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ABSTRACT 

As pa r t  of a gene ra l  inves t iga t ion  of t w o - s t r e a m  s u p e r -  
sonic  d i f fuse r s ,  a t heo ry  was developed for  the bounded tu r -  
bulent  mix ing  between coaxia l  high ve loc i ty  s t r e a m s  of 
d i f fe ren t  compos i t ion  and t e m p e r a t u r e .  The usua l  a s s u m p t i o n  
of negl ig ib le  ax ia l  p r e s s u r e  g rad ien t  is inval id  in th i s  case  
because  the outer  s t r e a m  is bounded by a c y l i n d r i c a l  duct. A 
h igh ly  s imp l i f i ed  flow model  is used which r e t a i n s  the e s s e n t i a l  
f e a t u r e s  of the ac tua l  mix ing  p r o c e s s ;  the r e s u l t i n g  s y s t e m  of 
equat ions  is  amenab le  to manua l  ca lcu la t ion .  

The t heo ry  is c o r r e l a t e d  with data  obtained f rom an 
annu la r  nozz le  wind tunnel  having a c en t r a l  supe r son ic  co re  of 
rocke t  exhaus t  gases .  C o r r e l a t i o n  is  a l so  made  with Mikhail~s 
low ve loc i ty  data  for  which his  m o r e  e l abora te  t heo ry  is  ava i l -  
able  for  compar i son .  The s impl i f i ed  theory  p r e d i c t s  with 
r e a s o n a b l e  a c c u r a c y  the e x p e r i m e n t a l  ax ia l  s ta t i c  p r e s s u r e  and 
ve loc i ty  d i s t r ibu t ions .  

3 

. t . . . ~  ~ . 



AEDC-TR-61-18 

CONTENTS 

A B S T R A C T  . . . . . . . . . . . . . . . . . .  
N O M E N C L A T U R E  . . . . . . . . . . . . . . . . . . . .  
I N T R O D U C T I O N  . . . . . . . . . . . . . . . . . .  
D E V E L O P M E N T  O F  T H E O R Y  . . . . . . . . . . . . .  
E : K ; P E R I M E N T A L  I N V E S T I G A T I O N  . . . . . . . . . . .  
DISCUSSION O F  R E S U L T S  . . . . . . . . . . . . . . .  
C O N C L U S I O N S  . . . . . . . . . . . . . . . . . . . .  
R E F E R E N C E S  . . . . . . . . . . . . . . . . . . . .  
A P P E N D I X  - I t e r a t i o n  P r o c e d u r e  f o r  M i x i n g  A n a l y s i s  . . . .  

5 
7 
9 
9 

17 
18 
21 
21 
23 

TABLE 

T u n n e l  D i m e n s i o n s  a n d  O p e r a t i n g  P a r a m e t e r s  . . . . . . .  25 

ILLUSTRATIONS 

F i g u r e  

1. S c h e m a t i c  of T u n n e l  f o r  T w o - S t r e a m  D i f f u s e r  
I n v e s t i g a t i o n  . . . . . . . . . . . . . . . . . . .  

2. S c h e m a t i c  of V e l o c i t y  P r o f i l e s  f o r  C o a x i a l  
S t r e a m  Duc t  F l o w  . '  . . . . . . . . . . . . . . . .  

3. A p p r o x i m a t i o n  of A c t u a l  V e l o c i t y  P r o f i l e s  f o r  
C o a x i a l  Duc t  F l o w  . . . . . . . . . . . . . .  

4. M i x i n g  M o d e l  f o r  C a l c u l a t i o n  of L o c a l  R a t e s  
of  H e a t  and  M o m e n t u m  T r a n s f e r  . . . . . . . . . .  

5. D i v i d i n g  S t r e a m l i n e  V e l o c i t y  R a t i o  . . . . . . . .  

6. M a c h  N u m b e r  F u n c t i o n  f o r  A i r  a n d  T y p i c a l  R o c k e t  
P r o d u c t s  . . . . . . . . . . . . . . . . . .  

7. V a r i a t i o n  of  M i x i n g  Z o n e  S p r e a d i n g  R a t e  w i t h  
M a c h  N u m b e r  f o r  Z e r o  S e c o n d a r y  V e l o c i t y  . . . . . .  

8. V a r i a t i o n  of  T u r b u l e n t  M i x i n g  P a r a m e t e r  w i t h  M a c h  
N u m b e r  f o r  F u l l y  D e v e l o p e d  M i x i n g  of an  A x i s y m -  
m e t r i c  J e t  . . . . . . . . . . . . . . . . . .  

2 7  

28 

29 

30 

31 

32 

33 

34 



AEDC-TR-61-18 

F i g u r e  

9. S c h e m a t i c  of  M i k h a i l ' s  E x p e r i m e n t a l  A p p a r a t u s  . . . .  

10. C o m p a r i s o n  of  T h e o r y  w i t h  M i k h a i l ' s  E x p e r i -  
m e n t a l  D a t a  . . . . . . . . . . . . . . . . . .  

11. C o m p a r i s o n  of  T h e o r e t i c a l  a n d  E x p e r i m e n t a l  
C e n t e r l i n e  V e l o c i t y  D i s t r i b u t i o n  . . . . . . . . . . .  

12.  S c h e m a t i c  o f  S u p e r s o n i c  J e t  E x p a n d i n g  i n t o  
S u p e r s o n i c  S t r e a m  

13. A x i a l  S t a t i c  P r e s s u r e  D i s t r i b u t i o n  f o r  M a c h  
N u m b e r  3 . 0 7  T u n n e l  a t  Toa ffi l l 0 0 ° R  

a .  Poa " 4 0 . 8  p s i a  . . . . . . . . . . . . . .  
b. Poa ffi 2 3 . 5  p s t a  . . . . . . . . . . . . . .  

c .  Pos = 1 6 . 0  p s i a  . . . . . . . . . . . . . . .  

14. T h e o r e t i c a l  P r e s s u r e  a n d  M a c h  N u m b e r  D i s t r i -  
b u t i o n s  f o r  M a c h  N u m b e r  3 . 0 7  T u n n e l  . . . . . . . .  

15. T h e o r e t i c a l  O u t e r  S t r e a m  M a c h  N u m b e r  D i s t r i -  
b u t i o n  f o r  M a c h  N u m b e r  3 . 0 7  T u n n e l  . . . . . . . .  

Page 

35 

3 6  

37 

3 8  

3 9  

40 
41 

4 2  

4 3  



AEDC-TR.61-18 

NOMENCLATURE 
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Cp 
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F 
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k 

P 

Po 

1t 

To 

U 

W 

Z 

Y 

Y 

ff 

0 

0 

r 

C r o s s - s e c t i o n a l  a r e a  

Width  of m i x i n g  zone 

Skin f r i c t i o n  coe f f i c i en t  a t  wal l  

Spec i f i c  hea t  

D i a m e t e r  

To t a l  s t r e a m  t h r u s t  

J o u l e ' s  cons t an t ,  m e c h a n i c a l  e q u i v a l e n t  of hea t  

T u r b u l e n t  m i x i n g  p a r a m e t e r  

Mach  n u m b e r  

S ta t i c  p r e s s u r e  

T o t a l  p r e s s u r e  

T o t a l  e n e r g y  t r a n s f e r  r a t e  

L o c a l  e n e r g y  f lux b e t w e e n  s t r e a m s  

Gas  c o n s t a n t  

To t a l  t e m p e r a t u r e  

Axia l  v e l o c i t y  

Weight  f low 

Ax ia l  d i s t a n c e  f r o m  i n i t i a t i o n  of m i x i n g  

C o o r d i n a t e  in m i x i n g  m o d e l  

Ra t io  of s p e c i f i c  h e a t s  

A p p a r e n t  k i n e m a t i c  v i s c o s i t y  

D e n s i t y  

T u r b u l e n t  m i x i n g  p a r a m e t e r  

S h e a r  s t r e s s  

SUBSCRIPTS 

1,2 

R 

R e f e r s  to c r o s s  s e c t i o n  

O u t e r  s t r e a m  c o n d i t i o n s  
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avg 

C 

D 

J 

m a x  

rain 

W 

Arithmetic average conditions over an interval 

Conditions along dividing streamline 

Duct 

Conditions in core flow 

Maximum velocity adjacent to mixing region 

Minimum velocity adjacent to mixing region 

Conditions at duct wall 
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INTRODUCTION 

An e x p e r i m e n t a l  and t h e o r e t i c a l  i nves t iga t ion  of s u p e r s o n i c  two- 
s t r e a m  d i f fuse r  ope ra t ion  is c u r r e n t l y  in p r o g r e s s  at the Rocket  T e s t  
F a c i l i t y  (RTF),  Arnold  Eng inee r ing  Development  C e n t e r  (AEDC), A i r  
F o r c e  S y s t e m s  Command  (AFSC). The inves t iga t ion  is  conce rned  with 
opera t ion  of an a x i s y m m e t r i c  wind tunnel  having a c e n t r a l  co re  of rocke t  
exhaus t  gases .  Such a d i f fuser  is  n o r m a l l y  opera ted  with a ful ly  devel -  
oped duct shock s y s t e m  which causes  r ap id  mix ing  of the s t r e a m s .  Over -  
al l  d i f fuse r  p e r f o r m a n c e  m a y  be a c c u r a t e l y  p r ed i c t ed  for  such a case  
by us ing  o n e - d i m e n s i o n a l  theory .  

