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S U M M A R Y .

P o s s ib le  m e th o d s  o f  d e s c r ib in g  th e  f lo w s  in  c o n s ta n t a re a  e je c to r s  
in  t e r m s  o f o n e -d im e n s io n a l th e o r ie s  a re  e x a m in e d  and  d is c u s s e d .
B o th  s o n ic  and s u p e rs o n ic  in je c t io n  a re  c o n s id e re d , b u t th e  a n a ly s is  
is  l im i t e d  to  th e  m ix in g  o f  tw o  s t r e a m s  o f th e  sam e  p e r fe c t  g as . T h re e  
s im p le  o n e -d im e n s io n a l th e o r ie s  d e s c r ib in g  th e  p r im a r y  e x p a n s io n  
and  a s in g le  th e o r y  d e s c r ib in g  th e  m ix in g  p ro c e s s  a re  p re s e n te d  i n i t i a l l y .  
T h e s e  th e o r ie s  a l lo w  f o r  c h o k in g  to  o c c u r  e i th e r  a t th e  end  o f  th e  p r im a r y  
e x p a n s io n  o r  a t th e  end  o f  th e  m ix in g  d u c t. Som e n u m e r ic a l  r e s u l t s  
c o m p a r in g  th e  p r e d ic t io n s  o f th e s e  th e o r ie s  w ith  e ach  o th e r  and e x p e r im e n t  
a re  given-. T h e  r e s u l t s  f r o m  an  e x te n s iv e  n u m e r ic a l s u rv e y  o f th e  t o ta l  
s o lu t io n  a c c o rd in g  to  th e  c o m b in e d  P o ly t r o p ic  T w o  S tre a m  th e o r y  and 
S t ra ig h t  M ix in g  th e o r y  a re  a ls o  p re s e n te d ,

A  g e n e ra l is e d  th e o ry  o f  c h o k in g  b a se d  on s m a l l  d is tu rb a n c e  
v e lo c i t ie s  is  p u t fo r e w a r d .  T h is  t h e o r y  is  a p p lic a b le  to  n o n - u n i fo r m  
f lo w s .  I t  c o n s id e rs  c h o k in g  to  be a p r o p e r t y  o f th e  f lo w  as a w h o le , 
r a t h e r  th a n  a lo c a l  p h e n o m e n o n . A  p a r a m e te r  B , p e r ta in in g  to  a c r o s s -  
s e c t io n  o f f lo w  as a w h o le , is  d e f in e d  su ch  th a t  i t  is  p o s i t iv e  f o r  " s u p e r s o n ic " ,  
n e g a tiv e  f o r  " s u b s o n ic "  a nd  z e ro  f o r  c h o k e d  f lo w .

A  o n e -d im e n s io n a l m e th o d  o f d e s c r ib in g  th e  m ix in g  p ro c e s s  
is  p ro p o s e d  w h ic h , w h e n  c o m b in e d  w ith  th e  g e n e ra l th e o r y  o f c h o k in g , 
m a y  be u s e d  to  p r e d ic t  c h o k in g  w i t h in  th e  m ix in g  p ro c e s s .

A n  e x p e r im e n ta l p ro g r a m m e  d e s ig n e d  to  in v e s t ig a te  th e  a p p l ic a b i l i t y  
o f  th e  o n e -d im e n s io n a l th e o r y  and  th e  g e n e ra l p h e n o m e n o n  o f c h o k in g  
is  d e s c r ib e d  and d is c u s s e d . A  p la n e  f lo w  a i r - a i r  e je c to r  is  u s e d .
T h e  f u l l  p ro g r a m m e  is  n o t c o m p le te d  b u t som e  i n i t i a l  e x p e r im e n ta l 
r e s u l t s  a re  g iv e n .

»
I t  is  in d ic a te d  th a t  th e  P o ly t r o p ic  T w o  S tre a m  th e o r y  m a y  g iv e  

re a s o n a b ly  good  p r e d ic t io n s  o f th e  c h o k e d  f lo w s  in  e je c to r s  w ith  h ig h  
t o t a l  p re s s u r e  r a t io s ,  lo w  t o t a l  e n th a lp y  r a t io s  and h ig h  p r im a r y  in je c t io n  
M a c h  n u m b e rs .  F lo w s  in  e je c to r s  o f th e  o p p o s ite  c h a r a c te r is t ic s  a re  
l ia b le  to  b e c o m e  c h o k e d  w i th in  th e  m ix in g  p ro c e s s  and th u s  m a y  n o t 
be p re d ic te d  b y  any o f th e  s im p le  o n e -d im e n s io n a l t h e o r ie s .  T h e  S tra ig h t  
M ix in g  th e o ry  is  fo u n d  o n ly  to  be o f  l im i t e d  use  in  th a t  f lo w s  a re  n o t 
u s u a lly  fo u n d  to  be  c o m p le te ly  m ix e d  b y  th e  end o f  th e  d u c t. A n  a l te r n a t iv e  
th e o ry  is  s u g g e s te d .
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1. IN TRO D U CTIO N .

R e s e a rc h  in to  th e  p h y s ic a l p e r fo rm a n c e  o f e je c to r s  and  th e  
e v o lu t io n  o f  th e o r ie s  to  d e s c r ib e  th e  p h e n o m e n a  o b s e rv e d  h ave  been  in  
p ro g r e s s  f o r  n e a r ly  h a l f  a c e n tu r y .  In  g e n e ra l e je c to r s  c a n  be d iv id e d  
in to  c la s s e s  a c c o rd in g  to  th e  p r o p e r t ie s  o f th e  f lu id s  w ith  w h ic h  th e y  
o p e ra te .  T h e  ty p e  o f  f lu id  f lo w in g  th ro u g h  an e je c to r  w i l l  n o t o n ly  a ffe c t  
th e  s o r t  o f p h y s ic a l p h e n o m e n a  to  be e x p e c te d  b u t w i l l  a ls o  in f lu e n c e  
th e  t h e o r e t ic a l  a p p ro a c h  to  p r e d ic t in g  i t s  p e r fo rm a n c e .  B r o a d ly  s p e a k ­
in g , th e re  a re  in  t h is  c o n te x t  th r e e  m a in  c la s s e s  o f  f lu id ;  in c o m p r e s s ib le  
c o m p re s s ib le  and v a p o u rs .  C o n f in in g  th e  s u b je c t  to  s in g le  s ta g e  e je c to r s ,  
th a t  is  th o s e  w ith  one d r iv in g  s t r e a m  and one d r iv e n  s t re a m , w o rk  has 
b ee n  p u b lis h e d  a t s o m e  t im e  o r  a n o th e r  on  e je c to r s  e m p lo y in g  m o s t o f 
th e  p o s s ib le  f lu id  ty p e  c o m b in a t io n s .  A  f a i r l y  e x te n s iv e  b ib l io g r a p h y  
u po n  th e  s u b je c t is  a v a i la b le ,  see  re fe r e n c e  10. T h e  w o r k  to  be 
re p o r te d  in  t h is  d o c u m e n t c o n c e rn s  th e  p e r fo rm a n c e  o f e je c to r s  d r iv e n  
b y  and  e n t r a in in g  s t r e a m s  o f  c o m p r e s s ib le  f lu id s ,  and  in  th e  m a in  th e  
w o r k  is  f u r t h e r  r e s t r i c t e d  to  th e  c a s e  in  w h ic h  b o th  s t re a m s  c o n s is t  o f 
th e  s a m e  g a s . T h a t  is  n o t to  s a y  th a t  so m e  o f th e  g e n e ra l im p l ic a t io n s  
o f  th e  w o r k  c a n n o t be g e n e r a l is e d  and  a p p lie d  to  o th e r  c a s e s .

M o s t t h e o r e t ic a l  a p p ro a c h e s  to  th e  p e r fo rm a n c e  o f c o m p re s s ib le  
f lu id  e je c to r s  a re  r e s t r i c t e d  to  th e  c o n s id e ra t io n  o f tw o  p a r t i c u la r  ty p e s  
o f e je c to r  g e o m e try .  T h is  is  la r g e ly  b e ca u se  o f  th e  s im p l i f i c a t io n s  th a t  
th e s e  g e o m e tr ie s  in t r o d u c e  in to  th e  th e o r y .  T h e  tw o  e je c to r  ty p e s  
a re  th o s e  in  w h ic h  th e  m ix in g  ta k e s  p la c e  a t c o n s ta n t p re s s u r e  and th o s e  
in  w h ic h  th e  m ix in g  ta k e s  p la c e  a t c o n s ta n t c r o s s - s e c t io n a l  a re a . In  
th e  f o r m e r  ca se  th e  m ix in g  d u c t g e o m e try ,  i f  i t  is  f ix e d ,  is  o n ly  l i k e ly  
to  be c o r r e c t  f o r  one d e s ig n  c o n d it io n  U n d e r  o f f - d e s ig n  c o n d it io n s  th e  
m ix in g  w i l l  p ro b a b ly  no lo n g e r  ta k e  p la c e  a t c o n s ta n t p r e s s u r e .  In  th e  
c o n s ta n t a re a  m ix in g  c a s e , h o w e v e r ,  th e  th e o r y  d e v e lo p e d  w i l l  a p p ly  u n d e r  
a m u c h  g r e a te r  ra n g e  o f  c o n d it io n s .  I t  is  p ro b a b ly  t h is  p ro s p e c t  th a t 
h a s  p ro m p te d  w o r k e r s ,  w h o  h a v e  n o t b e e n  l im i t e d  to  th e  c o n s id e ra t io n  o f 
any  one p a r t i c u la r  s y s te m , to  d e v e lo p  t h e i r  th e o r ie s ,  a t le a s t  in  th e  
i n i t i a l  s ta g e s , f o r  e je c to r s  w ith  c o n s ta n t a re a  m ix in g  d u c ts .

T w o  d is t in c t  m e th o d s  o f  a p p ro a c h  to  th e  g e n e ra l p r o b le m  a re  a v a i l ­
a b le . T h e s e  a re  th e  d e v e lo p m e n t o f  s im p le  o n e -d im e n s io n a l th e o r ie s  
o r  th e  use  o f  m o re  e x a c t b u t m o re  c o m p le x  tw o - d im e n s io n a l m e th o d s . 
W h ic h  a p p ro a c h  is  c h o s e n  in  a n y  in s ta n c e  w i l l  la r g e ly  d ep e nd  on  w h e th e r  
i t  is  r e q u ir e d  to  o b ta in  l im i t e d  r e s u l t s  on  a la r g e  n u m b e r  o f  f lo w s  o r  
m o re  e x a c t s o lu t io n s  f o r  a fe w  f lo w s .  In  th e  la t t e r  ca s e  w h e re  a d e ta ile d  
k n o w le d g e  o f a fe w  w e l l  d e f in e d  f lo w s  is  d e s ire d ,  i t  m a y  be a d va n ta g e o u s  
to  u se  a tw o - d im e n s io n a l d e s c r ip t io n  o f th e  f lo w  m a y  be in c lu d in g  th e  
e f fe c ts  o f v is c o s i t y .  H o w e v e r ,  i t  is  th e  p u rp o s e  o f  th is  w o r k  to  in v e s t ig a te  
th e  s im p le r  o n e -d im e n s io n a l a p p ro a c h e s  th ro u g h  w h ic h  th e  l i k e ly  b e h a v io u r  
o f e je c to r  f lo w s  as a w h o le  m a y  be s tu d ie d  .



O n e -d im e n s io n a l th e o r ie s  o f c o m p re s s ib le  m ix in g  w e re  n o t u n ­
n a tu r a l ly  a m o n g  th e  f i r s t  to  a p p e a r . T h e  s im p le s t  o f  th e s e , th e  S t ra ig h t  
M ix in g  T h e o ry ,  c o n s id e r s  o n ly  th e  e ffe c ts  o f th e  m ix in g .  I t  h as  a p p e a re d  
in  th e  l i t e r a t u r e  in  m a y  fo r m s .  B a s ic a l ly  i t  a s s u m e s  th a t  th e  m ix e d  
s t r e a m  a t th e  e x it  o f  th e  m ix in g  d u c t m a y  be re p re s e n te d  b y  a s in g le  
u n i fo r m  s ta te  w h ic h  m a y  be e x p re s s e d  in  t e r m s  o f th r e e  p a r a m e te r s  
w h ic h  m a y  be d e te rm in e d  b y  a p p ly in g  th e  la w s  o f c o n s e rv a t io n  o f  m a s s , 
m o m e n tu m  and e n e rg y .  T h e  th e o r y  is  se t ou t in  f u l l  in  S e c t io n  2 .1 .  T h e  
S t ra ig h t  M ix in g  T h e o r y  h a s  b e e n  sh ow n  to  have  a m o d e ra te  d e g re e  o f  
s u c c e s s  in  p r e d ic t in g  th e  e f fe c t  o f b a c k  p re s s u r e  on e je c to r  f lo w s  in  w h ic h  
no c h o k in g  o c c u r s .  One o f  th e  m a jo r  p ro b le m s  in  c o m p r e s s ib le  f lo w  
e je c to r  th e o r y  is  p r e d ic t in g  th e  m a x im u m  m a s s  f lo w  th a t  m a y  p a s s  th ro u g h  
a s y s te m  w ith  g iv e n  s ta g n a t io n  c o n d it io n s ,  in  o th e r  w o rd s  th e  p r e d ic t io n  
o f th e  c h o k e d  c o n d it io n .  T h e  S t ra ig h t  M ix in g  T h e o ry  a p p e a rs  to  be o f 
l i t t l e  h e lp  h e re .  T h e  o n ly  m o d e  o f c h o k in g  th a t  i t  p r e d ic ts ,  a s o n ic  m ix e d  
s t re a m , does  n o t o f te n  o c c u r  in  p r a c t ic e .  T h is  is  due m a in ly  to  tw o  
re a son s-, f i r s t l y  th e  f lo w s  u s u a l ly  ch o ke  at a s m a lle r  m a s s  f lo w  th a n  th a t  
c o r re s p o n d in g  to  t h is  s o lu t io n  and  s e c o n d ly  a t h ig h  m a s s  f lo w s  th e  m ix in g  
te n d s  n o t to  be  c o m p le te  b y  th e  end o f th e  d u c t.

I t  w a s  r e a l is e d  e a r ly  on  (see  re fe r e n c e  5) th a t  th e  e x p a n s io n  
o f  th e  p r im a r y  s t r e a m  w i th in  th e  m ix in g  tu b e , w h e n  th e  in je c t io n  p re s s u r e s  
a re  n o t e q u a l, m ig h t  w e l l  be th e  c a u s e  o f  th e  f lo w  c h o k in g .  B u t  i t  w as  
n o t u n t i l  th e  m id  n in e te e n  f i f t i e s  th a t  any th e o r e t ic a l  a t te m p ts  to  d e s c r ib e  
su ch  a p ro c e s s  w e re  p u b lis h e d .  T h e  f i r s t  o f  th e s e  w a s  th e  o n e -d im e n s io n a l 
th e o ry  o f  F  a b r i  ( r e fe re n c e  1 ) in  w h ic h  i t  w a s  a s s u m e d  th a t  th e  p r im a r y  
s t re a m  b e c a m e  o v e r -e x p a n d e d  and th a t  th e  s e c o n d a ry  s t r e a m  ch o k e d  
s o n ic  a l ly  a t th e  c r o s s - s e c t io n  o f  m a x im u m  p r im a r y  e x p a n s io n . B o th  
s t re a m s  w e re  a s s u m e d  to  b e h a ve  is e n t r o p ic a l ly . G ood  e x p e r im e n ta l 
a g re e m e n t w a s  c la im e d  f o r  th is  th e o ry ,  b u t s u b s e q u e n tly  th is  h as  been  
sh ow n  n o t to  h ave  b e e n  e n t i r e ly  ju s t i f ie d  (see  re fe r e n c e  3 e t a l  ). A  
th e o ry  m a k in g  th e  s a m e  b a s ic  a s s u m p t io n s  as F  a b r i  b u t t h is  t im e  d e s c r ib in g  
th e  e x p a n s io n  o f th e  p r im a r y  s t r e a m  b y  a tw o - d im e n s io n a l m e th o d  o f 
a n a ly s is  w a s  p u t f o r w a r d  and u s e d  b y  M e s s rs ,  C h o w  and  A d d i ( r e fe re n c e  3) 
to  d e s c r ib e  th e  f lo w s  in  s u p e rs o n ic  e je c to r s  (th o s e  w ith  c o n v e rg e n t -  
d iv e rg e n t  p r im a r y  in je c t io n  n o z z le s ) .  M e s s rs .  C h o w  and A d d i a ls o  
in c lu d e d  a b o u n d a ry  la y e r  ty p e  a n a ly s is  o f  th e  m ix in g  r e g io n  and  th is  
c o m b in e d  th e o ry  g a ve  v e r y  good  e x p e r im e n ta l p r e d ic t io n s  e s p e c ia l ly  in  
th e  B a s e  P r e s s u r e  R e g im e  ( f lo w s  w ith  v e r y  s m a l l  s e c o n d a ry  m a s s  f lo w s ) .
I t  h a s , h o w e v e r , th e  d is a d v a n ta g e  o f b e in g  v e r y  c o m p le x  and d e m a n d in g  
c o n s id e ra b le  c o m p u te r  t im e  to  s o lv e  e ve n  a s in g le  s o lu t io n .

A n o th e r  a p p ro a c h  to  th e  q u e s t io n  o f c h o k in g  in  e je c to r s  w a s  m ade  
b y  M e s s rs .  P e a rs o n ,  H o l l id a y  and S m ith , r e fe r e n c e  2, in  w h ic h  th e y  
in t ro d u c e d ,  to  th e  s u b je c t ,  th e  c o n c e p t o f g e n e ra l c h o k in g .  In  c o n s id e r ­
in g  e je c to r s  w ith  s h o r t  m ix in g  d u c ts  th e y  t r e a te d  th e  p r im a r y  e x p a n s io n  
o n e - d im e n s io n a l ly  and a s s u m e d  th a t  no m ix in g  to o k  p la c e .  In  c o n t r a s t  
to  F  a b r i ,  th e y  a llo w e d  th e  p r im a r y  s t r e a m  to  beh a ve  i r r e v e r s i b l y  and  
d id  n o t a s s u m e  i t  to  b e c o m e  o v e r -e x p a n d e d . T h e  c h o k in g  w a s  a s s u m e d  
to  o c c u r  w h e n , to w a rd s  th e  end  o f th e  e x p a n s io n , b o th  s t re a m s  a p p ro a c h e d



a c o m m o n  s ta t ic  p re s s u r e  in  a ta n g e n t ia l m a n n e r .  S uch  c r o s s - s e c t io n s  
o f u n i fo r m  s ta t ic  p re s s u r e  a re  fo u n d  to  c o n ta in  b o th  s u p e rs o n ic  and  s u b ­
s o n ic  f lo w .  T h e  c o m m o n  w ave  v e lo c i t y  w a s  sh ow n  to  be s ta t io n a r y  a t 
su ch  c r o s s - s e c t io n s .  T h e  th e o r y  w a s  fo u n d  to  h ave  re a s o n a b le  s u c c e s s  
in  p r e d ic t in g  e x p e r im e n ta l f lo w s  in  e je c to r s  w ith  s h o r t  m ix in g  d u c ts .

T h e  c o n c e p t o f g e n e ra lis e d  c h o k in g  has bee n  d is c u s s e d  in  a n u m b e r  
o f p u b lic a t io n s  s in c e  th e  a p p e a ra n c e  o f P e a rs o n ’ s p a p e r , in  p a r t i c u la r  
in  r e fe r e n c e s  4 and 11. H o w e v e r ,  no s a t is fa c to r y  g e n e ra l th e o r y  o f 
c h o k in g  s e e m s  to  h ave  e m e rg e d  y e t ,  w ith  th e  p o s s ib le  e x c e p t io n  o f a 
p a p e r b y  M e s s rs .  H oge  and  S e g a rs , r e fe r e n c e  4 . In  t h is  p a p e r  a g e n e ra l 
th e o r y  o f c h o k in g , b a se d  on s ta t io n a r y  p o in ts  in  a m o m e n tu m  fu n c t io n ,  
is  p ro p o s e d . I t  is  f e l t ,  h o w e v e r ,  th a t  p h e n o m e n a  s u c h  as m a x im a  o r  
m in im a  in  m o m e n tu m  fu n c t io n s  a re  m o re  l i k e ly  to  be th e  e f fe c t  o f  c h o k in g  
r a th e r  th a n  th e  c a u s e . ' •

T h e  m a jo r  o b je c t iv e s  o f th e  w o r k  to  be r e p o r te d  in  th is  th e s is  a re  
as fo l lo w s  I t  is  p ro p o s e d  to  in v e s t ig a te  th e  p o s s ib i l i t ie s  o f d e s c r ib in g  
th e  f lo w s  in  c o n s ta n t a re a  m ix in g  e je c to r s  in  te r m s  o f  o n e -d im e n s io n a l 
th e o r ie s .  B o th  s o n ic  and s u p e rs o n ic  in je c t io n  a re  to  be c o n s id e re d .  A n  
a tte m p t to  p ro d u c e  a g e n e ra lis e d  th e o ry  o f c h o k in g  is  to  be m a d e . N u m e r ic a l  
s u rv e y s  a re  to  be m a d e  o f th e  s o lu t io n s  p re d ic te d  b y  th e  v a r io u s  o n e ­
d im e n s io n a l th e o r ie s .  A n  e x p e r im e n ta l p ro g ra m m e  is  to  be c a r r ie d  o u t 
a im e d  f i r s t l y ,  a t o b ta in in g  s o m e  e x p e r im e n ta l r e s u l t s  w ith  w h ic h  to  
c o m p a re  th e  p r e d ic t io n s  o f  th e  th e o ry ,  and  s e c o n d ly ,  a t in v e s t ig a t in g  
th e  m o d e s  o f  c h o k in g  th a t  a re  fo u n d  to  o c c u r .



2. T H E  O N E -D IM E N S IO N A L  T H E O R Y  OF E J E C T O R S  W IT H
C O N S T A N T  A R E A  M IX IN G .

T h e re  a re  fo u r  b a s ic  p h e n o m e n a  th a t m a y  o c c u r  in  any 
e je c to r  f lo w . F i r s t l y  th e re  w i l l  o c c u r  s o m e  d e g re e  o f  m ix in g  b e tw e e n  
th e  tw o  s t re a m s .  S e c o n d ly  i f  th e  s t re a m s  do n o t e n te r  th e  m ix in g  
d u c t .a t  th e  sa m e  s ta t ic  p r e s s u r e  th e r e  w i l l  o c c u r  s o m e  p ro c e s s  
b y  w h ic h  th is  o r e s s u r e  d i f fe r e n c e  is  d is s ip a te d .  T h i r d ly  th e r e  w i l l  
be  a b o u n d a ry  la y e r  a lo n g  th e  w a l ls  o f  th e  m ix in g  tu b e , to g e th e r  
w ith  th e  a s s o c ia te d  f r i c t i o n a l  d ra g . L a s t ly ,  i f  th e  b a c k  p r e s s u r e  
in to  w h ic h  th e  e je c to r  e x h a u s ts  is  lo w  enough, a p ro c e s s  w i l l  o c c u r  
w h e re b y  th e  e je c to r  b e c o m e s  ch o ke d . In  g e n e ra l a o n e -d im e n s io n a l 
th e o r y  s p l i t s  th e  f lo w  up in to  s p e c i f ic  re g io n s  in  w h ic h  each  o f  th e  
p h e n o m e n a  a c c o u n te d  f o r  in  th e  th e o r y  m a y  be a s s u m e d  to  ta k e  
p la c e  s e o a ra te ly .  A l l  th e  th e o r ie s  a s s u m e  th a t  each  s t r e a m  e n te rs  th e  
m ix in g  d u c t in  a s ta te  u n i fo r m  a c ro s s  th e  p la n e  o f  in je c t io n .  T h e  m a jo r i t y  
o f  o n e -d im e n s io n a l th e o r ie s  ta k e  in to  a c c o u n t th e  p r e s s u r e  e q u a lis in g  
p ro c e s s  and th e  m ix in g  b e tw e e n  th e  tw o  s t re a m s  and a lw a y s  c o n s id e r  th e m  
to  ta k e  n la c e  in  th a t  o r d e r .  M o s t th e o r ie s  n e g le c t th e  e f fe c t  o f  th e  b o u n d a ry  
la y e r  on  th e  m ix in g  tu b e  w a l ls .  T h e  m a in  d i f fe re n c e s  b e tw e e n  th e  v a r io u s  
th e o r ie s  l i e  in  th e  w a y s  th a t  th e y  d e s c r ib e  th e  p r e s s u r e  e q u a lis in g  p ro c e s s ,  
and  th is ,  in  t u r n ,  le a d s  th e m  to  p r e d ic t  d i f fe r e n t  m o d e s  o f  c h o k in g . T o  
a v o id  c o n fu s io n , an  e je c to r  w i l l  be d e fin e d  to  h a ve  b e c o m e  ch o ke d  w h e n  
th e  s e c o n d a ry  m a s s  f lo w  has b e c o m e  in d e p e n d e n t o f  th e  b a c k  p re s s u r e  
a g a in s t w h ic h  th e  e je c to r  e x h a u s ts . T h e  tw o  in je c te d  s t re a m s  need  n o t 
n e c e s s a r i ly  c o n ta in  th e  s a m e  g a se s , b u t i t  w i l l  be a s s u m e d  th a t  a l l  th e  
g a se s  h ave  c o n s ta n t s p e c i f ic  h e a ts . M o s t th e o r ie s  c a n  be a p p lie d  e q u a lly  
w e l l  to  b o th  s o n ic  and s u p e rs o n ic  in je c t io n  e je c to r s ,  a lth o u g h  th e  s o lu t io n s  
n a tu r a l ly  b e c o m e  m o re  c o m p le x  in  th e  s u p e rs o n ic  c a s e .

2. 1. E J E C T O R S  W IT H  S O N IC  IN J E C T IO N .

S e v e ra l o n e -d im e n s io n a l th e o r ie s  w i l l  now  be p re s e n te d  in  th e  
c o n te x t o f s o n ic  in je c t io n .  T h e  ty p e  o f  e je c to r  u n d e r c o n s id e ra t io n  is  
i l l u s t r a t e d  in  F ig u r e  1. F o r  a f ix e d  se t o f u p s tre a m  s ta g n a t io n  c o n d it io n s  
and a f ix e d  e je c to r  g e o m e try ,  th e r e  w i l l  e x is t  a c o n t in u o u s  s e t o f  s o lu t io n s  
d ep e n d e n t on  th e  b a c k  p r e s s u r e  a g a in s t w h ic h  th e  e je c to r  e x h a u s ts . T h e  
s ta g n a t io n  c o n d it io n s  and  th e  g e o m e try  m a y  be e x p re s s e d  b y  th e  fo l lo w in g  
n o n -d im e n s io n a l p a r a m e te r s : -

z, th e  r a t io  o f  th e  p r im a r y  in je c t io n  a re a  to  th e  c r o s s - s e c t io n a l  
a re a  o f  th e  m ix in g  d u c t.

h, th e  r a t io  o f  th e  o r im a r y  t o t a l  e n th a lp y  to  th a t  o f th e  s e c o n d a ry .

It, th e  r a t io  o f th e  p r im a r y  t o t a l  p r e s s u r e  to  th a t  o f  th e  s e c o n d a ry . 

T h e s e  th r e e  r a t io s  w i l l  h e r e a f te r  be r e f e r r e d  to  as th e  c o n t r o l  p a r a m e te rs .



F o r  any f ix e d  s e t o f c o n t r o l  p a r a m e te r s  th e  c o r re s p o n d in g  
c o n tin u o u s  se t o f s o lu t io n s  is  bounded  b y  tw o  e x tre m e  c o n d it io n s .  F i r s t l y  
th e  b a c k  p r e s s u r e  m a y  be so h ig h  th a t  th e re  is  z e ro  m a s s  f lo w  in  th e  
s e c o n d a ry  s t re a m . T h is  is  te r m e d  a B a se  P r e s s u r e  s o lu t io n .  S e c o n d ly  
th e  b a c k  p r e s s u r e  m a y  f a l l  b e lo w  th e  v a lu e  at w h ic h  th e  e je c to r  b e c o m e s  
ch o ke d , in  w h ic h  ca se  th e  s o lu t io n  e n te rs  th e  S u p e rs o n ic  R e g im e . T h e  
e n t ir e  s o lu t io n  b e tw e e n  th e s e  e x tre m e s  is  d e p e n d e n t on  th e  b a c k  p re s s u r e .
I t  m a y  u s u a l ly  be d iv id e d  in to  tw o  s e c tio n s ,  th e  S u b s o n ic  R e g im e  and th e  
M ix e d  R e g im e . In  th e  S u b so n ic  R e g im e  b o th  s t r e a m s  a re  in je c te d  s u b ­
s o n ic  a l l  y  and th e  in je c t io n  p r e s s u r e s  a re  a s s u m e d  to  be e q u a l. In  th e  
M ix e d  R e g im e  th e  p r im a r y  b e c o m e s  ch o ke d  at th e  p la n e  o f  in je c t io n  and 
i t s  in je c t io n  p re s s u r e  is  t h e r e fo r e  f ix e d  at th e  c r i t i c a l  v a lu e . T h e  s e c o n d a ry  
in je c t io n  p re s s u r e ,  h o w e v e r ,  is  s t i l l  f r e e  to  f a l l  as th e  b a c k  p re s s u r e  
is  re d u c e d , and w i l l  th u s  be le s s  th a n  th a t  o f  th e  p r im a r y .  T h e  c o n d it io n s  
at th e  in je c t io n  p la n e  m a y  be f ix e d  b y  d e f in in g  a v a lu e  f o r  th e  s e c o n d a ry  
in je c t io n  p re s s u r e ,  i r r e s p e c t iv e  o f  w h ic h  r e g im e  th e  s o lu t io n  h ap p en s  
to  be in .  S in ce  i t  is  n o t u s u a l ly  p o s s ib le  to  f in d  an  e x p l ic i t  s o lu t io n  fo r  
th e  c o n d it io n s  u p s tre a m  in  t e r m s  o f  th o s e  d o w n s tre a m , th e  p ro b le m  has  
to  be ta c k le d  th e  o th e r  w a y  ro u n d . V a lu e s  a re  a s s u m e d  f o r  th e  s e c o n d a ry  
in je c t io n  p r e s s u r e  and  th e  c o r re s p o n d in g  d o w n s tre a m  c o n d it io n s  d e te rm in e d .  
S e v e ra l w a y s  in  w h ic h  th is  m a y  be done w i l l  n ow  be e x p la in e d .

2. 1. 1. S tra ig h t  M ix in g .

T h e  s im p le s t  th e o r y  on  e je c to r  f lo w s  is  one  th a t  c o n s id e rs  o n ly  
th e  m ix in g  b e tw e e n  th e  tw o  s t r e a m s .  I t  a s s u m e s  th a t  th e  m ix in g  is  
c o m p le te  b y  th e  end o f th e  d u c t, so th a t  th e  s ta te  o f  th e  m ix e d  s t re a m  
is  u n i fo r m .  T h is  s ta te  m a y  th e n  be re p re s e n te d  b y  a t o t a l  p r e s s u r e ,  
a to ta l  e n th a lp y  and a M a c h  n u m b e r  w h ic h  m a y  be d e te rm in e d  s im p ly  
b y  e q u a tin g  th e  m a s s , m o m e n tu m  and e n e rg y  f lu x e s  in  and o u t o f  th e  d u c t. 
U s in g  th e  n o ta t io n  in  F ig u r e  1, th e s e  c o n d it io n s  g iv e  r i s e  to  th e  fo l lo w in g  
e q u a tio n s  w h e n  c o n s id e r in g  tw o  s t re a m s  c o m p o s e d  o f  th e  s a m e  g a s e s :-

M a s s .

P i^ iV i  + pgAgVg = PsAs^s . . . . 1

E n e rg y .

P l ^ l V i H i  +  P 2 A 2 V 2 ^ 2  =  P 3 A 3 V 3 H 3  . . . .  2

M o m e n tu m .

A i ( p i  +  P i V i ^ )  +  A g ( p g  +  p 2 V 2 ^  =  A s ( p 3  +  P 3 V 3 ® )   5



U s in g  th e  m a s s  f lo w  and m o m e n tu m  fu n c t io n s ,  d e r iv e d  in  A p p e n d ix  1, 
to g e th e r  w ith  th e  fo l lo w in g  s u b s t i tu t io n s

&  and %' =

e q u a tio n s  1, 2 and 3 m a y  be r e w r i t t e n  in  th e  n o n -d im e n s io n a l f o r m  : 

y s  + n 'y ih ' 2  = Y T -E T  : ( " y 3 h ;'v ih " ^  “  — r J t ' 'v o b ^ ^  . . . .  la

z ' -u i _ 1  _ I. i

G iv e n  th a t  a l l  th e  q u a n t i t ie s  on  th e  le f t  han d  s id e s  o f  th e s e  e q u a tio n s  
a re  kn o w n , th e r e  re m a in  th r e e  e q u a tio n s  and th r e e  u n k n o w n s . T h e  u n k n o w n s  
a re  i t ’ ’ ^ 3  and  m3  th e  q u a n t i t ie s  a n d f  3  b e in g  th e  m a s s  f lo w  and 
m o m e n tu m  fu n c t io n s  o f cus . E l im in a t in g ït a n d h s  b e tw e e n  e q u a tio n s  la  
2a and  3a, th e r e  e m e rg e s  a r e la t io n  w h ic h  g iv e s  a q u a d ra t ic  s o lu t io n  f o r  
f o r  th e  s ta te  o f  th e  f u l ly  m ix e d  s t r e a m .

f 3

^  + j -f— T  y s y i î ï '( h ^  + h 2 ) +
1  -  z 7  ^ ' y i

. . .  .4

E q u a t io n  4 w i l l  in  g e n e ra l y ie ld  tw o  ro o ts  f o r  m3  . I f  th e y  a re  r e a l  
one w i l l  be  a s u b s o n ic  s o lu t io n  and th e  o th e r ,  i f  i t  is  f in i t e  and p o s it iv e ,  
w i l l  in d ic a te  a s u p e rs o n ic  s o lu t io n .  I f  th e  tw o  ro o ts  a re  e q u a l, th e re  is  o n ly  
one s o lu t io n  and th a t  is  th a t  th e  m ix e d  s t re a m  is  s o n ic  and c h o k e d . I f  th e  
ro o ts  a re  im a g in a r y  th e n  th e  a s s u m e d  s e c o n d a ry  m a s s  f lo w  is  g r e a te r  th a n  
th a t  a t w h ic h  th e  m ix e d  s t r e a m  b e c o m e s  c h o k e d  and th e r e fo r e  su ch  a f lo w  
c a n n o t e x is t .  T h e  o n ly  m o d e s  o f  c h o k in g  p re d ic ta b le  b y  th is  th e o ry  a re  th e  
c h o k in g  o f th e  f u l ly  m ix e d  s t r e a m  and  th e  s o n ic  c h o k in g  o f  th e  s e c o n d a ry  
in je c t io n  n o z z le .  O nce  th e  v a lu e s  o fm ^a re  kn o w n  th e  c o r re s p o n d in g  v a lu e s  
f o r  th e  t o t a l  p r e s s u r e  and  th e  t o t a l  e n th a lp y  m a y  be d e te rm in e d  b y  s u b s t i­
tu t io n  b a c k  in to  e q u a tio n s  la  and  2a. A n  a lg o l p ro c e d u re  to  s o lv e  e q u a tio n  4 
is  se t o u t in  A p p e n d ix  3.

T h is  s im p le  th e o r y  d e a ls  f a i r l y  w e l l  w ith  th e  S u b s o n ic  R e g im e , b u t 
is  fo u n d  in a d e q u a te  to  d e s c r ib e  th e  p he n o m e n a  th a t  o c c u r  in  th e  M ix e d  and 
S u p e rs o n ic  R e g im e s  o f e je c to r  f lo w .  H o w e v e r , i t  m a y  be c o m b in e d  w ith  
v a r io u s  th e o r ie s  on th e  i n i t i a l  p r e s s u r e  a d ju s tm e n t  to  p ro v id e  s o m e  m o re  
s a t is fa c to r y  f lo w  d e s c r ip t io n s .



2 .1 .2 ,  T h e  T w o  S tre a m  T h e o r ie s .

T h e s e  th e o r ie s  d e a l w ith  th e  f lo w s  in  th e  M ix e d  and  S u p e rs o n ic  
R e g im e s  and  th e y  a l l  d iv id e  th e  f lo w  in to  to  tw o  d is t in c t  r e g io n s .  In  th e  
f i r s t  re g io n  b o th  s t r e a m s  a c c e le ra te ,  th e  p r im a r y  e x p a n d in g  and  th e  s e c o n d a ry  
c o n t ra c t in g ,  in  su ch  a w a y  as to  re d u c e  th e  in e q u a l i t y  o f th e  in je c t io n  
p re s s u r e s  w ith o u t  a c tu a l ly  m ix in g .  T h is  p ro c e s s  is  a s s u m e d  to  ta k e  
p la c e  r a p id ly  and to  be  o v e r  b y  th e  t im e  any  a p p re c ia b le  m ix in g  c o u ld  
h a ve  ta k e n  p la c e . T h e  m ix in g  ta k e s  p la c e  in  th e  se co n d  re g io n  and  m a y  
be c o n s id e re d  to  be d e s c r ib e d  b y  th e  S t ra ig h t  M ix in g  th e o ry  d e a lt  w ith  in  
th e  la s t  s e c t io n .

T h e  w a y s  in  w h ic h  i t  is  p o s s ib le  to  d e s c r ib e  th e  p r e s s u r e  a d ju s tm e n t  
p ro c e s s  in  te r m s  o f  one d im e n s io n a l e q u a tio n s  w i l l  n o w  be d is c u s s e d  w ith  
re fe r e n c e  to  f ig u r e  2 . . H e re  is  d e p ic te d  a s im p le  c o n s ta n t a re a  m ix in g
e je c to r  f o r  w h ic h  th e  c o n d it io n s  a t th e  in je c t io n  p la n e  a re  a lre a d y  kn o w n .
T h e  p r im a r y  s t re a m  is  c h o k e d  and th e  s e c o n d a ry  in je c t io n  p r e s s u r e  is  
le s s  th a n  th a t  o f th e  p r im a r y .  T h e  e x p a n s io n  w i l l  be  c o n s id e re d  to  end 
a t a p la n e  f u r t h e r  d o w n s tre a m  w h e re  b o th  s t re a m s  w i l l  a g a in  be c o n s id e re d  
to  h a ve  re a c h e d  u n i fo r m  s ta te s .  T h e s e  s ta te s  m a y , t h e r e fo r e ,  be r e p r e ­
se n te d  in  a one d im e n s io n a l m a n n e r .

T h e  s e c o n d a ry  s t r e a m  b e in g  s u b s o n ic  is  g e n e r a l ly  a s s u m e d  to  b eh a ve  
is e n t r o p ic a l ly  d u r in g  th e  e x p a n s io n . T h e  p r im a r y  s t r e a m  m a y  a ls o  be 
a s s u m e d  to  behave  is e n t r o p ic a l ly ,  o r  in  o th e r  w o rd s  i t  m a y  be a s s u m e d  
th a t  th e re  is  no lo s s  o f  t o ta l  p r e s s u r e .  T h e  m o m e n tu m  e xch a n g e  b e tw e e n  
th e  tw o  s t re a m s  m u s t be e q u a l and  o p p o s ite .  T h e  s ta t ic  p r e s s u r e s  o f  th e  
tw o  s t re a m s  sh o u ld  be e q u a l a t th e  end o f th e  e x p a n s io n . W ith  a l l  th e s e  
c o n d it io n s  in  o p e ra t io n  th e  one d im e n s io n a l s o lu t io n  b e c o m e s  o v e r  s p e c if ie d  
b y  one c o n s t r a in t .  T h e r e fo r e ,  in  o r d e r  to  o b ta in  a s o lu t io n  one o f th e  
c o n d it io n s  m u s t be re la x e d .  T h e  d if fe re n c e s  b e tw e e n  th e  v a r io u s  tw o  
s t r e a m  th e o r ie s  l ie  in  w h ic h  o f  th e s e  c o n d it io n s  th e y  c h o o s e  to  r e la x .  In  
F a b r i ’ s s o lu t io n  th e  s ta t ic  p re s s u r e  a t th e  end o f th e  e x p a n s io n  a re  n o t 
a s s u m e d  to  be e q u a l. In  th e  I s e n t r o p ic  T w o  S tre a m  T h e o r y  i t  is  the  m o m e n tu m  
b a la n c e  th a t  is  n e g le c te d  and in  th e  P o ly t r o p ic  T w o  S t re a m  T h e o ry  th e  
p r im a r y  s t r e a m  is  a s s u m e d  to  e xp a n d  i r r e v e r s i b l y .  T h e  e q u a tio n s  d e s c r ib ­
in g  th is  e x p a n s io n  p ro c e s s  w i l l  n ow  be d e r iv e d  a c c o rd in g  to  th e s e  th re e  
d i f fe r e n t  th e o r ie s .  T h e  n o ta t io n  u s e d  is  e x p la in e d  in  F ig u r e  2.

( i)  T h e  P r im a r y  E x p a n s io n  A c c o r d in g  to  F a b r i ’ s T h e o r y .

T h e  c o n t in u ity  e q u a tio n  f o r  th e  s e c o n d a ry  s t r e a m  m a y  be w r i t t e n  : -

T h e  e n e rg y  e q u a tio n  m a y  be w r i t t e n  : -

H 2 1  ~ H 2 2

S in ce  i t  is  is e n t r o p ic ,

P 2 1  = P 2 2



H ence  th e  c o n t r a c t io n  o f th e  s e c o n d a ry  s t r e a m  m a y  be d e s c r ib e d  b y  the  
r e la t io n

S im i la r ly  f o r  th e  p r im a r y  s t re a m .

A l l  y i i  "  A i^ y  1 2

T h e  d u c t is  o f  c o n s ta n t c r o s s - s e c t io n a l  a re a , h e n ce

A l l  A 2 1  -  A la  + A £  £ ------7

T h e  m o m e n tu m  e x c h a n g e  b e tw e e n  th e  s t re a m s  is  e q u a l and  o p p o s ite  and 
th u s  th e  m o m e n tu m  f lu x e s  a c ro s s  th e  tw o  p la n e s  a re  e q u a l.

A l l  I ’l l  f  1 1  + A2 1  P2 1  f 2 1  -  A] 2  P1 2  f l 2  + A2 2  P2 2  f £ £

T h e s e  e q u a tio n s  m a y  be e x p re s s e d  in  th e  n o n - d im e n s io n a l f o r m

. . .  .8

z y i i  = 2 ’ y ia  

(P -  z) Y a i  ~ (1 -  z ’ ) y  2 2 

It z f i i  + (1 -  z ) f a i  = i t z ^ f i2  + (1 -  z.’ )p££

. • • • ̂  a 

• • • • 8 a

. . . .8a

U s in g  5a to  s u b s t i tu te  in to  6 a and  8 a f o r  we g e t th e  fo l lo w in g  tw o  e q u a tio n s  
in  fu n c t io n s  o f th e  u n k n o w n s  m ai and  maa •

i tz  f i i  + (1 -  z ) f 2 i  = Itz  y i i  + (1 -  z )y 2 i
y 1 2 y£ 2

. . . .  9

and

( l - z ) y 2 i  - 1  -  z y  1 1

y 32 y£ 2 . . . . 1 0

A  m e th o d  o f  s o lu t io n  f o r  th e s e  e q u a tio n s  w o u ld  be to  ch oo se  s u c c e s s iv e  
v a lu e s  f o r  CD2 2  in  su ch  a w a y  th a t  th e  tw o  v a lu e s  o f m ia  d e r iv e d  f r o m  th e  
e q u a tio n s  te n d  to  c o n v e rg e .



A n o th e r  m o d e  o f c h o k in g  b e c o m e s  fe a s ib le  w h e n  th e  p r im a r y  
e x p a n s io n  p ro c e s s  is  d e s c r ib e d  b y  th is  th e o ry .  A s  th e  s e c o n d a ry  m a s s  
f lo w  in c re a s e s  in  th e  M ix e d  R e g im e  th e  d if fe re n c e  in  in je c t io n  p re s s u r e s  
a ls o  in c re a s e s .  H e n c e  th e  p r im a r y  e x p a n s io n  b e c o m e s  g r e a te r  and  so 
does  th e  s e c o n d a ry  c o n t r a c t io n .  T h is  c a u s e s  th e  s e c o n d a ry  M a c h  n u m b e r  
a t th e  end o f th e  c o n t r a c t io n  to  in c re a s e  r a p id ly  as th e  s e c o n d a ry  in je c t io n  
p r e s s u r e  f a l l s .  T h e  s i tu a t io n  re a c h e s  a l i m i t  w h e n  th e  s e c o n d a ry  s t r e a m  
c h o k e s  in  p la n e  2 ( F ig u r e  2 ) and  th u s  c a u s e s  th e  e je c to r  to  ch o ke  as a 
w h o le .  T h e  in je c t io n  p re s s u r e  a t w h ic h  th is  hap p en s  m a y  be d e te rm in e d  
f r o m  e q u a tio n s  9 a nd  10, b y  p u t t in g  in  th e  c r i t i c a l  v a lu e  o f as a k n o w n  
q u a n t ity  and  t r e a t in g  ( ^ 1 2  and  as th e  u n k n o w n s . T h e n  v a lu e s  fo rcD g i
m a y  be c h o s e n  in  s u c h  a w a y  th a t  th e  c o r re s p o n d in g  v a lu e s  o f m ig d e te rm in e d  
f r o m  e q u a tio n s  9 a nd  10 te n d  to  c o n v e rg e . A n  a lg o l p ro c e d u re  to  c a r r y  o u t 
th is  p ro c e s s  is  g iv e n  in  A p p e n d ix  3.

( i i )  T h e  P r im a r y  E x p a n s io n  A c c o r d in g  to  th e  Is e n t r o p ic  T w o  S tre a m
T h e o r y .

In  t h is  th e o r y  b o th  s t r e a m s  a re  a s s u m e d  to  b e h a ve  is e n t r o p ic a l ly  
and  th e  e x p a n s io n  is  a s s u m e d  to  end w ith  th e  s ta t ic  p r e s s u r e s  in  e a ch  
s t r e a m  e q u a l.  I t  i s  th e  m o m e n tu m  b a la n c e  th a t  is  ig n o re d .

