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Resul t s  a r e  p r e sen t ed  of an expe r imen ta l  s tudy of the s t r u c t u r e  of the flow and shock wave for  
hyper son ic  sphe r i ca l  expansion of a gas in a r eg ion  with f ini te  p r e s s u r e  with t r a n s i t i on  f rom hyperson ic  
to subsonic flow in a shock wave.  Such flow is r e a l i z e d  if sonic  or  supe r son ic  flow condit ions with a 
p r e s s u r e  exceeding cons ide rab ly  the sur rounding  p r e s s u r e  a r e  c r e a t e d  on a sphe r i ca l  s u r f a c e .  In the 
expe r imen t s  the gasdynamic  source  was a hollow sphere  with pe r f o r a t e d  she l l .  

The poss ib i l i t y  is  shown of c r ea t ing  a s t a t iona ry  sphe r i ca l  shock wave for  efflux f rom the sphe r i ca l  
source  into the reduced  p r e s s u r e  reg ion  with l a r g e  p r e s s u r e  d i f fe ren t i a l .  

The influence of the p r e s s u r e  r a t io  and leve l  on the s t ruc tu r e  of the flow with a sphe r i ca l  shock 
wave in n i t rogen is s tudied.  

The essen t i a l  dependence of the flow p a r a m e t e r s  ahead of the shock wave on the pe r tu rba t ions  which 
pene t r a t e  f rom the sur rounding space  through the shock wave is shown. 

The study made of the b ina ry  mix ture  flow s t ruc tu r e  showed t h e p r e s e n c e  of s ign i f i can tba rod i f fus iona l  
s epa ra t i on  of the components .  

Notation: n' = p a r t i c l e  volume densi ty ,  p = p r e s s u r e ,  r = r ad i a l  d i s tance  f rom cen te r  of source ,  M = 
Mach number ,  k = ad iaba t ic  exponent,  f = mole  f rac t ion  of heavy component in b ina ry  gas mix tu re ,  a = 
speed  of sound, p = densi ty ,  ~ = dynamic v i s cos i t y ,  n = nV/n0 T = r e l a t i v e  dens i ty .  

Subscr ip ts  denote condi t ions:  * = at  c r i t i c a l  sec t ion ,  0 = s tagnat ion,  ~ = in su r rounding  space ,  s = on 
shock wave,  k = in vacuum c h a m b e r .  

As is well  known, the p rob l em of s t a t iona ry  ideal  gas flow f rom a sphe r i ca l  sou rce  has two continuous 
solut ions:  superson ic ,  with monotonic d e c r e a s e  o5 the p r e s s u r e  to 0 as  r -* % and subsonic ,  with monotonic 
i n c r e a s e  of the p r e s s u r e  f rom p .  to It/2 (k + 1)] k / ~ : - t )  p ,  a t  inf ini ty.  They a re  sa t i s f i ed  by the r e l a t i on  

~-  !7~-~ ~vl + k--~) (1) 

Consequently,  the solut ion within the f r amework  of ideal  gas theory  for  efflux into space  with f inite 
p r e s s u r e  

poo< p .=  [(k + i)/2] ~(1-~) P'0 

mus t  be discontinuous with t r ans i t i on  through the shock wave f rom the supe r son ic  b ranch  of the source  to 
the subsonic  branch  of a new source  whose loca t ion  is defined by the quanti ty P'0/P~ and the r ad ius  r ,  of 
the sonic flow sphe re .  

The Mach number  Ml ahead of the shock wave [and the re fo re  the pos i t ion  of the shock wave accord ing  
to (1)] is  defined by the e x p r e s s i o n  

k + l  1 k 1 

po'  - - ~  ~ . ' ~ }  ' 
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The flow descr ibed can be rea l ized in pract ice  during gas expansion 
5 ~ - - ~ ]  through a per fora ted  or  porous surface into a region with reduced p r e s -  

su re .  It is possible that supersonic  flow conditions will also be created 
z during intense vaporizat ion f rom the spherical  surface into a vacuum. 

In the studies descr ibed we used a perfora ted  spherical  shell - a 
36-rnm-diam~ tennis ball in which 133 uniformly distr ibuted 0.85-ram- 
diam. holes were  dri l led.  

The experiments  were conducted in a low--density wind tunnel 
having an output of 50,000 l i te rs / see  at a p r e s su re  of 1 �9 ]0 -2 T o r t .  

