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The p rocesses  of osci l latory relaxation in flow through nozzles of CO 2, N2, 02, H20 gas mix- 
tures  a re  studied. The effect of various o s c i l l a t o r y - o s c i l l a t o r y  and o s c i a l l a t o r y - t r a n s l a -  
tional exchange channels between mixture components and CO 2 intermode energy-exchange 
channels on population inversion is examined. The importance of considering nonequilibrium 
processes  in the infrasonic region of the nozzle is noted. The effect of inclined shock waves 
on flow charac ter i s t ics  in the supersonic nozzle region and population inversion is studied. 

To obtain high tempera tures  in aerodynamic studies combustion of all  possible hydrocarbon fuels is 
used. The combustion react ion leads to formation of a gas consisting of a mixture of CO2, N2, 02, H20 , etc., 
molecules.  The mass  composition Of this mixture depends on the amount of fuel reacted and the complete-  
ness of the combustion. Since the combustion product composition differs significantly f rom that of air ,  it 
is necessa ry  to consider  this difference in thermodynamic and t ransfer  proper t ies .  The combustion proc-  
ess leads to significant increase  in gas tempera ture  and excitation of osci l la tory degrees  of freedom. 

in the present  study the problem of nonviscous nonequilibrium flow of a gas mixture in a nozzle will 
be solved in the quasi-one-dimensional  formulation for various converger  and diffusor configurations. We 
will use a sys tem of gasdynamic and kinetic equations which consider  the contribution of t ransi t ions between 
highly excited osci l la tory levels of various modes of CO2, N2, and H20. These equations were derived in [1]. 

Initially, we will consider the effect of considering nonequilibrium processes  in the infrasonic nozzle 
region on flow gasdynamic charac te r i s t i cs ,  degree of inversion, and amplification coefficient. Gasdynamic 
nozzles described in the l i terature which produce population inversion have varying converger  configura-  
tions, which may be classified as follows: a) curved along radius;  b) wedge type; c) hyperbolic.  

Figures  1 and 2, show the tempera ture  distribution and the coefficient of amplification for one noz-  
zle, with the point at which consideration of nonequilibrium osci l la tory relaxation commences  to be con- 
sidered taken at different sections of the infrasonic region of the nozzle. Calculations were performed for 
a profiled hyperbolic nozzle with minimum radius rmin---1 cm and the following initial conditions: P0 = 15 
aim; To=2000~ and aCO2 = 0.1; aN2=0.89; ~H20 = 0.01, where c~ i a re  molar  fractions.  

Commencing from sections in the infrasonic region corresponding to area rat ios F / F m i n  = 1; 5; 10, 
calculation was performed with consideration of nonequilibrium, the flow being regarded as in equilibrium 
up to this section. It developed that at the minimum nozzle section with consideration of the nonequilibrium 
charac te r  of the flow beginning at sections F / F m i n  = 5; 10, in the infrasonic region the difference in t em-  
pera tures  T~, T 4, and T reached the following values:  T 3 - T = 6 ~  T 4 - T = 2 9 ~  Such a smal l  difference 
between osci l la tory and translat ional  flow tempera tures  is a consequence of the aImost  equilibrium char -  
acter  of the flow. Nevertheless ,  because of the nonlinear dependence of population inversion on the osci l -  
latory tempera ture  value the small  differences in tempera tures  T 3 and T 1 f rom their values calculated with 
the assumption of equilibrium flow in the converger  region of the nozzle finally lead to significant changes 
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in inversion. The difference in the case of the variants with consideration of nonequilibrium commencing 
at F/Fmin = 5 or F/rFmin = 10 is insignificant (less than 1% for the coefficient of amplification). 

Upon consideration of flow nonequilibrium beginning at the minimum section of the nozzle the transla- 
tional gas temperature proves to be higher, and the entire oscillatory temperature distribution shifts up- 
ward (Fig. I). Then in the working section of the nozzle the temperatures T, Tt, and T 2 are higher than 
the corresponding temperatures obtained in calculations with consideration of nonequilibrium in the conver- 
ger. The relaxation rate of the third mode of CO 2 and N 2 is also higher, which leads to more intense ex- 
change between modes and a corresponding drop in populstion inversion down the flow. 

The difference in the maximum value of the coefficient of amplification with consideration of non- 
equilibrium in the infrasonic nozzle region may reach ~ 40% of the corresponding value for calculations of 
a nonequilibrium flow beginning at the nozzle throat (Fig. 2). 

