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In obtaining high velocities (10-100 km/sec) by methods employing 
the mechanical motion of compressible media it is customary to 
use the flow scheme obtained with shaped charges [1-4]. This paper 
presents the results of a study of an apparatus that can be used to 
obtain gas jets in the same velocity range but at higher densities 
by means of a different type of flow. 

1. E x p e r i m e n t .  Severa l  va r i an t s  of the proposed flow 
scheme  a r e  poss ib le .  Ce r t a in  r e su l t s  obtained with 
appara tus  of the type cons ide red  were  p r e sen t ed  in 
[5, 6]. One of the c h a m b e r s  used in that s tudy is shown 
s c h e m a t i c a l l y  in Fig.  1 with the typical  d imens ions  
indicated in m i l l i m e t e r s .  The working  gas 1 is con-  
ta ined in the cavi ty  fo rmed  by a me t a l  sphe r i ca l  s eg -  
men t  2 and a me ta l  c o m p r e s s i o n  plate  3. P la te  3 r e s t s  
on an explosive charge  4 with a plane detonat ion f ront .  
At the top of the c h a m b e r  is an opening beyond which 
the outlet  5 is located.  The outlet  tube is s epa r a t e d  
f rom the gas in the c h a m b e r  by a thin m e m b r a n e  6 
and is evacuated .  When the charge  is exploded, plate  
3 is a c c e l e r a t e d  and forces  the gas to the top of the 
c h a m b e r .  

On being c o m p r e s s e d  the gas is heated and escapes  
through the opening in the form of a h i g h - t e m p e r a t u r e  
h igh-dens i ty  p l a sma .  The veloci ty of the f ront  of the 
luminous  jet  in the t r a n s p a r e n t  out le t  tube was de-  
t e r m i n e d  by means  of a SFR-2M m o v i n g - i m a g e  c a me r a ,  
s i m i l a r  in des ign  to that de sc r i bed  in [7]. The in i t ia l  
p r e s s u r e  of the work ing  gas in the c h a m b e r  was usua l ly  
1 a tm abs . ,  the volume 100-200 cc.  

e x p e r i m e n t  the c h a m b e r  and the tube conta ined  a i r  
unde r  n o r m a l  condi t ions .  The luminos i ty  of the p l a s m a  
is much m o r e  in t ense  than that of the explosion products  
and of the shoekwave that they produce in the air ,  a 
qua l i ta t ive  indica t ion  of Lhe h igher  t e m p e r a t u r e  of the 
p l a s m a .  The p i c tu re s  in Fig.  3, obta ined by f r ame  
photography I r e p r e s e n t  the mot ion  of the gas je ts  in 
an appara tus  s i m i l a r  to that shown in Fig.  1, but 
having n ine  r ad ia l  out le t  tubes located at d i f fe rent  
d i s t ances  f rom the top of the chamber .  All  these  tubes 
and the c h a m b e r  conta ined  a i r  under  n o r m a l  condi t ions .  

Fig .  2 
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Fig. 1 

Figure  2 p r e s e n t s  a photograph of the opera t ion  of 
the appratus shown in Fig. I, obtained with the camera 
shutter open without time resolution (integrated lumi- 
nosity); I) position of charge, 2) outlet tube, 3)plasma 
passing from end of tube into the atmosphere. In this 

The t ime  [apse between f r a m e s  was 2 p s e c .  The ve- 
loc i ty  of the je t  in the c e n t r a l  tube was s e v e r a l  t imes  
g r e a t e r  than that  in even the c lo ses t  l a t e r a l  tubes,  
which were  located 10 m m  f rom the top of the c h a m b e r .  

As the outlet  tube f i l ls  with gas, a s t r o n g  shock 
wave p a s s e s  through it, and the veloci ty  of the jet  is 

reduced .  F igu re  4 shows t i m e - r e s o l v e d  photographs 
obta ined at  d i f fe ren t  ini t ia l  a i r  p r e s s u r e s  in the out-  
le t  tube: a) 1 m m  Hg, veloci ty over  f i r s t  10 cm of tube 
59 k m / s e c ,  b) 10 m m  Hg, 50 k m / s e c ,  c) 100 m m  Hg, 
41 k m / s e c .  The t ime  axis  is hor izonta l ,  the longi tu-  
dinal  s t r i p e s  on the photographs a r e  s ca l e  m a r k s  on 
the outlet  tube at i n t e r va l s  of 50 ram.  At low p r e s s u r e s  
the d e c r e a s e  in veloci ty on a length equal to s e v e r a l  
tens of c e n t i m e t e r s  is not very  g rea t .  The ins ide  di -  
a m e t e r  of the tube is 5 ram.  In e xpe r i me n t s  with supe r  
h igh - speed  s h a p e d - c h a r g e  je ts  s i m i l a r  veloci t ies  were  
obtained only  when the jet  en t e red  a space evacuated 
t o a  r e s idua l  p r e s s u r e  of ~10 - 1 r a m  Hg [1-3] .  Thus, 
the dens i ty  of the je ts  obtained with the appara tus  
d e s c r i b e d  is ev ident ly  much g r e a t e r  (this a s s e r t i o n  
does not extend to low veloci t ies  of about 10 k m / s e c ) .  
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Fig. 3 

