
sweepback angle 4. Curve 1 corresponds to the wing with ~ = I, curve 2 to ~ = 0.75, and 

curve 3 to ~ = 1.5. The curves Cy~/Cy(~) obtained in the calculations are similar. 

On the basis of our investigations it can be concluded that if a delta wing of 
small aspect ratio has a positive transverse sweepback the vortices formed on the leading 

edges will break up at larger angles of attack than in the case of the original flat 

wing. In contrast, a negative transverse sweepback leads to breakup of the vortices 

at comparatively smailer angles of attack. This is more strongly pronounced for a wing 
with % = 1.5 and to a lesser degree to wings with % = 1.0 and 0.75. 

In addition, both positive and negative transverse sweepback of delta wings lead 

in the majority of cases to an appreciable decrease in their carrying properties com- 

pared with the flat wing. The effect is greater for wings with positive transverse 
sweepback. 
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STABILITY OF SHOCK WAVES WITH FINITE RELAXATION REGION 

S. E. Korshunov UDC 5 3 3 . 6 . 0 1 1 . 7 2  

A theoretical investigation is made into the amplification of sound in 

a moving nonequilibrium medium and it is shown that an instability can 

arise in a sufficiently strong shock wave accompanied by an exothermic 

process with finite relaxation region, the instability being due to the 

spontaneous growth of fluctuations resulting from amplification of 

acoustic waves in the region of exothermic relaxation and their "trapping" 

in a narrow layer near the shock wave. 

In the first theoretical investigation [i] of shock wave instability, the influence 

of relaxation physicochemical processes behind the wave was taken into account only in- 

directly as one of the possible reasons for an anomalous form of the Hugoniot adiabat; 

the relaxation layer was assumed to be thin. 

The experimental observation of shock wave instability [2, 3] stimulated interest 

in the establishment of a more intimate connection between relaxation and shock wave 

instability [4, 5], though this was done phenomenologically. 

I. Geometrical Acoustics of a Moving Relaxing Medium 

To investigate the possibility of amplification of a sound wave propagating in a 

moving relaxing medium, we use the method proposed by Blokhintsev [6] to derive the 

basic equation of geometrical acoustics. 

We consider a medium whose thermodynamic functions depend not only on the temper-: 

ature T and the density p but also on some third parameter ~. Suppose the change in 
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is described by the ordinary equation 

- -  (p~) + div(p~v) = pK(p, T, ~) ( 1 . 1 )  
Ot 

o f  c h e m i c a l  k i n e t i c s .  H e r e ,  v i s  t h e  v e l o c i t y  o f  t h e  m e d i u m  a n d  t h e  r a t e  o f  t h e  r e l a x a t i o n  

p r o c e s s  i s  e x p r e s s e d  f o r  c o n v e n i e n c e  i n  t h e  f o r m  pK.  

To c o n s t r u c t  a n  a p p r o x i m a t e  t h e o r y  o f  t h e  p r o p a g a t i o n  o f  s o u n d ,  we r e p r e s e n t  a l l  t h e  

s m a l l  d e v i a t i o n s  t h a t  o c c u r  i n  t h e  l i n e a r i z e d  E u l e r  e q u a t i o n s ,  t h e  m a s s  a n d  e n e r g y  c o n s e r v a -  

t i o n  equations, and the linearized equation (I.I) in the form of products of slowly varying 

factors (the amplitudes) and a rapidly varying exponential factor 

exp[i(--ot+@) ]. 

H e r e ,  ~ i s  t h e  f r e q u e n c y  a n d  ~ i s  t h e  t i m e - i n d e p e n d e n t  p a r t  o f  t h e  p h a s e  o f  t h e  

s o u n d  w a v e .  T h e  w a v e  v e c t o r  k o f  t h e  w a v e  i s  g r a d  ~ .  

We s h a l l  a s s u m e  t h a t  m i s  l a r g e  c o m p a r e d  w i t h  t h e  r e c i p r o c a l  c h a r a c t e r i s t i c  t i m e  
o f  t h e  r e l a x a t i o n  p r o c e s s  ( t h e  a c o u s t i c  a p p r o x i m a t i o n ) ,  w h i c h  e n a b l e s  u s  t o  s e e k  t h e  

amplitudes in the form of power series in inverse powers of ~ (only the first two terms 

are required). 