At c e r t a i n  ope ra t ing  condi t ions ,  however ,  it is d e s i r a b l e  to m a i n -  
ta in  the b a c k - p r e s s u r e - i n d u c e d  shock s y s t e m  f a r  downs t r eam in the 
d i f fuser ,  and for  th i s  case  the mix ing  c h a r a c t e r i s t i c s  of the two s t r e a m s  
while both s t r e a m s  r e m a i n  s u p e r s o n i c  become impor tan t .  Simple  one-  
d imens iona l  t heo ry  is  inadequate  for  a n a l y s i s  of the s u p e r s o n i c  mix ing  
p r o c e s s ,  and s ince  r i g o r o u s  a n a l y s i s  of the bounded t w o - s t r e a m  mix ing  
p r o b l e m  is v e r y  difficult ,  a s imp l i f i ed  theo ry  for  bounded mix ing  of 
coaxia l  c o m p r e s s i b l e  s t r e a m s  has  been developed and is p r e s e n t e d  in 
th i s  r epo r t .  A l a t e r  r e p o r t  wil l  be p r e s e n t e d  on the g e n e r a l  t w o - s t r e a m  
d i f fuse r  inves t iga t ion .  The t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  on 
t w o - s t r e a m  mix ing  a r e  a l so  appl icable  to o ther  coaxia l  s t r e a m  mix ing  
p r o b l e m s  - for  example ,  p r o b l e m s  conce rn ing  the opera t ion  of j e t  pumps  
and p ropu l s ion  s y s t e m  t h r u s t  augmenta t ion  dev ices .  

The s i m p l i f i e d  t h e o r y  was c o r r e l a t e d  with e x p e r i m e n t a l  data  obta ined 
at AEDC us ing  the tunnel  conf igura t ion  shown in Fig.  1 ope ra t ing  at low 
back p r e s s u r e  and with low ve loc i ty  t w o - s t r e a m  mix ing  data obtained f r o m  
o the r  agenc ies .  

DEVELOPMENT OF THEORY 

Gene ra l l y ,  one of two app roaches  is taken to solve  f r ee  tu rbu len t  
mix ing  p r o b l e m s .  The f i r s t  approach  is  to wr i te  equat ions  of mot ion  fo r  
the f low f ie ld  and find so lu t ions  s a t i s fy ing  the boundary  condi t ions .  The 
second approach  is to a s s u m e  ve loc i ty  p rof i l e  shapes  and then use  i n t eg r a l  
methods  to define the flow f ield.  No p u r e l y  t h e o r e t i c a l  explana t ion  fo r  

Manusc r ip t  r e l e a s e d  by au thors  December  1961. 
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t u r b u l e n t  p r o c e s s e s  has  yet  b e e n  d e v i s e d ,  and at l e a s t  one e m p i r i c a l  
cons tan t ,  a t u r b u l e n t  m i x i n g  p a r a m e t e r ,  m u s t  be u s e d  fo r  e i t h e r  
app roach .  

F o r  the  p r o b l e m  of i n t e r e s t ,  the  m i x i n g  of two s t r e a m s  i n s i d e  a 
duct ,  the  usua l  a s s u m p t i o n  of cons t an t  p r e s s u r e  m i x i n g  is  inva l id .  
Mikha i l  (Ref.  1), in h is  t r e a t m e n t  of i n c o m p r e s s i b l e  m i x i n g  of coax ia l  
s t r e a m s  in a duct ,  is one of the  few i n v e s t i g a t o r s  to c o n s i d e r  ax ia l  
p r e s s u r e  g r a d i e n t s .  In h is  c a se ,  in sp i t e  of the  s i m p l i f y i n g  cond i t i on  of 
i n c o m p r e s s i b l e  flow, a n u m b e r  of a s s u m p t i o n s  w e r e  n e c e s s a r y  to s o l v e  
the  i n t e g r a l  equa t ions ,  and  t h r e e  e m p i r i c a l  t u r b u l e n t  c o e f f i c i e n t s  w e r e  
u s e d  to c o r r e l a t e  t h e o r y  wi th  e x p e r i m e n t a l  data .  In add i t i on  to ax ia l  
p r e s s u r e  g r a d i e n t s ,  it is n e c e s s a r y  to inc lude  e f f ec t s  of c o m p r e s s i b i l i t y ,  
e n e r g y  t r a n s f e r  b e t w e e n  the s t r e a m s ,  wal l  f r i c t i on ,  and d i f f e r e n t  s t r e a m  
c o m p o s i t i o n  in a r e a l i s t i c  t r e a t m e n t  of the  b e h a v i o r  of a r o c k e t  j e t  ex -  
h a u s t i n g  into a bounded  coax i a l  s u p e r s o n i c  a i r s t r e a m .  C o n s i d e r i n g  
Mikhai l~s  d i f f i cu l t i e s  wi th  a m u c h  l e s s  c o m p l e x  case ,  it is not s u r p r i s i n g  
that  the  i n c l u s i o n  of t h e s e  e f f ec t s  in the m o r e  c l a s s i c a l  a p p r o a c h e s  to 
t u r b u l e n t  m i x i n g  p r o b l e m s  r e s u l t s  in e q u a t i o n s  which,  ff t h e y  can  be 
wr i t t en ,  a r e  e x t r e m e l y  d i f f icu l t  to so lve ,  e v e n  with n u m e r i c a l  m e t h o d s .  
In v i e w  of t h e s e  d i f f i cu l t i e s ,  an a p p r o a c h  was t aken  d u r i n g  the  p r e s e n t  
s tudy,  wh ich  is  a c o n s i d e r a b l e  d e p a r t u r e  f r o m  e a r l i e r  a t t e m p t s  to s o l v e  
s u c h  n o n c o n s t a n t  p r e s s u r e  m i x i n g  p r o b l e m s .  

A s c h e m a t i c  of the  ac tua l  f low m o d e l  fo r  coax ia l  s t r e a m  duct  f low 
is  shown  in F ig .  2. The  ax ia l  v a r i a t i o n  of f low c o n d i t i o n s  in th i s  duct  
m a y  be t r e a t e d  a p p r o x i m a t e l y  by a s s u m i n g  that  the m a s s  of e a c h  s t r e a m  
r e m a i n s  s e p a r a t e d  and  that  e a c h  i s  o n e - d i m e n s i o n a l  at  any s e c t i o n  (Fig. 3). 
If r e l a t i o n s  fo r  the  s h e a r  s t r e s s  and hea t  t r a n s f e r  b e t w e e n  the  s t r e a m s  
and at the  duct  wal l  m a y  be w r i t t e n  in t e r m s  of the  o n e - d i m e n s i o n a l  
s t r e a m  p r o p e r t i e s ,  t hen  o n e - d i m e n s i o n a l  e q u a t i o n s  fo r  m o m e n t u m ,  con-  
t inui ty ,  and e n e r g y  m a y  be w r i t t e n  fo r  e a c h  s t r e a m  u s i n g  the  unknowns ,  
Toa, Toj, p, A j, Ma, and Mj. 

The  a s s u m p t i o n s  of the  a n a l y s i s  a r e :  

1. F l o w  is  s t e ady .  

2. L o c a l  r a t e s  of hea t  and m o m e n t u m  t r a n s f e r  b e t w e e n  the  c o r e  and  
o u t e r  f low a r e  the  s a m e  as fo r  m i x i n g  b e t w e e n  r e s p e c t i v e l y  
u n i f o r m  two-  d i m e n s i o n a l  s t r e a m s .  

3. E a c h  s t r e a m  is i n i t i a l l y  o n e - d i m e n s i o n a l  and r e m a i n s  o n e -  
d i m e n s i o n a l  wi th  no s u b s e q u e n t  m a s s  i n t e r c h a n g e .  

4. E a c h  s t r e a m  ac t s  as  a p e r f e c t  gas  hav ing  c o n s t a n t  s p e c i f i c  hea t  
and  c o m p o s i t i o n .  

10 
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I 

5. T u r b u l e n t  s h e a r  s t r e s s  o v e r  a f in i t e  i n t e r v a l ,  Ax, is  the  a v e r a g e  
of the  s h e a r  s t r e s s  at the  end po in t s  of the i n t e r v a l .  

6. The  t u r b u l e n t  P r a n d t l  n u m b e r  fo r  the m i x i n g  p r o c e s s  i s  un i ty .  

7. The  v e l o c i t y ,  t eml~e ra tu re ,  and c o m p o s i t i o n  p r o f f l e s  a c r o s s  the  
m i x i n g  zone a r e  l i n e a r  (Fig .  4). 

8. The '  d iv id ing  s t r e a m l i n e  s e p a r a t i n g  the  m a s s  f low of the  r e s p e c -  
t ive  s t r e a m s  o c c u r s  a t  the  midpo in t  of the m i x i n g  zone  v e l o c i t y  
p r o f i l e .  

9. The  t u r b u l e n t  e x c h a n g e  p a r a m e t e r ,  k, i s  c o n s t a n t  f o r  the  e n t i r e  
m i x i n g  p r o c e s s .  

10. The  s t a t i c  p r e s s u r e  i s  c o n s t a n t  a c r o s s  any  duct  c r o s s  s e c t i o n .  

11. The  f low at  the  duct  wal l  is t u r b u l e n t ,  and the wal l  f r i c t i o n  coe f -  
f i c i en t ,  cfw, is  c o n s t a n t  o v e r  the  e n t i r e  duct .  

