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If three developing shock-wave fronts come together  at one point the laws of conservat ion con- 
necting the p a r a m e t e r s  of the gas in the vicinity of this point give an overde te rmined  sys tem 
of equations. To remove the possible contradiction it is necessa ry  to increase  the number of 
initial pa rame te r s .  As a rule,  the assumption of the presence  of a contact  discontinuity e m e r g -  
ing from the branching point is sufficient. It is also possible for  two contact  discontinuities to 
develop which form two shock waves with respec t  to the branching point opposite the boundary 
of the i sobar ic  region filled with gas in a state of res t .  Such a region is called the wake of the 
tr iple point by analogy with the aerodynamic wake for flow around bodies with flow separat ion.  
A closed sys tem of five simultaneous differential  equations which descr ibes  approximately the 
dynamics of a s t r eam containing a branched sys tem of shock waves with a developing wake be-  
hind the tr iple point is derived and discussed in the repor t .  

1. A wake does not develop behind a tr iple point under s ta t ionary conditions because the smal l  shea r -  
ing s t r e s s e s  at its boundary cannot be balanced, and in any actual flow such a formation is torn f rom the 
wave configuration, rol led into vor t ices ,  and car r ied  off by the flow. 

In the motion of a tr iple configuration with an accelera t ion directed along the relat ive velocity vec-  
tor  of the impinging s t r eam in front of the branching point the resul tant  of the shear ing s t r e s s e s  at the 
boundary of the wake can be compensated for by forces  of iner t ia  and a wake filled with vor t ices  can de-  
velop owing to the resupply with mass  f rom the external  s t r eam.  One par t  of the external  s t ream under-  
goes a single compress ion  at the shock-wave front, the other  passes  through two shock waves. These ef-  
fects on the s t r eam lead to the same increase  in p re s su re .  Therefore  in the s t r eam with a single com-  
press ion  the wave must  be s t ronger  close to the d i rec t  shock wave. 

If all the waves have finite intensity the dynamic p re s su re  in the s t r eam undergoing two-s tage com-  
press ion  is many t imes g rea te r  than the dynamic p r e s s u r e  behind a powerful shock wave. This means that 
the role of the f i rs t  of the indicated s t r e ams  with respec t  to the second approaches the effect of a solid wall. 
The boundary with the h igh -p re s su re  s t r eam becomes a lmost  s t ra ight  and the l iberation of space for the 
developing wake takes place mainly through deformation of the s t r eam passing through the almost  s traight  
shock wave. The boundary of this s t r eam becomes  substantial ly curved and the gas penetrat ing into the r e -  
gion of the wake moves mainly along it. These proper t ies  of the flow s t ruc ture  are  ref lected in Fig. 1, 
where the shock-wave fronts are  drawn with solid lines, the contact  discontinuities with dashed lines, and 
the cha rac t e r i s t i c s  w i t h d a s h - d o t  l ines,  v is the velocity of the impinging s t ream,  and D is the drift  ra te  
of the branching point. 

In the case under examination of  the relat ive orientat ion of the velocity of the impinging s t ream and 
the accelera t ion of the branching point the intensity of the wave close to the d i rec t  shock wave dec reases  
with t ime. In the absence of a wake (a par t icu lar  case is where the two boundaries of the wake merge  into 
a single contact  discontinuity) a relat ively nar row zone of rapid variation inthe pa rame te r s  forms behind 
the front of such a wave. In the presence  of an almost  i sobar ic  wake such a zone separa tes  f rom the wave 
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and moves behind it at a constant distance equal to the length of the wake. The presence  of a section of 
sharp variat ion in the flow geometry  in the "tail" of the wake makes it possible to simulate this effect by 
a break in the pa rame te r s  with the inclusion among them of the a rea  of the c ross  section of the s t r eam and 
the mass  flow rate ,  since the principal  drawing off of mass  into the region of the wake is concentrated p re -  
cisely in the tail section. 

