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ULTRASENSITIVE GLOW DISCHARGE METHOD FOR VISUALIZING HYPER-  
SONIC FLOWS OF RAREFIED GASES 

V. M.  Kalugin 
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The proposed method of visualizing hypersonic flows of a rarefied 
gas employs the cathode luminescence of a glow discharge. It is 
shown that the method possesses high sensitivity and good spatial 
resolving power and may be used to study flows with slip and in the 
transitional regime. 

Quite a number  of methods  have been p r o p o s e d  for  
obta in ing photographs  of h y p e r s o n i c  gas  j e t s  at  low 
p r e s s u r e s .  A p a r t  f rom i m p r o v e m e n t s  in the r e f r a e t o m -  
e t e r  both as  r e g a r d s  i ts  m o d e r n i z a t i o n  and i n c r e a s i n g  
the n u m b e r  of p a s s a g e s  of l ight  r a y s  through the r e -  
gion be ing  i nves t i ga t ed  [1, 2], the use  has  been p r o -  
posed  of such phys i ca l  phenomena  as  s p e c t r a l  a b s o r p -  
t ion [3], the weakening  of c o r p u s c u l a r  r a y s  on the i r  
p a s s a g e  through a gas*  [3 -6 ]  and the r ad i a t i on  a c -  
companying  such a p a s s a g e  [7-9] ,  the a f t e rg low of a 
gas  [3, 10], and the l u m i n e s c e n c e  of a gas  exc i t ed  by 
e l e c t r i c a l  d i s c h a r g e s  [2, 3, 11 -13] .  

D i s c h a r g e  methods  of v i sua l i za t ion  show to a d -  
vantage c o m p a r e d  with o t h e r  me thods  in the s i m p l i c i t y  
of t h e i r  appa ra tu s ,  t h e i r  f r e edom in p r a c t i c e  f rom 
i n t e r f e r e n c e  by v ibra t ion ,  t h e r m a l  flows and d i f f r a c -  
tion, and the fact  that p r e l i m i n a r y  c o m p l i c a t e d  tuning 
is  u n n e c e s s a r y .  The defec t s  u sua l ly  a s s o c i a t e d  with 
d i s c h a r g e  me thods  a r e  the d i f f icu l ty  of quant i t a t ive  
i n t e r p r e t a t i o n  of pho tographs  b e c a u s e  the v i s u a l i z a -  
t ion m e c h a n i s m  is not  c o m p l e t e l y  unders tood ,  and the 
p o s s i b l e  inf luence of the d i s c h a r g e  on the h y p e r s o n i c  
flow p a r a m e t e r s .  

Fig.  1. E x p e r i m e n t a l  se t -up .  

The method  of v i sua l i za t ion  d e s c r i b e d  be low a l so  
e m p l o y s  the l u m i n e s c e n c e  c r e a t e d  by a glow d i s c h a r g e .  
This  method  p r e s e r v e s  a l l  the advan tages  of d i s c h a r g e  
me thods  while  p o s s e s s i n g  high s e n s i t i v i t y .  The e l i c i t e d  
m e c h a n i s m  of v i sua l i za t ion  a l lows  one to obta in  not 

*G. A. Bogdanovskii, L. N. Malakhov, and A. V. 
Balakov, "Electronic-televisor method of investigating 
nonuniformities in low-pressure gas flows," Author's 
Certificate no. 140125, 1960. 

only h igh -qua l i t y  pho tographs  of h y p e r s o n i c  flows at  
l o w p r e s s u r e s ,  but a l so  a def ini te  method  of i n t e r p r e t i n g  
them.  
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Fig. 2. Iv. T O withm~ =3, 5, and 10. 

1. E x p e r i m e n t a l  s e t - u p .  In the app l i ca t ion  of glow 
d i s c h a r g e  to v i sua l i z ing  h y p e r s o n i c  f lows the choice  
of the pos i t ion  and p o l a r i t y  of the e l e c t r o d e s  in the 
work ing  sec t ion  of the a e r o d y n a m i c  tunnel is of g r e a t  
i m p o r t a n c e .  The m o s t  f avo rab le  reg ion  of a glow d i s -  
cha rge  for  v i sua l i za t ion  p u r p o s e s  would a p p e a r  to be 
the u n i f o r m l y  luminous  pos i t ive  pole  of the d i s c h a r g e .  
However ,  when the p r e s s u r e  fa l l s  to 10 N / m  2 and 
lower ,  the in tens i ty  of l u m i n e s c e n c e  of the pos i t ive  
pole  f a l l s  and b e c o m e s  insuff ic ient  for  tak ing  v i s ib le  
p i c t u r e s  [3]. As  the p r e s s u r e  fa l l s  the zones of l umin-  
e s c e n c e  a round  the e l e c t r o d e s  a r e  e n l a r g e d .  What 
p o s s i b i l i t y  is t h e r e  of us ing  the a e r o d y n a m i c  mode l  
a s  one of the e l e c t r o d e s  ? 

