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The h i e r a r c h y  of re laxa t ion  t i m e s  of phys icochemica l  p r o c e s s e s  occur r ing  in an a i r  p l a s m a  
is  examined.  An engineering method for  de termining  the nonequi l ibr ium p a r a m e t e r s  of the 
p l a s m a  in a Laval  nozzle  is  p roposed .  

F lows of re laxing gaseous  med ia  with sharp  g rad ien t s  and breakdown of equi l ibr ium distr ibution of 
e n e r g y  o v e r  the de g ree s  of f r e edom  of s epa ra t e  p a r t i c l e s ,  changing the t he rmodynamic  and the rmophys i ca l  
p r o p e r t i e s  of the gas  flow, which mus t  be de te rmined  in o r d e r  to p e r f o r m  labor ious  numer i ca l  calculat ions 
involving a la rge  amount of computer  t ime ,  a re  studied in a n u m b e r  of applied p r o b l e m s  of gas  dynamics  

[1, 21. 

In addition to numer i ca l  methods ,  approx imate  analyt ical  methods  based on B r a y ' s  concept,  which 
subs tant ia tes  the model  if ins tantaneous f reez ing  of phys icochemica l  p r o c e s s e s  in expanding flows 9f ideal ly 
d issocia t ing  gas ,  a r e  also widely used [3, 4]. Under the co~iditions of flow of relaxing ga se s  with sharp  g r a -  
dients ,  the instantaneous f reez ing  model  has been conf i rmed  both numer i ca l l y  and exper imenta l ly  to ana lyz-  
ing rea I  ga se s  [5, 6] and it was l a t e r  extended to the case  of v ibra t ional  re laxa t ion  [7] and chemica l ly  r e a c t -  
ing med ia  with complex composi t ion [8]. 

According to Bray ,  the en t i re  flow field can be divided into two sect ions:  equi l ibr ium and f rozen,  the 
boundary between which is  de te rmined  by the sect ion o r ,  in the one-d imens iona l  approximat ion ,  by the point 
of instantaneous f reez ing  (PIF). In the case  of a chemica l ly  reac t ing  mix ture ,  each  component  subjected to 
f reez ing  has  i t s  own PIF.  In a num ber  of p a p e r s ,  to de te rmine  the PIF  of the components ,  thei r  equi l ibr ium 
ra te  of change is  equated e i ther  to a single de termining  recombina t ion  reac t ion  ra te  [9] o r  to the i r  a lgebra ic  
sum [10]. In so doing, it is  a s s um ed  that  the exchange reac t ions  occur  p rac t i ca l ly  at equil ibrium. 

These  approaches  a re  fundamental ly  i n c o r r e c t ,  s ince the r a t e  of t r a n s f o r m a t i o n  of the components  is  
de t e rmined  not by one or  s eve ra l  slow t h r e e - p a r t i c l e  recombina t ion  p r o c e s s e s ,  but by exchange {chain) 
e l e m e n t a r y  chemica l  ac ts .  And, the effect  of recombina t ion  reac t ions  becomes  apprec iable  only at high den- 

s i t ies  of the medium.  

In [11], to de te rmine  the P IF ,  the ave rage  molecu la r  weight of the combust ion products  was chosen as 
the f rozen  p a r a m e t e r .  This  approach  is just i f ied if the main  purpose  of the calculat ion is  to find the in tegra l  
c h a r a c t e r i s t i c s  of the flow. A m o r e  c o r r e c t  approach  f r o m  our  point of view is  to de te rmine  i ts  P IF  c h a r a c -  
t e r i s t i c s  f r o m  the total  enthalpy of the mix tu re  [12], since the mo lecu l a r  weight, as  will be shown in what 
fol lows,  is  insensi t ive  to the values  of the p a r a m e t e r s  at PIF .  

In th is  pape r ,  an engineer ing analyt ical  method is  p roposed  for  de termining  the nonequi l ibr ium p a r a -  
m e t e r s  of a re laxing med ium in a s ta te  of flow with a sharp  gradient .  In so doing, we examine the s ta t ionary  
one-d imens iona l  flow of an ideal gas  mix tu re  through a Laval  nozzle  neglect ing v iscos i ty ,  heat  conduction, and 
diffusion. The dif ference between this  method and the methods  ment ioned above l ies  in the fact  that  the PIF  of 
each  component of the medium,  in de termining the nonequi l ibr ium composi t ion and vibrat ional  energy ,  is fotmd 
by compar ing  the cha r ac t e r i s t i c  t i m e  scale  of the gasdynamic  flow p r o c e s s  to the corresponding effect ive va-  
lues of i ts  chemical  and vibrat ional  re laxa t ion  t i m e s  [13, 14], including all the basic  phys icochemica i  p r o c e s -  
ses  in which the component  examined pa r t i c ipa tes .  To de te rmine  the boundary separa t ing  equi l ibr ium and 
f rozen  sec t ions  of  the gas  flow in the nozzle  and the p a r a m e t e r s  of the flow, we used the idea of a point of ins -  
ta~taneous  f reez ing  of e~thalpy (PIFE) of the gas  as an energy  fac tor ,  which re f lec t s  m o r e  comple te ly  the 
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TABLE i. Rate Constants of P h y s i e o c h e m i c a l  Processes in an Air 