T h e  b e h a v io u rs  o f  th e  s t r e a m s  m a y  th e n  a g a in  be d e s c r ib e d  b y  
th e  e q u a tio n s

A s i Y2 i  = A2 2  ya 2  . . . . 5

A l l  y i i  ~ A i 2 y  1 2  . . . . 6

T h e  e q u a tio n  o f  s ta t ic  p r e s s u r e s  a t th e  end o f th e  p ro c è s  m a y  be w r i t t e n  ; -

P 1 2  "  P 2 2  . . . . 1 1

A g a in  th e  e q u a tio n s  m a y  be p u t in  a n o n -d im e n s io n a l f o r m

2 y i i  = Z» y  1 2  --------5 a

( 1  -  z )y 2 i =  ( 1  -  z ’ )y 2 2  -------6 a

a^i2  = . . . .  1 1 a

z ’ m a y  be  e l im in a te d  b e tw e e n  e q u a tio n s  5a and 6 a to  g iv e

( 1  -  z ) y g i  = 1 -  z ^  y ^  . . . r l 2



E q u a tio n s  l i a  and 12 a re  tw o  e q u a tio n s  in  th e  tw o  u n k n o w n s  and  mgg
F o r  s o lu t io n  th e y  s h o u ld  be r e w r i t t e n  in  th e  f o r m

y i 2  = --------------1 - (l - z) y a i 
ys  2

. . . . l i b

. . . . 12a

F o r  kn o w n  in je c t io n  c o n d it io n s ,  s u c c e s s iv e  v a lu e s  o f mgg s h o u ld  
be c h o s e n  in  such  a w a y  th a t  th e  tw o  v a lu e s  f o r  y  i s  g iv e n  b y  e q u a tio n s  
1 2 a and  1 1 b te n d  to  c o n v e rg e .

T h is  th e o ry  a ls o  p ro d u c e s  i t s  o w n  s p e c ia l m o d e  o f  c h o k in g . I t  
is  p ro b a b ly  b e s t d e s c r ib e d  w ith  r e fe r e n c e  to  a d ia g r a m  su ch  as th a t  in  
F ig u r e  3 . P lo t te d  in  t h is  d ia g ra m  is  th e  b e h a v io u r  o f  th e  s t re a m s  in  
th e  p r e s s u r e - a r e a  f ie ld .  T h e  p a r a m e te r  c h o s e n  to  r e p r e s e n t  th e  a re a  
is  z ',  th e  f r a c t io n  o f th e  c r o s s - s e c t io n a l  a re a  o f th e  m ix in g  tu b e  o c c u p ie d  
b y  th e  p r im a r y  s t re a m . T h u s  an in c re a s e  in  z ’ r e p r e s e n ts  an in c re a s e  in  
th e  p r im a r y  c r o s s - s e c t io n a l  a re a  b u t a ls o  r e p re s e n ts  a re d u c t io n  in  th a t  
o f  th e  s e c o n d a ry . T h e  v e r t i c a l  s c a le  o f th e  g ra p h  is  th e  p r e s s u r e  s c a le  and 
i t  is  n o r m a lis e d  w ith  r e s p e c t  to  th e  s e c o n d a ry  t o t a l  p r e s s u r e .

In  th e  fo l lo w in g  e x p la n a t io n  th e  p r im a r y  e x p a n s io n  and th e  s e c o n d a ry  
c o n t r a c t io n  w i l l  be a s s u m e d  to  fo l lo w  d is t in c t  is e n t r o p ic  c u rv e s .  T h is  
a s s u m p t io n  is  m o re  c o n s t r ic t in g  th a n  is  a b s o lu te ly  n e c e s s a ry ,  and  is  o n ly  
m a d e  in  o r d e r  to  c la r i f y  th e  e x p la n a t io n  o f th e  c h o k e d  s o lu t io n .  T h e  o n ly  
a s s u m p t io n  th a t  is  in  fa c t  n e c e s s a ry  in  o r d e r  to  o b ta in  th e  s o lu t io n  is  th a t  
th e  f lo w s  to w a rd s  th e  end  o f th e  e x p a n s io n  m a y  be d e s c r ib e d  b y  th o s e  
p o r t io n s  o f th e  c u rv e s  in  th e  v ic in i t y  o f  t h e i r  in te r s e c t io n .

T h e  p r im a r y  s t re a m  is  c h o k e d  a t th e  in je c t io n  p la n e  and i t s  m a s s  
f lo w  is ,  th e r e fo r e ,  f ix e d .  T h u s  th e  p r im a r y  e x p a n s io n  m a y  be re p re s e n te d  
in  th e  p r e s s u r e - a r e a  f ie ld  b y  an  is e n t r o p ic  c u rv e  o f  th e  f o r m  o f  A B  in  
F ig u r e  3.

T h e  l in e  z ' = z r e p re s e n ts  th e  in je c t io n  p la n e . T h e  s e c o n d a ry  in ­
je c t io n  c o n d it io n  w i l l ,  th e r e fo r e ,  be re p re s e n te d  b y  a p o in t  on  th is  l in e  
s o m e w h e re  b e tw e e n  th e  p o in ts  A  and  C , C b e in g  a t th e  s e c o n d a ry  c r i t i c a l  
p r e s s u r e .  C h o o s in g  a p a r t i c u la r  v a lu e  f o r  th e  s e c o n d a ry  in je c t io n  p re s s u r e  
su ch  as D , th e  c o r re s p o n d in g  is e n t r o p ic  p r e s s u r e - a r e a  r e la t io n ,  D E , 
m a y  th e n  be d ra w n  in .  T h e  end  o f th e  e x p a n s io n  o c c u r s  th e n  a t th e  i n t e r ­
s e c t io n  o f  th e  tw o  c u rv e s  A B  and  D E  , w h e re  th e  s ta t ic  p r e s s u r e s  h ave  
b e c o m e  e q u a l. N o w  th e re  e x is ts  a w h o le  f a m i ly  o f su c h  s e c o n d a ry  c u rv e s  
(F G , H I, e t c . , )  each  c o r re s p o n d in g  to  p a r t i c u la r  s e c o n d a ry  in je c t io n  
p r e s s u r e s .  A s  th e  s e c o n d a ry  in je c t io n  p re s s u r e  f a l l s  in  th e  M ix e d  R e g im e , 
i t  m a y  be  seen  th a t  th e s e  c u rv e s  m o v e  to  th e  l e f t  a lo n g  th e  z ' a x is ,  and 
th e  d e g re e  o f  th e  p r im a r y  e x p a n s io n  b e c o m e s  g r e a te r .  I f  th e  s e c o n d a ry



in je c t io n  p r e s s u r e  f a l l s  f a r  enough  th e re  w i l l  c o m e  a s ta g e  w hen  th e  
tw o  c u rv e s  w i l l  o n ly  to u c h  ta n g e n t ia l ly ,  and  a t e ve n  lo w e r  p re s s u r e s  
th e r e  w i l l  be no r e a l  s o lu t io n  a t a l l .  T h is  ta n g e n t ia l s o lu t io n  is ,  t h e r e ­
fo r e ,  th e  m a x im u m  m a s s  f lo w  s o lu t io n  c o m p a t ib le  w i th  t h is  th e o ry .  I t  
w i l l  be seen  f r o m  th e  d ia g ra m  th a t  th e  s e c o n d a ry  s t r e a m  is  a lw a y s  s u b s o n ic  
e ve n  in  th is  m a x im u m  f lo w  c a s e . I t  is  a s s u m e d  th a t  th e  ta n g e n t ia l 
s o lu t io n  p ro v id e s  a m e c h a n is m  o f  c h o k in g  to  p re v e n t  th e  s e c o n d a ry  
in je c t io n  p re s s u r e  f r o m  d ro p p in g  a n y  f u r t h e r .  T h is  c h o k e d  s o lu t io n  
m a y  be d e te rm in e d  f r o m  e q u a tio n s  1 2 a and l i b  above  b y  c h o o s in g  s u c c e s ­
s iv e  v a lu e s  f o r  cDgi in  su ch  a w a y  th a t  th e  tw o  v a lu e s  o f  y i 2  c o r re s p o n d ­
in g  to  a s u c c e s s io n  o f  v a lu e s  f o r  CD2 2  te n d  to  c o n v e rg e  in  a ta n g e n t ia l 
m a n n e r .

( i i i )  T h e  P r im a r y  E x p a n s io n  A c c o r d in g  to  th e  P o ly t r o p ic  T w o  S tre a m  
T h e o r y .

T h is  th e o ry  ta k e s  in to  a c c o u n t b o th  th e  m o m e n tu m  b a la n c e  b e tw e e n  
th e  s t re a m s  and  th e  e q u a li ty  o f  t h e i r  s ta t ic  p re s s u r e s  a t th e  end  o f  th e  
e x p a n s io n  p ro c e s s .  A s  b e fo re  th e  s e c o n d a ry  s t r e a m  is  c o n s id e re d  to  
b e h a v e  is e n t r o p ic a l ly .  T h e  p r im a r y  s t re a m , h o w e v e r ,  is  n o t a s s u m e d  to  
b e h a v e  is e n t r o p ic a l ly ,  th o u g h  b o th  e n e rg y  and m a s s  a re  c o n s id e re d  to  be 
c o n s e rv e d  w ith in  th e  s t r e a m .

T h e  s e c o n d a ry  c o n t r a c t io n  m a y  . s t i l l  be  d e s c r ib e d  b y  e q u a tio n  5a.

^  . . . . 5 a
1  -  Z Y 2 2

F o r  th e  i r r e v e r s ib le  e x p a n s io n  o f  th e  p r im a r y ,  c o n t in u ity  s ta te s  th a t

P i i  A i i V i i  =  P 1 2  A 1 2 V 1 2

W h ic h  m a y  be c o m b in e d  w ith  th e  e n e rg y  e q u a tio n  H u  = H1 2

and w r i t t e n  in  th e  f o r m

2 P i i  y  11 = 2 ’ P i 2  y  12  — 13

T h e  e q u a lity  o f  th e  s ta t ic  p r e s s u r e s  a t th e  end o f th e  e x p a n s io n  m ay be 
e x p re s s e d

P12 “ P22 ‘ . . . . l 4

o r

P i  2 a)i2 -  P22 aig2 • • • » l4a

S in c e  th e  tw o  s t r e a m s  a re  c o n ta in e d  in  a p a r a l le l  s id e d  d u c t, th e  
m o m e n tu m  e xch a n g e  b e tw e e n  th e m  m u s t be  e q u a l and o p p o s ite ,  and  hen ce  
th e  m o m e n tu m  f lu x e s  a c ro s s  p la n e s  1 and 2 m u s t a ls o  be e q u a l. T h a t  is



A l l  (p  1 1  + P l l  V i i ^ )  + A g i  (P2 l  + P s iV g i^  -  A i 2  ( p i 2  + P l2  V i 2 ^)

+ A gg  (p 2 2  + P2 2  V g g ^  . . . . 1 5

U s in g  th e  m o m e n tu m  fu n c t io n  f  ( and th e  o th e r  s u b s t i tu t io n s  m e n tio n e d  
above , e q u a tio n  15 m a y  be w r i t t e n  in  th e  f o r m

z P i i f i i  + ( l - z ) P g i f g i  -  z ’P i g  f i g  + ( 1  -  2 ’ )Pg2 f 22 # # # #15^

S in ce  th e  s e c o n d a ry  s t r e a m  is  is e n t r o p ic  i t  s u f fe r s  no  lo s s  in  t o t a l  p r e s s u r e .  
F u r t h e r  f r o m  e q u a tio n  13,

S u b s t itu t in g  th is  in to  e q u a tio n  15a,

• • • •13 ̂

z o r f i i  + ( 1  -  z ) f g i

and  in to  14 a,

y i i  
y  1 2

îc f ig  + ( 1  -  z ’ ) f 2 2 — 1 5 b

< ^ 1 2

N o w  f r o m  e q u a tio n  5a,

Cüg2 . . . . l4 b

z ’ -  1  -  ( 1  -  z)
y2 2

S u b s t itu t in g  in to  e q u a tio n  15b f o r  z ’ .

ir z
-11 + fg

1  -  z 

and  in to  14b,

It z y  1 1  (Dig = y i 2  <P2 2

— ' “ I k , •  ' “ i R1  -  z

1  -  ( 1  -  z ) yh i
y22

. . . . l4 c

T h e  d e g re e  o f  i r r e v e r s i b i l i t y  in  th e  p r im a r y  e x p a n s io n  m a y  be ju d g e d  b y  
th e  lo s s  o f  t o t a l  p re s s u r e ,  w h ic h  in  t u r n  m a y  be fo u n d  u s in g  e q u a tio n  13a,

P l l  -  P1 2

P l l
=  1 -

2  y i i  
z ’ y i 2

. . . .  16

E q u a tio n s  14c and 15c a re  tw o  e q u a tio n s  r e la t in g  fu n c t io n s  o f th e  
th r e e  v a r ia b le s  (O g i, (Dig and (Dgg . F o r  g iv e n  in je c t io n  c o n d it io n s ,  
th a t  is  w h e n  < ^ 2 1  is  kn o w n , th e s e  e q u a tio n s  m a y  be s o lv e d  to  f in d  th e  
c o n d it io n s  in  e a ch  o f  th e  s t re a m s  a t th e  end  o f th e  e x p a n s io n . A g a in  th is



m a y  be  done b y  c h o o s in g  s u c c e s s iv e  v a lu e s  f o r  mgg in  su ch  a w a y  th a t  th e  
tw o  c o r re s p o n d in g  v a lu e s  f o r  (Dig d e r iv e d  f r o m  e q u a tio n s  14c and 15c 
te n d  to  c o n v e rg e . A n  a lg o l p ro c e d u re  d e s ig n e d  to  f in d  th e  v a lu e s  o f (Dig 
and  (1 : ^ 2  f o r  g iv e n  v a lu e s  o f (Dgi is  g iv e n  in  A p p e n d ix  3.

T h is  th e o r y  p ro v id e s  a m o d e  o f  c h o k in g  v e r y  s im i l a r  to  th a t  o f 
th e  Is e n t r o p ic  T w o  S tre a m  T h e o r y .  T h e  s o lu t io n  in  th e  c h o k e d  ca se  is  
a g a in  a ta n g e n t ia l o ne . T h e  p o s s ib le  c o n t ra c t io n s  o f  th e  s e c o n d a ry  s t r e a m  
m a y  a g a in  be  re p re s e n te d  b y  a f a m i ly  o f is e n t r o p ic  p r e s s u r e - a r e a  c u rv e s .
T h e  p r im a r y  e x p a n s io n s  m a y  a ls o  be re p re s e n te d  b y  a f a m i ly  o f c u rv e s  
e a ch  c o r r e s p o n d in g  to  a s p e c i f ic  s e c o n d a ry  in je c t io n  p re s s u r e  and each  
h a v in g  a s l ig h t ly  d i f fe r e n t  d e g re e  o f i r r e v e r s i b i l i t y .

A s  in  th e  la s t  s e c t io n ,  th e  a s s u m p t io n  th a t  b o th  s t r e a m s  behave  
r i g id l y  a c c o r d in g  to  th e  g iv e n  c u rv e s  d u r in g  th e  e x p a n s io n  is ,  in  fa c t ,  u n ­
n e c e s s a ry  as  lo n g  as th e y  a p p ro a c h  t h is  c o n d it io n  to w a r d s  th e  end o f th e  
e x p a n s io n .

A s  th e  s e c o n d a ry  in je c t io n  p re s s u r e  f a l ls  a ta n g e n t ia l  s o lu t io n  is  
a p p ro a c h e d  a t w h ic h  th e  f lo w  is  a s s u m e d  to  ch o ke . T h e  s e c o n d a ry  s t r e a m  
is  a g a in  e n t i r e ly  s u b s o n ic ,  e v e n  in  th e  ch o ke d  c o n d it io n .  A n  a lg o l p ro c e d u re  
to  f in d  t h is  c h o k e d  s o lu t io n  is  p re s e n te d  in  A p p e n d ix  3.

2 .1 . 3 .  C o m p le te  O n e -D im e n s io n a l T h e o r ie s .

G iv e n  th e  in je c t io n  c o n d it io n s ,  e ach  o f th e  a bo ve  tw o  s t re a m  
th e o r ie s  m a y  be u s e d  to  p r e d ic t  th e  s ta te s  o f th e  tw o  s t re a m s  a t th e  end  
o f  th e  p r im a r y  e x p a n s io n . T h e s e  s ta te s  m a y  in  t u r n  be  u s e d  as th e  i n i t i a l  
s ta te s  f o r  th e  S t ra ig h t  M ix in g  T h e o r y  in  o r d e r  to  d e te rm in e  th e  s ta te  o f 
th e  f u l l y  m ix e d  s t re a m .  T h u s  u s in g  any  one o f th e  tw o  s t r e a m  th e o r ie s  
in  c o n ju n c t io n  w ith  th e  S t r a ig h t  M ix in g  T h e o ry  w e n o w  h a ve  a c o m p le te  
o n e -d im e n s io n a l th e o r y  o f  e je c to r  p e r fo rm a n c e .

T o  o b ta in  th e  c o m p le te  se t o f  s o lu t io n s  c o r re s p o n d in g  to  a p a r t i c u la r  
se t o f  c o n t r o l  p a r a m e te r s  a p ro c e s s  a lo n g  th e  l in e s  o f  th e  fo l lo w in g  s h o u ld  
be c a r r ie d  o u t. T h e  c o m p le te  s e t o f  s o lu t io n s  w i l l  in  g e n e ra l c o n ta in  f lo w s  
in  th e  S u b s o n ic , M ix e d  and S u p e rs o n ic  R e g im e s . A s  e x p la in e d  above  each  
s o lu t io n  in  th e  se t c o r re s p o n d s  to  a p a r t i c u la r  v a lu e  o f  th e  s e c o n d a ry  
in je c t io n  p r e s s u r e .  T h e  ra n g e  in  w h ic h  th is  p re s s u r e  m a y  l ie  is  r e s t r ic t e d  
a t th e  h ig h  end  b y  th e  B a s e  p re s s u r e  s o lu t io n  and  a t th e  lo w  end  b y  th e  f u l ly  
c h o k e d  s o lu t io n .  S ta r t in g  a t th e  base  p re s s u r e  end, w i th  a v a lu e  o f th e  
s e c o n d a ry  in je c t io n  p r e s s u r e  ju s t  b e lo w  th a t  o f th e  t o t a l  p re s s u r e ,  th e  
s o lu t io n s  s h o u ld  be d e te rm in e d  f o r  s e r ie s  o f s u c c e s s iv e ly  s m a l le r  in je c t io n  
p r e s s u r e s  u n t i l  i t  is  fo u n d  th a t  th e  e je c to r  h a s  b e c o m e  c h o k e d . T h is  m a y  
h a p p e n  e i th e r  due to  th e  tw o  s t re a m  c h o k in g  e f fe c t  o r  due to  th e  s o n ic  c h o k in g  
o f th e  m ix e d  s t re a m .  W h ic h  o c c u rs  f i r s t  w i l l  d epend  on  th e  a c tu a l c o n t r o l  
p a r a m e te r s  in  u s e .

T h e  v a lu e  o f th e  s e c o n d a ry  in je c t io n  p r e s s u r e  a t w h ic h  th e  p r im a r y  
s t r e a m  b e c o m e s  c h o k e d  in  th e  in je c t io n  p la n e  m a y  be d e te rm in e d  f r o m  
th e  e q u a tio n



F lo w s  w ith  s e c o n d a ry  in je c t io n  p re s s u r e s  a bo ve  th is  v a lu e  w i l l  
be in  th e  S u b so n ic  R e g im e . T h e  in je c t io n  p re s s u r e s  w i l l  be e q u a l and  
t h e i r  s o lu t io n s  m a y  be  fo u n d  u s in g  th e  S t ra ig h t  M ix in g  th e o r y  b y  i t s e l f .

F o r  v a lu e s  b e lo w  th is ,  h o w e v e r ,  th e  s o lu t io n  w i l l  be  in  th e  M ix e d  
re g im e  and  th e  S t ra ig h t  M ix in g  th e o r y  m u s t  be u s e d  in  c o n ju n c t io n  w ith  
one o f th e  tw o  s t r e a m  th e o r ie s  in  o r d e r  to  g e t a m o re  c o m p re h e n s iv e  
d e s c r ip t io n  o f th e  f lo w .  In  c a s e s  in  w h ic h  e i t h e r  th e  P o ly t r o p ic  T w o  S tre a m  
th e o ry  o r  F a b r i ’ s th e o r y  is  b e in g  u se d  f o r  a f lo w  in  th e  M ix e d  R e g im e , i t  
s h o u ld  be n o te d  th a t  i f  th e  o n ly  o b je c t  in  f in d in g  a s o lu t io n  is  to  d e te rm in e  
th e  s ta te  o f th e  m ix e d  s t re a m , th is  m a y  be a c h ie v e d  b y  u s in g  th e  S t ra ig h t  
M ix in g  th e o r y  a lo n e ; f o r  in  b o th  th e s e  tw o  s t r e a m  th e o r ie s  m a s s , m o m e n tu m  
and  e n e rg y  a re  a l l  c o n s e rv e d .  In  th e  ca se  o f th e  I s e n t r o p ic  T w o  S t re a m  
th e o ry ,  h o w e v e r ,  s u c h  a s te p  w o u ld  le a d  to  a d i f fe r e n t  a n s w e r  b e c a u s e  in  
th e  la t t e r  th e o r y  m o m e n tu m  is  n o t n e c e s s a r i ly  c o n s e rv e d .

2 .1 . 4 .  T h e  T w o  S tre a m  M o d e s  o f  C h o k in g .

E a c h  o f  th e  T w o  S t re a m  th e o r ie s  p ro d u c e s  i t s  o w n  s p e c ia l m ode  
o f  c h o k in g . In  F a b r i ’ s th e o r y  th e  s e c o n d a ry  s t r e a m  c h o k e s  s o n ic  a l ly  
a t  th e  end  o f  th e  p r im a r y  e x p a n s io n  and  in  d o in g  so p ro v id e s  a r e a d i l y  
a c c e p ta b le  m e c h a n is m  f o r  th e  c h o k in g .  T h e  o th e r  tw o  th e o r ie s  on  th e  
o th e r  h an d  b o th  ch o ke  th e  s e c o n d a ry  w h ile  i t  is  s t i l l  s u b s o n ic  and a re ,  
th e r e fo r e ,  s o m e w h a t in  need  o f an  e x p la n a t io n .  In  th e  ca s e  o f th e  P o ly t r o p ic  
T w o  S tre a m  th e o ry  i t  h a s  b e e n  sh o w n  b y  P e a rs o n  e t.  a l.  (R e fe re n c e  2) 
th a t  th e  r e la t io n  b e tw e e n  th e  s ta te s  a t th e  end o f  th e  p r im a r y  e x p a n s io n  
is  the  s a m e  as th a t  f o r  a s ta t io n a r y  w a ve  v e lo c i t y  in  a tw o  s t r e a m  s y s te m . 
T h is  g e n e ra lis e d  c o n c e p t o f c h o k in g  w i l l  be d is c u s s e d  f u r t h e r  in  a fo l lo w in g  
s e c t io n .



2, 2. O N E-D IM ENSIG N A L TH EO RY  A P P L IE D  TO  SUPERSONIC E JE C T O R S .

T h e  th e o r ie s  d is c u s s e d  above  m a y  be e x te n d e d  to  c o v e r  c e r ta in  
f lo w  re g im e s  in  s u p e rs o n ic  e je c to r s .  T h e  se t up r e f e r r e d  to  as a s u p e rs o n ic  
e je c to r  in  th is  p a p e r  is  i l l u s t r a t e d  in  F ig u r e  4. I t  c o n s is ts  o f  tw o  n o z z le s  
d is c h a rg in g  in to  a c o n s ta n t a re a  m ix in g  d u c t. O ne o f  th e  n o z z le s  is  
p u r e ly  c o n v e rg e n t and  th e  o th e r  is  c o n v e rg e n t -d iv e rg e n t .  T h e  la t t e r  i s  
r e f e r r e d  to  as th e  p r im a r y  in je c t io n  n o z z le  and th e  s t r e a m  th a t  p a s s e s  
th ro u g h  i t  i s  c a lle d  th e  p r im a r y  s t re a m . T o  g iv e  an id e a  o f  th e  p h y s ic a l 
c o n te x t in to  w h ic h  a n y  th e o r y  on s u p e rs o n ic  in je c t io n  m u s t  f i t ,  a b r ie f  
d e s c r ip t io n  o f th e  v a r io u s  f lo w  re g im e s  th a t  a re  fo u n d  to  e x is t  w i l l  be g iv e n .

2. 2. 1. A  Q u a l i ta t iv e  D e s c r ip t io n  o f  th e  F lo w s  F o u n d  to  O c c u r  in
S u p e rs o n ic  E je c to r s .

W h e n  th e  f lo w  th ro u g h o u t  a n  e n t i r e  e je c to r  s y s te m  is  s u b s o n ic  
th e  e je c to r  is  s a id  to  b e  o p e ra t in g  in  th e  S u b so n ic  R e g im e , Such f lo w s  
o c c u r  in  e je c to r s  o p e ra t in g  a t lo w  t o ta l  p r e s s u r e  r a t io s  and  e x h a u s tin g  
in to  r e la t iv e ly  h ig h  b a c k  p r e s s u r e s .  T h e  in je c t io n  p r e s s u r e s  a re  e q u a l 
and th e  t o t a l  p r e s s u r e s  o f th e  tw o  in je c te d  s t r e a m s  and  th e  b a c k  p r e s s u r e  
a re  a l l  o f th e  sa m e  o r d e r .  T h e  w h o le  f lo w  is  d e p e n d e n t on  th e  b a c k  p r e s s u r e  
a g a in s t w h ic h  th e  s y s te m  e x h a u s ts .

In  e je c to r s  o p e ra t in g  a t h ig h e r  to ta l  p re s s u r e  r a t io s  and  lo w e r  
b a c k  p r e s s u r e s  th e  p r im a r y  s t r e a m  w i l l  b e c o m e  ch o ke d  at th e  th r o a t  o f  
th e  p r im a r y  in je c t io n  n o z z le .  T h e  p r im a r y  m a s s  f lo w  w i l l  th u s  b e c o m e  
in d e p e n d e n t o f  th e  b a c k  p re s s u r e .  T h e  s e c o n d a ry  s t r e a m ,  h o w e v e r ,  r e ­
m a in in g  e n t i r e ly  s u b s o n ic , w i l l  s t i l l  be b a c k  p r e s s u r e  d e p e n d e n t. A l l  
f lo w s  in  w h ic h  th e  p r im a r y  is  ch o ke d  and th e  s e c o n d a ry  is  n o t a re  c la s s ­
i f ie d  in  th e  M ix e d  R e g im e . T h e  M ix e d  R e g im e  m a y  be s u b d iv id e d  a c c o rd in g  
to  th e  b e h a v io u r  o f  th e  s t r e a m s  on e n t r y  to  th e  m ix in g  d u c t. I f  th e  p r im a r y  
is  o v e re x p a n d e d  on  e n t r y  to  th e  d u c t, th a t  is  i f  th e  p r im a r y  in je c t io n  p r e s s u r e  
is  le s s  th a n  th a t  o f  th e  s e c o n d a ry , as d e p ic te d  in  F ig u r e  4b, th e n  th e  f lo w  
is  s a id  to  be  in  th e  S u p e rs a tu ra te d  JVTLxed R e g im e . O n  th e  o th e r  hand , 
w hen  th e  s e c o n d a ry  in je c t io n  p r e s s u r e  is  le s s  th a n  th a t  o f  th e  p r im a r y  
and th e  p r im a r y  e n te rs  th e  m ix in g  d u c t in  an  u n d e re x p a n d e d  s ta te , th e  
f lo w  is  s a id  to  be in  th e  S u p e rs o n ic  M ix e d  R e g im e . Such a f lo w  is  
i l l u s t r a t e d  in  F ig u r e  4d. T h e  c o n d it io n  b e tw e e n  th e s e  tw o , w h e n  th e  in je c t ­
io n  p re s s u r e s  a re  e q u a l, is  kn o w n  as th e  S a tu ra te d  C o n d it io n  and is  sh o w n  
in  F ig u r e  4 c . In  a l l  th e  M ix e d  R e g im e s  th e  f lo w s  a re  a lw a y s  b a c k  p r e s s u r e  
d ep e nd e n t.

T h e re  o c c u rs ,  f o r  a n y  g iv e n  e je c t io n  c o n f ig u ra t io n ,  a c e r ta in  l i m i t  
in  th e  b a c k  p r e s s u r e  b e lo w  w h ic h  th e  to ta l  m a s s  f lo w  b e c o m e s  in d e p e n d e n t 
o f  th e  b a c k  p re s s u r e .  T h e  r e g im e s  o f  th e  s o lu t io n  in  w h ic h  th is  o c c u rs  
a re  te r m e d  th e  S u p e rs o n ic  R e g im e s  and th e y  m a y  a g a in  be d is t in g u is h e d  
f r o m  one a n o th e r  b y  th e  b e h a v io u r  o f the  tw o  u n m ix e d  s t r e a m s  on  in je c t io n .  
F lo w s  in  w h ic h  th e  p r im a r y  s t r e a m  is  o v e re x p a n d e d  on in je c t io n  a re  
c la s s i f ie d  in  th e  S u p e rs a tu ra te d  S u p e rs o n ic  R e g im e  and th o s e  in  w h ic h  
i t  is  u n d e re x p a n d e d  on  in je c t io n  a re  c la s s i f ie d  in  e i th e r  th e  S u p e rs o n ic  R e g im e



o r  th e  S a tu ra te d  S u p e rs o n ic  R e g im e . T h e  b o u n d a ry  b e tw e e n  th e  S u p e r­
s a tu ra te d  S u p e rs o n ic  R e g im e  and  th e  S a tu ra te d  S u p e rs o n ic  R e g im e  is  
in d e p e n d e n t o f th e  th e o r y  u s e d , b u t d i f fe r e n t  th e o r ie s  f o r  th e  S u p e rs o n ic  
and S a tu ra te d  S u p e rs o n ic  R e g im e s  le a d  to  d i f fe r e n t  b o u n d a r ie s  b e tw e e n  
th e m . T h e o r ie s ,  in  w h ic h  o n ly  one s o lu t io n  w ith  e q u a l in je c t io n  p re s s u r e s  
o c c u r ,  p la c e  a l l  f lo w s  in  w h ic h  th e  p r im a r y  is  u n d e r -e x p a n d e d  in  th e  
S u p e rs o n ic  R e g im e ; w h ile  th e o r ie s ,  in  w h ic h  tw o  s o lu t io n s  w ith  e q u a l 
in je c t io n  p r e s s u r e s  o c c u r ,  p la c e  a l l  f lo w s  b e tw e e n  th e s e  tw o  s o lu t io n s  
in  th e  S a tu ra te d  S u p e rs o n ic  R e g im e  w h e th e r  th e  p r im a r y  is  u n d e r-e x p a n d e d  
o r  n o t .  In  th e  l a t t e r  ca s e  i t  m a y  be seen  th a t  th e  S a tu ra te d  S u p e rs o n ic  
R e g im e  is  a f in i t e  r e g im e ,  w h e re a s  in  th e  f o r m e r  c a s e  i t  c o n s is ts  o f o n ly  
a s in g le  f lo w  o r  s o lu t io n .  T h e s e  th r e e  S u p e rs o n ic  R e g im e s  a re  i l l u s t r a t e d  
in  F ig u r e s  4e to  h .

2 . 2 . 2 .  T h e  P o s s ib le  M o d e s  o f  C h o k in g .

T h e  f lo w s  in  th e  S u p e rs o n ic  R e g im e s  h a ve  b e e n  s u b - c la s s i f ie d  
a bo ve  a c c o r d in g  to  th e  b e h a v io u r  o f  th e  tw o  in je c te d  s t re a m s  on  in je c t io n .  
T h e s e  f lo w s ,  b y  d e f in i t io n ,  a l l  c o n ta in  so m e  s o r t  o f  c h o k in g . T o  a c e r ta in  
e x te n t  th e  w a y  in  w h ic h  a ny  p a r t i c u la r  f lo w  c h o k e s  w i l l  depend  on th e  re g im e  
to  w h ic h  i t  b e lo n g s . In  th e  c o n te x t  o f s u p e rs o n ic  e je c to r s ,  th e  p o s s ib le  
m o d e s  o f  c h o k in g  m a y  be d iv id e d  in to  fo u r  m a jo r  g ro u p s . F i r s t l y  i f  th e  
t o t a l  e n th a lp y  r a t io  b e tw e e n  th e  s t re a m s  is  la r g e  e n o u g h  o r  th e  s t re a m s  
a re  c o m p o s e d  o f  d i f fe r e n t  g a s e s  th e  f lo w  m a y  b e c o m e  c h o k e d  a c ro s s  th e  
end  o f  th e  m ix in g  d u c t.  T h e  a c tu a l m e c h a n is m  o f t h is  c h o k in g  w i l l  n a tu r a l ly  
d ep e nd  on  th e  d e g re e  o f m ix in g  h a v in g  ta k e n  p la c e  w i t h in  th e  d u c t. G o in g  
to  th e  o th e r  e x tre m e , th e  e je c to r  w i l l  ch oke  i f  b o th  s t r e a m s  ch o ke  in  t h e i r  
r e s p e c t iv e  in je c t io n  n o z z le s .  In  t h is  ca s e  th e  s e c o n d a ry  w i l l  be s o n ic  
o n  in je c t io n  and th e  p r im a r y  w i l l  be s u p e rs o n ic  o n  in je c t io n .  T w o  in t e r ­
m e d ia te  m o d e s  o f  c h o k in g  a r e  p o s s ib le .  In  one o f  th e s e , th e  f lo w  c h o k e s  
a t th e  end  o f th e  p r im a r y  e x p a n s io n  b y  w h ic h  s ta g e  l i t t l e  o r  no  m ix in g  w i l l  
h a ve  ta k e n  p la c e . In  th e  o th e r  th e  c h o k in g  ta k e s  p la c e  a t s o m e  s ta g e  d u r in g  
th e  m ix in g  p ro c e s s .  T h is  la s t  p o s s ib i l i t y  in c lu d e s  a c o n t in u u m  o f p o s s i­
b i l i t i e s  b e tw e e n  th e  ca se  o f  c h o k in g  a t th e  end o f th e  p r im a r y  e x p a n s io n  
and  th e  c a s e  o f  c h o k in g  a t th e  m ix in g  d u c t e x i t .  I t  s h o u ld  be n o te d  th a t  
tw o  o u t o f th e  f o u r  m o d e s  o f  c h o k in g  a re  d ep e n d e n t o n  th e  m ix in g  p ro c e s s  
and  tw o  a re  n o t. T h e  tw o  m o d e s  th a t  a re  in d e p e n d e n t o f th e  m ix in g  a c h ie v e  
t h e i r  in d e p e n d e n c e  b y  o c c u r r in g  b e fo re  a ny  m ix in g  h a s  ta k e n  p la c e . G iv e n  
the r ig h t  c o n d it io n s  th e  m ix in g  d e p e n d e n t m o d e s  o f c h o k in g  m a y  o c c u r  in  
f lo w s  in  a ny  o f th e  S u p e rs o n ic  R e g im e s . O ne su ch  c o n d it io n  is  a h ig h  
t o t a l  e n th a lp y  r a t io  b e tw e e n  th e  tw o  in je c te d  s t r e a m s .  H o w e v e r ,  i f  a 
f lo w  doe s  n o t c h o k e  due to  one  o f th e  m ix in g  d e p e n d e n t p ro c e s s e s  th e  
a c tu a l m o d e  o f c h o k in g  w i l l  d e p e n d  u po n  th e  r e a c t io n  b e tw e e n  th e  tw o  
in je c te d  s t r e a m s  a nd  w i l l ,  t h e r e fo r e ,  c o r re s p o n d  d i r e c t l y  to  th e  re g im e  in  
w h ic h  th e  f lo w  is  c la s s i f ie d .  F o r  an e x a m p le , f lo w s  in  th e  S u p e rs o n ic  R e g im e  
w i l l  c h o k e  due to  s o m e  p ro c e s s  a t th e  end  o f  th e  p r im a r y  e x p a n s io n , w h ile  
f lo w s  in  th e  S u p e rs a tu ra te d  S u p e rs o n ic  R e g im e  w i l l  c h o k e  due to  th e  c h o k in g  
o f  th e  s e c o n d a ry  in je c t io n  n o z z le .  T h e  o n e -d im e n s io n a l th e o r ie s  d is c u s s e d  
above  m a y  be u s e d  to  p r e d ic t  and  p ro v id e  d e s c r ip t io n s  o f  th r e e  o f  th e s e  m o d e s  
o f  c h o k in g .  S in c e  th e s e  th e o r ie s  do n o t ta k e  in to  a c c o u n t th e  a c tu a l p ro c e s s  
o f  th e  m ix in g  th e y  c a n n o t p r e d ic t  any  e v e n t ta k in g  p la c e  d u r in g  th e  m ix in g .



H ence  i f  e je c to r  f lo w s  a re  to  be d e s c r ib e d  by th e s e  th e o r ie s  a lo n e , th e  
p re d ic ta b le  in o d e s  o f c h o k in g  a re  : - th e  c h o k in g  o f  th e  f u l l y  m ix e d  s t re a m  
a t th e  e je c to r  e x i t ,  th e  c h o k in g  o f  th e  f lo w  at th e  end o f  th e  p r im a r y  
e x p a n s io n , and  th e  c h o k in g  o f th e  u n m ix e d  s t re a m s  in  t h e i r  in je c t io n  
n o z z le s .

2, 2. 3, T h e  T h e o r ie s  U s e d  in  P re v io u s  W o rk .

O f th e  m o d e s  o f  c h o k in g , m e n tio n e d  a t th e  end o f  th e  la s t  s e c t io n  
as b e in g  p r e d ic ta b le  by  o n e -d im e n s io n a l th e o ry ,  th e  c h o k in g  at th e  end o f 
th e  p r im a r y  e x p a n s io n  h as  a ro u s e d  th e  m o s t c o n t r o v e r s y .  T h is  is  th e  p r e ­
m ix in g  m o d e  o f  c h o k in g  th a t  o c c u r s  in  f lo w s  in  w h ic h  th e  p r im a r y  s t re a m  
is  in je c te d  in  an u n d e r  -  e xpa n de d  s ta te . T h e re  a re  tw o  r i v a l  m o d e s  th a t  
h ave  been  u se d  to  e x p la in  th e  m e c h a n is m  o f th is  c h o k in g . In  one o f  th e s e  
th e  p r im a r y  s t r e a m  is  s a id  to  e xpa n d  u n t i l  th e  s e c o n d a ry  b e co m e s  s o n ic  
and ch o ke d  a t th e  s e c t io n  o f  m a x im u m  p r im a r y  e x p a n s io n . In  th is  s ta te  
o f  m a x im u m  e x p a n s io n  th e  p r im a r y  s t re a m  is  u s u a l ly  w e l l  o v e r -e x p a n d e d .
T h a t is  i t  h as  e x p a n d e d  beyo n d  th e  s ta g e  a t w h ic h  th e  s ta t ic  p re s s u r e s  o f  
th e  tw o  s t r e a m s  w o u ld  h a ve  b e c o m e  e q u a l and u n i fo r m .  In  th e  se con d  
th e o ry . ,  on  th e  o th e r  hand , th e  p r im a r y  expands  u n t i l  th e  s ta t ic  p re s s u r e s  
o f  b o th  s t re a m s  a re  e q u a l. T h e  c h o k in g  in  th is  ca se  is  p ro v id e d  b y  a 
tw o  s t re a m  c h o k in g  p ro c e s s  ta k in g  p la c e  in  th is  p la n e  o f  u n i fo r m  s ta t ic  
p re s s u r e

T w o  m e th o d s  o f  a n a ly s is  b ase d  on th e  s o n ic  c h o k in g  th e o ry  h ave  
been  p u t fo r w a r d  in  p r e v io u s  w o rk s .  T h e  f i r s t  o f  th e s e  w as a o n e -d im e n s io n a l 
t r e a tm e n t  o f  s u p e rs o n ic  e je c t io n  b y  F a b r i  (R e f. 1) in  w h ic h  b o th  s t re a m s  
a re  a s s u m e d  to  b eh a ve  is e n t r o p ic a l ly  on  in je c t io n  and th e  e x p a n s io n  is  
a s s u m e d  to  c o n t in u e  u n t i l  th e  m o m e n tu m  e xch a n g e  b e tw e e n  th e  tw o  s t re a m s  
has b e c o m e  e q u a l and o p p o s ite .  C h o k in g  ta k e s  p la c e  w h e n  th e  s e c o n d a ry  
m a s s  f lo w  re a c h e s  a v a lu e  s u c h  th a t  th e  s e c o n d a ry  s t r e a m  ch o ke s  a t the  
c r o s s -  s e c t io n  o f  m a x im u m  p r im a r y  e x p a n s io n . T h e  a n a ly s is  c o r re s p o n d in g  
to  th is  th e o r y  w a s  g iv e n  in  th e  s e c t io n  on  s o n ic  e je c t io n .  T h e  o th e r  m e th o d  
o f  a n a ly s is  b a s e d  on  th e  s o n ic  c h o k in g  th e o ry  is  th a t  o f  M e s s rs .  C how  and 
A d d i (R e f. 3), In  t h is  m e th o d  b o th  s t r e a m s  a re  a g a in  a s s u m e d  to  b ehave  
is e n t r o p ic a l ly  and  th e  c h o k in g  is  a g a in  a s s u m e d  to  be ca u s e d  b y  th e  s e c o n d a ry  
s t re a m  b e c o m in g  s o n ic  a t th e  end o f  th e  p r im a r y  e x p a n s io n . B u t th is  
t im e  a o n e -d im e n s io n a l t r e a tm e n t  o f  th e  s e c o n d a ry  s t r e a m  is  u se d  as a 
b o u n d a ry  c o n d it io n  in  th e  tw o - d im e n s io n a l t r e a tm e n t  o f  th e  p r im a r y  e x p a n s io n  
b y  th e  m e th o d  o f  c h a r a c te r is t ic s .

T h e  tw o  s t r e a m  c h o k in g  c o n c e p t w a s  f i r s t  in t r o d u c e d  b y  M e s s rs .  
P e a rs o n , H o l l id a y  and S m ith  in  t h e i r  p a p e r  on  s o n ic  e je c to r s  w ith  s h o r t  
m ix in g  d u c ts  (R e f, 2). T h e y  u s e d  th e  m e th o d  o f a n a ly s is  d e s ig n a te d  th e  
P o ly t r o p ic  T w o  S tre a m  T h e o ry ,  e a r l ie r  in  t h is  p a p e r ,  in  th e  s e c t io n  on 
s o n ic  in je c t io n .  T h e  p r im a r y  s t r e a m  is  a s s u m e d  to  expa n d  p o ly t r o p ic a l ly  
u n t i l  i t s  s ta t ic  p r e s s u r e  m a tc h e s  th a t  o f  th e  s e c o n d a ry . T h e  c h o k in g  
p ro c e s s  ta k e s  p la c e  a c ro s s  th is  p la n e  o f  u n i fo r m  p r e s s u r e ,  w h e re  th e y  
sh ow  th a t  th e  p la n e  w a ve  v e lo c i t ie s  f o r  s m a ll  d is tu rb a n c e s  a re  s ta t io n a r y .



M e s s rs .  H o g e  a n d 'S e g a rs  (R e f. 4) in  t h e i r  p a p e r  on  ch o k e d  
f lo w  a s s u m e  th a t  a tw o  s t r e a m  c h o k in g  p ro c e s s  ta k e s  p la c e  f u r t h e r  
d o w n s tre a m  th a n  th e  e nd  o f th e  p r im a r y  e x p a n s io n  and  th a t  e ve n  b y  th is  
s ta g e  no a p p re c ia b le  m ix in g  h a s  ta k e n  p la c e . B o th  s t re a m s  a re  a s s u m e d  
to  b e h a ve  is e n t r o p ic a l ly  w h e n  p a s s in g  th ro u g h  th e  s e c t io n  a t w h ic h  th e  
c h o k in g  o c c u rs .  T h e y  do n o t s ta te  w h e th e r  th e y  c o n s id e r  th e  i n i t i a l  
p r im a r y  e x p a n s io n  to  be is e n t r o p ic  o r  n o t,

M e s s r s .  H o g e  and  S e g a rs  a ls o  g iv e  a g e n e ra l th e o r y  o f c h o k in g  
w h ic h  c o u ld  be u s e d  to  d e s c r ib e  m o d e s  o f  c h o k in g  th a t  o c c u r  d u r in g  th e  
m ix in g  p ro c e s s .  M o re  w i l l  be  s a id  a b o u t t h is  in  th e  s e c t io n  on th e  th e o r y  
o f g e n e ra l c h o k in g .

T h e s e  fo u r  a p p ro a c h e s , in  R e fe re n c e s  1, 2, 3 and  4 re p r e s e n t  
th e  o n ly  r e a l ly  s u c c e s s fu l a t te m p ts  u s in g  o n e -d im e n s io n a l o r  qua s i -  
one d im e n s io n a l m e th o d s  to  o b ta in  a b e t te r  th e o ry  th a n  th e  S t r a ig h t  M ix in g  
T h e o ry  f o r  s u p e rs o n ic  e je c to r  p e r fo rm a n c e .  N e e d le s s  to  say , th e re  h ave  
bee n  a c o n s id e ra b ly  la r g e r  n u m b e r  o f p a p e rs  p u b lis h e d  d e a lin g  w ith  th e  
v a r io u s  a s p e c ts  o f  th e  S t ra ig h t  M ix in g  T h e o r y .  A  fe w  e x a m p le s  a re  g iv e n  
in  R e fe re n c e s  5 to  8 .

2 . 2 . 4 .  S u p e rs o n ic  E je c to r  O p e ra t io n  A c c o r d in g  to  O n e -D im e n s io n a l
T h e o ry ,

T h e  p e r fo rm a n c e  o f  a t y p ic a l  s u p e rs o n ic  e je c to r  w i l l  n ow  be 
d is c u s s e d  a s s u m in g  th a t  i t  m a y  be p re d ic te d  b y  o n e -d im e n s io n a l th e o r ie s  
s im i la r  to  th o s e  u s e d  in  c a s e  o f s o n ic  in je c t io n .  C o n s id e r  a s u p e rs o n ic  
e je c to r  su ch  as th a t  sh o w n  in  F ig u r e  4. L e t  i t s  g e o m e try  be f ix e d  and 
c o n s id e r  th e  s ta g n a t io n  c o n d it io n s  in  th e  tw o  in je c te d  s t re a m s  to  be c o n s ta n t. 
T h e  p e r fo rm a n c e  o f  th is  e je c to r  w i l l  th e n  be a s in g le  v a lu e d  fu n c t io n  o f  
th e  b a c k  p re s s u r e  in to  w h ic h  th e  e je c to r  e x h a u s ts . L e t  us  c o n s id e r ,  th e n , 
th e  p e r fo rm a n c e  o f  th e  e je c to r  as th e  b a c k  p r e s s u r e  is  lo w e re d  f r o m  a 
re a s o n a b ly  h ig h  v a lu e .  I t  s h o u ld  be n o te d , a t th is  p o in t ,  th a t ,  a lth o u g h  
th e  e je c to r  p e r fo rm a n c e  in  t e r m s  o f  m a s s  f lo w s ,  in je c t io n  p re s s u r e s ,  
e tc . ,  m a y  be  d e p e n d e n t u po n  th e  b a c k  p re s s u r e ,  f r o m  th e  p o in t  o f  v ie w  o f 
p e r fo r m in g  th e  n e c e s s a ry  c a lc u la t io n s  th e  p ro b le m  h a s  to  be ta c k le d  
th e  o th e r  w a y  ro u n d . V a lu e s  f o r  th e  in je c t io n  p r e s s u r e s  o r  m a s s  f lo w s  
have  to  be a s s u m e d  and  th e  c o r re s p o n d in g  v a lu e s  o f th e  b a c k  p r e s s u r e  
d e te rm in e d  f r o m  th e m .

