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R O L E  O F  V I B R A T I O N A L  R E L A X A T I O N  IN T H E  

N O N E Q U I L I B R I U M  F L O W  O F  A I R  IN  N O Z Z L E S  

V. N. K o m a r o v  UDC 533.6.011.8 

As is known, the nonequi l ibr ium exci ta t ion of v ibra t ional  degrees  of f r eedom occurs  along with chemica l  
reac t ions  in a high-enthalpy a i r  s t r e a m  in a nozzle. The ro le  of v ibra t ional  nonequi l ibr ium has been studied 
insufficiently,  and in calcula t ions  it is a s sumed ,  as a ru le ,  that  the vibrat ional  deg rees  of f r eedom a r e  excited 
in equi l ibr ium [1-4]. 

The nonequi l ibr ium a i r  flow in a nozzle  of hyperbol ic  prof i le  is analyzed in the p resen t  r e p o r t  for  the 
, T 

r anges  of t e m p e r a t u r e s  and s tagnat ion p r e s s u r e s  of 3000 _<_ T O _< 5000~ and 1 __ P0 -< 100 a tm c h a r a c t e r i s t i c  
of the exis t ing hyperson ic  exper imenta l  instal lat ions.  The dependence of the f rozen - in  in ternal  energy  on the 
mode of flow is analyzed on the bas i s  of the calculat ions conducted. Conclusions a r e  drawn about the influence 
of v ibra t ional  re laxa t ion  on the gasdynamic  p a r a m e t e r s  of a s t r e am.  

G a s - K i n e t i c  M o d e l  

The following s y s t e m  of chemica l  reac t ions  [4] is taken as bas ic  for  a i r  in the range  of t e m p e r a t u r e s  and 
p r e s s u r e s  under considerat ion:  

02 ~ - M ~ _ 2 0  + M ,  N 2 ~ - M ~ _ 2 N - P M ,  
NO - ~ M ~ N  -t-O ~-M,  O Jr N ~ N O  + N, 

N O - ~ 0 2 ~ _ N - ~ 0 2  , N 2 - ~ 0 2 ~ 2 N O ,  

where  M is any of the molecules  02, N 2, O, NO, or  N. 

It is a s sumed  that  the v ibra t ional  t e m p e r a t u r e  of ni t r ic  oxide is in equi l ibr ium with the t rans la t ional  
t e m p e r a t u r e .  The kinetic equations of [3] desc r ib ing  the v ibra t ional  re laxa t ion  in a mix tu re  of polyatomic gases  
w e r e  used to ca lcula te  the v ibra t ional  energy of the N 2 and 02 molecules .*  The s y s t e m  of one-d imens iona l  ga s -  
dynamic  equations is desc r ibed  in detai l  in [1-5]. The expres s ions  for  the v ibra t ional  re laxa t ion  t imes  and the 
reac t ion  r a t e  constants  a r e  taken f r o m  [6-8]. 

*As calculat ions show, in this case  the influence of d i s soc ia t ion  on the exci tat ion of the vibrat ional  deg rees  of 
f r eedom of the molecules  is slight. 

Zhukovskii .  T rans l a t ed  f r o m  Zhurnal  Pr ik ladnoi  Mekhaniki i Tekhnicheskoi  Fiziki ,  No. 2, pp. 46-49,  
March -Apr i l ,  1978. Original a r t i c l e  submit ted  March  10, 1977. 
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The  c a l c u l a t i o n s  w e r e  p e r f o r m e d  fo r  a x i s y m m e t r i c  h y p e r b o l i c  n o z z l e s ,  w h o s e  c r o s s - s e c t i o n a l  a r e a  F '  
! 

i s  d e s c r i b e d  by the  equa t ion  F ' / F "  = 1 + ( x ' / l ' )  2, w h e r e  l '  = r , / t a n ~ 0 '  (~o' is  the  h a l f - a n g l e  of  t he  a s y m p t o t i c  
? 

c o n e ,  x I i s  t he  c o o r d i n a t e  a long  the  n o z z l e  a x i s ,  F"  = ,~r~ 2, r ,  i s  t he  r a d i u s  of t he  m i n i m u m  c r o s s  s e c t i o n  of  
t he  n o z z l e ,  and a p r i m e  d e n o t e s  a d i m e n s i o n a l  p h y s i c a l  quant i ty ) .  In t he  s u b s o n i c  p a r t  of  the  n o z z l e  l '  = 0.262 

T c m  (~0~ = 45 ~ and r ,  = 0.262 c m ) ,  w h i l e  in  the  s u p e r s o n i c  p a r t  l '  = 1 cm.  The  c a l c u l a t i o n  m e t h o d  i s  p r e s e n t e d  
in  d e t a i l  in [5, 9, 10]. 

