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K I N E T I C S  O F  C H E M I C A L  R E A C T I O N S  IN L O W - T E M P E R A T U R E  P L A S M A  J E T S  

Yu. L. Khai t  

Z h u r n a l  P r i k l a d n o i  Mekhan ik i  i T e k n i c h e s k o i  F i z i k i ,  

The question of high-temperature chemical reactions in plasma 
jets at jet temperatures of the order of 10a-10 4~ K has recently 
become the subject of intense study. * These reactions and their appli- 
cations are, in fact, a new branch of physical chemistry which might 
be described as plasma chemistry, a border discipline with elements 
of chemistry, physics and mechanics, from all of which it borrows 
ideas and methods. Ptasma chemistry may justifiably be regarded as 
a separate study because of the various characteris:ic properdes of 
plasmochemical reactions. However, it still lacks a proper scientific 
basis and the provision of such a basis should be one of the immediate 
concerns of the plasma chemist. 

The question of the kinetics of plasmochemical reactions was 
apparently first raised and studied in [1]. The present paper forms a 
continuation of that work. 

One of the problems of plasma chemistry is the problem of creat- 
ing the conditions for very rapid cooling of the plasma jet in the 
course of the reaction (self-cooling) or forced cooling at certain space- 
time intervals, which is necessary to preserve the target products, The 
study of this question has raised various problems of the hydrodynamics 
of high-temperature lets and the related heat transfer processes. This 
paper examines one of the possible mechanisms of self-cooling in a 
plasma jet. The principal plasmachemical processes are confined to 
a relatively small part of the jet of length l, which will be referred to 
as the reactor, Below, a method of estimating the effect dimensions 
of the reactor, which are unknown, is proposed and various parameters 
of the reactor processes are determined. 

w S o m e  proper t i e s  o f  the k ine t i c s  of  react ions  in 
a p l a s m a  j e t .  C o n s i d e r  the  f o l l o w i n g  m o d e l  ( see  f i g -  
u r e ) .  A p l a s m a  j e t  A e n t e r s  a c y l i n d r i c a l  p ipe  of d i -  
a m e t e r  d o t h r o u g h  an i n l e t  d u c t  (nozzle)  of d i a m e t e r  

d < d o at  a c o n s t a n t  v e l o c i t y  v01 l e s s  than  the  s p e e d  of 
sound (Mach n u m b e r  M ~ 0 . 2 - 0 . 5 ) .  The  t e m p e r a t u r e  
T01 and p r e s s u r e  P0 of t he  gas  a t  the  i n l e t  do not  v a r y  

with t i m e .  

=_-=:: j _  - 

In a c e r t a i n  s e c t i o n  of  the  p ipe  p e r p e n d i c u l a r  to i t s  

a x i s  and a t  a d i s t a n c e  z 0 f r o m  the  n o z z l e  e x i t  ( see  f i g -  
u re )  t h e r e  a r e  n o p e n i n g s  of  d i a m e t e r  5 << d o in t he  
s u r f a c e  of t he  p ipe .  T h r o u g h  t h e s e  o p e n i n g s  a t  a c o n -  

s tun t  c o n s i d e r a b l e  p r e s s u r e  and f ixed  v e l o c i t y  v02 << v01 

t h e r e  i s  f ed  a l o w - v i s c o s i t y  l iqu id  B, s u c h  a s  w a t e r ,  a t  
t e m p e r a t u r e  T0Z. M o r e o v e r ,  v• • v01. We a s s u m e  tha t  
when  s u b s t a n c e s  A and  B m e e t  the  f o l l o w i n g  p r o c e s s e s  
a r e  p o s s i b l e :  1) h e a t i n g  of l iqu id  B f r o m  t e m p e r a t u r e  

T02 to t e m p e r a t u r e  T 3 a t  wh ich  the  l iqu id  bo i l s  and 
e v a p o r a t e s ;  2) e v a p o r a t i o n  of l i q u i d  B a t  t e m p e r a t u r e  

�9 At  t h e s e  t e m p e r a t u r e s  in  t h e  a b s e n c e  o f  e x t e r n a l  
e l e c t r i c  and m a g n e t i c  f i e l d s  i t  i s  u s u a l  to  n e g l e c t  e l e c -  

t r o m a g n e t i c  p r o c e s s e s .  
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T3; 3) d i s s o c i a t i o n  of s u b s t a n c e  B; 4) h e a t i n g  of the  
v a p o r  of s u b s t a n c e  B and the p r o d u c t s  of the  r e a c t i o n s  

p r o c e e d i n g  a t  the  s u r f a c e  of the  l i q u i d  to the  v a r i a b l e  
t e m p e r a t u r e  T 1 of the gas  m i x t u r e ;  5) c h e m i c a l  r e a c -  
t i ons  l e a d i n g  to f o r m a t i o n  of the  t a r g e t  p r o d u c t ;  6) d e -  
c o m p o s i t i o n  of the  t a r g e t  r e a c t i o n  p r o d u c t s .  The  k i -  
n e t i c s  of plasma je t processes possess a number of 
specific properties. 

F i r s t ,  the  r e a c t i o n s  in the  p l a s m a  j e t  p r o c e e d  
m a i n l y  w i th in  a r e l a t i v e l y  s h o r t  s e g m e n t  of the  p ipe  of 
unknown l eng th  l ,  wh ich  m u s t  be  d e t e r m i n e d ;  s e c o n d ,  
the  r e a c t o r  i s  an  open s y s t e m ;  t h i r d ,  the  r e a c t i o n s  in 
the  p l a s m a  j e t  a r e  n o n i s o t h e r m a l ;  four th ,  in the  c a s e  
in q u e s t i o n  n o n i s o t h e r m a l  c o n d i t i o n s  a r e  not  c r e a t e d  
in the  r e a c t o r  by e x t e r n a l  f a c t o r s ,  but  a r i s e  m a i n l y  in 
the  c o u r s e  of the  p h y s i c o c h e m i c a l  p r o c e s s e s  tha t  t a k e  
p l a c e  in i t  and a r e  d e t e r m i n e d  by t h e i r  k i n e t i c s ;  f i f th ,  
the  i n i t i a l  t e m p e r a t u r e  T a of the  p l a s m a  j e t  c o r r e -  
sponds  to a very high rate of the chemical reactions in 
it; therefore, to prevent total decomposition of the tar- 
get products, extremely high rates of cooling must be 

provided in specific parts of the reactor; sixth, both 

homo- and heterophase (at the liquid-gas interface) 
processes occur in the plasma jet. In addition, it is 
also necessary to take into account the influence of a 

number of hydrodynamic factors. 
i. The hydrodynamic action of the gas stream 

causes the jets of liquid to break down into a multitude 
of drops of various dimensions. This reacts on the 
kinetics of the reaction processes mainly in two ways: 
a) it changes the effective surface area of the liquid; 
b) the drops of liquid are entrained by the gas flow, 
which affects the distribution of liquid in the plasma 

j e t .  
2. The  d e g r e e  of t u r b u l e n c e  of the  gas  f low in the  

r e a c t o r  has  an  e f f e c t  on the  t r a n s p o r t  c o e f f i c i e n t s ,  the  
r a t e  of e n e r g y  d i s s i p a t i o n ,  the  c o n f i g u r a t i o n  of the  j e t ,  

and so  on.  

