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INTRODUCTION 

In the expansion of molecular gases, qualitatively differing relaxation processes may take place at the 
same time, e.g., nonequilibrium condensation, vibrational relaxation, and rotational relaxation. No theoretical 
methods have been developed for the consideration of such flows at the kinetic level, nor have there been any 
sys temat ic  experimental  investigations special ly  aimed at establishing l imitations to the influence of in-  
dividual relaxation p rocesses .  In individual experiments  regarding the jet  expansion of carbon dioxide gas sub- 
jected to e lec t ron-beam diagnostics [1, 2], contradict ions occur  in the general  conclusions relating to the ex- 
pansion of the gas along the axis of the flow. According to [1] the adiabatic index y =1.29 for the expansion 
of CO2; moreover ,  no influence of condensation on the gasdynamic s t ruc ture  of the flow is observed.  Accord-  
ing to [2], in which flow is considered f rom the initial stage of condensation, it is concluded that expansiontakes 
place with a constant adiabatic index T = 1.4. 

In neither case  was the whole course of the expansion considered,  but only the change in pa ramete r s  which 
occur red  on passing downstream f rom a cer ta in  point on the axis of the jet to which the gas had expanded after  
subjection to a complex sequence of equilibrium and nonequilibrium p rocesses .  Hence the values of the adia- 
batic index given in [1, 2] do not constitute an exact charac te r i s t ic  of the whole expansion process .  

The main aim of the present  investigation is that of obtaining quantitative data as to the influence of v i -  
brat ional  relaxation and the initial stage of condensation under nonequilibrium conditions on the expansion of 
CO 2 in the jet behind a sonic nozzle.  By the initial stage of condensation in the present  case we mean the for-  
mation of c lus ters ,  with the subsequent f reezing of their  dimensions under conditions in which no condensation 
jump occurs .  

The charac te r i s t i c s  of the nonequilibrium expansion of CO 2 were studied on the basis of local density 
measurements  with the aid of an e lec t ron beam. 

w 1. The experiments  were  ca r r i ed  out in a gasdynamic vacuum apparatus [3] provided with the means 
of measur ing local density by re fe rence  to the radiation of the gas excited by the electron beam in the optical 
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and x - r a y  par ts  of the spect rum.  We used sonic nozzles with cr i t ica l  c ros s - sec t iona l  d iameters  of d=2  and 
2.85 ram. The retardat ion t empera tu re  T o was var ied f rom room tempera tu re  to 1200~ by means of an ohmic 
heater  [4]. The range of re tardat ion p re s su res  P0 for  the nozzles was 320-590 and 220-450 mm Hg, respect ively .  

A leading methodical charac te r i s t i c  of the experiments  was the execution of measurements  at fixed dis-  
tances x f rom the tip of the nozzle for  a constant gas flow and p res su re  in the vacuum chamber  Pn, the r e -  
tardation t empera tu re  being revised f rom room tempera tu re  to the maximum value at a fixed heating rate .  
This method avoided e r r o r s  in determining the distance f rom the tip of the nozzle to the point of m e a s u r e -  
ment and also almost  ent irely eliminated e r r o r s  due to the scat ter ing of the electron beam. The elimination 
of these e r r o r s  was ve ry  important  for  jet expansion in vacuo, especial ly in regions with high density gradients .  
As a result  of the measurements  taken the e r r o r  in determining the density was no g rea te r  than * 5%. 

Measurement  of the density at a fixed point on the axis of the jet was ca r r i ed  out s imultaneously by two 
methods: by re fe rence  to the x - r a y  b rems  radiation (using ordinary  x - r a y  apparatus) and by re fe rence  to op- 
t ical radiation in the spectral  region of 2890/~ (transit ion B2$u --* X2IIg), using an SPM-2 monochromator .  We 
found that the optical measurements  gave sys temat ic  resul ts  approximately 10% lower than the x - r a y  values.  
Special methodical investigations conf i rmed the validity of the x - r a y  measuremen t s .  We also found that the 
sys temat ic  difference between the optical and x - r a y  measurements  was due to differences in the spatial reso lu-  
tion of the two methods.  

