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In simulat ing conditions for  flight of spacecraf t  in the upper layers  of the a tmosphere  one must  
model the ionization, exci tat ion,and dissociat ion of the flow [1], in addition to other  p a r a m e t e r s .  
Modeling of these  p a r a m e t e r s  is impor tan t ,  in par t icular ,  in investigations of sensor s  intended 
for  measur ing  flight p a r a m e t e r s  aborad a spacecraf t ,  tests  of s t ruc tura l  mater ia l s ,  and de te r -  
ruination of the aerodynamic  cha rac t e r i s t i c s  of spacecraf t .  The studies descr ibed here  employ 
mul t ie lec t rode  probes ,  a metastable  par t ic le  detector ,  and catalytic sensors  to investigate the 
ionized, dissociated,  and excited components of high-speed f r ee -mo lecu l a r  flow in a facili ty[2] 
which models  flight conditions in the upper a tmospher ic  layers .  It is shown that the degrees  of 
ionization and dissociat ion,  and also the metas table  par t ic le  concentra t ion in the flow, c o r r e -  
spond to the natural  values of these  p a r a m e t e r s  at altitudes H = 120-200 kin. 

w The investigations were  conducted with a high-speed f r ee -mo lecu l a r  ni t rogen flow, isolated using a 
gasdynamic source  f rom a h igh- tempera ture  raref ied  jet. The speed of the f r ee -mo lecu l a r  flow was as high 
as v= 3 .5 -4  k m / s e c ,  the flux j = n v = 2 -  1017 cm -2 - sec  -1, the speed ratio S=5-10,  the flow diameter  D ~0.1 m 
[2], the stagnation t empera tu re  T0=5000-6200~ and the stagnation p r e s s u r e  was p0 = (2-5) �9 104 N/m 2 [2]. The 
gas was heated by means of a high-frequency e lec t rodeless  discharge [3]. 

In the fo rechamber  of the facili ty the gas t empera tu re ,  rotational a tmospher ic  and vibrational t e m p e r -  
ature coincided to within an e r r o r  of 10~ or  bet ter  (T0=T v =Tr) ,  while the e lectron t empera tu re  was roughly 
a fac tor  of 2 l a rger ,  T_=2T0 [2, 3]. 

In the gas expansion the internal degrees  of f reedom are  not able to relax. At vibrational and electron 
t empera tu res ,  the degrees  of ionization and dissociat ion were  stabilized, it is est imated,  at a level co r r e spond-  
ing to the i r  values at the throat .  For  T0=5000~ and p0 = (3-5) �9 104 N/m 2 the flow values a re  Tv=4000~ the 
degree of d issocia t ion s 0 = 1-3~, and the degree  of ionization ~+ ~10-2~. The rotational t empera tu re  was s ta-  
bilized at a consis tent ly lower  level T r = 400~ [2]. 

For  an increase  of T O above 5000~K the degrees  of ionization and dissociat ion rapidly increased.  These 
conditions, which a r e  of in teres t  for modeling the natural  conditions, were  investigated in this work. We note 
that the high-speed f r e e - m o l e c u l a r  flow under investigation is weakly self- luminous,  due, apparently,  to decay 
of the metas table  states a'IIg of the nitrogen molecule.  There  is also radiat ion f rom the discharge zone and 
recombinat ion radiat ion f rom the jet adjacent to the nozzle exit. Therefore ,  in addition to investigating the 
ionized and dissociated flow components,  the authors  also measured  radiat ion f rom metastable  molecules  and 
UV radiation.  As is known, all these components a r e  present  in the upper a tmosphere .  

w The e lec t ron and ion flow components were  studied by means of a modified mult ie lect rode probe, 
which could measu re  the ionized component in the p resence  of an intense flux of neutral gas .  Ordinary mult i -  
e lectrode probes  [4] a re  const ructed  in the form of a chamber  with aper tu res  pointing toward the flow to be 
tested.  In the intense flow investigated here a p r e s s u r e  of p ~0. !  N /m 2 is established in the chamber  of this 
type of probe,  and at this p r e s s u r e  normal  operat ion of the probe breaks  down. We used a probe in the form 
of a hollow truncated cone with a 50 • 50 # grid col lec tor .  With this probe const ruct ion the per turbat ion int ro-  
duced by the probe a rc  is reduced, and the gas flow through the probe is such that a low p re s su re ,  near  the 
static p r e s s u r e  in the undisturbed s t ream,  is set  up within the probe.  