(i)  T h e  S u b s o n ic , M ix e d  and  S u p e rs a tu ra te d  S u p e rs o n ic  R e g im e s .

A t  b a c k  p re s s u r e s  s o m e w h a t g r e a te r  th a n  th e  s e c o n d a ry  to ta l  
p re s s u r e ,  th e  e je c to r  w i l l  o p e ra te  in  th e  S u b s o n ic  R e g im e  p ro v id e d  th a t  
th e  t o t a l  p r e s s u r e  r a t io  b e tw e e n  th e  tw o  in je c te d  s t re a m s  is  n o t to o  
g re a t .  H e re  th e  f lo w  is  s u b s o n ic  th ro u g h o u t and th e  in je c t io n  p re s s u r e s  
o f  th e  tw o  s t re a m s  a re  e q u a l. I f  th e  t o t a l  p re s s u r e  r a t io  tc is  a t a l l  h ig h  
th e  f lo w  m a y  n e v e r  be s u b s o n ic  th ro u g h o u t and s t i l l  m a in ta in  a p o s i t iv e  
s e c o n d a ry  m a s s  f lo w .  T h a t  is  th e  M ix e d  R e g im e  and  th e  B a s e  P r e s s u r e  
R e g im e  m a y  o v e r la p  to  th e  e x c lu s io n  o f th e  S u b s o n ic  R e g im e . T h u s , 
in  g e n e ra l,  a t th e  h ig h e s t  b a c k  p re s s u r e s  to  g iv e  p o s i t iv e  s e c o n d a ry  m a s s



f lo w s ,  e je c to r s  w i l l  o p e ra te  in  e i t h e r  th e  M ix e d  o r  th e  S u b s o n ic  R e g im e s  
d e p e n d in g  m a in ly  u p o n  th e  v a lu e  o f th e  t o t a l  p re s s u r e  r a t io  .

F o r  f lo w s  in  th e  S u b s o n ic  R e g im e , lo w e r in g  th e  b a c k  p re s s u r e  f r o m  
th is  m a x im u m  v a lu e  c a u s e s  th e  m a s s  f lo w s  in  b o th  s t re a m s  to  in c re a s e  
u n t i l  th e  p r im a r y  in je c t io n  n o z z le  c h o k e s  and th e  f lo w  e n te rs  th e  M ix e d  
R e g im e . W ith in  th e  S u b s o n ic  R e g im e  th e  p e r fo rm a n c e  o f  th e  e je c to r  w i l l  
be g iv e n  b y  a p p ly in g  th e  S t r a ig h t  M ix in g  T h e o ry  to g e th e r  w ith  th e  c o n d it io n  
th a t  th e  in je c t io n  p r e s s u r e s  a re  e q u a l.

L o w e r in g  th e  in je c t io n  p r e s s u r e  b e yo n d  th e  v a lu e  a t w h ic h  th e  
p r im a r y  b e c o m e s  c h o k e d  r e s u l t s  in  th e  fo r m a t io n  o f a n o r m a l s h o c k  w ith in  
th e  in je c t io n  n o z z le  as in  th e  ca s e  o f th e  o r d in a r y  L a v a l  n o z z le .  A s s u m in g  
th a t  no s e p a ra t io n  o c c u rs  w ith in  th e  n o z z le  th is  s h o c k  m o v e s  s te a d ily  d o w n ­
s t re a m  a s  th e  b a c k  p r e s s u r e  f a l l s .  I t s  e x a c t lo c a t io n  is  d e te rm in e d  b y  
th e  e q u a li ty  o f  th e  in je c t io n  p r e s s u r e s .  M e a n w h ile  th e  lo w e r in g  o f th e  
b a c k  p r e s s u r e  c o n t in u a l ly  in c re a s e s  th e  s e c o n d a ry  m a s s  f lo w .  T h e  c o n n e c t io n  
b e tw e e n  th e  e je c to r  p e r fo rm a n c e  and th e  b a c k  p re s s u r e  a t th is  s ta g e  m a y  
a g a in  be  fo u n d  b y  a s t r a ig h t f o r w a r d  a p p lic a t io n  o f th e  S t r a ig h t  M ix in g  
T h e o r y  f o r  e q u a l in je c t io n  p re s s u r e s ,  b u t th is  t im e  an a llo w a n c e  m u s t be 
m a d e  f o r  th e  lo s s  o f  p r im a r y  t o t a l  p re s s u r e  o v e r  th e  n o r m a l s h o c k .
E v e n tu a l ly  t h is  n o r m a l s h o c k  w i l l  re a c h  th e  in je c t io n  p la n e  and  b e co m e  
o b liq u e , th e  in je c t io n  p re s s u r e s  w i l l  no lo n g e r  be e q u a l and  th e  p r im a r y  
s t r e a m  w i l l  c o n t r a c t  upo n  in je c t io n  as sh ow n  in  F ig u r e  4 b . T h e  p r im a r y  
in je c t io n  p r e s s u r e  n o w  b e in g  f ix e d  and th e re  b e in g  no lo s s  o f p r im a r y  

t o t a l  p r e s s u r e  w i th in  th e  n o z z le ,  th e  e je c to r  p e r fo rm a n c e  is  g iv e n  s im p ly  
b y  th e  S t r a ig h t  M ix in g  T h e o r y  a lo n e . T h e  M ix e d  R e g im e  f lo w s  m e n tio n e d  
so  f a r  a re  a l l  c la s s i f ie d  in  th e  S u p e rs a tu ra te d  M ix e d  R e g im e .

N o w , a t any  t im e  d u r in g  th e  p ro c e s s  ju s t  d e s c r ib e d ,  th e  s e c o n d a ry  
s t r e a m  w i l l  b e c o m e  c h o k e d  i f  th e  s e c o n d a ry  in je c t io n  p r e s s u r e  f a l ls  to  
th e  c r i t i c a l  v a lu e .  T h is  is  m o s t  l i k e ly  to  o c c u r  in  s y s te m s  w ith  lo w  v a lu e s  
o f th e  t o t a l  p r e s s u r e  r a t io  tc. I t  is  a ls o  p o s s ib le  o f c o u rs e  th a t  a t any 
s ta g e  th e  f lo w  m a y  b e c o m e  c h o k e d  a t th e  end  o f th e  m ix in g  p ro c e s s .  W hen 
th e  f lo w  c h o k e s  due to  e i th e r  o f  th e s e  c a u s e s  and th e  p r im a r y  s t r e a m  is  
s t i l l  u n d e r -e x p a n d e d  on  in je c t io n  th e  f lo w  is  s a id  to  e n te r  th e  S u p e rs a tu ra te d .  
S u p e rs o n ic  R e g im e .  A n  i l l u s t r a t io n  is  g iv e n  in  F ig .  4 c .

H o w e v e r ,  c o n s id e r in g  th o s e  f lo w s  w h ic h  h ave  n o t y e t  c h o ke d , th e  
o b liq u e  s h o c k , o r ig in a t in g  f r o m  th e  p o in t  o f  i n i t i a l  s t r e a m  c o n ta c t,  g e ts  
w e a k e r  a s  b o th  th e  b a c k  p r e s s u r e  and th e  s e c o n d a ry  in je c t io n  p re s s u r e  
f a l l .  D u r in g  th is  p ro c e s s  in  w h ic h  th e  n o r m a l s h o c k  b e c o m e s  an o b liq u e  
s h o c k  a n d  g ro w s  g r a d u a l ly  w e a k e r ,  th e  d if fe re n c e  b e tw e e n  th e  in je c t io n  
p r e s s u r e s ,  and  th e  d e g re e  o f  th e  p r im a r y  c o n t ra c t io n  r is e  to  a m a x im u m  
and th e n  f a l l  b a c k  to  z e ro  as th e  w e a k  s h o c k  v a n is h e s . T h is  la s t  c o n d it io n ,  
w h e re  th e  p r im a r y  s t re a m  is  n e i th e r  o v e r  n o r  u n d e r-e x p a n d e d , is  kn o w n  
as th e  S a tu ra te d  c o n d it io n  and i t  r e p re s e n ts  th e  b o u n d a ry  b e tw e e n  th e  
S u p e rs a tu ra te d  M ix e d  R e g im e  and  th e  S u p e rs o n ic  M ix e d  R e g im e .  F o r  
c e r ta in  f lo w s  i t  h a p p e n s  th a t  e i th e r  th e  s e c o n d a ry  in je c t io n  p re s s u r e  b e c o m e s



c r i t i c a l  o r  the  f lo w  c h o k e s  a t th e  end  o f m ix in g  s im u lta n e o u s ly  w ith  th e  
v a n is h in g  o f  th e  o b liq u e  s h o c k , in  w h ic h  ca se  th e  f lo w  is  s a id  to  ch o ke  
in  th e  S a tu ra te d  S u p e rs o n ic  R e g im e , S uch  a ca s e  is  d e p ic te d  in  F ig u r e  4 f.

C o n s id e r in g  th o s e  c a s e s  in  w h ic h  f lo w  is  s t i l l  u n c h o k e d  in  th e  
S a tu ra te d  C o n d it io n ,  f u r t h e r  lo w e r in g  o f th e  b a c k  p r e s s u r e  w i l l  re d u c e  
th e  s e c o n d a ry  in je c t io n  p re s s u r e  b u t n o t th a t  o f  th e  p r im a r y .  T h u s  th e  
p r im a r y  s t r e a m  w i l l  be  in je c te d  in  an  u n d e r-e x p a n d e d  s ta te . T h e  s t re a m s  
w i l l  th e n  r e a c t  so as to  re d u c e  th e  r e s u l t in g  p r e s s u r e  d i f fe r e n c e ;  th a t  is  
th e  p r im a r y  s t r e a m  w i l l  e xpa n d  and th e  s e c o n d a ry  w i l l  c o n t r a c t  as sh ow n  
in  F ig u r e  4d . T h is  r e g io n  o f  th e  s o lu t io n  is  c a l le d  th e  S u p e rs o n ic  M ix e d  
R e g im e . T h e  e je c to r  p e r fo rm a n c e  in  th is  r e g im e  m a y  be d e te rm in e d  b y  
u s in g  one o f  th e  tw o  s t r e a m  th e o r ie s  in  c o n ju n c t io n  w ith  th e  S t ra ig h t  M ix in g  
T h e o ry .

( i i )  T h e  S u p e rs o n ic  and  S a tu ra te d  S u p e rs o n ic  R e g im e s .

A l l  f lo w s  in  th e  S u p e rs o n ic  M ix e d  R e g im e  w i l l  b e c o m e  c h o k e d  
in  one w a y  o r  a n o th e r  as th e  b a c k  p re s s u r e  c o n t in u e s  to  f a l l .  S om e w i l l  
ch o ke  a t th e  end o f m ix in g  and o th e rs  w i l l  ch o ke  due to  so m e  p ro c e s s  
c o n n e c te d  w ith  th e  p r im a r y  e x p a n s io n . L e t  us  n e g le c t  f o r  th e  m o m e n t 
th e  c h o k in g  a t th e  end  o f th e  m ix in g  p ro c e s s  and d is c u s s  th e  p r e - m ix in g  
m o d e s  o f  c h o k in g  as th o u g h  th e y  w e re  th e  o n ly  ones l i k e ly  to  ta k e  p la c e .
N o w  th e  v a r io u s  th e o r ie s  a v a i la b le  to  d e s c r ib e  th e  i n i t i a l  p r im a r y  e x p a n s io n  
le a d  to  d is t in c t l y  d i f fe r e n t  m o d e s  o f  b e h a v io u r  in  th e  S a tu ra te d  S u p e rs o n ic  
and S u p e rs o n ic  R e g im e s .

I t  m a y  be in s t r u c t iv e  to  lo o k  a t th e s e  s o lu t io n s  in  th e  fo l lo w in g  
w a y . C o n s id e r ,  as a bove , a s u p e rs o n ic  e je c to r  o f f ix e d  g e o m e try  e x h a u s tin g  
s t r a ig h t  in to  a v a c u u m  and th u s  o p e ra t in g  e n t i r e ly  w i t h in  th e  S u p e rs o n ic  
R e g im e s . N o w  c o n s id e r  th e  e f fe c t  o f  v a r y in g  th e  t o t a l  p r e s s u r e  r a t io  rr 
F o r  lo w  v a lu e s  o f it th e  e je c to r  w i l l  be o p e ra t in g  in  th e  S u p e rs a tu ra te d  
S u p e rs o n ic  R e g im e  and th e  s e c o n d a ry  in je c t io n  n o z z le  w i l l  be  c h o k e d . A s  
th e  t o ta l  p r e s s u r e  r a t io  is  in c re a s e d  th e  p r im a r y  in je c t io n  p r e s s u r e  g r a d u a lly  
r is e s  e v e n tu a lly  b e c o m in g  e q u a l to  th a t  o f th e  c h o k e d  s e c o n d a ry .  A t  th is  
s tag e  th e  f lo w  e n te rs  th e  S a tu ra te d  S u p e rs o n ic  R e g im e . L e t  th e  p a r t i c u la r  
v a lu e  o f th e  t o t a l  p r e s s u r e  r a t io  a t w h ic h  th is  h a p p e n s  be d e n o te d  b y  
N o w  le t  u s  ta c k le  th e  p ro b le m  f r o m  th e  o th e r  end. S ta r t in g  w ith  a h ig h  
t o ta l  p re s s u r e  r a t io ,  c o n s id e r  th e  e f fe c t  o f lo w e r in g  i t .  A s s u m in g  th a t  
th e  i n i t i a l  v a lu e  o f th e  t o t a l  p r e s s u r e  r a t io  is  n o t h ig h  enough  to  c a u se  th e  
e je c to r  to  o p e ra te  in  th e  B a s e  P r e s s u r e  R e g im e , th e  e je c to r  w i l l  be o p e r a t -   ̂
in g  in  th e  S u p e rs o n ic  R e g im e . N o w  as m e n tio n e d  abo ve  th e re  a re  a n u m b e r  
o f  d i f fe r e n t  m e th o d s  o f a n a ly s in g  th e  p r im a r y  e x p a n s io n  and  each  le a d s  
to  a d i f fe r e n t  d e s c r ip t io n  o f  th e  S a tu ra te d  S u p e rs o n ic  and  S u p e rs o n ic  
R e g im e s , and hence  a ls o  to  a d i f fe r e n t  b o u n d a ry  b e tw e e n  th e  tw o . T h e  
T w o  S tre a m  T h e o r ie s ,  g iv e n  in  th e  s e c t io n  on s o n ic  in je c t io n ,  a l l  le a d  to  
s im i la r  ty p e s  o f p r e d ic t io n s  f o r  th e s e  tw o  r e g im e s ,  b u t th e  tw o - d im e n s io n a l



a p p ro a c h  o f  M e s s rs .  C h o w  and A d d i le a d s  to  a d e f in i t e ly  d i f f e r e n t  p r e d ic t io n .  
T h is  w i l l  n o w  be i l l u s t r a t e d  as th e s e  re g im e s  a re  f i r s t  d is c u s s e d  w ith  
re fe r e n c e  to  th e  tw o - d im e n s io n a l th e o ry  and th e n  w ith  re fe r e n c e  to  th e  o n e ­
d im e n s io n a l th e o r ie s .

A s  th e  to t a l  p r e s s u r e  r a t io  is  lo w e re d  f r o m  th e  h ig h  v a lu e  s e le c te d  
a bove , th e  d e g re e  o f th e  p r im a r y  e x p a n s io n  g ra d u a l ly  d e c re a s e s . N o w  
i f  th e  p ro c e s s  is  b e in g  d e s c r ib e d  b y  th e  tw o - d im e n s io n a l th e o ry ,  th e  
s e c o n d a ry  s t re a m  w i l l  ch o ke  s o n ic  a l ly  a t th e  end  o f  th e  p r im a r y  e x p a n s io n  
and, as th e  in je c t io n  p re s s u r e s  b e c o m e  e q u a l and th e  e x p a n s io n  te n d s  to  
v a n is h , th e  s e c o n d a ry  in je c t io n  n o z z le  w i l l  te n d  to  b e c o m e  c h o k e d . T h u s  . 
th is  th e o r y  s e e m s  to  p ro v id e  a s m o o th  c o n t in u o u s  s o lu t io n  r ig h t  th ro u g h  
to  th e  S u p e rs a tu ra te d  S u p e rs o n ic  R e g im e . T h is  s o lu t io n  is  show n  as a 
c o n tin u o u s  c u rv e  in  F ig u r e  5 . O n th e  o th e r  hand i f  th e  p r im a r y  e x p a n s io n  
is  b e in g  d e s c r ib e d  b y  one o f th e  o n e -d im e n s io n a l th e o r ie s  th e n  th e  S u p e r ­
s o n ic  R e g im e  w i l l  n o t be s m o o th ly  c o n n e c te d  to  th e  S u p e rs a tu ra te d  
S u p e rs o n ic  R e g im e . L e t  us  c o n s id e r  f i r s t  th e  p r e d ic t io n s  o f th e  P o ly ­
t r o p ic  and Is e n t r o p ic  T w o  S tre a m  T h e o r ie s .  In  b o th  th e s e  th e o r ie s  th e  
s e c o n d a ry  s t re a m  c h o k e s  s u b s o n ic  a l ly  due to  th e  tw o  s t r e a m  c h o k in g  
p ro c e s s .  T h u s  as th e  t o t a l  p re s s u r e  r a t io  f a l ls  and th e  p r im a r y  e x p a n s io n  
te n d s  to  v a n is h  th e  s e c o n d a ry  in je c t io n  c o n d it io n  w i l l  a p p ro a c h  s o m e  s u b ­
s o n ic  c o n d it io n  r a th e r  th a n  th e  s o n ic  c o n d it io n .  T h e  in je c t io n  p re s s u r e s  
w i l l  b e c o m e  e q u a l and th e  e x p a n s io n  w i l l  v a n is h  a t Tt^^-a h ig h e r  v a lu e  o f 
th e  t o t a l  p r e s s u r e  r a t io  th a n  , th a t  c o r re s p o n d in g  to  th e  b o u n d a ry  o f 
th e  S u p e rs a tu ra te d  S u p e rs o n ic  R e g im e . T h is  ty p e  o f  s o lu t io n  is  i l l u s t r a t e d  
in  F ig u r e  5 in  th e  f o r m  o f  a d o t t le d  l in e .  T h is  le a v e s  a f in i t e  gap in  th e  
s o lu t io n  c o r re s p o n d in g  to  f lo w s  w ith  t o ta l  p r e s s u r e  r a t io s  b e tw e e n  
and  oTg . T h e  S a tu ra te d  S u p e rs o n ic  R e g im e  th e n  e m b ra c e s  a c o n t in u o u s  
s e t o f  s o lu t io n s  as opp o sed  to  th e  s in g le  p o in t  s o lu t io n  p re d ic te d  b y  th e  
tw o - d im e n s io n a l th e o r y .  In  F  a b r i '  s th e o ry ,  on  th e  o th e r  hand , th e  s e c o n d a ry  
s t r e a m  c h o k e s  s o n ic  a l ly  a t th e  end  o f th e  p r im a r y  e x p a n s io n  and so one 
m ig h t  e x p e c t th e  s o lu t io n  to  be s im i la r  to  th a t  due to  th e  tw o - d im e n s io n a l 
m e th o d  o f M e s s rs .  C h o w  and  A d d i,  b u t th is  is  n o t fo u n d  to  be th e  c a s e .
A s  th e  t o t a l  p r e s s u r e  f a l ls  th e  tw o  in je c t io n  p r e s s u r e s  b e c o m e  e q u a l w h ile  
th e  s e c o n d a ry  in je c t io n  c o n d it io n s  a re  s t i l l  w e l l  s u b s o n ic , b u t s in c e  th e  
p re s s u r e s  a t th e  end o f th e  e x p a n s io n  a re  n o t c o n s id e re d  e q u a l, th e  p r im a r y  
e x p a n s io n  is  s t i l l  f in i t e  a t t h is  s ta g e . T h is  is  r a t h e r  a w e a k  p o in t  in  th is  
p a r t i c u la r  th e o r y  b e ca u se  i t  r e q u ir e s  th e  s ta t ic  p r e s s u r e s  o f th e  tw o  s t re a m s  
to  d iv e rg e  f r o m  a c o m m o n  v a lu e  a t in je c t io n  in  o r d e r  to  c h o ke  th e  s e c o n d a ry  
s t r e a m  s o n ic  a l ly  a t th e  end o f th e  e x p a n s io n . S in c e  b o th  s t re a m s  a re  
a s s u m e d  to  b e h a ve  is e n t r o p ic a l ly  th is  is  an im p o s s ib le  s itu a t io n .  T h u s  
i t  a p p e a rs  th a t  t h is  th e o ry  m a y  o n ly  be c o n s id e re d  f o r  use  f o r  f lo w s  w ith  
r e la t iv e ly  h ig h  t o ta l  p re s s u r e  r a t io s  w h e re  p r im a r y  in je c t io n  p re s s u r e  
is  c o n s id e ra b ly  h ig h e r  th a n  th a t  o f th e  s e c o n d a ry  and  so m e  d e g re e  o f 
o v e r -e x p a n s io n  m ig h t  be e x p e c te d  to  o c c u r .



G o in g  b a c k  to  th e  ca se  o f  th e  P o ly t r o p ic  and  Is e n t r o p ic  T w o  
S tre a m  T h e o r ie s ,  i t  s h o u ld  be o b v io u s , on r e f le c t io n ,  th a t  th e  s o lu t io n  
f o r  w h ic h  th e  p r im a r y  e x p a n s io n  v a n is h e s  w i l l  be c o m m o n  to  b o th  th e o r ie s ,  
f o r  a z e ro  o r d e r  p r im a r y  e x p a n s io n  w i l l  be is e n t r o p ic  in  b o th  ca se  and 
m o m e n tu m  w i l l  a ls o  be c o n s e rv e d  in  b o th  c a s e s . T h e  b o u n d a r ie s  o f  th e  
S a tu ra te d  S u p e rs o n ic  R e g im e  w i l l ,  th e r e fo r e ,  be th e  sa m e  a c c o rd in g  
to  b o th  th e o r ie s .  T h e  P o in t  D  on  F ig u r e  5 c o r re s p o n d in g  to  th e  to ta l  
p re s s u r e  r^a tio  is  th u s  th e  sa m e  f o r  b o th  th e o r ie s .

I f  o n e -d im e n s io n a l th e o r ie s  a re  to  be a p p lic a b le  o v e r  a l l  th e  
S u p e rs o n ic  R e g im e s , i t  is  th e n  n e c e s s a ry  to  p ro d u c e  s o m e  th e o r ie s  
on  th e  f lo w s  in  th e  S a tu ra te d  S u p e rs o n ic  R e g im e s , as d e fin e d  b y  the  o n e ­
d im e n s io n a l m e th o d s  a b o v e .

( i i i )  O n e -D im e n s io n a l T h e o r ie s  f o r  th e  S a tu ra te d  S u p e rs o n ic  R e g im e .

A s s u m in g  th a t  th e  o n e -d im e n s io n a l th e o r ie s  p ro p o s e d  above  f o r  
th e  S u p e rs a tu ra te d  S u p e rs o n ic  R e g im e  and  th e  S u p e rs o n ic  R e g im e  a re  
a p p lic a b le  up  to  b o u n d a r ie s  c o r re s p o n d in g  to  and  r e s p e c t iv e ly ,  
th e r e  re m a in s  a nee d  to  p ro d u c e  s o m e  th e o ry  as to  th e  m o d e  o f c h o k in g  
th a t  w i l l  o c c u r  in  th e  S a tu ra te d  S u p e rs o n ic  R e g im e , in  b e tw e e n  and 

ïTg . T o  g e t an id e a  o f  th e  c o n te x t  in to  w h ic h  any  su ch  th e o ry  m u s t f i t  
i t  is  a p p ro p r ia te  to  c o n s id e r  th e  e f fe c t  o f b a c k  p re s s u r e  on  an  e je c to r  
w ith  s ta g n a t io n  c o n d it io n s  c o r re s p o n d in g  to  c h o k in g  in  th e  S a tu ra te d  S u p e r ­
s o n ic  R e g im e . I t  is ,  t h e r e fo r e ,  p ro p o s e d  to  a p p ro a c h  th e  p r o b le m  b y  
c o n s id e r in g  th e  b e h a v io u r  o f th e  f lo w  in  su ch  an e je c to r  as th e  b a c k  
p re s s u r e  is  g r a d u a l ly  re d u c e d  to  th e  v a lu e  a t w h ic h  th e  s y s te m  c h o k e s .

C o n s id e r  an  e je c to r  w ith  s ta g n a t io n  c o n d it io n s  s u c h  th a t ,  as th e  
b a c k  p re s s u r e  f a l ls ,  th e  f l o w  re a c h e s  th e  S a tu ra te d  C o n d it io n  in  the  
M ix e d  R e g im e  ju s t  b e fo re  th e  w h o le  s y s te m  c h o k e s . In  s u c h  a s y s te m  th e  
t o t a l  p r e s s u r e  r a t io  w o u ld , b y  d e f in i t io n ,  be s o m e w h e re  b e tw e e n  th e  v a lu e s  

jt ^ a n d  . W hen  th e  b a c k  p r e s s u r e  is  r e la t iv e ly  h ig h  and  th e  s y s te m  is  
o p e ra t in g  in  th e  S u p e rs a tu ra te d  M ix e d  R e g im e , th e  s e c o n d a ry  in je c t io n  
p re s s u r e  is  h ig h e r  th a n  th a t  o f th e  p r im a r y ,  b u t th e  p r im a r y ,  b e in g  s u p e r ­
s o n ic , is  a b le  to  a l le v ia te  th e  p r e s s u r e  d if fe re n c e  in s ta n ta n e o u s ly  b y  
p a s s in g  th ro u g h  an o b liq u e  s h o c k  w a v e . O n th e  o th e r  h an d , w h e n  th e  f lo w  
h a s  p a s s e d  th ro u g h  th e  S a tu ra te d  C o n d it io n  th e  s e c o n d a ry  in je c t io n  p re s s u r e  
h a s  fa l le n  b e lo w  th a t  o f  th e  p r im a r y ,  th e re  is  no m e c h a n is m  e q u iv a le n t  to  
a s h o c k  w a ve  th ro u g h  w h ic h  th e  s u b s o n ic  s e c o n d a ry  s t r e a m  m a y  p a ss  in  
o r d e r  to  in s ta n ta n e o u s ly  in c re a s e  i t s  s ta t ic  p re s s u r e  to  m a tc h  th a t  o f 
th e  p r im a r y .  I t  w o u ld  a p p e a r , in  v ie w  o f th e  d i f fe r e n c e  in  th e  in je c t io n  
p re s s u r e s ,  th a t  th e  p r im a r y  m u s t n o w  expa n d  on in je c t io n .  H o w e v e r , 
w h e n  c o n s id e r in g  th e  b e h a v io u r  o f  b o th  s t r e a m  a c c o r d in g  to  any one o f th e  
o n e -d im e n s io n a l th e o r ie s  i t  is  fo u n d  th a t  su ch  an e x p a n s io n  w o u ld  le a d  to  
th e  d iv e rg e n c e  o f th e  s ta t ic  p r e s s u r e s  o f th e  tw o  s t r e a m s .  T h is  is  in  
c o n t r a s t  to  th e  c o n v e rg e n c e  fo u n d  in  s im i la r  t r e a tm e n ts  o f f lo w s  in  th e  
S u p e rs o n ic  R e g im e , F a c e d  w ith  th e s e  fa c ts  w e a re  l e f t  w ith  th e  fo l lo w in g  
c h o ic e ;  e i th e r  the  a t te m p t to  d e s c r ib e  th e s e  f lo w s  in  t e r m s  o f  a o n e -d im e n s io n a  
th e o ry  m u s t be a b a n d o n e d  -  f o r ,  as i t  has  a lre a d y  b e e n  p o in te d  o u t, a tw o -  
d im e n s io n a l m e th o d  s u c h  as th a t  o f M e s s r s .  C h o w  and A d d i w i l l  p ro v id e



t h e o r e t ic a l ly  a c c e p ta b le  s o lu t io n s  f o r  th e  f lo w s  in  q u e s t io n  -  o r ,  i t  m u s t 
be a s s u m e d  th a t  b o th  s t r e a m s  in  fa c t  d e c e le ra te ,  th u s  a l lo w in g  t h e i r  
r e s p e c t iv e  s ta t ic  p r e s s u r e s  to  c o n v e rg e . T h e  m a jo r  o b je c t io n  to  th is  
la s t  s u g g e s tio n  is  th a t  i t  r e q u ir e s  th e  s t re a m  w ith  th e  h ig h e r  in je c t io n  
p r e s s u r e  to  c o n t r a c t  a l lo w in g  th a t  w ith  th e  lo w e r  in je c t io n  p re s s u r e  to  
e xpa n d  ( in  th e  se nse  o f o c c u p y in g  a g r e a te r  c r o s s - s e c t io n a l  a re a ) .  H o w ­
e v e r ,  in  th e  c o n te x t  o f  o n e -d im e n s io n a l th e o ry ,  t h is  is  th e  o n ly  w a y  in  

w h ic h  th e  s ta t ic  p r e s s u r e s  o f  the  tw o  s t re a m s  m a y  c o n v e rg e .

A d m it t in g  th e  fa c t  th a t  th e  o n ly  a v a ila b le  o n e - d im e n s io n a l th e o ry  
does h a ve  th is  s e r io u s  d ra w b a c k  and  th a t  e v e n tu a lly  one m a y  have  to  
r e s o r t  to  a tw o - d im e n s io n a l a p p ro a c h , i t  is  p ro p o s e d  to  fo l lo w  th ro u g h  
w ith  th e  o n e - d im e n s io n a l th e o r y  to  d is c o v e r  ju s t  w h a t i t  does p r e d ic t .
F o r ,  in  s p ite  o f i t s  in h e re n t  w e a k n e s s , i t  m a y  p ro d u c e  so m e  r e s u l t s  o f 
v a lu e .  T h is  is  b o rn e  o u t to  a c e r ta in  e x te n t by  th e  v e r y  l im i t e d  n u m e r ic a l  
r e s u l t s  a v a i la b le  a t th e  t im e  o f w r i t in g .  (See S e c t io n  3 ).

A n y  th e o r y  o f  f lo w s  in  th e  S a tu ra te d  S u p e rs o n ic  R e g im e  m u s t o b v io u s ly  
in v o lv e  so m e  m o d e  o f c h o k in g .  I f  th e  p r im a r y  s t r e a m  is  g o in g  to  c o n t r a c t  
and th e  s e c o n d a ry  s t r e a m  is  n o t c h o k e d  on in je c t io n  a p ro c e s s  in v o lv in g  
th e  s u b s o n ic  c h o k in g  o f th e  s e c o n d a ry  m u s t in e v i ta b ly  be  a s s u m e d . T h is  
e l im in a te s  u s in g  a th e o r y  s u c h  as th a t  o f  F a b r i  w h ic h  in v o lv e s  s o n ic  c h o k in g  
o f  th e  s e c o n d a ry .  T h e r e  th u s  r e m a in  th e  P o ly t r o p ic  T w o  S tre a m  T h e o ry  
and th e  Is e n t r o p ic  T w o  S tre a m  T h e o ry  w h ic h  m a y  be u s e d  to  d e s c r ib e  th e  
p r im a r y  c o n t r a c t io n .  I t  is  fo u n d , f r o m  n u m e r ic a l  r e s u l t s ,  th a t  use  o f th e  
P o ly t r o p ic  th e o r y  a lw a y s  in v o lv e s  a lo s s  o f e n tro p y  w ith in  th e  p r im a r y  s t re a m . 
I t  c o u ld , th e r e fo r e ,  be  c o n s id e re d  in a d m is s a b le  on  th e  g ro u n d s  o f c o n t ra v e n ­
in g  th e  se c o n d  la w s  o f th e rm o d y n a m ic s .  T h e  is e n t r o p ic  th e o ry ,  on  th e  
o th e r  h an d , on  a c c e p ta n c e  o f  i t s  in h e re n t  a s s u m p t io n  o f n e g le c t in g  th e  
o v e r a l l  m o m e n tu m  b a la n c e , does p ro d u c e  so m e  s l ig h t ly  le s s  u n te n n a b le  
s o lu t io n s .  In  th e  c h o k e d  s o lu t io n s ,  th e  s t re a m w is e  s ta t ic  p re s s u r e  g ra d ie n ts  
as w e l l  as th e  s ta t ic  p r e s s u r e s  th e m s e lv e s  te n d  to  c o n v e rg e  to w a rd s  th e  
end  o f  th e  c o n t r a c t io n  w h ic h e v e r  th e o r y  is  u s e d . T h is  is  a c o n d it io n  u n d e r  
w h ic h  a tw o  s t r e a m  c h o k in g  p ro c e s s  is  l ia b le  to  ta k e  p la c e  (see  S e c t io n  2 .3 ) .
I f  c h o k in g  does ta k e  p la c e  in  th e  m a n n e r  in d ic a te d  i t  w i l l  in v o lv e  a p o s i t iv e  
s ta t ic  p re s s u r e  g ra d ie n t  in  b o th  s t re a m s  d u r in g  th e  c o n t r a c t io n .  T h is  
tu r n s  o u t to  be c o m p u ta b le  w ith  th e  m ix in g  p ro c e s s e s  th a t  fo l lo w ,  in  th a t  
th e y  a ls o  in v o lv e  p o s i t iv e  s t re a m w is e  s ta t ic  p re s s u r e  g ra d ie n ts .  F o r ,  
r e v e r s in g  th e  p ro c e d u re  a d o p te d  above  and  c o n s id e r in g  th e  e f fe c t  o f  r a is in g  
th e  b a c k  p re s s u r e  on  a f lo w  th a t  is  a lre a d y  c h o ke d , th e  b a c k  p re s s u r e  a t 
w h ic h  th e  e je c to r  w o u ld  f i r s t  b e c o m e  u n c h o k e d  is  in  m o s t c a s e s  s u b s ta n t ia l ly  
h ig h e r  th a n  e i th e r  o f  th e  in je c t io n  p r e s s u r e s  and  th u s  a p o s i t iv e  s ta t ic  
p r e s s u r e  g ra d ie n t  is  in d ic a te d .

W h e n  n u m e r ic a l  e x a m p le s  a re  u n d e r ta k e n  i t  is  fo u n d  th a t  th e  tw o  
o n e -d im e n s io n a l th e o r ie s  in  fa c t  g iv e  v e r y  s im i la r  r e s u l t s .  In  o th e r  w o rd s  
th e  d e g re e  o f i r r e v e r s i b i l i t y  in  th e  P o ly t r o p ic  th e o ry  and  th e  m o m e n tu m  
im b a la n c e  in  th e  I s e n t r o p ic  th e o r y  a re  b o th  fo u n d  to  be s m a l l .  C o n s id e r  
a g a in  th e  e f fe c t  o f  v a r y in g  th e  to ta l  p re s s u r e  r a t io  ;it in  an  e je c to r  o f f ix e d  
g e o m e try  e x h a u s tin g  in to  a v a c u u m . L e t  u s  n ow  c o m p a re  th e  ty p e  o f



s o lu t io n  o f fe re d  b y  t h is  o n e -d im e n s io n a l a p p ro a c h  w ith  th a t  o f  th e  tw o -  
d im e n s io n a l a p p ro a c h  o f  M e s s r s .  C h o w  and  A d d i.  S uch  s o lu t io n s  m a y  
be r e p re s e n te d  b y  c u rv e s  in  th e  /  ît f ie ld ,  w h e re  M t h e

s e c o n d a ry  in je c t io n  M a c h  n u m b e r  and m /  it is  th e  r a t io  o f th e  s e c o n d a ry

in je c t io n  p re s s u r e  to  th e  p r im a r y  t o t a l  p re s s u r e .  T h e  g e n e ra l f o r m  o f 
th e s e  s o lu t io n s  is  i l l u s t r a t e d  in  F ig u r e  5, T h e  S u p e rs a tu ra te d  S u p e rs o n ic  
R e g im e  is  re p re s e n te d  b y  th e  l in e  = 1 .0  on th e  r ig h t  han d  s id e  o f

th e  f ig u r e  and  th e  p o in t  A  on  th e  in te r s e c t io n  o f t h is  l in e  w ith  th e  l in e  
p ~ P  r e p r e s e n ts  th e  b o u n d a ry  w ith  th e  S a tu ra te d  S u p e rs o n ic  R e g im e . 
G o in g  to  th e  o th e r  e x tr e m e  th e  B a s e  P re s s u r e  R e g im e  is  re p re s e n te d  b y  
a s in g le  p o in t  in  e a ch  o f th e  o n e -d im e n s io n a l th e o r ie s  and  by  a c u rv e  w ith  
v e r y  lo w  v a lu e s  o f  in  th e  tw o - d im e n s io n a l c a s e . T h e  S u p e rs o n ic
R e g im e  a c c o rd in g  to  th e  tw o - d im e n s io n a l th e o ry  is  re p re s e n te d  b y  a c u rv e  
such  a s  B A  in  F ig u r e  5 . I t  jo in s  s m o o th ly  in to  th e  B a s e  P r e s s u r e  s o lu t io n  
a t th e  l e f t  h a n d  end  and  a p p ro a c h e s  th e  l in e ' = p ^ ^ a n g e n t ia l ly  a t th e

r ig h t  h a n d  end  f in a l l y  b e c o m in g  c o n c u r r e n t  a t th e  p o in t  A .  T h u s  in  th is  
ca se  th e  S a tu ra te d  S u p e rs o n ic  R e g im e  is  re p re s e n te d  b y  th e  s in g le  p o in t  
A .  A c c o r d in g  to  th e  o n e ^ rd im e n s io n a l th e o ry ,  h o w e v e r ,  th e  S u p e rs o n ic  
R e g im e  is  r e p re s e n te d  b y  a c u rv e  C D  o r ig in a t in g  f r o m  th e  B a s e  P r e s s u r e  
p o in t ,  C , and  ta n g e n t ia l ly  to u c h in g  th e  l in e  n  a t a p o in t,  D ,

b e lo w  A .  T h e  p o in t  D  c o r re s p o n d s  to  th e  t o t a l  p r e s s u r e  r a t io  , d e f in e d  
in  th e  d is c u s s io n  a b o v e . T h e  o n e -d im e n s io n a l S a tu ra te d  S u p e rs o n ic  R e g im e  
c o n s is ts  o f  tw o  p a r ts .  In  th e  f i r s t  o f  th e s e  th e  p r im a r y  c o n t r a c ts  on  
in je c t io n  and  th e  s y s te m  c h o k e s  a t th e  end o f  th e  c o n t r a c t io n .  T h is  p o r t io n  
o f  th e  s o lu t io n  r e s u l t s  in  a c u rv e  o f th e  f o r m  o f D E  in  F ig u r e  5, T h e  d e g re e  
o f  th e  p r im a r y  c o n t r a c t io n  in c re a s e s  as th e  to ta l  p r e s s u r e  r a t io  ^  f a l ls  
and  th e  s o lu t io n  p o in t  m o v e s  a lo n g  th e  c u rv e  f r o m  D  to  E .  T h e  s e c o n d a ry  
m a s s  f lo w  in c re a s e s  a nd  e v e n tu a l ly  th e  s e c o n d a ry  in je c t io n  n o z z le  b e c o m e s  
c h o k e d . So as th e  p o in t  E  th e  f lo w  is  as i t  w e re  d o u b ly  c h o k e d . In  th e  
s e c o n d  h a l f  o f  th is  re g im e  th e  s e c o n d a ry  is  c h o k e d  s o n ic  a l ly  on in je c t io n ,  
b u t th e  p r im a r y  c o n t r a c t io n  m u s t s t i l l  ta k e  p la c e  in  o r d e r  to  e q u a lis e  th e  
s ta t ic  p r e s s u r e s .  T h e  d e g re e  o f  th is  c o n t r a c t io n  d e c re a s e s  as th e  t o t a l  
p re s s u r e  r a t io  f a l l s  f u r t h e r  and  th e  s o lu t io n  p o in t  t r a v e r s e s  th e  l in e  E A  
in  F ig u r e  5 . T h e  c o n t r a c t io n  v a n is h e s  and  the  in je c t io n  p r e s s u r e s  b e c o m e  
e q u a l a s  th e  s o lu t io n  p o in t  a p p ro a c h e s  th e  p o in t A .

T h u s  i t  m a y  be se en  th a t  th e  m a in  d if fe re n c e  b e tw e e n  th e  s o lu t io n s  
s u p p lie s  by  th e  one  and tw o - d im e n s io n a l th e o r ie s  l i e  in  t h e i r  p re d ic t io n s  
f o r  th e  B a s e  P r e s s u r e  R e g im e  and  th e  S a tu ra te d  S u p e rs o n ic  R e g im e .
In  th e  B a s e  P r e s s u r e  R e g im e  th e  o n e -d im e n s io n a l th e o r y  p r e d ic ts  th a t  th e  
s e c o n d a ry  m a s s  f lo w  w i l l  b e c o m e  z e ro  a t a m u c h  lo w e r  v a lu e  o f th e  to ta l  
p r e s s u r e  r a t io  jt th a n  doe s  th e  tw o - d im e n s io n a l a p p ro a c h . T h e  tw o -  
d im e n s io n a l th e o r y  l im i t s  th e  S a tu ra te d  S u p e rs o n ic  R e g im e  to  a s in g le  p o in t  
c o n s id e r in g  th e  s e c o n d a ry  s t r e a m  to  c h o ke  s o n ic  a l ly  a t th e  end  o f th e  
p r im a r y  e x p a n s io n  f o r  a l l  h ig h e r  v a lu e s  o f th e  t o t a l  p re s s u r e  r a t io  x .
T h e  o n e -d im e n s io n a l t h e o r ie s ,  on  th e  o th e r  hand , p r e d ic t  tw o  s o lu t io n s  in  
w h ic h  th e  in je c t io n  p r e s s u r e s  h a v e  b e c o m e  e q u a l. T h e  r e g im e  o f f lo w s  in  
b e tw e e n ^ th e s e  s o lu t io n s  a re  th e n  a l l  c o n s id e re d  p a r t  o f  a f in i t e  S a tu ra te d  
S u p e r s o n ic  e R e g im e . I t  is  f a i r l y  w e l l  e s ta b lis h e d  th a t  th e  tw o  d im e n s io n a l



th e o r y  g iv e s  th e  b e s t  r e s u l t s  in  th e  B a s e  P r e s s u r e  R é g im e , b u t n o t 
e nough  e x p e r im e n ta l w o r k  h as  bee n  done w ith  f lo w s  in  th e  S a tu ra te d  
S u p e rs o n ic  R e g im e  to  c o m e  to  a n y  d e f in ite  c o n c lu s io n s  on th e  r e la t iv e  
m e r i t s  o f th e  th e o r ie s  in  t h is  r e g im e .



2. 3. T H E  C O N C E P T  O F  G E N E R A L IS E D  C H O K IN G .

I t  has  b e e n  sh ow n  b y  a n u m b e r  o f  w o r k e r s  d u r in g  th e  p a s t decade  
th a t  th e  w ave  v e lo c i t y  o f  a s m a l l  p re s s u r e  d is tu rb a n c e  in  a s t re a m tu b e  
s u r ro u n d e d  b y  e la s t ic  w a l ls  m a y  be o th e r  th a n  th e  n o r m a l ly  re c o g n is e d  
speed  o f so u n d . T h is  c o n c e p t h as  b ee n  u s e d  to  e x p la in  th e  c h o k in g  o f tw o  
gas s t re a m s  o f d i f fe r e n t  v e lo c i t ie s  f lo w in g  s id e  b y  s id e  in  a d u c t w ith o u t 
m ix in g .  O th e r  c r i t e r i a  su c h  as th o s e  o f m a x im u m  m a s s  f lo w ,  m in im u m  
s e c o n d a ry  t o t a l  p r e s s u r e ,  m in im u m  m o m e n tu m  f lu x  and  m a x im u m  m o m e n tu m  
f lu x  d e n s ity ,  h ave  a l l  b ee n  u s e d  as th e  b a s is  o f th e o r ie s  to  e x p la in  th is  
ty p e  o f c h o k in g . T h e  la s t  c o l le c t io n  o f  p h e n o m e n a  m a y  o c c u r  as the  
r e s u l t  o f  c h o k in g  in  m a n y  c a s e s , b u t th e y  a re  n o t th o u g h t to  be th e  c a u s e .
I t  m u s t s u r e ly  be a m o re  c o r r e c t  a p p ro a c h  to  base  a g e n e ra l th e o ry  o f 
c h o k in g  on w h a t is  l i k e l y  to  be  th e  ca u se , r a th e r  th a n  o n  an  e f fe c t .  In  
t h is  ca se  an e x a c t d e f in i t io n  o f w h a t is  m e a n t b y  c h o k in g  m u s t  be g iv e n .

2 .3 . 1 .  D e f in i t io n  o f C h o k in g .

T h e  s ta te  o f  th e  f lo w  a t any  c r o s s - s e c t io n  in  a s t re a m tu b e  is  
d e f in e d  to  b e c o m e  c h o k e d  w h e n  i t  and  th e  s ta te s  im m e d ia te ly  u p s tre a m  
o f i t  f i r s t  b e c o m e  in s e n s i t iv e  to  a d ro p  in  s ta t ic  p re s s u r e  a t th e  c r o s s -  
s e c t io n  im m e d ia te ly  d o w n s tre a m , w h ile  s t i l l  r e m a in in g  s e n s it iv e  to  a 
s m a l l  r is e  in  s ta t ic  p r e s s u r e  in  th e  c r o s s - s e c t io n  im m e d ia te ly  d o w n ­
s t re a m .