The gasdynamic source  (tennis ball) was located in the 1600-mm- 
diam. working chamber .  The purpose of the pre l iminary  experiments  
was to ver i fy  the possibil i ty of obtaining a spherical  shock wave for con-  
ditions in which the p res su re  in the vacuum chamber  var ies  f rom a few 
microns  to a few tens of microns  and the p r e s s u r e  inside the sphere is a 

Fig. ] 
few tens of T o r r .  Therefore  in the f i r s t  experiments  only a glow dis~ 
charge technique was used for  f lowv[sualization.  The cathode was the 
copper  tube used to supply the gas tothe sphere and the anode was the shell 
of the chamber .  

In the discharge with voltage 2.5 kV and cur ren t  5 mA, the zone adjacent to the sphere surface and 
the spherical  layer  far  f rom the surface,  corresponding to the high density in the shock wave ,had increased 
br ightness .  

The flow near  the surface of the source  can be represen ted  as efflux f rom an orif ice with high 
p r e s s u r e  differential into the coflowing supersonic  s t r eam of the neighboring jets .  The collision of the 
supersonic  s t reams  and their  mixing may cause nonisentropic expansion, which leads to total p re s su re  
losses  and reduction of the Maeh number .  For  spherical  shock wave studies it is neces sa ry  that the mixing 
zone be localized near  the surface of the source .  

A qualitative study of the spherical  expansion preceded the quantitative study of the flew s t ruc ture  
and the shock wave s t ruc ture ,  based on the use of e lect ron beam diagnostics for measur ing  the density.  

A schemat ic  of the tes t  section is shown in Fig. 1. The perforated sphere ] was mounted on a 
t r avers ing  mechanism on two tubes 2 and 3, which were  used to supply the working gas and measure  the 
p r e s s u r e  in the cavity of the sphere  (4 is the electron gun, 5 is the e lectron col lector ,  6 represen ts  the 
shock wave). 

The e lec t ron beam generated by the gun 4 penetrated the entire flow region being tested.  The 
mechanized displacement of the t ravers ing  mechanism made it possible for the e lectron beam to scan 
the hal f -space  on one side of the source .  The radiation excited by the electron beam was focused on the 
sl i t  of an ISP-51 monochromator ,  equipped with a photographic r e c o r d e r  (FEU-27 photomultiplier and 

P 

EI~PV-60 r eco rde r ) .  A segment  of height 1.6 mm was segregated f rom the luminous column in the gas for  
voltages of 10 kV and cur ren t  of 1-3 mA the beam diameter  did not exceed 1.5 ram. This situation p r o -  
vided a local measurement .  

Experiments  were  made using nitrogen, helium, a rgon,  and mixtures of helium and argon.  For  the 
density measurements  in helium we used the spec t rum 5016 • 10 ~ ,  in argon 4200 • 50 ~, and in nitrogen 
4278 • 16 A. 

The preliminary calibration for the density measurement was made under static conditions at a 
temperature of 300 ~ K in the 7-45t~ Hg range; for all the gases the signal was linear with pressure. 

The objective of the measurements was to study the position of the shock wave, the intensity of the 
density change across the shock, and the influence of various parameters on the density change in the 
supersonic region. 

The influence of the pressure differential on the flow structure can be seen in Fig~ 2, which shows 
the radial density profi les for  the expansion of ni trogen,  n = n ' / n '  0 is the molecular  density at the m e a s u r e -  
ment point, r e f e r r e d  to the molecular  density in the source;  the p res su re  P0 inside the sphere remains  
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constant at I7 Tor r  while the ambient p r e s su re  Pk var ies  in the range f rom 
5.9 to 74 ~ Hg;curves  1, 2, 3, 4, 5, 6 cor respond to Pk = 0.0735, 0.0368, 
0.0264, 0.0199, 0.0096, 0.0059 Tor r ,  curve 7 is for  the isentropic ca lcula-  
tion. Here P0/Pk var ied f rom 2900 to 231. If we take the inflection point 
on the density curve as the shock wave position, this var ia t ion of P0/Pk 
cor responds  to reduction of the shock wave diameter  f rom 285 to 85 ram, 
and the shock wave front becomes s teeper .  

The rat io of the densities,  determined f rom their  values behind the 
shock wave and at the density minimum, f i rs t  increases  somewhat with 
reduct ion of P0/Pk and then dec reases .  The value of this ra t io  is close 
to two in all the r eg imes .  The geometr ic  Mach number  is more  than six 
in the observat ion zone ahead of the shock wave and in this case the density 
rat io (in the infinitely thin shock wave case) must  be close to its l imiting 
value (k + 1 ) / & -  1) = 6o The significant difference between this value and 
the density rat io found f rom the experiment  is explained by the interaction 
of two fac tors :  the spher ic i ty  of the expansion in the shock wave i tself  
and the deep ups t ream penetrat ion of the dis turbances.  The la t ter  is 
indicated by the marked increase  of the density ahead of the shock wave 
with increase  of the ambient p r e s s u r e .  Moreover ,  this disturbance 
propagates ups t ream prac t ica l ly  to the source .  

