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Resul ts  of an expe r imen ta l  invest igat ion of barodif fus ion p r o c e s s e s  in superson ic  j e t s  of 
a rgon and hel ium mix tu re s  by using an e lec t ron  beam a r e  presented .  

Beeker  [1] f i r s t  d i sc losed  the barodif fus ion effect  of separa t ion  in a je t  of  a gas  mix ture .  Resul ts  of 
invest igat ing this effect  by gasdynamica l  methods a r e  elucidated in a s e r i e s  of subsequent  pape r s  [2-4]. 
Zigan [5] and Sherman [6] a t t empted  a quant i ta t ive ana lys i s .  The pape r s  [7-9] a r e  based  on applying e lec -  
t r o n - b e a m  diagnost ics ,  which introduce no per turba t ion  into the supersonic  flow and pe rmi t  a r ea l  p ic tu re  
of the gas  mix tu re  flow to be obtained. 

New r e su l t s  of invest igat ing ef fec ts  in grad ien t  flows a r e  elucidated below~ 

1.  E X P E R I M E N T A L  T E C H N I Q U E  A N D  M E T H O D  

The exper imen ta l  appara tus  is a low-densi ty  gasdynamic  shock tube of about 50,000 l i t e r s / s e c  p ro -  
ductivity,  equipped with an e lec t ron  beam appara tus  to m e a s u r e  the densi ty.  The  schemat i c  d i a g r a m  of the 
appara tus  is shown in Fig.  l a .  The working c h a m b e r  1 is a t tached to the r e c e i v e r  3 through the va lve  2. 
The r e c e i v e r  and c h a m b e r  a r e  evacuated by s t e a m  diffusion 5 and mechan ica l  pumps  6 through the valve 4. 
The e lec t ron  gun 13 with e lec t ron  co l l ec to r  9 is mounted on the coord ina tor  7 in the working chamber .  The  
injection chambe r  with nozzle  8, p laced in the chamber  on the coord ina tor  with 300 z 300 • 300 m m  3 d is -  
p lacement ,  is the je t  source .  An e lec t ron  b e a m  with 10 kV energy and 1-3 mA cu r r en t  i n t e r s ec t s  the j e t  
in the t r a n s v e r s e  d i rec t ion  and exc i tes  a glow in the gas .  This  radia t ion  drops  on the en t rance  sli t  of the 
ISP-51 spec t rog raph  11, opera t ing  in a unit with the photomul t ip l ie r  12 and the r e c o r d e r  EPPV-60 ,  
through an i l luminator ,  the lens 10. The spec tograph  is mounted in such a manne r  that  i ts  en t rance  s l i t  is 
pe rpend icu la r  to the e lec t ron  beam.  Fo r  a m a x i m u m  0.4 m m  width of the en t rance  slit ,  quadruple  d iminu-  
tion of the image ,  and 1.5 m m  beam thickness,  the r ece ived  signal is ave raged  ove r  the volume of a gas  col-  
umn 1.6 m m  high and 1.5 m m  in d i ame te r ,  which a s s u r e s  loca lness  of the m e a s u r e m e n t .  

( d =z z5 -~ 

Fig.  t 
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The m e a s u r e m e n t  of the par t ia l  densi t ies  of 
the components  n(Ar) and n(He) and the argon concen-  
t ra t ion  f a r e  based  on a l inea r  dependence between 
the measured intensities I(Ar) or I(He) of the compo- 

nents exci ted by the e lec t ron  beam and its par t i a l  den-  
s i ty and the b e a m  cu r r en t  i. 

The following dependences a r e  hence used: 

n (Ar)/n (He) n (Ar) ~ ! (At) 
f = t -~- n (Ar)/n(He) ' n (He) = / j  ~ ( i.I ) 

where  B is a propor t ional i ty  coefficient .  

To check the c h a r a c t e r  of the dependence of 
the component  glow intensity on the densi ty,  the ca l i -  
b ra t ion  was c a r r i e d  out at  300~K in a 0.0147-0.441 
m m  Hg p r e s s u r e  range.  The injection c h a m b e r  noz-  
zle p ic tured  in Fig. l c  was used  in the ca l ibra t ion.  