TURBULENT TRANSFER QUANTITIES 

The  l o c a l  t u r b u l e n t  e x c h a n g e  in the  m i x i n g  zone was  c a l c u l a t e d  
u s i n g  the  s i m p l e  m i x i n g m o d e l  of F ig .  4 fo r  m i x i n g  b e t w e e n  u n i f o r m  
s t r e a m s .  The  ' s h e a r  s t r e s s  in the  t u r b u l e n t  r e g i o n  i s  

~ u  (i) r = p~ a-'-y- 

w h e r e  ~ is  the  a p p a r e n t , t u r b u l e n t  k i n e m a t i c  v i s c o s i t y .  F o r  t u r b u l e n t  
P r a n d t l  n u m b e r  un i ty ,  t h e . a p p a r e n t  v i s c o s i t y  fo r  e n e r g y  t r a n s f e r  is  iden-  
t i c a l  wi th  tha t  f o r  m o m e n t u m  t r a n s f e r ,  and the  to t a l  e n e r g y  f lux in  the  
t u r b u l e n t  zone  i s  

aTo (2) ~ . ~  pCp,~ a y  

F o r  the s t r a i g h t  l i ne  v e l o c i t y  p r o f i l e  

O. uj - . .  ( 3 )  

ay  b 

and 

T h e r e f o r e  

aTo  = Toj - To., 
ay  b 

(4) 

r = p e uj - u =  
b 

(5) 

11 
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and 

q =" p c p e  T°J - TO-' 
b (6) 

P r a n d t l ' s  e x p r e s s i o n  f o r  the  a p p a r e n t  k i n e m a t i c  v i s c o s i t y  i s  

e = k ( U m a x  - U m i n ) b  (7) 

w h e r e  k i s  an e m p i r i c a l  c o n s t a n t .  

and 

When Eq. (7) is substituted into Eqs. (5) and (6) 

r = pk (uj - Ua)' 

q ,. p c p k  ( T o j  - Toa)(uj - Ua) 

(8) 

(9) 

As it is desired to calculate shear stress and energy flux at the 
dividing streamline, the flow properties must be determined at that point 
in the mixing profile. To determine the dividing streamline velocity, a 
simple continuity and momentum integral analysis was applied to the two- 
dimensional mixing model of Fig. 4. The results are shown in Fig. ,5 for 
equal stream temperatures; the dividing streamline velocity agrees 
closely with the average velocity in the mixing zone. When the effec~ of 
stream temperature difference was treated for incompressible flow, it 
was found that the dividing streamline velocity varies less than 20 per- 
cent from the average velocity for a range of temperature and velocity 
ratios up to 10. It was therefore concluded that, since the separate 
effects of compressibility and temperature difference were small, the 
assumption of the dividing streamline at the midpoint of the mixing pro- 
file was justified for the general case of compressible flow having a stream 
temperature difference. 

At the dividing streamline the velocity, total temperature, 
position are averages of the outer stream quantities, and 

Toe - T°J + T°..  ¢pj -.I- Cps 
2 ~ Cpc I= 2 

and c o m -  

uj + ua and Re - R |  + Ra 
Uc ~= 2 ' 2 

(The r e l a t i o n s h i p  f o r  Rc is  not exac t  but  i s  a c c u r a t e  f o r  s m a l l  d i f f e r e n c e s  
of o u t e r  s t r e a m  m o l e c u l a r  we igh t s .  ) The  d e n s i t y  on the d iv id ing  s t r e a m -  
l ine ,  f r o m  e n e r g y  and s t a t e  equa t ions ,  is  

P 
Pc  

R© ( F o e  Uca 2~-pj) 1101 

12 
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and the s h e a r  s t r e s s  a long  the d iv id ing  s t r e a m l i n e  i s  

" rc -- p c k ( u j  -- Ua)  a (11) 

A r e l a t i o n s h i p  be tween  re and qc' m a y  be d e t e r m i n e d  by  s o l v i n g  
pe Eqs .  (5) and (6) f o r  -g-  and equa t i ng  

re = qc ("j  - u . )  -. ( 1 2 )  
Cpc (To  i - To. . )  

T h u s  Eqs .  (11) and (12) def ine  the s h e a r  s t r e s s  and e n e r g y  f lux  at  
the  d iv id ing  s t r e a m l i n e  independen t  of the  m i x i n g  zone width  and only  in 
t e r m s  of the  s t r e a m  cond i t i ons  ou t s ide  the zone .  

ONE-DIMENSIONAL FLOW EQUATIONS 

O n e - d i m e n s i o n a l  equa t ions  fo r  m o m e n t u m ,  con t inu i ty ,  and e n e r g y  
m a y  flow be w r i t t e n  fo r  e a c h  s tz ' eam o v e r  a s h o r t  i n t e r v a l ,  A x (F ig .  3), 
and the e f f ec t ive  s h e a r  and hea t  f lux a r e  a s s u m e d  to be a v e r a g e s  of 
those" q u a n t i t i e s  c a l c u l a t e d  at  the  i n t e r v a l  end po in t s .  

When the  m o m e n t u m  equa t ion  f o r  e a c h  s t r e a m  is  w r i t t e n  in t e r m s  of 
the  s t ' r e a m  i /npu l se ,  the  s u m  of the  m o m e n t u m  and p r e s s u r e  f o r c e  foi" 
p e r f e c t  g a s e s  i s  . 

Fa2 ffi Fax * A F t  - A F w  - Pavg (Aja - Ajx) 

w h e r e  

a n d  

, ( 1 3 )  
: (AD - Aja)p:  ( l  + yaMaa:)  

Agw Cfw ~ Pavg • , s  ( 1 4 )  

A Fc  ffi 2 (15) 

and 

Fj~ = Fj ,  - A F c  + P a v g ( A j ,  - Aj l )  (16) 

-- Aj2p~(1 + yjMj~ a) 

1 3  
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Since  rc and qc act  on the  s a m e  s u r f a c e  a r e a s ,  the  to t a l  t u r b u l e n t  
s h e a r  f o r c e  and to ta l  e n e r g y  t r a n s f e r  r a t e  a c t i ng  o v e r  the  i n t e r v a l  .may 
be r e l a t e d  u s i n g  Eq. (12) 

~ Q c ~  a j -  u" 1 A F c =  Cpc LT~J _ To.J.vs (17) 

The  e n e r g y  equa t ion  m a y  then  be w r i t t e n  

AQc ffi wa cpa (Toa~ - Toad) ffi wj Cpj (Toj~ - Toj,) 

and the  we igh t  f low equa t ion  fo r  p e r f e c t  g a s e s  b e c o m e s  

(16) 

(A D - Aj=)p, M a , . S  Jl  + y" - I  Ma-~ (19)  
Wal = Wa= --'-- V'Toa= ~/ R a ~/ 2 

and 

P=AJa MJ~ Y ~ j  ~/i  + Y i -  1 MJa2 (20)  wj, = wj2 ffi ~]Toj= 2 

By subs t i tu t ion ,  the  p r e c e d i n g  se t  of equa t i ons  m a y  be r e d u c e d  to s ix  
unknowns ,  p=, Aj2, Me=, Mj2, Toai, arid Toj2, with the  t r a n s f e r  q u a n t i t i e s  
AFc, AFw, andAQc e x p r e s s e d  in t e r m s  of Ax and a v e r a g e s  o v e r  the  i n t e r -  
va l  of the  s ix  b a s i c  v a r i a b l e s .  The  se t  of equa t ions  could  be w r i t t e n  f o r  
s o l u t i o n  wi th  a d ig i t a l  c o m p u t e r ; '  h o w e v e r ,  an i t e r a t i o n  p r o c e d u r e  a m e n -  
ab le  to hand  c a l c u l a t i o n  has  b e e n  deve loped .  

The  i t e r a t i o n  p r o c e d u r e  can  be g r e a t l y  f a c i l i t a t e d  by de f in ing  the  
fo l lowing  p a r a m e t e r s .  Thus  Eqs .  (13) and (19) a r e  c o m b i n e d  

Fa a I + Ya Ma2 2 

w. ~/Toa . Mu~ F/-~'-a ~ h ~. y a - 1  '# Ra ~ 2 Ma22 

and s i m i l a r l y  Eqs .  (16) and (19) a r e  c o m b i n e d  

(21) 

F j2 1 + yj M j2 2 
(22) 

Equa t ions  (21) and (22) now p r e s e n t  e x p r e s s i o n s  fo r  the  p a r a m e t e r ,  
F / w ~ wh ich  is p r o p o r t i o n a l  to  F/F* of the  o n e - d i m e n s i o n a l  F a n n o  
a n a l y s i s  fo r  duct  f low and Mach n u m b e r .  T h e r e  a r e  two s o l u t i o n s ,  
s u b s o n i c  and s u p e r s o n i c ,  fo r  e a c h  va lue  of F / w v~T-~o, but s i n c e  the  

14 
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. ..~ . . r . ~  

m e t h o d . i s  c o n c e r n e d  with a s m o o t h  t r a n s i t i o n  of ax ia l  p r o p e r t i e s ,  the  
Mach  n u m b e r s  at the  end  of the  c a l c u l a t i o n  i n t e r v a l  wil l  be s u p e r s o n i c  
f o r  i n i t i a l  s u p e r s o n i c  c o n d i t i o n s  and s u b s o n i c  f o r  in i t i a l  s u b s o n i c  con -  
d i t i ons .  C u r v e s  of the  s u p e r s o n i c  F / w ~ vs  Mach  n u m b e r  r e l a t i o n -  
sh ip  for  a i r  and fo r  t y p i c a l  r o c k e t  exhaus t  p r o d u c t s  ave  shown  in F ig .  6. 
De ta i l s  of t he  i t e r a t i o n  p r o c e d u r e  a r e  g i v e n  in the  Appendix .  

EMPIRICAL MIXING PARAMETERS. 