It is well known that a molecular  velocity distr ibution which is non-  
Maxwellian is possible in hypersonic  ra ref ied  flow, which shows up in 
nonisentropici ty of the molecular  mean free paths [1]. The molecular  
mean free path in such nonequilibrium flow is longer  in the longitudinal 
direct ion than in the t r ansve r se  direction,  which facil i tates ups t ream 
penetrat ion of the dis turbances f rom the shock wave.  

Since under our experimental  conditions the shock wave zone and 
the mixing zone occupy radial  dimensions comparable  with the dimensions 

of the supersonic  s t ream,  the pa rame te r  differential ac ros s  the shock wave differs significantly f rom that 
which follows f rom calculation using the Hugoniot adiabat and the formulas  (1) and (2). 

It is interest ing to compare  the shock wave location f rom the calculated data and the experimental  
resu l t s .  In the l imiting case when M -~ % it follows f rom the relat ions (1) and (2) for the shock wave 

radius r s that 
r, l r . - ~  Y'-~o' l poo 

Figure  3 shows the dependence of r s / r *  on pV0/p~ F o r  M > 3 approximately 

rsl r .  ~ a ~ / p~ (3) 

Curves 1, 2, 3 correspond to the values k = 1.25, 1.4, 1.67, for  which a = 1.19, 1.27, 1.34, respect ive ly .  
It follows f rom the experimental  data (Fig. 2) that the shock wave radius (defined by the inflection point 

on the density curve) is 
r ,  = 2 8 4  ~ p 0 - - / ~ ,  mm (4) 

which cor responds  to the magnitude of the sonic-flow sphere radius r .  = 2.25 ram. 

Figure  2 shows the density relat ion for isentropic expansion f rom this sphere .  

The resul ts  of the study of the influence of ra re fac t ion  on the flow s t ruc ture  are  presented in Fig.  4, 
where curves  4, 3, 2, 1 cor respond  to the pa rame te r s :  P0 = 34.5, 17.5, 8.45, 4.26 Tor r ,  Pk = 0.0528, 
0.0264, 0.0132, 0.0066 Tor r .  

The flow s t ruc ture  as a function of the p r e s s u r e  rat io P0/Pk = 645. Analysis of the relat ions obtained 
makes it possible to state that in the p re s su re  range Pk = 5.3 - 10-2-6.6- 10 -~' Tor r  there  is marked 
displacement  of the shock wave. Moreover ,  with increase  of the p re s su re  level,  there  is an increase  of the 
relat ive density in the supersonic  par t  of the flow, which can be explained by reduct ion of the viscous 
dissipation in the or i f ices  of the source  in the mixing zone, which is equtavlent to increase  of the radius of 
the fictitious sonic-flow sphere .  
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The density rat io ac ross  the shock wave in the p res su re  range studied 
var ied  f rom 1�9 to 2�9 

! The c ross ing  of the resul t ing curves (in Fig.  4) at a single point in the 
i shock wave zone may be s imply a random occur rence .  

Figure  5 shows the resul ts  of direct  verif icat ion of the penetration of 
molecules f rom the surrounding space into the zone ahead of the shock wave. 
The exper iment  was conducted as follows: simultaneously with the efflux of 
helium f rom the perfora ted  sphere,  nitrogen was fed into the vacuum chamber.  
The p r e s s u r e  in the sphere cavity was 8.5 Tor t ,  the p r e s s u r e  in the su r round-  
ing space was 0.015 T o r r .  Charac ter i s t ic  of the radial  var ia t ion  of the density 
in the heluim flow is a reduction of the density behind the shock wave. 

The curve of radial  var ia t ion of the nitrogen concentrat ion indicates that 
the nitrogen molecules for  the given experimental  conditions penetrate p r ac t i -  
cally to the surface of the gasdynamic source .  

The radial var ia t ion of the ni trogen concentrat ion is near ly  l inear  except for the kinks at the shock 
wave.  

The resul t  obtained is of importance for evaluating the influence of the conditions in the surrounding 
space on the s t rnc ture  of hypersonic  ra re f ied  gas flows in a medium at r e s t .  

The study of the flow s t ruc ture  of a binary mixture of monatomic gases was made using argon and 
helium�9 The relat ions for the density distribution of the individual gases were f i r s t  obtained. In Fig.  6, 
curves  1, 2, 4 show the resul ts  of measurement  of the density n for the case of argon expansion with 
backpressu res  Pk = 0.00324, 0�9 0�9 here P0 = 9.78 Tor t � 9  The pat tern is qualitatively the same as 
for  ni trogen (Fig. 2). The density rat io ac ro s s  the shock wave in the range studied does not exceed 1.6. 