In [11] the app l i ca t ion  of a mode l  as  an anode is 

d e s c r i b e d .  However ,  r educ t ion  of the  p r e s s u r e  to 1 
N / m  2 l eads  to an in tense  growth of anode l u m i n e s c e n c e  
in the i m m e d i a t e  ne ighborhood  of the anode (the model)  
and a p i c t u r e  of the mode l  shock is  m a s k e d  by th is  
l umine sc e nc e .  

In [2] the app l i ca t ion  of the mode l  as  a cathode in 
the d i s c h a r g e  is d e s c r i b e d .  The de f i c i ency  of this  
me thod  l i e s  in the d i f f icu l ty  of examin ing  the p i c tu re  
ob ta ined  b e c a u s e  the boundary  of the d a r k  cathode 
reg ion  is  s u p e r i m p o s e d  on the mode l  shock  wave .  
In addi t ion  the m o d e l  is  r a t h e r  s t r o n g l y  hea ted  in th is  
case ,  which l eads  to t h e r m a l  d i s t u r b a n c e  of the f low. 
Thus, the use  of the mode l  as  one of the e l e c t r o d e s  
in the d i s c h a r g e  s e r v e s  no usefu l  p u r p o s e .  

When the p r e s s u r e  is lower  than 10 N / m  2, the ma in  
r a d i a t i n g  zone of the d i s c h a r g e  b e c o m e s  the reg ion  of 
glow d i s c h a r g e .  T h e r e f o r e  the app l i ca t ion  of this  
r eg ion  of the d i s c h a r g e  for  v i sua l i za t ion  of nonuni-  
f o r t u i t i e s  of de ns i t y  in h y p e r s o n i c  flow at  low p r e s s u r e  
a p p e a r s  the m o s t  p r o m i s i n g .  In F ig .  i is  se t  out ou r  
chosen  e x p e r i m e n t a l  s c h e m e  for  u t i l i z ing  the glow 
d i s c h a r g e .  Gas f rom the in le t  1 p a s s e s  through the 
nozz le  3 into the work ing  sec t ion  4, a c c e l e r a t i n g  as  it  
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does so to hyperson ic  speeds .  In the working sec t ion  
the hype r son ic  jet  flows past  the model  5. The h y p e r -  
sonic nozzle  3 acts  as the d i scharge  cathode and is 

'0 ,  N/m 2 , , . . . . .~Z~ ~ - -  
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Fig. 3. Regions of p~ and To values  
where  T1/T > 1, when Moo = 3, 5, and 

10. 

insu la ted  f rom the working sect ion 4 by a d i e l ec t r i c  
washe r .  The anode 9 is placed outside the field of 
view in the depths of the working sec t ion .  Voltage is 
suppl ied  through the conductors  6 and 8. The model  
and wal ls  of the working  sec t ion  a re  at a f loat ing po-  
ten t ia l  in the d i scha rge .  A r ec t i f i e r  on 2 - 3  kV s e r v e s  
as the d i scharge  power supply.  Dur ing  the discharge 
the i n n e r  cavity of the nozzle  and the flow region down- 
s t r e a m  of the nozzle  a re  f i l led by a glow d ischarge ,  
and the hyper son ic  flow and shocks i l l umina ted  by it 
a r e  obse rved  or  photographed 7 through the window 
10 in the wall .  

2. Fundamental characterist ics  of a glow discharge 
in a hypersonic air flow. The voltage drop over  the 
d i scha rge  gap when the p r e s s u r e  ranged f rom 10 to 
10 -1 N / m  2 was approx ima te ly  370 to 500 V. The c u r -  
r en t  s t r eng th  of the d i scharge  did not usua l ly  exceed 

10 mA. Thus the se lec ted  d i scharge  power did not ex-  
ceed a few watts. The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  
of the d i scharge  fa l l s  as is typical  of a glow d i scharge  
with a n o r m a l  cathode drop. 

