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A rela t ionship  is obtained between the gas densi ty in supersonic  ra re f ied  flow and the in tens i ty  of the negative 
glow discharge emiss ion .  Some resu l t s  a re  presented of m e a s u r e m e n t s  of the densi ty  in the free s t r eam and near  a 
model. It is shown that the densi ty  m e a s u r e m e n t  based on negative glow discharge emiss ion  is effective in the stat ic 
p r e s s u r e  range 5 �9 10-2-5 �9 10 -4 m m  Hg. 

Because of the s impl ic i ty  of the equipment  used,  glow discharge  emiss ion  is widely used for v isual izat ion of 
ra re f ied  flows in low-densi ty  wind tunnels  (see, for example [1-2]). However, because of the complexity of the 
p rocesses  leading to ini t ia t ion of emiss ion  the re la t ionship  between emiss ion  in tens i ty  and gas densi ty  has not been 
establ ished.  Therefore  this technique makes possible  only a rough es t imate  of the densi ty  dis t r ibut ion.  

Flow visual iza t ion using negative glow discharge emiss ion  is descr ibed in [3], where  the supersonic  nozzle was 
used as the cathode. It was found that emiss ion  is excited by electrodes  with an energy corresponding to the cathode 
potential drop. Because of e lectron sca t te r ing  upon coll is ion with the molecules ,  the e lectron concentra t ion and 
emiss ion  in tensi ty  decrease  with inc reas ing  dis tance f rom the nozzle.  In the following the resu l t s  of [3] are  used as a 
bas i s  for obtaining re la t ions  which permi t  calculat ing the gas densi ty dis t r ibut ion in the flow from the emiss ion  
in tens i ty  d is t r ibut ion.  As in [3], the working gas is assumed to be ni t rogen or a i r ,  although the technique can be used 
for other gases .  

1. In the case of ni t rogen or a i r  and for sufficiently low p re s su re  the negative glow spect rum cons is t s  of the 
bands of the f i r s t  negative sys tem of ni t rogen.  The in tens i ty  of the other spect ra l  sys tems in the vis ib le  region can be 
neglected.  It is well known that the in tens i ty  i (v ' ,v")  of the v ibra t ional  band corresponding  to radiat ional  t rans i t ion  
f rom the v ib ra t iona l ' l eve l  v'  of the upper e lectron state to the vibra t ional  level v" of the lower electron state is wri t ten  
in the form 

i (v', +") = g (v')+ (v', v") h+ (v', v"). (1) 

Here a(v ' ,v")  is the t rans i t ion  probabil i ty,  h is P lanck ' s  constant ,  and u(v ' ,v")  is the radia t ion frequency.  The 
excitation conditions a re  accounted for in the factor  g(v'), which in the case of e lectron excitation is expressed in the 
form 

(2) 

Here N(v~') is  the molecular  concentrat ion at the v ibra t ional  level v~' of the lower e lec t ron state,  f rom which 
population of the level  v '  of the upper e lectron state is accomplished;  n is the e lectron concentra t ion;  (v ' ,v")  is the 
overlap in tegra l ;  /~e(%,.v~',, E) is the e lectron t rans i t ion  moment ;  %.,~ is the r - cen t ro id ;  f (E)dE is the fract ion of 
e lec t rons  with energy between E and E + dE. 

For  not very  high t empera tu re  (~t000OK) we can assume that  all  the molecules  a re  in i t ia l ly  at the zero 
vibra t ional  level of the ground electron state.  We also assume that for the f i r s t  severa l  v ibra t ional  levels  with 
compara t ive ly  high e lec t ron energy the dependence of Re on the in t e rnuc lea r  d is tance  is negligibly smal l  [4,5]. Then 

g (v') = N (0) n (~', 0)~ f R~ (E) / (E) dE, (3) 
E 

The emiss ion  in tens i ty  I of the negative sys tem of ni t rogen equals the sum of the in tens i t ies  of the individual 
bands,  i . e . ,  
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[ =  ~--a i (v', v " )=A(v ' ,  v")N(O)n i R~(E)](E)dE 
v', v" E 

A(v', :)= ~ ,  a(v ' ,  v " ) h v ( ~ ' ,  v")(~ ', O)L (4) 

Thus the emiss ion  intensi ty is propor t ional  to the molecu la r  concentrat ion (gas density) and the e lec t ron  
concentra t ion.  However ,  de te rmina t ion  of the molecu la r  concentra t ion f rom the absolute radia t ion intensi ty involves 
s eve ra l  d i f f icul t ies .  The re fo re  we shall  examine another  poss ibi l i ty .  

