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A qual i ta t ive  s tudy of the s y s t e m  of d i f ferent ia l  equat ions  fo r  the q u a s i - o n e - d i m e n s i o n a l  nonequ i l ib r ium 
s t e a d y - s t a t e  duct  flow al lows one to d e s c r i b e  the poss ib le  types  of  flow depending on the g e o m e t r y  of the duct  
and kinet ic  equat ions  govern ing  the re laxa t ion  p r o c e s s .  The advantage  of such a t r e a t m e n t  l ies  in the oppo r -  
tunity to use the r e su l t s  of this ana lys i s  in the n u m e r i c a l  solut ion of  p r o b l e m s  on nonequi l ib r ium fluid flow. 
The study is compl ica ted  by the fac t  that  the phys ica l  model  is d e s c r i b e d  by incomple te  s y s t e m  of equat ions .  
The method of ana lys i s  is g iven in [ 1, 2] fo r  the phase  p o r t r a i t  of such a s y s t e m .  This method is used  h e r e  
for  the solut ion of  the p r o b l e m  on the flow of a mix tu re  of  gas  and liquid pa r t i c l e s ,  taking into accoun t  the non-  
equ i l ib r ium c r y s t a l l i z a t i o n  in va r i ab le  c r o s s - s e c t i o n a l  ducts .  

I. Physical Formulation of the Problem. Reduction to the Normal 

Form. Derivation of the Characteristic Equation 

Equations of quasi-one-dimensional flow with one nonequilibrium process in a variable area of cross- 

sectional duct have the form 

(1 . i )  ug  = Clv,: C i = Uogo/Vo, ~ u d u  + vdp  ~ 0,, T d S  = - - e~d ~ ,  

dg  = ( •  

Sys tem (1.1) is supplemented  by equation of s ta te  

p ~-- --ev(S,~ v ,  ~),: T = e s (S,. v ,  ~), (1.2) 

where  p = 1/v is the densi ty ;  v, spec i f ic  volume;  u, ve loc i ty ;  p, p r e s s u r e ;  T, t e m p e r a t u r e ;  S, en t ropy;  e, in-  
t e rna l  e n e r g y  of  the gas ;  ~, r e l axa t ion  p a r a m e t e r ;  x ,  sou rce  funct ion for  ~; y = y ( x ) ,  equat ion d e s c r i b i n g  the 
nozzle  contour .  M 2, v, S, and ~ (M 2 is  the * ' f rozen  'r Mach number )  a r e  chosen  as the unknown funct ions and 
the Eqs.  (1.1) and (1.2) a r e  wr i t ten  in the f o r m  

~I 2 a / - -  bc -{- dAM 2 P v ~I 2 2b M S % " 
M 2 AM 2 AM 2' v / ? i d, S -~-z ~, '~ • (1.3) 

where  a = :~/y; b = (e, p )~ / (vesPc) ;  fo r  any q ,  $ let  (% $) = 0 (~ ,  $)/0(S,  f ) ;  c = v P v v / P v ;  d = - ( e ,  P v ) ~ /  
(es PvPv); f : - 2 A M 2 -  eM2; AM2 = M2 - 1; the dot denotes  d i f fe ren t ia t ion  with r e s p e c t  to x. 

In o r d e r  to have a cont inuous solut ion for  the s y s t e m  (1.3) having the value M 2 = 1, it is n e c e s s a r y  to 
sa t i s fy  the condit ion that the denomina to r  and the n u m e r a t o r  go to ze ro  s imu l t aneous ly  in the f i r s t  equation in 
(1.3).  It is poss ib le  to obse rve  that  the r ema in ing  equat ions  will a l so  have finite de r iva t ives  n e a r  the s ingu-  
la r i ty .  Thus ,  the na tu re  of s ingu la r i t i e s  in (1.3) as  M 2 = 1 can be ana lyzed  (as in [1]) on the bas i s  of the 
method used in the s tudy of the plane p rob lem.  The equat ion of the s ingu la r  su r f ace  in the r eg ion  of va r i a t ion  
of the va r i ab le s  M 2, v, S , x ,  and ~ has the f o r m  a + b =  y / y +  ( e , p ) ~ / v e s P  v =  0, M 2 -  1=  0, and the equat ion 
for  the de t e rmina t ion  of c h a r a c t e r i s t i c  d i r ec t ions  will be 

K 2 - A K  + B ~ O, (1.4) 

Where 

A ---- . olr v ap . B =  
OM 2 c Ov ' 

op (2b + ~) ,, 
c~v c 

aP 
- - + - ~ s +  a- ~ - 
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(here  the v a r i a b l e s  a r e  taken on the c h a r a c t e r i s t i c  s u r f a c e ) .  