W hen  c h o k in g  is  d e f in e d  in  th is  w a y  as th e  lo s s  o f  p re s s u r e  c o m ­
m u n ic a t io n  th ro u g h  a c r o s s - s e c t io n ,  i t  s e e m s  lo g ic a l  to  b a se  th e  th e o ry  
o f  c h o k in g  on  th e  c r i t e r i a  o f  s m a l l  d is tu rb a n c e  w ave  v e lo c i t ie s .  F o r  i t  
is  w e l l  kn o w n  th a t  a d ro p  in  s ta t ic  p r e s s u r e  m a y  o n ly  be t r a n s m it te d  u p ­
s t r e a m  b y  an e x p a n s io n  w a v e ; e x p a n s io n  w a ve s  m u s t be c o n t in u o u s  and  
is e n t r o p ic  in  o r d e r  to  o be y  th e  se c o n d  la w  o f th e rm o d y n a m ic s  and, t h e r e ­
fo r e ,  t r a v e l  a t th e  lo c a l  s m a l l  d is tu rb a n c e  v e lo c i ty .  A  g e n e ra lis e d  th e o ry  
o f c h o k in g , b a s e d  on  th e  w a ve  v e lo c i t y  a rg u m e n t,  w i l l  now  be p re s e n te d .

2 .3 . 2 ,  T h e  S tre a m w is e  D is tu rb a n c e  V e lo c i t y  in  a S in g le  S tre a m tu b e ,

I t  is  w e l l  k n o w n  th a t  th e  w a ve  v e lo c ity  in  a s te a d y  s t re a m tu b e  w ith  
e la s t ic  in e r t ia le ss s id e s  is  g iv e n  b y  th e  fo l lo w in g  e x p r e s s io n  : -

w h e re ^e x p re s s e s  th e  e la s t i c i t y  o f the

s tre a m tu b e  w a l ls .

H o w e v e r ,  f o r  th e  sa ke  o f c o m p le te n e s s  th is  r e la t io n  w i l l  n ow  be d e r iv e d .



F o r  o n e -d im e n s io n a l m o t io n  a lo n g  a s t re a m tu b e  o f  v a r ia b le  a re a  
th e  la w s  o f c o n s e rv a t io n  o f  m a s s  and m o m e n tu m  s ta te  th a t

 18

and

^  (pv^A) + - ^ ( p v A )  19

o r  m o re  f u l ly

v a | |  + p a | ^  + p t H  + + p H = 0 . . . . 1 8 a

= -  A

. . . . 1 9 a

N o w  le t  th e  e la s t i c i t y  o f th e  w a l ls  a t th e  c r o s s - s e c t io n  u n d e r  c o n ­
s id e r a t io n  be g iv e n  b y

8 A
5 i

A ls o  s in c e  th e  f lo w  in  th e  s tre a m tu b e  is  a s s u m e d  to  be a d ia b a t ic

H e n ce  th e  p a r t ia l  d i f f e r e n t ia ls  in  e q u a tio n s  18a and  19a m a y  be w r i t t e n

= a 2  5p
8  X '  81c 8  X
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E q u a t io n s  18a and 19a m a y  th u s  be r e w r i t t e n

(a  +  p a ^ r )  +  p A  ^  +  (A  +  p a ^ r )  ^  = 0 . . .  . l8 b

(a  ( v  ^  + a  2 ) + p v ^ a ^ r )  + 2 p Av + (a  +  p a ^ r )  v

+ p A = 0 . . . .  1 9 b

N o w  in  o r d e r  to  c o n s id e r  th e  p ro p a g a t io n  o f s m a l l  d is tu rb a n c e s  
w ith in  th e  s t re a m tu b e  i t  is  n e c e s s a ry  to  t r a n s fo r m  th e s e  e q u a tio n s  to  new  
a x e s , (y , T ) ,  s ta t io n a r y  w ith  re s p e c t  to  th e  f lu id  in  w h ic h  th e  d is tu rb a n c e  
is  ta k in g  p la c e .  T h e  t im e s c a le  r e m a in s  u nch a n g e d  b u t th e  d is ta n c e  
p a r a m e te r ,  x , b e c o m e s  y  w h ic h  is  g iv e n  b y  y  -  x  -  U t w h e re  U  is  the  
s t r e a m  v e lo c i t y  a t th e  c r o s s - s e c t io n  u n d e r  c o n s id e ra t io n .  T h is  t r a n s ­
fo r m a t io n  le a v e s  th e  e q u a tio n s  in  th e  f o r m

P A________  8  V 8 p
%Â + p ra s )  81c ^ . . . , l8 c

4  ^  °  . . . . 1 9 c

I t  s h o u ld  be n o te d  th a t  th e  v e lo c i t y ,  v , o n ly  a p p e a rs  in  th e s e  e q u a tio n s  
in  th e  f o r m  o f  a d e r iv a t iv e  w h ic h  m a k e s  th e  e q u a tio n s  in d e p e n d e n t o f the  
a c tu a l v e lo c i t y  U  u s e d  in  th e  t r a n s fo r m a t io n .  E i t h e r  p o r  v  m a y  be 
e l im in a te d  f r o m  th e s e  e q u a tio n s  to  g iv e  an e q u a tio n  o f th e  f o r m

-  i , * ‘r  ^

w h e re  0  m a y  re p re s e n t  a n y  o f th e  s ta t ic  f lo w  p a ra m e te rs ,

N o w  c o n s id e r in g  a s m a l l  d is tu rb a n c e  f r o m  th e  s te a d y  s ta te  in  any 
o f th e  v a r ia b le s  , i t  m a y  be w r i t t e n  in  th e  fo r m

w h e re  0 i i s  th e  s te a d y  s ta te  and{z5' th e  d is tu rb a n c e .



S u b s t itu t in g  th is  in to  e q u a tio n  20 and n e g le c t in g  s m a l l  q u a n t i t ie s  th e  
fo l lo w in g  l in e a r  e q u a tio n  in  0 im a y  be e v o lv e d .

=  0  21

w h e re  a i , r i , A i  e t c , , a re  th e  s te a d y  

s ta te  c o n d it io n s .

H e n ce  i t  is  sh o w n  th a t  s t r e a m w is e  d is tu rb a n c e s  t r a v e l  w ith  a v e lo c i t y  
g iv e n  by .

■i
. . . .  22

2 ,3 . 3 .  S ta t io n a ry  W a ve  V e lo c i t ie s  and C h o k in g  in  a S in g le  S tre a m tu b e .

I t  w i l l  n o w  be  sh o w n  th a t  i f  th e  f lo w  a t any  p a r t i c u la r  c r o s s - s e c t io n
a lo n g  a s tre a m tu b e  h a s  th e  f r e e d o m  to  re a c t  in  an  is e n t r o p ic  m a n n e r  to  
a c c o m m o d a te  a s m a l l  d is tu rb a n c e  th e n  th e  w a ve  v e lo c i t y  is  s ta t io n a r y  a t 
th a t  c r o s s - s e c t io n .

In  th e  c o n te x t  o f  a s in g le  s t re a m tu b e ,  h a v in g  th e  f r e e d o m  to  re a c t  
is e n t r o p ic  a l ly  m e a n s  th a t  r  % o r  8  A m u s t p o s s e s s  th e  v a lu e  c o r re s p o n d in g

to  an  is e n t r o p ic  d e p a r tu r e  f r o m  tE e  s ta te  a t the  c r o s s - s e c t io n  u n d e r  c o n ­
s id e r a t io n .  T h is  v a lu e  w i l l  now  be d e te rm in e d .

F o r  a d ia b a t ic  f lo w  a lo n g  a s t re a m tu b e  th e  e q u a tio n s  o f m o t io n  m a y  be 
w r i t t e n

C o n t in u ity ,  —  + ™  + - ^  = 0
p V A

M o m e n tu m , v  dv = -
P

E n t ro p y ,  ^  
d p

T h e s e  e q u a tio n s  m a y  be c o m b in e d  to  g iv e

 251 8a  _ 1
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w h e re  M  is  th e  M a c h  n u m b e r .



S u b s t itu t in g  th is  e x p re s s io n  in to  e q u a tio n  2 2  w e  f in d  th e  s p e e d s  o f  th e  
s t r e a m  and  th e  d is tu rb a n c e  w a v e s  a re  e q u a l

—  -  1 
m2

=  V  24

T h u s  i f  th e  v a lu e  o f c!P
is  th e  s a m e  as th e  is e n t r o p ic  v a lu e

im p o s e d  on  th e  s tre a m tu b e  b y  i t s  e n v io rn m e n t  

, th e  w a ve  v e lo c i t y  is  th e n
8 p

s ta t io n a r y ,  and  th e  f lo w  m a y  be c o n s id e re d  c h o k e d ,

2 .3 . 4 ,  T h e  U se  o f a P a r a m e te r  A n a lo g o u s  to  th e  M a c h  N u m b e r ,

I t  is  u s e fu l a t t h is  s ta g e  to  in t ro d u c e  a p a r a m e te r ,  s im i la r  in  
c o n c e p t to  th e  M a c h  n u m b e r , b y  w h ic h  w e ca n  t e l l  w h e th e r  th e  f lo w  a t 
a ny  p a r t i c u la r  c r o s s - s e c t io n  is  " s u p e r s o n ic "  o r  n o t.  T h e  w o rd  " s u p e r ­
s o n ic "  h e re  is  m e a n t w ith  re fe r e n c e  to  th e  w a ve  v e lo c i t y ,  q. W e c o u ld  
c h o o se  th e  p a r a m e te rs  v / q ,  b u t th is  in v o lv e s  f in d in g  th e  v a lu e  o f M

8 p i
a t th e  c r o s s - s e c t io n  in  q u e s t io n  and  th e n  s u b s t i tu t in g  i t  in to  e q u a tio n  2 2  

to  f in d  q. In  th e  c o n te x t  o f  th e  th e o r y  to  fo l lo w  i t  is  o f  m o re  u se  to  
d e fin e  a p a r a m e te r ,  b , as  th e  d i f fe re n c e  b e tw e e n  th e  im p o s e d  v a lu e  o f

8 A
and th e  is e n t r o p ic  v a lu e  ^ p W ith  th is  d e f in i t io n ,  a p o s i t iv e

v a lu e  o f  b in d ic a te s  " s u p e r s o n ic "  f lo w  and a n e g a tiv e  v a lu e  in d ic a te s  
" s u b s o n ic "  f lo w .  T h e  m a in  u se  o f t h is  p a r a m e te r  c o m e s  w hen  th e  c o n c e p t 
is  w id e n e d  to  in c lu d e  f lo w s  c o n ta in in g  tw o  o r  m o re  d i f fe r e n t  s t re a m tu b e s .

b = = A A “ 1 /
8p i 8p s 8p i  ([^2  25

2 , 3 . 5 ,  T h e  P r o p o s i t io n  o f  a G e n e ra lis e d  T h e o ry  o f C h o k in g .

I t  is  s u g g e s te d  th a t  a g e n e ra l f lo w  w i l l  c h o ke  a t a p a r t i c u la r  c r o s s -  
s e c t io n  i f ,  as a w h o le , i t  p o s s e s s e s  th e  f re e d o m  to  r e a c t  in  an  is e n t r o p ic  
m a n n e r  to  a n y  s m a l l  ch a n g e s  in  p re s s u r e  a t th a t  c r o s s - s e c t io n .  A s  an 
e x a m p le  o f th e  a p p lic a t io n  o f  t h is  th e o r y  c o n s id e r  a c r o s s - s e c t io n ,  o f 
a re a  a ',  in  a g e n e ra l s te a d y  s h e a r f lo w  w ith  a n o n -z e ro  n o r m a l p re s s u r e  
g ra d ie n t  su ch  as th a t  sh o w n  in  F ig u r e  74. T h e  f lo w  is  b ou n d e d  on  one 
s id e  b y  a f ix e d  w a l l  and  on  th e  o th e r  s id e  b y  th e  in t e r t ia le s s  f le x ib le  
w a l l  w h ic h  has  an e la s t ic i t y  a t th e  c r o s s - s e c t io n  u n d e r  c o n s id e ra t io n  
g iv e n  b y  : -

=  . ^ 1

8p
. . . .  26



In  th e  ca se  o f a f ix e d  b o u n d a ry  B i  = 0, N o w  th e  p r e s s u r e  d is t u r ­
bance  o v e r  th is  c r o s s - s e c t io n  m a y  be n o n - u n i fo r m  s in c e  th e  n o r m a l 
s ta t ic  p r e s s u r e  g ra d ie n t  is  n o n -z e ro .  T h u s  any  d is tu rb a n c e  m u s t be 
d e fin e d  w ith  re s p e c t  to  a re fe r e n c e  p re s s u r e ,  sa y  p ^  . L e t  th e  re fe r e n c e  
p re s s u r e  in  th is  c a s e  be th e  s ta t ic  p re s s u r e  a t th e  f le x ib le  w a l l .  T h e  
d is tu rb a n c e  a t any  p o in t  on  th e  c r o s s - s e c t io n  due to  a ch an g e  b p i in  P i 
is  g iv e n  by

D
5P i

C o n s id e r in g  a s m a l l  e le m e n t o f a re a  A , the  is e n t r o p ic  a re a  change  due to  
m a y  be w r i t t e n .

ÔA = 8A

5 1 S d p i Sp

H e n ce  th e  ch an g e  in  a ',  th e  t o t a l  a re a  o f th e  s t r e a m  c a u s e d  b y  p ^ is

6 a' 6 A = ■ ^ d a -  = S P x £  m 8 p
s 8 T i D da'

W h ic h , u s in g  e q u a tio n  23 and  l e t t i n g t e n d  to  z e ro  m a y  be w r i t t e n

B da ' -  r  8 p 1 " l
d p i s - 1  ^ D 7 P -M^ ■ .

da'  27

W e m a y  n ow  d e fin e  a p a r a m e te r ,  B , f o r  th e  w h o le  c r o s s - s e c t io n ,  s im i la r  
in  c o n c e p t to  "b  "  d e f in e d  above  f o r  a s in g le  s t re a m tu b e .

B = B. -  B
P 1

1 8 p  
7 p  5 ^ -  1 da' ----- 28

D is  a fu n c t io n  o f b o th  th e  f lo w  and th e  ty p e  o f d is tu rb a n c e  b e in g  c o n ­
s id e re d  and  i t s  v a lu e  m u s t be d e r iv e d  o r  a s s u m e d  w ith  r e g a r d  to  th e  s itu a t io n  
u n d e r  c o n s id e ra t io n .

A s  b e fo re ,  w h e n  B  is  p o s i t iv e  the  f lo w  is  " s u p e r s o n ic "  w ith  re s p e c t  
to  th e  c o m m o n  w a v e  v e lo c ity ,  and  c o n v e rs e ly  w h e n  B  is  n e g a tiv e  th e  f lo w  
is  " s u b s o n ic " .



E q u a t io n  28 m a y  be  s im p l i f ie d  in  tw o  w a y s . F o r  f lo w s  in  w h ic h  
th e  n o r m a l s ta t ic  p r e s s u r e  g ra d ie n t  is  z e ro  th e  e x p re s s io n  
and h e n ce  8 p i  D =  1

8 a '
5 ^ 7P L M

-  1 da'

and  f o r  f lo w s  in  d u c ts  w ith  f ix e d  w a l ls ,  th o u g h  n o t n e c e s s a r i ly  w ith  a 
c o n s ta n t c r o s s - s e c t io n a l  a re a .

8  a '
8 T

0 , th e re fo re  B = -------
7P

k .
M‘

-  1  29

E q u a t io n  29 m a y  be  u se d , f o r  an  in s ta n c e , to  f in d  th e  v a lu e  o f B  
at a n y  s ta g e  d u r in g  th e  c o n s ta n t a re a  m ix in g  th a t  ta k e s  p la c e  in  e je c to r  
f lo w s .

I t  is  a s s u m e d  th a t  c h o k in g  w i l l  o c c u r  a t a n y  c r o s s - s e c t io n  f o r  
w h ic h  th e  p a r a m e te r  B  is  fo u n d  to  be z e ro .



2 . 4 .  A L T E R N A T IV E  O N E-D IM ENSIO N A L TH E O R IE S O F MIXING.

In  S e c t io n  2. 1 above  i t  w a s  show n  h ow  th e  v a r io u s  th e o r ie s  on th e  
i n i t i a l  p r e s s u r e  a d ju s tm e n t  in  e je c to r  f lo w s  c o u ld  be c o m b in e d  w ith  th e  
S t ra ig h t  M ix in g  T h e o r y  to  p ro v id e  c o m p le te  th e o r ie s  o f  e je c to r  o p e ra t io n .
T h e  S t ra ig h t  M ix in g  T h e o ry ,  w ith  i t s  a s s u m p t io n  o f u n i f o r m  c o n d it io n s  
a c ro s s  th e  e x it  o f  th e  m ix in g  d u c t, is  th e  w e a k e r  l i n k  in  w h a t c o u ld  be a 
m o re  s a t is fa c to r y  th e o r y .  I t  s h o u ld , th e r e fo r e ,  be w o r th  c o n s id e r in g  
w h a t im p ro v e m e n ts  ca n  be m a d e  w ith o u t  r e s o r t in g  to  a tw o - d im e n s io n a l 
d e s c r ip t io n  o f  the  f lo w .  In  o r d e r  to  g e t an  id e a  o f w h a t m ig h t  be w o r th  
t r y in g  i t  is  n e c e s s a ry  to  m a k e  a fe w  g e n e ra l is a t io n s  b a s e d  on r e s u l t s  
f r o m  e x p e r im e n ta l e je c to r  f lo w s .

T h e  f i r s t  and m o s t im p o r ta n t  o f  th e s e  is  th a t ,  e x c e p t f o r  a s m a l l  
s e c t io n  o f th e  f lo w  ju s t  a f te r  th e  tw o  s t re a m s  f i r s t  c o m e  in to  c o n ta c t,  th e  
s ta t ic  p re s s u r e  is  u n i fo r m  a c ro s s  e v e ry  c r o s s - s e c t io n  o f th e  f lo w .  T h e  
w o rd  c r o s s - s e c t io n  h e re  is  u s e d  in  th e  se nse  o f c r o s s - s e c t io n s  n o r m a l to  
th e  d i r e c t io n  o f f lo w .  I t  is  th u s  q u ite  in  o r d e r  to  a s s u m e  th a t  th e  s ta t ic  
p re s s u r e  is  u n i fo r m  a c ro s s  th e  e x it  o f  th e  m ix in g  d u c t.  T h e  t o t a l  p re s s u r e  
on th e  o th e r  hand , v i r t u a l l y  n e v e r  b e c o m e s  u n i fo r m ,  f o r  i f  th e  m ix in g  
d u c t is  lo n g  enough  f o r  th e  m ix in g  to  a p p ro a c h  c o m p le t io n  th e  e f fe c t  o f 
th e  b o u n d a ry  la y e r s  on  th e  w a l ls  b e c o m e s  v e ry  s ig n i f ic a n t .  A  s im i la r  
s ta te m e n t ca n  be m a d e  c o n c e rn in g  th e  to ta l  e n th a lp y . I t  is  n o t ic e d  th a t  
w h ile  p a r ts  o f e i th e r  s t r e a m  r e m a in  u n m ix e d  th e y  r e t a in  t h e i r  t o t a l  p re s s u r e s  
and  to ta l  e n th a lp ie s  a lth o u g h  th e  s ta t ic  p re s s u r e  m a y  c h a n g e . I t  is  a ls o  
n o t ic e d  th a t  th e  t o t a l  p r e s s u r e  d is t r ib u t io n  a c ro s s  th e  m ix in g  r e g io n  m a y  
in  m o s t c a s e s  be re a s o n a b ly  a p p ro x im a te d  b y  a l in e a r  v a r ia t io n  b e tw e e n  the  
tw o  b o u n d in g  v a lu e s ,  w h ile  th e re  re m a in s  so m e  u n m ix e d  s t r e a m  on  e i th e r  
s id e . F o r  f lo w s  in  w h ic h  th e  m ix in g  re g io n  f i l l s  th e  d u c t a t i t s  e x i t  i t  is  
a ls o  fo u n d  th a t  th e  t o t a l  p r e s s u r e  d is t r ib u t io n ,  o u ts id e  th e  b o u n d a ry  la y e r ,  
m a y  in  m a n y  c a s e s  be a p p ro x im a te d  b y  a l in e a r  e x p r e s s io n .

A  o n e -d im e n s io n a l th e o r y  m a y  o n ly  c o n n e c t th e  s ta te s  o f th e  f lo w  
a t c r o s s - s e c t io n s  a t a r b i t r a r y  d is ta n c e s  a p a r t ;  i t ,  t h e r e fo r e  c a n n o t, o f  i t ­
s e lf ,  p r e d ic t  any r a te  o f change  in  a n y  o f th e  f lo w  p a r a m e te r s .  T h e  s ta te s  
a t any  tw o  c r o s s - s e c t io n s  a re  c o n n e c te d  b y  th e  th re e  r e la t io n s  o f c o n s e rv a t io n  
o f  m a s s , m o m e n tu m  and  e n e rg y .  H e n c e , a s s u m in g  th a t  th e  s ta te  is  k n o w n  
a t one c r o s s - s e c t io n ,  a o n e -d im e n s io n a l th e o ry  p r o v id e s  th r e e  e q u a tio n s  to  
s o lv e  f o r  th r e e  u n kn o w n  p a r a m e te rs  a t the  o th e r  c r o s s - s e c t io n  th is  i f  the  
u n k n o w n  s ta te  is  a t th e  d u c t e x i t  and  o n ly  a s in g le  s o lu t io n  is  r e q u ir e d ,  th is  
s ta te  m u s t be e x p re s s e d  in  t e r m s  o f  th re e  p a r a m e te r s  f o r  w h ic h  th e  o n e ­
d im e n s io n a l th e o r y  m a y  p ro v id e  a s o lu t io n .

I t  is  a ls o  p o s s ib le  to  s e t up a m o d e l f o r  th e  m ix in g  p ro c e s s  i t s e l f ,  
t h is  t im e  e x p re s s in g  th e  s ta te  o f  th e  f lo w  a t any c r o s s - s e c t io n  in  te r m s  
o f  fo u r  p a r a m e te rs  one o f w h ic h  m u s t in d ic a te  in  s o m e  w a y  th e  d e g re e  
o f m ix in g  h a v in g  ta k e n  p la c e . T h e  la s t  p a r a m e te r  m a y  th e n  be v a r ie d .



to  o b s e rv e  th e  e f fe c ts  o f m ix in g  on  th e  s ta te s  a t a s e r ie s  o f  c r o s s - s e c t io n s .  
S uch  an  a p p ro a c h  m a y  g iv e  a b e t te r  id e a  o f th e  e f fe c t  o f  m ix in g  on e je c to r  
f lo w s ,  b u t i t  c a n n o t p r e d ic t  a ny  r a te  o f m ix in g .  I t  m a y  be u s e fu l,  h o w e v e r ,  
i f  th e  r a te  o f  m ix in g  is  e i t h e r  k n o w n  o r  c a n  be a s s u m e d  w ith  a n y  c o n fid e n c e ,

T w o  th e o r ie s  b a s e d  on th e  o b s e rv a t io n s  o f  a c tu a l f lo w s  g iv e n  above  
w i l l  n ow  be p re s e n te d  in  th e  c o n te x t  o f  p la n e  f lo w .  O ne p ro v id e s  a m e th o d  
o f  p r e d ic t in g  th e  s ta te  o f th e  f lo w  a t th e  e x it  o f  m e d iu m  le n g th  m ix in g  d u c ts . 
T h e  o th e r  p ro v id e s  a m e th o d  o f  p r e d ic t in g  th e  e f fe c t  o f  m ix in g  w ith in  th e  
d u c t,

2 , 4 . 1 .  T h e  L in e a r  M ix in g  T h e o ry .

F o r  g iv e n  c o n d it io n s  a t th e  end  o f th e  p r im a r y  e x p a n s io n , th is  
th e o ry  g iv e s  a s o lu t io n  f o r  th e  s ta te  o f th e  m ix e d  s t r e a m  on le a v in g  th e  
m ix in g  d u c t. I t  a s s u m e s  a l in e a r  d is t r ib u t io n  f o r  b o th  th e  t o t a l  p re s s u r e  
and th e  to t a l  e n th a lp y  a t th e  d u c t e x i t .  B o th  in je c te d  s t re a m s  a re  a s s u m e d  
to  c o n s is t  o f th e  sa m e  g a s e s . W ith o u t m a k in g  any  f u r t h e r  a s s u m p tio n s  
f iv e  p a r a m e te rs  a re  n e c e s s a ry  to  s p e c ify  th e  s ta te  a t th e  d u c t e x i t .  T h e s e  
a re  th e  s ta t ic  p re s s u r e ,  th e  tw o  b o u n d a ry  v a lu e s  o f  th e  t o t a l  p re s s u r e  
and  th e  tw o  b o u n d a ry  v a lu e s  o f th e  t o t a l  e n th a lp y  a t th e  d u c t w a l ls .  S in ce  
th e re  a re  o n ly  th r e e  e q u a tio n s , o n ly  th r e e  u n k n o w n s  m a y  be d e te rm in e d .
I t  is ,  th e r e fo r e ,  n e c e s s a ry  to  m a k e  som e f u r t h e r  a s s u m p t io n s  a p p ro p r ia te  
to  th e  f lo w s  b e in g  in v e s t ig a te d ,  in  o r d e r  to  re d u c e  th e  n u m b e r  o f u n kn o w n s  
to  m a tc h  th e  n u m b e r  o f a v a i la b le  e q u a tio n s . I t  w i l l  be e v id e n t  th a t  th e re  
a re  m a n y  w a y s  in  w h ic h  th is  m a y  be done and  th a t  d i f fe r e n t  a s s u m p t io n s  
w i l l  s u i t  d i f fe r e n t  ty p e s  o f  f lo w .  A n  e x a m p le  w i l l  n o w  be g iv e n .

F o r  f lo w s  in  w h ic h  th e  m ix in g  r e g io n  f i l l s  th e  d u c t e x i t  and  f o r  
w h ic h  th e  t o t a l  e n th a lp y  r a t io  b e tw e e n  th e  in je c te d  s t r e a m s  is  u n ity ,  th e  
e n e rg y  and c o n t in u ity  e q u a tio n s  a re  no lo n g e r  in d e p e n d a n t and , th e r e fo r e ,  
o n ly  tw o  u n k n o w n s  m a y  be d e te rm in e d .  O ne o f th e s e  m u s t  be  th e  s ta t ic  
p re s s u r e  and  th u s  th e re  is  o n ly  one p a r a m e te r  le f t  w ith  w h ic h  to  d e fin e  
th e  to ta l  p r e s s u r e  d is t r ib u t io n .  E i t h e r  one o f  th e  b o u n d a ry  v a lu e s  o r  
th e  to ta l  p r e s s u r e  g ra d ie n t ,  m u s t  t h e r e fo r e  be a s s u m e d . I t  w a s  s u g g e s te d  
th a t  th e  b o u n d a ry  v a lu e , on  th e  s id e  o f  th a t s t r e a m  w h ic h  o c c u p ie s  th e  
la r g e r  p o r t io n  o f  th e  d u c t a t th e  end o f th e  p r im a r y  e x p a n s io n , s h o u ld  
be a s s u m e d  to  ta k e  th e  v a lu e  i t  h ad  on  in je c t io n .  In  th e  c a s e  w h e re  th e  
p r im a r y  s t r e a m  o c c u p ie s  th e  g r e a te r  a re a  a f te r  e x p a n d in g , th e  t o t a l  
p re s s u r e  a t th e  p r im a r y  w a l l  in  th e  e x it  p la n e  is  a s s u m e d  to  be g iv e n  
b y  X3  . A  s o lu t io n  o f th is  ty p e  is  i l l u s t r a t e d  in  f ig u r e  31. T h e  s ta te  a t 
th e  d u c t e x i t  is  e x p re s s e d  in  te r m s  o f tw o  p a r a m e te rs ,  p 3  , th e  s ta t ic  
p re s s u r e ,  and  J1 3  , th e  t o t a l  p re s s u r e  a t th e  s e c o n d a ry  w a l l  d iv id e d  b y  
th e  i n i t i a l  p r im a r y  t o t a l  p re s s u r e  • T h e  t o t a l  p r e s s u r e  d is t r ib u t io n
is  th e n  g iv e n  b y

P 3
P 2 2

= ' (1 -  S (1 -  X 3  ) ) . . .  .50



w h e re  s = y / d  th e  f r a c t io n a l  d is ta n c e  a c ro s s  th e  d u c t f r o m  th e  p r im a r y  
w a l ls ,  and  jt ’ is  th e  t o t a l  p r e s s u r e  r a t io  b e tw e e n  th e  tw o  s t re a m s  a f te r  
th e  p r im a r y  e x p a n s io n . T h e  s ta t ic  p re s s u r e ,  w h ic h  is  u n i f o r m  a nd  g iv e n  
b y  p 3  , m a y  be u s e d  in  th e  n o n -d im e n s io n a l f o r m  0 ^ 3  = P 3 / ?  2 2

U s in g  th is  d is t r ib u t io n  th e  e q u a tio n s  o f c o n s e rv a t io n  o f  m a s s  and  
m o m e n tu m  m a y  be w r i t t e n  r e s p e c t iv e ly

1

î t ‘ z * y i 2  + ( 1  -  z ' ) y 2 2  = / x ' ( l  -  s ( l  - j r s ) ) y
J  o

It ' z ' f  1 2  + ( 1  -  z ' ) f  2 2  = /  Jt ' ( 1  -  s ( l  -  JC3  ) ) f
O

P s / p  2 2  

# ' ( 1  -  s ( 1  -  Its ) )

P 3 /P  2 2

3t * ( 1  -  S ( 1  -  Its  ) )

ds . . . 3 1

ds . . . 3 2

E q u a t io n s  31 and  32 a re  tw o  e q u a tio n s  in  th e  tw o  u n k n o w n s  and  xg . N e ith e r
0 ) 3  n o r  X3  m a y  be  e l im in a te d  b e tw e e n  th e  e q u a tio n s  w ith  a ny  e ase , so 
s o lu t io n s  h ave  to  be fo u n d  b y  n u m e r ic a l  m e th o d s  u s in g  t h e s e  e q u a tio n s  in  th e  
f o r m  th a t  th e y  s ta n d . S in ce  th e  e q u a tio n s  in v o lv e  th e  d o u b le  v a lu e d  fu n c t io n  
" y " ,  i t  w o u ld  be e x p e c te d  th a t  in  g e n e ra l th e re  w o u ld  e m e rg e  tw o  a l te r n a t iv e  
s o lu t io n s .  In  analog;)’- to  th e  S t r a ig h t  M ix in g  T h e o r y  i t  w o u ld  be e x p e c te d  
th a t  one o f  th e s e  s o lu t io n s  w o u ld  in d ic a te  a " s u b s o n ic "  f lo w  and  th e  o th e r ,  i f  
i t  is  f in i t e  and  p o s i t iv e ,  w o u ld  in d ic a te  a " s u p e r s o n ic "  f lo w .  I t  w o u ld  a ls o  
be  e x p e c te d  th a t  tw o  c o in c id e n t  s o lu t io n s  w o u ld  in d ic a te  a c h o k e d  f lo w  
and  th e  v a lu e  o f  B ,  fo u n d  f r o m  e q u a tio n  29 w o u ld  be z e ro  f o r  th e  c r o s s -  
s e c t io n  o f  th e  f lo w  a t th e  d u c t e x i t .  S uch  a s s e r t io n s  m a y  o n ly  be te s te d  b y  
d o in g  s o m e  n u m e r ic a l  e x a m p le s .

I t  s h o u ld  be n o te d  th a t  th e o r ie s  su ch  as th is  nee d  n o t be l im i t e d  to  
l in e a r  d is t r ib u t io n s  o f  th e  s ta g n a t io n  v a r ia b le s .  A n y  s u ita b le  d is t r ib u t io n s  
m a y  be u s e d  p ro v id e d  th a t  th e y  a l lo w  th e  s ta te  a t th e  d u c t e x is t  to  be e x p re s s e d  
u n iq u e ly  b y  th r e e  p a r a m e te r s  in  t e r m s  o f w h ic h  th e  o n e -d im e n s io n a l e q u a tio n s  
m a y  be w r i t t e n .

2 .4 . 2 .  A  O n e -D im e n s io n a l D e s c r ip t io n  o f th e  M ix in g  P r o c e s s .

A s  m e n tio n e d  above  a m o d e l o f  th e  m ix in g  p ro c e s s  m a y  be f o r m u ­
la te d  u s in g  o n e -d im e n s io n a l th e o r y .  In  such  a m o d e l th e  s ta te  a t any 
c r o s s - s e c t io n  m a y  be  d e f in e d  in  te r m s  o f f o u r  p a r a m e te r s ,  one o f w h ic h  
m u s t in d ic a te  in  s o m e  w a y  th e  d e g re e  o f m ix in g  h a v in g  ta k e n  p la c e . T h e  
o th e r  th r e e  a re  th e n  c o n n e c te d  b y  th e  o n e -d im e n s io n a l th e o r y .  T h u s  th e  
b e h a v io u r  o f th e  f lo w  m a y  be s tu d ie d  as th e  m ix in g  p ro g r e s s e s .  U s in g  
th e  o b s e rv a t io n s  o f e x p e r im e n ta l f lo w s  m e n tio n e d  a bo ve , th e  fo l lo w in g  
m o d e l o f  th e  m ix in g  p ro c e s s  w a s  fo r m u la te d .  T h e  m o d e l is  d e s c r ib e d  
w ith  re fe r e n c e  to  f ig u r e  32.

T h e  m ix in g  p ro c e s s  is  a s s u m e d  to  s ta r t  a t th e  end  o f  th e  p r im a r y  
e x p a n s io n  and  th e  s ta te  a t th is  c r o s s - s e c t io n ,  b e in g  ta k e n  as kn o w n , is  
u s e d  as th e  re fe r e n c e  s ta te  f o r  th e  r e s t  o f th e  p ro c e s s .  T h e  s ta t ic  p re s s u r e  
is  a s s u m e d  to  be u n i fo r m  o v e r  each  c r o s s - s e c t io n  d u r in g  th e  m ix in g .  T h e  
p r o p o r t io n s  o f  th e  m ix in g  tu b e  o c c u p ie d  b y  th e  u n m ix e d  s t r e a m s  a re  d e te r ­
m in e d  b y  th e  p r im a r y  e x p a n s io n  p ro c e s s  and  a re  g ive n  b y .
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T h e  m ix in g  p ro c e s s  is  sh o w n  d ia g ra m m a t ic  a l ly  in  f i g u r e  32, th e  
b o u n d a r ie s  o f  th e  m ix in g  re g io n  b e in g  sh ow n  in  th e  f o r m  o f  d o tte d  l in e s .
T h e  f lo w s  o u ts id e  t h is  r e g io n  a re  a s s u m e d  to  r e ta in  t h e i r  s ta g n a t io n  
p r o p e r t ie s  a nd  th u s  w i l l  o n ly  e x p e r ie n c e  ch a n g e s  in  s ta te  due to  ch a n g e s  
in  s ta t ic  p r e s s u r e .  (W ith in  th e  m ix in g  re g io n ) .  T h e  s ta g n a t io n  c o n d it io n s  
a re  a s s u m e d  to  v a r y  l in e a r ly  b e tw e e n  th e  b o u n d a ry  c o n d it io n s .  I f  th e  
m ix in g  is  a s s u m e d  to  be la r g e ly  tu r b u le n t  th e n  th e  r a te s  o f  m ix in g  w ith  
re s p e c t  to  th e  t o t a l  p re s s u r e  and  th e  t o ta l  e n th a lp y  w i l l  be th e  s a m e  and 
h en ce  th e  m ix in g  r e g io n  sh o w n  in  f ig u r e  32 w i l l  be th e  s a m e  f o r  b o th  
q u a n t i t ie s .  T h is  a s s u m p t io n  re d u c e s  th e  n u m b e r  o f e q u a tio n s  p ro v id e d  
b y  th e  o n e -d im e n s io n a l th e o r y  b e c a u s e  u n d e r  th e s e  c o n d it io n s  th e  c o n t in u ity  
and  e n e rg y  e q u a tio n s  a re  no lo n g e r  in d e p e n d e n t o f  e a ch  o th e r .  T h e  
p r o b le m  is  th u s  re d u c e d  to  one o f th r e e  p a r a m e te rs .

A s  c a n  be  seen  f r o m  f ig u r e  32the m ix in g  p ro c e s s  c a n  be d iv id e d  
u p  in to  th r e e  s u c c e s s iv e  r e g io n s .  D u r in g  th e  i n i t i a l  s ta g e s  th e  m ix in g  
r e g io n  l ie s  b e tw e e n  th e  tw o  u n m ix e d  f lo w s  and th e re  a re  as i t  w e re  th re e  
d i f fe r e n t  c o m p o n e n ts  o f th e  f lo w ,  th e  tw o  u n m ix e d  s t re a m s  and  th e  m ix in g  
re g io n .  A t  s o m e  s ta g e  f u r t h e r  d o w n s tre a m  th e  m ix in g  re g io n  w i l l  
e n v e lo p e  th e  w h o le  o f  one o f th e  in je c te d  s t re a m s  and  th e  c o m p o s it io n  o f 
th e  f lo w  w i l l  be re d u c e d  to  tw o  c o m p o n e n ts . W h ic h  o f  th e  s t re a m s  is  
t o t a l ly  e n v e lo p e d  f i r s t  w i l l  d i f f e r  f r o m  f lo w  to  f lo w .  In  th e  c a s e  o f th e  
e x a m p le  sh o w n  in  f i g u r e 3 2 i t  is  th e  s e c o n d a ry  s t r e a m  w h ic h  b e c o m e s  
t o t a l ly  e n v e lo p e d  f i r s t .  T h e  th e o ry  to  fo l lo w  w i l l  be d e v e lo p e d  f o r  th is  
c a s e . E v e n tu a l ly  th e  m ix in g  re g io n  w i l l  f i l l  th e  w h o le  m ix in g  d u c t, 
to  a l ly  e n v e lo p in g  b o th  in je c te d  s t re a m s .  T h is  is  th e  t h i r d  re g io n  sh ow n  
in  f ig u r e  32.

C o n s id e r  th e  s ta te  o f th e  f lo w  a t a c r o s s - s e c t io n ,  n , a t any  s ta g e  
b e fo re  th e  m ix in g  r e g io n  e n v e lo p e s  th e  w h o le  o f  e i t h e r  s t r e a m .  T h e  
p a r a m e te r  c h o s e n  to  r e p r e s e n t  th e  d e g re e  o f m ix in g  is x  xa, th e  f r a c t io n  
o f  th e  p r im a r y  m a s s  f lo w  th a t  h a s  e n te re d  th e  m ix in g  r e g io n  b y  th e  p la n e  n. 
T h e  tw o  r e m a in in g  p a r a m e te r s  a re  p th e  s ta t ic  p r e s s u r e  a t th e  c r o s s -  
s e c t io n  n  and  x  th e  f r a c t io n  o f th e  s e c o n d a ry  m a s s  f lo w  to  h ave  e n te re d  
th e  m ix in g  r e g io n  b y  th e  p la n e  n . T h u s  th e  s ta te  a t th e  c r o s s - s e c t io n  m a y  
be  d e f in e d  b y  s ta t in g  th e  v a lu e s  o f p , x^^^ and A s s u m in g  a v a lu e  f o r
X fn  th e  c o r re s p o n d in g  v a lu e s  o f  p ^  and  X g^ m a y b e  fo u n d  u s in g  th e  one 
d im e n s io n a l th e o r y .  T h e  r e le v a n t  e q u a tio n s  w i l l  n ow  be d e r iv e d .

T h e  c o n d it io n  o f  c o n s e rv a t io n  o f m a s s  m a y  be w r i t t e n  : -

X A ] _ 2  ^  2  n ^  2 2  ^n  * * • * 5  4

w h e re  m ^ g  and  ih g g  a re  th e  m a s s  f lo w  ra te s  o f th e  p r im a r y  and  s e c o n d a ry  
s t re a m s  r e s p e c t iv e ly ,  and  m  is  th e  m a s s  f lo w  w i t h in  th e  m ix e d  re g io n  a t 
th e  c r o s s - s e c t io n  n .

A s s u m in g  th a t  b o th  s t re a m s  a re  c o m p o s e d  o f  th e  s a m e  gas th is



e q u a tio n  m a y  be w r i t t e n

A,
•  •  a •  3 4a

m

w h e re A ^  is  th e  a re a  o c c u p ie d  b y  th e  m ix in g  re g io n .

A^ is  g iv e n  b y

Am = A

I f  Pn- is  the  s ta t ic  p r e s s u r e  a t th e  c r o s s - s e c t i o n  n , th e n  th e  a re a  
Lven b y

1 2  -A. 2 2  “  ( l  “  “  &  “  ^ 2 q)-^2 ^ ^J m  J 2 n

S u b s t itu t in g  th is  in to  e q u a tio n  34, th e  e q u a tio n  m a y  be w r i t t e n  in  th e  
n o n -d im e n s io n a l fo r m

i " „  y ih ^ a n  + y 2 2 ^ 2 a

„ i

1

y  2 n
( l  -  Xgn)

1 - z'

1 + S (x* -  l )
V l  + 8  (h -  1 ) y

1  -  Z* Y m

 £n_/Zg.g -
1 + s (jt' -  1} ds . .  .34b

w h e re  s i s  th e  f r a c t io n a l  d is ta n c e  a c ro s s  th e  m ix in g  re g io n .
In  a s im i la r  m a n n e r  th e  m o m e n tu m  f lu x  e q u a tio n  m a y  be w r i t t e n

1  -  z 12 + 22 “  X in ) f in  + -  X £n )f‘2 n +
1  -  z ' Y:lq ysn

n n  -  lE p -  -  ^ a i )  - J  a  + -  i ) ) f
P /P 22

1  + s ( Jt' - 1 ) ds
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N o w  f o r  a kn o w n  v a lu e  o f e q u a tio n s  34b and  3 5 m a y  be s o lv e d  
to  g iv e  s o lu t io n s  f o r  x ^ ^  and  . In  fa c t  Xg^ m a y  be e l im in a te d  f a i r l y  
s im p ly  b e tw e e n  e q u a tio n s  34b and 35 to  g iv e  a s in g le  fu n c t io n a l e q u a tio n  
in  p ^  , T h is  e q u a tio n  w o u ld  o b v io u s ly  h a ve  to  be  s o lv e d  n u m e r ic a l ly .
In  v ie w  o f  i t s  la r g e  s iz e  b u t c o m p a r a t iv e ly  s im p le  d e r iv a t io n  i t  w i l l  n o t 
be w r i t t e n  d ow n  h e re .  A  d e s c r ip t io n  o f  th e  m ix in g  p ro c e s s  has n ow  been  

y p ro v id e d  fo r  th e  f i r s t  r e g io n  o f  f lo w  in  F ig u r e  32.

C o n s id e r ,  now , th e  r e g io n  o f  f lo w  in  w h ic h  th e r e  o n ly  re m a in s  
so m e  o f  th e  p r im a r y  s t r e a m  o u ts id e  th e  m ix in g  re g io n ,  th a t  is  th e  se co n d  
re g io n  in  F ig u r e  3 2. T h is  re g io n  is  bounded  b y  th e  tw o  c r o s s - s e c t io n s  at 
w li ic h  th e  p a r a m e te rs  x ^  and Xg^ b e c o m e  u n ity .  In  th is  p a r t i c u la r  ca se  i t  
is  X ^  th a t  b e c o m e s  u n i ty  f i r s t  and  has  to  be re p la c e d  b y  a n o th e r  p a r a m e te r .  
T h e  t o t a l  p re s s u r e ,  , on th e  b o u n d a ry  b e tw e e n  th e  m ix in g  re g io n  and
th e  s e c o n d a ry  w a l l  o f  th e  d u c t w i l l  now  be g r e a te r  th a n  th a t  o f  th e  s e c o n d a ry



on  in je c t io n .  W e m a y  d e fin e  a p a r a m e te r ,  , as P3 2 /P 2 2  . I t  is  th is  
p a r a m e te r  th a t  now  re p la c e s  as th e  t h i r d  p a r a m e te r  n e c e s s a ry  to  
d e f in e  th e  s ta te  o v e r  a ny  c r o s s - s e c t io n .  H e n ce  th e  n e c e s s a ry  p a r a m e te rs  
a re  Pn and . T h e  b o u n d a ry  v a lu e  o f th e  t o t a l  e n th a lp y  on  th e
s e c o n d a ry  w a l l  w i l l  no lo n g e r  be  Hgs but s in c e  th e  r a te s  o f  m ix in g  a re  
c o n s id e re d  e q u a l th e  p a r a m e te r  hg = is  d e p e n d e n t o n ly  on  îTs and
is  g iv e n  b y  th e  e x p r e s s io n  ^ 2 2

h. . . . 3 6

C o n s id e r in g  a g a in  a s p e c i f ic  c r o s s - s e c t io n  n , d e f in e d  by  x% = x^^  
th e  a p p r o p r ia te  e q u a tio n s  o f c o n s e rv a t io n  o f  m a s s  and  m o m e n tu m  m a y  be 
d e r iv e d .  T h e  c o n s e rv a t io n  o f  m a s s  le a d s  to  th e  e q u a tio n

1 - 2 T T t ' h  +  Y 2 2  = 1 - 2 h r  ^  a  - ^ In )

O

^3 + s(x' -
v h g  + s (h  -  h g ) y

1 - z'

 PaJ^^as _
Jtg + -  Ttg) ds

and th e  c o n s e rv a t io n  o f  m o m e n tu m  to

Î T i T î t ' f i s  + ^ 2 2  p  i t ' x h r  +

/ ( its  + ^ (x ' -  JC3 ) ) f

1 - z '

P n / P
1 - z '  y m

£S_ ds
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E q u a t io n s  37 and  38 a re  tw o  e q u a tio n s  in  th e  tw o  u n kn o w n s  
and  j t 3  . N e i th e r  o f  th e s e  q u a n t i t ie s  m a y  be e l im in a te d  w ith  any  e ase , so 
th e  e q u a tio n s  m u s t  be s o lv e d  n u m e r ic a l ly  in  th e  f o r m  th a t  th e y  s ta n d .