w 2. Figure  1 shows the dependence of the relat ive density p/p o (P is the density at the point of m e a s u r e -  
ment; p 0 is that in the re tardat ion chamber) at a distance x /d  =20 f rom the tip of the nozzle on the re tardat ion 
tempera ture .  The light and dark  symbols  cor respond to the resul ts  of the x - r a y  and optical measurements ,  
respectively,  for  a nozzle with d =2.85 mm.  The relat ionships a and b are  the resul ts  of averaging the mea-  
surements .  The broken lines 1-3 indicate the relat ionships for  expansion with 7 =1.4, 1.33, and 1.28, r e spec -  
t ively.  We see that the relat ive density does not remain  constant on varying the re tardat ion tempera ture  and 
lies below the values corresponding to expansion with 7 =1.4 (for completely f rozen vibrat ional  relaxation and 
the absence of condensation). This means that, although (accord ing to  estimates) the vibrational  degrees  of 
f reedom in CO 2 a re  f rozen under our present  experimental  conditions in the supersonic  region of expansion, 
the role of relaxation remains  considerable  in the neighborhood of the cr i t ical  c r o s s  section. A charac te r i s t i c  
feature is the p resence  of a maximum on the experimental  curve (for T0~ 550~ The general  form of the r e -  
lationship for  p/p o remains  intact when x / d = 1 2  and 30; it may be explained as being due to the influence of 
condensation and vibrat ional  relaxation p rocesses .  

An est imation of the intensity of condensation o n t h e  principle of [5] shows that under our  experimental  
conditions the initial stage of condensation takes place close to room tempera ture .  For  pure CO 2 at T o =300~ 
the charac te r i s t i c  c lus ter  size is 5 molecu les /c lus te r .  There  should be no condensation at T 0---420~ Es t i -  
mates  based on [6] give the condition of no condensation at T 0-> 490~ 

A model pa ramete r  for  vibrat ional  relaxation at constant re tardat ion t empera tu re  is the complex po d. 
Fo r  the values of po d <-l0 s mm Hg.  mm existing in the t empera tu re  range covered here,  the vibrational de- 
grees  of f reedom are  f rozen in the supersonic  range of expansion for  x /d  -> 1. Nevertheless ,  a t empera tu re  r i se  
should lead to a cer ta in  intensification of the role of vibrat ional  relaxation, both as a consequence of the reduc-  
tion in 7 and as a consequence of the downstream displacement of the f reezing zone attributable to the reduc-  
tion in relaxation t ime.  These  considerat ions and the cha rac te r  of the p / p  0 relationship at high t empera tu res  
are  confirmed by calculations based on the following: 1) the model of instantaneous freezing;  curve  4 in Fig.  1 
(obtained on the assumption of f reez ing  at a distance x / d = l  and subsequent expansion with 7 =1.4); 2) the model 
of the expansion of a nonviscous vibrat ionally relaxing gas with a finite relaxation t ime; curve  5 in Fig. 1 (ob- 
tained for  po d = 7.6" 103 mm Hg .mm;  vibrational  relaxation t ime taken f rom [7]). 

Thus when vibrational  relaxation and condensation p rocesses  a re  operative,  any attempt to charac te r i ze  
the expansion p rocess  by some "effective" adiabatic index may  lead to considerable  quantitative e r r o r s .  

w 3. Since the vibrat ional  relaxation and condensation p rocesses  at a specified t empera tu re  level are  
determined by the model pa rame te r  p0 da (for condensation a < 1, for  vibrat ional  relaxation a =1), it is in ter-  
esting to pursue  the influence of P0 on relaxation effects in numerical  fo rm.  Figure  2 i l lustrates  the change 
in relat ive density at x /d  =20 as a function of the re tardat ion p r e s s u r e  P0 at T o =30~K and d =2.85 ram. Curve 
I is der ived f rom x - r a y  measurements  and curves  2 and 3, f rom optical; the light symbols  r e fe r  to p n - 2  - 1 0  -2 

mm Hg and the dark symbols ,  to Pn = 7 �9 10 -2 mm Hg. The horizontal  lines 4 and 5 cor respond to expansion with 
7 =1.4 and 1.33, respect ively .  A reduction in p r e s su re  is accompanied by two groups of phenomena: weakening 
of the relaxation p rocesses  and intensified influence of viscous effects.  Both lead to an inc rease  in relat ive 
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density (the f i r s t  by way of an inc rease  in the effective adiabatic index and the second as a result  of viscous 
dissipation in the expansion process ,  the merging  of shock waves,  and the penetration of gas into the core of 
the jet f rom the surrounding space).  There  is yet  another effect of viscous origin: an increase  in the effective 
d iameter  of the tip of the nozzle as a resul t  of the influence of the boundary layer ;  however,  this only becomes 
appreciable for pod< 10 mm H g . m m ,  i.e., outside the range of the conditions under considerat ion.  