The n a t u r e  of s i n g u l a r i t i e s  is d e t e r m i n e d  f r o m  the s ign  of the roots  of the equat ion  K1, 2 = (A • ~fA 2 -  4B)/2 ,  

where  the coef f ic ien t s  A, 13 a f t e r  c e r t a i n  t r a n s f o r m a t i o n s  take the f o r m  

L s j  

I -  

The n a t u r e  of s i n g u l a r i t i e s  depend on the s igns  of K i. When ]3 < 0 the s i n g u l a r i t y  is l ike a saddle  point;  when 
]3 > 0 and A 2 - 4B > 0 it  is a mu l t ip l e  s i n g u l a r i t y  (A < 0 has nega t ive  c h a r a c t e r i s t i c  l i nes  and A > 0 has p o s i -  
t ive c h a r a c t e r i s t i c  l i n e s ) ;  when A 2 - 4B < 0, i t  is a focal  s i n g u l a r i t y  [1]. Cons ide r  the fol lowing p r o b l e m  as 

an example .  

2.  S t u d y  of  t h e  F l o w  o f  a M i x t u r e  o f  G a s  a n d  L i q u i d  ( S o l i d )  P a r t i c l e s  
T a k i n g  i n t o  A c c o u n t  T h e i r  C r y s t a l l i z a t i o n  ( F u s i o n )  i n  V a r i a b l e  
C r o s s - S e c t i o n a l  D u c t s  

Equat ions  d e s c r i b i n g  the above flow in the case  of a d i f fe rence  in t e m p e r a t u r e s  of the d i s p e r s e d  and con-  

t inuous  phases  have the f o r m  [3] 

pug C1, e = c v T  § c~T2 - -  L~, (2.1) 

udu  + vdp = O, p = ~ T / W ,  Iif e = v - -  r3 - -  6~, 

e + p v  + u~/2 = Cz, P~2 = r, P3~ = s, r, s = const, 

ud~ = - - ( t / ~ ) A ~ d x ,  ~e = ~0exp (;  --~o),: 2 = (L - -  i~p)/T, 

udT2 = --(1/'~1)(T2 --  T ) d x ,  

3 

where  p, u, p, e a r e  known quan t i t i e s  for  the m i x t u r e ;  9 = ~] P~, 9i = m~9~ , a v e r a g e  de ns i t y  of the phase  (i = 
1 

I is  for  gas ,  i = 2 is for l iquid,  and i = 3 is for  the sol id  componen t  of the m i x t u r e ) ;  mi ,  v o l u m e t r i c  concen -  
t ra t ion ;  Pii,  t rue  dens i ty ;  T, T2, t e m p e r a t u r e s  of the cont inuous  and d i s p e r s e d  phases ;  Pi = ~9; P~ = (a - -  ~)9; 
c v =-~c~1; -a = l : - a ;  c a , a c ~ ;  a = ( 9 2 , i  + 9 z . o ) / 9 o ;  ~ = a / r ;  5 = t / r - - l / s ;  -c, ~1 , r e l a x a t i o n  t i m e s  for  the 
p a r a m e t e r s  4, T2; Cvl, c2 , spec i f ic  heats  of the phases ;  ~ = 03v, r e l a t i v e  m a s s  c o n c e n t r a t i o n  of the so l id  
phase;  L, l a t en t  heat  of phase  t r a n s i t i o n .  The index zero  r e f e r s  to a c e r t a i n  in i t i a l  condi t ions  at  which C1 and 

C 3 a re  d e t e r m i n e d .  

It is pos s ib l e  to d e t e r m i n e  the fol lowing l i m i t i n g  v a r i a n t s  of the model  (5). 

1. If "r 1 ~ ~, 7 ~ ,  then T 2 ~ const ,  ~ ~ const .  This  condi t ion  c o r r e s p o n d s  to the flow with f r o z e n  c r y s t a l l i z a -  
t ion when the g a s d y n a m i c  p a r a m e t e r s  of the con t inuous  phase  v a r y  much  m o r e  r ap id ly  than the t h e r m o d y n a m i c  
p a r a m e t e r  (T2) of the d i s p e r s i o n  phase .  Denote i t  by the v a r i a n t  F ( ~ ,  ~o), in [4] it  c o r r e s p o n d s  to i n s t a n t a n e -  
ous f r eez ing .  

