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The  r e s u l t s  a r e  p r e s e n t e d  f o r  a s tudy  of the p r e s s u r e  behind r e f l e c t e d  shock  w a v e s  fo r  p r e s -  
s u r e s  of (1-10).  1.33 �9 102 N / m  2 ahead  of the inc iden t  shock  wave .  I t  is  found tha t  d u r i n g  the 
f i r s t  1 .0-2 .0  �9 10 - s  s e c  a f t e r  the r e f l e c t i o n  of the s h o c k  wave  the  p r e s s u r e  of an a r g o n  p l a s m a  
behind  i t  c o r r e s p o n d s  to  tha t  c a l c u l a t e d  f r o m  the c o n s e r v a t i o n  l aws  with  a l l owance  f o r  i o n i z a -  
t ion  on the a s s u m p t i o n  tha t  the  p l a s m a  i s  i d e a l .  

The c o n s e r v a t i o n  l a w s  m a k e  i t  p o s s i b l e  to uniquely  d e t e r m i n e  the e q u i l i b r i u m  p a r a m e t e r s  of the  m e -  
d i u m  behind  a s h o c k  d i s c o n t i n u i t y  if the p a r a m e t e r s  ahead  of it  and i t s  v e l o c i t y  a r e  known. The dependence  
of the  t h e r m o d y n a m i c  p a r a m e t e r s  of the  m e d i u m  on the t i m e  a f t e r  the p a s s a g e  of  the  s h o c k  d i s c o n t i n u i t y  is  
d e t e r m i n e d  by the i n t e r a c t i o n  of the m e d i u m  behind the shock  d i s c o n t i n u i t y  wi th  the s u r r o u n d i n g  w a l l s  and 
by coo l ing  due to r a d i a t i o n .  In the c a s e  of power fu l  shock  w a v e s ,  when d i s s o c i a t i o n  and ion iza t ion  e f f ec t s  
o c c u r  behind the l e a d i n g  f ron t  of the d i s c o n t i n u i t y ,  the c a l c u l a t i o n  of the t i m e  d e p e n d e n c e  of the p a r a m e t e r s  
Of the m e d i u m  b e c o m e s  m o r e  d i f f i cu l t  b e c a u s e  the  laws  of  i n t e r a c t i o n  of a p l a s m a  with a s o l i d  have  not  been  
s t ud i ed  fu l ly  enough a t  p r e s e n t .  E x p e r i m e n t a l  s t ud i e s  can  p l ay  a l a r g e  ro l e  in th i s  r e s p e c t ,  a l though it m u s t  
be no ted  tha t  the  o v e r w h e l m i n g  m a j o r i t y  of s t u d i e s  of the p r e s s u r e  behind  shock  waves  p e r t a i n  to Mach  
n u m b e r s  of l e s s  than  10. The  m e a s u r e m e n t  of  the p r e s s u r e  behind  s h o c k  w a v e s  wi th  h i g h e r  Mach n u m b e r s  
is  r e p o r t e d  on only in [1, 2]. We note  tha t  in [1] the ma in  r e s u l t s  p e r t a i n  to M < 17; the few v a l u e s  of the 
p r e s s u r e  ob ta ined  for  high Mach n u m b e r s  (about 35) l i e  c o n s i d e r a b l y  be low the c a l c u l a t e d  v a l u e s  (by two 
to t h r e e  t i m e s ) .  The  p r e s s u r e  behind i n c i d e n t  and r e f l e c t e d  shock  w a v e s  in xenon  in the  r a n g e  of Mach  
n u m b e r s  of 10-20 is m e a s u r e d  in [2] and a g r e e m e n t  of the e x p e r i m e n t a l  and c a l c u l a t e d  da t a  is  no ted .  

