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F E A T U R E S  IN T H E  P R O P A G A T I O N  OF A S U P E R S O N I C  
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We presen t  a scheme for  the calculation of a fan-shaped jet formed on collision of super -  
sonic oppositely directed underexpanded jets .  A compar ison  with experiment  is offered. 

A supersonic fan-shaped jet is formed on collision between two identical underexpanded gas jets d i -  
rec ted  at each other ,  and the flow which is generated is symmet r i ca l  relative to the plane of interaction,  
i .e. ,  the plane in which the jets collide. In the following we will consider  only half of the flow. The qual i -  
tative flow pat tern in such a jet can be descr ibed in the following manner  (Fig. 1). As the supersonic jet 
impinges on the plane of interaction,  a curvi l inear  jump I is formed ahead of the plane (Fig. 1). If the d i s -  
tance between the plane of interact ion and the nozzle outlet is small ,  the compress ion  shock will appear  d i -  
rec t ly  at the boundary of the jet (point T), since the intensity of the hanging compress ion  shock of the free 
jet is smal l .  With increas ing distance separat ing the nozzle outlet and the plane of interaction,  the intensity 
of the hanging compress ion  shock inc reases ,  thus causing it to interact  with the curvi l inear  compress ion  
shock. As a resul t  we have a triple configuration of the shock waves at point T (Fig. lb). In this case ,  the 
ref lected shock wave TB appears  at the boundary. The coordinate of the point of flexure for  the jet boundary 
de termines  the exit c ross  section of the fan-shaped jet. Flow in such a jet is supersonic and we use the 
well-s tudied method of cha rac te r i s t i c s  to calculate such a jet [1, 2]. 
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Fig. i. Flow field in a fan-shaped jet (IV[ a 

= 1.905, n = 6.1, c~ = 3 ~ , k = 1.4): a) I/ra 
= 0.96; b) 3.25; i) jet boundary; 2) slip line. 

To determine the subsonic flow in the region be- 

tween the plane of interaction and the curvilinear com- 
pression shock we assume that the flow in that region is 

one-dimensional. The Maeh number is equal to its value 

behind the compression shock, while the stagnation pres- 

sure at the cross section is equal to the mean arithmetic 

value between the magnitude of the pressure behind the 

eurvilinear shock and at the plane of interaction. 

When the curvilinear compression shock reaches the 

jet boundary, it is assumed that the Maeh number be- 

hind the shock wave is equal to unity, and that the direc- 

tion of the velocity vector at the exit cross section of the 

fan-shaped jet varies linearly from the value behind the 

shock wave to the value at the plane of interaction (Fig. 

la). 

The position of the point T at the jet boundary (Fig. 

la) is determined after the flow rate in the cylindrical 

cross section TK has been equated to the flow rate of the 

gas from the nozzle. 

Somewhat more complicated is the calculation of the 

subsonic region in the second case in which the curvi- 
linear compression shock interacts with the hanging com- 

pression shock (Fig. ib). 
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Fig. 2. Distribution of stagnation pressures behind the normal com- 

pression shock on the plane of interaction: I) theory and experiment 

for l/r a = 0.96; 2) the same for I/r a = 3.25. 

Fig. 3. Location of the triple point T as a function of the distance be- 
tween the plane of interaction and the nozzle outlet. 

With the same hypotheses  r e g a r d i n g  the one -d imens iona l i t y  of flow in the subsonic region ,  the p o s i -  
t ion of the t r ip le  point on the hanging shock is de t e r m i ne d  in i t ia l Iy  f rom the condit ion of the conse rva t ion  
of m a s s  for  the gas  in front  of and behind the shock; this is then followed by the de t e rmina t i on  of the p o s i -  
tion of the s l ip l ine f rom the condit ion that the s ta t ic  p r e s s u r e s  on that l ine a r e  equal .  The flow in the 
reg ion  of the subsonic  s t r e a m  between the s l ip l ines  and the plane of in te rac t ion  is r e g a r d e d  as  o n e - d i m e n -  
s iona l ,  while the ca lcu la t ion  of the supe r son ic  reg ion  TB contained between the s l ip  l ines  and the shock 
wave (and then the boundary of the fan-shaped  jet)  is accompl i shed  by the method of c h a r a c t e r i s t i c s .  The 
pos i t ion  of the point  T on the hanging c o m p r e s s i o n  shock is a s s u m e d  to have been p r o p e r l y  chosen if the 
eondi t ion d F / d X  = 0 has  been sa t i s f i ed  in the c r o s s  sec t ion  in which the subsonic flow a t ta ins  the speed of 
sound, and if the ve loc i ty  v e c t o r  at the s l ip  line exhib i t s  an incl inat ion to the plane of in te rac t ion  that is 
equal to ze ro .  