Fig. 4. Flow about a cy l inder  when p~ = 
= 0.23 N/m 2, M~ = 7.4, R~o = 52, K :: 0.2. 

The glow d i scharge  used to observe  the hyper son ic  
jet  and shocks is violet in color .  Study of the spec t rum 
of this  rad ia t ion  has shown that it belongs to the f i r s t  
negat ive  sys t em of m o l e c u l a r  n i t rogen  N +. The in-  
t ens i ty  of the zones of the f i r s t  and second posi t ive 

s y s t e m s  of neu t r a l  m o l e c u l a r  n i t rogen  is negl ig ib le .  
If the effects  of exci ta t ion of the f i r s t  and second pos i -  
t ive and f i r s t  negat ive sy s t e ms  of n i t rogen  [14, 15] a re  
taken into cons ide ra t ion  one may conclude that the 
l u m i n e s c e n c e  is exci ted by e l ec t rons  with ene rg i e s  
of the o r de r  of 50 eV and h igher .  In addit ion slow e l -  
ec t rons  may be p r e se n t  with ene rg ie s  of the o r d e r  of a 
few eV. This  deduction is conf i rmed  by the r e su l t s  of 
probe examina t ions  and of m e a s u r e m e n t s  of the energy  
d i s t r ibu t ion  of the e l ec t rons  by the r e t a rded  potent ia l  
method.  Thus the e l ec t rons  a re  revea led  to have for 
the mos t  par t  the s ame  energy  level .  This  energy  
tu rned  out to be c lose  to the magni tude  of the cathode 
drop~ 

Fig. 5. Flow about a sphere  when p~ = 
= 0.23 N / m  2, M~ = 7.4, R~o = 97, K = 0.11. 

F r o m  the ma in  expe r imen ta l  r e su l t s  obtained one 
may draw conclus ions  about the m e c h a n i s m  of v i sua l -  
izat ion of nonun i fo rmi t i e s  of dens i ty  in an a i r  flow 
us ing  the nozzle  as cathode of the glow d i scha rge .  In 
addition to its usua l  function of a c c e l e r a t i n g  the gas 
to hype r son i c  speeds,  the nozz le  acts  as  a source  of 
an e lec t ron  beam with ene rg ie s  of the o r de r  of the 
cathode potent ia l  drop~ The axis  of the beam, a s s u m -  
ing the nozzle  is a x i s y m m e t r i c ,  co inc ides  with the 
nozzle  axis .  When e l ec t rons  and gas molecu les  col -  
lide i ne l a s t i c i a l l y  ionizat ion and exci ta t ion of the m o l -  
ecules  occur .  Because  the exci ted ions N~- rad ia te  
spontaneously ,  the diffusion region of the e l ec t ron  
beam sh ines .  A local  var ia t ion  in gas dens i ty  is ac-  
companied by a var ia t ion  in the n u m b e r  of co l l i s ions  
between e l ec t rons  and gas molecu les ,  which leads to 
a var ia t ion  in the in tens i ty  of l u m i n e s c e n c e .  In this 
way nonun i fo rmi t i e s  of dens i ty  a re  v i sua l ized .  As a 
result of diffusion in elastic and inelastic collisions, 
the electron concentration diminishes with distance 
from the nozzle. The intensity of luminescence is 
also attenuated~ With a decrease of gas density the 
degree of attenuation is also decreased, and the lumi- 
nescence occupies a bigger region downstream of the 
nozzle. Thus visualization of the hypersonic flow and 
model shock waves is ensured over a wide field of 
view. 

As already mentioned, the power dissipated in the 
discharge is very small in this method. Probe in- 
vestigations have shown that the concentration of high- 
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e n e r g y  p a r t i c l e s  is  no m o r e  than 10-4%. Thus the d i s -  
c h a r g e  could  be e x p e c t e d  to have  an ins ign i f i can t  in-  
f luence  on flow p a r a m e t e r s .  Indeed m e a s u r e m e n t s  
m a d e  by t h e r m o c o u p l e s ,  r e p l a c i n g  the m o d e l  in the 
h y p e r s o n i c  flow, r e v e a l e d  that  a c u r r e n t  s t r e n g t h  of 
2 - 1 0  mA induced  i n c r e a s e s  in the r e c o r d e d  t e m p e r a -  
t u r e s  of 0 .4 -0 .7%.  Obviously ,  such a t e m p e r a t u r e  
va r i a t i on  can be n e g l e c t e d .  