3. The  c h a n g e  in gas  t e m p e r a t u r e  l e a d s  to a c h a n g e  
in the  r a t e  of f low v 1 and k i n e m a t i c  v i s c o s i t y  ~, and 
h e n c e  to a c h a n g e  in the  R e y n o l d s  n u m b e r  R.  It  f o l -  
lows  f r o m  the  a b o v e  tha t  the  c o n s t r u c t i o n  of an  e x a c t  
q u a n t i t a t i v e  t h e o r y  of  p l a s m a  j e t  r e a c t i o n s  i s  a v e r y  
c o m p l e x  p r o b l e m ,  and fo r  the  t i m e  be ing  we m u s t  r e s t  
c o n t e n t  wi th  a p p r o x i m a t e  s o l u t i o n s  and r e l a t i o n s  tha t  
c a n  c l a i m  on ly  to g ive  a r e l i a b l e  q u a l i t a t i v e  r e f l e c t i o n  

of the  m a i n  f e a t u r e s  of  the  p h e n o m e n a  and the  c o r r e c t  
o r d e r  of m a g n i t u d e  of  the  q u a n t i t i e s .  

w S o m e  l a w s  of  a t o m i z a t i o n  and d i s i n t e g r a t i o n  of 
l i qu id  j e t s  in a p l a s m a  j e t .  The  j e t  of l i qu id  B e n t e r i n g  
the  gas  f low A is  s u b j e c t e d  to the  d y n a m i c  a c t i o n  of 
t h i s  f low.  T h i s  a c t i o n  v a r i e s  in d e g r e e  a c c o r d i n g  to 
t he  r e l a t i v e  v e l o c i t y  v~2 of t he  l i qu id  and the  g a s .  S ince  
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u s u a l l y  v i >> v2, we m a y  a s s u m e  t h a t  vl2 ~ v l ;  i t  is  
c o n s i d e r e d  t h a t  the  c o n d i t i o n  

r~w~ ~ 2:~ { 4~ ~'/, 
2" ~ - 8 -  o r  v ~  t ~ /  (2.1) 

is  s a t i s f i e d . *  
H e r e  Pl is  t he  d e n s i t y  of g a s  A, (~ i s  t he  s u r f a c e  

t e n s i o n  of l i q u i d  B.  I t  i s  k n o w n  t h a t  [2] t h a t ,  a t  s u f f i -  
c i e n t l y  h i g h  r a t e s  of r e l a t i v e  m o t i o n  of the  g a s  a n d  t h e  
l i qu id  j e t ,  t h e  j e t  b r e a k s  down  u n d e r  t he  d y n a m i c  a c -  

t i o n  of t he  g a s  in to  a c o n g l o m e r a t i o n  of c o a r s e  a n d  f i ne  
d r o p s .  T h e  d e g r e e  of a t o m i z a t i o n  d e p e n d s  on how l o n g  

t he  j e t  of l i q u i d  i n t e r s e c t i n g  t h e  g a s  s t r e a m  is  s u b -  
j e c t e d  to i t s  d y n a m i c  a c t i o n  a n d  how t h i s  t i m e  i s  r e -  

l a t e d  to  t h e  t i m e  i n t e r v a l  r e q u i r e d  f o r  t o t a l  a t o m i z a -  

t i o n .  A t  p r e s e n t ,  we a r e  no t  in  a p o s i t i o n  to  o f f e r  

r i g o r o u s  q u a n t i t a t i v e  a n s w e r s  to  t h e s e  q u e s t i o n s ,  s i n c e  
we l a c k  a d e v e l o p e d  q u a n t i t a t i v e  t h e o r y  of t he  c o r r e -  

s p o n d i n g  h y d r o d y n a m i c s .  H o w e v e r ,  we c a n  m a k e  c e r -  
t a i n  e s t i m a t e s  t h a t  t h r o w  s o m e  l i g h t  on t h e  q u a l i t a t i v e  

a s p e c t s  of  t h e  p h e n o m e n a  i n v o l v e d .  In t h i s  c o n n e c t i o n ,  

we m a k e  u s e  of the  r e s u l t s  of [2]. T h e  g e n e r a l  q u a l i -  
t a t i v e  p i c t u r e  of t h e  d i s i n t e g r a t i o n  of t h e  j e t  is  a s  f o l -  
l ows :  p e r t u r b a t i o n s  a t  t he  s u r f a c e  of t he  j e t  p r o d u c e  

s h o r t  and  l o n g  (as c o m p a r e d  w i t h  6 / 2 )  w a v e s .  

T h e  i n s t a b i l i t y  of t he  s h o r t  w a v e s  l e a d s  to  t h e  d e -  

t a c h m e n t  of f i n e  d r o p s  o f - r a d i u s  L 1 < < 5 / 2 ,  w h i l e  t he  
i n s t a b i l i t y  of t h e  l o n g  w a v e s  c a u s e s  t h e  j e t  to  b r e a k  up 

i n to  c o a r s e  d r o p s  of r a d i u s  L 2 ~ ( 3 - 5 )  5.  T h e  t i m e  . 

r e q u i r e d  f o r  t o t a l  a t o m i z a t i o n  a n d  d i s i n t e g r a t i o n  of t he  

j e t  of l i q u i d  B a n d  t h e  l e n g t h  L of t h e  c o n t i n u o u s  ( i n -  

t a c t )  p a r t  c a n b e  e s t i m a t e d  a s  

6 ( p, 1"' L ~ zv~, P~ ~ Pl �9 (2.2) 
" g ~ - I  \ p i t  ' 

If  L << d'  ( w h e r e  d' i s  t h e  d i a m e t e r  of t h e  g a s  
s t r e a m ) ,  t h e n  t h e  j e t  of l i q u i d  is  a l m o s t  c o m p l e t e l y  

b r o k e n  up i n to  d r o p s  of v a r i o u s  s i z e s .  If, h o w e v e r ,  

L >> d ' ,  t h e n  t h e  j e t  w i l l  s u c c e e d  in c r o s s i n g  t h e  ga s .  

s t r e a m  a l m o s t  i n t a c t .  D i s i n t e g r a t i o n  of the  j e t  r e s u l t s  

in  t h e  f o r m a t i o n  of d r o p s  of v a r i o u s  d i m e n s i o n s .  H o w -  

e v e r ,  a t  p r e s e n t  we  a r e  s t i l l  a p p a r e n t l y  u n a b l e  to  d e -  

t e r m i n e  t h e  d r o p  s i z e  d i s t r i b u t i o n  f u n c t i o n .  R o u g h l y  

s p e a k i n g ,  we c a n  d i v i d e  a l l  t he  d r o p s  i n to  f ine  a n d  

c o a r s e  a n d  e s t i m a t e  t h e i r  r e s p e c t i v e  m e a n  s i z e s  f r o m  

t h e  f o r m u l a s  [2] 

/., ~ --~-- L~ ~ (:~ - -i) a ( 2 . 3 )  