In connection with this it must be noted that those systems of kinetic equations which only consider 
excitation of lower molecular oscillatory levels and on the whole do convey the correct character ofphys- 
cal processes at the low temperatures realized in the working region of the nozzle cease to be valid at the 
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high t e m p e r a t u r e s  in the  i n f r a s o n i c  and t r a n s s o n i c  r e g i o n s  of the  n o z z l e .  Al though  s i m p l i f i e d  k ine t i c  equa- 
t ions  do r e f l e c t  the  c h a r a c t e r  of o s c i l l a t o r y  t e m p e r a t u r e  b e h a v i o r  (with d i f f e r e n c e s  of d e g r e e s  o r  t ens  of 
d e g r e e s ) ,  they  lead  to l a r g e  d i s c r e p a n c i e s  in the  va lue  of the  coe f f i c i en t  of a m p l i f i c a t i o n  ( s e v e r a l  t ens  of 
p e r c e n t )  c o m p a r e d  to u se  of a m o r e  c o m p l e t e  s y s t e m  of k ine t i c  equa t ions  [1]. 

If  the  p r e s s u r e  a t t h e  n o z z l e  output  doe s not  c o r r e s p o n d t o  the  c a l c u l a t e d  va lue ,  t h e n w e  have  the  a p p e a r a n c e  
of a t r a n s v e r s e  d i s c o n t i n u i t y  wi th in  the nozz l e  o r  a t r a n s v e r s e  o r  ob l ique  d i s c o n t i n u i t y  at  the output.  F o r  
the  c a s e  of a p r o f i l e d  n o z z l e  with T o =2000~ Po =15  a rm;  r m i n  = 1 cm,  and ~CO 2= 0.1; ~N2= 9.89; ~H20= 

0.01 the m a x i m u m  popu la t ion  i n v e r s i o n  is  r e a c h e d  a t  a d i s t a n c e  of 25 c m  f r o m  the  m i n i m u m  sec t ion .  The  
t r a n s l a t i o n a l  t e m p e r a t u r e  and d e n s i t y  a t  th is  s e c t i o n  a r e :  T = 427~ p --2 �9 10 -5 g / c m  3. F i g u r e  3 shows  the 
change  in a m p l i f i c a t i o n  coe f f i c i en t  a t  th i s  s e c t i o n  upon d e v e l o p m e n t  of an obl ique  c o m p r e s s i o n  d i s c o n t i n u i t y .  
The  p r e s e n c e  of the  d i s c o n t i n u i t y  l e a d s  to  a d e c r e a s e  in the  a m p l i f i c a t i o n  coe f f i c i en t .  Th i s  i s  b e c a u s e  the 
a m p l i f i c a t i o n  coe f f i c i en t  beh ind  the d i s con t inu i t y  depends  weak ly  on d e n s i t y  and d e c r e a s e s  due to  the  d e -  
c r e a s e  in i n v e r s i o n  in the  r e l a x a t i o n  zone  of the shock  wave .  

We wi l l  c o n s i d e r  the  e f fec t  of m o l e c u l a r  oxygen on the t h e r m o d y n a m i c  c h a r a c t e r i s t i c s  of a nonequ i -  
l i b r i u m  flow. A s s u m i n g  tha t  a s  a r e s u l t  of fue l  c o m b u s t i o n  t h e r e  i s  f o r m e d  a m i x t u r e  of m o l e c u l e s  CO2, 
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N2, O2, and H20: in addi t ion to the s c h e m e  of [2] we will  c o n s i d e r  the fol lowing r eac t i ons  which d e s c r i b e  
o s c i l l a t o r y - o s c i l l a t o r y  and o s c i l l a t o r y - t r a n s l a t i o n a l  exchange p r o c e s s e s  between O 2 and o ther  mix tu re  
componen t s :  

o~0)+c% -~- co~(0110)+o~, 
N.(l)-}-Oo -~ N~-}-O~(I), 

O ~ ( I ) + M  ---~ 0 2  , -}-M, 

O~(l)+H20 • O o+Ho.O(0t0), 

where  M is the m a s s  of any of the p a r t i c l e s  CO 2, N2, O2, H20. 