The  glow was obs e rved  a f t e r  the c r i t i ca l  sect ion of the nozzle.  The 5016 A line (the t rans i t ion  31pl - 
21S0) was uti l ized to r e c o r d  the hel ium glow, and the 4200 • 50 ~, s p e c t r u m  band for  argon.  

The  dependence of the argon glow intensi ty on the densi ty is l inear  in the whole ca l ibra t ion  band, 
where  l inear i ty  is r e t a ined  for  he l ium jus t  to the densi ty  n(He) = 0.6 x 1016 a t o m s / e r a  3 (0.19 m m  Hg p r e s -  
sure) .  

The propor t iona l i ty  coeff icient  B = 2.89 in (1.D was  de te rmined  on the l inear  sect ion f r o m  the cal i -  
b ra t ion  r e su l t s .  

All the expe r imen ta l  r e s u l t s  quoted here in  l ie  within the l imi t s  of  ca l ib ra t ion  l inear i ty  for  the densi ty 
leveI .  

To c la r i fy  the poss ibi l i ty  of uti l izing the e l e c t r o n - b e a m  method in the nonl inear  domain,  the spec t r a  
of Ar ,  He, H 2, N 2, and the i r  m i x t u r e s  were  studied at  p r e s s u r e s  when the influence of col l is ion p r o c e s s e s  
is poss ib le .  The r e su l t s  of this invest igat ion reduce  to the following: 

1) As the  densi ty i n c r e a s e s ,  the probabi l i ty  of col l is ions between the excited and unexcited pa r t i c l e s  
r i s e s ,  and the re fo re ,  so  does the probabi l i ty  of r ad ia t ion less  t r ans i t ions  between excited pa r t i c l e s  in the 
no rma l  s ta te ,  which is man i fes t  in the diminution of the total  intensi ty of the s p e c t r u m ;  

2) A change in the c h a r a c t e r  of the col l is ions,  a s soc ia ted  with the change in density and composi t ion 
of the gas  exci ted by the e lec t ron  beam,  r e s u l t s  in a red is t r ibu t ion  of the excited pa r t i c l e  energ ies  ove r  the 
t e r m s .  

In pa r t i cu la r ,  ana lys i s  of the s p e c t r u m  of a he l ium mix tu r e  with argon shows that  as  the argon con-  
cen t ra t ion  i n c r e a s e s  the intensi ty of the hel ium l ines belonging to the s ingle t  t r ans i t ions  d e c r e a s e s ,  but in- 
c r e a s e s  for  the mul t ip le t  t r ans i t ions ;  

3) The  s p e c t r u m  of mo lecu l a r  hydrogen excited by an e lec t ron  beam,  jus t  as  the s p e c t r u m  in a glow 
d i scharge ,  has  no ve ry  defini te v ibra t iona l  s t r u c t u r e  bands.  A pecul iar i ty  of the s p e c t r u m  is the p r e sen ce  

a a 

of the a tomic  hydrogen l ines H(~ = 6552.8 A, Hfl = 4861.3 A, H 7 = 4340.5 A. 

The needed concentra t ion  was obtained in the s tagnat ion c h a m b e r  by the method of a s epa ra t e  supply 
of the components .  If p0(Ar) and p0(He)are the p r e s s u r e s  in the  injection chambe r  for  the flow of the individ- 
ual components ,  then a mix tu re  with the par t ia l  densi ty ra t io  

and p r e s s u r e  

(At) po(Ar) I / /  re(He) 
n (He) - p~-i-~7 F ~ (-~ 

p0 [ [p0 (At) n L p0 (He}] ~ n u p0 (At) p0 (He) 
[ V ~ -  V~-]-~ ?-j,/, 

= 

(1.2) 

(1.3) 
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will exist in the injection chamber  for their  combined 
delivery with the same discharges .  

Here m(Ar) and re(He) a re  the molecular  
weights of argon and helium. The relat ionships (1.2), 
(1.3) have been obtained within the scope of inviscid 
continuous gas flow of the same atomicity.  

The p re s su re  in the stagnation chamber  is 
measured  by a U-shaped oil manometer .  The level 
was measured  by using a scale mic roscope  MIR-12 
with e r r o r  not exceeding • 0.01 ram. A VT-2 the rmo-  
couple vacuum mete r  was utilized to measu re  the 
p r e s s u r e  in the chamber .  