The above considerations are based on the assumption that the jet 
disintegrates owing to the presence at its surface of infinitely small 
perturbations [2]. In fact, jets of liquid B are subjected to the action 
not of infinitely small, but of finite and even perhaps considerable 
perturbations, the more so in that the same jets are also subjected to 
specific perturbations resulting from the fact that the liquid and the 
gas flow in mutually perpendicular directions. These perturbations 
lead to the disintegration of the jet in a time shorter than that calcu- 
lated from (2.2). In this case the disintegration time will depend on 

*Note  t h a t  t he  e f f e c t  of t he  h igh  g a s  t e m p e r a t u r e  

h a s  s t i l l  no t  b e e n  t a k e n  i n to  a c c o u n t .  I t  w i l l  be  i n t r o -  
d u c e d  l a t e r .  

the specific form of the perturbations and will scarcely be amenable 
to exact calculation. It follows that the values of r and L computed 
from (2.2) are their greatest possible values. 

t 3 .  M o t i o n  of d r o p s  f o r m e d  upon  d i s i n t e g r a t i o n  of a 

l i q u i d  j e t  in  a g a s  f low.  T h e  d e p t h  of  p e n e t r a t i o n  of the  

d r o p s  of l i q u i d  i n to  t he  g a s  s t r e a m  and  t h e i r  d i s t r i b u -  
t i o n  in  the  ga s  a r e  m a i n l y  d e t e r m i n e d  b y  t he  f o l l o w i n g  

f a c t o r s :  a) t he  r e t a r d a t i o n  of t h e  t r a n s v e r s e  m o t i o n  of 
t h e  d r o p s  in t he  g a s  s t r e a m  a n d  t h e  l e n g t h  o f  t h e  p a t h  
t r a v e l e d  b y  the  d r o p s  in a d i r e c t i o n  p e r p e n d i c u l a r  to  
the  g a s  s t r e a m ;  b) t he  a c c e l e r a t i o n  of t he  d r o p s  in  t he  
d i r e c t i o n  of the  g a s  s t r e a m  a n d  t h e  l e n g t h  of the  p a t h  

t r a v e l e d  b y  t he  d r o p s  a l o n g  t he  a x i s  of the  p i p e ;  c) t he  
p o s s i b l e  e f f e c t  of t he  t u r b u l e n t  n a t u r e  of t he  ga s  f low 

on t h e  m o t i o n  Of d r o p s  s u s p e n d e d  in  ~h e g a s  s t r e a m ;  

d) t h e  r a t e  of  e v a p o r a t i o n  of t h e  l i q u i d  a n d  the  t i m e  

r e q u i r e d  f o r  t o t a l  c o n v e r s i o n  of t h e  l i q u i d  to  v a p o r  ~. 
Al l  t h e s e  e f f e c t s  a r e  d i s c u s s e d  b e l o w .  

In considering the laws of motion of drops of liquid in a plasma jet 
it is impossible completely to disregard the fact that the gas tempera- 
ture is quite high, since this affects the Reynolds number and hence : 
the structure of the equations of motion of the drops. It is assumed that 
the density Pl of the gas, the number N of particles in unit volume, 
the pressure p, and the molecular weight p of the gas mixture are 
given by 

~P .IxP 
r~ = "RT~ N = (3.1) 

' m R T ~  ' 

~,=F~p~, p==5.~p~, ~ = T E p # ~ ,  (3.2) 
f i 

l 
m:=7-y-s EmPYe N==E/V~ , 

i i 

Here the summation is taken over all components of the gas mix- 
ture, the partial densities, pressures, molecular weights, numbers 
of particles in unit volume and molecular masses of which are equal 
to Oi, Pi, ~ti, Ni, mi .  

In view of the fact that v ~ T 3/2 [2], an increase in the tempera- 
ture of the gas in the plasma jet by a factor of 10-30 as compared 
with the ordinary temperatures of the cold gas causes, other things 
being equal, an increase in v and a decrease in R by a factor of 30- 
150. Accordingly, the R numbers corresponding to gas flow past fine 
drops of liquid will be relatively small, which justifies us in assum- 
ing that the motion of the drops is Stokesian [4]. 

T h e  R e y n o l d s  n u m b e r  c o r r e s p o n d i n g  to  t h e  b e g i n -  

n i n g  of m o t i o n  of a f i ne  d r o p  in a d i r e c t i o n  p e r p e n d i c u -  

l a r  to  the  g a s  s t r e a m  is  R'  = v 2 L1/u <, 1, a n d  the  ( c o r -  
r e s p o n d i n g )  e q u a t i o n  of m o t i o n  of the  f i n e  d r o p  ( w h i c h  

we  a s s u m e  to  be  s p h e r i c a l ) t a k e s  t he  f o r m  

r ,  : r . . > o x p ( - - t / t , , )  (t,) I.?-~,,., ;.Svr, O .  (3.3) A 

F r o m  (3.3) i t  i s  c l e a r  t h a t  in t h e  c o u r s e  of a t i m e  

i n t e r v a l  of  t h e  o r d e r  of t o the  f i ne  d r o p s  t r a v e l  a d i s -  
t a n c e  

A L l  " f r !  dt  ;~ l'.,.t. ( 3 . 4 )  

o 

in  t he  t r a n s v e r s e  d i r e c t i o n .  
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If ( L ~  A L  1) > d ' ,  then the l iquid can c r o s s  the gas  
s t r e a m  and r e a c h  the oppos i te  wal l  of  the  pipe .  * Oth-  
e r w i s e  the  d rops  "get  s tuck"  in the  gas  flow. 

We sha l l  now c o n s i d e r  the mot ion of the fine d rops  
a long the p ipe  ax i s .  The  c o r r e s p o n d i n g  Reynolds  n u m -  
b e r  R" = uL1/ ,  (u ~< v 1 is  the r e l a t i v e  Velocity of d rop  
and gas  in the longi tudinal  d i rec t ion)  u s u a l l y  s a t i s f i e s  
the condi t ion  R" ~ 1 << R ,  (R.  is  t h e  c r i t i c a l  Value o f  
R for  flow pas t  a sphe re ) ;  thus we a r e  again  ab le  t o  use 
the Stokes equat ion [5] and obtain for  the mot ion of the 
d rop  in the longi tudina l  d i r e c t i o n  

to 

vii = v l  l - - e x p - - - ~ o  ' ALII =- v t l d t ~ - ~ - .  (3.5) 
0 

F r o m  (3.3) and (3.5) we ean obtain the equat ion of 
the t r a j e c t o r i e s  of the fine d rops  in a l a b o r a t o r y  c 0 -  
o rd ina t e  s y s t e m  (a s suming  that  the t r a j e c to rY  of each  
d rop  is a p lane  curve)  and a l so  a qua l i t a t ive  p i c tu r e  of 
the  d i s t r i b u t i o n  of the fine d r o p s  in the p l a s m a  je t .  
Each  j e t  of l iquid has a eont inuous  (intact) p a r t  (of 
length L' = ( d 0 - d ' ) / 2  + L), which s e r v e s  as  a s o u r c e  
of d r o p s .  In i t i a l l y  the d rops  a r e  loca ted  in the p e r i p h -  
e r a l  p a r t  of the p l a s m a  j e t .  Then,  in  a c e o r d a n c e  with  
(3.3) and (3.5), they p e n e t r a t e  into the gas  s t r e a m ,  
r e a e h  the ax i s  of the pipe,  and then form a d ive rgen t  
b e a m .  