Thus ,  t h e r e  a r e  a l m o s t  no s t u d i e s  of  the  p r e s s u r e  behind shock  w a v e s  with M > 20 (a few e x p e r i m e n -  
ta l  v a l u e s  of the p r e s s u r e  behind  inc iden t  shock  waves  in a i r ,  o b t a i n e d  in [1], a r e  an excep t ion ) ,  when 
ion iza t ion  and r a d i a n t  e n e r g y  t r a n s f e r  behind the s h o c k  w a v e s  p l ay  a v i t a l  ro l e .  T h e r e f o r e ,  the p r e s s u r e  
behind r e f l e c t e d  s h o c k  w a v e s  in a r g o n  up to the  cond i t i ons  when s ing le  i on i za t i on  of the a r g o n  a t o m s  i s  
c o m p l e t e  and the n u m b e r  of doub ly  ion i zed  a t o m s  i s  c o m p a r a b l e  to and m a y  even e x c e e d  the n u m b e r  of  
s i n g l y  i on i zed  a t o m s  was  s tud ied  in the p r e s e n t  work .  A t w o - d i a p h r a g m  s h o c k  tube~ which  m a d e  it p o s s i b l e  
to o b t a i n s h o c k - w a v e  v e l o c i t i e s  of  up to 10.5" 103 m / s e e  in a r g o n  with an in i t i a l  p r e s s u r e  of 1.33 �9 102 N / m  2, 
was  c o n s t r u c t e d  and p r e p a r e d  for  th i s  p u r p o s e .  The s h o c k  tube c o n s i s t s  of t h r e e  c h a m b e r s  (of low p r e s -  
s u r e ,  high p r e s s u r e ,  and i n t e r m e d i a t e  p r e s s u r e )  s e p a r a t e d  f r o m  one a n o t h e r  by c o p p e r  d i a p h r a g m s  2-3  �9 
10 -3 m t h i c k  con ta in ing  cu t s  whose  dep th  v a r i e d  f r o m  0.5 " 10 -3 to 2.8 �9 10 -3 m .  Al l  the c h a m b e r s  w e r e  

m a d e  of s t a i n l e s s  s t e e l .  The  i n n e r  d i a m e t e r  of the l o w - p r e s s u r e  c h a m b e r  was  0.102 m ,  the  o u t e r  d i a m e t e r  
0.128 m ,  and the  l eng th  8 m.  The i n n e r  d i a m e t e r  of the  h i g h - p r e s s u r e  and i n t e r m e d i a t e - p r e s s u r e  c h a m b e r s  
was  0.1 m ,  the  o u t e r  d i a m e t e r  was  0.2 m,  the length  of the  h i g h - p r e s s u r e  c h a m b e r  was  2.5 m ,  and tha t  of 
the i n t e r m e d i a t e - p r e s s u r e  c h a m b e r  was  3 m.  T h e s e  c h a m b e r s  can  be e v a c u a t e d  by VN-I  type  p u m p s  to a 
p r e s s u r e  of 1.33 " 10 N / m  2 and the l o w - p r e s s u r e  c h a m b e r  to 1.33 N / m  2. Be fo re  an e x p e r i m e n t  a l l  the c h a m -  
b e r s  a r e  c a r e f u l l y  wiped with  f l anne l  m o i s t e n e d  in a l coho l .  A gas  m i x t u r e  (OHHM) c o n s i s t i n g  of ~ 3 0 % o f  a 
s t o i c h i o m e t r i c  m i x t u r e  of h y d r o g e n  and oxygen  and ~ 70%of he l ium a t  an i n i t i a l  p r e s s u r e  of up to 4- 106 N /  
m 2 was  u s e d  in the  h i g h - p r e s s u r e  c h a m b e r .  A N i c h r o m e  w i r e ,  which  can  be hea ted  f r o m  an a l t e r n a t i n g  
c u r r e n t  s o u r c e  and in i t i a t e  the c o m b u s t i o n  of the OHHM, is mounted  at  the end of the  c h a m b e r .  The c o m -  
bus t ion  of the  OHHM l e a d s  to a s h a r p  i n c r e a s e  in the  p r e s s u r e  in the c h a m b e r  and to r u p t u r e  of the f i r s t  

M. V. Lorf lonosov Moscow Sta te  U n i v e r s i t y .  T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s k i i  Zhurna l ,  Vol. 
28, No. 4, pp.  636-642 ,  A p r i l ,  1975. O r i g i n a i  a r t i c l e  s u b m i t t e d  May  27, 1974. 

�9 Plenum Publishing Corporation, 227 West 17th Street, New York, iV. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted,' in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission of  the publisher. A copy of  this article is available from the publisher for $15.00. 

451 



TABLE 1 

ph lOSNAn ~ 

' pi, lOSNAn z 

IO s m/see 
V 2 , 

lOs m/sec 

16 

0,75 

1 

16 

1 

7,28 

7,76 
24,4 
24,0 

16 16 

1,5 2,0 

7,3' 5,0 

7,8 5,0 
23,7 15,6 
23,4 15,6 

17 23 

1,5 1,5 

7,37 10,3 

 iii iiii 
I 

31,5 

1,5 

8,4! 

