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Shadow methods a re  widely used in the study of aerodynamic  and aerophysica l  p rocesses  (see [1-3] and other 
papers) .  

In the following, it is shown that a method descr ibed  in [4] is well suited for invest igat ing inhomogenei t ies  
bounded by a shock wave. Babichev has applied a mul t ip l ica t ive  method of identifying a s ingular i ty  of an empi r i ca l  
def lec t ion-angle  funct ion to the theore t ica l  ana lys i s  of the problem of ca lcula t ing discont inuous densi ty d is t r ibut ions .  
However,  the use  of an addit ive method of identifying s ingu la r i t i e s  in the solution of the p rob lem of d i rec t  
de te rmina t ion  of p behind a compress ion  shock is also f ree  of the r e qu i r e me n t  of knowing the optical intensi ty  of a 
jump.  In addition, this method makes it poss ib le  to avoid placing additional cons t ra in t s  on the na ture  of the changes 
in on/or  at the edge of a sect ion ac ros s  an ax i symmet r i c  inhomogeneity as compared  to those of 0n/0r  in the cen t ra l  
por t ions  of the c ro s s  sect ion.  

The appara tus  developed (coefficients f l i , v  for N = 5, 10, 25, 50) is sui table  for ca lcula t ing the densi ty of gas 
flows behind a shock wave, provided the number  of zones N into which the c ros s  sect ion of the inhomogeneity breaks  
down is proper ly  se lected.  We p re sen t  the r e su l t s  of an invest igat ion of low-densi ty  flows behind the exit sect ion of a 
shock tube. 

1. We will  show that the method [4] is applicable to the case of a density discont inui ty  at an inhomogeneity 
in te r face  (shock wave). It is poss ib le  to de te rmine  p (r~) -- ~0 di rec t ly  without p rede te rmin ing  n - lAn  in the compress ion  
shock and without changing f rom total deflect ion angles e*, defined by r e f r ac t ive - index  gradients  within the 
inhomogeneity and the shock wave, to deflect ion angles e, defined only by r e f r ac t ive - index  gradients  within an 
ax i symmet r i e  inhomogenei ty.  

It has been shown by Ta ta reneh ik  and Skotnikov that in the case of an inhomogeneity bounded by a shock wave, the 
deflect ion angle on a shadowgraph e*(r) is equal to the sum e(r) + 0(r). Here ,  0(r) is the deflect ion angle created by the 
passage  of the beam through the shock f ront :  

A n  r 

0 (r) = 2 no (t  - -  r 9  '/' ( 1 . 1 )  

where An/n 0 is the optical in tensi ty  of a compress ion  shock at the inhomogeneity in ter face  and n o is the value of the 
re f lec t ive  index in f ront  of the jump,  

In the case  of shadow m e a s u r e m e n t s ,  the Abel in tegra l  can be wr i t ten  in the form 
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With the aid of the re la t ion  (1.1), we obtain f rom (1.2) the express ion  
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The fo rm of (1.3) is inva r i an t  with respec t  to compress ion  shock. Only the boundary condition changes in the 
p r e sence  of a shock wave, s ince  e*(r) ~ oo for r ~ 1. Insofar  as (1.3) does not contain An, this method of identifying 
s ingu la r i t i e s  does not r equ i re  p r ede t e rmina t i on  of An. 

We calculated the coeff icients  fli,u which, f rom fo rmula  
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( i  ~ 2 N  - -  2 ,  2 N  - -  ~)  (1.4) 

make  it poss ib le  to de t e rmine  the densi ty  at the lef t  o u t e r m o s t  point of the l as t  zone (half-zone) for N = 5, 10, 25, 50. 

The densi ty  behind the shock wave at the points r i < r2N_ 2 can be de t e rmined  f r o m  the va lues  of the e m p i r i c a l  
function e*(r) with the aid of tables  of the/~i ,v  coeff ic ients  compi led  e a r l i e r  [4] for  N = 5, 10, 25, 50. Calcula t ions  
showed that e s sen t i a l ly  none of the fii,v coeff ic ients  va ry  in the p r e s e n c e  of a shock wave.  The only change is that for  
each value-of  i, the coeff ic ients  in f ront  of e (0.98) a r e  rep laced  by the new coeff ic ients  13~.2N_~/2 for e*2N-,/, �9 The l a t t e r  
w e r e  ca lcula ted  for  N = 5, 10, 25, 50. 

The apparatus  developed was checked with the aid of t r i a l  d i s t r ibu t ions .  We set:  - 0 n / 0 r  = kr ,  An/n 0 = a. 
Calcula t ions  w e r e  p e r f o r m e d  for  k = 0.2, 0.5, 1.0; a = 0.5. The ca lcula ted  and t rue  n(r i) - n o values  w e r e  in good 
ag reemen t .  

2. The method proposed  was checked by applying it to the inves t iga t ion  of the propagat ion of a shock wave behind 
the exit  sect ion of a shock tube [5]. Use was made of a s tandard IAB-451 s c h l i e r e n  faci l i ty .  The def lect ion angle 
d i s t r ibu t ion  was obtained with the aid of l oga r i t hmic  d iaphragms and etalon l enses  [2, 3]. The gas p r e s s u r e  was 5 mm 
Hg, the ve loc i ty  of the shock wave in front  of the exi t  sect ion of the tube was u = 3670 m / s e c .  