P l a s m a  [18-20] 

No. of 
Plasma component process 

1 

2 

3 

4 

5 

6 

7 

8 

9 

I0 

II 

I2 

i3 

M 
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N~., O2, NO 

N, O 

Ar 

NO 

N 2, Oz 

N, O 

Ar 

N=, Q,  NO 

N,O 

Ar 

and w o r k i n g  p r e s s u r e  0 .01-100 b a r .  
n e n t s :  N2, 0 2 , NO, N, O, A r ,  NO + , 

[17]: 

gy , cma/mole, sec 

2,5.1015• (a) 

1.10!a-+IT -1 (a) 

3,2-1018--1T - I  (a) 

1,8" t0 8-+-0 '3T3/2 exp (-- 33001T) 

1,5.1013• 

4,8. 1023 T -s/2 exp (-- 43030/D 
2.10 ~9 T - i  

lO-a Y exp (-- 62,9 T - I / 3  @29,61) 

10-~ Texp (--62,9 T--W3@31,13) 

10-a T exp (-- 105,8 T - t / a  @ 29,99) 

I0-a. Yexp(--214,3 T -'~/3 @35,78) 

0,5 exp (-- 36,87 T -1/3 @ 29,95) (6) 

I0-a. Texp (--160,7 T -1/3  + 34,45) 
exp ( - -  36,87 Y - l / a  @ 29,95) 

i0-a Texp (-- 62,9 T -1 /3  @ 29,32) 

2,2.10~a 

exp (~- i09 T - I /3  @ 3!,33) 

exp (--i66,3 Y - l / a  @ 37,76) 

5,0exp(--36,87 T - l / a  @ 29,95) (6) 

i0-a Texp (--160,7 T - I / a  @34,45) 

R e m a r k .  a) D i m e n s i o n a l i t y  of  the  contan t  i s  c m 6 / m o l e 2 . s e e ;  b) c o n s -  
rant  was  c o r r e c t e d  tak ing  account  [19]; M i s  any  componen t  of  the  
p l a s m a .  

p r o c e s s  of  in~erna l  p h y s i e o c h e m i e a l  t r a n s f o r m a t i o n  in  m u l t i e o m p o n e n t  g a s  m i x t u r e s .  S ince  the concep t  of 
i n s t a n t a n e o u s  f r e e z i n g  a s s u m e s  i s o e n t r o p i c i t y  of the e q u i l i b r i u m  s and f r o z e n  f e x p a n s i o n  p r o c e s s e s  of the  
r e l a x i n g  g a s  [15], f o r  the p r o c e s s e s  i n d i c a t e d  (or s e c t i o n s  of ~he f low),  i t  i s  p o s s i b l e  to de~e rmine  the e f f e c -  
t i ve  v a l u e s  of the  a d i a b a t i c  exponen t  and the m o l e c u l a r  weight .  Th i s  p e r m i t s  us ing  to a good a p p r o x i m a t i o n ,  
g a s d y n a m i c  func t ions  in the c a l c u l a t i o n s  [16] tha t  e x p r e s s  the  i n s t a n t a n e o u s  va lue s  of  the f low p a r a m e t e r s  in 

t e r m s  of  t he  r e d u c e d  f low v e l o c i t y  X. 

As  the  r e l a x i n g  m e d i u m ,  we sha l l  e x a m i n e  an a i r  p l a s m a  wi th  a work ing  t e m p e r a t u r e  r a n g e  2000-6000~  
Under  t h e s e  cond i t i ons ,  the  p l a s m a  i s  m a i n l y  a m i x t u r e  of e igh t  c o m p o -  
and e ,  be tw e e n  which  the fo l lowing  r e v e r s i b l e  c h e m i c a l  r e a c t i o n s  o c c u r  

02 § M + 5,leV.~-O ~- O + M; 
K1 

N2 + M + 9.8ey ~= N + N -}- M; 

NO -b M § 6.5eV-~-~ N 4- O + M; 

NO @ O --  1.4eV-~- O., + N; 

Nz .4-O-> & 3 e V ~ N O n -  N; 

No. § O~ + 1.9eV ~+ NO -F NO; 

N ~ - O §  +~ e. 