8,41 
26,6 ] 
26,6 

27 

1,5 

6 ,3  

6,81 
19,9 
21,4 

27 39 

2 2 

8,2 ~,6 

8,0 3,6 
5,7 ),6 
5,1 ),6 

40 40 40 

2 3 4 

6,6 7,3 5,4 

7,0 7,7 5,4 
0,6 i22,9 116,7 
0,6 124,1 116,9 

T 

9 

\ \  \ \ 
2 3 #  5 6 7 8 

Fig .  I .  D iag ram of cons t ruc t ion  of p i ezoe l ec t r i c  
p r e s s u r e  pickup: 1) p i ezoe l ec t r i c  e lement ;  2, 3) 
b r a s s  rods;  4) rubber  r ings and epoxy res in ;  5) 
f r ame  of pickup; 6) Teflon ring; 7) bolt ;  8) flange; 
9) o sc i l log raph .  

d iaphragm.  After  this  in the in t e rmed ia t e  chamber  a 
shock wave is fo rmed which reaches  the second d ia -  
phragm.  Before the exper imen t  the in te rmedia te  
chamber  was f i l led  with helium o r  hydrogen at  a p r e s -  
su re  of f rom s e ve r a l  dozen a t m o s p h e r e s  to s e v e r a l  
a t m o s p h e r e s .  

The second d iaphragm has a cons ide rab ly  lower 
s t reng th  than the f i r s t ,  s ince  i t  is d e s i r a b l e  that  its 
rupture  se t  in before  the encounter  of the shock wave 
re f lec ted  f rom it  with the contact  sur face  and that  the 
hel ium heated by the re f lec ted  shock wave to a t e m -  
p e r a t u r e  of s e v e r a l  thousand d e g r e e s  take p a r t  in the 
format ion of the shock wave in the l o w - p r e s s u r e  
chamber .  The l a t t e r  c i r cums tance  leads  to a con-  
s ide rab le  i nc rease  in the speed of sound in the gas  
behind the contact  region moving in the l o w - p r e s s u r e  
chamber  and consequent ly  to a cons ide rab le  i n c r e a s e  
in the ve loc i ty  of the shock wave propagat ing through 
the t es t  gas  in the l o w - p r e s s u r e  chamber .  

The m e a s u r i n g  sec t ions ,  equipped with four 
ionization pickups and a p r e s s u r e  pickup, a re  mounted 
at  the end of the l o w - p r e s s u r e  chamber.  The ion iza-  
tion pickups a r e  located at the following d i s t ances  
f rom the end of the shock tube: the f i r s t  with r e spec t  
to the movement  of the shock wave a t  0.925 m,  the 

second at 0.625 m,  the th i rd  at  0.485 m,  and the fourth at  0.260 m. The f i r s t  pickup s e r v e s  to t r i g g e r  the 
record ing  appara tus .  The s igna ls  f rom the o the r s  a re  sent  to one of the channels  of a dua l -beam e l ec t ron  
osc i l lograph  of the S-1-17 type,  to the second channel of which is fed a s inusoida l  s ignal  of known frequency 
f rom a GCh-18A type gene ra to r .  The ve loc i ty  of the incident  shock wave is  de t e rmined  f rom the t ime be-  
tween the s igna ls  f rom the ionizat ion pickups and the d i s tance  between them.  

A p r e l i m i n a r y  s e r i e s  of e x p e r i m e n t s ,  in which the p r e s s u r e s  in the h i g h - p r e s s u r e  and i n t e r m e d i a t e -  
p r e s s u r e  chamber s  were  va r i ed  with a constant  p r e s s u r e  in the l o w - p r e s s u r e  c h a m b e r , m a k e s  i t  poss ib le  to 
e s t ab l i sh  that the highest  s h o c k - w a v e v e l o c i t i e s  in argon at an ini t ia l  p r e s s u r e  of 1.33 �9 102 N/m 2 a r e  ob-  
tained when the hel ium p r e s s u r e  in the in t e rmed ia t e  sec t ion  is 1-1.5 �9 l0 s N/m 2 with an OHHM p r e s s u r e  of 
20-25 �9 105 N/m 2. The r e su l t s  of this  s e r i e s  of e x p e r i m e n t s  a r e  p resen ted  in Table 1. F u r t h e r  expe r imen t s  
showed that  with a change in the ini t ial  argon p r e s s u r e  to 1.33 �9 103 N/m 2 the opt imum values  of the hel ium 
and OHHM p r e s s u r e s  have a tendency to i n c r e a s e  s l ight ly .  It is  seen f rom the table that  the values  of the 
shock -waveve loc i t y  in the sec t ions  between the second and th i rd  and between the third and fourth pickups do 
not d i f fer  f rom one another  within the l i m i t s  of the m e a s u r e m e n t  e r r o r s .  Hence it follows that  the shock-  
wave ve loc i ty  is  constant ,  and the re fo re  the m e a s u r e d  va lues  of the p r e s s u r e  were r e f e r r e d  to t h i s  shock-  
wave veloc! ty .  

