the boundary between s table  and 
unstable  drops  as fol lows:  

dgcr dgc, d h T  dp dl 
r = - f (g) -aT-, = f (g) d A r dp dl d 

Keeping in mind that d l / d r  = u is the flow ve loc i ty ,  we 
can r e w r i t e  the l a t t e r  r e l a t ion  in the f o r m  

dgcr (eL dr) @ (s) 
I' = uf (g) ~ \ ~P dp , dl 

We evalua te  one by one all the d e r i v a t i v e s  en te r ing  
into this exp res s ion .  

1. In d e t e r m i n i n g  d g c r / d A T  two va r i an t s  a r e  p o s s i -  
ble. 

a) When the supe rcoo l ing  is r e l a t i v e l y  smal l .  In 
this case  it is poss ib le  to use the f a m i l i a r  f o rm u la  [1] 

A T _ 20 v e 20 v z T 8 
�9 T 8 E r e ,  or rcr = L A T  

From this expression we easily find that 

drcr _ 2~vBT 8 -- s r 2 . (6) 
d A T  ~ A T  2 2~vBT ~ er 

But 

dg~, 4~ r~r drc~ 

d •  VB d A T  

Using (6), we obtain 

dg e, _ 8n(r r2r T~ = - -  32nr v~T3 (69 

d A T ~ A T 2 ~aA T 4 

Using A v o g a d r o ' s  number  (N A = 6.0228.1026) we 
can r educe  f o r m u l a  (6 ~) to a f o r m  convenient  for  p r a c -  

t ical  ca lcu la t ions :  

dgor = 32z~- 10-6(7 a NA T~ (7) 

d A T -~ bt "AT 4 

H e r e ,  it has been a s s u m e d  that VBNA/# = 0.001 ma /kg  
(working m e d i u m - - s t e a m ) ;  ~ = XNA/# is the latent  heat  
of vapor iza t ion .  

b) When the supe rcoo l ing  is r e l a t i v e l y  l a rge .  In 
this ca se  it is poss ib l e  to use the mos t  g e n e r a l  f o r m u -  

la [1] 

In Ts 2r v B 2~ v B 
- -  o r  t ' c r  

T ~. r cr ~ In  T~ 

T, - -  AT 

F r o m  the l a t t e r  e x p r e s s i o n  we ea s i l y  find that 

dr cr 2or v B 

= r 2 . ( 8 )  
2r v B (T~ - -  A T) cr 

As before ,  we can wr i t e  

dg cr 4n r2cr drcr 

d A T  VB d A T  

or ,  us ing (8), obtain 

dgc~ 2a~ r4cr 

d A T  = ov 2(T 8 - A T )  

(1 n ), 
k s (T, - -  A T) T, - -  h T 

F ina l ly ,  as for  (7), we can wr i t e  

dgc~ 32a(~3 10-6NA /ln Ts ~--4 
d A T  r a a ( T , - A T )  ~ T , - - A T ]  

m 

2. Along the phase  t r ans i t i on  l ine the d e r i v a t i v e  

d T s / d  p is d e t e r m i n e d  by the C l a p e y r o n - C l a u s i u s  equa-  
t ion 

dT8 (v A - -  VB) T __ (v" - -  V') T (9) 

dp ~ F 

F o r  the r eg ion  of sma l l  p r e s s u r e s ,  where  the vol -  
ume of the l iquid phase  is sma l l  as  c o m p a r e d  with the 
vo lume  of the vapor  phase  and as the equat ion of s ta te  
of the sa tu ra t ed  vapor  we can use the equat ion of s ta te  
of a pe r f ec t  gas pv = RT,  we obtain 

d T ~ _  R T  ~ (9 ,) 
dp rp 
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3. The derivative dT/dp for expansion with total 

supercooling is determined by the equation of the adia- 

batic curve, according to which 

- -  const. ptr 

The la t ter  re la t ion  and Eq. (9) make it poss ib le  to 
obtain for  the l o w - p r e s s u r e  reg ion  

d A T  dT~ d T _  to--1 T (1 ~c ? )  
dp dp dp tc p n - -  1 

In this express ion  the minus sign re f lec t s  the known 
faet that as the p r e s s u r e  d e c r e a s e s  (flow acce le ra tes )  
the supercool ing  inc reases .  