T u r n in g  n o w  to  th e  la s t  re g io n  o f f lo w , b o th  x ^ ji and X g^have  b e c o m e  
u n i t y  and  th u s  th e  b o u n d a ry  v a lu e s  o f  th e  to ta l  p r e s s u r e  on  th e  d u c t w a l ls  
a re  b o th  v a r ia b le .  T h e  p ro c e s s  o f m ix in g  w i l l  te n d  to  m a k e  th e s e  v a lu e s  
b e c o m e  e q u a l. I t  is  c o n v e n ie n t to  r e ta in  X3  as th e  b o u n d a ry  v a lu e  on th e  
s e c o n d a ry  w a l l  and  to  d e f in e  th e  to ta l  p re s s u r e  at th e  p r im a r y  w a l l ,  u s in g  
th e  p a r a m e te r  X3 ' ’ as

Z 3 . 1  = 
P2 2

+

T h e  l in e a r  d is t r ib u t io n  a c ro s s  th e  m ix in g  re g io n  is  th e n  g iv e n  b y

P
P2

-^3 + %

M a k in g  th e  a s s u m p t io n  th a t  th e  ra te s  o f m ix in g  a re  th e  s a m e  f o r  b o th  th e  t o t a l  
p r e s s u r e  and  th e  t o t a l  e n th a lp y , th e  t o t a l  e n th a lp y  d is t r ib u t io n  m a y  be 
e x p re s s e d



^  ^  («3  + -  D )

C o n s id e r in g  a p a r t i c u la r  c r o s s - s e c t io n ,  n, c o r re s p o n d in g  to  a 
p a r t i c u la r  v a lu e  o f  # 3  th e  e q u a tio n s  o f  th e  c o n s e rv a t io n  o f  m a s s  and 
m o m e n tu m  m a y  be w r i t t e n  in  t e r m s  o f  X3  , X3  ' and  p . C o n s e rv a t io n  
o f  m a s s  r e s u l t s  in  th e  e q u a tio n  ; -

X

+ yes =z ' - - i  1 «3 + S Its' p  / P 2 2
_ VL + ( h - l ) (  ^ 3 + s (  «3 ' - ! ) ) / (  r i - 1 ) _ y Jt3 +  S X 3'

ds

. . . . 3 9

and th e  c o n s e rv a t io n  o f  m o m e n tu m  in  : -

Pn /Pgg
Tts +  S jtg '

ds  40

E q u a t io n s  3 9 and  40 m a y  a g a in  be s o lv e d  n u m e r ic a l ly  f o r  X3

and  p .

In  th e  la s t  r e g io n  o f  f lo w  th e  p a r a m e te r  ^ 3  , s ta r t s  o f f  w ith  a
p o s i t iv e  v a lu e  a t th e  c r o s s - s e c t io n  w h e re  th e  m ix in g  re g io n  f i r s t  f i l l s  
th e  d u c t and is  g r a d u a l ly  re d u c e d  as th e  m ix in g  p ro c e e d s . T h e  f in a l  
s ta te  is  re a c h e d  w h e n  jcg b e c o m e s  z e ro  and th e  c o n d it io n s  a re  u n i fo r m  
a c ro s s  th e  d u c t.

T o  s u m  up , th e  m ix in g  p ro c e s s  as a w h o le  m a y  be d e s c r ib e d ,  in  
t e r m s  o f th e  p a r a m e te r s  p ^ , x ^ ^ p £ ^ , 7i3 and 1X3 , as  fo l lo w s .  T h e  m ix in g

is  a s s u m e d  to  s t a r t  a t th e  end  o f  th e  p r im a r y  e x p a n s io n  w h e re  x  ^  and  x ^ ^

a re  z e ro ,  p is  a lw a y s  c o n s id e re d  u n i fo r m  a c ro s s  th e  c r o s s - s e c t io n  
to  w h ic h  i t  c o r re s p o n d s .  A s  th e  m ix in g  p ro c e e d s  b o th  x ^  and  Xg r is e  
u n t i l  one o f th e m  re a c h e s  u n i ty  f r o m  w h e n c e fo r th  th a t  one is  re p la c e d  
b y  a p a r a m e te r  o f  th e  f o r m  o f JC3  as th e  t h i r d  p a r a m e te r .  W hen  b o th  x

and  Xg ^h a v e  b e c o m e  u n i ty  th e  p r o b le m  is  th e n  s p e c if ie d  in  t e r m s  o f  p ^

ît3  and  ÎC3 * , th e  la s t  o f  th e s e  f a l l in g  to  z e ro  as th e  m ix in g  re a c h e s  c o m p le t io n .

C o n s id e r in g  a p a r t i c u la r  e je c to r  w ith  f ix e d  s ta g n a t io n  c o n d it io n s  
th e re  e x is ts  a c o n t in u o u s  s e r ie s  o f  p o s s ib le  s e c o n d a ry  m a s s  f lo w s .  F o r  
a n y  one p a r t i c u la r  m a s s  f lo w  a c o m p le te  s tu d y  o f th e  f lo w  m a y  be m a d e  
u s in g  one o f  th e  tw o  S tre a m  T h e o r ie s  f o r  th e  i n i t i a l  p re s s u r e  a d ju s tm e n t 
and  th e  th e o r y  abo ve  f o r  th e  m ix in g  p ro c e s s .

T h e  a bo ve  s e ts  o f e q u a tio n s  d e s c r ib in g  th e  s ta te  o f th e  f lo w  a t 
a ny  c r o s s - s e c t io n ,  n, w i l l  p ro v id e  tw o  s o lu t io n s  f o r  e ach  c r o s s  s e c t io n .



T h e s e  s o lu t io n s  m a y  in  g e n e ra l be e i th e r  r e a l  o r  im a g in a r y .  A n y  f lo w  
r e s u l t in g  in  im a g in a r y  r o o ts  m u s t  be a s s u m e d  to  be u n a b le  to  e x is t  i f  
th e  m ix in g  is  a llo w e d  to  p ro c e e d  a n y  f u r t h e r  th a n  th e  c r o s s - s e c t io n  a t 
w h ic h  th e  r o o ts  f i r s t  b e c o m e  im a g in a r y .  W hen th e  r o o ts  a re  re a l,  in  
a n a lo g y  to  th e  S t r a in  M ix in g  T h e o ry ,  i t  w o u ld  be e x p e c te d  th a t  one o f 
th e m  w o u ld  r e p r e s e n t  a " s u b s o n ic "  s o lu t io n  and th e  o th e r ,  i f  i t  is  p o s it iv e  
and  f in i t e ,  w o u ld  re p r e s e n t  a " s u p e r s o n ic "  s o lu t io n .  S im i la r ly  i f  th e  
r o o ts  a re  e q u a l i t  m ig h t  be e x p e c te d  th a t  the  f lo w  w o u ld  be c h o k e d . T h e s e  
th e o r ie s  c a n  o n ly  be  c h e c k e d  b y  f in d in g  th e  v a lu e s  o f B , f o r  e q u a tio n  2 9, 
c o r re s p o n d in g  to  th e  s o lu t io n s  in  q u e s t io n . T o  do th is ,  a c tu a l n u m e r ic a l 
e x a m p le s  w i l l  have  to  be u n d e r ta k e n . I t  is  s u g g e s te d , h o w e v e r ,  th a t 
i f  tw o  su ch  r e a l  s o lu t io n s  do e x is t  th e  f lo w  w i l l  o n ly  be a b le  to  a s s u m e  
th e  " s u p e r s o n ic "  s o lu t io n  i f  i t  h a s  a lre a d y  p a s s e d  th ro u g h  a c r o s s - s e c t io n  
th a t  is  c h o k e d ; th a t  is  f o r  w h ic h  th e  v a lu e  o f B  is  z e ro .

G o in g  b a c k  to  c o n s id e r  th e  e je c to r  w ith  f ix e d  s ta g n a t io n  c o n d it io n s  
i t  m a y  be fo u n d  th a t  f o r  d i f fe r e n t  m a s s  f lo w  ra te s  th e  s y s te m  b e c o m e s  
c h o k e d  a t c r o s s - s e c t io n  c o r re s p o n d in g  to  d i f fe r e n t  d e g re e s  o f m ix in g .
In  th e  c o n te x t  o f a k n o w n  ra te  o f m ix in g  th is  w o u ld  in d ic a te  th a t  th e  m ode  
o f  c h o k in g  o f  th e  s y s te m  m ig h t  be  d ep e n d e n t upon  th e  le n g th  o f th e  m ix in g  
tu b e .

R e g a rd in g  th is  th e o r y  as a w h o le , tw o  p o in ts  a r is e ,  f i r s t l y ,  i t  is  
n o t s t r i c t l y  n e c e s s a ry  to  l i m i t  th e  th e o r y  to  l in e a r  v a r ia t io n s  a c ro s s  th e  
m ix in g  re g io n .  D is t r ib u t io n s  o f any  s u ita b le  shape  m a y  be  u s e d  p ro v id e d  
th a t  th e y  a l lo w  th e  s ta te  a t any  u n k n o w n  c r o s s - s e c t io n  to  be s p e c if ie d .u n iq u e ly  
in  t e r m s  o f th r e e  p a r a m e te r s  w h e n  th e  m ix in g  r a te s  f o r  b o th  th e  to ta l  
p re s s u r e  and  to ta l  e n th a lp y  a re  a s s u m e d  e q u a l, and  u n iq u e ly  in  te r m s  
o f  f o u r  p a r a m e te rs  w h e n  th e s e  r a te s  a re  n o t a s s u m e d  to  be e q u a l. T h e  
se co n d  p o in t  is  th a t  th e  th e o r y  does n o t in c lu d e  a ny  a llo w a n c e  f o r  th e  
b o u n d a ry  la y e r  b u i ld - u p  a lo n g  th e  m ix in g  d u c t w a l ls .  H o w e v e r ,  i f  th e  
r e la t io n  b e tw e e n  th e  r a te s  o f m ix in g  and th e  r a te  o f b o u n d a ry  la y e r  g ro w th  
is  e i th e r  k n o w n  o r  c a n  be a s s u m e d  w ith  any c o n f id e n c e , th e re  is  no re a s o n  
w h y  th is  th e o r y  c o u ld  n o t be  a d a p te d  to  in c lu d e  th is  p h e n o m e n o n .



3. N U M E R IC A L  IN V E S T IG A T IO N S  O F  T H E  S O L U T IO N S
P R E D IC T E D  B Y  SO FIE  O F  T H E  O N E -D IM E N S IO N A L

T H E O R IE S .

3 .1 .  S O N IC  IN J E C T IO N , T H E  B A C K  P R E S S U R E  D E P E N D E N T
S O L U T IO N S .

T h e  m a jo r i t y  o f th e  n u m e r ic a l  w o r k  to  be re p o r te d  in  t h is  p a p e r  
c o n s is ts  o f  p r e d ic t io n s  o f  th e  f lo w s  in  s o n ic  e je c to r s ,  th a t  is  th o s e  w ith  
c o n v e rg e n t in je c t io n  n o z z le s .  T h re e  o f th e  o n e -d im e n s io n a l th e o r ie s  
h a ve  b ee n  u se d  to  p r e d ic t  th e s e  f lo w s .  T h e y  a re  th e  S t ra ig h t  M ix in g  
T h e o ry ,  F  a b r i ' s T w o  S tre a m  T h e o r y  and th e  P o ly t r o p ic  T w o  S t re a m  T h e o ry .  
A l l  th r e e  o f  th e s e  th e o r ie s  a re  b a s e d  on th e  c o n s e rv a t io n  o f  m a s s , m o m e n tu m  
and e n e rg y  and, t h e r e fo r e ,  g iv e n  a f ix e d  s ta te  a t th e  in je c t io n  p la n e , th e y  
w i l l  a l l  p r e d ic t  th e  s a m e  s ta te  f o r  th e  f u l ly  m ix e d  s t re a m , p ro v id e d  th a t  
th e  f lo w  is  n o t c h o k e d . T h u s  th e  b e h a v io u r  o f th e s e  f lo w s ,  in  te r m s  
o f  e x te r n a l ly  o b s e rv a b le  q u a n t i t ie s  su ch  as th e  m a s s  f lo w  ra te  and th e  
o v e r a l l  p re s s u r e  r a t io  is  in d e p e n d e n t o f  w h ic h  th e o r y  is  u s e d  w h ile  th e  
f lo w  is  s t i l l  b a c k  p re s s u r e  d e p e n d e n t. T h e  o n ly  w a y  in  w h ic h  th e  p r e ­
d ic t io n s  o f  th e s e  p a r t i c u la r  th e o r ie s  d i f f e r  is  in  th e  s ta g e  o f  th e  s o lu t io n  
a t w h ic h  th e y  p r e d ic t  th a t  th e  f lo w  w i l l  b e c o m e  c h o k e d . T h u s  in  o r d e r  to  
s tu d y  th e  b a c k  p r e s s u r e  d e p e n d e n t s o lu t io n s  in  t e r m s  o f  th e  e x te r n a l 
q u a n t i t ie s  i t  is  o n ly  n e c e s s a ry  to  u s e  one o f  th e  th e o r ie s .  A s  e x p la in e d  
in  S e c tio n  2 .1 ,3  w h e n  th e  tw o  s t r e a m  th e o r ie s  a re  u s e d  to  p r e d ic t  f lo w s  
th e y  a re  u s e d  in  c o n ju n c t io n  w ith  th e  S t ra ig h t  M ix in g  T h e o r y .  I t  w a s , 
th e r e fo r e ,  d e c id e d  to  u se  th e  P o ly t r o p ic  T w o  S tre a m  T h e o ry  to  in v e s t ig a te  
th e  f lo w s  in  th e  S u b s o n ic  and  M ix e d  R e g im e s  o f f lo w .  T h e  a d v a n ta g e s  
o f u s in g  one o f  th e  tw o  s t r e a m  th e o r ie s  in s te a d  o f  th e  S t ra ig h t  M ix in g  
T h e o ry  b y  i t s e l f  is  th a t  so m e  in fo r m a t io n  is  o b ta in e d  w ith  r e g a r d  to  th e  
l i k e ly  in t e r n a l  b e h a v io u r  o f  th e  f lo w .

. T h e  r e s u l t s  f r o m  a f a i r l y  e x te n s iv e  in v e s t ig a t io n  o f  th e  s o lu t io n s  
f o r  s o n ic  in je c t io n  p re d ic te d  b y  th e  P o ly t r o p ic  T w o  S tre a m  T h e o r y  a re  
d e s c r ib e d  and d is c u s s e d  in  S e c t io n  3 o f  th e  p a p e r  " T h e  P e r fo rm a n c e  o f 
an  A i r - A i r  E je c to r  A c c o r d in g  to  a Q u a s i- O n e -D im e n s io n a l T h e o r y " .
(R e f. 9) s u b m it te d  as p a r t  o f  th is  th e s is .  T h e  f u l l  b a c k  p re s s u r e  
d e p e n d e n t s o lu t io n s  a re  d is c u s s e d  in  S e c tio n s  3 .1 ,  3 ,2  and  3 .3 . 1 .  In  
th is  la s t  s e c t io n  th e  r e s u l t s  f r o m  a f a i r l y  c o m p le te  s u rv e y  o f th e  b a c k  
p re s s u r e  d e p e n d e n t s o lu t io n s  a re  p re s e n te d . T h e  ra n g e s  o f th e  c o n t r o l  
p a r a m e te r s  in v e s t ig a te d  w e re  as fo l lo w s  :

R ange  In v e s t ig a te d
T h e o r e t ic  a l ly  

P o s s ib le  R ange

z ,  th e  g e o m e tr ic  r a t io  f r o m  0. 2 to  0 .8  0. 0 to  1. 0
iX, th e  t o t a l  p re s s u r e  r a t io  f r o m  1 .7  to  2 .0  1 .0  to  in f in i t y
h, th e  t o t a l  e n th a lp y  r a t io  f r o m  1 .0  to  4. 0 1 .0  to  in f in i t y

T h e  ra n g e s  o f z and h w e re  re a s o n a b ly  c o m p re h e n s iv e ,  b u t th e  
t o ta l  p re s s u r e  r a t io  ra n g e  w a s  r a th e r  r e s t r ic t e d .  I t  d id , h o w e v e r .



in c lu d e  th e  c r i t i c a l  v a lu e  = 1 ,8 9  w h ic h  m a rk s  th e  b o u n d a ry  b e tw e e n  
th o s e  s o lu t io n s  w h ic h  h a v e  a S u b s o n ic  R e g im e  and th o s e  th a t  do n o t.
A t  t h is  c r i t i c a l  v a lu e  th e  p r im a r y  in je c t io n  n o z z le  b e c o m e s  u n c h o k e d  
a t th e  sa m e  t im e  as th e  s e c o n d a ry  m a s s  f lo w  v a n is h e s .

F u r t h e r  to  th e s e  r e s u l t s  th e  p e r fo rm a n c e  o f a s o n ic  e je c to r  
w ith  th e  s a m e  c h a r a c te r is t ic s  as  th a t  u s e d  in  th e  e x p e r im e n ta l w o r k  
w a s  a ls o  e v a lu a te d . T h is  e je c to r  c o n f ig u r a t io n  c o n s is te d  o f  a t o ta l  
a n th a lp y  r a t io  o f  u n i ty  and  an  in je c t io n  a re a  r a t io  o f  u n i ty .  T h e  to ta l  
p re s s u r e  r a t io  w a s  v a r ie d  f r o m  1 .0  to  2 .0 ,  T h e  r e s u l t s  f r o m  th e  f u l l  
b a c k  p re s s u r e  d e p e n d e n t s o lu t io n s  a re  p re s e n te d  in  F ig .  48 in  t e r m s  o f 
th e  r e la t io n s  b e tw e e n  th e  e x h a u s t p re s s u r e  and  th e  s e c o n d a ry  in je c t io n  
p re s s u r e  f o r  v a r io u s  f ix e d  t o t a l  p r e s s u r e  r a t io s .  T h e  t r u n c a t io n  o f 
th e s e  c u rv e s  r e p r e s e n ts  the  c h o k in g  o f th e  f lo w s  as  p re d ic te d  b y  th e  
P o ly t r o p ic  T w o  S tre a m  T h e o r y .  T h e  lo w e r  a rm s  o f th e s e  c u rv e s  a re  
th e  s u p e rs o n ic  s o lu t io n s  and  w i l l  o n ly  be a llo w e d  to  e x is t  p h y s ic a l ly  i f  
a c h o k in g  p ro c e s s  o th e r  th a n  th a t  h e re  p r e d ic te d  c a u s e s  th e  f lo w  to  ch o ke , 
a t a h ig h e r  s e c o n d a ry  in je c t io n  p r e s s u r e .  O th e rw is e  th e  o n ly  p h y s ic a l ly  
s ig n if ic a n t  p a r ts  o f  th e s e  s o lu t io n s  a re  u p p e r  s u b s o n ic  s o lu t io n  a rm s  
a nd  th e  v e r t i c a l  t r u n c a t io n s  r e p r e s e n t in g  th e  c h o k e d  s o lu t io n s .  T h e  
r in g e d  p o in ts  on th e  s u b s o n ic  s o lu t io n s  r e p re s e n t  th e  s ta g e  a t w h ic h  th e  
p r im a r y  in je c t io n  n o z z le  b e c o m e s  c h o k e d  and th u s  th e y  f o r m  th e  b o u n d a ry  
b e tw e e n  th e  S u b s o n ic  and  M ix e d  R e g im e s .

3 .2 .  C H O K E D  F L O W S , R E S U L T S  F R O M  T H E  P O L Y T R O P IC  
T W O  S T R E A M  T H E O R Y .

T u r n in g  to  th e  c o n s id e r a t io n  o f th e  c h o k e d  f lo w s  in  s o n ic  e je c to r s ,  
th e  r e s u l t s  f r o m  a f a i r l y  e x te n s iv e  s u rv e y  o f  c h o k e d  s o lu t io n s  as p re d ic te d  
b y  th e  P o ly t r o p ic  T w o  S t re a m  T h e o r y  a re  p re s e n te d  in  S e c tio n  3 .3 .2 .  
o f  R e fe re n c e  9, th e  A . R .  C , p a p e r  p re s e n te d  as p a r t  o f t h is  th e s is .
T h is  s u rv e y  in c lu d e s  a d e te r m in a t io n  o f th e  b o u n d a ry  b e tw e e n  th o s e  
f lo w s  th a t  ch o ke  due to  th e  tw o  s t r e a m  p ro c e s s  and  th o s e  in  w h ic h  th e  
f u l l y  m ix e d  s t r e a m  b e c o m e s  c h o k e d  a t th e  end  o f th e  m ix in g  d u c t. T h e  
r e s u l t in g  b o u n d a ry  is  d e p ic te d  in  F ig u r e  22.

T h e  S u p e rs o n ic  R e g im e  s o lu t io n s  w e re  in v e s t ia g e d  o v e r  th e  
fo l lo w in g  ra n g e s  in  th e  c o n t r o l  p a r a m e te rs

z 0 .0 1  to  0 .9
X 1 .1  to  6 .0
h  1 .1  to  5 .0

T h e  s ta te  o f th e  m ix e d  s t r e a m  m a y  be re p re s e n te d  by  th e  e x h a u s t 
p r e s s u r e .  In  th o s e  s o lu t io n s  in  w h ic h  th e  m ix e d  s t r e a m  is  ch o k e d  
d e f in i t io n  o f th e  e x h a u s t p r e s s u r e  f ix e s  th e  s ta te  o f  th e  f lo w  at th e  
d u c t e x it  in  o n e -d im e n s io n a l t e r m s ,  b u t in  f lo w s  c h o k in g  due to  th e  
tw o  s t r e a m  c h o k in g  p ro c e s s  tw o  p a r a m e te rs  a re  r e q u ir e d  to  d e fin e  th e  
s ta te  o f  th e  m ix e d  s t r e a m  f o r  i t  is  no lo n g e r  c h o k e d . T h e  e x h a u s t 
p r e s s u r e s  c o r re s p o n d in g  to  th e s e  s o lu t io n s  a re  g iv e n  in  R e fe re n c e  9.,



F ig u r e s  23 to  28 as s u r fa c e s  o f  c o n s ta n t e je c to r  g e o m e try  in  th e  j r - h - p s  
f ie ld .  C o m p le m e n ta ry  to  th e s e  r e s u l t s  a re  th e  e x h a u s t M a c h  n u m b e rs ,  
and th e  s e c o n d a ry  in je c t io n  p re s s u r e s  c o r re s p o n d in g  to  th e s e  f lo w s .
T h e  M a c h  n u m b e r  r e s u l t s  p ro v id e  th e  se co n d  p a r a m e te r  n e c e s s a ry  to  
d e fin e  th e  s ta te  o f th e  f lo w  on c o m p le t io n  o f  th e  m ix in g ,  in  th o s e  f lo w s  
th a t  c h o k e  due to  th e  tw o  s t r e a m  e ffe c t .  T h e s e  r e s u l t s  a re  g iv e n  in  th e  
f o r m  o f  c o n s ta n t e je c to r  g e o m e try  s u r fa c e s  in  th e  ^ f -h -m ^  f ie ld  in  F ig u r e s  
68 to  73 in  th is  r e p o r t .

I r r e s p e c t iv e  o f w h e th e r  th e  m ix in g  re a c h e s  c o m p le t io n  b y  th e  
end  o f th e  d u c t th e  m a s s  f lo w  r a te s  o f th e s e  f lo w s  th a t  ch o ke  due to  th e  
tw o  s t r e a m  e ffe c t  w i l l  r e m a in  c o n s ta n t.  G o in g  e ve n  f u r t h e r  th e  s e c o n d a ry  
in je c t io n  p re s s u r e  a t w h ic h  th e  tw o  s t r e a m  c h o k in g  ta k e s  p la c e  is  in ­
d e p e n d e n t o f  th e  t o t a l  e n th a lp y  r a t io ,  p ro v id e d  th a t  th e  la t t e r  is  n o t 
la r g e  e no u gh  to  c a u s e  th e  f lo w  to  c h o ke  a t th e  end o f th e  m ix in g  p ro c e s s  
in s te a d . T h u s  th e  s u r fa c e  re p r e s e n t in g  th e  r e la t io n  b e tw e e n  th e  s e c o n d a ry  
in je c t io n  p re s s u r e ,  th e  g e o m e tr ic  r a t io  z and th e  t o t a l  p re s s u r e  r a t io  jc 
m a y  be c o n s id e re d  to  r e p r e s e n t  th e  e n t i r e  s o lu t io n  f o r  c h o k in g  a c c o rd in g  
to  th e  P o ly t r o p ic  T w o  S tre a m  T h e o ry .  T h is  s u r fa c e  is  d e p ic te d  in  
F ig u r e  61.

A s  m e n tio n e d  above  th e  s e c o n d a ry  in je c t io n  p r e s s u r e  in  in d e p e n d ­
e n t o f  th e  t o ta l  e n th a lp y  r a t io  w h ile  th e  la t t e r  is  s m a ll ,  b u t as h in c re a s e s  
i t  c a u s e s  th e  f lo w  to  b e c o m e  c h o k e d  a t th e  end o f th e  m ix in g  p ro c e s s  and 
th u s  th e  s e c o n d a ry  in je c t io n  p re s s u r e  b e c o m e s  d e p e n d e n t on th e  to ta l  
e n th a lp y  r a t io .  I f  th e  p e r fo rm a n c e  o f an  e je c to r  w i t h  f ix e d  g e o m e try  
and  f ix e d  t o ta l  p re s s u r e  r a t io  is  p lo t te d  in  te r m s  o f th e  s e c o n d a ry  in je c t io n  
p r e s s u r e  v e rs u s  th e  t o t a l  e n th a lp y  r a t io  th e  g ra p h  w o u ld  c o n s is t  
o f  a s t r a ig h t  l in e  p a r a l le l  to  th e  h a x is  f o r  the  lo w  v a lu e s  o f h . T h is  
re p re s e n ts  th e  tw o  s t re a m  c h o k in g . A t  th e  p o in t  w h e re  th e  f lo w  b e c o m e s  
c h o k e d  a t th e  end o f  th e  m ix in g  tu b e  th e re  is  a d is c o n t in u o u s  change  in  
th e  g ra d ie n t  and th e  c u rv e  b e y o n d  th is  p o in t is  d e p e n d e n t on and r is e s  
w ith  th e  to ta l  e n th a lp y  h . T h is  p h e n o m e n o n  is  i l l u s t r a t e d  in  F ig u r e s  62 
to  67 w h e re  th e  s e c o n d a ry  in je c t io n  p re s s u r e s  c o r re s p o n d in g  to  ch o k e d  
f lo w s  a re  p lo t te d  as l in e s  o f c o n s ta n t t o ta l  p re s s u r e  r a t io  in  th e  p ^ ^ - h  
f ie ld  f o r  v a r io u s  v a lu e s  o f  th e  g e o m e tr ic  p a r a m e te r  z .

3 .3 .  C O M P A R IS O N  O F P R E D IC T IO N S  F R O M  O T H E R  O N E -D IM E N S IO N A L
T H E O R IE S .

F a b r i 's  T h e o ry  and th e  P o ly t r o p ic  T w o  S tre a m  T h e o ry  w e re  fo u n d  
to  g iv e  f a i r l y  s im i la r  r e s u l t s .  T h e  m a in  d if fe re n c e  w a s  th a t  F a b r i 's  
T h e o r y  p re d ic te d  th a t  th e  f lo w s  w o u ld  ch o ke  a t a s l ig h t ly  lo w e r  s e c o n d a ry  
m a s s  f lo w  and, th e r e fo r e ,  a t a s l ig h t ly  h ig h e r  s e c o n d a ry  in je c t io n  p r e s s u r e .  
A c c o r d in g  to  th e  S t ra ig h t  M ix in g  T h e o ry ,  on th e  o th e r  h a n d , th e  f lo w s  
do n o t c h o ke  u n t i l  th e  s e c o n d a ry  m a s s  f lo w s  a re  c o n s id e r a b ly  g re a te r  
th a n  th o s e  p re d ic te d  by  th e  o th e r  th e o r ie s .  In  fa c t  f o r  th e  c a s e s  in  w h ic h  
th e  t o t a l  e n th a lp y  r a t io  is  u n i ty  i t  m a y  be sh ow n  th a t  th e  s e c o n d a ry  in ­
je c t io n  n o z z le  b e c o m e s  s o n ic  a l ly  c h o k e d  s im u lta n e o u s ly  w ith  th e  s o n ic  
c h o k in g  o f th e  f u l l y  m ix e d  s t re a m .



S om e r e s u l t s  i l l u s t r a t in g  th e s e  p o in ts  a re  g iv e n  in  F ig u r e  59 w h e re  
th e  e x p e r im e n ta l p e r fo rm a n c e  o f an  e je c to r  w ith  th e  c o n f ir u g a t io n  z = 0 . 5 
and  h  = 1 .0  is  c o m p a re d  w ith  th e  p re d ic t io n s  o f th e  v a r io u s  th e o r ie s .

3 .4 .  R E S U L T S  F O R  S U P E R S O N IC  IN J E C T IO N , C H O K E D  F L O W S .

A  l im i t e d  a t te m p t  h a s  b e e n  m a d e  to  te s t  th e  a p p l ic a b i l i t y  o f the  
P o ly t r o p ic  T w o  S tre a m  T h e o r y  to  f lo w s  w ith  s u p e rs o n ic  in je c t io n  In  th e  
a b se n ce  o f a ny  e x p e r im e n ta l r e s u l t s  o f  o u r  ow n  i t  w a s  d e c id e d  to  a p p ly  
th e  P o ly t r o p ic  T h e o ry  to  tw o  e je c to r  c o n f ig u ra t io n s  f o r  w h ic h  r e s u l ts  
h ad  a lre a d y  b e e n  p u b lis h e d . T h e  c o n f ig u ra t io n s  c h o s e n  w e re  ta k e n  f r o m  
th e  w o r k  o f M e s s rs .  C h o w  and A d d i,  R e fe re n c e  3. T h is  had  th e  a d d it io n a l 
a d va n ta g e  o f m a k in g  p o s s ib le  a c o m p a r is o n  o f th e  p r e d ic t io n s  o f the  
P o ly t r o p ic  T h e o ry  w ith  th o s e  o f  th e  tw o - d im e n s io n a l th e o ry  o f M e s s rs .  
C h o w  and  A d d i.  T h e  r e s u l t s  o f  th is  e x e r c is e  a re  g iv e n  in  F ig u r e  49, 
w h e re  th e  s e c o n d a ry  in je c t io n  M a c h  n u m b e r  is  p lo t te d  a g a in s t  th e  r a t io  
o f  th e  s e c o n d a ry  in je c t io n  p re s s u r e  o v e r  th e  p r im a r y  to ta l  p re s s u r e .
In  th e s e  f ig u r e s  th e  to t a l  p r e s s u r e  r a t io ,  n , d e c re a s e s  as th e  s o lu t io n s  
a re  t r a v e r s e d  f r o m  th e  b o t to m  le f t  han d  ends o f  th e  c u rv e s  to w a rd s  th e  
to p  r ig h t  hand  e n d s . A s  e x p la in e d  in  S e c tio n  2. 2, th e  lo w e r  le f t  hand  
p o r t io n s  o f th e  c u rv e s  c o r re s p o n d  to  th e  S u p e rs o n ic  R e g im e  and the  
e x tr e m e  r ig h t  han d  p o r t io n s  c o r re s p o n d  to  th e  S u p e rs a tu ra te d  S u p e rs o n ic  
R e g im e . In  th e  S u p e rs o n ic  R e g im e  b o th  th e  P o ly t r o p ic  T h e o ry  and th e  
T w o - d im e n s io n a l T h e o r y  a re  fo u n d  to  g iv e  p r e d ic t io n s  th a t  a g re e  f a i r l y  
w e l l  w ith  th e  e x p e r im e n ta l r e s u l t s ,  F a b r i 's  T h e o r y  on th e  o th e r  hand  
doe s  n o t g iv e  s a t is fa c to r y  p r e d ic t io n s .  T h e  p r e d ic te d  m a s s  f lo w s  a re  
a g a in  to o  s m a l l .  F o r  th e  ca s e  in  w h ic h  z = 0. 1937 th e  P o ly  t r o p ic  T h e o ry  
g iv e s  s l ig h t ly  c lo s e r  p r e d ic t io n s  th a n  th e  tw o - d im e n s io n a l th e o ry  f o r  
th e  f lo w s  in  th e  S u p e rs o n ic  R e g im e , b u t in  th e  ca s e  w h e re  z = 0. 3025 
th e  tw o - d im e n s io n a l th e o ry  c o m e s  o f f  b e s t.

T h e  r e s u l t s  c o n c e rn in g  th e  f lo w s  in  th e  S a tu ra te d  S u p e rs o n ic  
R e g im e , h o w e v e r , a re  b y  no m e a n s  so s im p le  o r  c o n c lu s iv e .  A s  the  
t o t a l  p r e s s u r e  r a t io  f a l ls  th e  e x p e r im e n ta l p o in ts  p a s s  th ro u g h  a m a x im u m  
in  th e  r a t io  P 2 l / P i  ju s t  b e lo w  c o n d it io n  o f e q u a l in je c t io n  p re s s u r e s .
T h is  r a t io  th e n  a p p e a rs  to  f a l l  a g a in  u n t i l  th e  s e c o n d a ry  in je c t io n  M a c h  
n u m b e r  b e c o m e s  u n i ty  and  th e  in je c t io n  n o z z le  b e c o m e s  c h o k e d . N o w  
as to  w h e th e r  th is  p h e n o m e n o n  is  due to  b o u n d a ry  la y e r  e f fe c ts  w ith in  
th e  in je c t io n  n o z z le s  as s u g g e s te d  b y  M e s s rs ,  C h o w  and  A d d i o r  to  a 
f o r m  o f  c h o k in g  s im i la r  to  th a t  su g g e s te d  in  S e c tio n  2 .2 ,  i t  is  n o t r e a l ly  
p o s s ib le  to  d e c id e  w ith o u t  f u r t h e r  e x p e r im e n ta l in v e s t ig a t io n s .  T h e  
s o lu t io n  a c c o rd in g  to  th e  P o ly t r o p ic  T h e o ry  is  sh o w n  in  F ig u r e  49 . I t  
m u s t be re m e m b e r e d  th a t  t h is  th e o r y  u sed  in  th is  c o n te x t  p r e d ic ts  a 
s l ig h t  lo s s  o f e n tro p y  and , t h e r e fo r e ,  th e  r e s u l t s  s h o u ld  be t r e a te d  w ith  
c a u t io n .  T h e y  do, h o w e v e r ,  g iv e  a b e t te r  p r e d ic t io n  o f th e  f o r m  o f th e  
e x p e r im e n ta l p e r fo rm a n c e  fo u n d  to  o c c u r  in  th is  r e g im e .



4. T H E  E X P E R IM E N T A L  P R O G R A M M E ,

4, 1 IN T R O D U C T IO N .

T h e  e x p e r im e n ta l p ro g r a m m e  co n n e c te d  w ith  th is  w o rk  has  tw o  
m a jo r  o b je c t iv e s .  T h e y  l ie  in  f in d in g  th e  a n s w e rs  to  th e  fo l lo w in g  q u e s t io n s :- 
F i r s t l y ,  to  w h a t d e g re e  can  e je c to r  f lo w s  be s u c c e s s fu l ly  p re d ic te d  b y  
o n e -d im e n s io n a l th e o r ie s ?  A n d  s e c o n d ly , does s o m e  m e c h a n is m  o f 
c h o k in g  o c c u r  o th e r  th a n  th a t  due to  a f lo w  b e c o m in g  s o n ic  in  th e  n o r m a l ly  
a c c e p te d  se n se , and , i f  so u n d e r  w h a t c o n d it io n s  does s u c h  a p h e n o m e n o n  
ta k e  p la c e ?  S ince  m o s t o n e -d im e n s io n a l th e o r ie s  a re  m o r e  e a s i ly  a p p lie d  
to  e je c to r s  w ith  c o n s ta n t a re a  m ix in g  i t  is  p ro p o s e d  th a t  th e  w o rk  be l im i te d ,  
a t le a s t  in  th e  i n i t i a l  s ta g e s , to  e je c to r s  w ith  m ix in g  d u c ts  o f  c o n s ta n t 
c r o s s - s e c t io n a l  a re a ,  a lth o u g h , as w i l l  be se en  b e lo w , p r o v is io n  is  m a d e  
in  th e  a p p a ra tu s  u se d  to  v a r y  th e  m ix in g  d u c t c r o s s - s e c t io n .  I t  m u s t  be 
m e n tio n e d  th a t ,  a t th e  t im e  o f  w r i t in g ,  th e  e x p e r im e n ta l p ro g r a m m e  o r ig in a l ly  
in v is a g e d  is  n o w h e re  n e a r  c o m p le t io n .  T h is  s i tu a t io n  is  due in  th e  m a in  
to  d e la y s  in  th e  m a n u fa c tu re ,  s u p p ly  a nd  e r e c t io n  o f  th e  n e c e s s a ry  h a rd w a re .  
H o w e v e r ,  i t  is  p ro p o s e d  to  d e s c r ib e  th e  c o m p le te  o r ig in a l  p ro g r a m m e  
in  t h is  r e p o r t  as t h is  m a y  be o f  use  to  o th e r  w o r k e r s .  T h e  l im i t e d  e x p e r i ­
m e n ta l r e s u l t s  th a t  w e re  o b ta in e d  in  th e  s h o r t  t im e  a v a i la b le  a f te r  th e  
e x p e r im e n ta l e je c to r  w a s  c o m m is io n e d  a re  p re s e n te d  and d is c u s s e d .
A lth o u g h  th e y  ca n  o n ly  be  s a id  to  re p re s e n t  a s m a l l  p i lo t  p ro g r a m m e , 
th e y  do in d ic a te  s o m e  d e f in i te  c o n c lu s io n s .

4. 2 T H E  O B J E C T IV E S  O F  T H E  C O M P L E T E  P R O G R A M M E .

T h e  f i r s t  q u e s t io n  p o s e d  a bove , c o n c e rn e d  as i t  i s  b y  th e  g e n e ra l 
s u c c e s s  o f  th e  o n e -d im e n s io n a l th e o r ie s ,  m u s t be c o n s id e re d  w ith in  th e  
c o n te x t o f  th e  te s t  f a c i l i t ie s  a v a i la b le .  T w o  im p o r ta n t  r e s t r ic t io n s  a r is e  
im m e d ia te ly .  T h e  f i r s t  is  th a t  a i r  i s  th e  o n ly  gas r e a d i l y  a v a i la b le ,  th u s  
in  o r d e r  to  r u n  a la r g e  n u m b e r  o f  te s ts  w ith  an e je c to r  o f  re a s o n a b le  
d im e n s io n s  we a re  r e s t r ic t e d  to  an a i r - a i r  s y s te m . T h e  se co n d  r e s t r i c t io n  
is  th a t  th e r e  is  a t p re s e n t  no  f a c i l i t y  a v a i la b le  to  v a r y  th e  t o t a l  e n th a lp y  
r a t io ,  h en ce  a l l  e x p e r im e n ts  w a ll h a ve  to  be r e s t r ic t e d  to  a t o t a l  e n th a lp y  
r a t io  o f  u n ity .  W ith in  th e s e  r e s t r ic t io n s  i t  is  h o p e d  to  m a k e  as w id e  a 
s u rv e y  as p o s s ib le  o f th e  p e r fo rm a n c e  o f th e  o n e -d im e n s io n a l th e o r ie s  
o f  e je c to r  o p e ra t io n .  C o n s id e r in g  th e  p a r a m e te rs  in  te r m s  o f w h ic h  th e  
o n e -d im e n s io n a l th e o r ie s  a re  fo r m u la te d  th e  above  r e s t r i c t io n s  le a v e  
us f r e e  to  v a r y  th e  fo l lo w in g  p a r a m e te r s : -

th e  in je c t io n  a re a  r a t io  b e tw e e n  th e  tw o  s t re a m s ,
th e  d e s ig n  in je c t io n  M a ch  n u m b e r  o f th e  p r im a r y  in je c t io n  n o z z le ,
th e  t o ta l  p r e s s u r e  r a t io  b e tw e e n  th e  tw o  s t re a m s ,
th e  o v e r a l l  p r e s s u r e  r a t io  {th e  b a c k  p r e s s u r e  o v e r  th e  p r im a r y

t o t a l  p re s s u r e ) .

In  th e  e x p e r im e n ta l s y s te m  p ro p o s e d  th e  g e o m e t r ic a l  p a r a m e te rs  
d e f in in g  th e  a re  r a t io  b e tw e e n  th e  tw o  in je c t io n  n o z z le s  and  th e  d e s ig n  
M a c h  n u m b e r  o f  th e  p r im a r y  in je c t io n  n o z z le  a re  v a r ie d  b y  th e  in s e r t io n



o f d i f fe r e n t  n o z z le s  (see  F ig u r e  3 3 ). T h u s  th e s e  p a r a m e te r s  m a y  o n ly  
be v a r ie d  by d is c r e te  a m o u n ts , w h e re a s  th e  tw o  p r e s s u r e  r a t io  p a r a m e te rs  
a re  in f in i t e ly  v a r ia b le .  We a re  a ls o  f r e e  to  v a r y  su ch  p a r a m e te rs  as th e  
m ix in g  d u c t le n g th  and  th e  in je c t io n  n o z z le  g e o m e tr ie s  w h ic h  do n o t a p p e a r 
s p e c i f ic a l ly  in  th e  o n e -d im e n s io n a l th e o r ie s ,  b u t a g a in  th e s e  p a r a m e te rs  
m a y  o n ly  be v a r ie d  b y  d is c r e te  a m o u n ts .

W ith  r e g a r d  to  th e  q u e s t io n  o f th e  s u c c e s s  o f a n y  p a r t i c u la r  th e o ry  
a c a r e fu l  d is t in c t io n  m u s t be m a d e  b e tw e e n  tw o  d e g re e s  o f  s u c c e s s .
F i r s t l y ,  a th e o ry  m a y  p ro v id e  re a s o n a b ly  a c c u ra te  p r e d ic t io n s  o f o v e r a l l  
e je c to r  p e r fo rm a n c e  in  t e r m s  o f e x te r n a l r e la t io n s  su ch  as th o s e  b e tw e e n  
th e  m a s s  f lo w s  and  o v e r a l l  p r e s s u r e  r a t io s ,  e ven  th o u g h  th e  f lo w  w ith in  
th e  e je c to r  is  n o t fo u n d  to  be e x a c t ly  th a t  p r e d ic te d  by  th e  th e o r y .  Such 
a th e o ry  m u s t  be s a id  to  be " e m p i r i c a l l y "  s u c c e s s fu l and  m a y  be o f  u se  
in  th a t  l im i t e d  s e n s e . A  th e o ry  w ith  a m o re  c o m p le te  d e g re e  o f s u c c e s s  
w i l l  be fo u n d  to  g iv e  c o r r e c t  p r e d ic t io n s  f o r  th e  f lo w s  w i th in  th e  e je c to r  
as w e l l  as  f o r  th e  o v e r a l l  p re d ic t io n s  f o r ' t h e  p e r fo rm a n c e .  In  o r d e r  to  
e s ta b lis h ,  in  th is  se nse , th e  c o m p le te  s u c c e s s  o f any th e o r y  i t  is  n e c e s s a ry  
to  v e r i f y ,  as f a r  as  is  p o s s ib le ,  a l l  th e  a s s u m p t io n s  in h e re n t  in  th e  th e o r y .
I t  is ,  th e r e fo r e ,  in te n d e d  to  l i s t  a l l  th e  a s s u m p t io n s  r e le v a n t  to  th e  o n e ­
d im e n s io n a l th e o r ie s  and  to  f in d  o u t e x p e r im e n ta l ly  to  w h a t d e g re e  th e y  a re  
ju s t i f ie d .  T h e  m a in  a s s u m p t io n s  c o n n e c te d  w ith  th e  o n e -d im e n s io n a l th e o r ie s  
a re  c o n c e rn e d  w ith  th e  fo l lo w in g  p o in ts

a) th e  u n i f o r m i t y  o f  e a ch  gas s t r e a m  on in je c t io n ,
b) th e  e q u a lity  o f th e  in je c t io n  p re s s u r e s  in  th e  S u b s o n ic  R e g im e ,
c) th e  r e v e r s ib i l i t y  o f th e  p r im a r y  e x p a n s io n  in  th e  M ix e d  and

S u p e rs o n ic  R e g im e s ,
d) th e  d e g re e  o f m ix in g  d u r in g  th e  p r im a r y  e x p a n s io n ,
e) th e  u n i f o r m i t y  o f c o n d it io n s  a t th e  end  o f  th e  e x p a n s io n ,
f )  th e  d e g re e  o f o v e r -e x p a n s io n  a t th e  end o f th e  e x p a n s io n ,
g) t h e  d e g re e  o f  m ix in g  re a c h e d  a t th e  end  o f th e  m ix in g  d u c t,
h) t h e  b o u n d a ry  la y e r  e ffe c t ,
i )  th e  m e c h a n is m s  o f c h o k in g .
j) th e  u n i f o r m i t y  o f s ta t ic  p re s s u r e  o v e r  e a ch  c r o s s - s e c t io n

d o w n s tre a m  o f th e  p r im a r y  e x p a n s io n .

P o in ts  b) and  j) ca n  be v e r i f ie d  s im p ly  by  s ta t ic  p re s s u r e  
m e a s u re m e n ts .  P o in ts  a ), g) and h) m a y  be in v e s t ig a te d  u s in g  p i to t  t r a v e r s e  
te c h n iq u e s  c o n n e c te d  w ith  s ta t ic  p re s s u r e  m e a s u re m e n ts .  F o r  p o in ts  
c ), d), d ), f) and i) i t  is  n e c e s s a ry  to  use  som e  f o r m  o f  f lo w  v is u a l is a t io n  
te c h n iq u e  in  c o n ju n c t io n  w ith  th e  p i to t  and s ta t ic  p r e s s u r e  m e a s u re m e n ts .  
N a tu r a l ly ,  even  b e t te r  r e s u l t s  w o u ld  be o b ta in e d  i f  an  in t e r f e r o m e tr i c  te c h n iq u e  
c o u ld  be u s e d  to  f in d  the  g e n e ra l d e n s ity  d is t r ib u t io n  th ro u g h o u t  th e  f lo w .
F o r ,  i f  i t  is  fo u n d  th a t  the  n o r m a l s ta t ic  p re s s u r e  g ra d ie n t  is  z e ro  th ro u g h o u t 
a m a jo r i t y  o f the  f lo w  a nd  h en ce  th e  s ta t ic  p re s s u r e  d is t r ib u t io n  is  kn ow n , 
th is  w i l l  p ro v id e  a m e th o d  o f  f in d in g  th e  to ta l  p re s s u r e  d is t r ib u t io n  w ith o u t  
d is tu r b in g  th e  f lo w  b y  th e  in s e r t io n  o f any p ro b e s .