Let  the z - a x i s  be d i rec ted  along the nozzle  wall .  For  suff icient ly low p r e s s u r e  we can neglect  the e lec t ron  
energy  var ia t ion  along the z - a x i s  within the region of observat ion  [3,6]. Then the r e l a t ive  change of the emiss ion  
intensi ty  as we move f rom the point z to the point z § dz is  

dI(z) [ t dN(z) l dn(Z)ld 
= L ~ - ~  - ~  + -~(~) ---z--~ j ~. 

(5) 

Or,  introducing in place of the mo lecu l a r  concentra t ion N(z) the gas densi ty  p(z), we obtain 

d I ( z )  g I d p ( z )  t d n ( z ) ]  
(6) 

The e lec t ron  concentra t ion in the beam d e c r e a s e s  with dis tance f rom the nozzle ,  and the e lec t ron  concentrat ion 

gradient  along the z - a x i s  J s defined as 

dn (=) 
~i" = - ~P (z) n (0, (7) 

where  # is the e lec t ron  beam attenuation fac tor  [3]. Consider ing (7), we obtain 

dp (z) d In I (z) 
d~ -- ~ P (0 = ~P (z) 

z 
I (z) [" [.l.[3 (Zo) I I (z ) "~-i 

p (~) = p (~o) ~ ~ d~j , 
zo 

(s) 

(9) 

It is convenient  to se lec t  the ini t ial  point z0 on the following basis .  Usually,  in supersonic  f ree  flow we can find a 
suff icient ly smal l  segment  Az over  which the densi ty  change is  negligibly smal l .  Then for this segment  dp/dz ~ 0 and 

(8) can be wri t ten  in the fo rm 

d In X (~) (10) 
dz - -  - -  P'P " 

Since in this ca se  p is independent of z, the curve  ln I  (z) = f ( z )  is a s t ra ight  line whose slope defines the value of the 
densi ty  p. To find the magnitude of the densi ty  at each point z with the aid of (9) it is advisable  to take values  of the 
quanti t ies  z0, I (z0), and p(z0) cor responding  to the final segment  of the l inear  re la t ion (10), i . e . ,  at the point where  
the densi ty gradient  becomes  nonzero and the curve  In I (z) = f (z)  is no longer  a s t ra ight  l ine.  

To de te rmine  the density at any point of the flow, we must  substi tute into the resul t ing  fo rmulas  the values of the 
emiss ion  intensi ty at this point and at the preceding  (along the z-axis)  points.  For  p lanar  flow it  is poss ible  to use the 
in tegra l  values  of the emiss ion  intensi ty along the l ines of observat ion .  For  the m o r e  complex th ree -d imens iona l  
distzibution of the gas densi ty  and emiss ion  intensi ty  the calculat ion of the densi ty is m o r e  difficult .  In pa r t i cu la r ,  in 
the case  of axial  s y m m e t r y  of the densi ty dis t r ibut ion in supersonic  flow and near  a model  the well-known technique 
for  calculat ing a x i s y m m e t r i c  nonhomogenei t ies  can be used to find the densi ty field. 

In the case  of photographic r ecord ing  of the emiss ion  and when operat ing on the r ec t i l i nea r  par t  of the 
c h a r a c t e r i s t i c  curve ,  the emiss ion  intensi ty  can be expressed  in t e r m s  of the photographic m a t e r i a l  densi ty  D(z). Then 

I (z) / I (zo) : t 0  [D ( z ) -D  (zo)]/v, (11) 
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where  T is the photographic m a t e r i a l  cont ras t  coeff icient .  Thus, in regions  where  the densi ty depends on z 

z 

(z) = ~ (~o),0 ~ z )  D(~.)]/~ [ , _  ~ (--0) I ~~176 -~" 
z .  