Substituting such expansions in the original linearized system, we can find that 

the conditions of compatibility of the system for the leading terms and the first cor- 

rection terms of the expansions in ~-I have, respectively, the form 

( ~ - v k )  2=c2k 2 ( 1 . 2 )  

0 
- -  e + div(Ve)= ~s ( 1 . 3 )  
Ot 

H e r e ,  e i s  t h e  e n e r g y  d e n s i t y ,  c 2 = ( 3 p / 3 p ) s ,  ~ i s  t h e  s q u a r e  o f  t h e  p h a s e  v e l o c i t y ,  

V = v + e : k / k  i s  t h e  g r o u p  v e l o c i t y ,  

~ = -  + c~ t +  " ( 1 . 4 )  
p,p T,~ ~ p,~ p 

i s  t h e  a m p l i f i c a t i o n  c o e f f i c i e n t  o f  t h e  s o u n d  w a v e ,  E i s  t h e  i n t e r n a l  e n e r g y  d e n s i t y ,  

p i s  t h e  p r e s s u r e  o f  t h e  m e d i u m ,  a n d  c v = ( ~ E / ~ T ) p , ~ .  

E q u a t i o n  ( 1 . 2 ) ,  w h i c h  d e s c r i b e s  t h e  p r o p a g a t i o n  g e o m e t r y  o f  t h e  s o u n d  w a v e s ,  h a s  

e x a c t l y  t h e  s a m e  f o r m  a s  i n  t h e  a b s e n c e  o f  t h e  r e l a x a t i o n  p r o c e s s .  T h e  l e a d i n g  t e r m s  

i n  t h e  e x p a n s i o n s  o f  t h e  a m p l i t u d e s  a r e  a l s o  u n c h a n g e d ,  i n  p a r t i c u l a r ,  t h e  a m p l i t u d e  
i n  t h e  z e r o t h  a p p r o x i m a t i o n  i s  e q u a l  t o  z e r o .  T h e r e f o r e ,  t h e  p r e s e n c e  o f  t h e  r e l a x a t i o n  

p r o c e s s  d o e s  n o t  i n f l u e n c e  t h e  q u a n t i t i e s  t h a t  c a n  b e  e x p r e s s e d  i n  t e r m s  o f  t h e  l e a d i n g  

t e r m s  o f  t h e  e x p a n s i o n s ,  f o r  e x a m p l e ,  t h e  c o e f f i c i e n t  o f  r e f l e c t i o n  o f  t h e  s o u n d  w a v e  
b y  t h e  s h o c k  w a v e .  

The  p r e s e n c e  o n  t h e  r i g h t - h a n d  s i d e  o f  E q .  ( 1 . 3 )  o f  a n o n v a n i s h i n g  t e r m  m e a n s  t h a t  
t h e  e n e r g y  o f  a n  a c o u s t i c  w a v e  p r o p a g a t i n g  i n  a r e l a x i n g  m e d i u m  v a r i e s .  A m p l i f i c a t i o n  

c o r r e s p o n d s  t o  t > 0 .  

I f  we r e s t r i c t  o u r s e l v e  t o  t h e  m o s t  common c a s e ,  w h e n  K i n c r e a s e s  s h a r p l y  i n  m o d u l u s  

w i t h  i n c r e a s i n g  t e m p e r a t u r e  a n d ,  t h e r e f o r e ,  t h e  s i g n  o f  t h e  s e c o n d  f a c t o r  i n  t h e  e x p r e s s i o n  

( 1 . 4 )  i s  e q u a l  t o  t h e  s i g n  o f  K,  we n o t e  t h a t  u n d e r  s u c h  a n  a s s u m p t i o n  t h e  s i g n  o f  

i s  d e t e r m i n e d  b y  t h e  d i r e c t i o n  o f  t r a n s f o r m a t i o n  o f  t h e  e n e r g y  i n  t h e  r e l a x a t i o n  p r o c e s s ,  

n a m e l y ,  t h e r e  i s  a m p l i f i c a t i o n  o f  t h e  s o u n d  i n  t h e  p r e s e n c e  o f  a n  e x o t h e r m i c  p r o c e s s .  

2. Steady Shock Wave in a Relaxing Medium 

We use the following very simple model: the medium consists of an ideal gas (with 

specific heat ratio ~) with two energy levels separated by A > O. By ~ we denote the 

relative mass concentration of the molecules:in the lower level. We shall assume that 

in front of the shock wave the gas is in a metastable state (~ = O) due to the very low 

relaxation rate at its initial temperature T O and that the shock wave has sufficient 

amplitude to heat the gas so much that the relaxation process becomes important. 
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We choose a coordinate system such that the shock front is at rest in the yz plane 

and the gas moves in the positive direction of the x axis. We shall assume that the gas 

flow is steady and one dimensional. 