2. If "r 1 ~ 0, T r 0, ~ ,  then this  v a r i a n t  is denoted by F ( T ,  0), it  c o r r e s p o n d s  to i n s t a n t a ne ous  effect  of 

the t e m p e r a t u r e  of the d i s p e r s i o n  phase  on the change in the gaseous  phase  T 2 = T [3]. 

3. If ~-t ~ 0, ~ ,  ~- ~ 0, then the c r y s t a l l i z a t i o n  p r o c e s s  is an e q u i l i b r i u m  p r o c e s s  in t e r m s  of the concen -  
t r a t ion ,  i .e . ,  ~ = ~e(T,  T2, p) ,  T r T2, v a r i a n t  F (0 ,  TI). 

The r e s u l t s  of the qua l i t a t ive  a n a l y s i s  g iven  in See. I a r e  used  for  the r e l a x a t i o n  p r o c e s s  to d e s c r i b e  the 
flow of the m i x t u r e  of the type F (T, 0). We sha l l  a l so  c ons i de r ,  for  s i mp l i c i t y ,  the v o l u m e t r i c  c o n c e n t r a t i o n  
of the d i s p e r s i o n  phase  to be s m a l l ,  i .e . ,  fi << v, and neg lec t  the work expended on the change in  vo lume du r ing  
c r y s t a l l i z a t i o n ,  i .e . ,  a s s u m e  5 -= 0. 

In this case  the d i s c r i m i n a n t  that d e t e r m i n e s  the n a t u r e  of s i n g u l a r i t i e s  has the f o r m  

A 2 - -  4 B  = D ( ~ )  = b2()~ 2 + A~% + Az),: 

where  

r A~ 4 y  + h  ; A 2 4 7 ( 7  i )  - -  
k L1 
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- -  h Li - -  h ~ ; ,  V~e,v L . 
L~(A~/~)~J ~ - -  A~ (7 - - I ) ;  L i = .  r r ,  

n =  7 + ~ "  h ~  l---~-~, ~ =  In e -~~ 

F o r  s m a l l  l a t en t  h e a t s  fo r  p h a s e  t r a n s f o r m a t i o n  L, t h e q u a n t i t i e s  )/ and ( L t -  ~ ) / L t  a r e  f ini te ,  the 
quan t i ty  1 /A~ ~ 0 (L) ,  and the s ign  of  D (•  i s  d e t e r m i n e d  by  the m a i n  t e r m  in A 2 of the type  A 3 d / L  4. If we 
a s s u m e  tha t  the t r a n s i t i o n  th rough  the s i n g u l a r  po in t  t a k e s  p l a c e  in the n e i g h b o r h o o d  of  the po in t  x = x .  such  
tha t  ~ ( x . )  = 0, then fo r  a ( x )  we have  a "~ .mk(k  - -  l ) A x ~ - ~ / g , , w h e r e  A x  = x - - x . ,  y ,  = y ( x . ) .  Then as  x > x , ,  
a > 0, t ak ing  into accoun t  A 3 > 0, A / b  = )/ ~ 0 (1 ) ,  i t  i s  p o s s i b l e  to f o r m u l a t e  the fo l lowing.  

T h e o r e m  1. In the flow of a m i x t u r e  of  gas  and c r y s t a l l i z i n g  p a r t i c l e s  in a L a v a l  noz z l e ,  equa t ions  d e -  
s c r i b i n g  the mo t ion  of the  type  F (~, 0) fo r  s m a l l  v a l u e s  of  l a t en t  hea t  of  p h a s e  t r a n s f o r m a t i o n ,  have a s a d d l e -  
po in t  type  of  s i n g u l a r i t y  a t  the son ic  point .  