(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

The  exchange  of v i b r a t i o n a l  e n e r g y  be tween  the  c o m p o n e n t s  of  the  p l a s m a  in the s i n g l e - q u a n t u m  a p p r o x i m a t i o n  

can  o c c u r  a long the fo l lowing  c h a n n e l s  [18]- 
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Fig. 1. Vibrat ional  re laxut ion t i m e s  of mo lecu l a r  compo-  
nents of an a i r  p l a s m a  ~:t p r e s s u r e s  P = 0.01, 1.0, and 
100 bar :  a) 1 - N 2 - N 2 ;  2 . 7 - N 2 - O 2 ;  3 . 8 - N 2 - N O ;  4 - N 2 - N ;  
5-N2-O; 6-N2-Ar; b) 1-O2-O2; 2-O2-N2; 3-O2-NO; 
4-O2-IN; 5-02-0; 6-O2-Ar; c) 1-NO-NO; 2-NO-N2; 
3, 7 - NO- O2; 4- NO-N; 5-NO- O; 6-NO-Ar; the continu- 
ous and (lashed lines show the VT and VV' relaxation times, 
r e spec t ive ly ;  I - I I I  is the effect ive value of the re laxa t ion  
t i m e ,  sec.  T,~ 

N~ (~) = 0) q - N O  (a? ---- l )  .~- N2 (~ = 1) + NO ((} -~ 0); 

NO (e = 0) + 02 ((} = l) ~- NO (~} = 1) '+  O~ (~} = 0); 

N z ( ~ = 0 ) + 0 2 ( f f =  1)-~-N~(~= 1 ) + O  z(~=O);  

Nz ({} ---- 0) ~-M-~-N~((} = 1) ~- M; 

NO(~ = O) + M~-,~- NO (~ = 1 ) + M ;  

o ~ 0  = o) + M ~ - 0 2 ( ~  = 1) + M. 

(s) 

(9) 

(lO) 

( i i )  

(i2) 

(13) 

H e r e  M is  any component  of the p la sma;  Kj and Kj a r e  the fo rward  and backward  ra te  constants  of the j - th  
p r o c e s s ,  j = 1, 2, 3, . . . ,  13. 

The in te rac t ion  m e c h a n i s m  p r e s e n t e d  was analyzed assuming  a quas iequi i ibr ium flow of the phys ico-  
chemica l  p r o c e s s e s  in the v ibra t ional  ene rgy  space  of molecu les ,  modeled as  ha rmonic  osc i l l a to r s .  In this 
case ,  the anharmonic i ty  of the v ibra t ional  exchange was included by making appropr ia te  co r rec t ions  when 
examining the re laxa t ion  t i m e s  and vibrut ional  energy.  The ra t e  constants  of the phys icochemica l  p r o c e s s e s  
used,  f r o m  data in [18-20], a r e  s u m m a r i z e d  in Table  1. 

The posi t ion of the PIF  of the p l a s m a  components  can be found f r o m  the condition 

c t .  -~ .ci, (14) 

where  -riis the re laxa t ion  t ime  of the i - t h  component  in the phys icochemica l  p roce s s ;  t .  ---- d-~/dt  I is "th e 

c h a r a c t e r i s t i c  t ime  scale  of the gasdynamic  p r o c e s s ;  c is  a constant  of o r d e r  unity [8, 13]. 

Since the re laxa t ion  t ime  by definition [21] is  a function of equi l ibr ium p a r a m e t e r s ,  it can be used in 
the region T - c t . ,  i . e . ,  up to P I F ,  in the equi l ibr ium region of var ia t ion  of p a r a m e t e r s  and the composi t ion 
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of the medium.  The c h a r a c t e r i s t i c  t ime  scale  in the case  of the a d i a b a t i c - i s o e n t r o p i c  flow depends on the 
stagnation p a r a m e t e r s  and the geome t r i ca l  d imensions  of the nozzle.  Thus,  to de te rmine  the gas  p a r a m e t e r s  
at  the P I F ,  it is  not n e c e s s a r y  to solve the equations of phys icochemica l  kinet ics.  However ,  it is  s~ill n e c e s -  
s a r y  to solve numer i ca l l y  the equations of gasdynamics  and a s y s t e m  of t ranscendenta l  a lgebra ic  equations 
de te rmin ing  the equi l ibr ium composi t ion and re laxa t ion  t ime.  

The method can be g r ea t l y  s impl i f ied  by finding the analyt ic  dependences ~- = f (P, T) and t ,  on the g a s -  
dynamic p a r a m e t e r s  of the med ium and the shape of the nozzle.  Using (14), they p e r m i t  finding the c r i t e r ion  
fo r  de te rmin ing  the p a r a m e t e r s  at the I~IF, analogous to that p r e s e n t e d  in [7, 17]. Such a dependence for  t ,  
i s  p r e s e n t e d  in [17] for  a conical nozzle  with a c r i t ica l  sect ion with rad ius  r , .  An analogous re la t ion  can also 
be obtained fo r  a slit  superson ic  nozzle ,  f o r m e d  by blades consis t ing of two ha l f -cy l inde r s  with d i ame te r  d, 
t r i angu l a r  p r i s m s  with ha l f -angle  oz and gap 6, in the min imum t rans i t  section: 

I ~ _ 3/2 (1 z --I/2cl I 
- -  ~ ) '~' ( 1 5 )  

where  e t = 1 /4{1+ ~ o [ l " k - f ( m s - n s k 2 ) - O S l } - 2 - 1  fo r  X < 1 and q0 = 6 , /d ;  c i = ! / t a n  a fo r  X > 1. 