The mot ion  of the c o a r s e  d rops  can be c o n s i d e r e d  
in much the s a m e  way.  These  d r o p s  wi l l  have d i f f e r -  
ent  t r a j e c t o r i e s ,  s i nce  (as L 2 >> L1) the  c o r r e s p o n d i n g  
Reynolds  n u m b e r s  wi l l  c o n s i d e r a b l y  exceed  those  for  
the fine d r o p s .  However ,  the qua l i t a t ive  d i s t r i b u t i o n s  
of d r o p s  of both s i z e s  wi l l  be s i m i l a r .  In our  a p p r o x i -  
ma t ion  i t  is  suf f ic ien t  to s tudy  the b e h a v i o r  of the fine 
d rops ,  which obv ious ly  make  the ma in  con t r ibu t ion  to 
the e f fec t ive  s u r f a c e  of the l iquid.  

w E s t i m a t i o n  of  the  e f fec t ive  s u r f a c e  of  the  l iquid 
in the  p l a s m a  je t .  The n u m b e r  of fine d r o p s  f o r m e d  in 
unit  t i m e  

dm ~l dv ( dV ~6' ) 
d----t-= a/anLla dt - ~ - = - T - ~ n  . (4.1) 

Here  ~ is  the f r ac t i on  of l iquid c o n v e r t e d  into f ine 
d r o p s .  

Under  s t e a d y - s t a t e  condi t ions  a cons tan t  s p a t i a l  
d i s t r i b u t i o n  of the d r o p s  is e s t a b l i s h e d .  

The n u m b e r  of d r o p s  f o r m e d  du r ing  t i m e  .At i s  equal  
to An 1 = (dn l /d t )  At .  These  d rops  a r e  d i s t r i b u t e d  in a 
vo lume  of gas  of the o r d e r  of  AV = 7rdl2vlAt/4. Then 
the a v e r a g e  n u m b e r  of d r o p s  in unit  vo lume  of the 
p l a s m a  j e t  and t h e i r  s u r f a c e  a r e a  a r e  

t ion of d rops ,  t h e i r  number  in unit vo lume,  and the 
c o r r e s p o n d i n g  s u r f a c e  a r e a  with the p r o p e r t i e s  of the 
l iquid and the gas ,  the condi t ions  of supply  of l iquid 
and gas to the r e a c t o r ,  and the p a r a m e t e r s  of the a p -  
p a r a t u s  .* 

w Nature  of gas  flow in the p l a s m a  j e t  and t r a n s -  
p o r t  coe f f i c ien t s .  To a c o n s i d e r a b l e  extent  the k ine t -  
ics  of the r e a c t o r  p r o c e s s e s  depend on the na tu re  of 
the mot ion of the gas  in the r e a c t o r .  

F i r s t ,  the t r a n s p o r t  coef f ic ien t s  depend on the d e -  
g r e e  of tu rbu lence  of the gas  s t r e a m  [4, 6]. Second, 
the d i a m e t e r  of the j e t  may  v a r y  with d i s t ance  f rom 
the nozz le ,  and the law of v a r i a t i o n  a l so  depends  on the 
flow r e g i m e  [4, 7]. Thi rd ,  a t  a c e r t a i n  d e g r e e  of t a r -  
bulence  fu r t he r  d i s i n t e g r a t i o n  of the d rops  of l iquid 
( e spec i a l l y  the l a r g e r  ones)  is  p o s s i b l e  a s  they e n t e r  
the tu rbu len t  flow [2]. Four th ,  the mot ion of d rops  of 
l iquid in a tu rbu len t  f low has  a number  of c h a r a c t e r i s -  
t ic  p r o p e r t i e s  [2]. 

Let  us s t a r t  by c o n s i d e r i n g  the d e g r e e  of tu rbu lence  
of the gas s t r e a m  as  i t  l eaves  the nozz l e .  F o r  th is  
pu rpose ,  we e s t i m a t e  R = v l d / ~  for  s e v e r a l  typ ica l  
va lues  of v 1, T, and d. As e s t i m a t e s  we take  v 1 = 
= 4 • 104 c m / s e c ,  d =  0.5 cm,  p = 1 arm, and T = 
= 6 • 103~ K. E s t i m a t i n g  the k inema t i c  v i s c o s i t y  f rom 
the usual  f o r m u l a s  [3] (m = 3 • I0-23g, (r ~ 10 -15 cm2), 
we get  v ~ 40 e m 2 / s e c  and R ~ 500. Evident ly ,  a t  these  
v a l u e s  of R i t  is  p o s s i b l e  to a s s u m e  that  the p l a s m a  j e t  
l eav ing  the nozz le  has qui te  a c o n s i d e r a b l e  d e g r e e  of 
t u rbu lence  be c a use  of the ab rup t  change of sec t ion .  In 
t hese  condi t ions  the l a m i n a r i t y  of the flow is  d i s t u r b e d  
a t  va lues  of R of the o r d e r  of 2 0 - 5 0  [2, 4, 5]. The 
s c a l e  of tu rbu lence  in the j e t  l eav ing  the nozz le  is  of 
the o r d e r  of d, and the d i s t a n c e  z 0 be tween the points  
where  gas  and  l iquid a r e  in t roduced  is  a l so  of the o r -  
d e r  of d. T h e r e f o r e  at  d i s t a n c e s  z 0 ~ d the tu rbu len t  
na tu re  of the gas  flow is p r e s e r v e d ,  and where  i t  
m e e t s  the l iquid j e t s  the p l a s m a  j e t  is  quite tu rbu len t .  
Since the l iquid j e t s  cons t i tu te  an add i t iona l  o b s t a c l e  
to the flow of gas ,  the  d e g r e e  of t u rbu l e nc e  of the 
p l a s m a  j e t  is  not r e d u c e d  by i t s  encoun te r  with the 
l iquid.  

The subsequen t  fate  of the tu rbu len t  j e t  depends  on 
the Reynolds  n u m b e r  R ~ Vld0/~ c o r r e s p o n d i n g  to m o -  
t ion of the gas  th rough  a pipe of d i a m e t e r  d 0. It should 
be bo rne  in mind  tha t  on cool ing  the t e m p e r a t u r e  of the 
j e t  ove r  a length  l may  be r e d u c e d  by s e v e r a l  t i m e s  
and the Reyno lds  n u m b e r  may  change  s u b s t a n t i a l l y .  
Hence,  in the r e a c t o r  t h e r e  is  a change  in the va lues  of 

A/Z I 
no = -h~- '  So = 4~L1~no "~ 2.5~ n6~vlv~pl d . 2 ~  , (4.2) 

Equa t ions  (4.1) and (4.2) r e l a t e  the r a t e  of f o r m a -  

*We have s t i l l  not  taken  into accoun t  the e v a p o r a -  
t ion of the d r o p s  o r  the  e f fec t  of t u rbu l ence  of the  gas  
flow on t h e i r  mot ion.  The p o s s i b i l i t y  of such  an a p '  
p r o x i m a t i o n  is e x a m i n e d  below.  