The enumerated s t ruc tura l  proper t ies  of the flow under considerat ion are reflected in the  following 
idealized flow diagram.  In Fig. 2 region 1 is continuous, generally speaking, nonuniform f l o w -  the imping- 
ing s t ream;  2 is unsteady flow with subsonic velocity relat ive to the shock wave, which can be considered 
in a one-dimensional  approximation as having a c ross - sec t iona l  a rea  which varies  along the coordinate and 
with time. The flow in this region has the nature of entropy waves generated by a powerful t ransient  shock 
wave; region 3 is analogous to 2 but with s impler  proper t ies :  here the c ros s - sec t iona l  area  depends only 
on time and not on the longitudinal coordinate.  Contact between regions 2 and 3 is made through a condi- 
tional discontinuity satisfying the conservat ion laws. The ar rows show the direct ions of the velocities with 
respec t  to the moving discontinuity. The supply of mass  to the region of the wake is accomplished in the 
section where the a r rows turn around; 4 is the region of flow in the wake; 5 and 6 are  regions of quasi-  
s tat ionary supersonic  uniform flows of gas. 

A closed sys tem of equations for the qualitative flow diagram charac ter ized  is derived and discussed 
below. 

2. For  regions of continuous gas flow in a s t reamtube passing through a s trong shock wave an analyti-  
cal descr ipt ion of the flow is possible in a one-dimensional  approximation with a c ros s - sec t iona l  a rea  F of 
the s t ream which depends on the t ime t and the longitudinal coordinate x. The sys tem of equations of motion 
is writ ten in the form 

Ov Ov A~ t -LOP 
o---i- + v-~-~ = O, - - p O x  

0S OS 
ot -~- v ~ = O' 

OpF A OpvF G 
- 3 - i -  - -  "-3V-~ = ~  

S -~ pV~ 
P 

Here v is the velocity,  p is the p re s su re ,  p is the density, S is the entropy function, and k is the rat io 
of heat capacit ies.  According to the simplified sys tem of flow adopted (Fig. 2), in hhe sections of continuous 
flow the p re s su re  is a function only of the t ime (0p/~x = 0). With this condition the sys tem of equations 
written can be integrated.  The general  solution is obtained in the form 

pt.~" F [ t  + t V ' ( k ) l  =[B(~.), v=V(~'~), S = S(X), ~ =  x - - v t ,  

p = p (t) (2.1) 

where/3, V, and S are  a rb i t r a ry  functions of the argument  ),. 

If the a rea  F of the s t r eam c ross  section depends only on t ime, as occurs  for region 3, then two a r -  
b i t r a ry  functions, namely f~ and V, are  determined with the accuracy  of a rb i t r a ry  constants.  In this case 
it follows f rom (2.1) that 

V'(~)----const = A ,  ~(X) =cons t  = C 

Thus, for region 3 
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.1:,: -',. B :z - -  B t  (2.2) 
F = F ( t ) ,  p t ~ F ( l  + A t ) = C ,  v =  ,4t !--------'T' k---- l+A-------Y 

w h e r e  A,  B, and C a r e  a r b i t r a r y  c o n s t a n t s .  

3. In a c c o r d a n c e  wi th  the  m o d e l  f low d i a g r a m  i l l u s t r a t e d  in  F i g .  2, a b r e a k  in the p a r a m e t e r s  of  the  
s t r e a m  is  c o n d i t i o n a l l y  e s t a b l i s h e d  in the  c r o s s  s e c t i o n  w h e r e  the  wake  b r e a k s  off.  S ince  such  a b r e a k  
s i m u l a t e s  a r a p i d  but  con t inuous  change  in p a r a m e t e r s ,  the  p r o c e s s  of  t r a n s i t i o n  t h rough  the  d i c on t i n u i t y  
can  be  c o n s i d e r e d  as  i s e n t r o p i e .  We can  t ake  two a d j a c e n t  c r o s s  s e c t i o n s  ( 2 - 2  and 3 - 3 )  b e f o r e  and a f t e r  
the  s i m u l a t e d  d i s c o n t i n u i t y ,  r e s p e c t i v e l y .  C o n s i d e r i n g  an i n t e r n a l  f low with a h igh  d y n a m i c  p r e s s u r e ,  one 
can  a s s u m e  a change  in the  c r o s s - s e c t i o n a l  a r e a  o f  the  s t r e a m  d u r i n g  p a s s a g e  t h rough  t h i s  d i s c o n t i n u i t y  
only in the  d i r e c t i o n  of a d e c r e a s e .  In t h i s  e a s e  the  e x t e r n a l  s u p e r s o n i c  s t r e a m ,  f lowing a round  the c o n d i -  
t i ona l  s t e p  (F ig .  2), p a s s e s  t h rough  two w a v e s ,  of r a r e f a c t i o n  and c o m p r e s s i o n ,  of p r a c t i c a l l y  equa l  i n t ens i t y ,  
a l though the t u r n i n g  a n g l e s  of  the s t r e a m  in t h e s e  w a v e s  m u s t  be  d i f f e r e n t .  