It can be shown that the simultaneous solution of the Euler and Bernoulli equations, 

the equations of state and mass conservation, and the kinetic equation in the region x > 0 

(behind the wave) has the form 

v~v l ( i+u ) ;  p = p : ( i + a ) - ~ ;  T~Tl(i+u)(i-~MiZa), ~ A 7"  i a (i-Ml2) - ( 2 . 1 )  

H e r e ,  t h e  s u b s c r i p t  1 i s  a p p e n d e d  t o  t h e  q u a n t i t i e s  i n  t h e  l i m i t  x § +0 ,  M i s  t h e  

Mach n u m b e r ,  a n d  u i s  a p a r a m e t e r  t h a t  i s  t h e  d i m e n s i o n l e s s  d e v i a t i o n  o f  v f r o m  t h e  i n i t i a l  
v a l u e ,  i t s  d e p e n d e n c e  o n  x b e i n g  g i v e n  i m p l i c i t l y  b y  m e a n s  o f  t h e  i n t e g r a l  

u 

x = - - v i  ! [lT(u')-v~(u')]p(u') d~ (2.2) 
(7-1)A K(p(a'),T(a'),~(a')) 

i n  w h i c h  t h e  f u n c t i o n s  ( 2 . 1 )  m u s t  b e  s u b s t i t u t e d .  

I t  f o l l o w s  f r o m  t h e  f o r m  o f  t h e  i n t e g r a l  ( 2 . 2 )  t h a t  w h e n  x i n c r e a s e s  f r o m  0 t o  + ~  

t h e  f u n c t i o n  u i n c r e a s e s  m o n o t o n i c a l l y  f r o m  0 t o  u 0 ,  t h e  m i n i m a l  p o s i t i v e  r o o t  o f  t h e  
e q u a t i o n  K ( u )  = 0 .  

F o r  t h e  f o l l o w i n g  c a l c u l a t i o n s ,  we a l s o  n e e d  t h e  f o r m  o f  A = c 2 - -  v 2 ,  e x p r e s s e d  a s  

a f u n c t i o n  o f  u:  

A=~Ti[(l-Mi~)+(t-(7+2)Mt2)~-(~+f)MlZu ~] ( 2 . 3 )  

3. "Trapping" of Sound Waves 

We consider the propagation of a sound wave in a medium behind a shock wave that 

excites a relaxation process. Because of the'homogeneity of the medium with respect to 

the coordinates y and z, the components ky and k z of the wave vector of the sound wave 

will be conserved. We direct the y axis such k z is equal to zero and consider a sound 

wave with some given ky ~ 0. Then, using (1.2), we can find k x at any point of the medium: 

k , =  ( 3 . 1 )  
C2__ ~2 

The  t w o  s o l u t i o n s  c o r r e s p o n d  t o  t h e  t w o  d i f f e r e n t  s i g n s  o f  t h e  p r o j e c t i o n  o f  t h e  

g r o u p  v e l o c i t y  o f  t h e  w a v e  o n t o  t h e  x a x i s .  A t  t h e  p o i n t  w h e r e  t h e  r a d i c a n d  v a n i s h e s ,  

t h i s  p r o j e c t i o n  a l s o  v a n i s h e s ,  a n d  t h e n  r e v e r s e s  i t s  d i r e c t i o n ,  w h i c h  c o r r e s p o n d s  t o  
t h e  s i g n  c h a n g e  i n  f r o n t  o f  t h e  r o o t  i n  ( 3 . 1 ) .  

T h u s ,  i f  t h e  m a x i m a l  v a l u e  o f  A, h m a x ,  on  t h e  i n t e r v a l  x > 0 e x c e e d s  h ( 0 ) ,  a n y  
s o u n d  w a v e  w i t h  f r e q u e n c y  ~ s a t i s f y i n g  

A (0) ky 2 < ~ <Amaxk~ 2 ( 3 . 2  ) 

t h a t  p r o p a g a t e s  away  f r o m  t h e  s h o c k  w a v e  ( a t  an  a n g l e  t o  t h e  x a x i s ,  s i n c e  ky # 0)  r e -  

t u r n s  t o  i t .  A f t e r  r e f l e c t i o n  b y  t h e  s h o c k  w a v e ,  i t  r e p e a t s  t h e  m o t i o n  a n d ,  t h u s ,  i s  

" t r a p p e d "  i n  a c e r t a i n  l a y e r  n e a r  t h e  s h o c k  i r o n t .  