A dfagram of the cons t ruc t ion  of the p i e z o e l e c t r i c  p r e s s u r e  pickup is p re sen ted  in F ig .  1. The p r in -  
c iple  of opera t ion  of the pickup cons i s t s  in the following: an e l a s t i c  wave of deformat ion ,  produced as a r e -  
sul t  of the act ion of the p l a sma  behind the shock wave on the b r a s s  rod 2,  then propaga tes  along this  rod,  
the p i ezoe l ec t r i c  e l emen t  1, and the second b r a s s  rod 3. As a r e su l t  of the de fo rma t ion  of the p i e z o e l e c t r i c  
e lement  a s ignal  a r i s e s  at  its faces which is r eco rded  by one of the b e a m s  o f a n S - l - 1 7  type osc i l l og raph .  
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Fig. 2. Oscillogram of pressure behind a reflected shock wave in argon (velocity of incident shock 
wave 8 �9 103 m/sec, initial pressure 1.33- 102 N/m2). 

Fig. 3. Dependence of pressure [105 N/m 2] behind reflected shock waves in argon on the velocity [103 
mJsec] of the incident shock wave at an initial pressure of: a) 1.33.102 N/m2; b) 1.33 �9 103 N/m2; curves: 
calculation of [3]. 

A ceramic of type TsTS-19 (diameter 5-10 -3 m, thickness 2" 10 -3 m) was used as the piezoelectric 
element. The acoustic impedance of this ceramic is close to the impedance of brass and therefore the 
elastic deformation wave crosses the ce ramic-brass  boundary almost without reflecting, which eliminates 
the formation of natural oscillations of the piezoceramic. The signal can be distorted by the deformation 
wave reflected from the free end of the second rod, and therefore the second brass rod is made sufficiently 
long (0.4-0.5 m). The reflected wave returns to the piezoelectric element after 1.5-2.0 �9 10 -4 sec. Up to 
this time the signal of the piezoelectric element will not be distorted if acoustical contact of the brass rods 
with the walls of the shock tube is absent. In order to reduce such contact to a minimum, rings 4 made of 

vacuum rubber are fastened to the brass rods with epoxy resin. Then the rods with the rings are placed in 

a metal frame and the remaining space between the rings and the frame is filled with epoxy resin. The 

pickup is mounted in the wall of the shock tube in such a way that the end of the first brass rod coincides 

with the inner surface of the shock-tube channel, and a gap of about 0.2 �9 10 -3 m remains between the wall 

and the lateral surface of the rod. This gap prevents acoustical contact between the first rod and the shock- 

tube wall. In the presence of a contact the pressure pickup records the signal from the impact of the leaves 

of the rupturing diaphragm against the shock-tube wall. This signal can outstrip the shock wave or arrive 

almost simultaneously with it and distort the useful signal. During the passage of the shock wave by the 

end of the brass rod of the pickup an electrical signal arises in the rod whose origin may be connected 

either with electrificationbyfriction, or with accommodation by the brass rod of free charges from the 

plasma, or with electromagnetic self-radiation of the plasma. Grounding of the first rod allows one to 

liquidate this signal distorting the pressure oscillogram. The first brass rod also allows one to avoid the 
effect of high heat loads on the piezoelectric element. Estimates show that when a heat flux of 109 W/m 2 

acts for 2- 10 -s sec on a rod 5 �9 10 -3 m in diameter and 25.10 -3 m long the mean temperature of the rod 

changes by about 0.2~ The change in the temperature of the rod near the piezoelectric element will be 
even less. 

It is preferable to calibrate the pickup under conditions close to those under which the measure- 
ments will be made. Therefore the pickup was calibrated with the help of reflected shock waves in argon 
at initial pressures of (25, 50, and 60) �9 1.33 �9 102 N/m 2 but at Mach numbers not exceeding 10, when ioniza- 
tion of the argon does not have a Significant effect on its thermodynamic parameters. The velocity of a re -  
flected shock wave in argon does not change more than twofold upon a change in the Mach number from I0 
to 35, i.e., the shapes of the pressure pulses during calibration and during the pressure measurement can 
be assumed to be about the same. This makes it possible to exclude from consideration the amplitude- 
frequency characteristic of the pressure pickup. The accuracy of the pressure measurement using the 
pickup described is 10%. 