C o n s i d e r  the f low of the type F (% ~-~) a s  the s e c o n d  e x a m p l e .  In th is  c a s e  a c e r t a i n  s i m p l i f i c a t i o n  is  p o s -  
s i b l e  fo r  the g e n e r a l  a p p r o a c h  d e s c r i b e d  in Sec.  1. Choos ing  M 2 and u a s  the unknown func t ions  and having  the 
r e l a t i o n  of the type of  the s e c o n d  equa t ion  f r o m  (1.3) fo r  the d e r i v a t i v e s  of the unknown func t ions ,  i t  is  p o s s i -  
b le  to r e a l i z e  that  the n a t u r e  of  the s i n g u l a r i t i e s  a t  M 2 = 1 can  be  s tud ied ,  in a m a n n e r  s i m i l a r  to Sec.  1, on 
the b a s i s  of the me thod  u sed  fo r  s tudy ing  p l ane  f lows.  The  equa t ion  fo r  the z e r o t h  c r i t i c a l  l ine  in th i s  c a s e  has  
the f o r m  

o r  

M 2 - -  t = 0,, a §  c ~ ( T 2  - - T ) / U 2 ~ I  = 0 

~ iau  3 -~ B l u  2 ~- D i = 0. (2.2) 

He re  B i =  [(t + 7)7 - -  27c2]/27 > 0; -7 = 1 - - 7 ;  D 1 = C 3 ~ < 0 .  C o n s i d e r  the b e h a v i o r  of the r o o t s  u = u ( x )  of 
th is  equa t ion .  E l e m e n t a r y  a n a l y s i s  showed tha t  a s  a ~ [--aI ,  ai] = J ,  ai = - - ( 2 D f f ~ I ) V - - ( B f f 3 D 1 )  ~ the equa t ion  
fo r  z e r o t h  c r i t i c a l  l ine  has  t h r e e  r e a l  r oo t s ;  ou t s i de  th is  i n t e r v a l ,  i . e . ,  a s  a ~  J t h e r e  i s  one r e a l  and two i m a g -  
i n a r y  r o o t s .  If a < 0 and l i e s  in  the  r e g i o n  J ,  t h e r e  a r e  two p o s i t i v e  and n e g a t i v e  r o o t s ,  if ,  h o w e v e r ,  a < 0 and 
l i e s  in R / J ,  then the only  r e a l  r o o t  i s  n e g a t i v e .  The  c o n s i d e r a t i o n  of a > 0 and a ~ J shows tha t  in th is  c a s e  
t h e r e  a r e  two n e g a t i v e  and one p o s i t i v e  root ;  a > 0, a ~ R / J  has  two c o m p l e x  and one r e a l  p o s i t i v e  roo t .  

In the n e i g h b o r h o o d  of the m i n i m u m  c r o s s - s e c t i o n a l  po in t  of  the n o z z l e  i t  i s  p o s s i b l e  to w r i t e  the s o l u -  
t ion in an  e x p l i c i t  f o r m  with an a c c u r a c y  up to o (a2): 

�9 1 /  D i "  ~ l D i  B1 (2.3) ui,~ (~) • _ _  - ~ ( +  ~ ~ + . . . .  ~3 (x) ~ - ~,--i- + . . . ,  

i . e . ,  in the n e i g h b o r h o o d  of  the  m i n i m u m  c r o s s  s e c t i o n  of the n o z z l e  x = x , ,  the so lu t ion  u~, 2 (x) r e m a i n s  c o n -  
t inuous ,  u3(x ) has  a s e c o n d - o r d e r  d i s c o n t i n u i t y .  Un l ike  the  e q u i l i b r i u m  and f r o z e n  f lows of the gas  in  the 
Lava l  n o z z l e ,  the p a s s a g e  th rough  the son ic  s p e e d  in th is  c a s e  i s  a c h i e v e d  not  when x = x , ,  but ,  a s  i t  i s  we l l  
known, when t h e r e  i s  hea t  r e l e a s e  be low th is  flow. Us ing  the e x p a n s i o n s  u = u 1 +  ~-~u~ -4- �9 �9 :, x = x ,  A- z~-(~-!)x~ -~ 
. . . ,  , and  the a l r e a d y  known a s y m p t o t e  of the n o z z l e  con tou r  (k = 2n) we find f r o m  (2.2) the f i r s t  t e r m  of  the 
e x p a n s i o n  of  the  c o o r d i n a t e  a t  the c r i t i c a l  s e c t i o n  

, ' 1 1 

w h e r e  

al  = k m l y , ;  u~ ~ 2 (c 3 -- 7c~T~'~ (7  - -  t) ," T ] ~  2! (c3 --7%T~,0)(7 + t) (Y'- 1) 

