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It is well known that the equil ibrium between the t ranslat ional  and rotat ional  degrees  of f reedom is d is -  
turbed in expansion of a molecular  gas into a vacuum [1, 2]. Depar ture  of the rotat ional  energy oil the gas 
f rom the equil ibrium for a given kinetic t empera tu re  resu l t s  f rom a sharp drop in the gas density downstream, 
leading to a decrease  in the number of gas-kinet ic  coll isions experienced by individual molecules.  

There  is another cause for the equil ibrium being disturbed,  of a pure ly  quantum nature. In a sharp fall 
of kinetic t empera tu re  Tt, occur r ing  when the gas expands in the vacuum, the Mess adiabatic pa ramete r ,  
descr ibing energy  t ransfer  between highly excited rotat ional  levels unable to re lax,  becomes la rger  than unity. 
Below a cer ta in  t empera tu re  (charac ter is t ic  for a given rota t ional  level) under adiabatic coll ision conditions, 
the probabil i ty of a rotat ional  t ransfer  begins to fall sharply  [3, 4]. Thus, as Tt dec reases ,  the relaxat ion 
t ime r R will increase .  

In the available theoret ical  papers  dealing with distr ibution of rotat ional  energy  in flow of expanding 
ni trogen (e.g., see [5-7]), ~R is calculated on the basis  of c lass ica l  mechanics .  However, when there is rapid 
cooling of a gas,  T t becomes less than the distance between the highly excited rota t ional  levels,  and one cannot 
r ega rd  the rotat ional  spec t rum of the molecule as being continuous. For  the rotat ional  levels N 2 which are  
effect ively populated at r o o m  tempera tu re  the c lass ica l  approach in calculating r R leads to an appreciable d is -  
tort ion of the resu l t  in the range Tt< 100~ 

This paper c a r r i e s  out a theoret ical  investigation of the distributions of rotat ional  and translat ional  
energy  along the axis of a jet  of ni t rogen expanding into vacuum. The sys t em of gasdynamic equal:ions for a 
model expansion f rom a spher ica l  source is solved. The re laxat ion t ime of the gas in the low T t range is ca l -  
culated on the basis of quantum mechanics.  

1. We consider  the p rocess  of establishing equi l ibr ium among rotat ional  s tates in a s teady-s ta te  expan- 
sion of inviscid, non-heat-conduct ing nitrogen f rom a spher ical  source.  In the computations the N z molecule 
is approximated by a rigid ro ta tor .  The or iginal  sys tem of equations includes the equations of  continuity, 
momentum, energy and the equation of state [5]. The sys t em is closed by the relaxation equation, writ ten in  the 
q-approximat ion:  

u d T R / d r  = ( T t - -  TR)/'~R, 

where r is the distance f rom the center  of the source ;  u is the flow velocity;  and TR =ER/R (R is the gas con-  
stant, and E R is the rotat ional  energy per  mole of gas). We note that in the expansion p rocess  the Boltzmann 
nature of the rotat ional  energy  distribution is disturbed [2], and therefore  T R is not typical of the relat ive level 
populations. 

It is convenient to reduce the original  sys tem of equations to dimensionless  form,  r e fe r r ing  all the quan- 
tities to their values on the sonic sphere ,  where the Mach number M= 1. Then the unique s imi la r i ty  pa r ame te r  
of the problem becomes the dimensionless  pa ramete r  ~ = p*u*r*/p*~*p., where p and p a re  the gas density and 
p r e s s u r e ,  and the supersc r ip t  * is used to denote quantities on the sonic sphere.  

boundary conditions we take to be r / r*  = 1, Tt/T* = 1, TR/T~ = t , u / ] / - ~  - RT* = ~. We assume that in The 

a cer ta in  5- layer  at  the surface of the spher ica l  source ,  whose boundary is given by the condition M= 1.15, the 
supersonic  flow remains  in equilibrium. The numer ica l  integration of the closed sys tem must  begin f rom the 
boundary of the 5 - l aye r .  The numer ica l  method used is s imi lar  to that applied in [5]. 