As is  evident f r o m  (15), the c h a r a c t e r i s t i c  t ime  scale  is  p ropor t iona l  to the height of the cr i t ica l  section 
of the nozz le  and depends l eas t  on the m o l e c u l a r  weight and stagnation t e m p e r a t u r e  T O of the flow. The re fo re ,  
the use of the mo lecu l a r  weight to find the p a r a m e t e r s  of the med ium at the P IF  can lead to an additional me th o -  
dological e r r o r .  

Le t  us examine  the re laxa t ion  t i m e s  in the a i r  p l a sma .  Assuming  that for  the chosen range  of p a r a m e t e r s ,  
the v ibra t ional  deg rees  of f r e e d o m  of the m o I e c u l a r  components  have t ime  to come ir~to equi l ibr ium with the 
t r ans la t iona l  deg re e s  of f r e e d o m  [17, 22], we shall  analyze only the s lowest  p r o c e s s e s :  v ibra t ional  and chemi -  
cal re laxa t ion ,  as  well as re laxa t ion  of the e lec t ron  t e m p e r a t u r e .  

The vibra t ional  re laxa t ion  t ime  in r~fixtures of m o l e c u l a r  g a s e s  with flow in nozz les  can g r ea t Iy  d i f fer  
f r o m  the expe r imen ta l  values obtained in shock waves  for  "pure"  g a s e s  [1]. V i b r a t i o n a l - v i b r a t i o n a l  (VV') 
ene rgy  exchange between different  molecu les  can occur  in m i x t u r e s  of m o l e c u l a r  gases  toge ther  with VT and 
VV exchange of v ibra t ional  quanta. I't is shown in [23, 24] that  the vibrat ional  re laxa t ion  t ime of ni t rogen in a 
mix tu re  with oxygen o r  a smal l  admixture  of n i t rogen oxide is  much  s m a l l e r  than for  pure  ni t rogen.  At high 
t e m p e r a t u r e s ,  d issocia t ion  is  also impor tant .  In addition, the ha rmonic  osc i l l a to r  model ,  which is comple te ly  
acceptab le  fo r  examining p r o c e s s e s  occur r ing  in shock waves ,  r e q u i r e s  that anharmonic i ty  be included in the 
case  of flows in nozz les ,  where  as a r e su l t  of recombina t ion  p r o c e s s e s  the upper  vibrat ional  levels  of m o l e -  
cules a r e  g rea t ly  populated [1]. He re ,  VV exchange is excluded f r o m  the ana lys i s ,  s ince it does not change the 
total  v ibra t ional  ene rgy  of the molecu les .  As f a r  as the re laxa t ion  t imes  a re  concerned,  fo r  adiabat ic  eot l i -  
s ions ,  occur r ing  in an a i r  p l a s m a ,  the inequali ty ~-~T >> ~-~V i s  as  a ru le  sa t i s f ied  for  the hai~rmnie o sc i l l a -  
t o r  model  [25]. The p r o b l e m  of the ra t io  of the VT and VV' re laxa t ion  t i m e s  r e q u i r e s  n u m e r i c a l  ana lys is  of 
the re laxa t ion  p r o c e s s e s  (8)-(13). The avai labi l i ty  of expe r imen ta I  [18] and computat ional  [19] data on r e l a x a -  
t ion constants  p e r m i t s  using fo r  'this pu rpose  the s tandard  technique and analyt ic  dependences for  ~" VT h and 
TVV'h, p r e s e n t e d  in [1, 25]. 

The computed t e m p e r a t u r e  dependence of the vibrat ional  re laxa t ion  t i m e s  fo r  N 2, 02, and NO in an a i r  
p l a s m a  is  p r e s e n t e d  in Fig. 1 fo r  t h r ee  values  of the p r e s s u r e  (0.01, 1.0, and 100 bar) .  It  i s  evident f r o m  the 
f igure  'that at high t e m p e r a t u r e s  and mode ra t e  p r e s s u r e s ,  the condition for  slowed VV' exchange is sa t i s f ied  

fo r  the effect ive  re laxat ion  t i m e s  of bI 2 and NO [25t: 

~v << V~ << ~v~, I (16) 

r e l a t e d  to the high degree  of d issocia t ion  of m o l e c u l a r  oxygen and n i t rogen oxide. In this case ,  a tomic  oxygen 
and ni t rogen make  the main  contr ibution to VT exchange of v ibra t ional  ene rgy  at high t e m p e r a t u r e s .  