F r o m  the resul ts  of measu remen t s  using m ul t ie lectrode probes  the energy of ions in the flow at T o = 
5000-6200~ is W+ = 45-70 eV; the ion t empera tu re  is T+ ~ 4000~ and the e lectron tempera tu re  is T ~ 7 eV. 
Figure 1 shows typical  ion energy distr ibution functions [1) T O = 5000~ 2) T O = 5600~ 3) T O = 6200~ The 
speed rat io for the ions is S+ ~ 20. The high ion energy  values in the flow are  due apparently to nonisothermal  
acce lera t ion  during discharge  of a h igh- tempera ture  jet to vacuum. 

Moscow. Transla ted  f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 6, pp. 31-35, Novem- 
be r -December ,  1977. Original a r t ic le  submitted November 2, 1976. 

760 0021-8944/77/1806-0760507.50 �9 Plenum Publishing Corporat ion 



6o ~(e+) 

i 

~ / 

o L _ _  
50 

i i 

50 

[ 

/ ' ! 

I 

L ! 
I 8 ~ ,  e V  ~ 

. 7 0  ~ 0  

i0 -4 ' 

- 5  I 
so ~ I 

i 

5000 5500 

Fig. 1 Fig. 2 

,~ 
6000 

From the ion flux intensities j+=n+v+, measured  by means of mult ie lectrode probes ,  and the ion mean  
velocit ies v+, using the values of the intensity j =no and the velocity v of the neutral flux, we determined the 
degree  of ionization in the flow: 

~z+ = nun, p+ = 1+/]. 
The measured  ionization ~+ in the flow is compared in Fig. 2 with the equilibrium degree of ionization at t em-  
pe ra tu re  T O (dashed line). The ionization in the flow is 1-2 orders  of magnitude g r ea t e r  than the equilibrium 
value corresponding to T 0. This is due to nonequilibrium of the discharge plasma.  The e lec t ron t empera tu re  
in the d ischarge  is T_ = 1-2 eV. The values obtained for  the degree of ionization in the flow are  in good ag ree -  
ment with values in the forechamber ,  es t imated f rom the skin layer  in the d ischarge  [3]. 

w The excited flow component was investigated by means of a detector  which could record  ions, meta-  
stable par t ic les ,  and UV radiation. The de tec tor  is a type VI~U-1A elec t ron multiplier ,  located in a mesh 
sc reen  with a conical  nose. In front of the entrance aper ture  of the detector  s c reen  two gr ids  (mesh 50 • 50 p) 
and interchangeable light f i l ters  (mounted on a supplementary t r a v e r s e  mechanism) were  set up. One of the 
grids was at the potential of the probe body (r = 0), while the other  had a potential which made it possible to 
analyze the ion component (the e lectron component is suppressed because of the large  negative potential of 
the f i rs t  VI~U dynode). With an analyzing grid potential of ep 2 ~0 and the light f i l ter  removed (conditions 1), 
the detec tor  r ecords  ions, metas table  par t ic les ,  vibrationally excited molecules ,  and light quanta whose en- 
e rgy  is g r ea t e r  than the exit function of the f i rs t  VEU dynode. When the analyzing grid has a po ten t ia lg rea te r  
than the energy of the flow ions er > W+, the detector  records  metastable par t ic les ,  vibrat ionally excited 
molecules ,  and UV radiation.  

Finally, with a light f i l ter  ahead of the detector,  the detector  records  UV radiation which has passed 
through the f i l ter .  F rom the measured  resul ts  under the above conditions one can evaluate the UV radiative 
flux and the concentra t ions  of metastable ,  vibrationally excited, and ionized par t ic les .  The detector  can also 
be used as a probe for  energy analysis  of the ions. 

Figure  3 shows the detec tor  current  as a function of analyzing grid potential (P2- On the cha rac -  
te r i s t ic  section ~2 < 45 V thep robe  records  all the flow ions (the thermal  ion background intensity is ~0.01 of 
the fast  ion intensity), the metas table  excited par t ic les ,  and the UV radiation. For  ~2 > 80 V, all the ions a re  
suppressed,  and only metastable ,  excited par t ic les ,  and UV radiation a re  recorded.  F rom the resul ts  of these 
measurements  we find that the relat ive content of metas table  par t ic les  for  T o = 5000-6200~ is 0.7-2~ and the 
UV flux is ~1-2% of the neutral par t ic le  intensity. The content of high-level vibrationally excited par t ic les  
{with energy W v->4 eV) is est imated to be 1-2 o rde rs  of magnitude less .  