In the  d e v e l o p m e n t  of the  s i m p l i f i e d  m i x i n g  theo ry ,  only  one e m p i r -  
i ca l  cons tan t ,  6, was  def ined ,  o t h e r  than  the  wal l  sk in  f r i c t i o n  coe f -  
f i c i en t  w h i c h  is. we l l  known.  An e x t e n s i v e  l i t e r a t u r e  s u r v e y  r e v e a l e d  
c o n s i d e r a b l e  d i s c r e p a n c y  in the  de f in i t ion  of m i x i n g  p a r a m e t e r s  by 
v a r i o u s  i n v e s t i g a t o r s .  Also ,  t h e s e  e m p i r i c a l  p a r a m e t e r s  a r e  u s u a l l y  
e v a l u a t e d  by c o r r e l a t i n g  a p a r t i c u l a r  t h e o r e t i c a l  a p p r o a c h  wi th  e x p e r -  
i m e n t a l  data,  and thus  they  r e f l e c t  the  p e c u l i a r i t i e s  of the  p a r t i c u l a r  
a n a l y s i s .  In addi t ion ,  m o s t  of the  a v a i l a b l e  data  is  fo r  the  c a s e  of con-  
s t an t  p r e s s u r e  mix ing ;  h o w e v e r ,  it was  fe l t  that  t u r b u l e n t  p a r a m e t e r s  

• would not d i f f e r  g r e a t l y  f o r  the  n o n c o n s t a n t  p r e s s u r e  c a s e  and that  
i n f o r m a t i o n  fo r  the  c o n s t a n t  p r e s s u r e  c a s e  would  help  p r e d i c t  m a g n i -  
t udes  and  t r e n d s  of the  e m p i r i c a l  coe f f i c i en t  fo r  the p r o b l e m  of i n t e r -  
e s t .  In ' any  ca se ,  it was  n e c e s s a r y  to d e t e r m i n e  p r o p e r  v a l u e s  of k f o r  
t h e  ' s imp l i f i ed  t h e o r y  by c o r r e l a t i o n  with e x p e r i m e n t .  

Constant Pressure Plane Mixing with Zero Secondary Velocity 

F o r  cons t an t  p r e s s u r e  m i x i n g  b e t w e e n  a u n i f o r m  s t r e a m  and the  
s u r r o u n d i n g  a m b i e n t  gas ,  v a r i o u s  t u r b u l e n t  e x c h a n g e  p a r a m e t e r s  have  
b e e n  u sed .  S z a b l e w s k i  (Ref. 2) u s e s  a s i m i l a r i t y  p a r a m e t e r ,  ~, which  
by def in i t ion ,  is  i n v e r s e l y  p r o p o r t i o n a l  to the  m i x i n g  zone  s p r e a d i n g  
r a t e ,  db/dx. The  v a r i o u s  t u r b u l e n t  e x c h a n g e  p a r a m e t e r s  a r e  a l s o  r e l a t e d  
by ( R e f .  2) 

1 
u ffi ~/ 2 k  d b / d x  (23) 

• S ince  ~ is  i n v e r s e l y  p r o p o r t i o n a l  to db/dx, t hen  k is  d i r e c t l y  p r o p o r -  
t iona l  to db/clx. 

The  i n c o m p r e s s i b l e  va lue  fo r  s p r e a d i n g  r a t e  has  b e e n  e s t a b l i s h e d  
by T o l l m i e n  (Ref. 3) as db/dx - 0.255 fo r  a u n i f o r m  s t r e a m  m i x i n g  wi th  a 
' s u r round ing  a m b i e n t  gas .  The  va lue  of ~ - 12 a l so  has  b e e n  e s t a b l i s h e d  
f o r  th i s  c a s e .  T h e n  Eq. (23) y i e l d s  k ffi 0.0136. (Szab lewsk i  (Ref. 2) c o m -  
puted '  t h e  va lue  k ffi 0.0158. ) 
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It is g e n e r a l l y  known that  i n c r e a s i n g  s t r e a m  Mach n u m b e r  d e c r e a s e s  
the r a t e  of sp read ing .  Data obtained at P r i n c e t o n  (Refs.  4 and 5) and at 
NACA (Ref. 6) a r e  p lo t ted  in Fig.  7 for  ze ro  s e c o n d a r y  flow. T h e r e  
appea r s  to be an a lmos t  l i n e a r  d e c r e a s e  of db/dx, and t h e r e f o r e  k, with 
i n c r e a s i n g  Mach number .  

Finite Secondary Velocity 

F o r  f in i te  s e c o n d a r y  s t r e a m  veloci ty ,  ua, Eq. 

a ---- 

~/2k (db/dx)uR= 0 (1 - ua/u j )  

(23) b e c o m e s  (Ref. 2) 

(24) 

and db/dx v a r i e s  as  ~1 - ua/uj); k is  not af fected by f ini te  s e c o n d a r y  
s t r e a m  ve loc i t i e s .  Spread ing  r a t e  data f r o m  P r i n c e t o n  (Ref. 4) a g r e e  
well  with the p r e d i c t e d  t r end  of dh/dx with ua/uj. 

Effect of Stream Temperature Difference 

V e r y  l i t t l e  e x p e r i m e n t a l  data  have been pub l i shed  conce rn ing  the 
effect  of s t r e a m  t e m p e r a t u r e  d i f f e r ences  on tu rbu len t  mix ing  r a t e s .  Data 
f r o m  P r i n c e t o n  (Ref. 4) fo r  m o d e r a t e  t e m p e r a t u r e  d i f fe rence  and sub-  
sonic  flow indica te  that  i n c r e a s i n g  the p r i m a r y  s t r e a m  total  t e m p e r a t u r e  
tends  to i n c r e a s e  the s p r e a d i n g  ra te ;  however ,  insuf f ic ien t  data  a r e  
ava i lab le  to ful ly  define the t rend .  

Constant Pressure Mixing of an Axisymmetric Jet 

F o r  ful ly  developed mix ing  of an a x i s y m m e t r i c  f r e e  je t  where  t h e r e  
is a decay  of c e n t e r l i n e  ve loc i ty ,  s o m e w h a t  d i f fe ren t  va lues  of k have been 
observed .  Szab lewski  (Ref. 7) d e t e r m i n e d  a value of k .~ o.0105 to c o r r e -  
la te  his  t heo ry  with e x p e r i m e n t a l  data  for  the diffusion of a fu l ly  developed 
jet .  W a r r e n  (Ref. 8) c o r r e l a t e d  e x p e r i m e n t a l  data with his  i n t eg ra l  equa-  
t ion t h e o r y  for  the s p r e a d i n g  of a fu l ly  developed a x i s y m m e t r i c  j e t  with 
ze ro  s e c o n d a r y  ve loc i ty .  W a r r e n l s  i n c o m p r e s s i b l e  va lue  fo r  k is 0.0217; 
the d i f fe rence  be tween th i s  and the value 0.0105 r e p o r t e d  by Szab lewsk i  r e -  
f l ec t s  d i f f e r ences  in the methods  of a n a l y s i s .  W a r r e n ' s  r e s u l t s  fo r  k a r e  
shown in Fig.  8 plot ted aga ins t  in i t i a l  p r i m a r y  jet  Mach number  along with 
the e m p i r i c a l  r e l a t i o n s h i p  used  to c o r r e l a t e  the data. 
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E X PE RIMENTAL INVESTIGATION 

EXPERIMENTAL APPARATUS 

Open-Circuit Tunnel 

The e x p e r i m e n t a l  p r o g r a m  was  conduc ted  in a s m a l l  o p e n - c i r c u i t  
wind tunne l  i n s t a l l e d  in  the  P r o p u l s i o n  R e s e a r c h  L a b o r a t o r y  (T5C-2 )  of 
the  R T F .  A s c h e m a t i c  of the  t unne l  is  shown in F ig .  1. T u n n e l  a i r  was  
supp l i ed  f r o m  the R T F  a i r  m a c h i n e r y  a t  t o t a l  p r e s s u r e s  up to 40 p s i a .  
A d i r e c t - f i r e d  h e a t e r  u s i n g  J P - 4  was  i n s t a l l e d  at  the  i n l e t  to the  p l e n u m  
c h a m b e r  to hea t  the  tunne l  a i r  up to a m a x i m u m  of 1200°F. The  f low 
was  a c c e l e r a t e d  in an  8 . 1 - i n .  - d i a m ,  M a c h  n u m b e r  3 .07 ,  a x i s y m m e t r i c  
nozz l e .  A 2 . 8 3 - i n .  - d i a m  c e n t e r b o d y  d e s i g n e d  b y  the  m e t h o d  of Ref.  9 
to p r o v i d e  u n i f o r m  a n n u l a r  f low p a s t  the  mode l  b a s e  was  i n s t a l l e d  in the  
t unne l  nozz le .  The  d i f f u s e r  duct  u s e d  fo r  th i s  i n v e s t i g a t i o n  was  8. 1 in. 
in  d i a m e t e r  and had  a l e n g t h  of 10 d i a m e t e r s .  The  c o n s t r u c t i o n  of the  
d o w n s t r e a m  f l ange  c a u s e d  a s m a l l  ( a p p r o x i m a t e l y  4 p e r c e n t )  a r e a  r e -  
s t r i c t i o n  at  the  end of the  duct.  

A s m a l l  w a t e r - c o o l e d  r o c k e t  m o t o r  u t i l i z i n g  i nh ib i t ed  r e d  f u m i n g  
n i t r i c  ac id  ( IRFNA) and u n s y m m e t r i c a l  d i m e t h y l  h y d r a z i n e  (UDMH) as  
p r o p e l l a n t s  was  m o u n t e d  at  the  d o w n s t r e a m  end of the  c e n t e r b o d y .  The  
f low c o n f i g u r a t i o n  p a s t  the  end of the  c e n t e r b o d y  e s s e n t i a l l y  s i m u l a t e d  
the f low p a s t  a s i n g l e  r o c k e t  m i s s i l e  b a s e  in f r e e  f l igh t .  A s u m m a r y  of 
p r i n c i p a l  t unne l  and r o c k e t  d i m e n s i o n s  and o p e r a t i n g  p a r a m e t e r s  i s  p r e -  
s e n t e d  in the  Tab le .  

. 