The dependence of the effect ive re laxa t ion  t ime  of v ibra t ional  VT exchange of the bas ic  mo lecu l a r  com-  
ponents  in an a i r  p l a s m a  on the t e m p e r a t u r e  and p r e s s u r e  can be r e p r e s e n t e d  in t e r m s  of the following ap-  

p rox imat tng  polynomials :  
- V T  lg'~lN,) ---- 1.56 (Z -i + 4,04 lg Z - -  4,33) - -  0.26 lg P (Z -I ,-5 7.28 lg Z ~- 3.6); 

- V T  lg T(o,) ---- 0.82 (Z -1 -~ 3.87 lg Z - -  8.75) - -  0.18 lg P (Z -t ~- 6.39 lg Z -? 4.89); (17) 
(17) 

- - V T  Ig �9 {NO) ~ 0.97 (Z -i -}- 4.13 Ig Z - -  7,9) - -  0.07 lg P (Z-tq - 4.73 lg Z -I- 12.52). 
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Fig. 2. Chemical r e l a x a t i o n  times for c o m p o n e n t s  in ~n 
air plasma s/t pressures P = 0.01, 1.0, and 100 bar: 1-7) 
number of chemical reactions; I-VI) effective values of 
the relaxation time, see. 

H e r e  and in  wb.~t f o l l o w s ,  Z = T .10-4 ,~  P ,  b a r ;  ~2VT (i) , s e c .  The e r r o r  in d e t e r m i n i n g  ~-VT f r o m  (17) does  

not  e x c e e d  20% in t he  i n d i c a t e d  r a n g e  of  t e m p e r a t u r e s  and p r e s s u r e s .  

The  e f fec t  of a n h a r m o n i c i t y  on the  va lue  of the  v i b r a t i o n a l  r e l a x a t i o n  t i m e  f o r  a VT p r o c e s s ,  when the  

cond i t ion  Tki  < @ v i / l n  "/i' i s  s a t i s f i e d ,  can  be i n c l u d e d  by  the  c o r r e c t i o n  [1] 

a ~a v [1--7;exp(--(3vUTH~)12 ' (18) 

T h 
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w h e r e  7 i' --- exp (1.87| T -1/3 v . ,  ki  - ' e l i .  S ince  b e f o r e  the c o r r e s p o n d i n g  P I F ,  the  v i b r a t i o n a l  t e m p e r a t u r e  of  the 

m o l e c u l e s  e q u a l s  t he  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  a f t e r  the P I F  Tki  = cons t ,  the w ork ing  r e l a t i o n s  f o r  f i nd -  
ing n~ can  be s p e c i f i e d  and r e p r e s e n t e d  a s  a func t ion  of  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 ;  

l ~ e  = 0.542 -0'49 exp (-- 0,056/Z); n~, = 0. 36Z -~ exp (-- 0.083/Z); 
c~ 

nNo = 0.41Z -~ ( - -  0.077/Z). 

(i9) 

We shall now analyze the chemical relaxation time. -The technique and analytic dependences for finding 
it were obtained in [21, 26]. For an air plasma, the working relations for rich are presented in [14]. 

In this paper, in calculating the chemical relaxation times, whose temperature dependences are pre- 
sented in Fig. 2 for three values of the pressure (0.01, 1.0, and i00 bar), averaged values of the recombina- 
tion rate constants Kj were used [20]. The values of the forward rate constants for the reactions Kj. were 
found using the equilibrium constants. Under conditions when r i -< t,, this approach does not give rise to any 
doubts, since in this region each component is located near a state of thermodynamic equilibrium. 

It is evident from the figure that the three-particle recombination reactions imve am appreciable effect 
on the value of the effective relaxation time only at high plasma pressures. For medium and low pressures, 
Ya. 13. Zel'dovich's chain mechanAsm is detern~dned [21], which confirms the validity of our remarks concern- 
ing 'the techniques examined above [9-ii]. 

The temperature and pressure dependence of the effective chemical relaxation time of ~he components 
in an air plasma can be represented in terms of the following polynomials: 

lg -~qm = 1 , 4 2 ( Z - I + 9 1 g Z - - 3 , 5 ) - - O . 5 1 g P ( - - Z - ~ - F 2 3 , 3 3 I g Z - , - 3 9 . 9 2 }  ', 
- -  c ~  p , lg T(o> = 1,75 (Z -t  ~- 2.5 ]gZ - -  4) --- 0,5 lg P (Z -~. -]- 7,5 lg Z @ 2,15); 

lg '~(NO +) -F 3,34 (Z - i  ~- 2.3 !g Z - -  2.99) - -  0.25 lg P (Z - i  + 9. ! lg Z ~-- 3.54); 

-~ 3,82(Z_~ 2.8]gZ_2,3] )_O.371gP(Z_~8,38]g Z S_ 2,92]; (20) ]g T(N,) = 
--Oh ig ~(o.4 = 3,27 (Z -~ -~ 1.32 lg Z - -  3,55) - -  0,,42 lg P (Z - j  ~- 6.57 lg Z d- 1,24); 

- - c8  lg %No) = 2,22 (Z -~ @ 0,69 lg Z - -  4,55) - -  0,5 ]g P (Z -~ -7 6.82 ]g Z d- 1.33). 