*It is  a s s u m e d  tha t  t i m e  At  is  not long enough fo r  
the  d r o p s  to e v a p o r a t e ,  i . e . ,  A t  < T1, whe re  T 1 is  the  
m e a n  d rop  e v a p o r a t i o n  t i m e ;  m o r e o v e r ,  it  was noted 
above  tha t  the  d r o p s  a r c  not  u n i f o r m l y  d i s t r i b u t e d  
o v e r  the  c r o s s  s e c t i on  of the  p l a s m a  je t .  The n u m b e r  
de f ined  above  g i v e s  the  n u m b e r  of d r o p s  in uni t  vo lume  
tha t  would e x i s t  f o r  u n i f o r m  d i s t r i b u t i o n  of  the  d r o p s  
o v e r  the  s e c t i o n  of the  gas  flow. 
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,/ and R f rom the in i t i a l  va lues  v o, R 0 to the f inal  va l -  
ues u f ,  R( on leaving  the r e a c t o r .  Two cases  a re  pos -  
s ible:  

(a) B t = dovlt / v s < R , ,  ~ )  B s ~ R . .  

Here R. is the critical value of the Reynolds num- 
ber corresponding to the flow of gas in the pipe after 

leaving the reactor with velocity vl/. 

In this first case the turbulence of the plasma jet 
will be damped as the gas moves through the pipe, in 

the second case the turbulence of the plasma jet will 

not be damped. 
Let us now consider the transport coefficients. The 

thermal diffusivity X', kinematic viscosity u', and dif- 
fusion coefficient D' in the turbulent flow are given by 

X' = ~ + :~, v' -- v + Vl,. D' = D + D1, 
(Xl~XB, vx = v R ,  Dx =DB) . 

(5.1) 

Here ~(, v, and D are the corresponding molecular 

transport coefficients in the gas, and )Q, v i, and D i the 

turbulent transport coeff ic ien ts .  
For developed turbulence, the transport coefficients 

in the plasma jet exceed the molecular coefficients, 
which in a hot gas jet are themselves quite large.* In 
this connection it should be noted that the very intense 
turbulent exchange that takes place in the reactor en- 
sures rapid mixing of the gas and temperature equali- 
zation in a direction perpendicular to the gas flow. 

t6 .  Effect  of t u rbu lence  of the p l a s m a  j e t  on the 
motion of the drops  of l iquid and the d i m e n s i o n s  of the 
je t .  It is a s s u m e d  that it is  poss ib le  to neg lec t  the ef -  
fect of the drops  on the mot ion  of the je t .  Drops s u s -  
pended in the j e t  may be en t r a ined  by the tu rbu len t  
pu l sa t ions  and hence d e s c r i b e  v e r y  compl ica ted  t r a -  
j e c t o r i e s  [2]; this e n t r a i n m e n t  wil l  not be comple te  
s ince  P2 >> Pl [2]. The drop of l iquid wil l  be acted upon 
by tu rbu len t  pu l sa t ions  of d i f fe ren t  s ca l e s .  In w above 
it was noted that when a s t r e a m  of gas flows a round a 
fine drop the c o r r e s p o n d i n g  Reynolds  n u m b e r s  a r e  not 
l a rge  and the flow may  be r e g a r d e d  as Stokesian.  The 
ve loc i ty  vx of the t u r b u l e n t  pu lsa t ions  of sca le  k does 
not exceed vl [4]. T h e r e f o r e  Stokes law is appl icable  
even in the p r e s e n c e  of t u rbu l en t  pu l sa t ions .  In this 
case  the ve loc i ty  i n c r e m e n t  ,%v due to e n t r a i n m e n t  of 
the drop by a t u rbu l en t  pu l sa t ion  of sca le  h wil l  be 
governed  by an equat ion of the type (3.5) 

Av ~ vx (I - -  e-,ito) . (6.1) 

Hence it is clear that small-scale pulsations with 

period T~ < t o will cause practically no motion of the 
drop. The disordered motion will be mainly determined 

*Note that  in (5.1), which gives  the law of va r i a t i on  
of the c o r r e s p o n d i n g  quan t i t i es  X1, vl, and D 1 w i t h v a r i -  
a t ion  of R, the d e n o m i n a t o r  may,  in fact,  conta in  a 
l a rge  n u m e r i c a l  m u l t i p l i e r  [4]. To wr i t e  (5.1) m o r e  
exac t ly  it is n e c e s s a r y  to subs t i tu t e  R / R .  for  R [4]. 

by large-scale turbulent pulsations with period TX ~> t o 

(or more) and scale 

k ~k, ~-~ vx.t(, ('~. ~z (v~to)~12/d ''/2) . (6.2) 

If k.. > d', there  Will be no pulsa t ions  in the p l a sma  
je t  caus ing  apprec iab le  motion of the drops .  In this 
case  the effect of tu rbu lence  on the motion of the drops 
can be neglected,  and it may be a s s u m e d  that they 
move in accordance  with the equat ions  of ~3 above. 
When ~.. << d', t he re  a r e  many pulsa t ions  capable  of 
producing  d i so rde red  motion of the drops .  Es t ima t e s  
show that as a ru le  the f i r s t  condi t ion is sa t i s f ied  and 
the effects of tu rbu lence  may be d i s r ega rded .  The 
p r e s e n t  study does not  cons ide r  the fu r the r  d i s i n t e g r a -  
t ion of the fine drops in the tu rbu ien t  flow, s ince  it  has 
l i t t le  inf luence on the r e s u l t s .  The d i a m e t e r  d' of the 
tu rbu len t  p l a sma  je t  af ter  it leaves  the nozzle  va r i e s  
[7] over  the range  d < d' < d o . 

w Self-cooling. Formulation of the problem. The 
plasma jet is the center of complex processes leading 
to the formation of the target product and a consider- 
able drop in temperature. The detailed description of 
these processes presents serious difficulties which 

can not yet be completely overcome. Therefore we 
shall attempt to estimate the rate of cooling of the 
plasma jet during the reaction process without resort- 
ing to a detailed examination of all the reactions in- 

volved. We shall calculate only the total energy ab- 

sorbed from the hot gas during interaction with the 

liquid. In order to compute the rate of cooling of the 

plasma jet we use the equation of heat transfer with 

negative heat sources (sinks), whose volume density is 

found by applying the ideas and relations of statistical 

physics. The reaction energy is assumed to be small. 

We shall consider the steadY-State problem in the 
cylindrical coordinate system z, r, q0 with origin on the 

axis of the pipe at a distance I/2 from the beginning of 
the reactor (i.e., the point of introduction of the liquid 

jets); the zz axis is directed along the axis of the pipe, 

and I is the unknown linear dimension of the reactor. 

In calculating the rate of cooling of the plasma jet 

we start from the heat transfer equation in the form 

[4] 

v~o8  / a z  _ d iv  (xVT) - -  Q + e - -  o~ . (7. i )  

Here S is the entropy of unit mass of gas, ~ is its 

thermal conductivity, 0 and 0j are respectively the en- 

ergy dissipated per unit time in unit volume and the 

energy expended in radiation, Q is the energy deliv- 

ered to the surface of the liquid drops by molecular 
impact (per unit time per unit volume of gas); it is as- 

sumed that Q also includes the energy needed to heat 

the vapor formed from tile liquid to the temperature of 

the gas-vapor mixture. 