In  o r d e r  to  e s ta b lis h  w h ic h , i f  a ny , o f  th e  o n e -d im e n s io n a l th e o r ie s  
g iv e  a c c u ra te  d e s c r ip t io n s  o f th e  f lo w s  in  th e  v a r io u s  re g im e s  i t  w i l l  be 
n e c e s s a ry  to  m a k e  d e ta ile d  s tu d ie s  o f th e  f lo w s  c o r re s p o n d in g  to  s e v e r a l 
s e ts  o f  c o n t r o l  v a r ia b le s  -  at le a s t  one s e t c o r re s p o n d in g  to  each  m o d e  
o f  c h o k in g . Such an in v e s t ig a t io n  in v o lv e s  m a id n g  c o m p le te  s tu d ie s  o f  
th e  f lo w s  c o r re s p o n d in g  to  a p a r t i c u la r  s e t o f  s ta g n a t io n  c o n d it io n s  as th e  
b a c k  p r e s s u r e  is  a llo w e d  to  t r a v e r s e  th e  e n t i r e  ra n g e  f r o m  th e  B a se  P r e s s u r e  
f lo w s  th ro u g h  to  th e  f u l l y  ch o ke d  f lo w s .  I f  th is  is  d one , i t  s h o u ld  be p o s s ib le  
in  each  ca se  to  t e l l  f r o m  th e  r e s u l t s  e x a c t ly  w h e re  and  h o w  th e  f lo w  b e c o m e s  
ch oke d . F o r ,  as so on  as th e  s e c o n d a ry  m a s s  f lo w  b e c o m e s  in d e p e n d e n t 
o f  th e  b a c k  p r e s s u r e ,  o n ly  th e  f lo w  d o w n s tre a m  o f  th e  ch o k e d  c r o s s - s e c t io n  
w i l l  be a ffe c te d  b y  an^r f u r t h e r  d ro p  in  th e  b a c k  p r e s s u r e .

O nce  th e  bounc^^ies b e tw e e n  th e  re g im e s  fo u n d  to  e x is t  p h y s ic a l ly  
h a ve  been  d e te rm in e d  e x p e r im e n ta l ly  and th e  o b s e rv e d  m o d e s  o f  c h o ld n g  
have  been  e x a m in e d  and  c la s s i f ie d ,  i t  i s  in te n d e d  to  m a k e  l im i t e d  s tu d ie s  
o f  a la r g e  n u m b e r  o f  f lo w s  to  d e te rm in e  th e  o v e r a l l  p e r fo r m a n c e  o f  e a ch  
th e o r y  in  e ach  r e g im e  to  w h ic h  i t  a p p lie s .  T o  s u m m a r is e ,  th e  o b je c t iv e s  
o f  th is  e x p e r im e n ta l p ro g r a m m e  a re  to  te s t  th e  a p p l ic a b i l i t y  o f  th e  o n e ­
d im e n s io n a l th e o r ie s  o f  e je c to r  o p e ra t io n  to  th e  f lo w s  in  s o n ic  and s u p e r ­
s o n ic  e je c to r s  w ith  c o n s ta n t a re a  m ix in g  and a ls o  to  m a k e  a th o ro u g h  
in v e s t ig a t io n  o f  th e  v a r io u s  m o d e s  o f  c h o k in g . T h e  p ro g r a m m e ,  h o w e v e r ,  
w i l l  be s u b je c t  to  th e  fo l lo w in g  l im i t a t io n s ; -

i t  w i l l  be  l im i t e d  to  a i r - a i r  s y s te m s ,
th e  t o t a l  e n th a lp y  r a t io  w i l l  be  r e s t r ic t e d  to  u n i ty ,
o n ly  one g e o m e tr ic  f o r m  w i l l  be u s e d  (th e  e x p e r im e n ta l e je c to r

w i l l  be a p la n e  f lo w  s y s te m ) .

A  d e s c r ip t io n  o f  th e  e x p e r im e n ta l s e t-u p  w i l l  n o w  fo l lo w .

4. 3 T H E  E X P E R IM E N T A L  E J E C T O R .

T o  c a r r y  o u t th e  r e q u ir e d  p ro g r a m m e  an a i r - a i r  e je c to r  o f  a f a i r l y  
f le x ib le  n a tu re  w as d e s ig n e d . T h e  m a in  r e q u ir m e n ts  w e re :  -

to  be a b le  to  v a r y  th e  tw o  s ta g n a t io n  p r e s s u r e s  and  th e  b a c k  p r e s s u r e
in d e p e n d e n t ly ,

to  be a b le  to  v a r y  th e  a re a  r a t io  o f th e  in je c t io n  n o z z le s ,
to  be a b le  to  v a r y  th e  le n g th  o f th e  m ix in g  tu b e ,
to  be a b le  to  m e a s u re  th e  s ta t ic  p r e s s u r e  a lo n g  b o th  th e  s t re a m s  as

th e y  m ix ,
to  be a b le  to  o b s e rv e  th e  f lo w  o p t ic a l ly .

T h e  f a c i l i t i e s  to  p ro v id e  a d i f fe re n c e  in  th e  to ta l  e n th a lp y  b e tw e e n  th e  tw o  
s t re a m s  w e re  n o t a v a i la b le  so th is  c o u ld  n o t be a tte m p te d .

A n  e x p e r im e n ta l a i r - a i r  e je c to r  w as  d e s ig n e d  and b u i l t  to  m e e t 
th e  above  r e q u ir m e n ts  as c lo s e ly  as p o s s ib le ,  see F ig u r e  34. I t  w as d e c id e d



th a t  a p la n e  f lo w  s y s te m  w o u ld  m a k e  th e  b e s t u s e  o f  th e  f lo w  v is u l is a t io n  
te c h n iq u e s  and a ls o  be th e  s im p le s t  f r o m  th e  c o n s t r u c t io n  p o in t  o f  v ie w .
T h e  f a c i l i t i e s  a v a i la b le  f o r  ru n n in g  th e  s y s te m  c o n s is t  o f  a c o m p re s s o r  
and 240 c u b ic  fe e t o f c o m p re s s e d  a i r  s to ra g e  ta n k s  w ith  a m a x im u m  w o r ld n g  
p re s s u r e  o f 250 p. s. i .  T h e  a i r  l in e  f r o m  th e  ta n k s  to  th e  la b o r a to r y  is  
a 2 in c h  n o m in a l d ia m e te r  l in e .  T h e  w h o le  s y s te m  w a s  d e s ig n e d  to  a m a x im u m  
w o rk in g  p r e s s u r e  o f  250 p. s. i .  T h e  b a s ic  s iz e  o f th e  e je c to r  i s  a 
c o m p ro m is e  b e tw e e n  h a v in g  i t  la r g e  enough  to  m a k e  d e ta i ls  o f  th e  f lo w  
v is ib le  and s m a l l  enough to  g e t a re a s o n a b le  ru n n in g  t im e  w ith  th e  a i r  
s to ra g e  f a c i l i t i e s  a v a i la b le .  T h e  e x p e r im e n ta l s y s te m  is  s h o w n  in  F ig u r e s  
33 to  36. T h e  s y s te m  c o n s is ts  o f  tw o  r e s e r v o i r s  m a in ta in e d  a t c o n s ta n t 
p re s s u r e  b y  tw o  F is h e r  c o n t r o l  v a lv e s .  T h e s e  r e s e r v o i r s  e x h a u s t v ia  
th e  in je c t io n  n o z z le s  in to  th e  m ix in g  d u c t.

T h e  2 in c h  p ip e  f r o m  th e  s to ra g e  v .e s s e l is  c o n n e c te d  to  a 2 in c h  
han d  v a lv e  w h ic h  c o n t r o ls  th e  a i r  s u p p ly  to  th e  w h o le  s y s te m . T h e  p ip e  
is  th e n  s p l i t  in to  tw o  l i  in c h  l in e s  w h ic h  le a d  to  th e  F is h e r  c o n t r o l  v a lv e s .
J u s t  d o w n s tre a m  o f  th e  h an d  v a lv e  a s m a l l  ;|-.in ch  l in e  is  le a d  o f f  to  s u p p ly  
th e  c o n t r o l  s y s te m  f o r  th e  F is h e r  v a lv e s .  T h e s e  v a lv e s  a re  o f th e  d ia p h ra g m  
ty p e  and a re  c o n t r o l le d  b y  a d o u b le  s e rv o  s y s te m . T h e  s y s te m  is  d e s ig n e d  
to  ke ep  th e  t o t a l  p r e s s u r e s  c o n s ta n t in  th e  r e s e r v o i r s  ju s t  u p s t re a m  o f th e  
in je c t io n  n o z z le s . P r e s s u r e  ta p p in g s  a re  ta k e n  f r o m  th e  r e s e r v o i r s  and 
fe d  in to  th e  f i r s t  p a r t  o f th e  c o n t r o l  s y s te m  (th e  W iz a r d  C o n t r o l le r s )  and 
a ls o  to  d ia l  p r e s s u r e  gauges  f o r  th e  in fo r m a t io n  o f th e  o p e ra to r s .  T h e  
W iz a rd  C o n t r o l le r s  c o m p a re  th e s e  p re s s u r e s  w ith  th e  d e s ire d  v a lu e s  and 
g iv e  a p p ro p r ia te  o u tp u t p r e s s u r e s ,  p r o p o r t io n a l  to  th e  e r r o r s ,  w h ic h  a re  
in  t u r n  fe d  in to  th e  P o s i t r o l  s y s te m . T h e s e  d e v ic e s  g iv e  an o u tp u t s ig n a l 
d ep e n d e n t on th e  W iz a rd  C o n t r o l le r s  o u tp u t and th e  c o n t r o l  v a lv e  s e tt in g .
T h is  o u tp u t is  fe d  to  th e  d ia p h ra g m  o f th e  v a lv e .  T h is  d o u b le  s y s te m  a llo w s  
th e  s e n s i t iv i t y  o f th e  s y s te m  to  be a l te r e d  and a ls o  h e lp s  to  c u re  a ny  u n d e s ir ­
a b le  fe e d  b a c k  e ffe c ts .

A f t e r  th e  v a lv e s  th e r e  is  a s h o r t  s t r a ig h t  s e c t io n  o f l y  in c h  p ip e  
to  a l lo w  e a ch  f lo w  to  s e t t le ,  th e n  a s ix  in c h  lo n g  t r a n s i t i o n  s e c t io n  c h a n g in g  
th e  f lo w  c r o s s - s e c t io n  f r o m  ro u n d  to  s q u a re . T h e  f lo w s  th e n  e n te r  th e  d i f fu s e r s  
a tta c h e d  to  th e  u p s t re a m  s id e  o f  th e  r e s e r v o i r s ,  as s h o w n  in  F ig u r e  34,
W ir e  m e s h  s c re e n s  a re  p la c e d  b e tw e e n  th e  d o w n s tre a m  end o f  th e  d i f fu s e r s  
and th e  b e g in in g  o f  th e  r e s e r v o i r s  o r  s e t t l in g  c h a m b e rs .  T h e s e  h e lp  to  
keep  th e  f lo w  u n i fo r m  and a ls o  c o n t r o l  tu rb u la n c e .

T h e  r e s t  o f  th e  s y s te m , th e  r e s e r v o i r s ,  th e  in je c t io n  n o z z le s  and 
th e  m ix in g  c h a m b e r ,  a re  in c o r p o r a te d  in  one a s s e m b ly  as a p la n e  f lo w  
s y s te m . T h is  c o n s is ts  o f  tw o  h e a v y  s te e l p la te s  w ith  a one  in c h  sp a ce  
b e tw e e n  th e m . T h e y  a re  h e ld  a p a r t  b y  l in e r s  f o r m in g  th e  w a l ls  to  th e  
v a r io u s  c h a m b e rs ,  see F ig u r e  35. T h e  r e s e r v o i r s  a re  b o th  5 in c h e s  w id e  
a t t h e i r  u p s t re a m  ends and c u rv e  s m o o th ly  in to  th e  in je c t io n  n o z z le s ' c o n to u rs .  
T w o  a c c e s s  h o le s  a re  p ro v id e d  in  each  r e s e r v o i r ;  one th ro u g h  w h ic h  to  
m e a s u re  th e  p re s s u r e  and th e  o th e r  th ro u g h  w h ic h  to  in s e r t  a th e rm o c o u p le  
to  m e a s u re  th e  t o ta l  te m p e r a tu r e .  T h e  tw o  r e s e r v o i r s  a re  s o p e ra te dA



f r o m  e ach  o th e r  b y  one  o f a s e t o f  n e e d le s , w h ic h  m a y  e a s i ly  be  e xch a n g e d  
so as to  v a r y  th e  a re a  r a t io  b e tw e e m  th e  in je c t io n  n o z z le s  and th e  d e s ig n  
M a c h  n u m b e r  o f  th e  p r im a r y  in je c t io n  n o z z le . S e v e ra l s u c h  n e e d le s  a re  
i l l u s t r a t e d  in  F ig u r e  33.

T h e  c o n to u rs  o f th e  in je c t io n  n o z z le s  w e re  d e s ig n e d  w ith  th e  o b je c t  
o f  p ro d u c in g  re a s o n a b ly  u n i fo r m  f lo w s  in  th e  p la n e  o f  in je c t io n .  T h e  sh ap e s  
o f  th e  p r im a r y  and s e c o n d a ry  l in e r s  w e re  d e s ig n e d  so th a t  th e  sp a c e s  
b e tw e e n  th e m  and th e  d iv id in g  n e e d le  fo rm e d  th e  tw o  in je c t io n  n o z z le s .
T h e  n e e d le  c o r re s p o n d in g  to  a n  in je c t io n  a re a  r a t io  o f  u n i ty  w a s  u s e d  f o r  
th e  d e s ig n . In  th is  ca se  th e  p r im a r y  s u r fa c e  o f  th e  n e e d le  is  f la t  -  as i t  
i s  sh o w n  in  F ig u r e s  34, 41 and  47. T h e  c o n to u rs  o f  th e  p r im a r y  l in e r  
w e re  d e s ig n e d  so th a t  th e  s p a ce  b e tw e e n  th e  l i n e r  and  th e  n e e d le  fo r m e d  
a s y m m e t r ic a l  h a l f  o f  a n o z z le  th e  sh ap e  o f  w h ic h  h a d  b ee n  d e te rm in e d  
u s in g  p o te n t ia l  f lo w  a n a ly s is .  T h e  th r o a t  .o f th is  n o z z le  w a s  e x te n d e d  b y  
a p a r a l le l  w a lle d  s e c t io n  o f d u c t h a l f  an in c h  in  le n g th . S in ce  th e  s h a rp  
end o f th e  n e e d le  w o u ld  n o t be s u p p o r te d  b y  th e  s id e  p la te s  i t  h ad  to  be  
d e s ig n e d  w ith  a f in i t e  a n g le  a t th e  apex  in  o r d e r  to  a v o id  undue  d e f le c t io n  
w h ile  u n d e r  lo a d . T h e  s e c o n d a ry  s t r e a m  th e r e fo r e  h a d  to  be in je c te d  
a t a s l ig h t  a n g le  to  th e  p r im a r y .  T h e  c o n to u rs  o f th e  s e c o n d a ry  l i n e r  
w e re  d e s ig n e d  so th a t  th e  s p a ce  b e tw e e n  i t  and th e  s e c o n d a ry  s u r fa c e  
o f  th e  n e e d le  fo r m e d  a n o z z le  w ith  a p p r o x im a te ly  th e  s a m e  a x ia l  d is t r ib u t io n  
o f  c r o s s -  s e c t io n a l a re a  as th e  p r im a r y  n o z z le .

T h e  m ix in g  d u c t has a c r o s s - s e c t io n  1-| in c h e s  h ig h  b y  1 in c h  w id e  
and h a s  a m a x im u m  le n g th  o f 20 in c h e s . T h e  f r o n t  and b a c k  p la te s  c o n ta in  
S c h lie re n  w in d o w s , 16 in c h e s  in  le n g th ,  w h ic h  r u n  f r o m  ju s t  u p s t re a m  
o f  th e  d u c t e n tra n c e  to  w i t h in  4 in c h e d  f r o m  th e  end o f  th e  d u c t. T h is  
e n a b le s  o p t ic a l m e th o d s  to  be u s e d  o v e r  th e  m a jo r  p a r t  o f  th e  f lo w .  T h e  
b o tto m  w a l l  o f  th e  d u c t i s  fo r m e d  by  a f ix e d  l i n e r  1 in c h  in  d e p th  w ith  p r e s s u r e  
ta p p in g s  a long , i t s  f u l l  le n g th . T h e  to p  w a l l  h o w e v e r  c o n s is ts  o f  a t h in  
b ra s s  to n g u e  a tta c h e d  to  th e  to p  l i n e r  a t th e  u p s t re a m  end and s u p p o r te d  
on  a d ju s ta b le  ja c k e s  at r e g u la r  in t e r v a ls  d o w n  th e  d u c t. In  a l l  e x p e r im e n ts  
c a r r ie d  o u t so f a r  th e  to n g u e  h a s  bee n  k e p t in  a c o n s ta n t p o s i t io n  su ch  th a t  
th e  c r o s s - s e c t io n  o f  th e  m ix in g  d u c t does no t v a r y  th ro u g h o u t  i t s  w h o le  
le n g th . 'O ' r in g s  a re  u s e d  to  s e a l th e  gaps b e tw e e n  th e  p la te s  and th e  
l in e r s  b u t th e  f le x ib le  to n g u e  i s  f i t t e d  w ith  an in f la te a b le  s e a l m a in ta in e d  
a t a p r e s s u r e  2 0 p. s. i .  h ig h e r  th a n  e ith e r  o f th e  r e s e r v o i r  t o t a l  p r e s s u r e s .  
I l lu s t r a t io n s  o f th e  m ix in g  d u c t a re  g iv e n  in  F ig u r e s  34, 35, 36 and 41.

A t  th e  end o f th e  m ix in g  d u c t th e re  is  a n -a d ju s ta b le  c e n t re  b od y  w h ic h  
m a y  be u se d  to  r e s t r i c t  th e  e x it  a re a  o f th e  d u c t and th u s  s im u la te  ch a n g e s  
in  th e  b a c k  p re s s u r e  upo n  a s y s te m  w ith  f ix e d  u p s tre a m , c o n d it io n s . A  p i to t  
ra k e  is  b u i l t  in to  th is  c e n tre  b o d y  in  o r d e r  to  d e te rm in e  th e  d e g re e  o f 
m ix in g  th a t  h a s  o c c u re d  b y  th e  end  o f th e  d u c t. T h is  a s s e m b ly  is  i l l u s t r a t e d  
in  F ig u r e  36.

A t  th e  t im e  o f w r i t in g  th e  c o n t r o l  s y s te m s  g o v e rn in g  th e  t o ta l  
p re s s u r e s  in  th e  r e s e r v o i r s  h a ve  n o t been  f u l l y  p e r fe c te d  in  th a t  th e y  do n o t 
h o ld  th e  f lo w  s te a d y  a t h ig h  p r e s s u r e s .  T o ta l  p r e s s u r e s  o f  a b o u t 60 p. s . i .  g. 
a re  fo u n d  to  be th e  m a x im u m  v a lu e s  a t w h ic h  th e  c o n t r o l  s y s te m s  w i l l  h o ld  
th e  f lo w s  re a s o n a b ly  s te a d y . A b o v e  th e s e  v a lu e s  th e  f lo w s  te n d  to  o s c i l la te .



In  th e  a b s e n c e  o f a n y  d i f fu s e r  a t th e  end o f th e  m ix in g  d u c t th is  m a x im u m  
v a lu e  o f  th e  p r im a r y  t o t a l  p re s s u r e  a ls o  d e fin e s  a m in im u m  v a lu e  f o r  th e  
o v e r a l l  p re s s u r e  r a t io  o f  th e  o r d e r  o f 0. 2. I f  th e  b a c k  p r e s s u r e  is  g o in g  
to  be a llo w e d  to  f a l l  f a r  enough  to  re a c h  th e  f u l ly  s u p e rs o n ic  v e r s io n  o f th e  
c h o k e d  s o lu t io n  a m a x im u m  l i m i t  in  th e  t o t a l  p r e s s u r e  r a t io  b e tw e e n  th e  
tw o  s t r e a m s  is  a ls o  in d ic a te d .  T h is  v a lu e  is  o f th e  o r d e r  o f 2. 0 i f  i t  is  
a s s u m e d  th a t  th e  b a c k  p re s s u r e  c o r re s p o n d in g  to  th e  f u l l y  s u p e rs o n ic  f lo w  
is  o f th e  o r d e r  o f  4 /5  th s .  o f  th e  s e c o n d a ry  to ta l  p r e s s u r e .  H ig h e r  t o ta l  
p r e s s u r e  r a t io s  m a y  o f  c o u rs e  be u s e d  p ro v id e d  i t  is  n o t r e q u ir e d  to  re a c h  
th e  f u l l y  s u p e rs o n ic  s o lu t io n s .  I t  is  h o p e d  th a t  th is  s i tu a t io n  w i l l  be im p ro v e d  
b y  m a k in g  s o m e  s im p le  m o d if ic a t io n s  to  th e  c o n t r o l  s y s te m s .

4 .4 .  D IA G N O S T IC  T E C H N IQ U E S .

4 ..4 .1 .  P r e s s u r e  M e a s u re m e n ts .

A l l  p r e s s u r e  m e a s u re m e n ts  a re  m a d e  u s in g  m u lt i tu b e  m e r c u r y  
m a n o m e te rs .  T w o  m a n o m e te rs  w e re  b u i l t ;  one te n  fo o t ,  tw e n ty  tu b e  
m a n o m e te r  (see  F ig u r e  37), and  one f iv e  fo o t ,  one h u n d re d  and tw e n ty  tu b e  
m a n o m e te r .  T h e  f i r s t  o f th e s e , th e  t a l l  m a n o m e te r ,  is  u s e d  to  m e a s u re  
th e  t o t a l  p r e s s u r e s  and  is  p ro v id e d  w ith  a c la m p in g  m e c h a n is m  to  h o ld  th e  
re a d in g s  w h ile  th e y  a re  re a d . T h e  s h o r t  m a n o m e te r  on  th e  o th e r  hand , h as  
no c la m p  b u t is  f i t t e d  w ith  a t r a n s p a r e n t  g ra d u a te d  s c re e n  w h ic h  is  i l lu m in a te d  
f r o m  th e  r e a r  th u s  a l lo w in g  th e  re a d in g s  to  be re c o r d e d  p h o to g ra p h ic a l ly .
A n  i l l u s t r a t io n  o f t h is  m a n o m e te r  and a s p e c im e n  r e c o r d in g  a re  g iv e n  in  
F ig u r e s  37 and  38.

T h e  a i r  s u p p ly  p r e s s u r e  and th e  tw o  s ta g n a t io n  p re s s u r e s  a re  
d is p la y e d  on d ia l  p re s s u r e  gauges  in  th e  m a in  c o n t r o l  p a n a l (F ig u r e  3 9).
T h e  s ta g n a t io n  p r e s s u r e s  a re  a ls o  m e a s u re d  on th e  t a l l  m e r c u r y  m a n o m e te r .  
T h e s e  p r e s s u r e s  a re  in  fa c t  th e  s ta t ic  p re s s u r e s  w i th in  th e  r e s e r v o i r s ,  b u t 
on  in v e s t ig a t io n  th e y  a re  fo u n d  to  be w e l l  w i th in  one p e rc e n t  o f th e  t r u e  
s ta g n a t io n  p r e s s u r e s .  S ta t ic  p r e s s u r e  ta p p in g s  a re  s itu a te d  a t r e g u la r  
in t e r v a ls  dow n  th e  m ix in g  d u c t b o th  in  th e  b o t to m  l i n e r  and  in  th e  f le x ib le  
to n g u e . T h e  s u r fa c e  a p e r tu re s  o f th e s e  ta p p in g s  a re  a l l  tw e n ty  th o u s a n d th s  
o f  an in c h  in  d ia m e te r .  T h e i r  e x a c t lo c a t io n s  a re  s h o w n  in  F ig u r e  41 .

T o ta l  p re s s u r e  s u rv e y s  a re  m a d e  u s in g  s m a l l  p i t o t  tu b e  ra k e s  
m o u n te d  on s t in g s .  T w e n ty  tw o  gauge s ta in le s s  s te e l tu b e s  a re  u se d  to  
c o n s t r u c t  th e s e  r a k e s .  T h e  in t e r n a l  d ia m e te r  o f th e s e  tu b e s  is  o f  th e  o r d e r  
o f  s ix te e n  th o u s a n d th s  o f an  in c h .  A  h o l lo w  s t in g  th r o u g h  w h ic h  th e  p i to t  
tu b e s  m a y  p a s s  o u t o f th e  e je c to r  is  fo r m e d  by a la r g e r  s ta in le s s  s te e l tu b e  
one e ig h th  o f an  in c h  in  d ia m e te r .  A  s p e c im e n  p i t o t  ra k e  is  i l l u s t r a t e d  in  
F ig u r e  4 2 ,

4 . 4 . 2 .  T o ta l  T e m p e r a tu r e  M e a s u re m e n ts .

T h e  s ta g n a t io n  te m p e r a tu r e s  o f th e  tw o  s t re a m s  a re  m e a s u re d  b y  
m e a n s  o f  th e rm o c o u p le s  s itu a te d  in  th e  r e s e r v o i r s  as s h o w n  in  F ig u r e  4 1 .
B o th  th e rm o c o u p le s  h ave  b e e n  c a l ib r a te d  a g a in s t a s ta n d a rd  s u p p lie d  by



th e  N a t io n a l P h y s ic a l  L a b o r a to r y .  T h e i r  o u tp u ts  a re  m e a s u re d  and re c o rd e d  
a t h a l f  se co n d  in t e r v a ls  th ro u g h o u t  any e x p e r im e n t  b y  an a u to m a t ic  d ig i t a l  
v o l tm e te r .  T h is  d e v ic e  g iv e s  a p r in te d  d ig i t a l  o u tp u t on  c o n tin u o u s  p a p e r .
T h e  h o t ends o f th e  th e rm o c o u p le s  a re  s u p p o r te d  on p o r c e la in  ro d s  g lu e d  
in to  b ra s s  s tu d s . T h is  is  i l l u s t r a t e d  in  F ig u r e  43 . T h e  c o ld  ends  a re  
im m e r s e d  in  an ic e  b a th .

A t  th e  t im e  o f  w r i t i n g  t h is  te m p e ra tu r e  m e a s u re m e n t s y s te m  has 
n o t been  f u l l y  p e r fe c te d  and th e r e fo r e  w as n o t u s e d  in  th e  p i lo t  e x p e r im e n ta l 
p ro g ra m m e  f o r  w h ic h  th e  r e s u l t s  a re  g iv e n  in  th is  r e p o r t .

4 .4 .  3. O p t ic a l T e c h n iq u e s .

A  s m a l l  e x p e r im e n ta l p ro g r a m m e  to  in v e s t ig a te  and  d e v e lo p s  so m e  
o f th e  n ew  o p t ic a l te c h n iq u e s  m a d e  a v a i la b le  b y  th e  in t r o d u c t io n  o f la s e r  
l ig h t  s o u rc e s  is  b e in g  r u n  c o n c u r r e n t ly  w ith  th is  w o r k  on  e je c to r  f lo w s .
A  m a jo r  o b je c t iv e  o f  t h is  p ro g r a m m e  is  to  se t up  a h o lo g ra p h ic  in t e r fe r o m e te r  
u s in g  a Q -s w itc h e d  s o l id  s ta te  ru b y  la s e r '.  T h e  la s e r ,  a t p re s e n t  in  u se , 
p ro v id e s  a tw e n ty  n a n o -s e c o n d  f la s h  w h ic h  c o r re s p o n d s  to  a gas p a r t i c a l  
m o v e m e n t o f le s s  th a n  one th o u s a n d th  o f an in c h  d u r in g  e x p o s u re , e ven  a t 
gas v e lo c i t ie s  in  e x c e s s  o f 2, 000 fe e t  p e r  s e co n d . ( L a s e r  on lo a n  f r o m  B a r r  
and  S tro u d  L t d . )  O n ce  d e v e lo p e d  i t  is  h o p e d  to  u se  th is  in t e r fe r o m e te r  to  
m e a s u re  th e  d e n s ity  v a r ia t io n s  w ith in  th e  e je c to r  f lo w s .  In  c o n n e c tio n  w ith  
th is  w o r k  a la r g e ,  v ib r a t io n  in s u la te d ,  o p t ic a l b e n c h  h a s  b e e n  c o n s t ru c te d  
u po n  w h ic h  th e  v a r io u s  o p t ic a l  s y s te m s  m a y  be s e t u p  and  te s te d .  T h e  
b e n ch  is  i l l u s t r a t e d  in  F ig u r e  44 .

M e a n w h ile ,  h o w e v e r ,  a d o u b le  p a ss  S c h l ie r e n  s y s te m  w a s  s e t up  
on  th e  o p t ic a l b e n c h  m e n tio n e d  above  and  w as u s e d  in  th e  p i lo t  e x p e r im e n ta l 
p ro g r a m m e .  T h e  Q -s w itc h e d  ru b y  la s e r  w as  u se d  as th e  l ig h t  s o u rc e  and  
th e  k n ife  edge w a s  u s e d  p a r a l le l  w ith  th e  d i r e c t io n  o f f lo w .  T h is  s y s te m  
is  i l l u s t r a t e d  in  F ig u r e  4 5 , and a s p e c im e n  S c h l ie r e n  p ic tu r e  is  sh ow n  in  
F ig u r e  46.

4 . 4 . 4 .  M a s s  F lo w  M e a s u re m e n t.

T o  m e a s u re  th e  m a s s  f lo w s  in  th e  in je c te d  s t r e a m s  i t  w as  d e c id e d  
to  m a k e  a d e ta ile d  c a l ib r a t io n  o f  th e  in je c t io n  n o z z le s  th e m s e lv e s .  F o r  
n o t o n ly  w o u ld  su c h  s tu d ie s  p ro v id e  a m e a n s  o f m e a s u r in g  th e  re s p e c t iv e  
m a s s  f lo w s ,  b u t i t  w o u ld  a ls o  p ro v id e  a d e ta ile d  k n o w le d g e  o f th e  f lo w s  
w ith in  th e s e  n o z z le s  and  t h is  w o u ld  u n d o u b te d ly  be o f v a lu e  in  th e  u n d e r ­
s ta n d in g  o f th e  p h e n o m e n a  th a t  ta k e  p la c e  in  th e  i n i t i a l  s ta g e s  o f th e  m ix in g .  
O nce  the  n a tu re  o f  th e  f lo w  w ith in  a n o z z le  is  k n o w n  a c a l ib r a t io n  b e tw e e n  
th e  m a s s  f lo w  and th e  p r e s s u r e  r a t io  a c ro s s  th e  n o z z le  m a y  be e v o lv e d .

A n  in v e s t ig a t io n  o f an  in je c t io n  n o z z le  m u s t f i r s t  o f  a l l  p ro v id e  
d e ta i ls  o f th e  f lo w  a t th e  in je c t io n  p la n e  w h ic h  s h o u ld  id e a l ly  in c lu d e  a 
f u l l  k n o w le d g e  o f th e  t o t a l  p r e s s u r e  and s ta t ic  p re s s u r e  d is t r ib u t io n s .
T h e s e  d is t r ib u t io n s  m a y  be o b ta in e d  f r o m  p i t o t  s ta t ic  s u rv e y s  a c ro s s  th e



p la n e . W hen  th e  f lo w  is  ch o ke d  o r  n e a r ly  ch o ke d  in  th e  in je c t io n  p la n e , 
th e s e  r e s u l t s  m a y  n o t be v e r y  r e l ia b le  b eca u se  th e  s ta t ic  p r e s s u r e  is  
so s e n s it iv e  to  s m a l l  g e o m e t r ic a l  ch an g es  w h e n  th e  f lo w  is  s o n ic . T h is  
m e a n s  th a t  th e  s i t in g  o f  th e  s ta t ic  p re s s u r e  ta p p in g s  th a t  a re  su pp o sed  
to  in d ic a te  th e  in je c t io n  p r e s s u r e s  m a y  be r a th e r  c r i t i c a l .  I t  is  t h e r e fo r e  
f e l t  n e c e s s a ry  to  in v e s t ig a te  th e  f lo w  at an a d d it io n a l c r o s s - s e c t io n  
u p s t re a m  o f  th e  n o z z le  th r o a t .  T h is  w o u ld  p ro v id e  a d o u b le  c h e c k  o n  th e  
m a s s  f lo w  c a l ib r a t io n s ,

4. 5. T H E  P IL O T  E X P E R IM E N T A L  P R O G R A M M E .

A s  e x p la in e d  abo ve  o n ly  a v e r y  s h o r t  t im e  w as a v a ila b le  b e tw e e n  
th e  c o m m is io n in g  o f  th e  e x p e r im e n ta l e je c to r  and th e  w r i t i n g  o f  th is  
r e p o r t  in  w h ic h  a n y  e x p e r im e n ta l p ro g r a m m e  c o u ld  be c a r r ie d  ou t.
I t  w as  th e r e fo r e  d e c id e d  to  r u n  a v e r y  r e s t r ic t e d  p i lo t  p ro g r a m m e  
in v e s t ig a t in g  th e  f lo w s  in  a s o n ic  e je c to r  o f  f ix e d  g e o m e try .  T h e  n e e d le  
c o r re s p o n d in g  to  an  in je c t io n  a re a  r a t io  o f  u n i ty  w as  th e r e fo r e  f ix e d  
in to  th e  e je c to r ,  g iv in g  e q u a l in je c t io n  a re a s  to  each  n o z z le . T h e  f u l l  
a v a i la b le  le n g th  ( 2 0  in c h e s )  o f  th e  c o n s ta n t a re a  m ix in g  d u c t w as used .
T h e  to ta l  te m p e r a tu r e  m e a s u r in g  e q u ip m e n t w as n o t re a d y  in  t im e  f o r  
th is  p ro g ra m m e ,  so no to ta l  te m p e r a tu r e s  w e re  m e a s u re d . B u t s in c e  
b o th  s t re a m s  o r ig in a te d  f r o m  th e  s a m e  p r e s s u r e  v e s s e l and th e  sa m e  
s u p p ly  p ip e , i t  is  c o n s id e re d  a f a i r l y  s a fe  a s s u m p t io n  th a t  th e  to ta l  
te m p e r a tu r e  r a t io  b e tw e e n  th e  tw o  s t re a m s  w o u ld  h a ve  bee n  v e r y  c lo s e  
to  u n ity .  T h e  h o lo g ra p h ic  in t e r fe r o m e t e r  w as  a ls o  n o t re a d y  in  t im e  
f o r  th e  i n i t i a l  p ro g r a m m e ,  so a S c h l ie re n  s y s te m  h ad  to  be used  in s te a d . 
W ith in  th is  r e s t r ic t e d  p ro g r a m m e  th e  n u m b e r  o f  v a r ia b le  c o n t r o l  
p a r a m e te r s  is  re d u c e d  to  tw o ; th e  to ta l  p r e s s u r e  r a t io  and th e  b a ck  
p r e s s u r e  a g a in s t w h ic h  th e  e je c to r  e x h a u s ts .

D e ta i ls  o f  a p p r o x im a te ly  one  h u n d re d  s e p a ra te  e je c to r  f lo w s  w e re  - 
re c o rd e d  th ro u g h o u t  th e  p ro g r a m m e .  F o r  each  e je c to r  f lo w  th e s e  d e ta i ls  
c o n s is te d  o f  th e  f o l lo w in g : -

T h e  in je c t io n  a re a  r a t io .
T h e  s e t t in g  o f  th e  b lo c k in g  c e n t re  body, ( c o r re s p o n d in g  to  b a c k  
p r e s s u r e ) .
T h e  t o ta l  p r e s s u r e s  o f  th e  tw o  s t r e a m s , '
T h e  p r im a r y  in je c t io n  p re s s u r e ,  m e a s u re d  a t th e  f i r s t  p r e s s u r e  
ta p p in g  p o in t  in  th e  p r im a r y  w a l l  o f th e  m ix in g  d u c t, (see  F ig u r e  41) 
T h e  s e c o n d a ry  in je c t io n  p re s s u r e ,  m e a s u re d  at a p r e s s u r e  ta p p in g  
w ith in  th e  s e c o n d a ry  in je c t io n  n o z z le .
T h e  s ta t ic  p r e s s u r e  d is t r ib u t io n  a lo n g  th e  p r im a r y  w a l l  o f  th e  
m ix in g  d u c t (27 ta p p in g s ) .
T h e  s ta t ic  p r e s s u r e  d is t r ib u t io n  a lo n g  th e  s e c o n d a ry  w as o f  th e  
m ix in g  d u c t ( 1 2  ta p p in g s ) .
T h e  to ta l  o r e s s u r e  d is t r ib u t io n  a c ro s s  th e  end o f  th e  m ix in g  
d u c t in  th e  p la n e  o f  s y m m e t r y  (5 e q u a lly  s p a c e d  p i to t  tu b e s ).



T h e  a tm o s p h e r ic  p r e s s u r e .
A n d  a S c h l ie r e n  p h o to g ra p h  o f the  i n i t i a l  m ix in g  re g io n .

T h e  p i lo t  p ro g r a m m e  c o n s is te d  o f s ix  e x p e . im e n ts ;  tw o  o f th e s e  
w e re  c a l ib r a t io n  e x p e r im e n ts  and  th e  o th e r  f o u r  w e re  s tu d ie s  o f e je c to r  
f lo w s .  B e fo r e  c o n s id e r in g  th e s e  e x p e r im e n ts  in  d e ta i l  i t  is  p ro p o s e d  to  
g iv e  a b r ie f  d e s c r ip t io n  o f th e  e x p e r im e n ta l p ro c e d u re  in v o lv e d  in  
r e c o r d in g  a s in g le  e je c to r  f lo w .

4 .5 . 1 .  T h e  E x p e r im e n ta l  P ro c e d u re  f o r  R e c o rd in g  an E je c to r  F lo w .

T h e  e x p e r im e n ta l p ro c e d u re  m a y  be s p l i t  up in to  th r e e  s e p a ra te  
s ta g e s , p r e p a r a t io n  o f  th e  e x p e r im e n t ,  o p e ra t io n  o f th e  e je c to r  and 
r e c o r d in g  o f  th e  r e s u l t s .  W hen  c a r r y in g  o u t a s e r ie s  o f te s ts  th e  p r e ­
p a r a t io n  o f th e  n e x t e x p e r im e n t  m a y  be m a d e  w h ile  th e  c o m p re s s o r  
is  r e s to r in g  th e  a i r  s to ra g e  p r e s s u r e  a f te r  th e  la s t  e x p e r im e n t .  T h is  
u s u a lly  to o k  b e tw e e n  te n  and  f i f t e e n  m in u te s .

P r e p a r a t io n s  f o r  an  e x p e r im e n t  in c lu d e d  th e  fo l lo w in g .  T h e  to ta l  
p re s s u r e s  to  g iv e  th e  d e s ire d  f lo w  w e re  c a lc u la te d  and  th e  c o r re s p o n d in g  
" t a r g e t "  m a n o m e te r  re a d in g s  w e re  e s t im a te d .  T h e  m e r c u r y  le v e ls  in  
th e  m a n o m e te rs  w e re  a d ju s te d  a c c o rd in g  to  th e  p re s s u r e  d if fe re n c e s  
e x p e c te d . T h e  c a m e ra  r e c o r d in g  th e  re a d in g s  on th e  s h o r t  m a n o m e te r  
w as  w o u nd  on  th e  r e s e t .  T h e  S c h l ie r e n  w in d o w s  w e re  c le a n e d  b o th  in s id e  
and o u ts id e .  (C o n s id e ra b le  d i f f i c u l t y  w as e x p e r ie n c e d  w ith  m o is tu re  
and  d i r t  in  th e  a i r  s u p p ly  s y s te m  due to  a f a i lu r e  in  th e  a i r  d r y in g  
a p p a ra tu s . H e n ce  m a n y  o f th e  S c h l ie r e n  p ic tu r e s  o b ta in e d  w e re  o f a r a th e r  
p o o r  q u a l i ty ) .  T h e  p o s i t io n  o f  th e  b lo c k in g  c e n tre  b o d y  w a s  se t to  g iv e  
th e  d e s ire d  e x it  a re a  to  th e  m ix in g  tu b e . T h e  c a m e ra  u s e d  to  ta k e  th e  
S c h l ie re n  p ic tu r e s  w a s  a u to m a t ic  and, th e r e fo r e ,  d id  n o t r e q u ir e  r e w in d in g  
o r  r e s e t t in g .  W hen  th e  a i r  s to ra g e  p re s s u r e  w a s  f u l l y  r e s to r e d  and th e  
c a p a c ito r  b a n k  in  th e  la s e r  p o w e r  s u p p ly  w a s  c h a rg e d  th e  e je c to r  w as 
re a d y  to  go .

A s  m e n tio n e d  a bo ve  th e  c o n t r o l  s y s te m s  g o v e rn in g  th e  t o ta l  p r e s s u r e s  
in  th e  tw o  r e s e r v o i r s  h a v e  n o t y e t  bee n  m ade  to  w o r k  c o m p le te ly  s a t is ­
f a c t o r i l y .  W ith  th e  s e n s i t i v i t y  o f th e s e  c o n t r o ls  s e t so as to  e l im in a te  
a n y  o s c i l la t o r y  te n d e n c ie s  i t  w a s  fo u n d  th a t  th e  c o n t r o l le d  p re s s u r e s  
w e re  n o t k e p t c o n s ta n t b u t g r a d u a l ly  f e l l  w ith  th e  f a l l in g  a i r  s to ra g e  
p re s s u r e ,  even , th o u g h  th e  s e t t in g s  re m a in e d  u n a lte re d .  In  o r d e r  to  
m a in ta in  c o n s ta n t t o t a l  p r e s s u r e s  i t  w as fo u n d  n e c e s s a ry  to  m a ke  c o n tin u o u s  
m a n u a l a d ju s tm e n ts  to  th e  c o n t r o l  s e t t in g s .  T h is  s itu a t io n  le d  to  th e  
fo l lo w in g  ru n n in g  p ro c e d u re  b e in g  a do p te d .

T h e  c o n t r o l  s e t t in g s  f o r  b o th  s t re a m s  w e re  s im u lta n e o u s ly  a d ju s te d  
to  g iv e  t o t a l  p r e s s u r e s  o f abou t 10 p . s . i . g .  in  b o th  s t r e a m s .  T h is  w as  
done in  o r d e r  to  a v o id  d e v e lo p in g  h ig h ly  s u b - a tm o s p h e r ic  p re s s u r e s  
w ith in  the  e je c to r  and  th u s  b e in g  in  d a n g e r o f s u c k in g  m e r c u r y  in to  the  
s y s te m  f r o m  th e  m a n o m e te rs .  T h e  p r im a r y  t o t a l  p re s s u r e  w as  th e n  
ra is e d  to  a b o u t te n  p e rc e n t  in  e x c e s s  o f th e  d e s ire d  v a lu e  and a llo w e d  
to  s e t t le  w h ile  th e  s e c o n d a ry  t o ta l  p r e s s u r e  w as a ls o  ra is e d  to  a v a lu e  
ju s t  in  e x c e s s  o f th a t  r e q u ir e d .  M in o r  a d ju s tm e n ts  w e re  th e n  m a d e  so as



to  in d u c e  a s itu a t io n  su c h  th a t  th e  t o ta l  p re s s u r e s ,  w h i le  g ra d u a l ly  f a l l in g  
w ith o u t  any  m a n u a l a d ju s tm e n t,  b o th  p a s s e d  th ro u g h  t h e i r  d e s ire d  v a lu e s  
a t th e  sa m e  in s ta n t .  A t  th is  in s ta n t  th e  fo l lo w in g  a c t io n s  w e re  ta k e n  
s im u lta n e o u s ly  T h e  t a l l  m e r c u r y  m a n o m e te r  w a s  c la m p e d , th e  s h o r t  
m a n o m e te r  w a s  p h o to g ra p h e d  and th e  la s e r  w as  f i r e d  to  ta k e  a S c h i l ie r e n  
p ic tu r e .  T h e  e je c to r  w a s  th e n  c lo s e d  dow n  and  th e  a tm o s p h e r ic  p re s s u r e  
a nd  th e  t a l l  m a n o m e te r  re a d in g s  w e re  re c o rd e d .  T h e  a v e ra g e  r u n  t im e  
p e r  e x p e r im e n t ,  th a t  is  th e  t im e  th a t  e la p s e s  b e tw e e n  i n i t i a l  r a is in g  
o f  th e  s e c o n d a ry  t o t a l  p r e s s u r e  and  th e  in s ta n t  o f r e c o r d in g ,  w a s  o f th e  
o r d e r  o f 30 s e c o n d s . A t  th e  in s ta n t  o f r e c o r d in g  th e  ra te s  o f f a l l  in  
t o ta l  p r e s s u r e  w e re  o f  th e  o r d e r  o f  one h a l f  p e rc e n t  p e r  se c o n d . I t  is ,  
th e r e fo r e ,  c o n s id e re d  th a t  th e s e  f lo w s  s h o u ld  a p p ro x im a te  f a i r l y  w e l l  
to  th e  t r u e  s te a d y  s ta te .

T h e  r e s u l t s ,  f o r  e ach  f lo w  re c o rd e d ,  w e re  p ro c e s s e d  and p re s e n te d  
on  s in g le  p ag e s  as i l l u s t r a t e d  in  A p p e n d ix  4 . O n th e s e  s h e e ts  th e  
p a r t i c u la r s  o f  a f lo w  a re  g iv e n  fo l lo w e d  b y  a S c h l ie r e n  p ic tu r e  o f th e  
in i t i a l  m ix in g  re g io n ,  p lo ts  o f  th e  s ta t ic  p re s s u r e  d is t r ib u t io n s  a lo n g  
th e  p r im a r y  and s e c o n d a ry  w a l ls  o f  th e  m ix in g  d u c t a nd  th e  t o t a l  p re s s u r e  
d is t r ib u t io n  a c ro s s  th e  end o f th e  d u c t.

4 . 5 . 2 .  T h e  C a l ib r a t io n  E x p e r im e n ts .

In  v ie w  o f  th e  l im i t e d  t im e  a v a i la b le  th e  f u l l  c a l ib r a t io n  o f th e  
in je c t io n  n o z z le s  as s u g g e s te d  above  w as  n o t fe a s ib le .  I t  w a s , th e r e fo r e ,  
d e c id e d  to  c a r r y  o u t a l im i t e d  c a l ib r a t io n  on each  in je c t io n  n o z z le .  T h is  
c a l ib r a t io n  c o n s is te d  o f  r e c o r d in g  f lo w s  th ro u g h  th e  n o z z le  f o r  v a r io u s  
t o t a l  p re s s u r e s  and  v a r io u s  m a s s  f lo w s .  F o r  e a ch  f lo w  th e  fo l lo w in g  
m e a s u re m e n ts  w e re  m ade  ;

T h e  s ta t ic  p r e s s u r e  in  r e s e r v o i r  w a s  m e a s u re d  ( ta p p in g  
p o s i t io n  s h o v n  in  F ig u r e  4 1 ).
T h e  t o t a l  p re s s u r e  in  th e  r e s e r v o i r  w a s  m e a s u re d  a t th r e e  
p o in ts  in  th e  p la n e  o f s y m m e t r y  (see  F ig u r e  4 1 ),
T h e  t o t a l  p r e s s u r e  in  th e  in je c t io n  p la n e  w a s  m e a s u re d  u s in g  
a fo u r  tu b e  p i lo t  ra k e  in  th e  p la n e  o f s y m m e t r y  (see  F ig u r e  4 7 ).
T h e  in je c t io n  p r e s s u r e  w a s  m e a s u re d  a t one o f th e  ta p p in g s  
in d ic a te d  in  F ig u r e  41 .