Fu l l  r e c o v e r y  of  the p r e s s u r e  canno t  o c c u r  i f  the  c o m p r e s s i o n  wave  r e p r e s e n t s  a su f f i c i e n t l y  s t r o n g  
shock  wave ,  which a p p a r e n t l y  m u s t  be  r u l e d  out  u n d e r  the  cond i t ions  be ing  e x a m i n e d .  Then  one can  a s s u m e  
the equa l i t y  of  the  p r e s s u r e s  on both  s i d e s  of  the  d i s c o n t i n u i t y .  The  equa l i t y  of the  d e n s i t i e s  in the  c r o s s  
s e c t i o n s  2 - 2  and 3 - 3  fo l lows  f r o m  th i s  and f r o m  the  a s s u m p t i o n  o f  i s e n t r o p y .  Thus ,  s h a r p  c h a n g e s  b e -  
tween  t h e s e  c r o s s  s e c t i o n s  o c c u r  in the  v e l o c i t y ,  c r o s s - s e c t i o n a l  a r e a  of  the s t r e a m ,  and m a s s  f low r a t e ,  
which c h a n g e s  b e c a u s e  of  the  s u p p l y i n g  o f  m a s s  to the  wake .  We a s s u m e  tha t  the  g a s  p a r t i c l e s  e n t e r  the  
wake  wi thout  a d d i t i o n a l  i r r e v e r s i b l e  l o s s e s .  Then  i t  fo l lows  f r o m  the  equa l i t y  of  e n t ropy  and p r e s s u r e  for  
t h e s e  p a r t i c l e s  tha t  the  d e n s i t i e s  in t h e m  a r e  equa l  to the  d e n s i t i e s  P2 in the  c r o s s  s e c t i o n  2 - 2  of  the  m a i n  

s t r e a m .  

Let  F be the  a r e a  of  the shock  wave  at  the b a s e  of  r e g i o n  2, N be the  d r i f t  r a t e  o f  the cond i t i ona l  shock  
wave ,  and q be the  inf lux o f  m a s s  into the  wake .  We wi l l  m a r k  the  p a r a m e t e r s  in  c r o s s  s e c t i o n s  2 - 2  and 
3 - 3  with the i n d i c e s  2 and 3. The  equa t i ons  fo r  the  m a s s  f low r a t e s  a r e  

@ . =  9~F._(v 2 -  A'), q = ,o= (F - -  F2)(N --  D), 

Oa -- P#'a(va - -  N) 
(3.1) 

The  c o r r e s p o n d i n g  t o t a l  e n e r g y  d e n s i t i e s  a r e  

, D ~ l p.., ~'3 = v2 ~ 1 p2 e---- '-5--) -~ h - - I  p :  ' 
8 ~ =  2 : k - - I  ?z  ' 

r a :  , i p z  

2 ' k - -  I p., 

Le t  p '  be  the  p r e s s u r e  at  the  c o n t a c t  d i s c o n t i n u i t y  b e t w e e n  c r o s s  s e c t i o n s  2 - 2  and 3 - 3 .  L e t  us  w r i t e  
the  cond i t i ons  of  c o m p a t i b i l i t y  which  fo l low f r o m  the  c o n s e r v a t i o n  l a w s :  

Q,. = Qa -!- q, Q,.v.,_ + p2F =QaF3 + pa Fz + qD ..~ p '  (F - -  Fa) 

e2Q., + p.,.v.,F: -- Qs% q- PavaFa -I- qs - -  p.,.D (F - -  F.,) -4- p '  (F - -  Fs) N 

T r a n s f o r m a t i o n s  with a l l o w a n c e  f o r  the  a s s u m p t i o n s  m a d e  r e s u l t  in the  fo l lowing  conven ien t  f o r m  of  

the  l a t t e r  e q u a t i o n s :  

Q~ - Qa - q - o 

Q2 (v~ - N)  - -  Qa (va - -  N)  - -  q (D - -  N)  == (p~ - -  p ' )  (F a - -  F) (3.2) 