3, Spatial reso lv ing  power of the method.  The f i r s t  
nega t ive  s y s t e m  of n i t r o g e n  bands ,  which m a k e s  the 
v i sua l i z a t i on  pos s ib l e ,  o r i g i n a t e s  in the s t a t e  X2E~. 
The a v e r a g e  l i f e t i m e  of th is  s t a t e  is f in i te  and equa l s  
6.5 " 10 -8 s e c  [16]. Let  us c o n s i d e r  what  l i m i t a t i o n  this  
s e t s  on the use  of the me thod  d e s c r i b e d .  

F o r  h i g h - s p e e d  gas  f lows,  when the exc i t ed  p a r t i c l e  
is  ab le  to move  a no t i ceab l e  d i s t a n c e  du r ing  the t ime  
i n t e r v a l  be tween  exc i t a t i on  and r a d i a t i o n  d i s t o r t i o n  
of the t rue  flow p i c t u r e  m a y  o c c u r .  When the flow 
s p e e d  is u, the p a r t i c l e  c o v e r s  du r ing  the a v e r a g e  l i f e -  
t i m e  of the e x c i t e d  s t a t e  T a d i s t a n c e  l = UT. Thus the 
e f fec t ive  s p a t i a l  r e s o l u t i o n  is d e t e r m i n e d  by 1. E x -  
p r e s s i n g  the flow s p e e d  u in t e r m s  of the s t r e a m  Mach 
n u m b e r  Mr162 and the s t agna t i on  t e m p e r a t u r e  To, we 
obta in  

l~--i.3'i0 -3 (To 5Mc~ ~1/, 5--+--M~ ) '  (3.1) 

Here I is expressed in ram, To in ~ In Fig. 2 

is shown the variation of I with T o when Moo = 3, 5 

and i0. One can see that, when the stagnation tem- 

perature is of the order of i000 ~ K and less, the spa- 

tial resolution is not worse than 0.I ram. Only when 

T o = 5000 ~ K and the Mach number equals i0 does l 

reach the value 0.2 ram. Such a spatial resolution can 

be considered good. For example, when a hypersonic 

stream is probed by a thin focused electron beam, the 

limit of resolution is fixed by the beam diameter, which 

is 0.3-0.5 ram. 

Since the exc i t ed  p a r t i c l e  is  ionized,  d u r i n g  the 
a v e r a g e  l i f e t i m e  of the e x c i t e d  s t a t e  it  is  m o v e d  by an 
e l e c t r i c  f ie ld  th rough  a d i s t a n c e  whose  magn i tude  and 
d i r e c t i o n  wi l l  depend  on the f i e ld  s t r e n g t h  vec to r .  How- 
e v e r ,  it i s  not d i f f icu l t  to show that  th is  d i s t a n c e  wi l l  
be c o m p a r a b l e  with 1 only  when the f ie ld  is  of the 
order of 100 V / c m .  Even  in the glow d i s c h a r g e  reg ion ,  
w h e r e  a l l  of the p r o c e s s e s  c o n s i d e r e d  occur ,  such a 
value is  obv ious ly  not  r e a c h e d .  

P o s s i b l e  p r o c e s s e s  due to g a s - k i n e t i c  c o l l i s i o n s  of 
e x c i t e d  ions  N + with s u r r o u n d i n g  p a r t i c l e s  m a y  a l s o  
be neg l ec t ed  if T1/~" > 1, w h e r e  ~-j is  the p e r i o d  of the 
g a s - k i n e t i c  c o l l i s i o n .  The s m a l l e s t  value of T1 is l i k e l y  
in the m o s t  dense  r e g i o n  of the gas ,  i . e . ,  behind the 
s t r a i g h t  p a r t  of the m o d e l  shock .  Le t  us e s t i m a t e  " h / T  

in th is  r eg ion .  By def in i t ion  ~'t = X/r, w h e r e  X is the 
m e a n  f r ee  path be tween  g a s - k i n e t i c  c o l l i s i o n s  and v 
the mean  m o l e c u l a r  speed .  A s s u m i n g  a Maxwel l i an  
d i s t r i b u t i o n  of m o l e c u l a r  s p e e d s  and e x p r e s s i n g  k and 
v behind the shock  in t e r m s  of the f r e e - s t r e a m  s t a t i c  
p r e s s u r e  p~,  the Mach n u m b e r  Mr162 and the s t a g n a -  
t ion t e m p e r a t u r e  To, we obta in  

