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The v ib ra t iona l  t e m p e r a t u r e  of the a n t i s y m m e t r i e a l  type of v ibra t ions  (v 3) of the CO 2 m o l e -  
cule at the exi t  of a supe r son i c  nozzle is  m e a s u r e d  in the p r e s e n t  work using the method of 
r eco rd ing  the i n f r a r ed  emi s s ion .  F r e e z i n g  in of the v3-type v ibra t ions  was obse rved  dur ing 
the flow of undiluted carbon  dioxide in a nozzle .  In this  case  the v ib ra t iona l  t e m p e r a t u r e  T 3 
cons ide rab ly  exceeded 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 .  On the b a s i s  of a c om pa r i s on  of the 
e x p e r i m e n t a l  r e s u l t s  with ca lcu la t ion  it can be concluded that  v ib ra t iona l  deac t iva t ion  of CO 2 
molecu le s  occu r s  th ree  to five t imes  f a s t e r  than the exci ta t ion  of the v ibra t ions  dur ing  hea t -  
ing in a shock wave. All  the e x p e r i m e n t s  were  conducted under the following condi t ions:  
max imum expansion of gas in nozzle A / A ,  = 115, t e m p e r a t u r e  range  1900-2400~ p r e s s u r e  
range  1-17.5 a tm.  

For  ca lcu la t ions  of the nonequi l ib r ium flow of a r e l ax ing  gas in nozzles  and je t s  i t  is n e c e s s a r y  to 
know the energy  exchange p robab i l i t i e s  o r  the v ib ra t iona l  deac t iva t ion  t imes .  The main source  of quant i -  
ta t ive  in format ion  on these  p a r a m e t e r s  is  expe r imen t .  Such expe r imen t s  as a ru le  a r e  conducted under  
condit ions d i f fer ing  f rom the condit ions under  which p r o c e s s e s  occur  in nozzles  and j e t s :  in the e x p e r i -  
ments  e i the r  the exci ta t ion  of the mo lecu le s  in shock waves o r  the v ibra t iona l  deac t iva t ion  of the molecu les  
a f te r  r e sonance  l a s e r  exc i ta t ion  is  s tudied.  F o r  d ia tomic  molecu les  it  is shown that  the t ime ~- of v i b r a -  
t ional  deac t iva t ion  in cool ing p r a c t i c a l l y  co inc ides  with the t ime ~-. of v ib ra t iona l  exci ta t ion  [1, 2]. The 
r e s u l t s  of expe r imen t s  on the m e a s u r e m e n t  of r in shock tube nozzles  for the n i t rogen molecu le  [3], where  
r . / r  = 15, proved to be e r roneous  [2]. The anharmonic  effect  sugges ted  in [3] cannot explain  the c o n s i d e r -  
able d i f fe rence  between r .  and r [4]. Quant i ta t ive  data on the k ine t ics  of v ibra t iona l  deac t iva t ion  in cooling 
s t r e a m s  for  t r i a t o m i c  mo lecu le s  a r e  p r a c t i c a l l y  absent .  Expe r imen t s  with l a s e r  exci ta t ion  do not solve 
the p rob lem s ince  in this  case  the nature  of the exci ta t ion  d i f fe rs  cons ide rab ly  f rom t h e r m a l  exci ta t ion  and 
the d i s t r i bu t ion  of the mo lecu l e s  by l eve l s  in the exci ta t ion  devia tes  cons ide rab ly  f rom the Bol tzmann d i s -  
t r ibu t ion .  The neces s i t y  ex i s t s  for  the d i r e c t  m e a s u r e m e n t  of the c h a r a c t e r i s t i c s  of the process  of d e a c -  
t ivat ion of the v ib ra t ions  of t r i a t o m i c  mo lecu l e s  in a cooling s t r e a m .  This  pe r t a in s  to the study of the p r o c -  
e s s e s  in carbon dioxide,  which is the p r inc ipa l  component  of the mix tu re  used in powerful  gasdynamic  l a s e r s .  

In the p r e s e n t  work an e x p e r i m e n t a l  study is conducted of the p r o c e s s  of v ibra t iona l  deac t iva t ion  of 
mo lecu le s  of carbon dioxide which escape  f rom a nozzle  mounted in the end of a shock tube. The v i b r a -  
t ional  t e m p e r a t u r e  of the v3-type v ib ra t ions  of CO 2 at  the exit  of the nozzle (by the method of r e c o r d i n g  the 
i n f r a r ed  emiss ion) ,  the in i t ia l  gas  p r e s s u r e ,  and the veloci ty  of the incident  shock wave were  m e a s u r e d  in 
the e x p e r i m e n t s .  The r e s t  of the va lues  were  ca lcu la ted  on the assumpt ion  of one - d i m e ns i ona l  flow of gas  
in the shock tube and nozzle.  

1. The e x p e r i m e n t s  on the study of the v ib ra t iona l  deac t iva t ion  of carbon  dioxide were  conducted on a 
s i n g l e - d i a p h r a g m  shock tubeof  round c r o s s  sect ion with an in te rna l  d i a m e t e r  of 50 ram. Hydrogen,  hel ium,  
and argon o r  a mix tu re  of these  g a s e s  taken f rom s tandard  cy l inde r s  were  used in the h i g h - p r e s s u r e  c h a m -  
b e r  0.8 m long. The length of the l o w - p r e s s u r e  c ha m be r  was 4.5 m. A nozzle was mounted in the end of 
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the l o w - p r e s s u r e  chamber  and behind i t  was a r e s e r v o i r  with a volume of - 150 l i t e r s .  The evacuat ion of 
the tube and r e s e r v o i r  was accompl i shed  by a roughing pump to a r e s i d u a l  p r e s s u r e  of 2 �9 10 -2 mm Hg. 
Because  of insuff icient  sea l ing  the evacuat ion of the tube did not exceed 2 �9 10 -3 mm Hg; the in i t ia l  working 
gas p r e s s u r e  was above 10 mm Hg and the t ime of the expe r imen t  following evacuat ion of the tube did not 
exceed 5 min.  The carbon dioxide studied was taken f rom s tandard  cy l inde r s  and was dr ied  in a spec ia l  
r e s e r v o i r  of s i l i c a  gel  where it was kept  for  th ree  days ,  undergoing forced  c i rcu la t ion .  

