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Resul t s  a r e  shown of an exper imen ta l  s tudy concerning the flow s t ruc tu re  where  two opposing 
coaxial  underexpanded jets  in terac t .  Empi r i ca l  fo rmulas  a re  p roposed  for  calcula t ing the 
locat ion of shock waves  and of the in te r face ,  in the case  of jet  in teract ion within the zone 
of first "rolls." 

The flow s t ruc tu re  where  opposing coaxia l : supersonic  underexpanded jets  in te rac t  has  been studied 
to a r a t h e r  l imi ted  extent .  E a r l i e r  r e s e a r c h  was only concerned with jets  of equal p a r a m e t e r  va lues  and, 
overa l l ,  e i ther  with a flow mode equivalent  to a supersonic  jet impinging on an infinitely l a rge  plate normal  
to it [1] o r  with one of the two jets  pe r fec t ly  efficient  and discharging f rom a prof i led  nozzle  [2]. Studies 
we re  a lso  made concerning the in terac t ion  between a jet  f rom a sonic nozzle  and an unbounded supersonic  
s t r e a m  [3, 4]. He re  we will show the r e su l t s  of an exper imenta l  study concerning the flow s t ruc tu re  where  
opposing jets  in te rac t ,  ove r  a wide range  of p a r a m e t e r  va lues .  

The object  of  this study was to obtain and to analyze sch l t e ren  photographs of opposing coaxial  jets  
d ischarging f rom two sepa ra t e  r e c e i v e r s .  As the act ive  medium we used cold a i r  d i scharg ing  into a plenum. 
The p a r a m e t e r s  of  the nozzles  a r e  given in Table  1, the range  of d i s tances  between both nozzles  and the 
range  of total  p r e s s u r e s  a r e  given in Table  2. 

A typical  photograph of in te rac t ing  coaxial  je ts  is shown in Fig. l a .  The in terac t ion  of opposing jets  
is  c h a r a c t e r i z e d  by an in te r face  3 (Fig. lb)  pass ing  through the s tagnat ion point Q on the axis ,  which s e p a -  
r a t e s  the a i r  of one jet f rom that of the other jet  and thus const i tutes  a b a r r i e r  which nei ther  jet  can pene -  
t r a t e .  As in the case  of in terac t ion  with a b a r r i e r ,  in each jet  there  appea r  cent ra l ly  located densi ty  jumps 
2 and 2 ' ,  which i n t e r sec t  the floating jumps 1 and 1 ' ,  producing at  point T i r e f lec ted  jumps 5 and 5' a s  well  
as  tangential  discont inui t ies  4 and 4 ' .  The wave s t ruc tu re  in the jets  depends essen t i a l ly  on their  ineff i -  
c ienc ies  n t , n~ and on the d is tance  L between the nozzles .  

The s t r u c t u r e  va r i a t ions  under  a va ry ing  p r e s s u r e  P1, with L and P~ constant ,  can be desc r ibed  as 
follows. When PI = Pn, there  is no d i scharge  f rom nozzle I (Fig. 2a)* and the opposing jet  runs  into r e -  
c e ive r  I unstably  (Har tmann mode) a t  a f requency which is a function of the r e c e i v e r  volume as  well  as  of the 
ineff iciency n 2. Under a sl ightly supe rc r i t i ca l  p r e s s u r e  the flow s t ruc tu re  in r e c e i v e r  I becomes  s table  
(Fig. 2b). Between the jets  there  appea r s  an in ter face  3, while the cen t ra l  jump 2 may  become convex to -  
ward  the nozzle or  toward the in ter face .  The cu rva tu re  of the in ter face  is apprec iab le ,  convex toward the 
r e c e i v e r  where  the p r e s s u r e  P is high. As p r e s s u r e  Pi r i s e s ,  the in te r face  shif ts  toward nozzle  II and i ts  
cu rva tu re  d e c r e a s e s .  I t  i s  poss ib le  now for  the in te r face  to shift  f r o m  one location to another  between the nozzles .  
On the d i ag ram a r e  indicated such " jumps"  of the in ter face  toward nozzle  I as  well  is in the opposi te  d i r e c -  