Q:, (v2 - N) 2 - -  Q3 (v3 - ,u - q (D - -  NF = 0 

4. In a s t a t i o n a r y  i m p i n g i n g  s t r e a m  the  p r e s s u r e  is  a known func t ion  of  the  c o o r d i n a t e s  p = p(x, y) ,  in 
the  f low behind  the  f ron t  p = p(t) ,  and the  e n t r o p y  in the  i m p i n g i n g  s t r e a m  is  S~ = cons t .  F r o m  the r e l a t i o n -  
s h i p s  at  the  shock  wave  the  d r i f t  r a t e  D of  the  wave  can  be  e x p r e s s e d  th rough  the ve loc i t y  V of  the  g a s  b e -  
hind the f ron t  and the M a t h  n u m b e r  M 1 in the  i m p i n g i n g  s t r e a m .  C o n s i d e r i n g  the  s t r o n g e s t  wave in the 
t r i p l e  c o n f i g u r a t i o n  as  a d i r e c t  shock  wave  one can  w r i t e  t h r e e  i n d e p e n d e n t  equa t i ons  fo r  the  gas  p a s s i n g  
t h rough  th i s  wave  f ron t .  To s i m p l i f y  the  no ta t ion  we wi l l  use  a p p r o x i m a t e  e q u a t i o n s ,  a s s u m i n g  tha t  l /M2<< 
1 and i D/Vmi << 1, w h e r e  v m is  the  m a x i m u m  ve loc i ty  of  s t e a d y  d i s c h a r g e  into a va c uum:  

D == ~ V , k ) - - ~ - - 1  p(t) 'M' ( D',. 
�9 �9 z v,, , ,  p ~ v t  - ~ . , c F  '11,2 ! - 2 r - - ~ '  

so . )  t ~ - ~  ( ",:~ ' , l k M ~ / l  2 ~) \ (4.1) 
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5. Le t  us  e x a m i n e  the  cond i t ions  which  account  fo r  the  fac t  of  the  e x i s t e n c e  of  a t r i p l e  c o n f i g u r a t i o n  
of  shock waves .  We s h a l l  d i r e c t  the  X ax i s  a long the ve loc i ty  v e c t o r  in r e g i o n  5 (F ig .  2). Le t  ~ be  the  a n -  
g le  of  i nc l i na t i on  of  the ve loc i t y  v e c t o r  to the  X ax i s  in f ron t  of  the  t r i p l e  poin t ,  J t be  the t u rn ing  angle  of  
the  s t r e a m  at  the  wave  f ron t  b e t w e e n  r e g i o n s  i and 6, and a s  be  the  ana logous  angle  fo r  the  shock wave  
s e p a r a t i n g  r e g i o n s  5 and 6. Then 

-~ Ox -~ O~ --  0 (5.1) 

F o r  the  f low d i a g r a m  i l l u s t r a t e d  in F ig .  2 the  c o n s t r u c t i o n  o f  a t r i p l e  c o n f i g u r a t i o n  with a g iven  J 
which  s a t i s f i e s  the  cond i t ion  (5.1) c o m e s  down to the d e t e r m i n a t i o n  of  the  r o o t s  of  a t r a n s c e n d e n t a l  e q u a -  
t ion.  Th i s  i s  p o s s i b l e  in each  s p e c i f i c  e a s e  but  i t  i s  d i f f i cu l t  to u se  such  a p r o c e d u r e  as  a b o u n d a r y  c o n -  
d i t ion .  S i m p l i f i c a t i o n  of  the  c a l c u l a t i n g  equa t ions  i s  a c h i e v e d  by  l i n e a r i z a t i o n  with r e s p e c t  to a t r i p l e  c o n -  
f i g u r a t i o n  with  one d i r e c t  shock  wave  [1]. L e t  us e x a m i n e  th i s  p r o c e d u r e .  L e t  us  i n t r o d u c e  into the  f u n c -  
t ion u n d e r  c o n s i d e r a t i o n  two v a r i a b l e s  which we d e s i g n a t e  as  P and R and t h e i r  a r g u m e n t s  which we d e -  
s i g n a t e  as  M and Z :  

z - -  I [ 2k (k "4- t)-'M'- . l "  
P ( M , z )  l+k .w' - - -z_  z+(/~--l) l(k. , .Ft)J 