(12) 

For  a region with constant  densi ty  we obtain 

2.3 dD(z) 2.3 D(ze)--D(zl) (13) 

The points z 2 and zi a r e  located within the region where  dp/dz  = 0 and the dependence of D on z is l inear .  

The value of the coeff ic ient  g can be obtained with the aid of p r e l im ina ry  ca l ibra t ion  expe r imen t s  with known gas 
density.  In studying flow past a model  the densi ty is usual ly  de te rmined  in the fo rm of the re la t ive  value,  for example 
in the fo rm Poo/P (P is the f r e e s t r e a m  density).  In this case  the re  is no need for a p r e l im ina ry  m e a s u r e m e n t  of theva lue  
of the coeff icient /~ ; the value of ~poo is calculated f r o m  the slope of the s t ra ight  portion of the curve  of D v e r s u s  z and 
substi tuted into (12). 

2. The densi ty m e a s u r e m e n t s  were  made in a l o w - p r e s s u r e  wind tunnel. The exper imenta l  setup was desc r ibed  
in [3]. The working gas was a i r .  Cal ibrat ion m e a s u r e m e n t s  were  f i r s t  made to de t e rmine  the coeff ic ient  M. The value 
of # depends on the cathode potential  fal l ,  which cannot be de te rmined  in each specif ic  exper iment .  T h e r e f o r e  it is 
be t te r  to obtain the dependence of u_ on the vol tage fall  on a d i scharge  gap. F igure  1 shows such an exper imenta l ly  
de te rmined  re la t ion .  The m e a s u r e m e n t  e r r o r  was about 5%. We see that the value of # d e c r e a s e s  with i nc r ea se  of the 
vol tage.  This phenomenon is in ag reemen t  with the genera l ly  accepted ideas on the dependence of the effect ive col l is ion 
c r o s s  sect ion of the e lec t ron  with an atom (molecule) on i ts  energy.  

The m e a s u r e m e n t  of gas density in the supersonic  flow behind the shock at the model  was made under conditions 
of not too low a p r e s s u r e ,  when compar i son  of the m e a s u r e m e n t  r e su l t s  with the values  of the p a r a m e t e r s  calculated 
with the aid of the continuum re la t ions  is s t i l l  poss ib le .  The model  used was a c i r cu l a r  cyl inder  placed c r o s s w i s e  in 
the flow. The cyl inder  was suff icient ly long so that  end effects  did not d is turb  the flow p a r a m e t e r s  within the length of 
the emiss ion  zone along the viewing axis  and the ftow could be cons idered  two-dimens ional .  The supersonic  flow 
conditions were  as fol lows:  Mach number  M~ = 5, s tat ic  p r e s s u r e  P~o = 5.5" 10 -3 mm Hg, stagnation t e m p e r a t u r e  was 
room t e m p e r a t u r e .  If we take the cyl inder  radius  as the c h a r a c t e r i s t i c  d imension,  then the Reynolds number  R~o = 280 
and the Knudsen number  K = 0.027. F igure  2 shows a photograph of the flow past the model .  The photographic 
m e a s u r e m e n t s  of the negat ive were  made in the d i rec t ion  f rom the nozzle  toward the model  along the nozzle axis,  
F igure  3 shows a mic ropho togram of the emiss ion  (curve 1) and the densi ty dis t r ibut ion (curve 2) along the stagnation 
l ine near  the model .  