R e s u l t s  of C a l c u l a t i o n  

The specific internal energy frozen into the stream is w} = e} + hi, where e} is the frozen-in specific 
vibrational energy and h} is the frozen-in specific energy due to dissociation. 

The calculations performed showed that the N 2 molecules make the main contribution to the frozen-in 
vibrational energy e} for the modes of flow under consideration, since the frozen-in concentration of N 2 is 
considerably higher than the frozen-in concentrations of 02 and NO. The energy contribution of the NO mole- 
cules to e} is slight. The energy contribution of the O 2 molecules is about 10% of the total frozen-in vibrational 
energy. 

The cross sections F~2/F, in which the concentration and vibrational energy of the N 2 molecules are 
l 

frozen in are presented in Fig. 1 as functions of the stagnation pressure P0 at several values of the stagnation 
l 

temperature T 0. The cross section for the freezing in the internal energy of the N 2 molecules formally corre- 
sponds to the vibrational energy of N2, which differs from its frozen-in value by 1%. The freezing in of the 
concentrations of the air components, with the exception of the concentration of nitrogen atoms which is neg- 
ligibly small for the range of stagnation parameters under consideration, occurs earlier than the freezing in 
the aN 2 vibrations and considerably earlier than the freezing in of the 02 vibrations. The dimensior~less frozen- 
in chemical energy hf = hT/R'T" (R' is the universal gas constant and T" = 273~ as functions of p~ for sever- 

! 
al values of T o is presented in Fig. 2. 

The dependence of the ratio wf/w 0 of the frozen-in internal energy to the total energy of the stream on 
t i I 

the stagnation pressure for different T O is presented in Fig. 3. At 4000 _< T o _< 5000~ and P0 = 1 atm the fro- 
zen-in energy can comprise more than 40% of the total energy of the stream. 

The contribution of the frozen-in vibrational energy to the total frozen-in energy of the stream as a 
function of the stagnation parameters is reflected in Fig. 4. With an increase in pressure the vibrational re- 

! 
laxation begins to play an ever more important role, and at T O = 3000~ the contribution of the vibrations to 
the frozen-in energy of the stream is comparable with the contribution of the chemical reactions. With an in- 
crease in temperature the role of the vibrations becomes ever less important, and at T~ = 5000~ and an arbi- 
trary p~ from the pressure range under consideration the frozen-in vibrational energy comprises less than 
25% of the frozen-in internal energy of nonequilibrium air. This is connected with the fact that in a chemically 
relaxing stream the concentrations of the atomic components begin to grow and the concentrations of molecules 
decline accordingly. 
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A C o m m e n t  o n  t h e  E n t r o p y  C o r r e l a t i o n  

The s o - c a l l e d  ent ropy c o r r e l a t i o n  r e p r e s e n t s  the dependence of the f rozen - in  p a r a m e t e r s  of an a i r  
s t r e a m  on the en t ropy in the f o r e c h a m b e r  [1, 11]. It is ve ry  convenient  f o r  the quant i ta t ive de te rmina t ion  of 
the concent ra t ions  and gasdynamic  p a r a m e t e r s  of a nonequi l ibr ium a i r  s t r e a m  in a nozzle.  The ent ropy c o r -  
r e l a t ion  between the chemica l ly  f rozen - in  energy  and the concent ra t ions  of the neut ra l  components  of a i r  on 
the basks of an ana lys i s  of the ca lcula ted  data  of a number  of authors  a r e  p r e sen t ed  in [12] for  a wide range  

, ! 
of s tagnat ion p a r a m e t e r s  4000 _< T O _ 15,000~ and 10 _< P0 -< 8957 a t m  for the p a r a m e t e r  l' = 1 cm (~'1 = ~ ) .  

It is in te res t ing  to point out the reg ion  of appl icat ion of the entropy cor re la t ion .  The dependence of the 
d imens ion less  f r o z e n - i n  in ternal  energy  wf w~/  ' ' = ' ' = R T~o on the entropy S O in the f o r e c h a m b e r  (S O S0poo/R' ,  
w h e r e / ~ "  = 29 g / m o l e )  obtained in the p r e s e n t  work  is plotted in Fig. 5. 

The co r r e l a t i on  is fully s a t i s f ac to ry  for  values  of  S~ cor responding  to s tagnat ion p a r a m e t e r s  p~ _> 10 a tm 
and T o >_ 4000~ In the region of s m a l l e r  values  of S O the l imi ta t ion  on p~ becomes  s t r i c t e r  with a d e c r e a s e  
in T~. At T~-- 3000~ in pa r t i cu l a r ,  the ent ropy co r r e l a t i on  is valid for p~ > 25 atm. Ref inement  of the kinetic 
model  of a i r  in the reg ion  of low s tagnat ion  p r e s s u r e s  might  p e r m i t  an expansion of the region of appl icat ion 
of the en t ropy cor re la t ion .  
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