tion, these " jumps"  being due to an inc rease  in Pl.  A fur ther  

TABLE 1. Nozzle P a r a m e t e r s  

Nozzle No. i 

I 
II 
I I I  

M 

5 ~ 
I (F  

d, l'D.m 

12 
12 
15 

i nc r ea se  in P1 r e su l t s  in flow instabi l i ty ,  the mode of which 
may  be d i f f e r e n t i n e a c h j e t .  UsuaUy, the wave s t ruc tu re  of 
beth jets  b reaks  down (Fig. 2c). When the ineff ic iencies  of 
both jets  d i f fer  by an o rde r  of  magni tude,  then the wave 

* The unstable locat ion of the discontinui t ies  is indicated in 
Fig.  2 by wavy l ines .  
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T A B L E  2. V a r i a t i o n  R a n g e s  of  G e o m e t r i c a l  D i m e n s i o n s  and of  
G a s - D y n a m i c  P a r a m e t e r s  

Receiver I 

Receiver II L nozzle I~ 1 nozzle II noizle III 

- ~ -  Pl' atrn tota ~ -  i,.atm total 

Nozzl~ I 
Pll : 10 atm total 

Nozzle I 
PII = 20 atm total 

2 
3 
4 
9 

I0 

4 - - 8 0  

10--60 

L )~- ?I' atm total 

2 
3 6 --80 
4 
5 

2 
3 15-70 

10 

i 2 
6 

6--70 

6-- 70 

�9 Nozzle I 
= 30 atm total 
zle II 

PII = 10 atm total 

Nozzle II 
Pll = 20 arm total 

6 --80 

30--80 

5 

6-- 70 

l0 
i 

1 

s t r u c t u r e  of the j e t  with the h i g h e r  i n e f f i c i e n c y  m a y  r e m a i n  s t a b l e  whi l e  tha t  of  the  o t h e r  j e t  b r e a k s  down. 
I t  i s  to be no ted  tha t ,  when a j e t  a c t s  on an  i n f in i t e ly  l a r g e  b a r r i e r ,  the i n s t a b i l i t y  v a n i s h e s  a t  a h i g h e r  j e t  
i n e f f i c i e n c y  [5]. A p p a r e n t l y ,  both p h e n o m e n a  a r e  o f  the s a m e  n a t u r e .  

A s  P l  i n c r e a s e s  s t i l l  f u r t h e r ,  the flow in both j e t s  b e c o m e s  s t a b l e  (F ig .  1) and  the i n t e r f a c e  sh i f t s  
t o w a r d  n o z z l e  H s m o o t h l y .  When  the m a x i m u m  d i a m e t e r  of  one j e t  i s  m u c h  l a r g e r  than  tha t  of  the o t h e r ,  
then  the  c e n t r a l  j ump  2 in the  l a r g e r  j e t  m a y  b e c o m e  convex  t o w a r d  i t s  n o z z l e  (F ig .  2d).  The  i n t e r s e c t i o n  
o f  such  a d e n s i t y  j u m p  wi th  the  f loa t ing  jump 1 a t  p o i n t  T 1 i s  a c c o m p a n i e d  by a g e n e r a t i o n  of  a s e t  of four  
s h o c k  w a v e s .  T h i s  c a s e  i s  a n a l o g o u s  to a j e t  wi th  a high i ne f f i c i e nc y  i m p i n g i n g  on a b a r r i e r  wi th  f in i te  
d i m e n s i o n s .  T h i s  q u a l i t a t i v e l y  d e s c r i b e d  p a t t e r n  of  i n t e r a c t i o n  be tween  o p p o s i n g  j e t s  v a r i e s  l i t t l e  whi le  
the d i s t a n c e  L b e t w e e n  the n o z z l e s ,  the Mach  n u m b e r  Mi in the n o z z l e s ,  o r  the  o r i f i c e  d i a m e t e r  d i of  the 
n o z z l e s  change  o v e r  the  t e s t  r a n g e .  