Figure 5 shows the jet velocity as a function of the 
radius of curvature R of the spherical  segment. Curves 
1 and 2 correspond to chambers with outlet tubes 5 
and 28 mm in diameter .  The decrease  in jet velocity 
at radii of curvature  ~ 8 cm excludes what would appear 
to be a very simple method of increasing it by going 
over to ever greater  radii of curvature.  

Fig. 4 

It was experimentally established that at velocities 
up to 60 km/sec  the mater ia l  of which the chamber is 
made (copper, steel, aluminum, glass, plexiglas)has 
no effect on the jet velocity. Beginning with a chamber 
wall thickness of about 2 ram, further increases in 
thickness do not affect the jet velocity. The influence 
of the mater ia l  was not investigated at higher velocities. 
All the chambers were made of copper, a stable and 
technically convenient mater ia l  in the presence of high 
heat flows. 

Tests performed on several  types of chambers with 
a nonspherical surface failed to give a significant in- 
c rease  in jet velocity. Rounding the sharp edge of the 
outlet opening to a radius of 5 mm increases  the ve- 
locity by about 5 km/sec .  

Figure 6 shows the jet velocity as a function of 
the mass of the membrane AM, divided by the mass 
of working gas M. An evaluation of the heat fluxes at 
the boundary of the plasma shows that the membrane in 
contact with the plasma was vaporized. If the mass 
of the membrane is not more than a few percent of the 

mass  of the gas, the presence of amembrane,  i r r e spec-  
tive of its material ,  does not affect the jet velocity. In 
our experiments we used mica and dacron membranes 
8-15 microns thick. 

The dependence of velocity on outlet tube diameter 
is presented in Fig. 7. The radius of curvature of the 
spherical  segment was 60 ram, the initial chamber 
diameter  103 mm. We note the possibility of obtaining 
gas flows at high velocities of about 50 km/sec  in 
tubes of considerable diameter (~30ram), whiehmakes  
the experiments eas ier  to perform.  

When expanding tubes with an aperture angle of 
10~ ~ are used, the jet velocity is reduced by a 
factor  of about 2. Contracting tubes with various tapers 
have almost no effect on the jet velocity: in this case  
the wall friction increases .  All the above relations 
were obtained with air .  With hydrogen we obtained 
jet velocities of up to 90 km/sec .  The velocity de- 
pends only slightly on the nature of the working gas 
and its initial density [5]. The experiments were so  
designed and conducted that the jet velocity could be 
reproduced with an accuracy of =~ 5%. 

2. Acceleration scheme  and rough calculat ions,  
As the plate approached the top of the chamber, the 
compressed  gas was forced to flow out of a narrow 
wedge-shaped gap (acute-angled geometry) formed 
by the plate and the chamber wall (Fig. 8). The most  
important factor  from the viewpoint of obtaining high 
velocities can be qualitatively explained without a 
knowledge of the details of the very complex gas flow 
pattern. Namely, the mass  velocity of the gas close 
to the point of contact between plate and chamber  
(point A in Fig. 8) must be approximately equal to the 
phase velocity of that point. In principle, the velocity 
of the contact point is not limited by dynamic factors, 
so that the mass velocity of the gas may also be 
assumed to be very large. 
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Fig. 5 
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Unfortunately,  there  a re  fac tors  that l imi t  the mass  
velocity of the gas.  In the exper iment  descr ibed  the 
m a s s  velocity does not exceed seve ra l  tens of k m / s e c ,  
although the phase velocity of the contact  point may 
be much g rea t e r .  The ve loc i ty - l imi t ing  factors  will  
not be examined in this paper .  

70 ]b', kin/see so r 
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Fig. 6 

The flow of gas compres sed  in the appara tus  shown 
in Fig.  1 is two-d imens iona l  andnons ta t iona ry ,  oblique 
shocks a re  present ,  and the equation of s ta te  mus t  
take into account d issoc ia t ion  and ionizat ion.  An exact 
solution of the co r re spond ing  gas -dynamic  problem 
in analy t ic  form is a lmos t  imposs ib le .  The a c c e l e r a -  
tion and compres s ion  of the gas can be t rea ted  approxi-  
ma te ly  as follows. 