4. FinalIy,  the der iva t ive  dp/dl can be found f rom 
the welI-known equation of gasdynamics  (8) for  a one-  
d imensional  flow, when only the geomet r i c  fac tor  is 
involved: 

(.M ~ -- 1) du_u_ _ dF (10) 
u F 

Using the fact  that, in accordance  with the m o m e n -  
tum equation 

d p = - - p  udu, 

we can rewrite Eq. (i0) in the f o r m  

dp p u 2 dF 
_ _  _ _  . 

dI (1--M~) F dl 

Thus,  for  the region of compara t ive ly  low p r e s s u r e ,  
using the express ions  obtained for  the der iva t ives ,  we 
can wri te  

l ' = - - 3 2 z ~ u n t c - - 1  R ( l ~ c  n--ln % T ) •  

f(g) ( a )  3 T~ 1 dF NA �9 10 -e (11) 
• ~ 2  -~- A T  ~ ~ F dl 

If the supercooling is considerable, the correspond- 

ing formula will be 

I ' : = - - 3 2 ~  ~ - 1  R (1 ~ R T )  u~f(g) 
tc ~--1 r F (1 - -M 2) • 

• Na 10 -6 In (12) 
T ~ - - A T  T~- -AT  dl 

T h e r e  a re  two poss ib le  methods  of evaluating the 
quantity It: 

1. In the f i r s t  var ian t  we calcula te  the dis t r ibut ion 
of all the p a r a m e t e r s  along the nozzle and then de t e r -  
mine  U f r o m  (11) or  (12) depending on the supe rcoo l -  
ing. 

2. In this var ian t  the p r e p a r a t o r y  work is the same  
as before,  the calculat ions  including the cons t ruc t ion  
of the supercooI ing  dis t r ibut ion along the nozzle.  The 
subsequent  calculat ion of I '  is based on the obvious 
equation 

dgcr d A T  
I' = f (g) u d A T dl - -  

) NA 10_, T] d k T  
= 32~ uf (g) @ a ~ A T  dl 

The der iva t ive  dAT/d/  can be evaluated graphical ly .  
In the case  of cons iderable  supercool ing  we have 

;(L-_-X-r)• 
• )".AT 

T s -  AT dl 

It should be noted that I and U, and hence theirroles 

in the general process of formation of condensation 

centers, are essentially different. In the case of rapid 

expansion processes the role of I t is decisive. Con- 

versely, in the case of slow expansionprocesses greater 

importance attaches to the increase in the number of 

condensation centers due to the fact that as a result of 

heterophase fluctuations a certain number of droplets 

"overstep n the critical diameter. 

The number of droplets passing in unit time from 

class g to the class of particles with number of mole- 

cules g + 1 is determined from the differential equation 

[11 

oz (13) I=--s(g) l~N(g) ~ ,  

where 13 is a coefficient representing the number of 

vapor molecules condensing per unit time per unit area. 

This coefficient does not depend on g and can be taken 

equal to the number of gas molecules per unit time per 

unit area, i.e., in the first approximation 

P 

The quanti ty Z =f(g) /N(g)  enter ing into (13) r e p r e -  
sents  the re la t ion  between the number  of drople ts  of a 
given s ize  actual ly  exis t ing in the vapor and the num-  
ber  of drople ts  in the equi l ibr ium state.  The quanti ty 
N(g) is given by Eq. (1). 

Thus,  the re la t ion  between the number  of conden- 
sat ion cen te r s  of d i f ferent  or igin  is given by the ob- 
vious equation 

I ~ f ( g ) ~ A r  ~ O l n  1 .  
I '  a 3 

After a series of transformations we can reduce 

this relation to the form 

I p A T T ,  0 In 1 (14) 
1 

I '  2 (2nRT)~u ~ dA T O g  Z 
r dl 

In obtaining the starting relation we used the fact 

that the droplet fluxes are calculated in the region of 
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the critical point, where 

s ( g ) : 4 n r  2 : 1 6 ~ . I 0  -n (-~- T s / x .  
cr AT ] 

An equation analogous to relation (14) above can be 

obtained for the case of considerable supercooling. In 

this case it should be taken into account that 

From these equations it is easy to see that I/I' > 1 

for ordinary values of the supercooling gradient 

(dAT/d/ usually fluctuates from I000 ~ K/m to i00 ~ K/m). 