The  p u r p o s e  of th i s  e x p e r i m e n t  was  not  only  to s tudy  the q u a l i t a t i v e  p a t t e r n  but  a l s o  to ob t a in  e m p i r i -  
ca l  r e l a t i o n s  by  which  the  l o c a t i o n  of  the  i n t e r f a c e  and of the  c e n t r a l  j u m p s  a long  the j e t  a x e s  wi th in  the  
zone  of  f i r s t  " r o l l s "  cou ld  be d e t e r m i n e d .  F o r  the  l a t t e r  p u r p o s e ,  we m e a s u r e d  the fo l lowing  g e o m e t r i c a l  

d i m e n s i o n s  on the s c h i i e r e n  p h o t o g r a p h s :  

a) the d i s t a n c e s  c 1 and c 2, a l o n g  the r e s p e c t i v e  a x i s ,  f r om the  n o z z l e  ex i t  s e c t i o n  to the  c e n t r a l  j ump  

in the  j e t ;  

b) the  d i s t a n c e  s 2, a l o n g  the a x i s ,  f r o m  the  ex i t  s e c t i o n  of  n o z z l e  II to the i n t e r f a c e  be tween  j e t s ;  the  
d i f f e r e n c e  L - s  2 was  the  d i s t a n c e  f rom nozz l e  I to the i n t e r f a c e  be tween  j e t s .  

D i s t a n c e s  c t and  c 2 w e r e  m e a s u r e d  a c c u r a t e l y  w i th in  0.25 m m  and d i s t a n c e s  s 2 w e r e  m e a s u r e d  a c -  
c u r a t e l y  wi th in  1-2  r a m ,  i n a s m u c h  a s  p a r t  of  the i n t e r f a c e  a r e a  a p p e a r e d  v e r y  b l u r r e d  on the p h o t o g r a p h s .  
T h e  m e a s u r e d  d i s t a n c e s  a r e  e v i d e n t l y  func t ions  of s e v e n  p a r a m e t e r s  (L,  n i ,  d i ,  Mi ;  i = 1, 2) and fo r  an 
e v a l u a t i o n  of the  t e s t  r e s u l t s ,  t h e r e f o r e ,  i t  i s  w or thw h i l e  to def ine  a few u n i v e r s a l  flow p a r a m e t e r s .  A s  

a p r o p e r  b a s i s  we have  s e l e c t e d ,  a s  have  the a u t h o r s  of  [5], the fo l lowing  group  

b --  M d  ~ / k T .  

In  o r d e r  to a n a l y z e  how the l o c a t i o n  of the c e n t r a l  j u m p s  d e p e n d s  on the d i s t a n c e  be tw e e n  the n o z z l e s ,  
we have  r e f e r r e d  the q u a n t i t i e s  c 1 + c 2 = .~ c i and  L to the  sum b I + b 2 = .Z b i. As  a r e s u l t ,  a l l  t e s t  po in t s  

! ! 

c h s t e r  abou t  a s i ng l e  c u r v e  (F ig .  3) which  f i t s  the equa t ion  
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Fig.  1. (a) l ~  = 1 . 0 , ~ h ; 2 1 . 8 ,  d 1 = 1 2 r e . m ,  lVl 2 = 1 . 0 ,  ~ = 5 . 2 8 ,  
d~ = 12 m m ,  L i d  = 4; (b) schemat ic  d iagram of the flow s t ruc tu re  
In opposing jets  In terac t ing  within the i r  f i r s t  " ro l l s . "  

The coeff icients  in Eq. (1) have been calcula ted by the method of l ea s t  squa re s ,  with a 0.024 d i spe r s ion  of 
t e s t  points  about this curve .  

Analogously to the locat ion of the in te r face ,  the d is tances  s 2 and s I = L - s ~  have been evaluated In 
t e r m s  of 

cdb~ = f(s~lb~); i ~= 1; 2. 