2. JETS FROM A SONIC 

NOZZLE 

A mixture with an initial f0 = 0.51 argon con- 
centrat ion was taken to investigate the configuration 
of a jet f rom a sonic nozzle. The nozzle d iagram and 

jet configuration a re  shown in Fig. lbo A sys tem of shocks is c lear ly  formed for the stagnation t empera -  
ture  T = 300 ~ stagnation p r e s s u r e  P0 = 124.6 m m  Hg and the chamber  p r e s s u r e  p0 := 1.43 • 10 -2 mm Hg 
selected in the experiment:  the jet  boundary in the f igure is 1, the la tera l  compress ion  shock is 2, the 
Mach disc is 3. Certain resul ts  a re  presented in Figs.  2 and 3 for the mentioned values of the pa ramete r s .  

Presented  in Fig. 2 for the same values of the pa ramete r s  a re  the longitudinal profi les of the part ial  
re la t ive component densities n(He)/n0(He) and n(Ar)/n0(Ar) (curves 2, 3), the relat ive mass  density of the 
mixture  P/Po (curve 1) and also the molar  concentrat ion of argon f. The densities a re  r e f e r r e d  to the co r -  
responding values in the stagnation chamber .  The initial concentrat ion f0 is no worse  than :L 5%. 

The Mach disc has a significant thickness (20-25 ram). The point Xm/d = 0.67 ~ 62~ c o r r e -  
sponding to the location of the Mach disc, coincides according to the Sherman [7] general izat ion with the 
maximum of the helium density in the shock. The leading front of the shocks is helium enriched in conform-  
ity with their  configurat ion in a binary mixture.  

The helium in the Mach disc is elevated 4.5-fold,  which exceeds the limit of density var ia t ion in con- 
formity with the Hugoniot adiabat. The argon density in the shock is increased  2.92-fold along the jet  axis, 
and the total mass  density 2.91-fold. 

Shown in Fig. 3 a re  the t r ansve r se  profi les of the relat ive part ial  densit ies of the components and 
the concentra t ion profiles calculated with them for different x/d.  Curves 1, 2, and 3 cor respond  to x /d  = 
11.1, 35~ 64.5. 

The flow picture presented in Figs.  2 and 3 for the separa te  components agrees  qualitatively with 
the Rothe [7] resul ts  for a jet with d = 15 mm, f0 = 0.12, P0 = 2.56 mm Hg, p0 = 0.017 mm Hg and Reynolds 
number R = 533. Enrichment  in the inviscid expansion zone was not detected in the experiments .  This 
also cor responds  to the data in [7], since the expected enr ichment  for the case  under considerat ion is f - 
f0 = 0.002 for  R = 5600, which is less  than the experimental  er ror~ 

The minimal argon concentrat ion 0.27 is observed  on the axis in the forward zone of the Mach disc. 

According to the cha rac te r  of the profi les  r ecorded  direct ly behind the front of the Mach disc (x/d = 
64~ (Figs. 2, 3), the impress ion  is crea ted  that the la tera l  compress ion  shocks specify helium enrichment  
on the jet axis. A "semi t ransparen t  funnel ~ for the light component seems  to originate.  

Physical ly ,  this apparently means the effect of concentra t ion diffusion of helium to the jet axis f rom 
the he l ium-enr iched  zone in front of the la tera l  shock. 

The d iameter  of a Mach disc in a monatomic gas is small  compared  to the jet size.  Hence, additional 
helium enr ichment  f rom the shock layer  zone of the t r a n s v e r s e  shocks is possible on the jet axis in the 
Mach disc because  of the curva ture  of the s t reaml ines  to the axis~ This can appear  to be the reason for the 
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anomalously high density rat io on the Mach disc for  helium (4.5). The 
effect mentioned was not observed  in the Rothe [7] experiment,  where the 
Reynolds number  was an o rde r  of magnitude less ,  the sys tem of shocks 
was diffuse, and the helium could diffuse into the surrounding space f rom 
the shock zone. Under the conditions of the experiments  descr ibed this 
la t ter  effect is a l ready felt behind the Maeh disc where argon enr ichment  
is observed.  Fur ther  expansion of the mixture only resul ts  in equilibrium 
in the jet inhomogeneity. 