Rocket Instrumentation 

Rocke t  c h a m b e r  p r e s s u r e  and i n j e c t o r  head  p r e s s u r e s  w e r e  m e a s -  
u r e d  by  s t r a i n - g a g e  t r a n s d u c e r s  and r e c o r d e d  on a r e c o r d i n g  o s c i l l o -  
g r aph .  F u e l  and o x i d i z e r  f low r a t e s  w e r e  m e a s u r e d  by  t u r b i n e - t y p e  
f l o w m e t e r s  and  r e c o r d e d  on the  o s c i l l o g r a p h .  The  s e q u e n c e  of p r o p e l -  
l an t  va lve  o p e r a t i o n  was  a l s o  r e c o r d e d  on the o s c i l l o g r a p h .  

Rocke t  c h a m b e r  p r e s s u r e  and p r o p e l l a n t  S y s t e m  tank  p r e s s u r e s  w e r e  
m e a s u r e d  by  s t r a i n - g a g e  t r a n s d u c e r s  and r e c o r d e d  on s t r i p  c h a r t s  f o r  
i n s p e c t i o n  d u r i n g  r o c k e t  o p e r a t i o n .  Fue l ,  o x i d i z e r ,  and coo l ing  w a t e r  
f low r a t e s  w e r e  a l s o  m a n i t o r e d  v i s u a l l y  by  d ig i t a l  t i m e  and f r e q u e n c y  
m e t e r s .  

Aerodynamic Instrumentation 

P r e s s u r e s  n e c e s s a r y  f o r  s e t t i n g  tunne l  o p e r a t i n g  c o n d i t i o n s  ( tunnel  
t o t a l  p r e s s u r e ,  R T F  e x h a u s t e r  p r e s s u r e ,  s p r a y  s e c t i o n  p r e s s u r e ,  and  
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n o z z l e  exi t  s t a t i c  p r e s s u r e )  w e r e  m e a s u r e d  on h igh  a c c u r a c y  d i a p h r a g m  
gages .  T h e s e  p r e s s u r e s ,  as  we l l  as  the  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  
f r o m  the n o z z l e  exi t  to the  s p r a y  sec t ion ,  w e r e  a l s o  m e a s u r e d  by m e r -  
c u r y  m a n o m e t e r s  r e f e r e n c e d  to a t m o s p h e r e  and r e c o r d e d  p h o t o g r a p h i -  
ca l ly .  The  e s t i m a t e d  e r r o r  of the  p r e s s u r e s  m e a s u r e d  on the  m a n o m e t e r s  
is +0.05 ps i .  

Mach  n u m b e r  d i s t r i b u t i o n  o v e r  the n o z z l e  annulus  was  d e t e r m i n e d  
du r ing  in i t i a l  c a l i b r a t i o n  runs  by a 5 - s t a t i o n  to ta l  p r e s s u r e  r a k e  i n s t a l l e d  
jus t  u p s t r e a m  of the  end  of the c e n t e r b o d y .  The  p r e s s u r e s  w e r e  m e a s -  
u r e d  with m e r c u r y  m a n o m e t e r s  and r e c o r d e d  p h o t o g r a p h i c a l l y .  

Tunne l  to ta l  t e m p e r a t u r e  was  m e a s u r e d  by i r o n - c o n s t a n t a n  t h e r m o -  
co u p l e s  r e a d  out v i s u a l l y  on t e m p e r a t u r e - c a l i b r a t e d  g a l v a n o m e t e r s .  

EXPERIMENTAL PROCEDURE 

The fo l lowing  p r o c e d u r e  was  u s e d  to obta in  the da ta  on s u p e r s o n i c  
two-  s t r e a m  mix ing :  

. Tunne l  f low with a v e r y  low back  p r e s s u r e  was e s t a b l i s h e d  so  
that  s u p e r s o n i c  f low e x i s t e d  in the  e n t i r e  s t r a i g h t  s e c t i o n  of the  
d i f fu se r .  

. The  r o c k e t  fuel  and o x i d i z e r  v a l v e s  w e r e  opened,  and ign i t ion  
was a c c o m p l i s h e d  when the  h y p e r g o l i c  p r o p e l l a n t s  w e r e  i n j e c t e d  
into the  c h a m b e r .  

. The r o c k e t  f i r i n g  con t i nued  fo r  20 to 30 sec  to a l low s t a b i l i z a t i o n  
of the  i n s t r u m e n t a t i o n .  P i c t u r e s  of the m a n o m e t e r s  w e r e  t a k e n  
a u t o m a t i c a l l y  e v e r y  t h r e e  s e c o n d s  du r ing  the  r o c k e t  f i r i n g  to 
obta in  a r e c o r d  of the  m a n o m e t e r  r e s p o n s e .  

DISCUSSION OF RESULTS 

To v e r i f y  that  the  s i m p l i f i e d  t h e o r y  g ives  an a d e q u a t e  exp l ana t i on  of 
the  bounded  t w o - s t r e a m  m i x i n g  p r o c e s s ,  c o r r e l a t i o n s  w e r e  m a d e  w i t h  

M i k h a i l ' s  e x p e r i m e n t a l  da t a ' (Re f .  I) for  i n c o m p r e s s i b l e  f low. (A s c h e -  
m a t i c  of M i k h a i l ' s  e x p e r i m e n t a l  a p p a r a t u s  is shown  in F ig .  9.) The  s i m p l i -  
f i ed  t h e o r y  was  a l so  c o r r e l a t e d  wi th  M i k h a i l ' s  m o r e  e l a b o r a t e  i n t e g r a l  
equa t ion  t h e o r y  fo r  i n c o m p r e s s i b l e  m ix ing .  The  o n e - d i m e n s i o n a l  f low 
equa t ions  w e r e  w r i t t e n  in a f o r m  app l i cab l e  to i n c o m p r e s s i b l e  flow, and 
c a l c u l a t i o n s  w e r e  c a r r i e d  out u s i n g  v a r i o u s  v a l u e s  of the  t u r b u l e n t  ex-  
change  p a r a m e t e r ,  k, fo r  the  in i t i a l  cond i t i ons  shown  in F ig .  9. It was  
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found that  the  bes t  c o r r e l a t i o n  was obtained us ing  k - 0.010, which is 
e s s e n t i a l l y  the value used  by Szablewski  (Ref. 7) for  the cons tan t  p r e s -  
s u r e  diffusion of a ful ly  developed i n c o m p r e s s i b l e  je t .  

A c o m p a r i s o n  of M i k h a i l ' s  e x p e r i m e n t a l  axia l  p r e s s u r e  d i s t r ibu t ion  
with t h e o r e t i c a l  d i s t r i bu t ions  ca lcu la ted  f rom the s imp l i f i ed  t heo ry  and 
f r o m  Mikha i l ' s  t heo ry  is shown in Fig .  10. Both t h e o r e t i c a l  p r e s s u r e  
d i s t r ibu t ion  c u r v e s  d i f fer  c o n s i d e r a b l e  f rom the e x p e r i m e n t a l  curve  for  
the f i r s t  eight  duct d i a m e t e r s .  Mikhai l  expla ins  th i s  d i s c r e p a n c y  as 
caused  by a low p r e s s u r e  reg ion  in the cen t e r  of the p r i m a r y  je t  which 
extends  about the f i r s t  e ight  duct d i a m e t e r s ;  however ,  th is  explanat ion  
v io l a t e s  the a s s u m p t i o n  in both t heo r i e s  of cons tant  p r e s s u r e  a c r o s s  any 
sec t ion .  Other  i n v e s t i g a t o r s  have a lso  found the s a m e  shape for  the 
e x p e r i m e n t a l  p r e s s u r e  d i s t r ibu t ion  curve ,  and it appea r s  typ ica l  for  
low ve loc i ty  jet  pump conf igura t ions .  

A c o m p a r i s o n  of the e x p e r i m e n t a l  c e n t e r l i n e  ve loc i ty  d i s t r ibu t ion  
with t h e o r e t i c a l  d i s t r ibu t ions  ca lcu la ted  us ing  the two t h e o r i e s  is shown 
in Fig.  11. The s imp l i f i ed  theory  c o r r e l a t e s  the e x p e r i m e n t a l  data  
poor ly  fo r  the f i r s t  s ix  to eight duct d i a m e t e r s  but shows accep tab le  
a g r e e m e n t  f a r t h e r  downs t r eam.  Mikha i l ' s  t heo ry  gives  exce l len t  c o r r e -  
la t ion  with e x p e r i m e n t a l  ve loc i ty  d i s t r ibu t ion  data s ince  each of his  
t h r e e  e m p i r i c a l  mixing  p a r a m e t e r s  was d e t e r m i n e d  by ma tch ing  these  
t h e o r e t i c a l  and e x p e r i m e n t a l  c e n t e r l i n e  ve loc i ty  d i s t r i b u t i o n s .  Although 
the s i m p l i f i e d  theo ry  p r e s e n t e d  in th is  r e p o r t  only app rox ima te ly  p r e -  
d ic ts  e x p e r i m e n t a l  ve loc i ty  and p r e s s u r e  d i s t r ibu t ions  for  the f i r s t  s ix  
to eight  duct d i a m e t e r s ,  the behav io r  f a r t h e r  downs t r eam is  p r e d i c t e d  
c lo se ly  and a g r e e s  well  with the p red ic t ions  of Mikha i l ' s  more  e l abo ra t e  
t heo ry .  It can be concluded that  the s impl i f i ed  t heo ry  gives  a r e s o n a b l y  
accu ra t e  ove ra l l  p i c tu re  of the mix ing  p r o c e s s  and m a y  be used  to opti-  
m ize  low ve loc i ty  mix ing  tube conf igura t ions .  