Since T2. 0 > Tf i t  fo l lows  tha t  the c r i t i c a l  in  the n o n e q u i l i b r i u m  ( n e a r  the f r o z e n )  f low i s  found d o w n s t r e a m  of 
x . .  A f t e r  the d e t e r m i n a t i o n  of  Xcr  f r o m  Eq. (2.3) we find the unique p o s i t i v e  so lu t i on  to the Eq. (2 .2) .  Thus 
we showed tha t  t h e r e  i s  a so lu t ion  f o r  the flow of the  type  1" ( ~ ,  7-1) which  t r a n s f o r m s  the d e n o m i n a t o r  and the 
n u m e r a t o r  to z e r o .  F u r t h e r  a n a l y s i s ,  s i m i l a r  to tha t  d e s c r i b e d  in See. 1, m a d e  i t  p o s s i b l e  to f o r m u l a t e  the  

fol lowing.  

T h e o r e m  2. F o r  the  flow of the m i x t u r e  of  g a s  and c r y s t a l l i z i n g  p a r t i c l e s  in  Lava1 noz z l e ,  equa t ions  d e -  
s c r i b i n g  the f low of  the type  F ( ~ ,  ~'1) have m u l t i p l e  s i n g u l a r i t y  a t  the son ic  po in t  when 
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5-  

�9 f,9 2 

0,5 a: 

Fig. 1 

"L, g m ~, o - 4  - 2 '  

Fig .  2 

w h e r e  

U > U,,~ t ~ [0, tn], U ~ [Us, U3], t ~ [0, 131., 

U ~ ( U ~ , U , ) ,  t ~ ( 0 , 1 ) ,  U ~  [U~,,U~I t ~ ( O ~ t ) , :  

U ~  [U~,, U~], t ~  (O.,q); U~< U~ t ~  [t~t~]~ 

a2 = 7 ( t +  7-- -?c2);  a3 = a~-~ dzU; b'~ = - - ? ( l  + ~) + ~c~; cj. 

= ~aeJ4; d~ = (1 - -  V~)c~; U = (~/y)/(~/g)2; U~ = (~ - -  2)/(i + ~); U2 = --a~/d~; 

U a=U 2@b~/4d~c~; U4=U~+b~/d~; U 5=U:-2b~/d~c~; 

a singularity of the saddle point type if 

U>U3, t<0, U~(U2, U3), t<t2, t~(t~,0), U>Us, t~(t3, i), 
U ~ (Us, U~), t ~ (t2, 0),. U < Us, t ~ (t 3, t~); 

and a s i n g u l a r i t y  o f  the foca l  po in t  type i f  

U ~  (U~, Ua), t ~ (t~,t~), U ~  [U~, U~], t ~ t ~ ,  

U ~  U~, t ~  it1, t ] .  

Note 1. The e x i s t e n c e  of m u l t i p l e  s i n g u l a r i t y  and p o s i t i v e  r o o t s  a r e  not  p o s s i b l e .  

3. A n  E x a m p l e  o f  N u m e r i c a l  C o m p u t a t i o n s  

The q u a l i t a t i v e  a n a l y s i s  of the  s y s t e m  of  equa t ions  d e s c r i b i n g  q u a s i - o n e - d i m e n s i o n a l  n o n e q u i l i b r t u m  
flow in n o z z l e s  showed tha t  in the c a s e  F (% 0) the s i n g u l a r i t y  a t  s m a l l  L i s  a s a d d l e  point .  Th is  e n a b l e s  us  to 
s e e k  a so lu t ion  in which the va lue  of gas  v e l o c i t y  p a s s e s  t h rough  son ic  speed ,  with the he lp  of  the s e l e c t i o n  of  
c e r t a i n  i n i t i a l  p a r a m e t e r ,  e .g . ,  u 0. N u m e r i c a l l y  so lv ing  the Cauchy p r o b l e m  we move  up to the po in t  in  the 
nozz l e  w h e r e  M = 1 - el .  Then  the d i f f e r e n c e  K 1 > 0 ( d e r i v a t i v e  to the so lu t i on  n e a r  the s i n g u l a r i t y )  c o m p u t e d  
f r o m  the equa t ion  g iven  in  Sec.  1 i s  c h e c k e d  with K l > 0 ob ta ined  n u m e r i c a l l y .  If the d i f f e r e n c e  is  a p p r e c i a b l e  
then  u 0 i s  v a r i e d  and the c o m p u t a t i o n s  a r e  c a r r i e d  out  aga in .  I f  the  a g r e e m e n t  i s  s a t i s f a c t o r y ,  an e x t r a p o l a -  
t ion is  m a d e  up to M = 1 + e2 and f u r t h e r  c o m p u t a t i o n s  a r e  c a r r i e d  out  t i l l  the end of  the  n o z z l e .  