3.  J E T S  F R O M  A S U P E R S O N I C  N O Z Z L E  

The jet  configuration was investigated for the escape of a He + Ar  
mixture  under the following conditions: f0 = 0.60, P0 = 2.57 mm Hg, p0 = 
1.8 x 10 -2 m m  Hg, T o := 300"K. The geometr ic  value of(the discontinuity) 
(w{thout taking account of boundary layer  displacement)  is pa/po = 0.725. 
The configuration of the compress ion  shocks and the jet  boundary o b -  
tained in this mode a re  shown together  with the nozzle geometry  in Fig. 
l c  in the same scale.  Here 1 is the jet boundary, 2 the compress ion  
shock. Shownin Fig. 4a, b, c are  the longitudinal and t r ansve r se  profi les 
of the part ial  re la t ive component densities and the concentrat ion profile.  
Curve 1 in Fig. 4a is the mass  density, 2, 3 are  the part ial  argon and 
helium densit ies,  respect ively ,  4 is the concentrat ion.  Corresponding to 
curves  1,2,  3 in Fig. 4b, e are  x /d  = 3.0, 4.61, 8.18, where the solid line is 
hel ium and the broken line is argon.  The e r r o r s  in determining the co-  
ordinate x do not exceed • 2 mm, and • 1 mm for  the coordinate y. The 
accuracy  of measur ing  the concentrat ion in this experiment is not worse  
than • 10%. 

Marks for  the values of the initial concentrat ion a re  superposed on 
the ver t ica l  axis (Fig. 4a, b, c). It is seen f rom Fig. 4a that an elevated 
argon concentrat ion is a lready observed in the jet  at the exit f rom the 
nozzle.  This fact is qualitatively not in conformity with the resul ts  of 
Sebacher [8] in an investigation of the escape of a He + N 2 mixture f rom 
a d = 3.56 mm nozzle.  The s trong helium enrichment  on the jet  axis de-  

tected but not explained by Sebacher is visibly the resu l t  of an e r r o r  in determining the initial concentrat ion 
of a mixture  composed of the d ischarges  of pure components~ 

Exactly as in the je t  f rom a sonic nozzle,  hel ium enr ichment  of the leading front  is cha rac te r i s t i c  for  
the shocks.  Moreover ,  a noticeable r i se  in argon concentrat ion is observed in the per ipheral  domain of the 
jet  (Fig. 410, c), which is caused by the escape of helium f rom the jet  boundaries  because  of the high ra tes  
of hel ium evacuation by the vacuum sys tem.  

In the zone of compress ion  shock intersect ion the mass  density in the shock is elevated 4.34-fold 
along the jet  axis;  the density of the individual components var ies  by approximately the same amount, i.e., 
the r i se  in density is m o r e  intense than the l imit  value for a normal  shock. 

There  is a valley (a low density domain on the axis) in the t r a n s v e r s e  profi les of the part ial  re la t ive  
densit ies of the components x /d  = 3.0, where the compress ion  shocks a re  not formed.  The reason for such 
a profi le shape has not been clar i f ied finally. Let  us a ssume that this is the influence of perturbat ions pas-  
sing through the nozzle boundary layer .  For  x /d  = 4.61 the density profi le at  the axis is equilibrated. 

In o rde r  to clar i fy the jet  s ingular i t ies ,  an experiment  was conducted with a pure argon jet  escaping 
f rom a supersonic  nozzle with P0 = 2.08 m m  Hg, p0 = 1.4 x 10 -2 mm Hg, and pa /p~  = 0.755. The t r a n s v e r s e  
density profi les  n r e f e r r e d  to the density in the chamber  n ~ a re  sho~m in Fig. 4d. The curves  1, 2, 3, 4 
cor respond  to x /d  = 3.0, 4.50, 6.65, 10.67. A sharp density peak in the zone of shock intersect ion (x/d = 
10.67) is visible. In this case  the r i se  in density at the shock intersect ion is 3.56. A compar ison  between 
this quantity and that presented above for the mixture (4.34) indicates that the addition of a light component 
resul ts  in a growth of shock intensity, which can be a d i rec t  consequence of diffusion p rocesses  in the shock 

zone. 
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The densi ty t rough on the je t  axis  obse rved  in the mix tu re  in the prof i le  r e c o r d e d  at  the nozzle  exit  
(x/d = 3.0) is duplicated a lso  in the expe r imen t  with pure  argon.  