COMPRESSIBLE TWO-STREAM FLOW 

A bas ic  a s sumpt ion  of the s impl i f i ed  a n a l y s i s  is  that  the two s t r e a m s  
a r e  in i t i a l ly  un i fo rm and p a r a l l e l .  However ,  the ac tual  wind tunnel  con- 
f igu ra t ion  used was not des igned spec i f i ca l l y  to s tudy the mix ing  p r o b l e m  
and v io l a t e s  th is  a s s u m p t i o n  to a c e r t a i n  extent.  A s c h e m a t i c  of the 
model  base  g e o m e t r y  and flow jus t  downs t ream of the rocke t  is shown in 
Fig.  12. To apply the s imp l i f i ed  mix ing  t heo ry  to the in i t ia l  flow con- 
di t ions  of the ac tua l  tunnel,  it was a s s u m e d  that  at some sec t ion  down- 
s t r e a m  the two s t r e a m s  become un i fo rm and p a r a l l e l .  The flow condi-  
t ions  at th is  hypothe t ica l  sec t ion  were  ca lcu la ted  a s s u m i n g  that  each 
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s t r e a m  u n d e r g o e s  an i s e n t r o p i c  a r e a  change  to e q u a l i z e  p r e s s u r e s  in the  
two s t r e a m s .  T h e s e  f low cond i t i ons  a r e  than  u s e d  as the in i t i a l  cond i -  
t i o n s  fo r  the  m i x i n g  a n a l y s i s .  

Axia l  duct  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  fo r  the Mach n u m b e r  3 .07  
tunne l  o p e r a t i n g  at a t unne l  to ta l  t e m p e r a t u r e  of 1100°R a r e  shown  in 
F i g s .  13a, b, and c. The  e x p e r i m e n t a l  r o c k e t - o f f  d i s t r i b u t i o n s  shown 
ind i ca t e  that  the  tunne l  back  p r e s s u r e  was su f f i c i en t l y  low to a l low s u p e r -  
son ic  f low o v e r  the  e n t i r e  duct.  In the c a s e  of r o c k e t - o n  ope ra t i on ,  the  
h igh  in i t i a l  duct  s t a t i c  p r e s s u r e  jus t  d o w n s t r e a m  of the m o d e l  was  
c a u s e d  by the  i m p i n g e m e n t  and r e f l e c t i o n  at the  wal l  of the  shock  f o r m e d  
at the i n t e r s e c t i o n  of the two s t r e a m s .  A f t e r  about  two to t h r e e  duct  
d i a m e t e r s ,  the m a g n i t u d e  of the d i s t u r b a n c e s  was  c o n s i d e r a b l y  de -  
c r e a s e d ,  and a r e a s o n a b l e  a v e r a g e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  m a y  be 
d r a w n  t h r o u g h  the e x p e r i m e n t a l  po in t s .  The  in i t i a l  shock  i n c r e a s e d  in 
s t r e n g t h  wi th  l o w e r  tunne l  s t a t i c  p r e s s u r e  ( i n c r e a s e d  u n d e r e x p a n s i o n  of 
the  r o c k e t  nozz le ) ,  and the  a s s u m p t i o n  of u n i f o r m  in i t i a l  s t r e a m  con-  
d i t ions  was v i o l a t e d  to a g r e a t e r  ex ten t  as tunne l  p r e s s u r e  d e c r e a s e d .  

When the s i m p l i f i e d  m i x i n g  t h e o r y  was a p p l i e d  to the  e x p e r i m e n t a l  
da ta  (Fig.  13), it was found that  the b e s t  c o r r e l a t i o n  was o b t a i n e d  fo r  
k -- 0.010, the va lue  u s e d  fo r  i n c o m p r e s s i b l e  flow. A p p a r e n t l y  the  t r e n d  
of d e c r e a s i n g  k with i n c r e a s i n g  Mach  n u m b e r  is equa l ly  opposed  by  the  
t r e n d  of i n c r e a s i n g  k with i n c r e a s i n g  s t r e a m  t e m p e r a t u r e  d i f f e r e n c e  fo r  
the  p a r t i c u l a r  e x p e r i m e n t a l  p a r a m e t e r s .  

E x p e r i m e n t s  w e r e  a l so  m a d e  with a l o w e r  tunne l  to ta l  t e m p e r a t u r e  
(500-600°R).  In th i s  c a s e  t h e r m a l  chok ing  o c c u r r e d  in the  1 0 - d i a m  duct,  
e v e n  though  the  back  p r e s s u r e  was m a i n t a i n e d  at a va lue  l o w e r  than  the  
duct  exi t  p r e s s u r e .  The  choking  c a u s e d  the  tunne l  n o z z l e  f low to b r e a k  
down, and the  r e s u l t i n g  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  w e r e  i n d i s t i n -  
g u i s h a b l e  f r o m  those  which  o c c u r r e d  when the  m i x i n g  of the s t r e a m s  was 
i n d u ce d  by a ful ly  d e v e l o p e d  duct  shock  s y s t e m .  The  s i m p l i f i e d  t h e o r y  
was app l i ed  to the  c a s e s  w h e r e  chok ing  was o b s e r v e d ,  and the  r e s u l t i n g  
o u t e r  s t r e a m  axia l  Mach  n u m b e r  d i s t r i b u t i o n s  a r e  shown  in F ig .  14. At 
the  1 0 - d i a m  s ta t ion ,  t h e o r e t i c a l  va lue s  fo r  ~ta a r e  1 .25 and 1.48,  r e -  
s p e c t i v e l y ,  fo r  tunne l  p r e s s u r e s  of 19 .9  and 37 .8  ps i a .  The  4 - p e r c e n t  
a r e a  r e d u c t i o n  at the  d o w n s t r e a m  f lange ,  h o w e v e r ,  would c a u s e  chok ing  
to o c c u r  at  a p p r o a c h  Mach  n u m b e r s  of 1.2 o r  1 .3  r a t h e r  than  1.0.  Also ,  
the  t h e o r e t i c a l  Mach  n u m b e r ,  ~.la, is b a s e d  on the  d i s c o n t i n u o u s  v e l o c i t y  
p r o f i l e  in Fig .  3 and r e p r e s e n t s  an a v e r a g e  Mach n u m b e r  fo r  the o u t e r  
a i r s t r e a m .  The to ta l  p r e s s u r e  l o s s  c a u s e d  by  the  s h o c k s  f o r m e d  at the  
i n t e r s e c t i o n  of the  in i t i a l ly  n o n - u n i f o r m  s t r e a m s  would  a l s o  c a u s e  chok ing  
to o c c u r  at t h e o r e t i c a l  v a l u e s  of Ma s o m e w h a t  g r e a t e r  than  1.0.  T h e o r e t -  
i ca l  Mach n u m b e r  d i s t r i b u t i o n s  fo r  1100°R tunne l  to ta l  t e m p e r a t u r e  w h e r e  
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no choking occurred are shown in Fig. 15; in this case the theoretical 
value of Ma is approximately 2.0 at the 10-diam station. It can thus be 
concluded that the simplified theory indicates the correct trends of outer 
stream Mach number and axial static pressure and that the essential 
features of the mixing process are preserved in the analysis. 

CONCLUSIONS 

The  fo l lowing  c o n c l u s i o n s  m a y  be d r a w n  f r o m  the p o r t i o n  of the  
t w o - s t r e a m  d i f f u s e r  i n v e s t i g a t i o n  r e p o r t e d  h e r e i n :  

1. The  s i m p l i f i e d  t r e a t m e n t  of cons t an t  a r e a  t w o - s t r e a m  m i x i n g  
p r e s e r v e s  the e s s e n t i a l  f e a t u r e s  of the  p r o c e s s  and c o r r e l a t e s  
wel l  with o t h e r  a p p r o a c h e s  fo r  the c a s e  of low v e l o c i t y  flow. 

2. The  s i m p l i f i e d  t h e o r y  exp la ins  the  g e n e r a l  b e h a v i o r ,  wi th  r e -  
s p e c t  to Mach n u m b e r  and s t a t i c  p r e s s u r e ,  of the  cons t an t  a r e a  
m i x i n g  of two s u p e r s o n i c  s t r e a m s .  

3. T h e r m a l  chok ing  in a c o n s t a n t  a r e a  duct  can  be c a u s e d  by t u r -  
bu len t  m i x i n g  b e t w e e n  a s u p e r s o n i c  r o c k e t  s t r e a m  and a s u r -  
r o u n d i n g  s u p e r s o n i c  a i r s t r e a m ,  e v e n  when the  duct  back  
p r e s s u r e  is  m a i n t a i n e d  at a low va lue .  
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APPENDIX 

ITERATION PROCEDURE FOR MIXING ANALYSIS 

F o r  the  g e n e r a l  c a s e  of bounded  m i x i n g  of a r o c k e t  s t r e a m  with  a 
s u r r o u n d i n g  a i r s t r e a m ,  the fo l lowing  i t e r a t i o n  p r o c e d u r e  was used:  

A. F i r s t  I t e r a t i o n  

Al l  p a r a m e t e r s  at  the  beg inn ing  of the c a l c u l a t i o n  i n t e r v a l  a r e  g iven.  
Choose  AQc which  de f ines  Tos, and Toj~ f r o m  Eq. (18). As a f i r s t  a p p r o x -  
i m a t i o n  a s s u m e  that  the a v e r a g e  t r a n s f e r  quan t i t i e s  o v e r  the i n t e r v a l  a r e  
t h o s e  c a l c u l a t e d  at  the  i n i t i a l  s ec t i on .  

1. C a l c u l a t e  re1 f r o m  Eq. (11) u s ing  p r o p e r  va lue  of the  e m p i r i c a l  
p a r a m e t e r  k. 