T h e  r e s u l t s  f r o m  th e s e  e x p e r im e n ts  w i l l  n o t be  g iv e n  in  f u l l  h e re  
b u t th e  m a in  f in d in g s  and th e  c o n c lu s io n s  d ra w n  f r o m  th e m  w i l l  be p re s e n te d  
b r ie f l y .  T h e s e  a re  la r g e ly  th e  sa m e  f o r  b o th  n o z z le s .  I t  w a s  fo u n d  th a t  
t o t a l  p r e s s u r e  m e a s u re m e n ts  in  th e  r e s e r v o i r  w e re  a l l  w i th in  one p e rc e n t  
o f  each  o th e r  and  a ls o  w ith in  one p e rc e n t  o f  th e  s ta t ic  p re s s u r e  w ith in  
th e  r e s e r v o i r .  T h u s  i t  w as  c o n c lu d e d  th a t  th e  s ta t ic  p re s s u r e  m e a s u re m e n t 
w o u ld  be s u f f ic ie n t  to  in d ic a te  th e  r e s e r v o i r  t o t a l  p r e s s u r e  in  s u b s e q u e n t 
e x p e r im e n ts .  I t  w a s  fo u n d  th a t  th e  t o t a l  p re s s u r e  m e a s u re m e n ts  in  th e  
p la n e  o f in je c t io n  w e re  a ls o  w ith in  one p e rc e n t  o f e a c h  o th e r  and w ith in  
one p e rc e n t  o f th e  r e s e r v o i r  t o t a l  p r e s s u r e .  F r o m  th is  i t  m a y  be c o n c lu d e d



th a t  th e  f lo w  w ith in  th e  in je c t io n  n o z z le s  is  re a s o n a b ly  is e n t r o p ic .
S in ce  th e r e  w a s  no m e a s u re m e n t o f th e  s ta t ic  p r e s s u r e  d is t r ib u t io n  
a c ro s s  th e  in je c t io n  p la n e  th e re  is  l i t t l e  m o re  th a t  c a n  be s a id  w ith  
r e g a r d  to  th e  u n i f o r m i t y  o f th e  s te a m s  on in je c t io n .  A n  in d ic a t io n  
o f  th e  in je c t io n  p r e s s u r e s  m a y  be o b ta in e d  f r o m  th e  p r e s s u r e s  m e a s u re d  
a t th e  n e a re s t  ta p p in g s .  T h e s e  a re  in d ic a te d  in  F ig u r e  41 f o r  each  
n o z z le  w h e re  i t  m a y  be seen  th a t  n e i th e r  o f th e m  a re  e x a c t ly  in  th e  
p la n e  o f in je c t io n .  T h e  ta p p in g  in d ic a t in g  th e  p r im a r y  in je c t io n  p r e s s u r e  
is  one e ig h th  o f  an  in c h  in s id e  th e  m ix in g  d u c t and  th a t  in d ic a t in g  th e  
s e c o n d a ry  in je c t io n  p re s s u r e  is  w i th in  th e  s e c o n d a ry  n o z z le .  T h e  
r a t io  o f  th e  in d ic a te d  in je c t io n  p re s s u r e  to  th e  r e s e r v o i r  t o t a l  p re s s u r e  
w a s  fo u n d  to  be o f  th e  o r d e r  o f  2 to  3 p e rc e n t  to o  h ig h  w h e n  th e  n o z z le  
is  f u l l y  c h o k e d . T h is  is  n o t s u r p r is in g  s in c e , n o t o n ly  w e re  th e  t o t a l  
p re s s u r e  m e a s u re m e n ts  o n ly  a c c u ra te  to  one p e rc e n t ,  b u t in  t r a n s o n ic  
f lo w  th e  s ta t ic  p r e s s u r e  is  v e r y  s e n s it iv e  to  s m a l l  g e o m e tr ic  v a r ia t io n s .  
H o w e v e r , i t  is  th r o u g h t  th a t  th e  in d ic a te d  in je c t io n  p r e s s u r e s  w i l l  be 
m u c h  c lo s e r  to  th e  t r u e  v a lu e s  w h e n  th e  n o z z le s  a re  n o t c h o k e d .

4 . 5 . 3 .  E je c to r  F lo w  E x p e r im e n ts .

A s  m e n tio n e d  above  a p p ro x im a te ly  one h u n d re d  e je c to r  f lo w s  
w e re  re c o rd e d  d u r in g  t h is  p ro g r a m m e .  T h e s e  w e re  g ro u p e d  in  fo u r  
m a jo r  e x p e r im e n ts  w h ic h  w i l l  be d e s c r ib e d  b e lo w . T h ro u g h o u t  th e  
e n t i r e  p ro g r a m m e  th e  e je c to r  g e o m e try  w a s  k e p t c o n s ta n t w ith  an  i n ­
je c t io n  a re a  r a t io  o f u n i ty  and  m ix in g  d u c t d im e n s io n s  o f 2 0  in c h e s  in  
le n g th  and one b y  one and  a h a l f  in c h e s  in  c r o s s - s e c t io n .  T h u s  th e  
o n ly  p a r a m e te rs  th a t  r e m a in e d  f r e e  to  be  v a r ie d  w e re  th e  tw o  t o ta l  
p re s s u r e s  and th e  b a c k  p r e s s u r e .  T h e  d e s ir e  to  be a b le  to  s tu d y  th e  
c o m p le te  se t o f  f lo w s  c o r re s p o n d in g  to  any  f ix e d  t o t a l  p re s s u r e  r a t io  
l im i t s  th e  ra n g e  o f  p o s s ib le  t o t a l  p re s s u r e  r a t io s  to  v a lu e s  b e lo w  2 . 0 .
T h e  fo u r  m a in  e x p e r im e n ts  u n d e r ta k e n  w e re  as fo l lo w s

1. C o m p le te  s e ts  o f  f lo w s  c o r re s p o n d in g  to  th e  f iv e  t o t a l  p re s s u r e  
r a t io s ,  1 .1 ,  1 .3 ,  1 .5 ,  1 .7  and  1. 9 w e re  r e c o r d e d  to  t r y  and  
e s ta b l is h  an  o v e r a l l  p ic tu r e  o f th e  b e h a v io u r  o f  th e  f lo w s  th a t  
o c c u r  in  th e  re g io n  o f  in v e s t ig a t io n .

2 . A  m o re  d e ta i le d  s tu d y  w a s  m a d e  o f th e  f lo w s  c o r re s p o n d in g  to  
th e  t o t a l  p re s s u r e  r a t io  o f 1 .5 .  T h e  m a in  id e a  o f  t h is  e x p e r im e n t  
w a s  to  f in d  o u t w h e re  and  h o w  th e  f lo w  b e c o m e s  c h o k e d . H o w e v e r ,  
s in c e  i t  in v o lv e d  re p e a t in g  s e v e r a l f lo w s  a lr e a d y  re c o rd e d  in
th e  f i r s t  e x p e r im e n t  i t  a ls o  p ro v id e s  a c h e c k  on th e  re p e a ta b i l i ty  
o f  th e  f lo w s .

3. A  s tu d y  w a s  m a d e  o f  th e  f lo w s  in  th e  S u p e rs o n ic  R e g im e , th a t  is  
th o s e  th a t  w e re  f u l l y  c h o k e d , o v e r  th e  t o t a l  p re s s u r e  ra n g e  1 . 0  

to  2 .0 .  T h e s e  w e re  c o m p a re d  w ith  th e  p r e d ic t io n s  o f th e  o n e ­
d im e n s io n a l th e o ry .



4 . T h e  r e s u l t s  f r o m  fo u r  f lo w s  in  th e  S u p e rs o n ic  R e g im e  w ith  the  
s a m e  to ta l  p r e s s u r e  r a t io  b u t d i f fe r e n t  a c tu a l t o t a l  p r e s s u r e s  
w e re  c o m p a re d  to  in v e s t ig a te  any  d im e n s io n a l e f fe c ts .

4 . 5 , 4 ,  T h e  C o m p le te  B a c k  P r e s s u r e  D e p e n d e n t F lo w s .

E x p e r im e n ts  1 and  2, o u t lin e d  above , m a y  be c o n s id e re d  to g e th e r  
h e re ,  as e x p e r im e n t  2  is  ju s t  a m o re  d e ta ile d  re p e a t  o f p a r t  o f  e x p e r im e n t  
1. In  th e s e  e x p e r im e n ts  th e  f lo w s  c o r re s p o n d in g  to  th e  c o m p le te  ra n g e  
o f  b a c k  p re s s u r e s  a c t in g  on  e je c to r s  w ith  f ix e d  t o t a l  p r e s s u r e  r a t io s  
w e re  s tu d ie d . T h e  s e c o n d a ry  to t a l  p r e s s u r e  w a s  m a in ta in e d  a t tw o  
a tm o s p h e re s  th ro u g h o u t  th e  tw o  e x p e r im e n ts  and th e  p r im a r y  t o t a l  
p re s s u r e  w a s  a d ju s te d  to  g iv e  th e  d e s ire d  to ta l  p r e s s u r e  r a t io s .  F o r  
a f ix e d  t o t a l  p re s s u r e  r a t io  th e  fo l lo w in g  e x p e r im e n ta l p ro c e d u re s  
w a s  a d o p te d

S ta r t in g  a t th e  S u p e rs o n ic  R e g im e  end  o f th e  s o lu t io n ,  an  e je c to r  
ru n  w as  m a d e  w ith  th e  b lo c k in g  c y 4 itre  b o d y  c o m p le te ly  re m o v e d  f r o m  
th e  e x is t  o f  th e  m ix in g  d u c t. T h is  w a s  th e  f lo w  c o r re s p o n d in g  to  th e  
lo w e s t  b a c k  p r e s s u r e  a v a i la b le  w ith  th e  e je c to r  in  th a t  p a r t i c u la r  c o n ­
f ig u r a t io n .  T o  c h e c k  w h e th e r  th e  f lo w  w a s  t r u ^ ly  s u p e rs o n ic ,  th a t  is  
th a t  i t  w a s  in d e p e n d e n t o f th e  b a c k  p re s s u r e ,  i t  w a s  n o te d  w h e th e r  th e  
s ta t ic  p r e s s u r e  ju s t  b e fo re  th e  d u c t e x i t  w a s  g r e a te r  o r  le s s  th a n  a tm o s p h e r ic  
I f  i t  w a s  g r e a te r  i t  w a s  th e n  a s s u m e d  th a t  th e  f u l ly  s u p e rs o n ic  c o n d it io n  
h ad  bee n  re a ch e d ^  and  th a t  th e re  w o u ld  have  bee n  no p o in t  in  t r y in g  to  
o b ta in  lo w e r  b a c k  p r e s s u r e s .  T h is  w a s  fo u n d  to  be th e  ca se  w ith  th e  
m a jo r i t y  o f th e  f lo w s  re c o rd e d .  O nce th e  s u p e rs o n ic  c o n d it io n  had  
been  e s ta b lis h e d  f o r  a ny  p a r t i c u la r  t o t a l  p re s s u r e  r a t io ,  f lo w s  w e re  
re c o rd e d  c o r re s p o n d in g  to  a s e r ie s  o f in c r e m e n ts  in  th e  b a c k  p re s s u r e  
s im u la te d  by  p r o g r e s s iv e ly  b lo c k in g  th e  m ix in g  d u c t e x i t  w ith  th e  m o v a b le  
c e n tre  b o d y . T h e  s im u la te d  b a c k  p re s s u r e  r is e s  as th e  a v a i la b le  e x it  
a re a  is  g r a d u a lly  re d u c e d . In  t h is  w a y  th e  to ta l  m a s s  f lo w  th ro u g h  th e  
e je c to r  is  a ls o  g ra d u a l ly  re d u c e d  u n t i l  e v e n tu a lly  th e  s e c o n d a ry  in je c t io n  
p re s s u r e  b e c o m e s  e q u a l to  th e  s e c o n d a ry  t o t a l  p r e s s u r e  and  th e  B a s e  
P r e s s u r e  c o n d it io n  is  re a c h e d . S in ce  o n ly  one f lo w  c o u ld  be re c o rd e d  a t 
one t im e  th e  e je c to r  h a d  to  be  sh u t dow n  w h ile  th e  c e n t re  b o d y  w a s  a d ju s te d  
to  s im u la te  th e  n e x t in c r e m e n t  in  b a c k  p re s s u r e  and  th e  in s t r u m e n ta t io n  
w a s  re s e t  to  r e c o r d  th e  n e x t f lo w .

In  th e  f i r s t  e x p e r im e n t  a bo u t te n  f lo w s  w e re  re c o rd e d  f o r  each  
to t a l  p re s s u r e  r a t io  c o v e r in g  th e  f u l l  b a c k  p re s s u r e  ra n g e  in  each  c a s e .
F o r  th e  p u rp o s e s  o f i l l u s t r a t io n  th e  c o m p le te  re  s u its  f r o m  th e  ru n s  in  
e x p e r im e n t  1 f o r  a t o t a l  p r e s s u r e  r a t io  o f 1 .5  a re  g iv e n  in  A p p e n d ix  4.

In  th e  se co n d  e x p e r im e n t  th e  s e r ie s  o f f lo w s  c o r re s p o n d in g  to  a 
t o t a l  p re s s u r e  r a t io  o f 1. 5 w e re  r e - r u n  o n ly  th is  t im e  w ith  s m a l le r  in ­
c re m e n ts  b e tw e e n  e a ch  r e c o r d in g .  T h u s  a m o re  g ra d u a l r is e  in  b a c k  
p re s s u r e  w a s  s im u la te d .  T w e n ty  f lo w s  in  a l l  w e re  re c o rd e d  in  th is  
e x p e r im e n t .



( i)  T h e  R e s u lts .

T h e r e  a p p e a r f r o m  th e  r e s u l t s  o f th e s e  e x p e r im e n ts ,  w hen  
c o n s id e re d  as a w h o le , tw o  m a jo r  p o in ts  w h ic h  m u s t  be a p p re c ia te d  
b e fo re  e n te r in g  in to  any  d e ta ile d  d is c u s s io n .  F i r s t l y  th e  m ix in g  is  b y  
no m e a n s  c o m p le te  b y  th e  end  o f th e  m ix in g  d u c t. S e c o n d ly  th e  e je c to r  
a p p e a rs  to  b e c o m e  c h o k e d  a t a m u c h  s m a l le r  s e c o n d a ry  m a s s  f lo w  th a n  
p r e d ic te d  b y  any o f th e  T w o  S tre a m  T h e o r ie s ,  T h is  s e c o n d  e f fe c t  is  
so m a rk e d  th a t ,  f o r  a l l  f lo w s  w ith  t o ta l  p re s s u r e  r a t io s  o f 1 .5  o r  le s s ,  
th e  s y s te m  c h o k e s  w h i le  th e  p r im a r y  in je c t io n  n o z z le  is  s t i l l  u n c h o k e d . 
N e e d le s s  to  sa y , th e  c h o k in g  is  fo u n d  to  ta k e  p la c e  in  a v e r y  d i f fe r e n t  
w a y  to  th a t  p re d ic te d  b y  th e  th e o r y .  I t  a p p e a rs  th a t  th e  c h o k in g  ta k e s  
p la c e  d u r in g  th e  m ix in g  p ro c e s s  i t s e l f .

T h e  r e s u l t s  w i l l  n o w  be d e s c r ib e d  and d is c u s s e d  in  m o re  d e ta i l .  
T h re e  s in g le  f lo w s  r e p r e s e n t in g  th e  th r e e  f lo w  r e g im e s  fo u n d  to  o c c u r  
w i l l  be d is c u s s e d  f i r s t .  T h e n  th e  c o m p le te  s e r ie s  o f  f lo w s  c o r re s p o n d in g  
to  th e  t o ta l  p r e s s u r e  r a t io  o f  1 .5  w i l l  be d is c u s s e d  and  la s t ly  th e  c o m p le te  
r e s u l t s  f r o m  e x p e r im e n t  1 .

( i i )  T h e  S in g le  F lo w s .

A  f lo w  in  th e  S u p e rs o n ic  R e g im e .

E je c to r  T e s t  21, th e  r e s u l t s  o f w h ic h  a re  g iv e n  in  A p p e n d ix  4, 
c o n s is te d  o f  o p e ra t in g  th e  e je c to r ,  a t a to ta l  p r e s s u r e  r a t io  o f 1 .5 , w ith  
th e  c e n t re  b o d y  c o m p le te ly  re m o v e d  f r o m  th e  m ix in g  d u c t e x i t .  T h e  
s ta t ic  p re s s u r e  a t th e  end  o f  th e  m ix in g  d u c t w as h ig h e r  th a n  th e  a tm o s ­
p h e r ic ;  i t  w a s , t h e r e fo r e  a s s u m e d  th a t  th e  f lo w  w a s  in  th e  f u l l y  ch o ke d  
c o n d it io n .  C o n s id e r  th e  r e s u l t s  as sh o w n  in  A p p e n d ix  4 . T h e  r a t io  o f 
th e  s e c o n d a ry  in je c t io n  p r e s s u r e  to  th e  s e c o n d a ry  t o t a l  p re s s u r e ,  a c c o rd in g  
to  th e  p r e d ic t io n s  o f th e  T w o  S tre a m  T h e o r ie s  s h o u ld  be o f th e  o r d e r  o f
0. 6 8  f o r  th e  f u l l y  c h o k e d  f lo w .  In  T e s t  21 th is  r a t io  w a s  0. 80. S ince  
th e  in je c t io n  p r e s s u r e s  a re  f e l t  to  be re a s o n a b ly  a c c u r a te ly  in d ic a te d  in  
th is  re g io n ,  i t  c a n  o n ly  be c o n c lu d e d  th a t  th e  s e c o n d a ry  m a s s  f lo w s  
w a s  a p p re c ia b ly  le s s  th a n  p r e d ic te d .  In  fa c t ,  in  t h is  c a s e , th e  in d ic a te d  
v a lu e  o f  th e  s e c o n d a ry  in je c t io n  p re s s u r e  is  g r e a te r  th a n  th e  v a lu e  (0 , 793) 
a t w h ic h  th e  p r im a r y  in je c t io n  n o z z le  t h e o r e t ic a l ly  b e c o m e s  c h o k e d . I t  
a p p e a rs , t h e r e fo r e ,  th a t  th e  f lo w  b e c o m e s  c h o k e d  s t r a ig h t  f r o m  the  
S u b s o n ic  R e g im e , w ith o u t  e v e n  c h o k in g  th e  p r im a r y  in je c t io n  n o z z le .  
L o o k in g  a t th e  t o t a l  p r e s s u r e  d is t r ib u t io n  a c ro s s  th e  end  o f  th e  m ix in g  
d u c t i t  a p p e a rs  th a t  th e  m ix in g  re g io n  has  o n ly  ju s t  f i l l e d  th e  w h o le  d u c t 
a n d  th e  s t re a m , a s  a w h o le , is  c e r t a in ly  n o t c o m p le te ly  m ix e d  a t th is  
s ta g e . T h e  m ix in g  r e g io n  m a y  be se en  as a l ig h t  a re a  in  th e  S c h l ie re n  
p ic tu r e  g ra d u a lly  s p re a d in g  as th e  s t re a m s  m o v e  d o w n s tre a m . I t  m a y  
be s e e n  f r o m  th e  s ta t ic  p re s s u r e  d is t r ib u t io n s  th a t  th e  in d ic a te d  in je c t io n  
p re s s u r e s  a re  n o t e q u a l, in  fa c t  th e  p r im a r y  in je c t io n  p re s s u r e  is  s u b ­
s ta n t ia l ly  h ig h e r  th a n  th a t  o f  th e  s e c o n d a ry . T h e r e  a re  tw o  fa c to r s  th a t  
m a y  c o n t r ib u te  to  th is  e f fe c t ,  f i r s t l y  th e  p o s it io n s  o f th e  re le v a n t  p re s s u r e  
ta p p in g s  and  s e c o n d ly  th e  fa c t  th a t  th e  tw o  s t re a m s  m e e t a t a s l ig h t  a n g le  
in s te a d  o f b e in g  in je c te d  p a r a l le l  to  one a n o th e r  as t h e o r e t ic a l ly  s u p p o se d .



T h e re  does n o t a p p e a r  to  be  any  e v id e n c e  o f a p r im a r y  e x p a n s io n  o f 
th e  ty p e  a s s u m e d  in  th e  T w o  S tre a m  T h e o r ie s .  T h is  a g a in  p o in ts  to  th e  
c o n c lu s io n  th a t  th e  p r im a r y  n o z z le  is  n o t c h o k e d  in  t h is  c a s e . O n lo o k in g  
a t th e  s ta t ic  p re s s u r e  d is t r ib u t io n s  dow n  th e  m ix in g  c h a m b e r  i t  is  
r e a d i ly  s e e n  th a t  th e  s ta t ic  p r e s s u r e  is  u n i fo r m  a c ro s s  a ny  c r o s s - s e c t io n  
n o r m a l to  th e  d u c t a x is ,  e x c e p t m a y b e  th o s e  v e r y  im m e d ia te ly  d o w n s tre a m  
o f th e  in je c t io n  p la n e . T h e  s ta t ic  p re s s u r e  s e e m s  to  f a l l  o n ly  v e r y  s l ig h t ly  
f o r  th e  f i r s t  tw o  t h i r d s  o f th e  d u c t, th e  m a jo r  p a r t  o f th e  t o t a l  s ta t ic  
p re s s u r e  d ro p  ta k in g  p la c e  in  th e  la s t  t h i r d  o f th e  d u c t. T h is  m ig h t  
su g g e s t th a t  th e  c h o k in g  p ro c e s s  w a s  ta k in g  p la c e  a t a c r o s s - s e c t io n  
abou t tw o  t h i r d s  o f  th e  w a y  dow n  th e  d u c t, b u t th a t  is  a b o u t a l l  th a t  m a y  
be s a id  on th is  e v id e n c e  a lo n e . T h e  P i to t  tu b e s  a t th e  end  o f th e  m ix in g  
tu b e , b e in g  p o s it io n e d  a t th e  n e a re s t  a t le a s t  a q u a r te r  o f an in c h  a w a y  
f r o m  th e  n e a re s t  m ix in g  d u c t w a l l ,  w e re  n o t in  a p o s i t io n  to  g iv e  any 
in fo r m a t io n  on b o u n d a ry  la y e r  e f fe c ts .

A  f lo w  in  th e  S u b s o n ic  R e g im e .

E je c to r  T e s t  25, th e  d e ta i ls  o f  w h ic h  a re  a ls o  g iv e n  in  A p p e n d ix  4, 
re p re s e n ts  a t y p ic a l  f lo w  in  w h a t h a s  been  d e fin e d  as th e  S u b so n ic  R e g im e . 
A g a in  i t  h as  a t o t a l  p r e s s u r e  r a t io  o f  1 .5 .  B o th  th e  in je c t io n  p re s s u r e s  
and th e  s im u la te d  b a c k  p r e s s u r e  a re  s u b s ta n t ia l ly  h ig h e r  th a n  in  th e  
S u p e rs o n ic  f lo w  ju s t  d e s c r ib e d .  T h e  e x h a u s t s ta t ic  p re s s u r e  in  th is  ca se  
h a s  b ee n  a f fe c te d  b y  th e  in t r u s io n  o f th e  b lo c k in g  c e n t re  b o d y  and is ,  
th e r e fo r e ,  n o t r e p r e s e n ta t iv e  o f th e  s im u la te d  b a c k  p r e s s u r e .  T h e  
p re s s u re  a t th e  p e n u lt im a te  ta p p in g  s h o u ld , t h e r e fo r e ,  be u se d  in  th is  

.-co n n e c tio n . C o n s id e r in g  th e  t o t a l  p re s s u r e  d is t r ib u t io n  a c ro s s  th e  end 
o f th e  m ix in g  d u c t, th e  f lo w  a p p e a rs  to  be b e t te r  m ix e d  th a n  in  th e  la s t  
ca se  b u t is  s t i l l  b y  no m e a n s  f u l l y  m ix e d .  T h e  m ix in g  re g io n  is  n o t 
v e r y  e a s i ly  d is t in g u is h a b le  in  th e  p a r t i c u la r  p h o to g ra p h  c o r re s p o n d in g  to  
th is  f lo w ,  b u t i t  m a y  be seen  f r o m  p ic tu r e s  o f o th e r  s im i la r  f lo w s  th a t  
th e  m ix in g  r e g io n  te n d s  to  s p re a d  m o re  q u ic k ly  ( in  o th e r  w o rd s  th e  
a n g le  b e tw e e n  th e  n e a r ly  s t r a ig h t  m ix in g  re g io n  b o u n d a r ie s  is  g re a te r )  
th a n  in  th e  S u p e rs o n ic  f lo w s .  T h e  in d ic a te d  in je c t io n  p re s s u r e s  a re  
a g a in  n o t q u ite  e q u a l.  T h is  is  th o u g h t to  be due a g a in  to  th e  p o s it io n s  
o f th e  r e le v a n t  ta p p in g s  and  th e  a n g le  o f in je c t io n  o f  th e  s t re a m s .  T h e  
s ta t ic  p re s s u r e  is  a lm o s t  c o n s ta n t th ro u g h o u t th e  e n t i r e  e je c to r ,  th e re  
b e in g  a v e r y  s l ig h t  r i s e  as th e  m ix in g  p ro g r e s s e s .

O th e r  f lo w s  in  th e  S u b s o n ic  R e g im e  m a y  be se en  in  T e s ts  23 to  
26 in  A p p e n d ix  4 . O n lo o k in g  th ro u g h  th is  s e r ie s  o f te s ts  th e  change  in  
th e  a n g le  o c c u p ie d  b y  th e  m ix in g  re g io n  m a y  be f a i r l y  e a s i ly  o b s e rv e d .
I t  m a y  a ls o  be n o t ic e d  th a t  a f a i r  d e g re e  o f tu rb u le n c e  is  d e v e lo p e d  on  th e  
m ix in g  re g io n - s e c o n d a r y  b o u n d a ry  as th e  B a s e  P r e s s u r e  c o n d it io n  is  
a p p ro a c h e d .

- A  B a s e  P r e s s u r e  P lo w ,

A  t y p ic a l  e x a m p le  o f a B a s e  P r e s s u r e  f lo w  is  th a t  re c o rd e d  in  
T e s t  28 in  A p p e n d ix  4 . H e re  th e  s im u la te d  b a c k  p r e s s u r e  w as v e r y  h ig h  
and th e  s e c o n d a ry  in je c t io n  p r e s s u r e  w as e q u a l to  th e  s e c o n d a ry  to ta l  
p r e s s u r e .  T h e  t o t a l  p r e s s u r e  d is t r ib u t io n  a c ro s s T h e  end  o f th e  m ix in g



d u c t w as  f a i r l y  u n i fo r m ,  as m ig h t  be e x p e c te d  w ith  th e  d u c t b e in g  e n t i r e ly  
f i l l e d  w ith  one s t r e a m .  T h e  s ta t ic  p re s s u r e  d is t r ib u t io n s  dow n  th e  m ix in g  
d u c t, h o w e v e r ,  a re  s l ig h t ly  m o re  in te r e s t in g .  F o r  th e  i n i t i a l  p a r t  o f 
th e  d u c t th e  s ta t ic  p re s s u r e  re m a in s  c o n s ta n t a t th e  in je c t io n  v a lu e , i t  
th e n  q u ite  s u d d e n ly  s ta r t s  to  r i s e  and r is e s  f a i r l y  q u ic k ly  to  the  v a lu e  
c o r re s p o n d in g  to  th e  b a c k  p r e s s u r e .  I t  th e n  re m a in s  a t th is  v a lu e  u n t i l  
the  d u c t e x i t .  T h is ,  to g e th e r  w ith  th e  e v id e n c e  o f c o n s id e ra b le  tu rb u le n c e  
in  th e  S c h l ie r e n  p ic tu r e ,  te n d s  to  s u g g e s t th a t  a b u b b le  ty p e  re g io n  o f 
v o r t i c i t y  is  fo r m e d  in  th e  sp ace  b e tw e e n  th e  p r im a r y  s t r e a m  and th e  
s e c o n d a ry  w a ll ,  b e fo re  th e  p r im a r y  s t r e a m  f i l l s  th e  w h o le  d u c t.

( i i i )  T h e  C o m p le te  S et o f F lo w s  C o r re s p o n d in g  to  a T o ta l  P r e s s u r e
R a t io  o f 1 .5 .

A  c o m p re h e n s iv e  p ic tu r e  o f th e  p e r fo rm a n c e  o f th is  e je c to r  
o p e ra t in g  a t a t o t a l  p re s s u r e  r a t io  o f  1 .5  m a y  be o b ta in e d  b y  c o m b in in g  
th e  r e le v a n t  r e s u l t s  f r o m  e x p e r im e n ts  1 and 2. In  th e  th e o r e t ic a l  c a l ­
c u la t io n s  m a d e  e a r l i e r  in  t h is  p a p e r  th e  p e r fo rm a n c e  o f  an  e je c to r  w a s  
d e s c r ib e d  in  t e r m s  o f th e  r e la t io n  b e tw e e n  th e  e x h a u s t p re s s u r e  and  th e  
s e c o n d a ry  in je c t io n  p r e s s u r e .  T h e  t h e o r e t ic a l  e je c to r  p e r fo rm a n c e  
a c c o rd in g  to  th e  P o ly t r o p ic  T w o  S tre a m  T h e o ry  is  s h o w n  in  th is  f o r m  
in  F ig u r e  50 . T h e  s u p e rs o n ic  s o lu t io n  is  in c lu d e d  in  t h is  g ra p h , f o r  
a lth o u g h  i t  h a s  b e e n  s ta te d  th a t  th e s e  s o lu t io n s  a re  u n l ik e ly  to  e x is t  
p h y s ic a l ly  i f  th e  c h o k in g  ta k e s  p la c e  as p re d ic te d  b y  th e  o n e -d im e n s io n a l 
■ftieory, t h is  s u p e rs o n ic  s o lu t io n  w i l l  s t i l l  p ro v id e  an  e x tre m e  s o lu t io n  
i f  th e  c h o k in g  is  fo u n d  to  ta k e  p la c e  in  so m e  o th e r  w a y .

A ls o  p lo t te d  on  F ig u r e  50 a re  tw o  s e ts  o f  e x p e r im e n ta l p o in ts .
T h e  l ig h t  r in g  s p o ts  r e p r e s e n t  p lo ts  o f th e  s ta t ic  p re s s u r e  a t th e  la s t  
p re s s u re  ta p p in g  in  th e  p r im a r y  w a l l  o f  th e  m ix in g  d u c t  a g a in s t the  
s e c o n d a ry  in je c t io n  p r e s s u r e .  A s  c a n  be se en  f r o m  lo o k in g  a t e je c to r  
te s t  r e s u l t s  in  A p p e n d ix  4 , t h is  s ta t ic  p re s s u r e  is  n o t a lw a y s  t r u e ly  
r e p re s e n ta t iv e  o f  th e  a c tu a l e x h a u s t p re s s u r e .  In  th e  f lo w s  w ith  lo w  
s im u la te d  b a c k  p r e s s u r e s  th e r e  is  a s t r o n g ly  n e g a tiv e  p re s s u r e  g ra d ie n t  
to w a rd s  th e  end  o f th e  m ix in g  d u c t and, t h e r e fo r e ,  to  o b ta in  th e  t r u e  
p re s s u r e  a t th e  d u c t e x i t  i t  w o u ld  s e e m  n e c e s s a ry  to  e x tra p o la te  the  
s ta t ic  p r e s s u r e  d is t r ib u t io n  to  th e  end  o f th e  d u c t.  A ls o  in  th e  f lo w s  w ith  
h ig h  s im u la te d  b a c k  p r e s s u r e s  th e  c e n t re  b o d y  in t e r fe r e s  w ith  th e  la s t  
p re s s u r e  ta p p in g  and  so th e  p e n u lt im a te  ta p p in g  w o u ld  g iv e  a m o re  c o r r e c t  
in d ic a t io n  o f  th e  a p p r o p r ia te  e x h a u s t p r e s s u r e .  T h e  f u l l  d a r k  s p o ts  
re p re s e n t  a r e p lo t  o f  th e  e x h a u s t p re s s u r e  ta k in g  in to  a c c o u n t th e  tw o  
fa c to r s  ju s t  m e n tio n e d .

O n lo o k in g  a t th e  p lo ts  in  F ig u r e  50 i t  is  f a i r l y  o b v io u s  th a t  th e  
e je c to r  is  c h o k in g  a t a m u c h  h ig h e r  s e c o n d a ry  in je c t io n  p re s s u r e  th a n  
p re d ic te d  b y  th e  o n e - d im e n s io n a l th e o ry .  N o w , s p e a k in g  th e o r e t ic a l ly ,  
even  i f  th e  f lo w  d oe s  c h o k e  a t th e  s e c o n d a ry  in je c t io n  p re s s u r e  in d ic a te d  
by th e  e x p e r im e n ts ,  th e  e x h a u s t p re s s u r e  f o r  a f u l l y  m ix e d  s t r e a m  w o u ld  
s t i l l  be g iv e n  b y  a c u rv e  o f th e  f o r m  A B C  in  F ig u r e  50 , B u t  s in c e  th e  
e x h a u s t s t r e a m  n e v e r  b e c o m e s  f u l l y  m ix e d  in  th e s e  e x p e r im e n ts  th e  e x h a u s t 
p re s s u r e  is  o b v io u s ly  n o t g o in g  to  be as p re d ic te d  f o r  a f u l l y  m ix e d  

s t re a m . S in ce  th e  s ta t ic  p r e s s u r e  g ra d ie n t  d u r in g  m ix in g  is  n e g a tiv e  
fo r  f lo w s  w ith  lo w  b a c k  p r e s s u r e s  and p o s it iv e  f o r  f lo w s  w ith  h ig h  b a c k



p re s s u r e s  i t  w o u ld  be e x p e c te d  th a t  th e  s ta t ic  p r e s s u r e  f o r  a p a r t i c u la r l y  
m ix e d  s t r e a m  w o u ld  be h ig h e r  th a n  th a t  f o r  a f u l l y  m ix e d  s t re a m  in  
f lo w s  w ith  lo w  b a c k  p re s s u r e s ,  and v ic e  v e rs a  f o r  f lo w s  w ith  h ig h  
b a c k  p r e s s u r e s .  T h e  e x p e r im e n ta l p o in ts  in  F ig u r e  50 a p p e a r to  
a g re e  w ith  th is  p r e d ic t io n .

A s  m e n tio n e d  a bo ve , th e  m a in  o b je c t  in  c o l le c t in g  to g e th e r  a l l  
th e s e  f lo w s  c o r re s p o n d in g  to  th e  s a m e  to ta l  p re s s u r e  r a t io  w a s  to  t r y  
to  in v e s t ig a te  th e  m e c h a n is m  o f c h o k in g . T h e  f i r s t  q u e s t io n  th a t m u s t 
be a n s w e re d  is  " w h e r e  is  th e  c h o k in g  ta k in g  p la c e "  ? O nce  th is  is  
kn o w n  we w i l l  be  in  a m u c h  b e t te r  p o s i t io n  to  in v e s t ig a te  th e  a c tu a l 
m e c h a n is m  r e s p o n s ib le .  A c c o r d in g  to  th e  d e f in i t io n  g iv e n  e a r l ie r  in  
th is  r e p o r t  a f lo w  b e c o m e s  c h o k e d  w h e n  p re s s u r e  c o m m u n ic a t io n  in  th e  
u p s t re a m  d ir e c t io n  is  no lo n g e r  p o s s ib le .  T h u s  i t  w o u ld  a p p e a r th a t  
th e  b e s t w a y  to  f in d  w h e re  th e  c h o k in g  is  ta k in g  p la c e  w o u ld  be to  f in d ,  
f o r  e ach  p o in t  in  th e  e je c to r ,  th e  b a c k  p re s s u r e  a t w h ic h  th e  s ta t ic  
p re s s u r e  a t th is  p o in t  f i r s t  b e c o m e s  in f lu e n c e d  b y  th e  r a is in g  o f th e  
b a c k  p r e s s u r e .  S in c e  i t  w a s  n o t a lw a y s  p o s s ib le  in  th e s e  e x p e r im e n ts  
to  d e te rm in e  th e  c o r r e c t  b a c k  p re s s u r e  c o r re s p o n d in g  to  a p a r t i c u la r  
f lo w ,  i t  w a s  d e c id e d  to  u se  th e  s e t t in g  o f th e  b lo c k in g  c e n t re  b od y  in  
p la c e  o f th e  b a c k  p r e s s u r e  in  t h is  c o n te x t .  In  F ig u r e s  51 and  52 th e  
s ta t ic  p re s s u r e s  a t n in e  p o in ts  th ro u g h o u t th e  e je c to r  a re  p lo tte d  a g a in s t  
A  , th e  c e n tre  b o d y  s e t t in g .  W hen  A^ is  la r g e  th e  m ix in g  d u c t e x i t  
is  u n b lo c k e d  and w h e n  A 3  is  s m a l l  th e  e x it  a re a  is  r e s t r ic t e d .  P lo t te d  
a t th e  to p  o f  F ig u r e  51 is  a s m a l l  g ra p h  s h o w in g  th e  s c a t te r  in  th e  t o t a l  
p re s s u r e  r a t io s  in  th e  f lo w  u s e d  to  p ro v id e  th e  s ta t ic  p re s s u r e s  f o r  
th e  fo l lo w in g  g ra p h s . L o o k in g  a t th e  b e h a v io u r  o f  th e s e  p re s s u r e s  
as A s  v a r ie s  i t  is  seen  th a t  a t h ig h  v a lu e s  o f A 3  a l l  th e  p re s s u r e s  a re  
in d e p e n d e n t o f A s  , b u t as A  3  d ro p s  th e y  a l l  b e c o m e  d ep e n d e n t on  i t  
a t so m e  s tag e  o r  a n o th e r .  I t  is  n o t p o s s ib le ,  w ith  su ch  a w id e  s c a t te r  
in  th e  t o t a l  p r e s s u r e  r a t io s ,  to  o b ta in  an  a c c u ra te  e s t im a te  o f th e  v a lu e  
o f A  3  a t w h ic h  e a ch  s ta t ic  p r e s s u r e  b e c o m e s  b a c k  p re s s u r e  d ep e nd e n t, 
b u t a ro u g h  a t te m p t to  lo c a te  th e s e  v a lu e s  m a y  be m a d e  by  d ra w in g  in  
c u rv e s  th ro u g h  th e  p o in ts  in  th e  n e ig h b o u rh o o d  o f th e  s u s p e c te d  v a lu e s .  
V a lu e s  o f A 3  o b ta in e d  in  t h is  w a y  a re  p lo t te d  a g a in s t  th e  p o s it io n s  in  
the  e je c to r  to  w h ic h  th e y  c o r re s p o n d ,  in  a g ra p h  a t th e  b o t to m  o f F ig u r e  
52 . I t  c a n  be s e e n  th a t  th e  s ta t ic  p re s s u r e s  in  th a t  p a r t  o f th e  e je c to r  
up  s t r e a m  o f  th e  s e c t io n  x / D  = 9 .0 ,  in c lu d in g  th e  tw o  in je c t io n  p re s s u r e s ,  
a l l  b e co m e  d e p e n d e n t on  th e  b a c k  p re s s u r e  a t r o u g h ly  th e  s a m e  v a lu e  
o f A  3  . T h e  th r e e  s ta t io n s  d o w n s tre a m  o f th is  s e c t io n ,  h o w e v e r , b e c o m e  
b a c k  p re s s u r e  d e p e n d e n t a t m u c h  h ig h e r  v a lu e s  o f A 3  . I t  is ,  th e r e fo r e ,  
s u g g e s te d  th a t  th e  c h o k in g  o c c u r s  s o m e w h e re  b e tw e e n  th e  s ta t io n s  
x / D  = 9. 0 and x / D  = 11. 0 . I t  is  n o t f e l t  ju s t i f ia b le  to  t r y  to  t ie  i t  
dow n any  c lo s e r  in  v ie w  o f  th e  l im i t e d  d a ta  a v a i la b le .

W ith  r e g a r d  to  f in d in g  o u t h o w  th e  c h o k in g  m e c h a n is m  w o rk s  
th e  o b v io u s  a p p ro a c h  is  to  t r y  to  b u i ld  up  a p ic tu r e  o f th e  f lo w  in  th e  re g io n  
in  w h ic h  th e  c h o k in g  is  th o u g h t to  ta k e  p la c e . I t  h a s  b e e n  e s ta b lis h e d  
w ith  a f a i r  d e g re e  o f c e r ta in t y  th a t  th e  s ta t ic  p re s s u r e  d is t r ib u t io n s  
ac r o s s  th e  c r o s s - s e c t io n s  n o r m a l to  th e  d u c t a x is  a re  u n i fo r m .  T h e  
st^atic p re s s u r e  d is t r ib u t io n s  a lo n g  th e  .du c t w a l ls  a re  k n o w n  and, th e r e fo r e .



i t  m a y  be a s s u m e d  th a t  th e  c o m p le te  s ta t ic  p r e s s u r e  d is t r ib u t io n  
th ro u g h o u t  th e  d o w n s tre a m  h a l f  o f th e  m ix in g  d u c t is  a ls o  kn o w n . I t  
is  th e  t o t a l  p re s s u r e  d is t r ib u t io n  th ro u g h o u t th is  r e g io n  th a t  is  n o t 
y e t  k n o w n . In  v ie w  o f th e  l im i t e d  d a ta  a t p re s e n t  a v a i la b le  a l l  th a t  we 
a re  a b le  to  do is  to  a s s u m e  an a p p ro x im a te  d is t r ib u t io n ,  b a se d  on th e  
a v a i la b le  d a ta  to g e th e r  w ith  s e v e r a l a s s u m p t io n s .  A n  e x a m p le  o f su ch  
a d is t r ib u t io n  w i l l  now be g iv e n  and f r o m  i t  an  a p p ro x im a te  f o r m  f o r  th e  
s o n ic  l in e  f o r  t h is  p a r t i c u la r  ca se  w i l l  be d e r iv e d .

T h e  f lo w  c h o s e n  f o r  t h is  e x e r c is e  w a s  th a t  o f  e je c to r  T e s t  21 
in  A p p e n d ix  4 . L o o k in g  a t th e  to t a l  p re s s u r e  d is t r ib u t io n  a t th e  m ix in g  
d u c t e x i t  i t  m a y  be f a i r l y  w e l l  a p p ro x im a te d  by  a s t r a ig h t  l in e  in t e r ­
s e c t io n  on  e i t h e r  s id e  o f  th e  tw o  b o u n d a ry  v a lu e s  o f 1 .0  and  1 .5 .  Such 
an  id e a lis e d  end  d is t r ib u t io n  is  sh o w n  in  F ig u r e  57. N o w  th e s e  i n t e r ­
s e c tio n  p o in ts  m a y  be ta k e n  to  re p r e s e n t  th e  b o u n d a r ie s  o f th e  m ix in g  
re g io n .  T h e n  i f  th e  m ix in g  re g io n  is  a s s u m e d  to  s p re a d  in  a l in e a r  
fa s h io n  th e  b o u n d a r ie s  m a y  be d ra w n  in  as in  F ig u r e  57 . M a k in g  a f in a l  
a s s u m p t io n  th a t  th e  t o t a l  p r e s s u r e  w ith in  th e  m ix in g  r e g io n  a lw a y s  v a r ie s  
l in e a r ly  b e tw e e n  th e  tw o  u n m ix e d  v a lu e s  a c ro s s  th e  re g io n ,  w e have  
f ix e d  th e  to ta l  p r e s s u r e  d is t r ib u t io n  th ro u g h o u t th e  e n t i r e  m ix in g  d u c t. 
U s in g  th is  a s s u m e d  t o t a l  p r e s s u r e  d is t r ib u t io n  to g e th e r  w ith  th e  kn o w n  
s ta t ic  p r e s s u r e  d is t r ib u t io n  an  a p p ro x im a t io n  f o r  th e  f lo w  in  th e  s u s p e c te d  
re g io n  o f c h o k in g  m a y  be d e r iv e d .  U s in g  th is  te c h n iq u e  th e  s o n ic  l in e  
sh o w n  in  F ig u r e  57 w a s  c o m p u te d . T h is  in d ic a te s  th a t  th e  c h o k in g  
p ro c e s s  p ro b a b ly  ta k e s  p la c e  a t a c r o s s - s e c t io n  c o n ta in in g  b o th  s u p e rs o n ic  
and s u b s o n ic  f lo w .  I t  is  f e l t  th a t  n o t m u c h  m o re  c a n  be  d e d u ce d  f r o m  
th e s e  r e s u l t s  w ith o u t  th e  s u p p o r t  o f f u r t h e r  e x p e r im e n ts .

( iv )  T h e  C o m p le te  S e ts  o f  F lo w s  In v e s t ig a te d  in  E x p e r im e n t  1.