Fig .  1 

The shock wave was r e c o r d e d  at the ini t ial  instant  (12 #sec  a f te r  it was expel led f rom the tube), followed by the 
r e c o r d i n g  of the flow pa t te rn  behind the shock wave,  where  the boundary of the Mach cone in the cen te r  of the flow was 
d is t inc t ly  v i s ib le  (Fig.  1). In its fu r the r  propagat ion beyond the exi t  sect ion of the shock tube,  the shock wave is 
d i f f rac ted  [6]: d i f f rac t ion  of the f i r s t  d i r ec t  shock wave dur ing its propagat ion leads to the fo rmat ion  of a secondary  
shock wave behind it; both waves ,  together  with the contact  su r face ,  a re  c a r r i e d  off downs t ream.  This flow pat tern  
(the two waves  and the s t ruc tu re  of the flow behind them) can be dis t inct ly  seen  in Fig .  2. F igu re  3 shows the 
def lec t ion  angle d is t r ibut ion  in the ve r t i c a l  c r o s s  sec t ion  of Fig.  2, loca ted  at a d is tance  of 0.8 i . d .  f r o m  the exit  

sec t ion  of the tube. The e r r o r s  involved in the de te rmina t ion  of the deflect ion angles ,  a s s e s s e d  on the bas is  of th ree  
independent pho tomet r i c  m e a s u r e m e n t s  of the blackening of the photographs at the c r o s s  sect ion under cons idera t ion ,  
w e r e  ~10 -6 (see the angular  sp read  in Fig .  3). 

The value  of p - P0 was ca lcula ted  f r o m  the mean values  of the def lec t ion  angles  in the c r o s s  sect ion under 
cons idera t ion ,  with the aid of the coeff ic ients  Pi,v, b reaking  down the inhomogeneity radius  into 10, 25, and 50 zones.  
The d i sc repancy  between computat ions  p e r f o r m e d  for  va r ious  N was within the l im i t s  of the s ca t t e r  of the p - P0 
va lues ,  owing to the de t e rmina t ion  e r r o r  of the def lect ion angles .  It is noteworthy that the p r e s e n c e  of a region of 
suff ic ient ly  high grad ien ts  (caused by the fo rma t ion  of a secondary  wave) within the inhomogenei ty  does not r e q u i r e  the 
use  of spec ia l  p r o c e d u r e s  for ca lcu la t ing  the t rans i t ion  through an in ternal  jump of the angles of def lec t ion .  The use  of 
computat ional  p rocedu re s  with N = 10, 25, and 50 leads  to a lmos t  ident ical  r e s u l t s .  The co r re spond ing  d is t r ibu t ion  
Ap = [P(ri) - P0] is shown in Fig .  4. 

The densi ty drop at the inhomogenei ty  in te r face  (in the shock wave) was 1.3 �9 10 -3 kg .  sec2/m 4. This value is 
s m a l l e r  than the p - P0 value  ca lcu la ted  in [6] in the ease  of exci tat ion of t r ans la t iona l  and ro ta t ional  deg ree s  of 
f r e e d o m .  One of the r ea sons  for  the reduct ion in the densi ty  drop obtained may be seen in the substant ial  d e c r e a s e  in 
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shock wave ve loc i ty  dur ing propagat ion beyond the exi t  sect ion of the tube. 

Fig.  2 

Behind the shock wave,  the densi ty  d e c r e a s e s  (owing to the format ion  of the secondary  wave),  reaching  a 
m in imum value  at the point r i ~ 0.8. To this value  of r i ,  the re  co r re sponds  a max imum of the negat ive angle of 
def lec t ion  (Fig.  3). Beginning with r i ~ 0.45, the re  occurs  a rapid i nc r ea se  in densi ty ,  which r e su l t s  in the format ion  
of a Mach cone boundary.  At r < 0.2, a region of un i form densi ty d is t r ibut ion  p - P0 = 8.4 �9 10 -3 kg.  see2/m 4 can be 
o b s e r v e d .  The co r r e spond ing  evaluat ion of the equi l ib r ium density y ie lds  the somewhat  s m a l l e r  value  of p - P0 = 
= 7.5 �9 10 -3 kg .  sec2/m 4. This may be a t t r ibuted to a d e c r e a s e  in the flow t e m p e r a t u r e ,  owing to the sudden expansion 
of t h e  shock wave beyond the exit  sec t ion  of the tube,  w he rea s  the p r e s s u r e  hardly  v a r i e s  in this port ion of the flow. 
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Fig. 3 

The inves t iga t ion  showed that the p r o c e d u r e  desc r ibed  is well  sui ted for  de te rmin ing  dens i t i e s  on the bas is  of 
shadow m e a s u r e m e n t s ,  making use of a computat ional  s cheme  of the same s impl ic i ty  as in the case  of i n t e r f e r o m e t r i c  
m e a s u r e m e n t s .  
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Fig. 4 

In conclusion,  the authors  wish to e x p r e s s  the i r  grat i tude to L. A. Vas i l ' ev  and S. S. Semenov for  the i r  i n t e re s t  
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in the work and for useful discussions. 
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