According  to Fig.  4, all  t e s t  points c lus t e r  about a curve  which fits the equation 

(2) 

On the d iag ram we have plot ted points for  both nozzles  under the s a m e  conditions as  in Fig. 3 and, 
consequent ly,  the re  a r e  twice as  many points In Fig.  4. We note that the t e s t  va lues  for  the In te r face  l o c a -  
t ion contain a sys t ema t i c  e r r o r :  the points for  nozzle  I lie genera l ly  below curve  2 and the points for nozzle  
II  l ie  mos t ly  above curve  2 in Fig. 4. As a consequence,  the d i spe r s ion  of tes t  points about curve  2 is 
equal  to 0.04 he re .  

J 

Fig. 2. Cl~no~es tn the s t ruc tu re  of In te rac t ing  jets  under  In-  
c r ea s ing  p r e s s u r e .  
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F i g .  3.  ~ n a  of  the  d i s t a n c e s  f r o m  the c e n t r a l  d e n s i t y  
j t unps ,  a s  a func t ion  of  the d i s c h a r g e  p a r a m e t e r s :  1) 

M t =M 2= 1.0;d l = d  2= 1 2 m m ; 2 )  M l = 2 . 0 ; M  s = l . 0 ;  
d 1 = d 2 = 1 2  m m ;  3) M i = 1 . 0 ; M  2 = 2 .0;  d 1 = d ~ =  12 
m m ;  4) M i = 1.0;  d i = 12 m m ;  M s = 2.0;  d~ = 15 m m ;  
s o l i d  l i n e  r e p r e s e n t s  r e l a t i o n  (1), d a s h e d  l i n e  r e p r e -  
s e n t s  the  l o c a t i o n  of  the  M a c h  c i r c l e  in the  f i r s t  " r o l l "  
o f  a f r e e  j e t .  

F o r m u l a s  (1) and  (2) t o g e t h e r  wi th  the  s t i p u l a t i o n  tha t  s t + s 2 = L c o n s t i t u t e  a s y s t e m  of  e q u a t i o n s  
f r o m  w h i c h  the  fou r  unknowns o.1, c2, s t ,  and  s 2 can  be  d e t e r m i n e d .  Owing  to the a p p r o x i m a t e  c h a r a c t e r  
of  t h e s e  equa t i ons  and to the  d i s p e r s i o n s  a s s o c i a t e d  wi th  t h e m ,  the  c a l c u l a t e d  l o c a t i o n  of  the  c e n t r a l  j u m p s  
in  i n t e r a c t i n g  j e t s  m a y  no t  n e c e s s a r i l y  c o r r e s p o n d  to the  obv ious  p h y s i c a l  r e q u i r e m e n t  tha t  the  s t a g n a t i o n  
p r e s s u r e s  a t  p o i n t  Q on the  i n t e r f a c e  be equa l  (F ig .  1): 

Pi = Ph. (3) 

F o r  d e t e r m i n i n g  the  l o c a t i o n  o f  the  c e n t r a l  j u m p s  and of the  i n t e r f a c e  m o r e  r i g o r o u s l y ,  we  p r o p o s e  a c a l -  
c u l a t i o n  m e t h o d  w h e r e  c 1 and  c s a r e  d e t e r m i n e d  f r o m  cond i t i on  (3) a t  the  s t a g n a t i o n  po in t  Q r a t h e r  than  
f r o m  Eq .  (2). T h i s  c o n d i t i o n  r e l a t e s  the  v a l u e s  of the  Mach  n u m b e r  M! b e f o r e  the  c e n t r a l  j u m p s  in the  
r e s p e c t i v e  j e t s .  t 

S ince  P I o I  = P I I o I I ,  h e n c e  
k 1 

~~--i -;~) -k+ ~ (M~+k+~j 
k 1 l / 1] 

P~ 7~-~, k +--5 [ ~  (M~) --  k k (4) 

The  p r o f i l e  of the  M a c h  n u m b e r  Mi (x  ) a long  the  a x i s  of  a s u p e r s o n i c  j e t  i s  a c c u r a t e l y  enough d e s c r i b e d  
by  the  a p p r o x i m a t e  f o r m u l a  [6 ] 

M(x)=Mw+ A (x--xwP 
, (5) 

X 

w h e r e  A = 2.35 + 4.5 (0.426 M - l )  ( 0 . 8 3 4 k - 1 ) ;  x w i s  the  s p a c e  c o o r d i n a t e  and Mw i s  the  Mach  n u m b e r  a t  
the  po in t  w h e r e  the  f i r s t  c h a r a c t e r i s t i c  of  an  e x p a n s i o n  w a v e  i n t e r s e c t s  the  j e t  a x i s ;  the  l a t t e r  i s  d e t e r -  

m i n e d  f r o m  the  r e l a t i o n  

r (M w ) = ~o (M) + 20. 