To s impl i fy  the p rocedu re  of conver t ing  f rom m e a s u r e m e n t s  in the nozzle to ca l ib ra t ion  f rom the 
e m i s s i o n  in the shock wave with the same r e c o r d i n g  sys t em the nozzle was made in the fo rm of a cy l in -  
d r i c a l  i n s e r t  in the shock tube in such a way that  the ins ta l la t ion  of the nozzle lef t  the r e c o r d i n g  s y s t e m  
unchanged. The d iaphragm in the end of the tube in front  of the ent ry  to the nozzle was absent .  The n e c e s -  
s a r y  in i t ia l  p r e s s u r e  P0 at the ent ry  and p_ at  the exi t  f rom the nozzle  was mainta ined  through the i n c r e a s e  
in p r e s s u r e  Ps/Pl  in the re f lec t ion  of the shock wave f rom the end of the tube and through addi t ional  con-  
t inuous pumping of the expe r imen ta l  gas through the nozzle be fore  the exper imen t .  

F o r  the cont ro l  expe r imen t s  a f lat  wedge-shaped  nozzle with a to ta l  ape r tu re  angle of ~ 9 ~ and an a r e a  
ra t io  of A / A ,  = 16 (A and A ,  a re  the a r e a s  of the exi t  and c r i t i c a l  c r o s s  sec t ions  of the nozzle) was used.  
The m e a s u r e m e n t s  showed that  the flow of carbon dioxide gas in such a nozzle r e m a i n s  equ i l ib r ium in the 
r ange  of gas t e m p e r a t u r e s  in front  of the nozzle en t ry  of T O = 1500-2600~ and p r e s s u r e s  P0 = 2.5-27 atm. 
Here and l a t e r  i t  was a s sumed  that  T o = T 5 and P0 = Ps, i . e . ,  the gas p a r a m e t e r s  behind the re f l ec ted  shock 
wave coincided with the gas p a r a m e t e r s  in f ron t  of the nozzle en t ry ,  desp i t e  the ~doubling ~ of the r e f l ec t ed  
shock wave which is  s ignif icant  in carbon dioxide.  An axia l ly  s y m m e t r i c a l  p rof i l ed  nozzle with a de f l ec -  
t ion point in the reg ion  of the c r i t i c a l  c r o s s  sect ion was used to obtain the vibra t ionaUy f rozen - in  nonequi- 
l i b r ium flow of carbon dioxide.  The d i a m e t e r  of the c r i t i c a l  c r o s s  sect ion in this  nozzle was 2.34 ram, the 
in i t i a l  to ta l  a p e r t u r e  angle was c lose  to 60 ~ the nozzle length was 75 ram, and A/A,  = 115. The contour  of 
the subsonic pa r t  of the nozzle cons is ted  of a sec t ion  of a c i r c l e  with a r ad ius  equal  to the d i a m e t e r  of the 
c r i t i c a l  c r o s s  sect ion.  

A sys t em cons is t ing  of a focusing m i r r o r ,  a rad ia t ion  r e c e i v e r ,  a compat ib le  e l ec t ron  cascade ,  and a 
r eco rd ing  osc i l l og raph  was se t  up to r e c o r d  the in f r a red  e m i s s i o n  of the carbon  dioxide and to m e a s u r e  the 
v ibra t iona l  t e m p e r a t u r e  of the v3-type v ibra t ions  of CO 2 at the exi t  f rom the nozzle.  The adjus tment  of the 
sys t em and tes t ing  of the s t ead ines s  of the sens i t iv i ty  and frequency c h a r a c t e r i s t i c s  of the r eco rd ing  chan-  
nel were  accompl i shed  with the help of an aux i l i a ry  in f r a red  source  and l ight  modula tor .  The r e so lv ing  
power  of the r eco rd ing  channel  was l imi ted  by the f requency c h a r a c t e r i s t i c s  of the e l ec t ron  a m p l i f i e r s  used 
and was ~ 20 psec .  

The s p e c t r a l  sens i t iv i ty  of the pho to rece ive r  used in the work extended f rom 2 to 8.5 p. The bands 
co r re spond ing  to the v ib ra t iona l  t r ans i t i ons  of the v3-type of CO s v ibra t ions  ( a n t i s y m m e t r i c a l  valence v i -  
bra t ions)  with a cen te r  near  4.27 p a re  the mos t  in tense in th is  reg ion  of the spec t rum.  The edge of this  
sy s t em of bands is located at ~4.17 p and the long-wavelength  boundary expands with t e m p e r a t u r e ,  ex tend-  
ing into the wavelength reg ion  of 5 p o r  more .  The absence  of a s p e c t r a l  i n s t rumen t  f rom the r eco rd ing  
sy s t em was poss ib l e  for  the following r e a s o n s .  The s p e c t r a l  in tensi ty  of the e m i s s i o n  of a v ib ra t iona l ly  
nonequi l ibr ium gas depends in a compl ica ted  way on the absolute  values of and r a t i o s  between the t r a n s l a -  
t ional ,  ro ta t iona l ,  and v ibra t iona l  t e m p e r a t u r e s  and on the deg ree  of breakdown of equ i l ib r ium in the gas 
[5]. This  is  connected with the fact  that  dur ing the f reez ing  in of the v ib ra t iona l  d e g r e e s  of f reedom of the 
molecu les  dur ing the cooling of the gas the v ibra t ional  t e m p e r a t u r e  can differ  m a r k e d l y  f rom the t r a n s l a -  
t ional  and ro ta t iona l  t e m p e r a t u r e s .  The re fo re  the width of each v ib ra t iona l  band in the spec t rum can be 
much l e s s  than the width r e a l i z e d  during total  equ i l ib r ium.  The in tegra l  e m i s s i v i t y  (in the absence  of r e -  
absorpt ion)  does not depend on the degree  of d e p a r t u r e  f rom equ i l ib r ium.  The re fo re  in the p r e s e n t  work 
the en t i re  sy s t em of bands was r e c o r d e d  as a whole without s p e c t r a l  reso lu t ion .  