For the case in question, the solution of (7.1) writ- 

ten in general form with specific initial and boundary 

conditions involves serious mathematical difficulties. 

The approximate solution given below is based on the 
following sinaplifying assumptions. 
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Fi r s t ,  in wr i t ing  the heat t r a n s f e r  equation we con-  
fine ou r se lves  to the i n c o m p r e s s i b l e - f l u i d  app rox ima-  
tion [4]. Second, we cons ider  the s t eady- s t a t e  problem 
in a fixed coordinate  System, a s s u m i n g  that the d i s t r i -  
bution of averaged (with r e spec t  to the tu rbu len t  pu l sa -  
t ions) t e m p e r a t u r e  and concen t ra t ion  es tab l i shed  in the 
r eac to r  depends only on the coord ina tes .  Then,  a s -  
suming  that the a v e r a g e d - t e m p e r a t u r e  d i s t r ibu t ion  has 
cy l ind r i ca l  s y m m e t r y  and neglec t ing  the dependence of 
the t he rma l  conduct ivi ty  ~ on the coord ina tes ,  we r e -  
wr i te  (7.1) in the form 

OT [O~T ~ Or O~r 

- q (~, ~) + o ( z ,  ,.) - -  o~ ( z ,  ~) . 

(7.2) 

Here Cp is the heat capaci ty  of unit  mass  of gas.  

w Es t ima t ion  of  the re la t ive  magni tude  of the 
terms in the heat  t r a n s f e r  equat ions .  The quant i ty  on 
the left in Eq. (7.2) and the t e rm  in pa ren theses  on the 
r ight  can be e s t ima ted  using the r e l a t ions  

OT To1 - -  T/  To1 - -  T/ 
c~,p,vl~ff .~Cpp ! ~ > cpp~ "~(T,,~) ' ( 8 . 1 )  

02T To1 - -  T ]  

O2T z OT T I - -  T4 ( c~pl) 
x ~ ~ ~ -  ~r-r "~ c~'Pl do~ / 4X~ ; ~ =  ' (8.2) 

"r ( T)  = "Co e~:'kT . 

Here Tf is the f inal  t e m p e r a t u r e  of the gas on 
leaving the r eac to r ,  T 4 is the t e m p e r a t u r e  of the gas 
at  the pipe wall ,  X1 is the t h e r m a l  diffusivi ty  of the gas,  
T(T) is the re laxa t ion  t ime  with r e spec t  to decompos i -  
t ion of the t a rge t  product  at t e m p e r a t u r e  T. 

F rom the inequa l i t i es  

731 l ~ ~1 o r  l / ~)1 ~ 12 / X1, do 2 / 4~1 ~ l / ~21' (8.3) 

using (8.1) and (8.2), we get the r e l a t ions  

02T c3T 02T • OY OT 

which enable  us to d i sca rd  the t e r m s  in pa ren theses  in 
the r igh t  s ide of (7.2). We now e s t ima te  the quant i ty  
0 (r) which is of the s ame  o rde r  as [4] 

v] 3 __  / Ov \2 vl a ~_ 4p lvz : l  2 
0 ~ p l ~ - t P l V I ~  ) ~ ) 1  ~7-__ ~7~ �9 (8.5) 

Since vld'  >> 4~, we can immed ia t e ly  d i s ca rd  the 
second t e rm of (8.5). C o m p a r i s o n  of the f i r s t  t e r m  in 
(8.5) with (8.1) leads to the conc lus ion  that for our case  
0 << cppv laT /3z ,  and hence the t e r m  0 (z,r) in (7.2) can 
be d i sca rded ;  thus (7.2) may now be r e w r i t t e n  in the 
s impl i f i ed  form 

OT 
cvplVl  ~ - Q (z)  - Oj ( z )  , (8.6) 

a s s u m i n g  that the funct ions  Q(z) and 0j(z) depend only 
on the coord ina te .  

In view of the fact that the negative heat sources  
that provide for cooling of the p l a sma  je t  act  on a seg-  
ment  of the z axis equal to l ,  the function Q(z) sa t i s f ies  
the condit ions 

0)(z) at ~ < - -  VJ, 
at -- ~/:/~ ~ ~ 112z. (8.7) Q (z) - -  Q"c at z.>y~. 

Condit ions (8.7) will  be au tomat ica l ly  sa t i s f ied  if we 
r e p r e s e n t  Q in the form 

Q (z) = Qo (z) A ( z / l ) ,  (8.8) 

where  A(z/ / )  is the discont inuous Dir ich le t  coefficient  

i ~ sin(VdQ) . . . . .  { i for -, / .z < ~ <,/~l 
A ( z / l )  = -if- - - - - f f  - e ~ - a s ~ "  = 0 o therwise .  

-c~ 

The quant i t ies  T, Cp, p and ~ sa t i s fy  the condit ions 

T ( - - V f l )  = I"ol, cv ( i ] 1 ~ l ) = c01 , (8.9) 

p ( -  1/20 = P01, ~ ( -  V2z) = ~0~ ,. 

where al l  the quant i t ies  with subsc r ip t  " 0 1 "  re la te  to 
the gas at the beginning of the r eac to r .  The condit ions 
for the function 0j (z) can be wr i t ten  down in the same  
way. 

w Es t ima t ion  of the volume densi ty  of the nega-  
t ive heat  sources  (s inks)  in the r e a c t o r  r e spons ib l e  for 
rapid cool ing of the p l a sma  jet .  We shal l  e s t ima te  the 
energy  de l ive red  in unit  t ime to the sur face  of the 
liquid drops by co l l i s ion  with molecules  f rom unit  vo l -  
ume of gas, a s s u m i n g  that c lose  to  the drops  the ve -  
locity d i s t r ibu t ion  of the gas molecules  is Maxwellian.  

If the gas cons i s t s  of molecules  (of mass  m) of one 
type, then the n u m b e r  of co l l i s ions  per  unit  sur face  
and unit  t ime  and the kinet ic  energy  of the impact ing  
molecu les  wil l  be, r e spec t ive ly ,  [8] 

/ -  P ( kT  Iv. (9.1) V ~ '  e 0 = p \ ~ , n /  " 

If the gas cons i s t s  of molecu les  of d i f ferent  types,  
with m a s s e s  m i, equat ions (9.1) r e m a i n  valid,  if the 
quant i t ies  f ,  p, go, m, f l ,  g0i a re  de t e rmined  f rom the 
r e l a t ions  

-~ q 1 t Pi 
l=ES., p=Ep,, 

i i i 

/ ' -  V ~ "  ~ 0 , : = e , ~ ,  

(9.2) 

where  the s u m m a t i o n  is taken over al l  the components  

of the gas mix tu re .  
It is known that,  gene ra l l y  speaking,  not all  the en -  

e rgy  of the gas molecu les  co l l id ing  with the sur face  of 
the drops is t r a n s m i t t e d  to the su r face  of the l iquid 