The error in determining rich from (20) does not exceed 50% in the temperature and pressure ranges exa- 
mined. 

The points of instantaneous freezing of each of the plasma components have their own instantaneous 
values of the thermodynamic flow temperature T = f(k) and pressure P = f(k ), which are the starting data for 
finding the equilibrium composition of the flow at PIF. The frozen particles of the plasma practically do not 
change their molar mass concentration after PIF right up to the nozzle exit. The influence of components sub- 
jected 'to previous freezing on the position of the PIF of the remaining components is negligibly small, as de- 
monstrated by the numerical calculations. The following material balance relation can be taken as the cri- 
terion for accuracy in detern~ning the nonequilibrium composition in the frozen flow of an air plasma: 

T(N) 4- 7(NO) -~- 27(N~) .= const. ~21)I , 
?(o) @ 7(NO) @ 27(oj  

In the range of temperatures and. pressures indicated, breakdown of ionization equilibrium with efflux 
of plasma from the nozzle occurs not only due to freezing of the ion and electron density, but also due to the 
deviation of the electron temperature T e from the translational temperature of the heavy particles. 

The effective relaxation time of the electron temperature [21] is found from the equation 

---I = TWI % ~ + ~7~ I, (22) 

where the relaxation time for exchange of energy between electrons and ions "rei and between electrons and 
neutral particles ~'ea in an air plasma can be determined from the following relations: 

,-,r,3 / 2 

% i  = !.24- 10 -1~ 1 
py(NO +) In A 
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Fig. 3. Cha rac t e r i s t i c  t ime  sca le  and 
relaxs:tion t i m e s  of phys icochemica l  
p r o c e s s e s  in a Laval  nozzle  as  a func-  
t ion of the reduced  velocity:  1) t , ,  T ~; 
2) N2; 3) 02; 4) NO; 5) Te; Tich; 6) i~2; 
7) 0; 8) NO+; 9) NO; 10) O2; 11) N , s e c .  

ry  ~ T~/2 
V~No§ 

%,---- 2-10 -29 p , ~ % Q ,  .; A=.2.53.10-7 ; (23) 

i 

h e r e  P is  in bar ;  p ,  kg/m3; 7i,  kmole/kg; Q a ,  m2; ~e, see. 

To i l lus t ra te  the eomput,~tional technique,  we shall  examine  a speci f ic  example  of efflux of an a i r  p l a s m a  
f r o m  a f iat  Laval  nozzle.  The stagnation p a r a m e t e r s  of the p l a s m a  are:  T O = 5000~ P0 = 1 bar ;  a 0 = 1447 m /  
see;  k 0 = 1.22; #0 = 23.9. The g e o m e t r i c  d imens ions  of the nozzle  a r e  d = 2.10 -3 m; c~ = 15~ 6, = 2.10 -4 m; and 
H = const.  

The c h a r a c t e r i s t i c  t ime  sca le  (curve 1), the v ibra t ional  and chemical  re laxa t ion  t i m e s ,  and the r e l a x a -  
t ion t ime  of the e lec t ron  t e m p e r a t u r e  a re  p r e sen t ed  in Fig. 3 as a function of the reduced  veloci ty X with ad ia -  
b a t i c - i s o e n t r o p i c  expansion of the a i r  p l a s m a  in the nozzle.  The points  of  in te r sec t ion  of the curve  1 with the 
remain ing  curves  co r respond  to the PIF  of vibrat ional  energy ,  e lec t ron  t e m p e r a t u r e ,  and p l a s m a  components .  

The posi t ion of the PIF  of the enthalpy of the flow i s  found f r o m  the condition I s (T  ) = If(T), express ing  
the equal i ty of the enthalpy of the equi l ib r ium Is(T) and f rozen  If(T) r e g i m e s  of the gas  flow in the t rans i t iona l  
region.  In th is  case  

I8 = Io - -  a~O~ (1 - -  T/To); (24) 
M A 

If = ~ (I, + AEvi) 711 + Z IiT,f; (25) 
i i 

ae~, = e~,-- (e~, + Ae~,); E% = ~Ov, 
exp (OvdT) - -  1 (26) 

H e r e  E fv i  (J /mole)  is  the f rozen  value of the v ibra t ional  ene rgy  of the i - th  m o l e c u l a r  component  (before PIF  
E [ . = E}~r~ + AEaVi) ;  AEaVi  is  the co r rec t ion  to the v ibra t ional  ene rgy  tla~t includes the anharmonic i ty  of 

VI --~ 
the v ibra t ions  and ' their in te rac t ion  with m o l e c u l a r  to  tartan [2 7]. 