The  c o n d i t i o n  ( 3 . 2 )  m e a n s  t h a t  t h e r e  e x i s t s  a c e r t a i n  m a x i m a l  v a l u e  o f  t h e  a n g l e  

b e t w e e n  t h e  p l a n e  o f  t h e  s h o c k  w a v e  a n d  t h e  g r o u p  v e l o c i t y  o f  t h e  s o u n d  w a v e  l e a v i n g  
i t  f o r  w h i c h  t h e  e f f e c t  i s  p o s s i b l e .  

I t  f o l l o w s  f r o m  t h e  f o r m  o f  t h e  t r i n o m i a l  ( 2 . 3 )  t h a t  f o r  t h e  c h o s e n  m o d e l  o f  a 
r e l a x i n g  m e d i u m  s o u n d  w a v e s  a r e  " t r a p p e d "  w h e n  

M~2<i/(2+~) ( 3 . 3 )  

This condition is equivalent to the following inequality for the temperatures 

of the medium behind and in front of the wave: 

Ti > (2+~) To/[3 (2--~) ] (3.4) 

and it does not contradict the assumption previously made that there is a significant 

jump of the temperature at the shock wave. Note that in the case of an endothermic 
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relaxation process the condition (3.4) for "trapping" of sound waves has the opposite sign 

of the inequality. 

4. Unbounded Growth of the Amplitude of "Trapped" Sound Waves 

Thus, it has been established that if a sufficiently strong shock wave accompanied 

by an exothermic relaxation process propagates in the medium sound waves that leave the 

shock wave at sufficiently small angles to the plane of the wave will return to the plane 

of the shock wave, having been amplified during the process. If the amplification is 

greater than the attenuation due to reflection from the shock wave, the amplitude of 

such sound waves, existing in the form of thermal fluctuations, will (in the linear 

approximation) increase unboundedly, leading to shock wave instability. 

For an ideal gas, the amplification coefficient h will be 

= BKA; B + K > 0 ' 
7 T 7 K \ aT] o,~ ~P T,: 

( 4 . 1 )  

If we restrict ourselves to the limiting case of small angles B, the considered 

sound waves will be "trapped" in a layer whose thickness is small compared with the char- 

acteristic distance over which the medium relaxes, which makes it possible to ignore 

the variations of some of the parameters of the medium when the amplification of the 
sound is calculated. 

Integration of (1.3) for a steady one-dimensional flow with allowance for (4.1) 

shows that in the considered limiting case the relative change in the energy density 

of the sound wave during one period of its macroscopic motion is 

43h ( i - M J )  ] 
F = - -  exp B ~  a~ ( 4 . 2 )  

~+2Jtal i - (7+2)M, z 

i -Mio~i 

H e r e  a~(i-A(u)kr f o r  ~ < i ~ ( i - M ~ 2 ) a ~ .  

I n  a c c o r d a n c e  w i t h  t h e  r e m a r k  m a d e  i n  S e c .  l ,  t h e  v a l u e  o f  t h e  c o e f f i c i e n t  o f  r e -  
f l e c t i o n  R o f  t h e  s o u n d  w a v e  b y  t h e  s h o c k  w a v e  c a n  b e  c a l c u l a t e d  w i t h o u t  a l l o w a n c e  f o r  
t h e  r e l a x a t i o n  p r o c e s s  a n d  f o r  a r b i t r a r y  a l  i s  

R _  t -M•  ( Mo-2+~i2--M~l) 2, M0_2= - ( ~ - 1 ) + 2 7 M i 2  
1 + M 1 ~  M0-2+~i2+M~ai 2 + ( ~ - t ) M l  ~ ( 4 . 3 )  

T h e  c r i t e r i o n  f o r  t h e  o c c u r r e n c e  o f  s h o c k  w a v e  i n s t a b i l i t y  i s  t h e  i n e q u a l i t y  FR > 1 .  
I t  f o l l o w s  f r o m  ( 4 . 2 )  a n d  ( 4 . 3 )  t h a t  i n  t h e  c a s e  o f  s m a l l  S a s u f f i c i e n t  c o n d i t i o n  f o r  
this is fulfillment of the inequality 

i 

[ (3-7)  + (3~--i)M~ 2 ] [ l  - (]+2)M~ ~ ] 
B >  

[27M~ 2 --(7--1) ] ( t -M~ z) 

w h i c h  f o r  a n y  p o s i t i v e  B w i l l  h a v e  a c e r t a i n  i n t e r v a l  o f  s o l u t i o n s ,  w h i c h  a l s o  s a t i s f y  
t h e  c o n d i t i o n  ( 3 . 3 ) .  