The p r e s s u r e  of the expe r imen t a l  gas at the exit  f rom the nozzle is  low and the in teg ra l  emis s ion  in -  
tens i ty  of/~3C02 w a s  r e c o r d e d  with diff icul ty.  The in tens i ty  of the o ther  bands of CO 2 e m i s s i o n  and of the 
over tones  is  much lower  so that  the necess i ty  of using a s p e c t r a l  i n s t rument  to i so la te  the v3CO 2 emis s ion  
d i s a p p e a r s .  The absence of r e a b s o r p t i o n  was de t e rmined  by the low p r e s s u r e  of the emi t t ing  gas.  Under 
these  condit ions the r eco rded  r ad i a t i on  is p ropor t iona l  to the concent ra t ion  n of carbon  dioxide mo lecu le s  
and depends on the v ibra t iona l  t e m p e r a t u r e  of the v3-type CO 2 v ibra t ions  (we wil l  des igna te  it as T3): I = 
nq~(T3). The value of the t e m p e r a t u r e  fac tor  ~(T~) was de t e rmined  by d i r e c t  ca l ib ra t ion  f rom the emis s ion  
of the carbon dioxide behind the front  of the incident  shock wave. The carbon dioxide was di luted with argon 
to a cons ide rab le  extent .  This  proved to be n e c e s s a r y  to p reven t  the effect  of r e a b s o r p t i o n  and to d e c r e a s e  
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the  s i g n a l  to the  n e c e s s a r y  l e v e l .  The  d i f f e r e n c e  b e t w e e n  the o p t i c a l  c h a r a c t e r i s t i c s  o f  the m i x t u r e  CO 2 + 
A r  and und i lu t ed  c a r b o n  d i o x i d e  g a s ,  c o n n e c t e d  with  the  d i f f e r e n c e  in l i ne  b r o a d e n i n g ,  p l a y s  an i n s i g n i f i c a n t  
r o l e  u n d e r  the  c o n d i t i o n s  of  t h e s e  e x p e r i m e n t s  s i n c e  the  u n r e a b s o r b e d  i n t e g r a l  e m i s s i o n  o f  the  e n t i r e  s y s -  
t e m  of  l i n e s  a s  a whole  was  r e c o r d e d  in the  e x p e r i m e n t s .  The  a b s e n c e  o f  r e a b s o r p t i o n  was  c o n t r o l l e d  in 
the  e x p e r i m e n t s  conduc ted  at  d i f f e r e n t  p r e s s u r e s .  

The  e m i s s i o n  s i g n a l  o f  the  g a s  beh ind  the  s h o c k - w a v e  f r o n t  b e c o m e s  p r a c t i c a l l y  c o n s t a n t  a f t e r  s e v e r -  
a l  d o z e n  m i c r o s e c o n d s ;  t h i s  l e v e l  was  used  fo r  the  c a l i b r a t i o n  m e a s u r e m e n t s .  I t  was  a s s u m e d  tha t  e q u i l i b -  
r i u m  (T3 = T) i s  e s t a b l i s h e d  in th i s  c a s e ;  the  v a l u e s  of  T and n w e r e  c a l c u l a t e d  f r o m  the m e a s u r e d  V and 
Pl u s ing  l aws  of  c o n s e r v a t i o n  o f  the  f lows  o f  m a s s ,  m o m e n t u m ,  and e n e r g y .  

In o r d e r  to o b t a i n  the  v a l u e s  of  T 3 f r o m  the  m e a s u r e d  i n t e n s i t y  at  the  ex i t  f r o m  the  nozz l e  i t  is  n e c e s -  
s a r y  to know the  c o n c e n t r a t i o n  n of  c a r b o n  d i o x i d e  m o l e c u l e s  in th i s  s e c t i o n  of  the  f low.  The  r a t i o  o f  g a s  
d e n s i t i e s  a t  the  ex i t  and e n t r a n c e  o f  the  nozz l e  d e p e n d s  w e a k l y  on  the  s t a t e  of  the  w ork ing  g a s :  the  c a l -  
c u l a t e d  g a s  d e n s i t y  fo r  n o n e q u i l i b r i u m  f low in a n o z z l e  u n d e r  the c o n d i t i o n s  be ing  c o n s i d e r e d  c o i n c i d e s  
with the  e q u i l i b r i u m  va lue  to wi th in  5%. T h e r e f o r e  the  r a t i o  o f  c o n c e n t r a t i o n s  at  t he  ex i t  and e n t r y  of  the  
nozz l e  which c o r r e s p o n d s  to s t a t i o n a r y  e q u i l i b r i u m  f low and equa l s  1.93 �9 10 -3 was  u sed  in the  a n a l y s i s  of  
the  r e s u l t s .  By m e a s u r i n g  the  i n t e n s i t y  o f  i n f r a r e d  e m i s s i o n  of  CO 2 m o l e c u l e s  at  the  ex i t  f r o m  the  nozz l e  
one can  d e t e r m i n e  the v i b r a t i o n a l  t e m p e r a t u r e  T 3 c o r r e s p o n d i n g  to the  e x c i t a t i o n  o f  v3- type v i b r a t i o n s  of  
CO 2. 

2. L e t  us  e x a m i n e  the  f low of  r e l a x i n g  c a r b o n  d iox ide  g a s  in a n o z z l e .  I t  i s  c o n v e n i e n t  to w r i t e  the  
r e l a x a t i o n  equa t i ons  fo r  the  v i b r a t i o n a l  e n e r g y  in a c c o r d a n c e  with the  d a t a  on the  k i n e t i c s  of  v i b r a t i o n a l  
e n e r g y  e x c h a n g e  in CO 2. I t  i s  a s s u m e d  tha t  e ach  type  of  v i b r a t i o n  can  be  c o n s i d e r e d  as  h a r m o n i c  wi th  a 
B o l t z m a n n  d i s t r i b u t i o n  of  the  m o l e c u l e s  by  l e v e l s ,  so tha t  v a l u e s  o f  the  T i - v i b r a t i o n a l  t e m p e r a t u r e  of  the  
i - t h  t ype  e x i s t .  B e c a u s e  o f  the  F e r m i  r e s o n a n c e  T 1 = T 2 (the i n d i c e s  h e r e  and l a t e r  i n d i c a t e  the  t ype  of  
v i b r a t i o n  of  the  CO 2 m o l e c u l e ) .  I t  i s  a s s u m e d  tha t  the  e n e r g y  exchange  b e t w e e n  the vl ,  v2, and v 3 t y p e s  of  
v i b r a t i o n  p r o c e e d s  t h r o u g h  the c h a n n e l s  (001) r (030) and (001) ~ (110) [6, 7] and tha t  on ly  the  v 2 type  of  
v i b r a t i o n  p a r t i c i p a t e s  in the  v i b r a t i o n - t r a n s l a t i o n  e x c h a n g e .  F o r  the  v i b r a t i o n a l  e n e r g y  e l ,  which i s  e x -  
p r e s s e d  t h r o u g h  the a v e r a g e  n u m b e r  o f  quan ta  in the  g iven  type  o f  v i b r a t i o n s  e i = [ exp (0 i /T i )  - 1] -1 (0 i i s  
the  c h a r a c t e r i s t i c  v i b r a t i o n a l  t e m p e r a t u r e ) ,  one  can  ob t a in  the  equa t ion  