T~I = t.6.102~ 1 (To)/2(MOo ) ~ (3.2) 
Poo ' 

]I (To) = To 1/" (i ~- C/To) -1 , (3.2) 

/2 (Moo) = (7Mco~ --i)  -1 [5M2oo /(5 • M~2)]-:/' (cont 'd)  

F ig .  6. F low about  a d i s c  when p~  = 
=0.32 N/m2,  Mo~=8.33, R ~ =  !70,  K= 

= 0.07. 

H e r e  C is S u t h e r l a n d ' s  cons tan t ,  T O is e x p r e s s e d  in 
~ p ~  in N / m  2. The c u r v e s  p lo t t ed  in F ig .  3 r e l a t e  
T o and pr162 a c c o r d i n g  to (3.2) fo r  ~-1/~" = 1 and Mach 
n u m b e r s  M~ = 3, 5, 10. The r e q u i r e m e n t  ~'1/~" > 1 
is  s a t i s f i e d  in the r ange  of To and Po~ va lues  ly ing  
be low t h e s e  c u r v e s .  

Thus the f in i te  l i f e t i m e  of the exc i t ed  s t a t e  of N + 
does  not put a no t i c eab l e  l i m i t a t i o n  on the a p p l i c a t i o n  
to the s tudy  of r a r e f i e d  gas  f lows of the glow d i s c h a r g e  
me thod  with the n o z z l e  a s  the ca thode .  

4. P r o d u c t i o n  of the  v i s u a l i z a t i o n  p i c t u r e s .  The 
pho tog raphs  w e r e  t aken  with a "Zen i t "  m i r r o r  c a m e r a .  
Since the d e n s i t y  g r a d i e n t s  in the flow r e g i o n  i n v e s t i -  
ga ted  a r e  not l a r g e ,  i t  is  a p p r o p r i a t e  to use  f i l m s  with 
a high g a m m a .  The a u t h o r  used  "MZ" f i lm  with  a ~/ 
of about  1 o r  " M i k r a t "  with a 7 of 2 . 5 - 3 .  Depending  on 
the f low p a r a m e t e r s ,  the s c a l e  of the image ,  and the 
f i lm,  the e x p o s u r e  v a r i e d  f rom a few seconds  to a 
few m i n u t e s .  F i g u r e s  4 - 6  a r e  s o m e  of the a i r  flow 
pho tog raphs  ob ta ined .  The flow p a r a m e t e r s - - s t a t i c  
p r e s s u r e  p~,  Mach n u m b e r  Moo, Reyno lds  n u m b e r  
Roo, Knudsen n u m b e r  K - - a r e  shown in the f i gu re  c a p -  
t i ons .  The Reyno lds  n u m b e r  R ~  is e x p r e s s e d  in t e r m s  
of f r e e - s t r e a m  cond i t ions .  The m o d e l  r ad iu s  was 
taken  as  the c h a r a c t e r i s t i c  d i m e n s i o n  in c a l c u l a t i n g  the 
Reyno lds  and Knudsen n u m b e r s .  

In the pho tog raphs  shock  waves  a r e  c l e a r l y  v i s ib l e .  
The r e g i o n  of i n c r e a s e d  d e n s i t y  at  the mode l ,  a s  is  
c h a r a c t e r i s t i c  of r a r e f i e d  gas  f lows,  is  qui te  d i f fuse .  
The  flpw about  a d i s k  is  shown in F ig .  6. In sp i t e  of 
the fac t  that  the d i s k  r a d i u s  was qui te  l a r g e  (17 ram),  
the shock  was c u r v e d .  The shock  is s t r a i g h t  only in 
the r eg ion  of the s t agna t ion  point .  This  phenomenon is 
a l s o  c h a r a c t e r i s t i c  of a r a r e f i e d  gas  f low. In the usua l  
c l a s s i f i c a t i o n  of r a r e f i e d  gas  f lows,  the flow in F ig .  6 
r e f e r s  to a flow with s l ip ,  whi le  F i g s .  4 and 5 show 
f lows in the t r a n s i t i o n a l  r e g i m e  be tween  f lows with 
s l i p  and the f r e e - m o l e c u l a r  r e g i m e .  
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