2. We es t imate  ~R on the basis of approximate models.  In the Parker  model [8] a quantity, the r e c i p r o -  
cal of TR, is defined as the ra t io  of the rotat ional  energy  obtained for a nonrotating ro ta tor  to the coll isional  
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energy.  In the calculat ion,  based on c l a s s i c a l  mechan ic s ,  i t  is a s sumed  tha t  the ro t a to r s  lie in one plane;  it is 
a l so  a s sumed  that  each ro t a t o r  has two cen te r s  of repu ls ion ,  which do not coincide with the cen te rs  of the 
a tom,  and one cen te r  of a t t rac t ion ,  lying a t  the cen te r  of  g rav i ty  of the model.  

Curve  1 in Fig. 1 shows the ca lcula ted  re laxa t ion  t imes  f r o m  Eq. (43) of [8]. In calculat ing pT R we used 
the molecu la r  in te rac t ion  potent ia l  p a r a m e t e r s ,  given in [8]. Curve  1 can be approximated  by the power func- 
tion 

with the p a r a m e t e r s  m = l  and C =1.65" 10 -6 g m / c m "  s e c -  ~ taken f r o m  [6]. 

As T t tends to ze ro ,  pT R a l so  tends to zero.  The r e a s o n  is that t r a n s f e r  of ene rgy  between molecules  
with l a r g e r  moment s  of  ro ta t ion  is m o r e  difficult. As can be seen  f r o m  Fig. 1, the value of P~R calculated 
c l a s s i ca l l y  does not show a tendency to i n c r e a s e  with the d e c r e a s e  of T t under  conditions of  adiabatic  exchange 
of  ro ta t iona l  energy .  

I t  is known that  the re laxa t ion  p r o c e s s  is l imited by t rans i t ions  f r o m  the ef fect ively  populated highly 
exci ted ro ta t iona l  levels  under  the given conditions. Thus,  in the low range  of  T t the ene rgy  re laxa t ion  t ime 
T R can be approx imated  by the re laxa t ion  t ime  for a ce r t a in  ro ta t iona l  level  j* 

kT', / II~ ~t/2 t (2.1) 
P~R = ~ ~8kT, ) <P~*,j*-2>" 

where  k is the Bol tzmann constant ;  q0 is the gas -k ine t ic  c r o s s  sect ion;  jz is the reduced m a s s  of the p a r t n e r s ;  
and (Pj*,j*-2) is the ave r age  t rans i t ion  probabi l i ty  j* ~ j * - 2  in one gas -k ine t i c  coll ision.  

Before  the s t a r t  of d i scharge  a t  r o o m  t e m p e r a t u r e  the m a x i m u m  population of ni t rogen occurs  for the 
j = 6  ro ta t iona l  level .  Thus,  if  we put j *=6 ,  the e s t i m a t e  obtained will be an upper  l imit  for T R. Apparent ly ,  
the re laxa t ion  t ime  for the j = 4 level  in the case  cons idered  can be r ega rded  as  a lower bound on T R- 

The gene ra l  method of calcula t ing the probabi l i t i es  for  ro ta t iona l  t rans i t ions  has been descr ibed  in [3, 41. 
The calcula t ion of (Pj*,j*-2> for j* = 4, 5, 6 was c a r r i e d  out using Eq. (14) of  [4]. In the computat ion we used 
the potent ial  p a r a m e t e r s  given in [8]. By allowing for  the high degree  of s y m m e t r y  of the N 2 e lec t ron  shel l  
we can approx imate  to the an iso t ropy  p a r a m e t e r  of the f i r s t  nonzero t e r m  c 2 in the expansion of the molecu la r  
potent ia l  in Legendre  polynomials  by the an iso t ropy  p a r a m e t e r  for  the potent ia l  pa i r  N2-s t ruc tu re less  par t ic le :  
c2 = 0.5 [9]. The unique condition for using Eq. (14) of  [4] is the adiabat ic  condition, which holds up to t e m p e r a -  
tu res  as high as 100~ for  j * = 4 ,  5, 6. 