/ T = T  = + - ~-:-T) ~ 

The f i r s t  a r g u m e n t  l a t e r  has  the  m e a n i n g  of  Much n u m b e r s  whi le  the  s econd  a r g u m e n t  t a k e s  on the 
m e a n i n g  of  d i f f e r e n t  p r e s s u r e  r a t i o s .  M a r k i n g  the p a r a m e t e r s  with the  n u m b e r s  of  the  c o r r e s p o n d i n g  r e -  
g ions ,  we can  w r i t e  

tgO~ = P (M~, P6,'P~), tgb~ = P (Ms, p~ / p~), 316 ~ = R (M,, Pe / p,) 

We wi l l  m a r k  with a second  index  0 the  p a r a m e t e r s  of  the  t r i p l e  c o n f i g u r a t i o n  in which  the  p o w e r f u l  
shock wave  is  not  a p p r o x i m a t e l y  but  e x a c t l y  a d i r e c t  shock  wave .  Then  ~10 + ~s0 = 0, o r  b e c a u s e  of  the  
l a t t e r  e q u a l i t i e s  

M ~  2 = R (M, ,  p.~ / m) ,  ps~ / p ,  = 2kM. ' - /  (k + t)  - -  (k - -  t )  / (k + 1) 

a r c t g P  (Mi, P~) I PO --  a r c t g P ( M ~ ,  Ps~ I PsO = 0 
(5.3) 

Equa t ions  (5.3) g ive  a t r a n s c e n d e n t a l  equa t ion  fo r  the  p r e s s u r e  P~0 be tw e e n  the f ron t s  of b r a n c h e d  
shock  waves .  Hcnce fo r th  we wi l l  a s s u m e  tha t  th i s  equa t ion  i s  so lve d ,  i . e . ,  the  d e p e n d e n c e  P60/Pl = f ( k ,  M) 
i s  d e t e r m i n e d .  F o r  a p p r o x i m a t e  c a l c u l a t i o n s  i t  i s  conven ien t  to r e p r e s e n t  t h i s  d e p e n d e n c e  in the  f o r m  of  
a p o l y n o m i a l  in the  two a r g u m e n t s  1/M and (k - 1). In the  r a n g e s  of  the  p a r a m e t e r s  1.15 _< k _< 1.67,  2 _< 
M -< 10 an a p p r o x i m a t i o n  with  an a c c u r a c y  o f  3% is  g iven  by the q u a d r a t i c  p o l y n o m i a l  

P~o/P6~ = a +  b / M ~ , - c / M  2, a = - - 0 . 0 7  + 0.77 (k - -  t) + t . 0 2 ( k - - 1 )  2 

b = 1 . 7 4  - -  4.86 (k - -  t) § 8.24 (k - - 1 )  2, c = --1.19 -1- 5.85(k - - 1 )  --12.16 (k - -  t) 2 
(5.4) 

F u r t h e r ,  we a s s u m e  tha t  the  ang le  ~ i s  s m a l l  and the  p a r a m e t e r s  of  f low b e t w e e n  the shock  wave  
f r o n t s  d i f f e r  l i t t l e  f r o m  the c o r r e s p o n d i n g  p a r a m e t e r s  in a c o n f i g u r a t i o n  with one d i r e c t  shock  wave :  

Ps = Pso-!- Aps, P6 = P60-~- Ap6, M6---- Mno + AMs 

F o r  the  d e r i v a t i v e s  of  the  func t ions  (5,2) we i n t r o d u c e  the  fo l lowing  d e s i g n a t i o n s :  

p , ( M , z ) = ~ _ _ . _ ~ . l  p ( M , z ) ( z _ i _ t _ _ M ~ ) I ( l + k M  ~ z , t  2k k.-- i ~]-I 

P., (M, z) ---- aP r ~ i 0.5 0.5 ) 
~ - - - - ' P ( ~ i  "-~-t-t-kM'---z z-F(k--l)/(k-.}-t) 2k.'ll'~/(k+l)--z--(k--l)/(k-~-t) 

dR 
R~ (M, z) ~ -  

F r o m  Eq. (5.1) we f ind,  with an a c c u r a c y  of  the  s m a l l  va lue s  of  f i r s t  o r d e r ,  t ha t  

(5.5) 
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Aps/'th --- 6~ (5.6) 

z -  {cos 2 t%~ [ P~ (M~, p~,~ / p~) -!- P~ (M6~, p ~ /  p,)) R,_ (.'VIa, p~,:) / Pl) -[- t)2 (:'kr6), ps~ / p~)  (P, / p~,,)2 (p~/p,)1}-i  