The slope of the l inear  segment  was used to de t e rmine  the gas densi ty in the supersonic  s t r eam.  The density was 
(5.2 �9 0.8) �9 10 -5 k g / m  3. The value of the s tat ic  densi ty in the s t r e a m ,  calculated on the bas is  of m e a s u r e m e n t s  with a 
total head probe,  was (6.0 =L 2.1) �9 10 -5 k g / m  ~. The ag reemen t  can be cons idered  fa i r ly  good. The gas densi ty  in the 
region of the stagnation point along the axis ,  r e f e r r e d  to the f r e e s t r e a m  densi ty,  was calculated with the aid of (12) 
f rom the emiss ion  mie ropho togram shown in Fig.  3. The resul t ing  curve ,  r ep re sen t ing  the compres s ion  shock prof i le ,  
is also shown in Fig .  3. We note that  the compres s ion  shock front is r a the r  s t rongly diffused; this is c h a r a c t e r i s t i c  
for r a re f i ed  gas f lows.  Within the l imi t s  of the m e a s u r e m e n t  e r r o r  the gas density rat io reached behind the shock near  
the model  co r re sponds  to the value calcula ted using the Hugoniot-Rankine re la t ion ,  which for M = 5 is 5. Thus the 
resu l t s  of the exper imenta l  study a re  in ag reemen t  with the calculated values ,  which conf i rms  the val idi ty  of the 
assumpt ions  made and the sui tabi l i ty  of the proposed technique for exper imenta l  de terminat ion  of the r a r e f i e d  flow 
spec t rum near  mode ls .  

The mos t  comple te  p ic ture  of the gas densi ty  dis t r ibut ion in supersonic  flow is obtained by plotting the densi ty 
field. In so doing an impor tant  factor  is whether  the densi ty  field is ca lcula ted f rom a flow pat tern obtained as a r e su l t  
of a single m e a s u r e m e n t  or  whether  the study is made using the "point -by-point"  technique. In the l a t t e r  case  we must  main-  
ta in both the wind tunnel p a r a m e t e r s  and the expe r imen ta l  equipment  p a r a m e t e r s  constant for  a long t ime  in te rva l ,  which is 
not always poss ib le .  An impor tant  fea ture  of the technique desc r ibed  is the poss ibi l i ty  of photographing the flow pattern 
as a whole and then calculat ing the densi ty at any point. The i sodensi ty  l ines fo r the  t r a n s v e r s e  flow past  a cyl inder  
obtained in this way for 1V~ = 5, Roo = 57, K = 0.13, a re  shown in Fig.  4, where  } is the dis tance f rom the forward face 
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of the cyl inder  along the stagnation l ine,  r is the dis tance from the plane containing the axis of the cyl inder  and the 
stagnation l ine.  Under cer ta in  conditions the densi ty  d is t r ibut ion can also be used to calculate  the pat tern of the other 
pa r ame te r s .  

3. The re la t ive  densi ty  m e a s u r e m e n t  e r r o r  

A [p(z)/Po.l 

is de te rmined  p r ima r i l y  by the degree of a ref lec t ion  and by the photographic ma te r i a l  cont ras t  coefficient T (Fig. 5). 
The maximum possible  m e a s u r e m e n t  e r r o r  when using a f i lm with T = 2.5 becomes large (about 25%) for p = 5 �9 10 -G 
k g / m  3. This value,  which cor responds  to a stat ic p r e s su re  of about 5 �9 10 -4 mm Hg, can apparent ly  be taken 
approximately as the lower l imi t  in us ing the descr ibed  technique.  The upper l imit  is de te rmined  from the condition 

z ~ 

i Fpd~'~l~<p>(z"--z')<l 
z" 

and depends on the exper imenta l  condit ions.  We note that in the case  considered of densi ty m e a s u r e m e n t  near  a 
cyl inder  the quantity ~<p>(z"--z'~ is close to unity;  however,  the deviation of the measured  value from the calculated 
value s t i l l  does not exceed the m e a s u r e m e n t  e r r o r .  

An approximate l imi t ing  vaIue of the p r e s s u r e  can be taken to be 5 �9 10 .2 m m  Hg. Thus,  the technique for 
measur ing  the densi ty  in ra re f ied  flows f rom the re la t ive  in tensi ty  of the negative glow discharge  radiat ion can be used 
in the p r e s s u r e  range from 5 �9 10 -2 to 5 "10 -4 mm Hg. 
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