de~ de3 
(it - -  v p Q q ~  " ~ (~.,~ - ~ ) l ,  ~ = - pO'~ 

(~ -" e 3 (e: = 1)'~ --  e~ 3 (e 3 + t ) exp [- -  (03 - -  3~) / TI (2.1) 

w h e r e  ei  ~ i s  the  v a l u e  of  e i when  T i = T,  7 and Q a r e  the  v i b r a t i o n - t r a n s l a t i o n  r e l a x a t i o n  t i m e  and the  p r o b a -  
b i l i t y  of  e n e r g y  e x c h a n g e  b e t w e e n  the vl,  v2, and v 3 t y p e s  of  v i b r a t i o n ,  and v i s  a c o n s t a n t  f a c t o r  which  a l -  
lows  fo r  the  p r e s e n c e  o f  two c h a n n e l s  of  such  e x c h a n g e .  The  va lue  of v d e p e n d s  on the  r a t i o  of  p r o b a b i l i -  
t i e s  o f  the  p r o c e s s e s  (001) -~ (030) and (001) ~ (110) and on the va lue  of  e 2 and v a r i e s  in  the r a n g e  f r o m  0.5 
to 1.5,  i . e . ,  v ~ 1. When T 2 = T (the u s u a l  cond i t i ons  f o r  conduc t ing  e x p e r i m e n t s  on  the  l a s e r  f l u o r e s c e n c e  
of  CO2) the  equa t ion  fo r  e 3 is  s i m p l i f i e d  to the  l i n e a r  equa t ion  

d,,3 ! --. exp (-- 03 / 1") (2.2) 
~t = P Q ' ( e a ~ - % ) '  Q ' =  [ t_exp(_o~iT) iu  

In the  m o r e  g e n e r a l  c a s e  o f  g a s  f low in a nozz l e  Eqs .  (2.1) m u s t  be  u sed .  The  k i n e t i c s  of  the  v i b r a -  
t i o n a l  r e l a x a t i o n  o f  c a r b o n  d i o x i d e  e x a m i n e d  in [8] i s  e v i d e n t l y  e x t r e m e l y  e l a b o r a t e .  

The  p u r p o s e  of  the  p r e s e n t  i n v e s t i g a t i o n  i s  the  d e t e r m i n a t i o n  of  the  c o e f f i c i e n t s  Q and T which  m a k e  
i t  p o s s i b l e  to s o l v e  the  p r o b l e m  of  the  v i b r a t i o n a l  r e l a x a t i o n  o f  c a r b o n  d i o x i d e .  The  m e t h o d  o f  s u c c e s s i v e  
a p p r o x i m a t i o n s  was  u sed  f o r  t h i s .  The  s e a r c h  fo r  the  va lue s  of  Q and 7 b e g a n  with  the  v a l u e s  QO and 7 ~ 
known f r o m  the l i t e r a t u r e  and as  a f i r s t  a p p r o x i m a t i o n  i t  was  a s s u m e d  tha t  Q = kQ ~ and 7 = r7  ~ w h e r e  QO 
and 7 ~ depend  on 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 the  f a c t o r s  k and r a r e  unknown.  Such an a p p r o a c h  
m a k e s  i t  p o s s i b l e  to t ake  into accoun t  the  t e m p e r a t u r e  d e p e n d e n c e  o f  Q and 7 on the b a s i s  of  a v a i l a b l e  i n -  
f o r m a t i o n  wi th  the  cond i t i on  tha t  the  f a c t o r s  k and r depend  l i t t l e  on T.  To d e t e r m i n e  the va lue  o f  ~~ the  
va lue s  o b t a i n e d  in e x p e r i m e n t s  with shock  w a v e s  and s u m m a r i z e d  in the  r e v i e w  [9] w e r e  u s e d .  T h e s e  v a l -  
ue s  a r e  a p p r o x i m a t e d  by the  t e m p e r a t u r e  d e p e n d e n c e  log  7 ~ (arm �9 sec )  = 17.42 T -17~ - 7.85.  The  p r o b a -  
b i l i t y  o f  o c c u p a t i o n  o f  the  (001) l e v e l  h a s  been  o b t a i n e d  in s t u d i e s  by  the  m e t h o d  o f  l a s e r  f l u o r e s c e n c e  in 
the  t e m p e r a t u r e  r a n g e  of  300-1000~ It was  e s t a b l i s h e d  in  [10] tha t  u n d e r  t h e s e  c ond i t i ons  the d e c a y  of  the  
(001) l e v e l  fo l lows  the  l i n e a r  equa t ion  (2.2); c o n v e r t i n g  f r o m  Q'  to Q, f r o m  [10] one can  find Q~ in the  f o r m  
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of the  d e p e n d e n c e  ( d i m e n s i o n a l i t y  a tm  -1 . s e e  -1) l og  Q~ = 6 .35-390 /T  fo r  T _> 388~ and QO = 2.2 �9 105 f o r  T < 
388~ It  i s  e s t a b l i s h e d  in [11, 12] tha t  in  the  r e g i o n  T = 800-1000 ~ the r e s u l t s  of  [10] a r e  i n c o r r e c t  (Q~ 
g r o w s  m o r e  . rapidly  wi th  an i n c r e a s e  in t e m p e r a t u r e ) .  F o r  T -- 1000 ~ the  va lue  of  Q~ should  be  i n c r e a s e d  
by  32%. A p p a r e n t l y  the  m o s t  r e l i a b l e  a r e  the  r e s u l t s  of  [13] ob t a ined  by  the p h a s e  m e t h o d  with  l a s e r  e x -  
c i t a t i o n  of  the  (0017 s t a t e  of  CO 2 in  the  r a n g e  f r o m  300 to 1000~ Va lues  of  Q~ a c c o r d i n g  to [10] w e r e  
u s e d  in  the  p r e s e n t  w o r k .  