The working re la t ions  fo r  finding A E v i  can be specif ied and r e p r e s e n t e d  as functions of the t e m p e r a t u r e s  

T V and T: 
[Z v+  12,21 Z +  12.21 ) .  

AEv(N,) = 2315 k i . ~ - ~ -  ~ i 1A l/z - -  1 ~ ' 

( Zv+6.59  Z + 6 . 5 9  ) .  (27) 
AEv(o,) = 2870 l ~ l  1.25 l / z -  1 ' 

AEv(No) = 2807 ( Zv + 8.12 Z + 8 . 1 2  ) 
1,311/Zv - 1 1.31 l / z ~  1 " 

The function If(T) i s  a lmos t  l inea r ,  so that  re la t ion  (25) can be r e p r e s e n t e d  in the f o r m  

If = c~fT + A, (28) 

where  
M A 

cpl = M/AT;  A = ~ (AfH ~ + hEvdr=o) Y~f + z.~ ~ AJ H~ Wf. 
i i 

Here  AfH~ is  the fo rmat ion  enthalpy of the i - th  

component  in the s tandard  s tate  ~t T = O~ 
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TABLE 2. Comparative Characteristics of an Air Plasma at the 
Nozzle Cut Off in Equilibrium (s, first row) and Real (s-f, second 
row) Efflux Processes (T, K; ]?, bar; W, m/see) 

Composition, kmole/kg 

~(Ne)" I 0= ?(O:)" 104 ?(NO)" i 0 ~ ~(N)" 10 ~ 1 ~(O)" 104 7(NO +) . I 01~ ?(Ar)" I 0* 

2,67 I 68,28 4,26 0,033 3,79 0,0456 3,35 
2,61 1,79 8,71 3810 134 11605 3,35 

TI1 e ~r lghe ~(N~) ~ (O~) Tv(NO) T e 

2190 I 1,04 
I092 0,58 

I 
3266 [ 2190 2190 
3076 ] 4704 3994 

2190 
3419 

2190 
4083 

The p l a s m a  p a r a m e t e r s  at the  ]?IFE and i ts  loca t ion  a r e  found f r o m  the re la t ion  

( ) ' ' ' "  T * =  . I~  ; 9" 9o 
c;~--a~OsTo' = I-'~o ) ; 

p * =  po (r*)% ~v* = ~o V 2 ~  (i - T:':/To); 
\ T o /  ' 

~ , =  V-~z~  5,/-/ ---~S (1 - -  T*/To); F * =  
~* (m~ - -  n y 2 )  e~ 

while  at  the  nozz l e  exi t ,  i t  i s  found f r o m  the  solut ion of  the s y s t e m  of equat ions  

I~e= V 2(Io--Cpl~e--A);  7, = 1/r 
i 

Pne Po] . 
P~eWneFne = 9*W*F*; One=- RTne' 

p.---7 = ~ - f g  ] , c~:/ - -  R / p  s 

(29) 

(30) 

The system (30) can be reduced to an equation with a single unknown Tc: 

F. ( T, ~O~= V~ (Ii-  cp,7~e-.4), (31) 

after determining which, there is no difficulty in finding the values of the remaining parameters. 

The computed equilibrium values of the parameters of an air plasma in the exit section of 'the nozzle 
(s-f), as well as the value of plasma parameters with equilibrium adiabatic-isoentropie eff[ux (s) are pre- 
sented in Table 2 for given initial conditions (To, ]?0). Analysis of the results of the calculation shows that 
nonequilibrium processes have a considerable effect on the temperature and pressare and quite insignificant 
effect on the velocity and density, and 'therefore, on the velocity head and stagnation pressure. The error 
in determining the nonequilibrium composition, found from (21), is about 2%. 

Dissipation of energy and heat exchange with the external environment can be included by comparatively 
simple experimental measurements of heat transfer to the nozzle wall (Qeon d) and the static pressure at its 
exit (]?ee). The effect of heat exchange on the degree of cooling of the gas and, therefore, on the position of 
the ]?IF of its components in the initial (accelerating) section of the nozzle is comparatively small and can be 
included, when necessary, with a small correction in the relation for t,. In this case, the velocity of the 
frozen flow and its temperature at the nozzle exit at fixed stagnation enthalpy of the flow at the inlet I 0 and gas 
flow rate G are determined by relations following from the equations of energy, state, and continuity: 