This same figure shows the resul ts  of measurements  in helium flow (curve 3) for Pk = 0.0118, P0 = 
8.84 Tor r .  Compar ison of the density ra t io  ac ross  the shock wave of helium and argon for s imi lar  
pa rame te r s  shows that the intensity of the shock wave in helium is considerably less ,  which is explained 
by the higher ra refac t ion  of the helium flow for the same p r e s s u r e .  

It follows f rom the experimental  data of Fig.  6 that for the selected source  in the pa rame te r  range 
investigated the shock wave radius for the monatomic gases obeys the relat ion 

r s : 2.46 ]/rpo--~k (5) 

which cor responds  to the value of the fictitious sonic-flow sphere radius r .  = 2.05 ram�9 

Figure  7 shows resul ts  of measurements  of the part ial  density of the components and the mole 
f ract ion f = ~(r) of the heavy component in the argon-hel ium mixture flow45.5% Ar + 54.5% He with initial 
concentration f0 = 0.455. Curves 1, 2, 3, 4 cor respond to P0 = 30�9 31.3, 3].3, 15�9 Tor t .  Pk = 0.0132, 
0.0199, 0.0488, 0.0221 Tor r .  In Fig. 7a, n is the rat io of the component atom density to the component 
part ial  density in the sphere (continuous curve is for argon,  dashed is for helium). In Fig.  7b, f denotes 
the argon concentrat ion 

/ __ n' (hr) 
n" (Ar) -]- n" (He) 
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Here n' 0kr) and n' (He) a re  the par t ia l  densi t ies  of the a rgon  and hel ium a toms ;  the initial concen t r a -  
tion level  is 0.455. 

A cha rac t e r i s t i c  fea ture  of all  the r e g i m e s  is the p r e sence  of barodiffusional  separa t ion  of the gases  
with different  mo lecu la r  weights [2], which shows up in the fact  that: a) the shock wave zone for  the gas 
mix ture  is l a r g e r  than for  the individual gases ;  b) a high hel ium concentra t ion is obse rved  in the leading 
edge of the shock wave;  c) behind the wave the concentra t ion equal izes  to the initial  value.  

Curves  1, 2, 3, r e co rded  for  constant  P0 and different  Pk, show the effect  of the ra t io  P0/Pk- The 
shockwave  rad ius ,  calculated using (5), co r re sponds  approx imate ly  to the inflection points in the hel ium 
par t ia l  densi ty prof i les ;  the inflection points in the a rgon  par t ia l  densi t ies  a r e  shifted downs t ream s o m e -  
what.  The inc rease  of the argon par t ia l  density 1.8 in the shock wave (curve 4) is somewhat  g r e a t e r  than 
for  pure  a rgon  (Fig. 5) for  s i m i l a r  values  of the dimensional  complex aoPo/~?o, where  a 0, P0, ~?0 a re  the 
speed of sound, density,  and dynamic v i scos i ty  in the s tagnat ion chamber .  

With reduct ion of Pk the shock wave zone which is r i ch  in hel ium expands,  while the maximal  hel ium 
enr ichment  is reduced because  of the reduct ion of the g rad ien t s .  Reduction of the p r e s s u r e  level  has the 
s ame  effect  (curves 3, 4). 

The flow region for  r < 50 m m  cor re sponds  to the zone of jet  mixing and fo rmat ion  of the spher ica l  
flow. The different  behavior  of the concentra t ion in this region under  different  conditions indicates the 
significant  effect  of the outer  p r e s s u r e  and the locat ion of the spher ica l  shock wave on the mixing p ro ce s s .  
It is cha rac t e r i s t i c  that with approach of the shock wave there  is s ignif icant  depletion of the heavy c o m -  
ponent (curves 2, 3). 

In the case  of supersonic  acce le ra t ion  of the gas,  barodiffusional  en r i chment  of the heavy component  
is  obse rved  downs t ream f rom the mixing zone.  

Thus,  under  the conditions inves t igated the flow of the gases  ahead of the shock wave is not in 
equi l ibr ium.  T h e r e f o r e  the quanti tat ive data on the sepa ra t ion  of gases  a t  the shock wave a r e  not s imply  
a r e su l t  of the barodiffusional  p r o c e s s e s  in the shock wave i t se l f .  In o r d e r t o  study the shockwave  s t ruc tu re  
in gas mix tu res  it is n e c e s s a r y  to c rea te  conditions of lower  flow r a r e f ac t i on  e i the r  by inc reas ing  the 
absolute density or  by inc reas ing  the l inear  d imensions  of the flow while maintaining the densi ty level .  
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