w The dissociated component of the flux was investigated by means of sensi t ive heat flux sensors  of 
compensated type [5] to measu re  the contribution to the thermal  flux f rom atoms recombining on the catalytic 
surface,  in compar i son  with the thermal  flux to a noncatalytic surface.  The catalytic sensor  surface mater ia l  
was chosen to be s i lver  (Ag) and the noncatalytic mater ia l  was tungsten (W) [6]. The different catalytic nature 
of the ma te r i a l s  manifests  i tself also, apparently,  in interact ion of ions and metas table  par t ic les  with the su r -  
face, but the i r  contribution to the thermal  flux is small  relat ive to that of the dissociated par t ic les .  The con-  
t r ibut ion of vibrationally excited par t ic les  is apparently l a rger .  

Figure 4 shows the calculated and experimental  specific heat flux as a function of the p a r a m e t e r  p0 "v~0, 
where P0 is the gas p r e s s u r e  in the forechamber  and T O is the stagnation tempera ture .  The points 1 c o r r e -  
spond to the specific heat flux to a Silver surface and the points 2 to a tungsten surface.  Curve 3 corresponds  
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to  the  t h e o r e t i c a l  s p e c i f i c  hea t  f lux to a nonca ta ly r  s u r f a c e ,  a c c o u n t i n g  fo r  the  c o n t r i b u t i o n  of ions ,  e l e c -  
t r o n s ,  m e t a s t a b l e  and v i b r a t i o n a l l y  e x c i t e d  p a r t i c l e s ,  and a l s o  the  l igh t  r a d i a t i o n .  C u r v e  4 shows  the  hea t  
f lux to  a n o n c a t a l y t i c  s u r f a c e ,  c o r r e s p o n d i n g  to  t r a n s l a t i o n a l  e n e r g y  of t he  f low q =pv3 /2  (with a n  e n e r g y  
a c c o m m o d a t i o n  c o e f f i c i e n t  a = 1), w h e r e  p is  the  d e n s i t y  and v i s  the  f low v e l o c i t y .  The  c l o s e n e s s  of c u r v e  
3 to  t he  p o i n t s  2 i s  e v i d e n c e  t ha t  t u n g s t e n  is  p r a c t i c a l l y  n o n c a t a l y t i c ,  in c o n t r a s t  wi th  s i l v e r  (points 1). The  
d e g r e e  of d i s s o c i a t i o n  of t h e  f low s0, e s t i m a t e d  f r o m  the  r e s u l t s  of t h e s e  e x p e r i m e n t s ,  i s  s 0 = 10-20~c at  a 
s t a g n a t i o n  t e m p e r a t u r e  T o = 5500~ 

Thus ,  the  h i g h - t e m p e r a t u r e  f r e e - m o l e c u l a r  f low i n v e s t i g a t e d  i s  qu i t e  a good m o d e l  of the  n a t u r a l  c o n -  
d i t i ons  of i n t e r a c t i o n  of a s p a c e c r a f t  wi th  the  e a r t h ' s  u p p e r  a t m o s p h e r e .  The  f low v e l o c i t y  v = 3 .5 -4  k m / s e c ,  
t he  i n t e n s i t y  j = 5 �9 1016-2 �9 1017 c m  -2 �9 s e c  -1, the  d e g r e e  of i o n i z a t i o n  B+ = 10 -2, t he  d e g r e e  of d i s s o c i a t i o n  s 0 = 

10-20%, and the  r e l a t i v e  c o n c e n t r a t i o n  of e x c i t e d  p a r t i c l e s  i s  I; ~ 1 - 3 ~ .  

F o r  c o m p a r i s o n  we p r e s e n t  t he  c o r r e s p o n d i n g  v a l u e s  f o r  a s p a c e c r a f t  a t  a l t i t u d e  H = 120-200 kin .  The  
f low v e l o c i t y  i s  v = 8 k m / s e c ,  the  i n t e n s i t y  is  j = 1016-3 �9 10 I7 c m  -2 �9 s e c  -1, the  d e g r e e  of i o n i z a t i o n  is  fl+ = 10 -5-  
10 -3, t he  d e g r e e  of d i s s o c i a t i o n  i s  s0=  10-50%, and the  r e l a t i v e  c o n c e n t r a t i o n  of e x c i t e d  p a r t i c l e s  i s  ~/->10- 
15q~ [7, 8]. T h e s e  da t a  show tha t  the  l a b o r a t o r y  c o n d i t i o n s  a g r e e  qu i t e  we l l  wi th  the  n a t u r a l  c o n d i t i o n s .  
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