pe v-- 

ne ne RG 

~ ( 
RG --  ) = O. 
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Analysis  of the h i e ra rchy  of effective values of the re laxat ion t imes  for  physicochemical  p r o c e s s e s  in 
an a i r  p lasma,  as the p lasma expands in small  nozzles ,  whose t r a n s v e r s e  c ross - sec t iona l  a r ea  var ies  ac-  
cording to a power law F ~ X n, shows t l~ t  such flows can be successful ly  calculated using equil ibr ium phy-  
s icoehemicai  kinetics.  The following inequali t ies a re  sat isf ied for  i ts basic macro  sys tems  , including molec -  
u lar  and ~:tomic pa r t i c l e s ,  in the indicated range of t e m p e r a t u r e s  and modera te  p r e s s u r e s :  T ch >> ~:V >) TR > 
FT. F o r  this  reason ,  chemical  relax~:tion, occur r ing  p r i m a r i l y  through exchange reac t ions  according to the 
scheme 

/O~ ~- NO N 
2N 20 ,  
\ NO ~-N2 / 

o c c u r s  p rac t i ca l ly  under conditions of equi l ibr ium flow of in te rmolecu la r  vibrational exchange (see Fig. 3). 
The use of mult i level  physical  kinet ics  in the analysis  of analogous sys tems  will not fundamentally change the 
r e su l t s  obtained, since it,  to a large  extent ,  will lower  the vibrs:tional re laxat ion t ime of the molecu la r  com- 
ponents [25]. 

The interrels: t ion of the re laxat ion p r o c e s s e s  and chemical  t r ans fo rmat ions  in gases  has now been stu- 
died well only in the case of the rma l  dissociat ion of pure  molecu la r  gases  [25]. F o r  exchange chemical  r e a c -  
t ions ,  which a re  determining in the chemical  kinet ics  of an a i r  p lasma,  t h e r e  are  p rac t ica l ly  no such data. 
The dependences p resen ted  in [20] (see Table 1) pe rmi t  estims:ting in a f i r s t ,  quite rough approximation the 
effect  of the nonequil ibr ium ng:ture of p r o c e s s e s  on the values of the r~te constants of exchange react ions .  

The proposed  method dif fers  f r o m  the s imple de'termin~:tion of nonequi i ibr ium vatues of p a r a m e t e r s .  It 
can be used in cases  when aside f rom the integral  cha rac t e r i s t i c s  of the efflux p ro ce s s ,  it is n e c e s s a r y  to 
know the f rozen  composit ion,  t e m p e r a t u r e  of internal  degrees  of f r eedom of components,  as well as the effect  
of the geomet r i c  dimensions of the nozzle  on the degree  of devi~lion of the composit ion and p a r a m e t e r s  of the 
gas flow f r om its corresponding equi l ibr ium values.  

NOTATION 

T and T V, t e m p e r a t u r e s  of the t rans la t ional  and vibrat ional  degrees  of f reedom of the gas; OVi, cha r -  
ac t e r i s t i c  vibrational t e m p e r a t u r e  of the molecules ;  P,  p r e s su re ;  p ,  density; p ,  molecu la r  weight; ~, ef fec-  
t ive molecu la r  weight; k, adiab~:tic exponent; ~:, effect ive adiabatic exponent; W, veloci ty of the flow; a ,  velo-  
ci ty of sound; Ii,  specific enthalpy of the i - th  component; Cp, heat capacity of the gas; R, universal  gas cons-  
taut;  7i ,  7 a ,  m o l a r - m a s s  concentra t ion of any i - th  component of the gas and i ts  netttrai  par t ic le ;  Qa ,  ef fec-  
t ive c ros s  section of e las t ic  e l e c t r o n - n e u t r a l s  coll isions; InA, Coulomb logar i thm of e l e c t r o n - i o n  interaction;  
Xe, spec t roscopic  constant; Ehv i ,  specif ic  vibrational energy of molecules  in a sys tem of harmonic  oscill~:tors; 
.rhV ' ~-V vibrational re laxat ion t imes  for  sys tems  of harmonic  and anharmonic osc i l l a tors ;  ~-R, TT, re laxat ion 
t i me s  for  the rots:tional and t rans la t iona l  degrees  of f reedom;  Ti, effect ive re laxat ion  t ime of the i - th  compo-  
nent in the physicochemical  p rocess ;  F,  c ros s  section of the nozzle;  k = W/a,, reduced  velocity; ms  -- 0.5 
(ks + 1); n s = 0.5 ( k s - 1 ) ;  @s = 1 / ( k s - 1 ) ;  0 s = Osks ;  ks = (k ,  -k0) / In  (k ,  -k0); ~s = (/~* -/~0)/In ( p . - / z 0 ) ;  

A M 

Of = 1/(]~f - 1); Of = | and Z ,  Z ' indicates summation over  atomic and molecular  components.  The 
l i 

indices are  as follows: 0, stagnation pa r ame te r s ;  s, equi l ibr ium values;  f, a f rozen value; *, at PIF enthalpy; 
*, at the cr i t ica l  section of the nozzle.  
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