The pos i t ion  of the t r ip le  point  sa t i s fy ing  this boundary condit ion is de t e r m i ne d  by the method of 
ire r a t i ons .  

In addi t ion to the ex i s tence  of a subsonic region  of flow, we can a lso  include the following among the 
unique f ea tu re s  of the r e s u l t s  f rom the ca lcu la t ion .  

F i r s t  of a l l ,  it is poss ib l e  to have a hanging c o m p r e s s i o n  shock in a f an - shaped  je t ,  which may be 
r e f l ec t ed  f rom the plane of in t e rac t ion  - depending on the ini t ia l  p a r a m e t e r s  - in a r e g u l a r  or  an i r r e g u l a r  
m a n n e r .  In the l a t t e r  c a s e ,  the pos i t ion  of the t r ip le  conf igurat ion is de t e r m i ne d  f rom the condit ion of 
min imum s ta t ic  p r e s s u r e  behind the hanging shock (Fig. 1). As in the case  of an a x i s y m m e e r i c  je t  [3], this  
method y ie lds  good a g r e e m e n t  with e x p e r i m e n t .  

Secondly,  the s l ip  line which is fo rmed  behind the t r ip le  point T (Fig. lb)  p a s s e s  r a t h e r  e l o s e t o t h e  
boundary  of the f an - shaped  je t .  If we bea r  in mind that a sma l l  f r ac t ion  of the flow f rom the nozzle (~10%) 
p a s s e s  through the sec t ion  TK, we find that v i r t ua l ly  al l  of the gas  flow f rom the nozzle flows into the reg ion  
enc losed  between the boundary of the f an - shaped  je t  and the s l ip  l ine.  

The boundary of the f an - shaped  jet  behind i ts  exi t  sec t ion  may be broken (point C in Fig .  lb ) ,  and two 
hanging c o m p r e s s i o n  shocks may  fo rm within the fan-shaped  je t .  

The in tens i ty  of the f i r s t  hanging c o m p r e s s i o n  shock in i t ia l Iy  i n c r e a s e s ,  and then it d i m i n i s h e s .  In F ig .  
lb  it  d i s a p p e a r s  n e a r  the s l ip  l ine;  however ,  this  does not indicate  that it  is imposs ib le  to se l ec t  a r eg ime  
in which it wil l  r each  the plane of in te rac t ion  and be r e f l ec t ed  f rom the l a t t e r .  (The re f lec t ion  in this case  
may  be r e g u l a r  o r  i r r e g u l a r . )  F igure  1 shows examples  of ca lcu la t ions  based  on this p r o c e d u r e .  F r o m  
these  data  we can judge the unique c h a r a c t e r i s t i c s  of flow in a f an-shaped  je t  and, in p a r t i c u l a r ,  we can get  
some idea as  to the nature  of the d i s t r i bu t ion  for  the l ines  showing the constant  Math  numbers .  

To test the effectiveness of this method, we compared the calculation results with experimental data. 

Figure 2 shows a comparison of the stagnation pressures behind the normal compression shock in the plane 
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of interaction with the values measured  by means of a Pitot tube during the experiment .  These p r e s s u r e s  
are  r e f e r r ed  to the stagnation p re s su re  in the plane of interaction. The segment of the curve for which 
P/P0 = 1 cor responds  to the subsonic region of flow. 

Figure 3 shows the theoret ical  curve and the experimental  data for the posit ion of point T as a function 
of the distance between the nozzle outlet and the plane of interaction.  

Having analyzed the theoret ical  and experimental  data, we can state that the proposed calculation 
scheme is quite effective and can be used in engineering prac t ice .  

M is the 
p is the 
n = P a / P n  is the 
r n is the 
k is the 
e~ is the 
r a is the 
l is the 
~p 

NOTATION 

Mach number ; 
pressure ; 
ratio denoting the extent to which the jet does not meet specifications; 
pressure in the ambient medium; 
adiabatic exponent; 
half-angle of nozzle divergence; 
radius of the nozzle exit section; 
distance between the nozzle outlet and the plane of interaction; 

is the distance f rom the point of interaction between the curvi l inear  compress ion  shock and the 
hanging shock or  the distance between the boundary of the free jet and the plane of interaction.  

All of the l inear  dimensions have been r e fe r r ed  to the radius of the nozzle exit section. 

S u b s c r i p t s  

a denotes the p a r a m e t e r s  at the nozzle outlet; 
0 denotes the stagnation p a r a m e t e r s ;  
2 denotes the gas p a r a m e t e r s  behind the hanging compress ion  shock of the fan-shaped jet. 
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