L e t  us  c o n s i d e r  the  a n g u l a r  c o e f f i c i e n t  of  i n c l i n a t i o n  of  the  shock  wave  f ron t  b e t w e e n  r e g i o n s  1 and 6 : 
d y / d x  = tg(w - ~9), w h e r e  w i s  the  ang le  o f  i n c l i n a t i o n  o f  the  wave  f ron t  to the  l o c a l  d i r e c t i o n  of  the  v e l o c i t y  
v e c t o r  ahead  o f  the  f ron t .  We a s s u m e  tha t  w = w 0 + Aw. Us ing  the  c o n n e c t i o n  b e t w e e n  the  p r e s s u r e  and the  
a n g u l a r  i n c l i n a t i o n  of  the  wave  

2/.- k - -  i 
P6 / Pl - ~ :AF'- sir(" (0 - -  k _-----T 

we f ind wi th  the  a c c u r a c y  adop ted  above  tha t  

a . - t  ~Xp6 ~ (5.7) dy / dx = tg Wo A- 4kM 2 s i n  o a  c o s  a o 0  p l  c o s  2 o a  

In the e q u a t i o n s  u sed  the Mach  n u m b e r  i s  c o m p o s e d  f r o m  the r e l a t i v e  v e l o c i t y  of  the  s t r e a m  ahead of  
the  f ron t  

M = ( v x - - D ) / a ~  = M ,  - - D / a l  

L a t e r  in the  e x p a n s i o n s  we r e t a i n  only  the  t e r m s  l i n e a r  with r e s p e c t  to D. Then  f r o m  (5.6) and (5.7) 
we o b t a i n  

dy / dx = - -  Ko + K~D / v,n + K~O (5.8) 

{ L at(a, M,)_2 l(a., M,)§ L k--~-T M:  - / ( L  M,) ( a -  l)/(k+l)]-" K1 = "U-~+ lh' Jlx V 311'-' i-' 2 / (k - -  t) M1 0.111 

1 I (k-l)p~0,p, - t [  K0 ~-= tg(00]D=0, Ks = c o s ~  ('------~ . 4 k M l ~ s i n r 1 6 2  ,J 

Equa t ion  (5.8) c h a r a e t e r i z e s  the  e s s e n t i a l l y  n o n - o n e = d i m e n s i o n a l  e f f e c t s  o f  the  t r i p l e  e o n f i g u r a t i o n  
of  w a v e s  and c l o s e s  the  s y s t e m  of  e q u a t i o n s  p r e s e n t e d  above .  

6. The  ful l  s y s t e m  of  e q u a t i o n s  o b t a i n e d  i s  w r i t t e n  in an i n c o n v e n i e n t  f o r m  f o r  a n a l y s i s .  Le t  us  s e p -  
a r a t e  the  f in i te  r e l a t i o n s  f r o m  the  d i f f e r e n t i a l  r e l a t i o n s  and t r a n s f o r m  the d i f f e r e n t i a l  equa t ions  to the  s t a n -  
d a r d  f o r m  of  no ta t ion .  I t  i s  c o n v e n i e n t  to c o n s i d e r  a l l  the  unknown va lues  as  func t ions  o f  the  p a r a m e t e r  X 
i n t r o d u e e d  by Eq.  (2.1). Le t  x = x(;~) and t = t(X) be  the  p a r a m e t r i c  equa t i ons  o f  m o t i o n  of  the shoc k -wave  
f r o n t  and ~ = ~(k) and r = r(X) be the  c o o r d i n a t e s  of  the  po in t  on the  t r a j e c t o r y  of  the  s i m u l a t e d  d i s c o n t i n u i t y  
in the  x t  p lane  with  the  s a m e  va lues  o f  X as  at  the  shock  wave .  We wi l l  r e l a t e  the  cond i t i ons  o f  e o m p a t i -  
b i l i t y  (3.1) and (3.2) to th i s  poin t .  Then  none of  the  func t ions  which depend  on ly  on X d i f f e r s  beh ind  the  wave  
f r o n t  and in the c r o s s  s e c t i o n  2 - 2 ,  i . e . ,  one  m u s t  s e t  

v.. = V ()v), S 2 = S (),), [:l 2 - ~ ().); p 00 # P c  (L), /"0.) - -  F.a(),) 

s i n c e  p d e p e n d s  on t i m e  but  not  on  ),, and F i s  a func t ion  o f  both ), and t .  The  f ac t  tha t  p d e p e n d s  on ly  on 
the s i n g l e  a r g u m e n t  t can  be  e x p r e s s e d  by  the fo l lowing  equa t ion :  