[3, 9]. 
We shal l  denote by w the d i m e n s i o n l e s s  coeff ic ient  

of energy  t r a n s f e r  given by w = g/g0, where  g is the 
ene rgy  t r a n s m i t t e d  by the gas molecules  in unit  t ime 
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to unit su r f ace  of l iquid;* we i so la te  in the r e a c t o r  the 
cy l i nd r i ca l  vo lume e l e m e n t  of gas dV = ~rd'2dz/4 and 

ca l cu la t e  the ene rgy  dE(z) t r a n s m i t t e d  to the l iquid in 

unit t ime  by gas mo lecu l e s  co l l id ing  with the s u r f ace  
dS = S0dV of the drops  in this vo lume;  the vaiue  of S o 
is obtained f r o m  (4.2), 

The e n e r g y  t r a n s m i t t e d  in unit t ime  to the su r f ace  
of the l iquid by the impac t  of gas m o l e c u l e s  dE (z) = 
= adS. Then, a s s u m i n g  that the e n e r g y  dE(z) is i m -  
pa r t ed  to the su r f ace  of the l iquid un i fo rmly  f rom the 
en t i r e  vo lume  e l e m e n t  of gas dV, we obtain an equa-  
tion for  the ene rgy  abso rbed  at  the su r f ace  of the 
drops  per  cm 2 of gas pe r  second: 

~E (-.) ~ no) , ,6~,: ,ap ( k r  l'i, 
O '  (.:) ~ d i  ~e'~ \ .~ / " (9.3) 

In ca lcu la t ing  the e n e r g y  absorbed  by the drops  
f rom the gas it is n e c e s s a r y  to keep in mind the ene rg  T 

7' I 
d (dm2 

Q" (z) = <TV" \dr - )  f c2 (T) dT (9.4) 
~03  

expended on heat ing the vapor  f o r m e d  as a r e s u l t  of 

evapora t ion  of the drops  f rom the t e m p e r a t u r e  T03 to 
the t e m p e r a t u r e  of the g a s - v a p o r  mix tu re ;  h e r e  the 

quant i ty  

d /d,n~. \ ~. Q~(z) 
d ~  ( -eT - )~  ..... (9.5) 

r e p r e s e n t s  the m a s s  of evapo ra t i ng  l iquid per  u n i t t i m e  
and per  unit vo lume ;  k is the spec i f i c  heat  of v a p o r i z a -  
tion; and %(T) is the heat  capac i ty  of unit m a s s  of v a -  

p o t .  We c o n s i d e r  that  T0a << T~, that  the i n t e r v a l  ~ T  = 
= T~ - T03 ~ T~ is qui te  l a rge ,  and that at high t e m p e r a -  
t u r e s  C2(T) is a l so  l a rge .  The r e s u l t  is that  in a n u m -  
ber  of c a s e s  Q' (z) and Q" (z) a r e  c o m m e n s u r a b l e .  

T h e r e f o r e  

7' I 

r 7 ~.1," c~ dT i .  (9.6) (?(:) : q ' i z ) + Q " ( z ) : =  Q'(z) ki ~ (T) 

F o r m a l l y  this may be taken into account  by in t roducing  

the m u l t i p l i e r  

7 t  I 
. dl'[ " % = rai l  + - ) ; - i  c . , ( T ) . ,  co. (9.7) 

l"a 

We now c o n s i d e r  the e n e r g y  t r a n s m i t t e d  by the gas 

to the d rops  of l iquid in the fo rm of rad ia t ion ,  a s s u m -  

ing that the drops  cons t i tu te  a black body. The ene rgy  

*Note that the a c c o m m o d a t i o n  coef f ic ien t /7  [3, 9] is 
r e l a t ed  to w as fol lows 

Here  gk is the mean e n e r g y  of t h e r m a l  motion of 
the m o l e c u l e s  of the liquid s u r f a c e ,  ~;r is the mean k i -  
net ic  e n e r g y  of the gas m o l e c u l e s .  

received in unit time by the drops occupying the vol- 

ume element dV is dWj = JdS, where J is the energy 
radiated by the gas per second per cm 2 } this is equal 

to 
r J, ~" ~ -  "~l;14, J2 = ~ s7'14 (9.8) 

for  opt ica l ly  thick (r >> A1) and opt ica l ly  thin (r << A 2) 
bodies ,  r e s p e c t i v e l y ,  [10]: 

Here  A 1 and A 2 a r e  the mean f r ee  paths of the r a d i -  
at ion in the gas,  and r its l i nea r  d imens ions .  The en-  
e r g y  loss  per  second f rom unit vo lume  of gas by 
t r a n s f e r  to the drops  of liquid is equal to 

dl.V jj d~W j2 
Oil = ~7-F - ]'vS'0, 0j~ =: TV- ::'/~So (9.9) 

for  r >> A 1 and r << A 2, r e s p e c t i v e l y .  
The condi t ion 0j(z) < Q (z), for  which the energy  

l o s s e s  due to r ad ia t ion  a r e  s m a l l e r  than the l o s se s  due 
to the impac t  of gas molecu le s  aga ins t  the drop s u r -  
face,  may be wr i t t en  in the fo rm 

Za,5 ~(oorp/ k \% 

(9 A0) 
Ta .a~  ~0,jAop ,' k \'h 

~10. Es t imat ion  of the rate of coo l ing  of the p l a s m a  
j e t .  F r o m  Eqs .  (8.6), (9.3), (9.6), and (9.7), p rovided  
that  rad ia t ion  can be neglec ted ,  it fol lows that t he re  
ex i s t s  in the r e a c t o r  a!ong the zz axis  a s t a t iona ry  
t e m p e r a t u r e  g rad ien t  

3T n6"-v2 P r hT'IG ' 

The total  change of t e m p e r a t u r e  on the length l is 

AT~ = ~ 3T :o7 .... 
- ? : d  

w h e r e  ( 3 T / O z ) *  is d e t e r m i n e d  f r o m  the mean  value  
t h e o r e m .  Equat ions (10.1) and (10.2) l ink the cool ing 
r a t e  and the total  t e m p e r a t u r e  change in the r e a c t o r  

with the quant i t ies  c h a r a c t e r i z i n g  the gas (p, T, m, Cp), 
the l iquid (c~, M, its vapor  [c2(T)], the opera t ing  condi -  

t ions (v a ,  v2), the gas - l i qu id  in te rac t ion  (~.,, ~)), and the 
des ign of the appara tus  (5, d, n, da). 

The e s t i m a t e s  given in (10.1) and (10.2) show that 
the s e l f - c o o l i n g  m e c h a n i s m  c o n s i d e r e d  above will  op- 
c r a t e  to cool  the p l a sma  je t  at a r a t e  fas t  enough to 
e n s u r e  p r e s e r v a t i o n  of  the t a rge t  p roduc ts .  