The  equa t ions  of  g a s d y n a m i c s  fo r  a o n e - d i m e n s i o n a l  s t e a d y  s t r e a m  w e r e  u sed  to so lve  the  p r o b l e m  
of  the  f low of  a r e l a x i n g  g a s  in  a n o z z l e :  

du dp d : ~ u"- \ pRl '  
I H ~ ) : 0 ,  p : ~  ( 2 . 3 )  p u A  =: co:~st, pu dz d~: ' d z  . 

H = ~ R T  I p. -t- e (~ = '1,) 

e = ( R  / ~ )  (Ore x q-  20~ez q-  03es) 

H e r e  p and u a r e  the  gas  d e n s i t y  and f low v e l o c i t y ,  H i s  the  en tha lpy  o f  a uni t  m a s s  of  ga s ,  R is  the  
u n i v e r s a l  ga s  c o n s t a n t ,  p i s  the  m o l e c u l a r  weight ,  and c i s  the  v i b r a t i o n a l  e n e r g y .  The  s i n g u l a r  po in t  o r i g -  
ina t ing  n e a r  the  c r i t i c a l  c r o s s  s e c t i o n  was  p a s s e d  th rough  by  the me thod  of  a s e r i e s  e x p a n s i o n  of  the  u n -  
known v a r i a b l e s  ana logous  to [8]. The  va lue  of  the  f low r a t e  puA of  the  gas  was  d e t e r m i n e d  th rough  t r i a l s .  
The  f low r a t e  fo r  e q u i l i b r i u m  flow was  t a k e n  as  the  i n i t i a l  va lue .  

The  b o u n d a r y  l a y e r  a r i s i n g  a t  the  w a l l s  of  the  nozz l e  was t a k e n  into accoun t  in the  f r a m e w o r k  of  a 
d i s p l a c e m e n t  m o d e l .  The  d i s p l a c e m e n t  t h i c k n e s s  5* was  d e t e r m i n e d  f r o m  the  e m p i r i c a l  equa t ion  [14] 

a* I z = • ( p * ~  I I~*) - x  

w h e r e  p* and p* a r e  the  e f f ec t i ve  d e n s i t y  and v i s c o s i t y  of  the  gas  wi th in  the  b o u n d a r y  l a y e r  and ~ and X a r e  
c o n s t a n t  c o e f f i c i e n t s  which  depend  on  the  c o n f i g u r a t i o n  of  the  nozz le  and the f low in the  l a y e r .  The  va lue s  
o f  p* and p* a r e  d e t e r m i n e d  fo r  the  t e m p e r a t u r e  T* c o r r e s p o n d i n g  to the  e f f e c t i v e  en tha lpy  h* = H0/4 
( E c k e r t ' s  m o d e l ) .  In the  c a l c u l a t i o n s  i t  was  a s s u m e d  tha t  ~ = 0.49 and 2~ = 0.3. 

The c a l c u l a t e d  d i s t r i b u t i o n s  of  v i b r a t i o n a l  (T 2 and T3) ( cu rves  3-5)  and  t r a n s l a t i o n a l  t e m p e r a t u r e s  iT) 
( c u r v e s  1 and  2) a r e  p r e s e n t e d  in  F ig .  1 fo r  the  f low of  c a r b o n  d iox ide  in  the  s u p e r s o n i c  nozz le  u s e d .  C o n -  
d i t i ons  at  nozz l e  e n t r y :  T o = 1500~ P0 = 15 a tm .  Sol id  l i n e s :  s o l u t i o n s  wi thout  a l l o w a n c e  for  b o u n d a r y  
l a y e r ;  d a s h e d  l i n e s :  wi th  a l l o w a n c e  fo r  b o u n d a r y  l a y e r .  I t  was  a s s u m e d  tha t  k = r = 1 and v = 1.5.  It i s  
s e e n  f r o m  the  g r a p h  tha t  a t  a d i s t a n c e  of  ~ 1 c m  the  d e c r e a s e  in v i b r a t i o n a l  e n e r g y  of  the  c a r b o n  d iox ide  
m o l e c u l e s  c e a s e s  and the v i b r a t i o n a l  s t a t e  i s  " f r o z e n  in . "  The t r a n s i t i o n  to f r o z e n - i n  f low c o r r e s p o n d s  
to an i n c r e a s e  in  the  a r e a  of  the  nozz l e  c r o s s  s e c t i o n  of  about  25 t i m e s  c o m p a r e d  with  A . .  The  e f f ec t  of  
the  v i s c o s i t y  of  the  gas  on the  f low p a r a m e t e r s  i s  not g r e a t .  

When k = r = 1 ( i . e . ,  when the l i t e r a t u r e  d a t a  on Q and r a r e  used)  in und i lu t ed  c a r b o n  d iox ide  the  v a l -  
u e s  of  T 2 and T 3 c o i n c i d e ,  in c o n t r a s t  to the  f r o z e n - i n  f low of  the  m i x t u r e s  CO 2 + N 2 + He and CO 2 + N 2 + 
H20 in a g a s d y n a m i c  l a s e r  [6, 8] w h e r e  the  p r o c e s s e s  o f  v i b r a t i o n a l  exchange  p r o m o t e  the  f r e e z i n g  in of  the 
v 3 s t a t e  of  CO 2 (exchange  with N 2) and the  d e a c t i v a t i o n  of  the  v 1 and v 2 s t a t e s  of  CO 2 (exchange  with  He 
and H20), i . e . ,  t hey  p r o m o t e  a c o n s i d e r a b l e  d i f f e r e n c e  b e t w e e n  T 2 and T 3. The  c o i n c i d e n c e  of  T 2 and T 3 in 
the  p r o c e s s  of  coo l i ng  o f  und i lu ted  c a r b o n  d i ox ide  q u a l i t a t i v e l y  c o r r e s p o n d s  to d a t a  c o n c e r n i n g  the s i n g l e  
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  r in the  e x c i t a t i o n  of  c a r b o n  d iox ide  m o l e c u l e s  in  shock  w a v e s .  With  a d e -  
c r e a s e  in t he  exchange  p r o b a b i l i t y  fo r  (v 3) ~ (v 1, v 2) (a d e c r e a s e  in  k) the  t e m p e r a t u r e  T 2 d e c r e a s e s  and 
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T A B L E  1. E x p e r i m e n t a l  R e s u l t s  
of  M e a s u r e m e n t  of  V i b r a t i o n a l  T e m -  
p e r a t u r e  T 3 a t  Ex i t  f r o m  S u p e r -  
s o n i c  Nozz l e  of  Shock Tube  
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a p p r o a c h e s  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 .  The  e f f ec t  o f  a 
change  in  the  p a r a m e t e r  u on  the  c a l c u l a t e d  r e s u l t s  i s  i n -  
s i g n i f i c a n t ,  e s p e c i a l l y  fo r  s m a l l  r .  