w h e r e  X(t) i s  the  v a l u e s  of  X at  the  shock  wave  f ron t .  D i f f e r e n t i a t i n g  the  l a t t e r  equa t ion  with r e s p e c t  to X 
we o b t a i n  

dp2 dt d R dr = (6.1) d)~ d~. 4X dX 

B e c a u s e  of  the  f i r s t  o f  Eqs .  (2.1) 

d l "  v - - .  I F..,p.~ ~" 

d ) ,  - -  t - -  v~''~ ' ~" = t.p~----~ (6.2) 

K e e p i n g  in mind  tha t  
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V =  x - - k  :~-.-L d* dt 
t ~ ' d~. 

and taking into account the differential  equations (5~ and (6.1) and the second equation of (4.1), after trans- 
format ions we obtain the sys tem of differential  equations 

dx  D v  (1 - -  "r / t) "dr v (t --  "c/t) 
aX ( D  - -  V) ( l  - -  ~:xlt) ' aZ, (D - -  V) (1 - -  vr / t )  

dt N - -  I" d~ dy - -  K 0 -2;', K 1 ~ K2t~  (x ,  y )  
d"-'~. = ~ ' , 1 9 -  [" d'--'~ ' d--~ = 

d/:~ 2k' D - - V  { ( l .  k + i  x--E, I Ia (p , 'M ,  ~') dx a(p,M, ~) dy]  k - r t  v - - !  : l .~ ]  
~--7 = k + l  ~ ~ ,~  t - - T  J i m S .  4 ~y ~J-- -%- ~ - - ; T P ~ ]  ' 

The unknown functions here  are  x, t, y, r ,  and P2. The functions P l  = p(x, y) and M l = M(x, y) cha r -  
acter ize  the stat ionary state of motion in the impinging s t ream and are  assumed to be given. The values D 
and V entering into the coefficients of the sys tem (6.3) are expressed through the unknown functions, since 
according to the f i rs t  equation of (4.1) 

k + i  k - - I  / : - ' 1  z - - ~  k - - I  
D ---- ---2-- V --  --:i--  ~'~ = 2 t -- ~ 2 u,, :  

The values of v and N in the system (6.3) are  not determined explicitly through the unknown functions. The 
remaining algebraic equations must  be used to find the dependences of the required s t ruc ture :  the three 
equations of (3.2), the three equations of (3.1) for the flow rates ,  and t~o equations which follow from the 
general  solution for region 3 in the form of (2.2): 

v3 = (.4~ + B)/(A'~ '4- i), p 2 ~ F 3  (l -t- Ax) = C 

These eight algebraic  equations contain eight unknown values (N, Q2, F2, q, Q3, F3, v3, P') which must  
be found in the form of functions of x, t, y, T, and P2. The la rger  number of unknown values is a defect of 
the notation. The appropriate  simplifications of the system which are connected with the reduction of the 
unknowns are car r ied  out s t raightforwardly but are  r a the r  cumbersome and are  omitted here,  especial ly 
since each of the eight unknown values enumerated above is an interest ing charac te r i s t ic  of the p rocess .  
The simplification can be reduced,  for example, to one quadratic equation relat ive to N, which is obtained 
if (3.2) is solved as a l inear  system with respec t  to the flow ra tes  and the resul ts  are equated with Eqs. 
(3.1). 

The following statements are valid: i) the structural schematization of the flow adopted is not in- 
consistent from the point of view of its analytical description; 2) the flow has a high degree of determinacy: 
the arbitrariness in the solution consists of a few constants. 

The latter statement naturally concerns only the "skeleton" of the flow; the three-dimensional dis- 
tortions of the fields of the parameters and the breakdown of the quasistationary nature of the pressure 
introduce the proper arbitrarity, but the initial qualitative configuration of the stream is assumed to be 
stable and the statements formulated pertain only to this configuration. 