2. Use F: u---J~- ual ~ [ T o j s  ToaL.~ for I uJ- u a a l T o  j T° -vj and calculate AFc from Eq.(17). 

3. Use rcl f o r  r c . , , ,  Dj, f o r  Dj,,g, and so lve  f o r  Ax f r o m  Eq. (15). 

4. C a l c u l a t e  AFw f r o m  Eq. (14) u s ing  i n i t i a l  s t r e a m  cond i t i ons  and 
Ax c a l c u l a t e ~  in s t ep  3. 

5. Neg lec t  the  pAA f o r c e  and c a l c u l a t e  Fa, and Fjffi f r o m  Eqs .  (13) 
and (16). 

6. E v a l u a t e  the  p a r a m e t e r s  Fa~ / wB ~/Toa, and Fj, / wj ~/-~ojz 
and d e t e r m i n e  Ma, and Uj, f r o m  a p lo t  s i m i l a r  to F ig .  6 f o r  the 
a p p r o p r i a t e  gas  p r o p e r t i e s .  

[TLJ -- ua 1 7. C a l c u l a t e  ua, and uj~, and d e t e r m i n e  fo r  the  i n t e r v a l .  o]- To e v s  

8. Solve  Eqs .  (13) and (16) s i m u l t a n e o u s l y  fo r  pz and Aj2. 

9. C a l c u l a t e  pc, and eva lua t e  r~, f r o m  Eq. (11) 

B. Second I t e r a t i o n  

1. R e c a l c u l a t e  AFc f r o m  Eq. (17) us ing  a v e r a g e  q u a n t i t i e s  found in 
the f i r s t  i t e r a t i o n .  

2. Solve fo r  Ax f r o m  Eq. (15), aga in  u s ing  a v e r a g e  q u a n t i t i e s  o v e r  
the i n t e r v a l .  

3. C a l c u l a t e  AFw f r o m  Eq. (14) u s ing  a v e r a g e  ou t e r  s t r e a m  cond i -  
t i ons  and  A x c a l c u l a t e d  in s tep  2. 

4. C a l c u l a t e  Pavg AA f o r c e  f r o m  the f i r s t  i t e r a t i o n  and e v a l u a t e  Faffi 
and Fj~. 
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5. Repea t  s t eps  (6) to (8) of f i r s t  i t e r a t i o n .  

6. Solve f o r  Ax f r o m  Eq. (15). 

The  i t e r a t i o n  p r o c e d u r e  is  r e p e a t e d  un t i l  the  v a l u e s  fo r  Fa, and Fja 
c a l c u l a t e d  at  the  end of an  i t e r a t i o n  a g r e e ,  to the  d e s i r e d  a c c u r a c y ,  wi th  
t h o s e  u s e d  at  the  b e g i n n i n g  of tha t  i t e r a t i o n .  

A f t e r  the  f low p r o p e r t i e s  a t  the  end of the  i n i t i a l  i n t e r v a l  a r e  c a l -  
c u l a t e d  to the  d e s i r e d  a c c u r a c y ,  the  p r o c e s s  is  r e p e a t e d ,  u s i n g  the  end 
cond i t i ons  of the f i r s t  i n t e r v a l  as  i n i t i a l  cond i t i ons  f o r  the  next .  It was  
found, f o r  the  p a r a m e t e r s  of the  e x p e r i m e n t a l  a p p a r a t u s ,  tha t  i n c r e -  
m e n t s  of Toa of 100°R gave  adequa t e  a c c u r a c y .  

If any  s i m p l i f y i n g  cond i t ion  e x i s t s ,  s u c h  as  no wal l  f r i c t i o n ,  con-  
s t an t  s t r e a m  t e m p e r a t u r e ,  o r  i n c o m p r e s s i b l e  flow, the  i t e r a t i o n  p r o -  
c e d u r e  is  g r e a t l y  s i m p l i f i e d .  It is  a l s o  p o s s i b l e  to inc lude  duct  a r e a  
change ;  ho weve r ,  the  i t e r a t i o n  p r o c e d u r e  is  m o r e  c o m p l i c a t e d .  
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TABLE 

TUNNEL DIMENSIONS AND OPERATING PARAMETERS 

Tunnel  Nozzle Exit  D iame te r  

Cente rbody  Diame te r  (nozzle exit  plane) 

Rocket  Nozzle Exit  D iame te r  

Rocket  Nozzle Area  Ratio 

Rocket  Nozzle Half Angle (conical  nozzle) 

Nominal  Rocket  Chamber  P r e s s u r e  

Nominal  Rocket  Weight Flow 

Nomina l  Rocket  O x i d i z e r - F u e l  Ratio 

Nominal  Rocket  Vacuum Thrus t  (calculated)  

T h e o r e t i c a l  Rocket  Chamber  T e m p e r a t u r e  

T h e o r e t i c a l  Rocket  Exhaust  Gas Specif ic  Heat (%|)  

T h e o r e t i c a l  Rocket  Exhaust  Gas Molecu la r  Weight 

T h e o r e t i c a l  Rocket  Exhaust  Gas Ratio of Specif ic  
Heats  (y) 

8.1 in. 

2 .83 in. 

1.25 in. 

8 

15 deg 

520 ps ia  

0.52 I b m / s e c  

2 .8  

149 lbf 

5500°R 

0.46 Btu/lbm°R 

23.3 

1.23 
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Fig. 1 Schematic of Tunnel for Two-Stream Diffuser Investigation 
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Fig. 4 Mixing Model for Calculation of Local Rates of Heat and Momentum Transfer 
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Fig. 10 Comparison of Theory with Mikhoil's Experimental Data 
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OF NON-ISOENERGETIC COAXIAL COMPRESSIBI,E 
STREAMS. J a n u a r y  1962, 43 p. lncl  9 r e f s . ,  I l l u s . ,  table .  

Une lase i f l ed  RepoT't 

As pa r t  of a g e n e r a l  m v e s t l g a t t o n  of t w o - s t r e a m  s u p e r -  
s o m e  dl f fu~ers ,  a t heo ry  was developed fo r  the bounded 
tu rbu len t  mixing be tween  coaxml  high ve loc l ty  s t r e a m s  of 
d i f fe ren t  compos i t ion  and t e m p e r a t u r e .  The  usua l  a s s u m p -  
tion of negligible axia l  p r e s s u r e  g rad ien t  ts inval id  xn this 
c a s e  b e c a u s e  the ou t e r  s t r e a m  is hounded by a cy l l ndmca l  
duct.  A highly s impl i f l ed  flow mode l  is used  which r e t a ins  
the e s s e n t i a l  f e a t u r e s  of the ac tus l  mixing p r o c e s s ,  the r e -  
su i t ing  s y s t e m  of equat ions is  a m e n a b l e  to m a n u a l  ca l cu -  
la t ion.  The  theo ry  is  c o r r e l a t e d  with data  obta ined f r o m  an 
a n n u l a r  nozzle  wind tunnel hav ing  a c e n t r a l  s u p e r s o n i c  c o r e  
of rocke t  exhaust  g a s e s .  Cor re l a t i on  is a l so  m a d e  with 

() 
Mikhall~s low veloci ty  data f o r  which his m o r e  e l a b o r a t e  
t h e o r y  ls  ava i l ab le  f o r  c o m p a r i s o n .  The  s impl i f i ed  t h e o r y  
p r e d i c t s  wzth r easonab le  a c c u r a c y  the e x p e r i m e n t a l  ax ia l  

I.  Supersonic  d i f fuse r s  
2. Turbu len t  flow 
3. C o m p r e s s i b l e  flow 
4. J e t  mlx lng  flow 
5. T h e o r y  
6. T e s t s  
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STREAMS. J a n u a r y  1662, 43 p. me1 9 r e f s . ,  i l l u s . ,  t ab le .  

Unc lass i f i ed  Repor t  

As pa r t  of a g e n e r a l  m v e s t l g a t i o n  of t w o - s t r e a m  s u p e r -  
sonic  d l f fusers ,  a t h e o r y  was  developed fo r  the bounded 
turbulent  mixing be tween  coaxia l  high ve loc i ty  s t r e a m s  of 
d i f ferent  compos i t ion  and t e m p e r u t u r c .  The  usua l  a s s u m p -  
t ion of neghg ib le  axlai  p r e s s u r e  g rad ien t  is  inval id  in thls  
c a s e  b e c a u s e  the ou te r  s t r e a m  is  bounded by a cy l ind r i ca l  
duct.  A Inghly s i m p l d i e d  flow mode l  is u sed  which  r e t a in s  
the e s s en t i a l  f e a t u r e s  of the ac tua l  mix ing  p r o c e s s ;  the r e -  
sul t ing s y s t e m  of equat ions Is  a m e n a b l e  to m a n u a l  cah :u -  
lat ion.  The  t h e o r y  is  c o r r e l a t e d  with data  obta ined f r o m  an 
a n n u l a r  nozzle  wind tmmel  hav ing  a c e n t r a l  supc1"sonic c o r e  
of rocke t  exlatust g a s e s .  C o r r e l a t i o n  is  a l so  m a d e  with 
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Mikha i l ' s  low ve loc i ty  data  f o r  which his m o r e  e l a b o r a t e  
t h e o r y  is  ava i l ab le  fo r  c o m p a r i s o n .  The  simpl~fled t h e o r y  
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Arno ld  Ai r  F o r c e  Station, T e n n e s s e e  

Rpt.  No. A E D C - T R - 6 1 - 1 8 .  CONSTANT AREA MIXING 
OF NON-ISOENERGETIC COAXIAL COMPRESSIBLE 
STREAMS. J a n u a r y  1962, 43 p. fnel  9 re fs .0  i l l u s . ,  tab le .  