The  n o z z l e  u s e d  in the  e x p e r i m e n t s  has  a c o n s i d e r -  
ab l e  a p e r t u r e  ang le  a t  the  s t a r t  of  the  s u p e r s o n i c  s e c t i o n .  
In o r d e r  to e v a l u a t e  the  a p p l i c a b i l i t y  o f  the  m o d e l  o f  q u a s i -  
o n e - d i m e n s i o n a l  f low,  c o n t r o l  c a l c u l a t i o n s  o f  the  e f f ec t  of  
n o n - o n e - d i m e n s i o n a l i t y  w e r e  m a d e .  The  f low in i nd iv idua l  
c u r r e n t  t u b e s  was  c a l c u l a t e d ;  t he  s t r e a m l i n e s  bound ing  t h e m  
w e r e  t a k e n  f r o m  the r e s u l t s  o f  a c a l c u l a t i o n  fo r  ,/ = 1.2 (y 
i s  the  r a t i o  of s p e c i f i c  hea t  c a p a c i t i e s )  c a r r i e d  out  by  U. G. 
P i r u m o v  and 1~. A.  A s h r a t o v .  The  t e m p e r a t u r e  d i s t r i b u t i o n  
a long  the  n o z z l e  o b t a i n e d  f r o m  the  c a l c u l a t i o n  of  the  f low 
in i n d i v i d u a l  s t r e a m t u b e s  i s  p r e s e n t e d  in  F i g .  2. The  fo l -  
l owing  w e r e  u s e d  in the  c a l c u l a t i o n :  T O = 1930~ P0 = 17.3 
a t m ,  k = 1, r = 0.1, u = 1 .5 .  The  g r e a t e s t  t e m p e r a t u r e  d i f -  
f e r e n c e s  a r e  o b s e r v e d  at  the  s t a r t  of  the  s u p e r s o n i c  r e g i o n  
o f  f low.  At  the  ex i t  f r o m  the  nozz l e  the  d i f f e r e n c e  b e t w e e n  
the  c a l c u l a t e d  t e m p e r a t u r e  a v e r a g e d  o v e r  the  c r o s s  s e c -  
t i on  ( so l id  l ine)  and the  r e s u l t s  f o r  the  c e n t r a l  (dashed  l ine)  
and p e r i p h e r a l  s t r e a m t u b e s  ( d o t - d a s h  l ine)  i s  d o z e n s  o f  d e -  
g r e e s .  

3. In the  e x p e r i m e n t s  conduc t ed  the  i n i t i a l  p r e s s u r e  
of  the  c a r b o n  d i o x i d e  in  the  shock  tube  v a r i e d  in the r a n g e  
f r o m  2 to 45 m m  Hg and the  v e l o c i t y  of the  shock  wave  
v a r i e d  f r o m  1.2 to 1.9 k m / s e c .  S a m p l e s  of  the  o s c i l l o g r a m s  
of  the  i n f r a r e d  e m i s s i o n  i n t e n s i t y  at  the  ex i t  f r o m  the nozz le  
a r e  p r e s e n t e d  in F i g .  3. The  i n i t i a l  cond i t i ons  in f ron t  o f  
the  nozz l e  e n t r y  w e r e :  (a) T O = 1870~ P0 = 3.4 a tm;  (b) T o = 
2200~ P0 = 3.1 a rm.  The  t i m e  s c a l e  i s  100 # s e c  p e r  d i v i -  
s ion .  Two s e c t i o n s  of  i n c r e a s e  in  e m i s s i o n  a r e  s e e n  on the  
o s c i l l o g r a p h  c u r v e s .  The  l a r g e r  f i r s t  i n c r e a s e  i s  a p p a r e n t -  
ly  c o n n e c t e d  with  the  e f f ec t  o f  the  r a d i a t i o n  s c a t t e r e d  f r o m  
the  w a l l s  of  the  n o z z l e  b e f o r e  the  a r r i v a l  of  the  e m i t t i n g  
gas  into the  f i e ld  o f  v iew of  the  p h o t o r e c e i v e r .  A t t e m p t s  to 
e xc lude  the  e f f ec t  of  s c a t t e r e d  l i gh t  ( such  as  p l a c i n g  a l a r g e  
window t r a n s p a r e n t  to i n f r a r e d  r a d i a t i o n  in the  wa l l  o f  the  
nozz l e  o p p o s i t e  the  r e c e i v e r )  w e r e  not  ab le  to ge t  r i d  of  i t  
c o m p l e t e l y .  A p p a r e n t l y  the  o r i g i n  o f  the  s c a t t e r e d  l igh t  i s  
c o n n e c t e d  with  i n t e n s e  e m i s s i o n  of  the  g a s  in f ron t  of  the  
nozz l e  e n t r y .  The  l e v e l  of  i n t e n s i t y  o f  the  s c a t t e r e d  l i gh t  
(which was  ~ 10-15% of  the  u s e f u l  s igna l )  was  t a k e n  a s  the  

z e r o  r e f e r e n c e  l e v e l .  The  next  s h a r p  i n c r e a s e  in  the  s i g n a l  is  c o n n e c t e d  wi th  the  p a s s a g e  o f  a s y s t e m  of  
shock  w a v e s  in  the  n o z z l e  [15]; the  d u r a t i o n  of  th i s  m a x i m u m  v a r i e d  f r o m  20 to 100 p s e c  in  d i f f e r e n t  e x -  
p e r i m e n t s .  A f t e r  th i s  the  s i g n a l  v a r i e d  l i t t l e  wi th  t i m e .  Th i s  l e v e l  was  i d e n t i f i e d  wi th  a q u a s i s t a t i o n a r y  
m o d e  of  outf low.  Then  the  e m i s s i o n  i n t e n s i t y  d e c r e a s e d .  