With the use  of [3] and the s y s t e m  of r eac t i ons  p re sen ted ,  a s y s t e m  of kinet ic  equat ions was wr i t ten ,  
which was then solved s imul taneous  ly with the g a s d y n a m i c  equat ions .  We p r e s e n t  below the kinet ic  equa-  
tion for  oxygen in the notat ion of [1] : 

d~j~ P ( (1 - -  g~) x~ a~W~o (M) [g~ - -  exp (--  AelJkr ) ]  t _y.~ aco~W52 [Y~ - -  g2 exp (--  Ael~/kT)] 

'l -- y.~ ) 
+ ~ aN,W,5 [g4 - -  g5 exp (-- Ae,JkT)] -u ~ -- y5 �9 - -  t - -  y~ a~,~ [g6 - -  gs exp ( - -  AeIJkT)] , 

where  y~=exp (--hvdkT~);  W h z = P k z Z ~  is the p robab i l i ty  of deac t iva t ion  o r  e n e r g y  exchange in one col l i s ion  
(Zaf i ,  co l l i s ion  f requency)  ; A ej is the heat of j - t h  r eac t ion ;  u is the ve loc i ty ;  m is the m a s s ;  p is the den-  
si ty.  

The p robab i l i ty  of exci ta t ion  and deac t iva t ion  p r o c e s s e s  for  o s c i l l a t o r y  levels  of CO2, N2, 02, H20 
molecu le s  were  taken f r o m  [2, 4, 5-7] ,  which ba s i ca l l y  offer  va lues  taken f r o m  expe r imen t a l  s tudies .  As  
an example  we will  p r e s e n t  r e s u l t s  fo r  the fol lowing init ial  condi t ions :  P0 = 15 a im;  T0=2000~ and two 

mix tu r e  c o m p o s i t i o n s :  1) o~CO2=0.1 ; O~N2=0.89 ; (~H20=0.01; 2) o~CO2=0.1; OlN2=0.69; o~O2=0.2; C~H20= 

0.01 f o r  one and the s a m e  nozz le  with r m i n = 0 . 1  cm,  in f rason ic  r eg ion  with hyperbolo id  prof i le  and a s y m p -  
tot ic  cone s emiang l e  ~p~ = 38 ~ and prof i led  df f fusor  reg ion  with a r e a  r a t io  at nozz le  end of F / F m i n = 3 4 .  

F i g u r e  4 shows the t e m p e r a t u r e  d i s t r ibu t ion .  The solid line indica tes  va lues  f o r  the gas mix tu re  with 
addi t ion of 20% oxygen and c o r r e s p o n d i n g  reduc t ion  in n i t rogen,  while the dashed  line is f o r  the mix tu re  
without O 2. 

It should be noted that  in the p r e s e n c e  of oxygen the t e m p e r a t u r e s  T 3 and T 4 app roach  m o r e  c l o s e l y  
to the t r a n s l a t i o n a l  t e m p e r a t u r e ,  while the va lues  T, Ti, T 2 are higher  than in the flow without O 2. In o ther  
words ,  oxygen addit ion c r e a t e s  a flow c l o s e r  to equi l ib r ium.  

The populat ions  of the leve ls  (00~ and (10~ of CO 2 molecu les  fo r  the c a s e  cons ide red  a r e  shown 
in Fig.  5. Vis ib le  he re  is a r eg ion  with popula t ion invers ion ,  which is s m a l l e r  in the p r e s e n c e  of the oxy-  
gen component. Figure 6 shows corresponding population inversion values, from which it can be concluded 

that inthe given case oxygen reduces the maximum inversion value by 15%. 

The probabilities of 02 deactivation by nitrogen and carbon dioxide gas are 2-3 orders lower than the 
probability of oxygen exchanges with CO2, N2, H20, and so in the oxygen kinetic equation only terms consid- 

ering energy exchange are significant. 

It must be noted that the behavior of CO 2 and nitrogen mode temperatures and translational tempera- 

ture are practically unaffected by consideration of exchange reactions with oxygen, sInce in the kinetic equa- 

tions terms describing relaxation of the first and second CO 2 modes and complex exchange (u3~ ul, ~2) pre- 
dominate. 

For the case rmin = 1 cm and identical initial conditions, results are shown in Figs. 7 and 8. From 

Fig. 7, which shows population inversion, it follows that nonconsideration of exchange reactions leads to an 
increase in the inversion maximum by 10%. 

We note the effect of the exchange reaction between the CO 2 asymmetric mode and the symmetric and 
deformation modes for mixtures containing oxygen on the value of the weak signal amplification coefficient 

c~(ko), the expression for which was taken from [8]. It follows from Fig. 8 that without consideration of this 

reaction the maximum value of the coefficient of amplification proves to be high by a factor of approximately 
four .  
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In conclusion, the authors express  their  grati tude to G. N. Sayapin for the resul ts  concerning the ef- 
fect of shock waves on thermodynamic charac te r i s t i cs  of a nonequilibrium flow. 
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