T h e n  

�9 77~' 
xw----- V-Mw-- 1. 
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Fig. 4. Location of the central density jump, as a 
function of the interface location, in an individual jet. 
Notation is the same as in Fig. 3 (solid l ine represents 
re la t ion  (2)) black m a r k s  r e f e r  to nozzle II .  

The dis tance x in fo rmula  (5) m u s t  be r e f e r r e d  to the nozzle radius .  This  fo rmula  yields  the locat ion of a 
t 

cent ra l  jump in a jet ,  if the Mach number  before  that jump Mi: 

M ~ = [ M w §  (c-Z xw)k t 
c , �9 (6) 

is  Imown. 

The sum of the va lues  obtained for c I and c 2 mus t ,  at  the s ame  t ime ,  sa t i s fy  Eq. (1). Thus ,  the s y s -  
t em of Eqs .  (1), (4), (6) yields  the va lues  of c t and c 2. The locat ion of the in ter face ,  defined by s I and s~, 
is  then de te rmined  f rom Eq. (2) with the values  of c t and e 2 a l r eady  known. I t s  d is tance f rom nozzle I i s ,  
f ally, 

s~ § L -  s~. 
s = (7) 

2 

When calculat ions a r e  made accord ing  to Eq. (7), it is poss ib le  to reduce  the effect  of the sys t ema t i c  
e r r o r  inherent  in E q. (2). System (1), (4), (6) is solved numer ica l ly  or  graphica l ly  with the aid of the axial  
p r e s s u r e  prof i le  Pi(x) common to both je ts ,  a lso  with the aid of the cu rves  in Figs.  3 and 4. 

With the p roposed  e m p i r i c a l  fo rmulas  (1) and (2), in combinat ion with the physica l  r e q u i r e m e n t  (3) 
of equal s tagnat ion p r e s s u r e s  at  point Q on the in ter face ,  it is poss ib le  to calcula te  the locat ion of the cen -  
t r a l  jumps and of the in te r face  between opposing coaxial  je ts  within the in terac t ion  zone of thei r  f i r s t  
" ro l l s . "  

The authors  apprec ia te  the valuable  comment s  which P r o f e s s o r  I. P .  Ginzburg made  during the d i s -  
cuss ion of the i r  r e su l t s .  

M is 
8 is 
P is 
P ' is 
M' is 

Pn is 
Pa is 
n = I~n/Pa is 
k is 
~(M) is 
o(M) = P'/P is 

NOTATION 

the Mach number  a t  the nozzle  throat ;  
the half  the d ivergence  angle of a nozzle ;  
the p r e s s u r e  in an i sent ropica l ly  s tagnated s t r e a m ,  or  the p r e s s u r e  in a r e c e i v e r ;  
the total  p r e s s u r e  behind a s t ra igh t  densi ty  jump; 
the Mach number  at the jet axis  before  a cent ra l  densi ty jump; 
the p r e s s u r e  a t  the nozzle  throa t ;  
the ambien t  p r e s s u r e ;  
the d i scharge  inefficiency; 
the adiabat ic  exponent for a i r ;  
the P r a n d t l - M a y e r  function; 
the drop in total  p r e s s u r e  at  a s t r a igh t  jump; 
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d is the nozzle diameter  at the throat; 
L is the distance between nozzles from throat to throat; 
c is the distance from a central density jump; 
s is the distance from the interface; 
x is the axial coordinate. All linear dimensions are r e fe r red  to the diameter of the respective nozzle. 

lo 
2. 

3. 
4. 
5. 
6. 
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