The gas in front  of the plate is t r a v e r s e d  by a n o r -  
mal  shock (1 in Fig.  8, w h e r e t h e d i r e c t i o n o f t h e w a v e s  
is noted by ar rows) ,  whose in tens i ty  is de t e rmined  by 
the fact that the m a s s  veloci ty of the gas is equal to 
the veloci ty of the plate .  Reflect ion of the no rma l  shock 
f rom the front wall  of the chambe r  produces  a ref lec ted  
wave 2, whose p a r a m e t e r s  at sma l l  angles  between 
the plates and the tangent to the segment at the contact 

point A are similar to the wave parameters in the 

case of normal reflection. In its turn, the reflected 

wave is reflected from the plate and so on, creating 

the system of oblique shocks shown schematically 
by the broken lines in Fig. 8. With each successive 

reflection the angle of incidence of the waves increases, 

so that, starting from a certain wave, reflection becomes 
irregular (Mach reflection), which further compli- 

cates the flow pattern. The intensity of the successive 

waves decreases, which enables one approximately 
to replace all the waves starting from the third 

by the single wave 3. Since the results of calculation 

are in agreement with experiment, the introduction 

of this simplification is justified. The intensity of 
the third comprehensive shock must be determined not 

f rom the ref lec t ion  condit ion but f rom the condit ion 
that the m a s s  veloci ty of the gas behind the front  be 
equal to the phase veloci ty of the contact  point A. 
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Fig.  7 

We wil l  c a r r y  out the ca lcula t ions  for the case  
when the radius  of c u r v a t u r e  of the segment  is 60 
mm,  the in i t ia l  d i s tance  of the plate f rom the top of 

the segment  is 30 mm, the plate velocity is 5 k in / see ,  
and the working gas is a i r  under  no rma l  condit ions 
with P0 = 1.3 �9 10 -a g /cc .  

The densi ty  of the a i r  behind the no rma l  shock- 
front Pl exceeds the ini t ia l  densi ty  P0 by a factor of 
about 10 [8]. Thus, at the momen t  the shock wave 
approaches  the outlet opening, the plate is 3 m m  from 
the top of the segment ,  while the average  phase velocity 
of the contact  point A on the r e m a i n d e r  of the path to 
the top of the segment  u = 23 k i n / s e e .  Unfortunately,  
we lack data on the shock compres s ion  of a i r  at high 
ini t ia l  t e mpe r a t u r e s ,  which compl ica tes  the exact de-  
t e r mi na t i on  of the p a r a m e t e r s  of the second and third 
shocks.  Assuming  that the Poisson adiabat ic  exponent 
T = 1.3 (region of d issoc ia t ion  and ionizat ion [91) and 
that the shock waves a re  strong, we find the densi ty  
behind the second and third shock fronts:  

P ,  [y -~- 1~ = 10 fT-~ !~ p 0 ~  80p0, pa__ ( 7 ~ 1 1 !  pe ~ 600p0 " 

At the moment  in question, when the plate is 3 m m  
from the top of the segment ,  the average  gas densi ty  
is about 100 t imes  g r e a t e r  than the ini t ia l  densi ty.  The 
value of Pa/Po obtained above is g r e a t e r ;  however,  it 
cannot  be compared  d i rec t ly  with the average  density,  
s ince  a cons ide rab le  par t  of the volume is occupied by 
gas s h o c k - c o m p r e s s e d  not by three  but only by one or 
two waves. 

~2 

Fig.  8 

The pressure behind the third shock front 

pa = I/=(7 § 1) p2u ~, 

where u is the mass velocity of the gas, is approxim- 
ately equal to the phase velocity of the contact point. 

Substituting the above numerical values, we ob- 
tain P3 = 6 �9 105 aim abs. The speed of sound behind 

the third shock front can be estimated from the equa- 

tion 

c = F~:~/p~ = i0 kin/see. 

In the case of nonstationary expansion in an evacu- 

ated outlet tube the velocity of the expanding gas front 

is equal to [9] 

2 

For the above values of e and T we obtain v = 67 

kin/see. The velocity obtained experimentally was 

70 kin/see (this coincidence of the calculated and 

experimental velocities correct to a few kin/see must 

be considered a matter of chance, since it is not guar- 

anteed by the accuracy of the calculations). Thus, our 

simplified scheme of gas acceleration by a triple shock 
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(F!g. 8) accounts  for  the ga s jets with velocit ies of 
50-90  k m / s e c  obtained in the appratus  descr ibed .  
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