This means that in the nozzles of steam turbines an 
important role is played by the condensation centers 

that appear as a result of the mobility of the boundary 
between stable and unstable droplets. 

T s - - A T  I NOTATION 

Consequent ly ,  

I = p ( T S - A T )  I n T s - - A T  0 In 1 

I' 1 2.2 _T.Z u (  ~ ) =a d A T  Og Z 
r dl 

Thus, the problem reduces to the determination of 
the quantity Z. However, this is a question of indepen- 

dent interest. 

The quantity Z can be estimated on the basis of the 

following considerations. In the case of relatively rap- 

id adiabatic expansion the distribution N(g, 0) is pre- 

served for a comparatively long time. Thus, in this 

case as the first approximation we can assume that in 
the process of expansion the initial distribution, deter- 

mined by the initial parameters, is retained, i.e., 

Z =  f(g) N(g, O) ~ e x p  [ (Aq)i + A % ) g ]  
N (g) N (g, T) [ k-T~ J " 

Consequently, 

O In 1 _ Aq~i -~- A% 
Og Z kT s 

For example, for the expansion of a saturated vapor 

we obtain 

N(g) is the d i s t r ibu t ion  c h a r a c t e r i s t i c  of the equi-  
l i b r i um state of the vapor ,  i . e . ,  the r e l a t ion  between 
the number  of drople ts  and the n u m b e r  of molecu les  in 
a droplet  in the e qu i l i b r i um state  of the vapor; f(g) is  
the d i s t r ibu t ion  c h a r a c t e r i s t i c  of the nonequ i l ib r ium 
state of the sys tem,  i . e . ,  the r e l a t i o n  between the 
n u m b e r  of drople ts  and the n u m b e r  of molecu les  in a 
droplet  in the nonequ i l i b r i um state  of the vapor;  g is  
the n u m b e r  of molecu les  in the droplet ;  C is a con-  
s tant  approximate ly  equal to the number  of molecu les  
in the sys tem;  Aq~ = q~B - ~A is the d i f fe rence  of the 
chemica l  po ten t ia l s  of the l iquid and vapor  phases ;  b = 
= a(4~)l/3(3VB)2/3 is  a coeff icient  r e f l ec t ing  the act ion 

t _ _  

of the sur face  tens ion forces ;  a is the su r face  tension;  
k is B o l t z m a n n ' s  constant ;  v A and v B denote the spe-  
cific volume pe r  molecu le  in the vapor and l iqu idphases ,  
r espec t ive ly ;  m is  the mo l e c u l a r  mass ;  p is  the m o l e c -  
u la r  weight; X is the la tent  heat of vapor iza t ion  for a 
s ingle  molecule ;  ~ is the la tent  heat of vapor iza t ion;  
Ts  is the s a tu ra t ion  t e m p e r a t u r e  for  the plane phase 
in ter face;  T is the t e m p e r a t u r e ;  p is the p r e s s u r e ;  
AT = (T s - T) is  the supercool ing;  ~- is the t ime;  u is 
the flow velocity;  K is  the adiabat ic  exponent; p is the 
densi ty;  s(g) is the su r face  of the drop; r is the rad ius  
of the drop. 

0 In 1 7AT - -  - -  = Aq)f -- 
Og Z RT, 2 

when the supercooling is small and 

o i n •  ; v. ] n - -  
Og Z R (Ts-- h T) T 8 -  h T 

when it is  cons iderable .  
Thus ,  in the case of adiabat ic  expansion f rom a 

state of sa tu ra t ion  the r e l a t ions  between the two types 
of condensat ion  cen te r s  a re  de t e rmined  f rom the equa-  
tion 

[ p? 
F -  T ~ ( ~ ) ~  daT (15) 

2(2n) ~ Ru ~ dl 

when the supercooling is small, and 
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I pr-(ln T8 ~3 
, T 8 -  A T /  (16) 

77-= 1 
Ru l/'gr 2(2~ 7 , ._aArdl 

when the supercooling is arbitrarily large. 
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