The initial stage of condensation occurs  over the whole range of p r e s s u r e s  embraced.  According to [6] 
condensation ceases  at pot  30 mm Hg. At p0 ~ 30 mm Hg vibrational relaxation only occurs  in the subsonic 
part  of the nozzle.  

The resul ts  of the x - r a y  measurements  at pn=(2-7) �9 10 -2 mm Hg indicate that the penetration of the su r -  
rounding gas into the paraxia!  region for  all values of P0 is negligible, and the same applies to the iIffluence of 
shock waves.  Optical measurements  at g r ea t e r  values of P0 are  sensit ive to the r ea r r angemen t  of the flow even 
for  p0 ~ 180 mm Hg owing to the poore r  spat ia l resolut ion.  For the minimal values of pn ~ 2 �9 10 -2 mm Hg the 
curves  obtained f rom the optical and x radiation run,in an equidistant manner .  

Since for  low values of P0 the effective adiabatic index approaches 1.4 (see Fig.  2), the influence of v i s -  
cous effects in the process  of f ree  expansion may be est imated f rom calculations for  the radial and jet ex- 
pansion of a diatomic gas [8]. We find that for  x / d = 2 0  the viscosi ty  correc t ion  to the Mach number (in the 
sense of a reduction in the latter) is no g rea te r  than 10% and for  M ~ 10 does not lead to any marked  change 
in density.  

Thus the increment  in relative density i s due to the f reezing of condensation and vibrational relaxation - 
two effects which up until now have not been separated.  For  Pod< 1 0  2 m m  Hg . ram we may also speak of the 
effects of rotational relaxation, at least  for large dis tances from the tip of the nozzle. 

Basing our considerat ions on the x - r a y  measurements ,  on passing outside the limits of the complete 
f reezing of vibrational  relaxation and condensation at room retardat ion t empera tu re  we may take an approx-  
imate value ofi P 0 ~ 3 0 m m H g  at d=2.85 ram. These quantities may be used to es t imate  the limits withinwhich 
relaxation effects exert  an influence in jets behind nozzles of other d iameters ,  in accordance  with the modeling 
of condensation by re fe rence  to the pa ramete r  p0 d~ =coast  [5] and vibrational  relaxation by re fe rence  to the 
pa rame te r  po d . 

w 4. The foregoing investigation required advanced accuracy  and stability of operating conditions. Cer -  
tain methodical features  should be mentioned separate ly .  For  example, the absence of thermal  hlsulation f rom 
the leading chamber  resul ted in a considerable  sca t te r  of the experimental  data, evidently because of the un- 
controllable inhomogeneity of the t empera tu re  field at the entrance into the nozzle.  

The experiments  showed that the use of the optical radiation of CO 2 (transit ion B2Eu --* X21]g) for m e a s u r -  
ing the density requires  a cer ta in  amount of caution, since the shape and intensity of the bands depends ve ry  
considerably on tempera ture ,  as may be seen f rom Fig. 3. For  a constant value of the density the integrated 
intensity of the 2890-/~ band does not depend on tempera ture  in the range studied (T O =300-1200~ This may 
signify that the bands actually appearing belong to a single e lectron t ransi t ion.  The problem of measur ing  the 
density presents  no difficulties on using all the bands of the sys tem.  



In view of the strong dependence of the shape of the bands on the temperature  we may well pay some at- 
tention to the possibility of using the CO 2 radiation excited by an electron beam in the region of 2890/~ in or-  
der to measure the vibrational temperature .  

The authors wish to thank P. A. Skovorodko for presenting the computed data relating to the jet expan- 
sion of CO 2 with vibrational relaxation. 
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