C o m p u t a t i o n s  w e r e  m a d e  a c c o r d i n g  to the above  a l g o r i t h m .  A we igh ted  s c h e m e  was u sed  in the so lu t ion  
p r o c e d u r e .  The r e s u l t i n g  n o n l i n e a r  a l g e b r a i c  equa t ions  w e r e  s o l v e d  us ing  Newton ' s  i t e r a t i v e  p r o c e d u r e .  

N o n d i m e n s i o n a l i z i n g  was c a r r i e d  out  in the s t a n d a r d  m a n n e r ,  the r e f e r e n c e  q u a n t i t i e s  w e r e :  To, P0 f o r  
t e m p e r a t u r e  (equal  to the fus ion  t e m p e r a t u r e )  and  gas  p r e s s u r e  a t  the  end of the vo lume  ahead  of  the nozz le ;  
u~ = RT0, R fo r  s p e c i f i c  h e a t s  of the p h a s e s ;  RT 0 fo r  the l a t e n t  h e a t  of p h a s e  t r a n s f o r m a t i o n .  The  equa t ion  d e -  
s c r i b i n g  e q u i l i b r i u m  c r y s t a l l i z a t i o n  was t aken  in the f o r m  ~e = ~0 exp[K3 ( ~ -  ~0)]- 

The e f fec t  of  r e l a x a t i o n  t ime  on the n a t u r e  of  the flow was s t u d i e d  d u r i n g  the n u m e r i c a l  c o m p u t a t i o n s .  
When T ~ 0 the  va lue  of the p a r a m e t e r s  of  the m i x t u r e  a p p e a r e d  to i n c r e a s e  a t  f ixed  po in t s  of the  nozz l e ,  a s  
shown in F i g .  1 fo r  A~/~  0 fo r  d i f f e r e n t  i n i t i a l  c o n c e n t r a t i o n  (T = 0.01, 0.1, 0.5, a s  i n d i c a t e d  by  l i n e s  1 -3 ) .  I t  
is  a l so  seen�9 h e r e  that  with an i n c r e a s e  in v o l u m e t r i c  c o n c e n t r a t i o n  of the l iqu id  p h a s e  m2.0A~ v a r i e s  m o r e  
weakly .  Th is  is  a s s o c i a t e d  with the f r e e z i n g  of the e x p a n s i o n  p r o c e s s  a t  l a r g e  c o n c e n t r a t i o n s  of  l iqu id  p a r t i -  
c I e s  which  in  i t s  t u rn  i s  c a u s e d  by  l a r g e  hea t  c a p a c i t y  of  the p a r t i c l e s  which m a i n t a i n  high t e m p e r a t u r e  s i n c e  
they  do not  have  t i m e  to cool  d u r i n g  the m o t i o n  th rough  the nozz l e .  
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The natural phenomenon of the reduction in flow velocity in the duct with increase in M2. 0 caused by en- 
ergy expenditure on the particle transfer has also been observed. Here the introduction of heat on account of 
phase transformation cannot compensate these losses as shown in Fig. 2 in the form of a relation between 
velocity, temperature at the nozzle section u k, Tk, and log m2. 0. 

The effect of the latent heat of phase transformation L on the distribution of flow parameters along the 
nozzle axis has been studied. With an increase in the latent heat of phase transformation there was an increase 
in u, T caused by the introduction of additional heat. The increase in L by an order of magnitude leads to a 
change in u, p, T by an order. 

Computations, described above, were carried out for K 3 = I, L = 0.34 for AI203. 

In order to verify the correctness of the computational program, the variant with m2. 0 = m3. 0 = ]0 -i0, 
= 101~ was computed and compared with analytical solution for the flow of an ideal gas in a Laval nozzle. 

The agreement between numerical and analytical solutions was good to an accuracy of up to a hundredth of a 

percent. The accuracy was also checked for the equilibrium relations, indicating sufficient accuracy of the 
computations. 

Thus a qualitative analysis has been carried out for the system of equations describing nonequilibrium 
flow of a mixture. A numerical algorithm has been compiled on the basis of this analysis which made it pos- 
sible to compute flow parameters of condensed products of combustion in a Laval nozzle, taking crystalliza- 
tion into account. 
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