It should be s t r e s s e d  that in examin ing  this m e c h -  

an i sm we have not taken into account  the heat effect  of 
the c h e m i c a l  r eac t i ons  in the gas phase .  This app rox -  
imat ion  is val id  for p r o c e s s e s  in \xhich the heat  effect  
of the r eac t ion  is s m a l l  c o m p a r e d  with the quant i t ies  

c o n s i d e r e d .  In p a r t i c u l a r ,  this will be the case  when 

the concen t r ' t t i on  of the r eac t an t s  in the gas is r e l a -  

t ive ly  low. 
In a number  of c a s e s  when the hea t  clTect of the r e -  

act ion is l a rge ,  at a c e r t a i n  s tage  of the r eac t ion  s e l f -  

coo l ing  can be ensured at the expense of the heat ab- 
sorbed dur ing  the reac t ion .  But this c a s e  r e q u i r e s  
spec ia l  inves t iga t ion .  
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w Estimation of effective reactor  dimenstons and 
rate of evaporation of the drops.  By the t e r m  " e f f e c -  
t ive  r e a c t o r  d i m e n s i o n s "  we unde r s t and  the p a r t  of the 
p l a s m a  j e t  or  p ipe  of length l wi thin which m o r e  o r  
l e s s  a l l  the c h e m i c a l  r e a c t i o n s  of any i m p o r t a n c e  a r e  
comple ted ,  while  the t e m p e r a t u r e  of the gas  changes  
f rom the va lue  T01 to a c e r t a i n  va lue  Tf  (for example ,  
that  below which decompos i t i on  of the  t a r g e t  p roduc t  
c e a s e s ) .  This  def in i t ion  shows that  l depends  on the 
na tu re  of the p r o c e s s ,  i t s  end p u r p o s e  and the cond i -  
t ions under  which i t  p r o c e e d s .  When the e n t i r e  s e g -  
ment  l is  c h a r a c t e r i z e d  by a monotonic  d e c r e a s e  in 
t e m p e r a t u r e  due to cool ing  (and hence  the function 
d T / d z  < 0 does  not change  sign) ,  the va lue  of I is  given 
by (10.2), where  we se t  AT/  = T01 - T f .  

We wil l  now show under  what condi t ions  we a r e  j u s -  
t i f i ed  in making  the above  a s s u m p t i o n  that  the d r o p s  of 
l iquid a r e  not ab le  to e v a p o r a t e  c o m p l e t e l y  in the r e -  
a c t o r .  

The m a s s  of l iquid supp l i ed  to the r e a c t o r ,  c a l c u -  
l a ted  p e r  unit t ime  and p e r  unit  vo lume,  may  be e s t i -  
ma ted  f rom the r e l a t i o n  

d d M  p~ ~8 ~ ( ~do z ) 
dV dt ~ ~ ~ ' -  v2n Vo .w. - -U-  Z . (11.1) 

Here  V 0 is  the vo lume of the r e a c t o r .  
T h e  r a t e  of evapo ra t i on  is given by (9.5)~ t h e r e f o r e  

the f r ac t ion  of l iquid e v a p o r a t e d  in the r e a c t o r  is  

v~p~do2lp [kT ~'/, 
~( ~ qco ~ ~--~ / . (11.2) 

The e s t i m a t e s  show that  usua l ly  Y < 1; th is  a l so  
j u s t i f i e s  the a s s u m p t i o n  made  above .  Set t ing Y < 1 in 
(11.2), we can e s t a b l i s h  the condi t ions  for  the s a t i s f a c -  
t ion of this  inequa l i ty .  We can a l s o  e s t i m a t e  the t ime  
of e v a p o r a t i o n  of a d rop  T 1. In view of the  fac t  that  
l iquids  of the w a t e r  type a r e  poor  hea t  c o n d u c t o r s ,  the 
d rops  a r e  not  hea ted  through,  and hence  e v a p o r a t i o n  
p r o c e e d s  ma in ly  f rom the s u r f a c e .  Then 

L8 

f dal )~p2L1 
o 

(11.3) 

Here  d81 = kP24~R2dR is the e n e r g y  r e q u i r e d  to 
e v a p o r a t e  the s u r f a c e  l a y e r  of the d rop ,  R is  the r a -  
d ius  of the d rop ,  d g / d t  = ~g04vR 2 is  the e n e r g y  s u p -  
p l ied  to the d rop  p e r  second  by m o l e c u l a r  i m p a c t .  
E s t i m a t e s  show that  the t i m e  T 1 is  u s u a l l y  g r e a t e r  than 
the t ime  taken  by the d r o p  to p a s s  th rough  the r e a c t o r ,  
which m a y  be e s t i m a t e d  f rom (3.3)--(3.5) and (10.2). 
This  conc lus ion  is  in a c c o r d  with the condi t ion  y < 1, 
which a l lows  us to a s s u m e  that  the d r o p s  a r e  not  c o m -  
p l e t e l y  e v a p o r a t e d  in the r e a c t o r .  

The above  d i s c u s s i o n  shows that  one of the c h a r a c -  
t e r i s t i c  f e a t u r e s  of p l a s m o e h e m i c a l  p r o c e s s e s  is  the 

c omple x  in t e rweav ing  of the va r i ous  mechan ica l ,  phys -  
i c a l  and c h e m i c a l  e f fec t s .  T h e r e f o r e  the a n a l y s i s  of 
such p r o c e s s e s  demands  the combined  app l i ca t ion  of 
the ideas  and methods  of va r i ous  b r a n c h e s  of mechan -  
i cs ,  phys ics :  and c h e m i s t r y .  

It is  a spec i f i c  f ea tu re  of these  p r o c e s s e s  that  the 
c h e m i c a l  r e a c t i o n s  and s e l f - c o o l i n g  e x e r t  a c o n s i d e r -  
ab le  ef fec t  on the  hyd rodynamic  p a r a m e t e r s  of the 
s y s t e m :  dens i ty ,  f lowra te ,  k inema t i c  v i s c o s i t y ,  e tc .  
This  means ,  in p a r t i c u l a r ,  that  t h e r e  is  a change in the 
Reynolds  number  of the p l a s m a  je t  in the r e a c t o r .  
Then the gas  flow i n t h e  r e a c t o r  is  c h a r a c t e r i z e d  by 
nonuniform tu rbu lence .  

Thus,  p l a s m o c h e m i c a l  r e a c t i o n s  a r e  n o n i s o t h e r m a l  
r e a c t i o n s  p r o c e e d i n g  in a flow whose Reynolds  number  
is  a function of the coo rd ina t e .  

In view of the fact  that  i t  is  s t i l l  v i r t u a l l y  i m p o s s i -  
b le  to c o n s t r u c t  a r i g o r o u s  t heo ry  of p l a s m o c h e m i c a l  
p r o c e s s e s ,  we may  expec t  s ign i f i can t  r e s u l t s  f rom ap -  
p l i ca t ion  of the methods  of d i m e n s i o n a l  a n a l y s i s  and 
s i m i l a r i t y  t heo ry  not only to the me c ha n i c a l  and p h y s i -  
ca l  phenomena but  a l so  to the c h e m i c a l  p r o c e s s e s  (see,  
for  example ,  [11]). 

In conc lus ion  the au thor  thanks P r o f e s s o r  L. S. 
Po lak  and the p a r t i c i p a n t s  in the s e m i n a r  he conducted  
for  v e r y  useful  d i s c u s s i o n  of the ques t ions  r a i s e d  in 
th is  p a p e r  and va luab le  c o m m e n t s .  
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