A genera l  compar i son  of the je t  configurat ion f r o m  a sonic and a supersonic  nozzle  shows that gas 
separa t ion  at the shocks is weaker  in the second ca se  than in the f i r s t .  This  means  that  barodif fus ion ef- 
fec t s  in the je t  f r o m  a superson ic  nozzle  a r e  weaker  as  the p r i m a r y  r ea son  for  gas  separa t ion .  

4.  F L O W  I N  A S U P E R S O N I C  N O Z Z L E  

Separat ion of the components  in the flow of a b inary  mix tu re  in a nozzle  is poss ib le  at low p r e s s u r e s .  
In o r d e r  to inves t iga te  the expansion of gas mix tu re s  in a channel, the nozzle  p ic tured  in Fig.  l c  was ut i -  
l ized.  An Ar  + He mix tu re  with the init ial  concent ra t ions  f0 = 0.24, P0 = 0.27 m m  Hg, p0 = 1.5 • 10 -3 m m  Hg 
was the working gas .  

The nozzle  cons t ruc t ion  is  shown in Fig.  5. An e lec t ron  beam is in t roduced through the holes  in the 
nozzle  wails 1o The  cowling 2 mounted on insu la tors  3 stop down the e lec t ron  b e a m  prevent ing  it f r o m  fa l -  
ling on the nozzle  wall. The nozzle  is mounted in the working chamber  in such a way that  i ts  axis  is p a r a l -  
lel  to the opt ical  axis of the rad ia t ion  de tec tor  and the glow of the gas  exci ted by the e lec t ron  b e a m  is r e -  
corded  through the exit  sec t ion  of the nozzle.  

Resul ts  of m e a s u r i n g  the t r a n s v e r s e  prof i le  of the par t ia l  component  dens i t ies  at  d i f ferent  sec t ions  
of the superson ic  pa r t  of the nozzle  a r e  shown in the upper  Fig. 6. The  solid l ine is hel ium, and the dashes  
a r e  argon.  The  densi ty prof i les  at each sect ion a r e  r e f e r r e d  to values  on the nozzle  axis .  The cu rves  1, 
2, 3 co r r e spond  to x = 20, 45, 70 m m .  The r e su l t s  show that  the flow mode is essen t ia l ly  v i scous  ( there is 
no inviscid s t r e a m  nucleus).  This  c i r c u m s t a n c e  p e r m i t s  the hope that  pe r tu rba t ions  f r o m  holes in the noz-  
zle  walls do not p ropaga te  deeply into the s t r e a m  and can be  neglected~ The Reynolds number  computed by 
means  of the s tagnat ion p a r a m e t e r s  and the radius  of the c r i t i ca l  sec t ion  is R = 55.6. 

T r a n s v e r s e  prof i les  of the argon concent ra t ion  a r e  p resen ted  in the same  Fig. 6. The initial concen-  
t ra t ion  is supe rposed  on the ve r t i ca l  axis .  A common argon enr ichment ,  wh ichgrows  downs t ream,  is ob-  
s e rved  for  all  p rof i les .  This  fact  is a d i r ec t  consequence of the barodif fus ion sepa ra t ion  of the mix tu r e  
components  in the gradient  s t r e a m ;  in o ther  words ,  the lag of a rgon  a toms  behind the he l ium a toms  is  ob-  
s e r v e d  as the gas  is acce l e r a t ed .  

An i n c r e a s e  in the argon concentra t ion  at  the walls is not iceable  in all sec t ions .  The t rough in the 
a rgon  concentra t ion,  which gradual ly  leve ls  out at the nozzle  exit, p r ecedes  this i nc rea se .  T h e r e  is a l r eady  
no such t rough in the j e t  at  5 m m  f r o m  the nozzle  exit (curve 4 for  x = 80). A t r a n s v e r s e  p r e s s u r e  grad ien t  
whose magni tude and dis t r ibut ion a r e  de t e rmined  by the shape and v i scos i ty  is produced in the flow ove r  
the rounded c r i t i ca l  sec t ion  of the nozzle.  This  p r e s s u r e  grad ien t  spec i f ies  the s t r e a m  inhomogeneity in the 
t r a n s v e r s e  d i rec t ion  because  of barodiffusion.  
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