The  v i b r a t i o n a l  t e m p e r a t u r e  T 3 at  the  nozz l e  ex i t  was  c a l c u l a t e d  f r o m  the  l e v e l  of  e m i s s i o n  i n t e n s i t y  
in the  q u a s i s t a t i o n a r y  m o d e  o f  f low.  A s u m m a r y  of  the  r e s u l t s  o b t a i n e d  i s  p r e s e n t e d  in T a b l e  1, and the 
c a l c u l a t e d  v a l u e s  o f  T+ c o r r e s p o n d i n g  to the  e q u i l i b r i u m  f low of  c a r b o n  d iox ide  u n d e r  the  s a m e  i n i t i a l  c o n -  
d i t i o n s  a r e  g i v e n  t h e r e  fo r  c o m p a r i s o n .  It i s  s e e n  f r o m  the  t a b l e  tha t  the  f low of  c a r b o n  d iox ide  in the  e x -  
p e r i m e n t s  i s  v i b r a t i o n a l l y  f r o z e n  in.  The  va lue  o f  T 3 at  the  nozz l e  ex i t  d e p e n d s  on the p r e s s u r e .  F o r  e x -  
a m p l e ,  fo r  the s a m e  i n i t i a l  t e m p e r a t u r e  T o = 2420~ the  v i b r a t i o n a l  t e m p e r a t u r e  f a l l s  f r o m  1600 to 940~ 
upon an  i n c r e a s e  in  p r e s s u r e  p f r o m  1 to 10.7 at-m. 

The  va lue  T 3 was  m e a s u r e d  in  the  e x p e r i m e n t s ,  w h e r e a s  the  k i n e t i c s  o f  the  r e l a x a t i o n  p r o c e s s e s  in  
c a r b o n  d iox ide  g a s  w e r e  d e t e r m i n e d  by  two v a l u e s  (r  and Q). T h e r e f o r e  s o m e  r a t i o  b e t w e e n  the  va lue s  of  
T and Q c o r r e s p o n d s  to e a c h  e x p e r i m e n t a l  va lue  o f  T 3. F o r  a m o r e  s p e c i f i c  r e p r e s e n t a t i o n  of  the  r e s u l t s  
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of the work a curve  was cons t ruc ted  in the plane of r and k for  the p a r a m e t e r s  c h a r a c t e r i z i n g  the devia t ion  
f rom the values  of 7 and Q known f rom the l i t e r a t u r e  for  each exper imen t  (Fig.  4). Each point on such a 
curve  c o r r e s p o n d s  to a numer i ca l  solut ion of the p rob lem of the flow of r e l ax ing  carbon  dioxide with the 
given in i t ia l  condi t ions and the expe r imen ta l l y  m e a s u r e d  value of T 3 at the nozzle exit .  The coord ina t ion  
of the values of r and k was conducted by the method of f i t t ing to the e xpe r i m e n t a l  value of T 3 with an a c -  
curacy  of 10~ The numbers  near  the curves  a r e  the exper iment  numbers  in Table  1. 

The cu rves  obtained in the rk  plane fo rm a bundle of l ines  emerg ing  f rom the segment  (1-1.4) on the 
a b s c i s s a  (at r = 0) and d i r e c t e d  toward h igher  values  of k. The cu rva tu re  of the l ines  i n c r e a s e s  with an in-  
c r e a s e  in the in i t ia l  p r e s s u r e  of the carbon  dioxide;  a s l ight  d e c r e a s e  is  noted in the cu rva tu re  with an in-  
c r e a s e  in t e m p e r a t u r e .  The in t e r sec t ion  of the bundle with the curve AA c o r r e s p o n d s  to r e a l i z a t i o n  of the 
condit ion T 3 = T 2 for  the expe r imen t .  The Ok axis  d e s c r i b e s  the flow when T 2 = T; the reg ion  between the  Ok 
axis  and the curve AA d e s c r i b e s  the flow when T 2 < T 3 and the reg ion  above the curve AA d e s c r i b e s  the 
flow when T 2 > T 3, 

The t e m p e r a t u r e  T 2 must  be m e a s u r e d  s imul taneous ly  in such expe r imen t s  to obtain unambiguous 
r e s u l t s  of the m e a s u r e m e n t  of T and Q. The r e s u l t s  of the m e a s u r e m e n t s  p r e sen t ed  in Fig .  4 make it p o s -  
s ib le  to d raw a number  of impor t an t  conclus ions .  The expe r imen t s  conducted indicate  that  in the nonequi- 
l i b r i u m  cooling of carbon  dioxide the v ib ra t iona l  deac t iva t ion  t ime  T is s e v e r a l  t i m e s  lower  than the t ime 
obtained by m e a s u r e m e n t s  in shock waves,  while the probabi l i ty  Q for v - v  exchange between the v 3 and 
the v 1 and v 2 s t a t e s  of CO 2 can be h igher  than the p r oba b i l i t i e s  obtained by the method of l a s e r  f luo rescence .  
The nature  of the curves  p r e sen t ed  in Fig .  4 is  such that  a t tempts  to adopt as a b a s i s  one of the p a r a m e -  
t e r s  known f rom the l i t e r a t u r e  (Q~ o r  T ~ l eads  to the r e s u l t  that  the o ther  p a r a m e t e r  mus t  be very  s m a l l  
(T) o r  very  l a r g e  (Q); the case  k = r = 1, l ike the case  k < 1, is  not r e a l i z e d  in these  e xpe r i m e n t s .  