An approximate solution of the system (6.3) can be obtained by partial freezing of the slowly varying 
coefficients. Since usually V << v m it follows from the first equation of (6.3) that practically D - V = const. 
The coefficient v represents the ratio between the mass flow rates through the cross section where the 
shock wave is located and the cross section 2-2 ,  taken at the same X. The coefficient v(N - V)/(D - V) 
characterizes the difference between the flow rates through the same, but moving, cross sections, Neither 
of these values can undergo large or abrupt changes and over considerable intervals they can be replaced 
by average values. In such an approximation the solution of system (6.3) is written in the form 

x--=Cl), (~+1) 2 ~_vtX ~x0, t-----v~k, t = ~ x  
~, (t - -  l~) N - -  V ( 6 . 4 )  k ~ - t  

v1= k---~l ~-v-'z;7'" %= ID -- V) (L -- ~) ' ~t=VD--L 

where C i and x 0 are arbitrary constants. The last two equations of system (6.3) can be interpreted for a 
specific analytical setting of the state of motion in the undisturbed flow. 

7. When an underexpanded supersonic jet impinges on a barr ier  a complicated stream is formed with 
a branched system of shock waves and containing regions of local subsonic flow, contact surfaces, and sec- 

796 



Fig. 3 

tions of flow with large  gradients  of the pa rame te r s  (see Fig. 3, where 
1 is the nozzle, 2 is the ba r r i e r ,  the solid lines are  shock waves, and 
the dashed lines are  contact discontinuities).  The study of the prop-  
er t ies  and s t ruc ture  of such s t r eams  is complicated by the fact that 
in cer ta in  ranges  of  the unknown pa rame te r s  the s tat ionary conf igura-  
tion of the flow becomes  unstable, a spontaneous transi t ion from a 
s ta t ionary to a nonstat ionary s t r eam is real ized,  and a strongly pulsat-  
ing p rocess  develops in front of the facing side of the b a r r i e r  [2]. An 
explanation for the mechanism of these effects is lacking. The pulsa-  
tions of the s t r eam are  accompanied by considerable  movements  of the 

powerful cent ra l  shock wave with respec t  to the i r r egu l a r  background, as a resul t  of which intense entropy 
waves pass through the subsonic jet behind this shock wave. 

Several  d i sc re te  vibrational  tones differing markedly  in frequency are usually observed.  The low- 
frequency pulsations can have a large  amplitude. The amplitude of the high-frequency vibrations is usually 
smal l  and es t imates  of the frequency show that these vibrations are  connected with p rocesses  which prop-  
agate with the speed of sound. 

The f i rs t  step in construct ing a model of the low-frequency cycles  consis ts  in ignoring the role of the 
high-frequency vibrations and their  distort ing effect on the development of the p rocesses  with t ime. This 
is achieved if the speed of sound is taken as infinite in the subsonic region behind the centra l  shock wave. 
In such an approximation the quasis ta t ionary nature of the p roces se s  in the local subsonic region is d i s -  
turbed only by the entropy waves. Within the l imits  of one period the evolution of the wave s t ructure  can 
be descr ibed with the help of the schemat ic  wave model examined above. Suppose that at some intermediate  
position of the centra l  shock wave an a rb i t r a ry  discontinuity in the gas pa ramete r s  develops whose decay 
gives r i se  to the movement  of this shock wave in the di rect ion f rom the b a r r i e r  toward the nozzle with some 
final velocity D o < 0. The subsequent variat ion in the velocity of the wave can be determined by using the 
approximate law (6.4): 

 =(9o : ! r , , , , , , ,  ,.,>o 

The velocity of the wave dec reases  with t ime and at some moment  is reduced to zero,  after which the 
re turn  movement  of the wave toward the b a r r i e r  begins. The intensity of the centra l  shock wave dec reases  
monotonically.  Therefore  the Mach number behind the front increases .  At some moment  the velocity in 
front of the b a r r i e r  becomes  supersonic .  This leads to the appearance of a shock wave whose intensity in- 
c r ea ses  as it gets fa r ther  f rom the b a r r i e r .  At the moment  this wave encounters  the central  shock wave 
an a rb i t r a ry  discontinuity develops whose decay c rea tes  the prerequis i tes  for a repeat  cycle.  These p r e -  
requis i tes  do not ar ise  in two ca se s :  1) the b a r r i e r  is located too close to the nozzle cut (supersonic ve- 
locit ies are  not reached in the impinging centra l  jet); 2) the b a r r i e r  is too far  away. Supersonic velocity 
in front of the b a r r i e r  is reached in a s tat ionary free jet and the b a r r i e r  does not affect the centra l  shock 
wave. 

A relat ively nar row range exists in which the sys tem descr ibed allows the development of a sel f -  
sustaining vibrational  p rocess .  
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