Unciass i fzed Repor t  

As  paL~ of a g e n e r a l  inves t iga t ion  of t w o - s t r e a m  s u p e r -  
sonic  d i f fuse r s ,  a t h e o r y  was  developed fo r  the bounded 
tu rbu len t  m~xing be tween  coaxml  high ve loc i ty  s t r e a m s  of 
chfferent  compoe; t ion  and t e m p e r a t u r e .  The  usua l  a s s u m p -  
t ion  of negl ig ible  axia l  p r e s s u r e  g r a & c n t  is inval id  in th is  
c a s e  b e c a u s e  the ou te r  s t r e a m  m bounded by a c y l i n d m c a l  
duct .  A highly s i m p h f l e d  flow mode l  is  u sed  which  r e t a i n s  
the  e s s c n t m ]  f e a t u r e s  of the  actua] mix ing  p r o c e s s ,  the r e -  
s u l t m g  s y s t e m  of equat ions is  a m e n a b l e  to m a n u a l  e s ] e u -  
la t ion.  The  theory  Is  c o r r c ] a t e d  wzth data  obta ined f r o m  an 
a n n u l a r  nozzle  wind tunnel having a c e n t r a l  s u p e r s o n i c  c o r e  
of rocke t  exhaust  g a s e s .  Co r r e l a t i on  i s  a l so  m a d e  with 
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M1khaills low ve loc i ty  data  fo r  which his m o r e  e l a b o r a t e  
t h e o r y  is  ava i l ab le  f o r  c o m p a r i s o n .  The  s lmpl i f i cd  t h e o r y  
p r e d i c t s  with r ea sonab l e  a c c u r a c y  the e x p e r i m e n t a l  ax ia l  
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Rpt. No. A E D C - T R - 6 1 - 1 8 .  CONSTANT AREA MIXING 
OF NON-ISOENERGETIC COAXIAL COMPRESSIBLE 
STREAMS. J a n u a r y  1962, 43 p. m c l  9 r e f s . ,  i l l u s . ,  tab le .  

Unc la s s i f i ed  Repor t  

As p a r t  of a g e n e r a l  inves t iga t ion  of t w o - s t r e a m  s u p e r -  
sonic  diffu:~ers, a t h e o r y  w-,~s developed fo r  the bounded 
turbulen t  mix ing  be tween  eoaxml  high ve loc i ty  s t r e a m s  of 
d i f fe ren t  compos i t ion  and tempez~aturc.  The  usua l  a s s u m p -  
t ion of negl igible  axial  p r e s s u r e  g rad ien t  is inval id  in th is  
c a s e  b e c a u s e  the ou te r  s t r e a m  is bounded by a cy l i nd r i ca l  
duct.  /I highly s impl i f ied  flow mode l  is  u sed  which r e t a i n s  
the e s s e n t m l  f e a t u r e s  of the  ac tua l  mixing p r o c e s s ,  the r e -  
s u l t m g  s y s t e m  of equat ions  is  a m e n a b l e  to m a n u a l  c a l c u -  
la t ion.  The  t h e o r y  is  c o r r e l a t e d  with data obta ined f r o m  an 
a n n u l a r  nozzle  wind tunnel  having a c e n t r a l  s u p e r s o n i c  c o r e  
of rocke t  exhaus t  g a s e s .  Cor re l a t i on  is  a l so  m a d e  with 
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Mlkhail~s low vclocxty data  f o r  which his  m o r e  c l abo rn t e  
t heo ry  Is ava i l ab le  f o r  c o m p a r i s o n .  The  s impl i f i ed  t h e o r y  
p r e d i c t s  with r easonab le  a c c u r a c y  the e x p e r i m e n t a l  ax ia l  

s t a t i c  p r e s s u r e  and veloc2ty d is t r ibu t ions .  
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Unc lass i f i ed  Repor t  

As pa r t  of a g e n e r a l  inves t iga t lon  of t w o - s t r e a m  s u p e r -  
sonic  d i f fuse r s ,  a t heo ry  was  developed fo r  the bounded 
turbulent  mixing be tween  eoax | a l  high ve loc i ty  s t r e a m s  of 
d l f ferent  compos i t ion  and t e m p e r a t u r e .  The  usua l  a s s u m p -  
t m n  of neghg ib le  ax ia l  p r e s s u r e  g rad ien t  Is  inval id  in thls  
c a s e  b e c a u s e  the o u t e r  s t r e a m  ix bounded by a cy l indr lea l  
duct.  A highly s impl i f i ed  flow model  is u s e d  which re ta ins  
the e s s en t i a l  f e a t u r e s  of the actual  mixing p r o c e s s ;  the r e -  
su i t ing  s y s t e m  of equat ions is  a m e n a b l e  to m a n u a l  ca l cu -  
lat ion.  Tbe theo ry  is  c o r r e l a t e d  with data obta ined f r o m  an 
a n n u l a r  nozzle  wind tunnel hav ing  a c e n t r a l  s u p e r s o n i c  c o r e  
of rocke t  exhaust  g a s e s .  C o r r e l a t i o n  is uls'o m a d e  wlth 
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Mlkhst l ls  low veloci ty  data f o r  which his m o r e  e l a bo ra t e  
t h e o r y  is  ava i l ab le  f o r  c o m p a r i s o n .  The  s impl i f i ed  t heo ry  
p r e d i c t s  with r e a s o n a b l e  a c c u r a c y  the experxmenta l  ax ia l  
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As  par t  or a g e n e r a l  inves t lgs t ton  of t w o - s t r e a m  s u p e r -  
sonic d~ffusere,  a t heo ry  was  deve loped  fo r  the bounded 
turbulent  m~xmg be tween  coaxla l  high ve loc i ty  s t r e a m s  of 
d~fferent composf l ion  and t e m p e r a t u r e .  The  usua l  a s s u m p  - 
t lon of negl igible  axia l  p r e s : ; u r e  g rad len t  is  inva l id  In this  
c a s e  b e c a u s e  the o u t e r  s t r e a m  is  bounded by a cy l i nd r i ca l  
duct.  A highly s lmpl i f i ed  flow model  is u sed  which r e t a in s  
the e s sen t i a l  f e a t u r e s  of the ac tua l  mix ing  p r o c e s s ,  the r e -  
sul t ing s y s t e m  of equat ions la  a m e n a b l e  to m a n u a l  c a l c u -  
lat ion.  The  t h e o r y  is  c o r r e l a t e d  with data  oh i amed  f r o m  an 
a n n u l a r  nozzle  wind tunnel  hav ing  a c e n t r a l  s u p e r s o n i c  c o r e  
of rocke t  exhaust  g a s e s .  C o r r e l a t i o n  Is  a l so  m a d e  with 
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t h e o r y  is ava l l ab le  f o r  c o m p a r i s o n .  The  s lmpl i f l ed  t heo ry  
p r e d i c t s  with r e a s o n a b l e  a c c u r a c y  the e x p e r u n e n t a l  ax ia l  

s tn i lc  p r e s s u r e  and ve lomty  d~stribntions.  
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STREAMS. J a n u a r y  1952, 43 p. r ee l  9 v o l s . ,  i l l u s . ,  tab le .  

Uncle s s l f l ed  Repor t  

As  pa r t  of a g e n e r a l  inves t iga t ion  of t w o - s t r e a m  s u p e r -  
sonic  dif fUsers ,  a t h e o r y  was  developed fo r  the bounded 
tu rbu len t  mL~ing be tween  coaxml high veloczty s t r e a m s  of 
d i f fe ren t  compos i t ion  sad  t e m p e r a t u r e .  The  usua l  a s s u m p -  
t ion of ncgl lg lblc  axia l  p r e s s u r e  g r ad i en t  is  inval id  in this  
c a s e  b e c a u s e  the ou te r  s t r e a m  is bounded by a c y l i n d r i c a l  
duct .  A highly slmplific, d flow mode l  Is used  which r e t a in s  
the  e s s e n t i a l  f e a t u r e s  of the  actual  m~xing p r o c e s s ;  the r e -  
su i t ing  s y s t e m  of equat ions  is  a m e n a b l e  to m a n u a l  c a l c u -  
la t ion.  The  t h e o r y  Is  c o r r e l a t e d  with data  obta ined f r o m  an 
a n n u l a r  nozzle  wind turn,el having a c e n t r a l  s u p e r s o n i c  c o r e  
of rocke t  exhaust  g a s e s .  Co r r e l a t i on  is  a l so  m a d e  with 
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Mlkhail~s low veloci ty  data  fo r  which his m o r e  elaborate 
theory  is a~ral "luble fo r  comparison. The s impl i f ied theory  
predic ts  w r i t  reasonable accuracy the exper imenta l  ax ia l  
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As pa r t  of a g e n e r a l  inves t iga t ion  of t w o - s t r e a m  s u p e r -  
sonic  dlflh;sors, a t heo ry  was developed fo r  the  bounded 
turbulen t  mlx lng  be tween  coaxial  hlgh ve loc i ty  s t r e a m s  of 
d i f ferent  compos i t ion  and t e m p e r a t u r e .  The  usua l  a s s u m p -  
t ion of negl ig ible  axial  p r e s s u r e  g r sd l en t  is inval id  m thls  
e a s e  b e c a u s e  the ou te r  s t r e a m  is bounded by a cy l i nd r i ca l  
duet.  A highly s impl i f i ed  flow model  is u sed  which r e t a in s  
the e s s en t i a l  f e a t u r e s  of the ac tua l  mix ing  p r o c e s s ,  the r e -  
sul t ing s y s t e m  of equat ions as a m e n a b l e  to m a n u a l  c a l c u -  
lat ion.  The  theo ry  is  c o r r e l a t e d  with data  obta ined f r o m  an 
a n n u l a r  nozzle  wind tunnel having a c e n t r a l  s u p e r s o n i c  c o r e  
of rocke t  exhaus t  g a s e s .  Co r r e i a t l on  is  a l so  m a d e  w~th 
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p r e d i c t s  with r ea sonab l e  a c c u r a c y  the e x p e r i m e n t a l  ax ia l  
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