Such a conclus ion r e q u i r e s  addi t ional  ana ly s i s :  f i r s t ,  one mus t  examine poss ib le  s y s t e m a t i c  e r r o r s  
in conducting the expe r imen t  and, second,  one mus t  al low for the e r r o r s  in the values  of T ~ and Q~ 

In the p r e s e n t  work a number  of fac to rs  mus t  be r e g a r d e d  as s ou r c e s  of s y s t e m a t i c  e r r o r s :  the non- 
idea l  and non -one -d imens iona l  nature  of the flow in the shock tube and nozzle,  the inaccu racy  in ident i fying 
the sec t ion  of quas i s t a t i ona ry  flow in the nozzle,  the effect  of s c a t t e r e d  l ight  on the r e c o r d e d  in tens i ty ,  the 
p r e s e n c e  of i m p u r i t i e s  in the expe r imen t a l  gas ,  d i s co rdance  between the r a t ed  data  of the r e c o r d i n g  i n s t r u -  
ment  and the t rue  values  and nonl inear  d i s to r t ions  in the e l ec t ron ic  c i r c u i t s ,  and e r r o r s  in the r e f e r e n c e  
tab les  of t he rmodynamic  da ta  and in the subsequent  ca lcu la t ions .  One method of excluding p a r t  of the s y s -  
t ema t i c  e r r o r s  is  randomiza t ion ,  i . e . ,  t he i r  convers ion  to random e r r o r s  through a change in the e x p e r i -  
men ta l  condi t ions .  F o r  this  purpose  work was conducted with a d i f fe ren t  r e c o r d i n g  i n s t rumen t  (photore-  
ce ive r ,  osc i l lograph)  with the use  of gas  f rom di f ferent  cy l i nde r s .  

A p a r t  of the s y s t e m a t i c  e r r o r s  can be e s t ima ted  (such as the effect  of nonl inear  d i s to r t i ons  in the 
e l ec t ron ic  c i r cu i t s ) .  F o r  a number  of the e r r o r s  one can indicate  the nature  of t he i r  effect  on the r e su l t .  
F o r  example ,  the s c a t t e r e d  l ight  at the nozzle exi t  can only i n c r e a s e  the r e c o r d e d  s ignal .  The re fo re  the 
conclus ions  of the p r e s e n t  work r e l a t i ve  to a d e c r e a s e  in the v ibra t iona l  deac t iva t ion  t ime  T in the  cooling 
s t r e a m  r e m a i n  val id.  

With r e s p e c t  to the e r r o r s  in the values of T ~ and Q~ we note the following. The value of T ~ was studied 
under  var ious  condit ions so that the s y s t e m a t i c  e r r o r  in each individual  work can be cons ide red  as ex-  
cluded because  of r andomiza t ion .  Assuming  that  the r e s u l t s  of these  works  have the same weight one can 
e s t i m a t e  the r andom e r r o r  in the m e a s u r e m e n t  of T ~ which is  ~20% with a p robab i l i t y  of 0.95. The random 
e r r o r  in the m e a s u r e m e n t  of Q~ is  much l e s s  than the s y s t e m a t i c  d i f f e rences  between the r e s u l t s  of d i f -  
fe ren t  works  and t he r e fo re  i t  can be ignored in the p r e s e n t  ana lys i s  (for example ,  the r e s u l t s  in [13] were  
obtained by a s t a t i s t i c a l  ana lys i s  of 216 m e a s u r e m e n t s  of Q~ Ref inement  of the values  of Q~ obtained in 
[10] and used  as the s t andard  did not indicate  t he i r  cons ide rab le  i n c r e a s e  in [12] (k = 1.32 at T = 1000~ 
and led to a d e c r e a s e  in QO in [13] (k < 1). 

Let  us examine the causes  which could r e s u l t  in a cons ide rab le  a c c e l e r a t i o n  in the p r o c e s s e s  of en-  
e rgy  exchange in CO 2 in the p r e s e n t  expe r ime n t s .  Some i m pur i t i e s  (such as wate r  vapor} could r e m a i n  in 
the expe r imen t a l  gas a f te r  pur i f i ca t ion  o r  en te r  the gas f rom the wal ls  of the shock tube.  Water  vapor  has 
a s l ight  effect  on the p r o c e s s e s  of v ib ra t iona l  exchange in CO 2 at t e m p e r a t u r e s  above 600~ With an in-  
c r e a s e  in t e m p e r a t u r e  the e f f ic ienc ies  of wa te r  and carbon dioxide mo lecu le s  in the p r o c e s s  of v i b r a t i o n -  
t r a n s l a t i o n  exchange become comparab le .  The re fo re  the r o l e  of i m pur i t i e s  in the k ine t i c s  of the p r o c e s s e s  
studied is apparen t ly  sma l l .  The impor tance  of the i m pur i t i e s  fo rming  in the e x p e r i m e n t a l  gas grows with 
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an inc rease  in t empera tu re  [1]. Among the dissociat ion products  of the CO 2 molecules  oxygen atoms can 
make the grea tes t  contribution to the kinetics of vibrational relaxation.  At a p r e s su re  of  1 atm and a tem-  
pera ture  of 2400~ carbon dioxide contains ~ 0.1% oxygen atoms.  It follows from Fig. 4 that with an in- 
c r ease  in the initial t empera tu re  to 2400~ the deactivation p rocess  occurs  more  slowly than at lower tem-  
pe ra tu res .  

In the absence of the effect of impuri t ies  the reason  for the observed accelera t ion of the vibrational 
deactivation of CO 2 may be connected with in t ramolecular  p rocesses .  The failure to allow for anharmo-  
nicity, the isolation of individual channels of exchange, and the assumption that there is a Boltzmann dis-  
tribution of the molecules  by vibrational levels are  simplif ications without which the phenomenological de-  
scr ipt ion of the kinetics of vibrational  relaxation is considerably  complicated.  A dependence of the p a r a m -  
eters  studied on the initial s tates  and paths of relaxation of the sys tem examined can ar ise  as a resul t  of 
such simplif ications.  

A compar ison  of the experimental  resu l t s  obtained/with a calculation of the flow of relaxing carbon 
dioxide leads to the conclusion that when T = 730-1660~ deactivation by v ib ra t ion - t r ans la t ion  exchange 
in CO2 occurs  three to five t imes fas ter  than the same process  during heating in shock waves, and vibra-  
t i o n - v i b r a t i o n  exchange during deactivation of CO 2 in a supersonic  s t r eam is more  probable than during 
deactivation after  resonance  l a se r  excitation in a motionless  gas. 

The authors are  grateful  to U. G. P i rumov and ~:. A. Ashratov for the calculation of the nozzle profile 
and the distr ibution of s t reaml ines  as well as for a discussion of the resul ts .  
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