T h u s ,  o u r  c a l c u l a t i o n  s h o w s  t h e  p o s s i b i l i t y  o f  e x i s t e n c e  o f  s h o c k  w a v e  i n s t a b i l i t y  
i n  t h e  a c o u s t i c  a p p r o x i m a t i o n  b y  v i r t u e  o f  a r e l a x a t i o n  p r o c e s s  w i t h  r e l e a s e  o f  e n e r g y .  
T h i s  a g r e e s  w i t h  t h e  r e s u l t s  o f  n u m e r i c a l  c a l c u l a t i o n  o f  a p r o b l e m  o f  d e t o n a t i o n  i n s t a -  
b i l i t y  [ 7 ] ,  w h i c h  s h o w  t h a t  t h e r e  a r e  e i g e n v a l u e s  l y i n g  i n  t h e  r e g i o n  o f  t h e  a c o u s t i c  
a p p r o x i m a t i o n .  

With regard to the occurrence of instability in the case of endothermic relaxation 

processes, for example, when there'is excitation of new degrees of freedom, our approach 

only enables us to establish the absence of unstable eigenvalues in the region of validity 

of the acoustic approximation and does not establish whether they exist or not in the 

remaining part of the upper half-plane of values of the complex variable ~. 

It should be noted that in a real gas shock wave instability occurs in accordance 
with the mechanism we have described only if the amplification of the acoustic waves 

exceeds their absorption due to viscosity and heat conduction, which leads to a decrease 

or even the disappearance of the region of occurrence of the shock wave instability. 
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V. A. Andrushchenko and Kh. S. Kestenboim UDC 5 3 3 . 6 . 0 1 1 . 7 2  

Some r e s u l t s  a r e  g i v e n  o f  c a l c u l a t i o n  o f  t h e  r e f l e c t i o n  o f  a b l a s t  wave 
by a r i g i d  f l a t  s u r f a c e .  A m o d e l  o f  t h e  e x p l o s i o n  w i t h  a s i m p l e  e n e r g y  
d i s s i p a t i o n  m e c h a n i s m  i s  c o n s i d e r e d ,  r a d i a t i o n  b e i n g  t a k e n  i n t o  a c c o u n t  
i n  t h e  a p p r o x i m a t i o n  o f  r a d i a t i v e  h e a t  c o n d u c t i o n .  The  p r e s s u r e  d i s -  
t r i b u t i o n  on t h e  s u r f a c e  and t h e  f l o w  p a t t e r n  i n  t h e  r e g i o n  o f  p r o p a g a -  
t i o n  o f  t h e  i n c i d e n t  and r e f l e c t e d  s h o c k  waves  a r e  o b t a i n e d .  

I. The solution to the problem of the interaction of a spherical shock wave with a 

plane is important, for example, in the analysis of the effects observed following ex- 

plosions in the Earth's atmosphere of large meteoritic bodies [1, 2]. As a result of 

diffraction of a blast wave by a plane, a strong reflected wave is formed. Because of 

the curvature of the wave front, initially regular but then Mach reflection is observed 

at the point of contact of the incident shock with the surface [3]. The reflected wave, 

advancing through the disturbed medium, reaches the hot central region of the explosion 

and interacts with the region of sharp increase in the density. As a result, there is 

formed in the flow a system of secondary shocks [4] moving in the direction of the ex- 

panding bow shock and toward the plane. In particular, one can observe the arrival at 

the plane of a secondary shock wave with subsequent reflection. The flow pattern is 

significantly complicated by the time dependence and the interference of the waves in 

the disturbed region. It is evident that accurate calculation of the wave stage of 

the reflection process must introduce certain corrections in the distributions of the 

gas-dynamic parameters both in the region of the motion as well as on the surface. 

For example, in contrast to [3], the pressure on the surface behind the point of 

contact of the bow shock is not a monotonic function of the distance from the epicenter. 

In [3, 4], calculations of the reflection were made on the basis of numerical 

integration of the equations of motion of an inviscid gas that does not conduct heat. 

As initial conditions, the solution to the problem of an explosion in a homogeneous 

atmosphere was used [5]; this has a singularity (infinite temperature and zero density) 

in the hot central region. This made it difficult to use standard difference methods 

to calculate the motion of the gas in the complete disturbed region. To overcome this 

difficulty, half of the disturbed region with the hot zone was eliminated from con- 

sideration in [3], while in [4] the temperature was artificially "cut off" at the center 

of the explosion. Evidently, a more promising approach is to give a more refined 

formulation of the problem with allowance for dissipative factors (viscosity, radiative 
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