Curves  2-4 of  Fig. 1 show the r e s u l t s  of calculat ing P~R f r o m  Eq. (2 .1)for  j *=4 ,  5,6,  respoct ive ly .  I t c a n b e  
seen f r o m  Fig. 1 that  pTR, calcula ted using Eq. (2.1), i n c r e a s e s  with dec rea se  of  T t. In the region of T t where  
the adiabat ic  condition b reaks  down, cu rves  2-4 undergo a smooth t rans i t ion to curve  1, which was calculated 
using the c l a s s i c a l  P a r k e r  model .  By rep lac ing  the ene rgy  re l axa t ion  t ime  by the re laxa t ion  t ime for level  j*,  
in spi te  of the approximat ion ,  one can c o r r e c t l y  r e p r e s e n t  the qual i ta t ive nature  of the equi l ibr ium es t ab l i sh -  
ment  p r o c e s s  with r e s p e c t  to ro ta t iona l  s t a tes ,  i .e . ,  an i nc rea se  of T R with reduct ion of T t. 



3. F igure  2 shows the dis t r ibut ions of T R along the flow. Curve  1 shows ~R, calcula ted using c l a s s i c a l  
mechan ics ,  and curves  2-4 were  obtained using curves  2-4,  r e spec t ive ly ,  of Fig. 1 for the value of p7 R. In the 
calcula t ion i t  is a s s u m e d  that  ~ = 2730. 

If one takes into account  that  the solution of the gasdynamic  equations descr ib ing  expansion of the gas 
f r o m  a spher i ca l  source  will s a t i s f ac to r i ly  r e p r e s e n t  the behav ior  of the flow near  the axis of a j e t  issuing 
f r o m  a c i r c u l a r  a p e r t u r e ,  one can c o m p a r e  the ca lcula ted  dis t r ibut ions  with expe r imen ta l ly  m e a s u r e d  values .  
The c r i t i ca l  source  radius  is uniquely r e l a t ed  to the radius  of  the exi t  ape r t u r e  of the je t  r c.  r * = A r c ,  A = 
1.15 for N 2 [10]; ~=2730  c o r r e s p o n d s  to Porc=240 t 0 r r ' m m  for T0=290~ where  P0 and T o a r e  the stagnation 
p r e s s u r e  and t e m p e r a t u r e .  In the case  cons idered  we neglected the e f fec t  of  v i scos i ty  on the gas flow p a r a m -  
e t e r s .  

Curves  5 and 6 of Fig. 2 show the r e s u l t s  of m e a s u r e m e n t  of  T R along the flow (curve 5 was taken f r o m  
[1], and curve  2 f rom [2]). We note that  the r e su l t s  obtained in [1] a r e  low, s ince the sens i t iv i ty  of the e x p e r i -  
menta l  equipment  did not allow reco rd ing  of pa r t  of the luminescence  s p e c t r u m  which co r r e sponds  to the 
exci ted ro ta t iona l  N 2 levels .  The r e s u l t s  given in [2] a r e  somewhat  high, since the ~hot" phonon gas e i ther  
takes  pa r t  in the r e l axa t ion  p r o c e s s ,  slowing it  down, or  makes  its own contr ibut ion to the luminescence  spec -  
t rum.  

Thus,  the e x p e r i m e n t a l  curves  5 and 6 a r e  upper  and lower bounds on the dis t r ibut ion of ro ta t iona l  ene rgy  
along the flow. They f o r m  a "fork"  shape encompass ing  only curves  calculated allowing for  the quantum 
na ture  of ro ta t ional  energy  exchanged. It  can be seen  f r o m  Fig. 2 that the use  of c l a s s i c a l  models  in ca lcu -  
lating ~R leads to values  of T R which a r e  s e v e r a l  t imes  too low. 

Curve  7 of Fig. 2 is the t e m p e r a t u r e  c h a r a c t e r i s t i c  of an i sent ropic  expansion of ni t rogen f rom a c i r c u l a r  
a p e r t u r e ,  ca lcula ted  along the je t  axis  under  the a s sumpt ion  that  the dis tr ibut ion function for  ro ta t iona l  s t a t e s  
r e t a ins  its Bol tzmann fo rm,  i .e . ,  E R = R T t .  

The r e su l t s  of  the calcula t ions  and the expe r imen t s  shown in Fig. 2 demons t r a t e  the p r e s e n c e  of a con-  
s ide rab le  depar tu re  of  ro ta t iona l  ene rgy  f r o m  the equi l ibr ium value for the given t e m p e r a t u r e ,  and point to the 
need to use  quantum methods in descr ib ing  ro ta t iona l  re laxa t ion  in an expanding flow of nitrogen.  

The authors  thank V. N. Gusev and M. N. Kogan for  d i scuss ions  of this work. 
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