The pressure studies were conducted behind reflected shock waves. If one considers the propagation 
of the incident shock wave in a coordinate system connected with the contact surface and the propagation 
of the reflected wave in a coordinate system connected with the end of the shock tube, and if one does 
not consider the effects occurring in the side wall of the shock tube and at the contact surface, then the 
propagation of the incident and reDected waves does not differ in principle. At the same time, the surface 

453 



P*/ P .. 

S 
,'/i 
i'/ 

3 4 

Fig. 4. Time dependence of p r e s su re  behind r e -  
flected shock waves (10 -6 sec):  1) M = 21.4; 2) 
25.0; 3) 32.8; P0 = 1.33.102 N/m 2. 

of the end of the shock tube can be considered as an 
ideal contact surface  where the mixing o r  outflow of 
the test  gas beyond the contact surface do not occur.  
The motion of the reflected shock wave is compl i -  
cated by the region of "bifurcation" formed behind it. 
The role of the "bifurcation" region must  be reduced 
to a minimum, and therefore the center  of the p r e s -  
sure  pickup was mounted at a distance of 5 �9 10 -3 m 
from the end of the shock tube. 

An osc i l logram of the p ressu re  pickup signal 
is presented in Fig. 2. The r ise  time of the signal 
is about 5" 10 -6 sec.  It  is connected with the passage 
of the incident and reflected waves detected by the 
pickup surface .  Then follows a section where the 
p res su re  remains  constant  within the limits of the 
measurement  e r r o r s  and then its marked decrease  
sets  in. 

The values of the p ressure  corresponding to the f i rs t  "plateau" on the osc i l logram are presented in 
Fig. 3. The values of the p re s su re  calculated in [3], using the conservat ion laws with allowance for  argon 
ionization, the Coulomb interaction, and lowering of the ionization potential, are  given by the curves .  

F r o m  a compar ison  of the experimental  and calculated data it is seen that they agree with other each 
within the l imits of the measurement  e r r o r .  

It should be noted that at  shock-wave velocit ies of 10.5" 103 m / s e c  (P0 = 1.33" 102 N/m 2) and 5.8 �9 103 
m / s e c  (P0 = 1.33" 103 N/m 2) the rat io of the energy of the Coulomb interaction to the average energy of 
thermal  motion is 0.2 for  the region behind the reflected shock wave. The agreement  of the experimental  
and calculated p re s su res  indicates that the cor rec t ions  for  the nonideal nature of the plasma in the range 
of t empera tu res  and p re s su res  studied are  not la rge  and do not essent ia l ly  affect the p re s su re  of the 
plasma.  

The t ime dependences of the p res su re  behind reflected shock waves at an initial p ressure  of 1.33 �9 1 0  2 

N/m 2 for different Mach numbers of the incident shock wave a re  presented in Fig. 4. The ratio of the 
p ressure  at the given moment to the maximum pres su re  in the given experiment is laid out along the ordi-  
nate. As seen from an examination of the curves  of Fig. 4, the p res su re ,  having reached a maximum value 
in about 1.0-2.0" 10 -s sec,  remains  constant within the l imits of the measuremen t  e r r o r s ,  with this value, 
as follows from what has been said above, corresponding to the calculation for a shock discontinuity based 
on the conservat ion laws. One can also assume,  according to the measurements  of [4], that the t empera -  
ture behind reflected shock waves in argon is also constant during approximately the same time interval.  

Thus, the studies which were per formed established that for about 1-2.0 �9 10 -5 sec af ter  the reflection 
of a shock wave from the end of the shock tube when M < 35 and the p re s su re  is less than 6" 106 N/m 2 the 
pa rame te r s  of the argon plasma cor respond  to the values calculated using the conservat ion laws with allow- 
ance for  argon ionization under the assumption that the plasma is ideal. This plasma, whose pa rame te r s  
are  known, can be used to pe r fo rm thermophysical  studies. 

P0, Ps, Ph, Pi 

V!, V 2 

M 
t 

N O T A T I O N  

are t hep re s su re s  ahead of incident shock-wave front,  behind reflected shock-wave front, in 
h igh-pressure  chamber,  and in in te rmedia te -p ressure  chamber ,  respect ively;  
are  the shock-wave veloci t ies  measured  between second and third and between third and 
fourth ionization pickups, respect ively;  
is the Mach number  of shock wave; 
is the time. 
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