O f th e  fo u r  o th e r  te s ts  o f  f lo w  in v e s t ig a te d  in  e x p e r im e n t  1 o n ly  
th o se  c o r re s p o n d in g  to  th e  t o t a l  p re s s u r e  r a t io s  1. 3 and  1. 7 h ad  a 
s m a ll  enough  t o ta l  p r e s s u r e  r a t io  s c a t te r  to  be  t r e a te d  in  a s im i la r  
m a n n e r  to  th a t  c o r re s p o n d in g  to  th e  r a t io  1. 5 a b o ve . G ra .phs o f th e  
s ta t ic  p r e s s u r e  v a r ia t io n s  a g a in s t  A ' 3  e t c . , a re  g iv e n  in  F ig u r e s  53 to  
5 6 . In  b o th  c a s e s  i t  i s  a g a in  in d ic a te d  th a t  th e  c h o k in g  ta k e s  p la c e  
s o m e w h e re  b e tw e e n  th e  s ta t io n s  x / d  = 9. 0 and  x / D  = 11. 0. A g a in  the  
s o n ic  l in e s  m a y  be  c o m p u te d  u s in g  a s s u m e d  t o ta l  p r e s s u r e  d is t r ib u t io n s  
b a se d  on  th e  e x p e r im e n ta l f in d in g s .  T h e  a s s u m e d  d is t r ib u t io n s  and  th e  
r e s u l t in g  s o n ic  l in e s  a re  s h o w n  in  F ig u r e  58. T h e  d e ta i ls  o f the  f lo w s  
upon  w h ic h  th e s e  c a lc u la t io n s  a re  b a se d  a re  g iv e n  in  E je c to r  T e s ts  11 and  
31 in  A p p e n d ix  4 . A c c o r d in g  to  th e s e  e s t im a te s  o n ly  a v e r y  s m a l l  p a r t  
o f  th e  m ix in g  d u c t c o n ta in s  s u p e rs o n ic  f lo w  in  th e  ca se  o f th e  to ta l  
p re s s u r e  r a t io  o f  1 .3  and  o n ly  a s m a l l  p a r t  o f t h is  r e g io n  c o in c id e s  
w ith  th e  re g io n  w i t h in  w h ic h  th e  c h o k in g  is  s u s p e c te d  o f  ta k in g  p la c e .
I t  w o u ld , th e r e fo r e ,  a p p e a r  th a t  th e  c h o k in g , i f  i t  is  g o in g  to  ta k e  p la c e  
in  so m e  g e n e ra l is e d  m a n n e r  s u g g e s te d  in  S e c t io n  2. 3, w i l l  o c c u r  in  th e

n e ig h b o u rh o o d  o f  th e  c r o s s - s e c t io n  x / D  = 11. In  th e  f lo w  w ith  th e  t o ta l  
p re s s u r e  r a t io  o f  1 .7 ,  h o w e v e r ,  th e  p r im a r y  s t r e a m  is  in je c te d  in  a 
s l ig h t ly  u n d e r -e x p a n d e d  s ta te  and  a s u p e rs o n ic  p r im a r y  e x p a n s io n  ta k e s  
p la c e  as a s s u m e d  in  th e  o n e -d im e n s io n a l th e o r y .  P a r t  o f the  f lo w  
re m a in s  s u p e rs o n ic  th ro u g h o u t  th e  w h o le  le n g th  o f  th e  m ix in g  d u c t;



h e n c e  th e  d i f f e r e n t  shape  o f th e  c o r re s p o n d in g  s o n ic  l in e  in  F ig u r e  58,
T h e  c r o s s - s e c t io n  o f  c h o k in g  in  th is  ca se  m u s t d e f in i t e ly  c o n ta in  b o th  
s u p e rs o n ic  and  s u b s o n ic  f lo w .

W ith  r e g a r d  to  th e  s u s p e c te d  p o s it io n  o f  th e  c h o k in g , i t  s h o u ld  
be  n o te d  th a t  in  th e  e x p e r im e n ta l e je c to r  u se d  th e re  w a s  a jo in t  b e tw e e n  
th e  end o f th e  S c h l ie r e n  w in d o w s  and  the  s id e  p la te s  a t a c r o s s - s e c t io n  
c o r re s p o n d in g  to  a v a lu e  o f 10 f o r  x / D .  T h is  is  w i th in  th e  re g io n  in  
w h ic h  th e  c h o k in g  is  s u s p e c te d  o f ta k in g  p la c e  and i t  is ,  th e r e fo r e ,  
ju s t  p o s s ib le  th a t  t h is  jo in t  c o u ld  h ave  d is tu rb e d  th e  f lo w  in  su ch  a w a y  
as  to  p r e c ip i ta te  th e  c h o k in g  p ro c e s s .  A lth o u g h  th is  p o s s ib i l i t y  c a n n o t 
b e  r u le d  o u t o n  th e  s t re n g th  o f  th e  d a ta  a t p re s e n t  a v a i la b le  i t  is  
th o u g h t th a t  th e  e f fe c t  o f t h is  d is tu rb a n c e ,  i f  i t  is  o c c u r r in g  a t a l l ,  is  
o n ly  v e r y  s l ig h t .

4 , 5 . 5 .  E x p e r im e n t  3, A  S u rv e y  o f th e  F u l ly  C h o k e d  F lo w s .

In  t h i s  t h i r d  e x p e r im e n t  th e  se t o f  f u l l y  c h o k e d  f lo w s  c o r re s p o n d in g  
to  th e  t o t a l  p r e s s u r e  ra n g e  1 .1 .  to  2 .0  w as  in v e s t ig a te d .  T h e  b lo c k in g  
c e n t re  b o d y  w a s  c o m p le te ly  w ith d ra w n  f r o m  th e  m ix in g  d u c t e x it  and 
p o s it io n e d  so  th a t  th e  P i t o t  tu b e s  w e re  ju s t  in  th e  e x i t  p la n e . T h e  
s e c o n d a ry  t o t a l  p r e s s u r e  w a s  a g a in  k e p t a t tw o  a tm o s p h e re s  and the  
p r im a r y  t o t a l  p r e s s u r e  w a s  a d ju s te d  to  g iv e  th e  d e s ire d  r a t io s .  T e n  
f lo w s  in  a l l  w e re  r e c o r d e d  and  so m e  o f th e  r e s u l t s  m a y  be se en  in  
F ig u r e  59.

T h e  b e h a v io u r  o f  th e s e  f lo w s  is  p ro b a b ly  m o s t  m e a n in g fu l ly  
in d ic a te d  b y  th e  b e h a v io u r  o f th e  s e c o n d a ry  in je c t io n  p r e s s u r e .  F o r  
t h is  p r e s s u r e  g iv e s  an  in d ic a t io n  o f b o th  th e  p r im a r y  and  s e c o n d a ry  
m a s s  f lo w s .  T h e  e x p e r im e n ta l ly  d e te rm in e d  s e c o n d a ry  in je c t io n  p r e s s u r e s  
a re  c o m p a re d  in  F ig u r e  5 9 w ith  th o s e  p re d ic te d  b y  th e  o n e -d im e n s io n a l 
th e o r y .  A ls o  p lo t te d  in  t h is  g ra p h  is  th e  s e c o n d a ry  in je c t io n  p re s s u r e  
c o r r e s p o n d in g  to  th e  c h o k in g  o f th e  p r im a r y  in je c t io n  n o z z le  (d o u b le  
c h a in  d o tte d  l in e ) .  I t  is  c le a r ly  seen  th a t  th e  e je c to r  c h o k e s  a t a m u c h  
h ig h e r  s e c o n d a ry  in je c t io n  p re s s u r e  th a n p re d ic te d  b y  a n y  o f th e  o n e ­
d im e n s io n a l th e o r ie s ,  and  th e r e fo r e  a ls o  a t lo w e r  m a s s  f lo w  ra te s .
A t  lo w  t o t a l  p r e s s u r e  r a t io s  th e  e x p e r im e n ta l s e c o n d a ry  in je c t io n  
p r e s s u r e  is  e v e n  in  e x c e s s  o f th a t  c o r re s p o n d in g  to  th e  c h o k in g  o f th e  
p r im a r y  n o z z le .  So a t t o t a l  p re s s u r e  r a t io s  le s s  th a n  a b o u t 1. 5 th e  
e je c to r  c h o k e s  w h i le  i t  is  s t i l l ,  as i t  w e re , in  th e  S u b s o n ic  R e g im e , 
a nd  th e  p h e n o m e n o n  r e f e r r e d  to  as th e  p r im a r y  e x p a n s io n  n e v e r  in  fa c t  
ta k e s  p la c e . O n ly  w h e n  th e  t o t a l  p re s s u r e  r a t io  b e c o m e s  g r e a te r  th a n
1. 5 does th e  p r im a r y  n o z z le  ch o ke  and  th e  e x p a n s io n  o c c u r ,  b u t even  
th e n  th e  s e c o n d a ry  m a s s  f lo w  is  s t i l l  to o  lo w  f o r  th e  f lo w  to  ch o ke  a t th e  
e n d  o f th e  e x p a n s io n . H o w e v e r ,  th e  gap b e tw e e n  th e  t h e o r e t ic a l  and 
e x p e r im e n ta l r e s u l t s  d oe s  s e e m  to  c lo s e  s l ig h t ly  as th e  to ta l  p re s s u r e  
r a t io  is  in c re a s e d  and  i t  is  p o s s ib le  th a t  th e y  w o u ld  a g re e  b e t te r  a t 
h ig h e r  t o t a l  p r e s s u r e  r a t io s  w h e n  th e  c h o k in g  p ro c e s s  is  m o re  l i k e ly  
to  ta k e  p la c e  f u r t h e r  u p s t re a m .



S in c e  th e  t o t a l  m a s s  f lo w s  a re  lo w e r  th a n  p re d ic te d  i t  w o u ld  be 
e x p e c te d  th a t  th e  e x h a u s t p r e s s u r e s  c o r re s p o n d in g  to  a f u l l y  m ix e d  
s t r e a m  w o u ld  a ls o  be lo w e r  th a n  p re d ic te d ,  th e  f lo w  h a v in g  th e  ro o m  to  
e xp a n d  to  a f a s te r  s u p e rs o n ic  sp ee d . T h is  is  fo u n d  to  be so f o r  th e  lo w  
t o ta l  p re s s u r e  r a t io  f lo w s  in  w h ic h  th e  m ix in g  is  r e la t i v e l y  c o m p le te .  
B u t ,  as c a n  be s e e n  f r o m  F ig u r e  60, th e  d e g re e  o f  m ix in g  re a c h e d  b y  
th e  end  o f th e  m ix in g  d u c t d e c re a s e s  w ith  in c r e a s in g  th e  to ta l  p re s s u r e  
r a t io .  N o w  in  a l l  th e s e  f u l l y  s u p e rs o n ic  f lo w s  th e re  is  a lw a y s  a n e g a tiv e  
s ta t ic  p r e s s u r e  g ra d ie n t  d u r in g  m ix in g  and, t h e r e fo r e ,  i f  th e  m ix in g  
doe s  n o t p ro c e e d  to  c o m p le t io n  the  e x h a u s t p re s s u r e  w i l l  be h ig h e r  th a n  
i t  o u g h t to  b e . T h is  w o u ld  e x p la in  th e  r is e  in  e x h a u s t p re s s u r e  sh ow n  
in  F ig u r e  59. A t  th e  to p  o f F ig u r e  5 9 th e  t h e o r e t ic a l  s ta t ic  p re s s u r e  
a t th e  end  o f  th e  p r im a r y  e x p a n s io n  is  c o m p a re d  w ith  e x p e r im e n ta l 
s ta t ic  p r e s s u r e  m e a s u re d  a t th e  se co n d  ta p p in g  in  th e  s e c o n d a ry  w a l l  
o f  th e  m ix in g  d u c t ( x /D  = 1 .6 ) .  A s  w o u ld  be e x p e c te d  in  v ie w  o f th e  
f in d in g s  above  th e s e  r e s u l t s  do n o t c o m p a re .

4 , 5 , 6 .  E x p e r im e n t  4, In v e s t ig a t io n  o f S ca le  E f fe c t .

In  th is  e x p e r im e n t  f o u r  f u l l y  ch o ke d  f lo w s  w e re  re c o rd e d  each  
w ith  a t o t a l  p r e s s u r e  r a t io  o f  1 .5  b u t w ith  th e  a c tu a l v a lu e s  o f t o t a l  
p r e s s u r e s  d i f fe r e n t  in  e ach  c a s e . T h e  p r im a r y  t o t a l  p re s s u r e  w as 
v a r ie d  b e tw e e n  th r e e  and  f iv e  a tm o s p h e re s .  N o  p e rc e p ta b le  d if fe re n c e s  
c o u ld  be fo u n d  b e tw e e n  th e  n o r m a lis e d  r e s u l t s .



5. CONCLUSIONS.

T o  o b ta in  a b e t te r  u n d e rs ta n d in g  o f th e  p h e n o m e n a  in v o lv e d  in  
e je c to r  f lo w s  and  to  f in d  th e  b e s t m e th o d s  o f p r e d ic t in g  th e m  have  b ee n  
th e  m a jo r  o b je c t iv e s  o f th is  w o r k .  A s  m e n tio n e d  b e fo re  th e  fo u r  b a s ic  
p he n om en a - o c c u r r in g  in  e je c to r  f lo w s  a re  m ix in g ,  b o u n d a ry  la y e r  g ro w th ,  
in je c t io n  p re s s u r e  a d ju s tm e n t  and  c h o k in g . O f th e s e  a l l  b u t th e  c h o k in g  
a re  f a i r l y  w e l l  u n d e rs to o d  and  have  w e l l  e s ta b lis h e d  th e o r ie s  c o n n e c te d  
w ith  th e m . P ro b a b ly  th e  m o s t  w o r th w h i le  a d d it io n  th a t  c o u ld  be m a d e  to  
h ig h  p re s s u r e  e je c to r  th e o r y  a t p re s e n t  is  a d e e p e r  u n d e rs ta n d in g  o f th e  
p h e n o m e n o n  o f c h o k in g , to g e th e r  w ith  th e  e s ta b lis h m e n t  o f a s a t is fa c to r y  
th e o ry  o f  c h o k in g .

T h e  w o r k  h as  b ee n  l im i t e d  in  th e  m a in  to  th e  c o n s ta n t a re a  m ix in g  
o f  tw o  s t r e a m s  o f  th e  sa m e  p e r fe c t  g a s . B o th  s o n ic  and  s u p e rs o n ic  v 
in je c t io n  h a ve  bee n  c o n s id e re d  and th e  r e s u l t in g  e je c to r  f lo w s  h ave  been  
c la s s i f ie d  in to  R e g im e s . T h is  c la s s i f ic a t io n  is  s u m m a r is e d  in  th e  fo l lo w in g  
ta b le .

R e g im e . P r im a r y
S tre a m

E je c to r  F lo w  
as a W h o le

In je c t io n  P r e s s u r e s

S u b s o n ic
S u p e rs a tu ra te d  M ix e d  
S a tu ra te d  M ix e d  
S u p e rs o n ic  M ix e d  
S u p e rs a tu ra te d  S u p e rs o n ic  
S a tu ra te d  S u p e rs o n ic e  
S u p e rs o n ic

n o t ch o k e d  
c h o k e d

n o t ch o k e d

c h o k e d
II
II

p r im a r y  = 
p r im a r y  
p r im a r y  = 
p r im a r y  > 
p r im a r y  < 
p r im a r y  > 
p r i m a r y ^

s e c o n d a ry
s e c o n d a ry
s e c o n d a ry
s e c o n d a ry
s e c o n d a ry
s e c o n d a ry
s e c o n d a ry

T h e  p h e n o m e n a  o f m ix in g ,  p re s s u r e  a d ju s tm e n t  and  b o u n d a ry  la y e r  
fo r m a t io n  c a n  v e r y  o fte n  be s a id  to  ta k e  p la c e  in  w e l l  d e f in e d  re g io n s  o f  th e  
f lo w .  F o r  e x a m p le , in  a s h o r t  r e g io n  ju s t  d o w n s tre a m  o f th e  in je c t io n  
n o z z le s  i t  m a y  be th a t  th e  e f fe c ts  o f m ix in g  and b o u n d a ry  la y e r  g ro w th  a re  
n e g l ig ib le .  I t  is  in  th is  r e g io n  th a t  th e  d is s ip a t io n  o f  th e  d i f fe re n c e  in  
in je c t io n  p r e s s u r e s  ta k e s  p la c e , th ro u g h  th e  e x p a n s io n  o r  c o n t r a c t io n  o f 
th e  p r im a r y  s t re a m .  T h is  p ro c e s s  m a y  be c o n s id e re d  to  end a t th e  c r o s s -  
s e c t io n  a t w h ic h  th e  s ta t ic  p re s s u r e  f i r s t  b e c o m e s  u n i fo r m .  T h e  n o r m a l 
s ta t ic  p r e s s u r e  g ra d ie n t  is  z e ro  th ro u g h o u t th e  r e m a in d e r  o f th e  m ix in g  
d u c t and  i t  is  h e re  th a t  th e  m a jo r  p o r t io n  o f th e  m ix in g  ta k e s  p la c e . T h e  
b o u n d a ry  la y e r  b u i ld  up  ta k e s  p la c e  o v e r  th e  e n t i r e  s u r fa c e  o f th e  m ix in g  
d u c t w a l ls  b u t a g a in  m a y  o n ly  b e c o m e  s ig n if ic a n t  to w a r d s  th e  end o f 
th e  d u c t w h e re  i t  w i l l  p ro b a b ly  b e co m e  m e rg e d  w ith  th e  m ix in g  re g io n .

T h e  tw o  c o n te x ts  in  w h ic h  th e o r ie s  on e je c to r  f lo w s  a re  l i k e ly  
to  be u s e d  m u s t  be d is t in g u is h e d  as t h e i r  r e q u ir e m e n ts  m a y  be s o m e w h a t 
d i f fe r e n t .  F i r s t l y ,  i t  m a y  be d e s ir e d  to  a s s e s s  th e  l i k e ly  b e h a v io u r  o f 
a d e f in ite  e je c to r  s y s te m  o f k n o w n  g e o m e try .  In  th is  ca s e  i t  m a y  be



w o r th w h i le  u s in g  s o m e  f a i r l y  e x a c t b u t c o m p le x  th e o r y  to  o b ta in  a 
d e ta i le d  id e a  o f th e  f lo w s  l i k e ly  to  o c c u r .  Such m e a s u re s  m ig l i  in c lu d e  
tw o - d im e n s io n a l  a n a ly s is  o f th e  p r im a r y  e x p a n s io n  and a N a v ie r -S to k e s  
s o lu t io n  o f th e  m ix in g  re g io n .  A l t e r n a t iv e ly ,  i t  m a y  be d e s ire d  to  o b ta in  
an o v e r a l l  p ic tu r e  o f p o s s ib le  e je c to r  p e r fo rm a n c e  w h ic h  w o u ld  e n ta i l  
a s s e s s in g  th e  f lo w s  c o r re s p o n d in g  to  m a n y  s e ts  o f c o n f ig u r a t io n s .  In  
th is  l a t t e r  c a s e  i t  is  o b v io u s ly  n e c e s s a ry  to  u se  as s im p le  a th e o ry  as 
p o s s ib le  and  i t  is  h e re  th a t  th e  a p p lic a t io n  o f o n e -d im e n s io n a l th e o r ie s  
b e c o m e s  p a r t i c u la r l y  a t t r a c t iv e .  I t  is  on  th is  s im p le  a p p ro a c h  th a t  th e  
e m p h a s is  in  th is  p a p e r  h as  b e e n  la id .  O n e -d im e n s io n a l th e o r ie s ,  h o w ­
e v e r ,  c a n  o n ly  s u p p ly  a l im i t e d  a m o u n t o f in fo r m a t io n .  A l l  th e y  a re  a b le  
to  do is  to  s u p p ly  c e r t a in  s e ts  o f  r e la t io n s  b e tw e e n  s ta te s  a t tw o  c r o s s -  
s e c t io n s  o f  th e  f lo w  a t an  a r b i t r a r y  d is ta n c e  a p a r t .  T h e  s ta te s  a t such  
c r o s s - s e c t io n s  a re  u s u a lly  a s s u m e d  to  be u n i fo r m .  T h is  is  n o t e n t i r e ly  
n e c e s s a ry ;  th e  s ta te s  ca n  be a s s u m e d  to  ta k e  any s u ita b le  d is t r ib u t io n  
p ro v id e d  th a t  th e y  c a n  be e x p re s s e d  u n iq u e ly  in  th e  s a m e  n u m b e r  o f 
p a r a m e te r s  as th e  e q u iv a le n t  u n i f o r m  s ta te . T h u s  th e  ra te s  o f g ro w th  
o f th e  m ix in g  re g io n  and o f th e  b o u n d a ry  la y e r  a re  a ls o  fa c to r s  th a t  
m u s t b e  a s s u m e d  w h e n  u s in g  a ny  o n e -d im e n s io n a l th e o r y .  T h e  w a y  in  
w h ic h  t h is  ty p e  o f th e o ry  m a y  be a p p lie d  to  e je c to r  f lo w s  by s p l i t t in g  
th e m  u p  in to  d is t in c t  re g io n s  w a s  sh ow n  in  S e c tio n  2 .

O ne o f th e  m o s t im p o r ta n t  p r e d ic t io n s  r e q u ir e d  o f any  th e o ry  on 
c o m p r e s s ib le  f lo w  in  e je c to r s  is  th e  p r e d ic t io n  o f th e  c h o k e d  c o n d it io n .
In  g e n e ra l i t  is  q u ite  p o s s ib le  f o r  c h o k in g  to  ta k e  p la c e  in  a v a r ie t y  o f 
d i f fe r e n t  w a y s  and p la c e s  w ith in  any  e je c to r  f lo w s .  T h e  p h y s ic a l p h e n o m e n o n  
o f  c h o k in g  w i l l  o c c u r  as a r e s u l t  o f  th e  in te r a c t io n s  o f th e  o th e r  th re e  
e je c to r  p h e n o m e n a , m ix in g ,  p re s s u r e  a d ju s tm e n t and  b o u n d a ry  la y e r  
g ro w th ,  and , th e r e fo r e ,  th e  p r e d ic t io n  o f c h o k in g  w i l l  be d ep e n d e n t 
upon  th e  th e o r ie s  u s e d  to  d e s c r ib e  th e s e  o th e r  p h e n o m e n a . A ls o  i f  i t  
is  a c c e p te d  th a t  c h o k in g  m a y  ta k e  p la c e  in  a g e n e ra l is e d  fo r m ,  su ch  as 
th a t  s u g g e s te d  in  S e c t io n  2 .3 ,  i t  w i l l  be seen  th a t  i t  w o u ld  be n e c e s s a ry  
to  m o n i t o r  e v e ry  c r o s s - s e c t io n  o f any  e je c to r  f lo w  as th e  m a s s  f lo w  is  
in c re a s e d  in  o r d e r  to  a s c e r ta in  w h e re  and w h e n  th e  c h o k in g  ta k e s  p la c e .
T h e  o n e -d im e n s io n a l th e o r ie s  o f  th e  s im p le r  k in d  do n o t go th is  fa r ,  b u t 
a ssu m e  th a t  th e  c h o k in g  o c c u r s  o n ly  a t th e  c r o s s - s e c t io n s  in  te r m s  o f 
w h ic h  th e y  d e s c r ib e  th e  f lo w s .  M o re  c o m p le x  o n e -d im e n s io n a l m e th o d s  
b y  w h ic h  a te n d e n c y  f o r  a f lo w  to  c h o ke  d u r in g  th e  m ix in g  p ro c e s s  m ig h t 
be d e te c te d  a re  s u g g e s te d  in  S e c t io n  2 ,4 .

B e fo r e  c o m in g  to  any  d e f in ite  c o n c lu s io n s  as to  th e  r e la t iv e  
m e r i t s  o r  l im i t a t io n s  o f th e  v a r io u s  o n e -d im e n s io n a l th e o r ie s  i t  is  
n e c e s s a ry  to  d is c u s s  in  d e ta i l  t h is  p h e n o m e n o n  o f  c h o k in g .  C h o k in g  
in  t h is  p a p e r  h a s  b ee n  d e f in e d  as th e  lo s s  o f s t r e a m w is e  p r e s s u r e  c o m m u n i­
c a t io n  in  th e  u p s t re a m  d ir e c t io n .  T h e  c r o s s - s e c t io n  a t w h ic h  su ch  a 
p h e n o m e n o n  f i r s t  o c c u r s  on in c r e a s in g  th e  m a s s  f lo w  is  s a id  to  be th e  
s e c t io n  a t w h ic h  th e  s y s te m s  c h o k e s . I t  has  bee n  sh o w n  th a t  i f  a s t r e a m  
tu b e  h a s  th e  f re e d o m  to  re a c t  in  an  is e n t r o p ic  m a n n e r  to  s m a l l  s t re a m w is e



p re s s u r e  d is tu rb a n c e  th e n  th e  d is tu rb a n c e  v e lo c i t y  a t th e  p o in t  in  q u e s t io n  
w i l l  be s ta t io n a r y .  A  g e n e ra l th e o r y  o f  c h o k in g  has  b e e n  p u t fo r w a r d  
b a se d  on th is  c o n c e p t.  I t  s ta te s  th a t  a f lo w  w i l l  b e c o m e  c h o k e d  o v e r  any 
c r o s s - s e c t io n  w h ic h  as a w h o le  h as  th e  f r e e d o m  to  a c c o m m o d a te  a s m a ll  
p re s s u r e  d is tu rb a n c e  w ith o u t  a f fe c t in g  th e  t o t a l  m a s s  f lo w .  I t  has  been  
sh ow n  th a t  a ny  su ch  s e c t io n  m u s t,  in  g e n e ra l,  c o n ta in  b o th  s u b s o n ic  and 
s u p e rs o n ic  f lo w .  T h e  m a in  d e fe c t  in  th e  th e o ry  is  th a t  in  th e  d e r iv a t io n  
o f  th e  w a ve  sp e e d s  in  a s t re a m  tu b e  th e  in e r t ia  e f fe c ts  in  th e  d i r e c t io n  
n o r m a l to  th e  s t r e a m  tu b e  h ave  been  n e g le c te d . H o w e v e r ,  th is  is  n o t 
th o u g h t to  be a s e r io u s  d e fe c t as i t  is  s m a l l  d is tu rb a n c e s  th a t  a re  b e in g  
c o n s id e re d .

I f  s u c h  a th e o r y  o f c h o k in g  is  a c c e p te d  th e n  s o m e  o f  th e  t r a d i t io n a l  
m o d e s  o f c h o k in g  su ch  as th e  s o n ic  c h o k in g  o f th e  s e c o n d a ry  s t re a m  a t 
th e  end  o f  th e  p r im a r y  e x p a n s io n  ca n  no lo n g e r  be re g a rd e d  as ch o ke d  
c r o s s - s e c t io n s .  T h e y  in  fa c t  b e c o m e  " s u p e r s o n ic ”  c r o s s - s e c t io n s ,  
and th e  a c tu a l c h o k in g  w i l l  o c c u r  u p s t re a m  o f th e m .

L e t  u s  n o w  r e t u r n  to  th e  p r o b le m  o f d e s c r ib in g  th e  f lo w  w ith in  
an e je c to r .  S ta r t in g  a t th e  u p s t re a m  end o f  th e  e je c to r  and  a s s u m in g  
th a t  th e  in je c t io n  c o n d it io n s  a re  re a s o n a b ly  u n i fo r m  and  w e l l  b e h a ve d  
th e  f i r s t  p h e n o m e n o n  w h ic h  h as  to  be d e a lt  w ith  is  th e  p r im a r y  e x p a n s io n . 
T h e  th e o r ie s  d e s c r ib in g  th e  p r im a r y  e x p a n s io n  h a v e  b e e n  te r m e d  th e  
T w o  S t re a m  T h e o r ie s  and  in  th e  m a in  th e y  h a ve  tw o  o b je c t iv e s .  T h e  
f i r s t  is  s im p ly  to  d e s c r ib e  th e  e x p a n s io n  and th e  se c o n d  is  to  d e te c t 
o r  p r e d ic t  a n y  te n d e n c y  f o r  th e  s y s te m  to  ch o ke  a t th e  end  o f th a t  e x p a n s io n . 
In  th e  c o n te x t  o f th e  one d im e n s io n a l th e o r ie s  th e s e  tw o  a im s  m a y  n o t 
a lw a y s  be c o m p a t ib le .  T h e  c r o s s - s e c t io n  a t w h ic h  th e  e x p a n s io n  is  
a s s u m e d  to  end  m a y  n o t be th a t  a t w h ic h  th e  c h o k in g  ta k e s  p la c e . 
A s s u m p t io n s  a ls o  h a v e  to  be m a d e  as to  w h e th e r  th e  p r im a r y  b e c o m e s  
o v e r -e x p a n d e d  o r  n o t, and  as to  w h e th e r  i t  ca n  r e a l l y  be  re p re s e n te d  
b y  a u n i fo r m  s ta te  a t th e  end  o f  th e  e x p a n s io n .

T h r e e  T w o  S tre a m  T h e o r ie s  w e re  p re s e n te d  a nd  d is c u s s e d  in  
S e c t io n  2 .1 .  T w o  o f  th e s e  a s s u m e d  th a t  th e  p r im a r y  s t r e a m  d id  n o t 
b e c o m e  o v e r -e x p a n d e d  and  th a t  th e  c h o k in g  to o k  p la c e  in  th e  g e n e ra lis e d  
f o r m .  T h e y  w e re  th e  P o ly t r o p ic  and  Is e n t ro p ic  T w o  S t re a m  th e o r ie s .  
F a b r i 's  th e o r y  on th e  o th e r  h an d  a s s u m e d  th a t  th e  p r im a r y  s t r e a m  d id  
b e c o m e  o v e r -e x p a n d e d  and  a ls o  th a t  th e  s y s te m  c h o k e d  b y  th e  s e c o n d a ry  
s t r e a m  b e c o m in g  s o n ic  a t th e  s e c t io n  o f m a x im u m  p r im a r y  e x p a n s io n .

O f th e s e  th e o r ie s  th e  P o ly t r o p ic  T w o  S tre a m  th e o r y  a p p e a rs  to  
be  th e  b e s t fo u n d e d , a l lo w in g  b o th  f o r  an i r r e v e r s ib le  p r im a r y  e x p a n s io n  
and  f o r  th e  g e n e ra l is e d  m o d e  o f  c h o k in g . W ith  r e g a r d  to  th e  r e la t iv e  
s u c c e s s  o f  th e s e  th e o r ie s  in  p r e d ic t in g  e x p e r im e n ta l f lo w s  i t  is  n o t 
p o s s ib le  a t t h is  s ta g e  to  c o m e  to  any d e f in ite  c o n c lu s io n s  w ith o u t  th e  
s u p p o r t  o f  f u r t h e r  e x p e r im e n ta l r e s u l t s .  T h e  e x p e r im e n ta l w o r k  
c o m p le te d  so f a r  s e e m s  to  in d ic a te  th a t  f o r  s o n ic  e je c to r s  w ith  m e d iu m  to  
lo n g  m ix in g  d u c ts  th e  c h o k in g  ta k e s  p la c e  w ith in  th e  m ix in g  p ro c e s s  
to w a rd s  th e  end o f th e  d u c t. T h e s e  e x p e r im e n ts ,  h o w e v e r ,  w e re  a l l



c a r r ie d  o u t w ith  t o t a l  p r e s s u r e  r a t io s  o f 2 . 0  o r  le s s  and th e r e  w as som e  
in d ic a t io n  th a t  th e  gap b e tw e e n  the  e x p e r im e n ta l r e s u l t s  and th e  th e o r e t ic a l  
r e s u l t s  p r e d ic te d  b y  th e  T w o  S tre a m  th e o r ie s  te n d e d  to  b e c o m e  s m a l le r  
as th e  t o ta l  p r e s s u r e  r a t io  r o s e .  I t  m a y  be p o s s ib le  th e n  th a t  th e  c h o k in g  
p ro c e s s  m o v e s  f u r t h e r  u p s t re a m  to w a rd s  th e  end o f th e  p r im a r y  e x p a n s io n  
as th e  t o ta l  p r e s s u r e  r a t io  is  in c re a s e d ,  and th u s  g ra d u a l ly  te n d s  to w a rd s  
th e  s o lu t io n s  p r e d ic te d  b y  th e  T w o  S tre a m  th e o r ie s .  S uch  b e h a v io u r  
w o u ld  be c o m p a t ib le  w ith  th e  th e o r y  th a t  th o s e  f lo w s ,  f o r  w h ic h  th e  
th e o ry  p r e d ic ts  a n e a r ly  c h o k e d  f u l ly  m ix e d  s ta te , a re  th e  m o s t s u s c e p ta b le  
to  th e  p h e n o m e n o n  o f  c h o k in g  w ith in  th e  m ix in g  p ro c e s s .  T h is  c o n c e p t 
is  s u p p o r te d  b y  l im i t e d  r e s u l t s  o b ta in e d  f o r  s u p e rs o n ic  in je c t io n .  H e re  
th e  t o t a l  p re s s u r e  r a t io s  w e re  w ith in  th e  ra n g e  4 .0  to  7 .0  and  th e  p r e ­
d ic te d  f u l l y  m ix e d  s ta te s  w e re  w e l l  s u p e rs o n ic  and  w e l l  s u b s o n ic . T h e  
p r e d ic t io n s  o f  th e  P o ly t r o p ic  T w o  S t re a m  th e o ry  g iv e  r e m a r k a b ly  good 
r e s u l t s  in  th e  S u p e rs o n ic  R e g im e . T h e  p r e d ic t io n s  a c c o rd in g  to  F a b r i 's  
th e o r y  a re  r e la t i v e ly  p o o r .  H o w e v e r ,  th e s e  r e s u l t s  o n ly  c o v e r  a v e r y  
s m a l l  p a r t  o f th e  t o t a l  s e t o f  s o lu t io n s  c o v e re d  by th e s e  th e o r ie s ,  and so 
one c a n n o t r e a l l y  d ra w  a n y  s w e e p in g  c o n c lu s io n s  w ith o u t  th e  s u p p o r t  
o f  f u r t h e r  r e s u l t s .

F u r t h e r  e x p e r im e n ta l w o r k  is  a ls o  needed  to  in v e s t ig a te  the  
e x a c t m e c h a n is m  and  lo c a t io n  o f  th e  c h o k in g  p ro c e s s e s  w ith in  th e s e  
s u p e rs o n ic  in je c t io n  f lo w s .  M e s s r s .  C h o w  and À d d i (R e f. 3) in  t h e i r  
tw o - d im e n s io n a l t r e a tm e n t  o f th e  p r im a r y  e x p a n s io n  a s s u m e  th a t  th e  
c h o k in g  ta k e s  p la c e  a t th e  c r o s s - s e c t io n  o f m a x im u m  p r im a r y  e x p a n s io n  
w ith  s e c o n d a ry  s t r e a m  b e c o m in g  s o n ic , b u t a c c o r d in g  to  th e  g e n e ra l 
th e o r y  o f c h o k in g  s u c h  a c r o s s - s e c t io n  is  " s u p e r s o n ic ”  . M e s s rs  C h o w  
a nd  A d d i s u p p o r t  t h e i r  th e o r y  w ith  a s ta t ic  p re s s u r e  d is t r ib u t io n  a lo n g  
th e  m ix in g  d u c t w a l l  w h ic h  in d ic a te s  th a t  th e  s e c o n d a ry  s t r e a m  does 
b e c o m e  s o n ic .  T h is  w o u ld  a ls o  be th e  ca se  i f  th e  c h o k in g  to o k  p la c e  
in  th e  g e n e ra l f o r m  and  th e  f lo w  th e n  e xpa n de d  as i t  m ix e d .  A n  e x p e r i ­
m e n t th a t  w o u ld  h e lp  to  r e s o lv e  th is  q u e s t io n  w o u ld  be one in  w h ic h  the  
e f fe c t  o f b a c k  p r e s s u r e  on a f lo w  is  in v e s t ig a te d ;  m a y  be w ith  th e  h e lp  
o f  so m e  in t e r f e r o m e t r ic  te c h n iq u e  to  o b s e rv e  d e ta i le d  c h a n g e s  in  th e  
f lo w .

A  b e t te r  u n s ta n d in g  o f th e  f lo w s  in  th e  S a tu ra te d  S u p e rs o n ic  
R e g im e  is  a ls o  n e e d e d  b e fo re  any u s e fu l th e o r y  c a n  be e v o lv e d . H e re  
a g a in  th e  a c tu a l m e c h a n is m  and s itu a t io n  o f th e  c h o k in g  is  n o t r e a l ly  
k n o w n .

R e tu r n in g  a g a in  to  th e  p ro b le m  o f d e s c r ib in g  th e  f lo w  w ith in  
an  e je c to r ,  once  a m e th o d  o f d e s c r ib in g  th e  p r im a r y  e x p a n s io n  and 
i t s  a s s o c ia te d  m o d e  o f c h o k in g  has  b ee n  c h o s e n  th e  p ro b le m s  o f  th e  
m ix in g  and th e  b o u n d a ry  la y e r  e f fe c t  m u s t be c o n s id e re d .  T h e  b o u n d a ry  
la y e r  e f fe c t  is  o b v io u s ly  h e a v ily  d ep e n d e n t on th e  g e o m e try  o f th e  e je c to r  
and  th u s  is  n o t e a s y  to  in c lu d e  in  an  a l l  e m b ra c in g  o n e -d im e n s io n a l 
th e o r y .  In  fa c t  in  m o s t o n e -d im e n s io n a l th e o r ie s  th e  b o u n d a ry  la y e r  
e ffe c t is  e n t i r e ly  n e g le c te d . V e r y  o c c a s io n a lly  i t  is  in c lu d e d  in  so m e



e m p i r ic a l  w a y . O n e -d im e n s io n a l th e o r ie s  o f m ix in g  on th e  w h o le  have  
tw o  m a in  o b je c t iv e s .  T h e  f i r s t  is  to  a t te m p t to  p r e d ic t  th e  s ta te  o f th e  
m ix e d  s t r e a m  w h e n  i t  re a c h e s  th e  end  o f th e  m ix in g  d u c t g iv e n  f ix e d  
c o n d it io n s  u p s t re a m .  T h e  se c o n d  is  to  d e te c t th o s e  f lo w s  th a t  a re  
l i k e l y  to  c h o k e  a t  th e  end  o f th e  m ix in g  p ro c e s s .  T h e  s im p le s t  th e o ry ,  
th e  S t r a ig h t  M ix in g  T h e o ry ,  a s s u m e s  th a t  th e  m ix in g  is  c o m p le te  b y  
th e  end  o f  th e  d u c t  and  th a t  th e  s ta te  o f th e  e x h a u s tin g  s t r e a m  is  u n i fo r m .  
T h is  u n i fo r m  s ta te  is  s im p ly  d e te rm in e d  by  e q u a tin g  th e  m a s s , m o m e n tu m  
and e n e rg y  f lu x e s  a t th e  end o f the  p r im a r y  e x p a n s io n  to  th o s e  in  th e  
e x h a u s t p la n e . In  g e n e ra l tw o  s o lu t io n s  e m e rg e  one in d ic a t in g  a s u b s o n ic  
f lo w  and  th e  o th e r  a s u p e rs o n ic  f lo w .  T h e  tw o  s o lu t io n s  a re  re la te d  
to  one  a n o th e r  th ro u g h  th e in o r m a l  s h o c k  r e la t io n s .  T h e y  c o n v e rg e  in to  
th e  s o n ic  c o n d it io n  w h e n  th e  tw o  s o lu t io n s  b e co m e  c o in c id e n t  in d ic a t in g  
a c h o k e d  c o n d it io n  in  th e  f u l l y  m ix e d  f lo w .  T h e re  a re  s e v e r a l m a jo r  
w e a k n e s s e s  in  t h is  th e o r y .  F i r s t l y ,  in  m o s t p h y s ic a l e je c to r  f lo w s  th e  
m ix in g  is  no  w h e re  n e a r  c o m p le te  b y  th e  end o f  th e  m ix in g  d u c t and i f  
th e  d u c t is  le n g th e n e d  to  a l lo w  f u r t h e r  m ix in g  th e  b o u n d a ry  la y e r  e f fe c t  
b e c o m e s  q u ite  c o n s id e ra b le  and  m a y  no lo n g e r  be n e g le c te d . N o d o u b t 
an e je c to r  c o u ld  be d e v is e d  in  w h ic h  th e  m ix in g  b e c o m e s  c o m p le te  w ith o u t  
any b o u n d a ry  la y e r  e f fe c ts ,  b u t  t h is  is  h a r d ly  th e  p o in t .  A n o th e r  w e a k n e s s  
is  th a t  i t  does n o t p ro v id e  a n y  m e a n s  o f t e l l in g  w h e th e r  any c h o k in g  is  l i k e ly  
to  o c c u r  w i t h in  th e  m ix in g  p ro c e s s .  T h e  s im p le  th e o r y  does , h o w e v e r ,  
p ro v e  u s e fu l in  th a t  i t  p ro v id e s  an e n v e lo p e  s o lu t io n ;  th a t  is  th e  e x p e r i ­
m e n ta l e x h a u s t s ta t ic  p r e s s u r e  is  l i k e l y  to  l ie  s o m e w h e re  b e tw e e n  the  
tw o  e x tr e m e  s o lu t io n s  t h e o r e t ic a l ly  p re d ic te d .  F o r  in  f u l l y  s u p e rs o n ic  
f lo w s  th e r e  is  u s u a l ly  a n e g a tiv e  s t re a m w is e  p r e s s u r e  g ra d ie n t  d u r in g  
th e  m ix in g  and  in  f lo w s  w ith  r e la t iv e ly  h ig h  b a c k  p re s s u r e s ,  th a t  is  
th o s e  w ith  s u b s o n ic  e x h a u s t c o n d it io n s ,  th e  s t re a m w is e  p re s s u r e  g ra d ie n t  
is  u s u a l ly  p o s i t iv e  d u r in g  m ix in g  ( in  th e  a bsence  o f  la r g e  b o u n d a ry  la y e r  
e f fe c ts ) .  T h e  S t r a ig h t  M ix in g  T h e o ry  o f c o u rs e  s u f fe r s  f r o m  a w e a k n e s s  
c o m m o n  to  a l l  o n e -d im e n s io n a l th e o r y  in  th a t  i t  p ro v id e s  no in d ic a t io n  
o f  th e  s te a m w is e  s c a le  o f  e v e n ts . I t  c a n n o t p r e d ic t  th e  e f fe c t  o f le n g th  
e n in g  o r  s h o r te n in g  th e  m ix in g  d u c t. In  o r d e r  to  o b ta in  a ny  in fo r m a t io n  
on  th e s e  m a t t e r s  i t  is  n e c e s s a ry  to  r e s o r t  to  a N a v ie r -S to k e s  f o r m  o f 
a n a ly s is .

S e v e ra l im p ro v e m e n ts  on th e  s im p le  o n e -d im e n s io n a l th e o ry  
a re  p o s s ib le ,  h o w e v e r .  S om e o f th e s e  w e re  d is c u s s e d  in  S e c tio n  2 .4 .  
B a s ic a l ly  th e y  c o n s is t  o f a s s u m in g  th e  l i k e ly  f o r m  th e  t o t a l  p re s s u r e  
d is t r ib u t io n  a t th e  c r o s s - s e c t io n  u n d e r  in v e s t ig a t io n  and  s o lv in g  th e  
o n e - d im e n s io n a l e q u a tio n s  to  g iv e  th e  s ta t ic  p r e s s u r e  and a p a r a m e te r  
f i n a l l y  f ix in g  th e  t o t a l  p r e s s u r e  d is t r ib u t io n .  I t  w a s  sh ow n  h ow  su ch  
an a p p ro a c h  c o u ld  be u s e d  to  fo l lo w  th ro u g h  th e  m ix in g  and  c h e c k  w h e th e r  
th e  f lo w  w o u ld  b e  l i k e l y  to  c h o k e  d u r in g  th e  m ix in g .  O b v io u s ly  th e  sa m e  
id e a  o f  d e te c t in g  c h o k in g  c o u ld  be u se d  w hen  a p p ly in g  th e  m o re  c o m p le x  
b u t m o re  e x a c t  a p p ro a c h  o f  u s in g  a N a v ie r -S to k e s  s o lu t io n ,  o r  e ve n  w h e n  
g o in g  one s te p  f u r t h e r  and  in c lu d in g  a b o u n d a ry  la y e r  e f fe c t .



I t  m u s t a ls o  be n o te d  th a t  s in c e  th e  m ix in g  doe s  n o t u s u a l ly  
re a c h  c o m p le t io n  in  a c tu a l e je c to r  f lo w s  th o s e  f lo w s  w h ic h  th e  S t ra ig h t  
M ix in g  T h e o ry  p r e d ic ts  w i l l  b e c o m e  ch o ke d  a t th e  end  o f  th e  m ix in g  
p ro c e s s  w i l l  in  fa c t  p ro b a b ly  ch o ke  in  so m e  g e n e ra l f o r m  a t th e  end o f 
th e  d u c t. I t  w o u ld  th u s  a p p e a r  th a t  e je c to r  s y s te m s  in  w h ic h  a p r im a r y  
e x p a n s io n  o c c u rs  w i l l  a l l  c h o ke  in  so m e  g e n e ra lis e d  m o d e . T h is  c h o k in g  
a p p e a rs  to  ta k e  p la c e  w e l l  d o w n s tre a m  o f th e  end  o f th e  p r im a r y  e x p a n s io n  
in  e je c to r s  w ith  lo w  to ta l  p r e s s u r e  r a t io s ,  h ig h  t o t a l  e n th a lp y  r a t io s  and  
r e la t iv e ly  lo n g  m ix in g  d u c ts . T h e s e  a re  th e  ty p e s  o f  e je c to r  c o n f ig u ra t io n s  
f o r  w h ic h  the  o n e -d im e n s io n a l th e o r y  p r e d ic ts  c h o k e d  o r  n e a r ly  c h o k e d  
f u l l y  m ix e d  c o n d it io n s .  F o r  e je c to r s  w ith  s h o r t  d u c ts  o r  e je c to r s  w ith  
lo w  t o t a l  e n th a lp y  r a t io s ,  h ig h  t o t a l  p re s s u r e  r a t io s  and  h ig h  p r im a r y  
in je c t io n  M a ch  n u m b e rs  th e  c h o k in g  te n d s  to  ta k e  p la c e  a t o r  n e a r  th e  
end  o f th e  p r im a r y  e x p a n s io n . T h e s e  a re  th e  f lo w s  f o r  w h ic h  th e  s im p le  
o n e -d im e n s io n a l th e o r ie s  p r e d ic t  w e l l  s u p e rs o n ic  f u l l y  m ix e d  c o n d it io n s .
T h e y  a re  a ls o  th e  ty p e  o f f lo w s ,  t h e r e fo r e ,  f o r  w h ic h  th e  T w o  S tre a m  
T h e o r ie s  m ig h t  be  e x p e c te d  to  g iv e  re a s o n a b le  r e s u l t s  as to  th e  m a x im u m  
m a s s  f lo w s .

T h e  e x te n t to  w h ic h  th e  b o u n d a ry  la y e r  b u i ld  up  a ffe c te d  m o d e s  
o f  c h o k in g  o b s e rv e d  in  th e  e x p e r im e n ta l p ro g r a m m e  is  n o t r e a l ly  kn o w n .
I t  is  e x p e c te d , h o w e v e r ,  th a t  e ve n  a f a i r l y  s m a l l  b o u n d a ry  la y e r  m ig h t  
h ave  a s ig n if ic a n t  e f fe c t .  F o r ,  n o t o n ly  a re  f lo w s  n e a r  th e  c r i t i c a l  c o n ­
d it io n  v e r y  s e n s it iv e  to  s m a l l  ch a n g e s  in  c r o s s - s e c t io n a l  a re a  su c h  as 
w o u ld  be ca u s e d  by  th e  b o u n d a ry  la y e r  d is p la c e m e n t e ffe c t ,  b u t th e  p la n e  
f lo w  s y s te m  u s e d  in  th e s e  e x p e r im e n ts ,  w ith  i t s  r e c ta n g u la r  s e c tio n e d  
m ix in g  d u c t, w o u ld  b e . f a i r ly  s u s c e p ta b le  to  b o u n d a ry  la y e r  e f fe c ts .  H o w ­
e v e r ,  a th o ro u g h  in v e s t ig a t io n  o f th e  e x te n t o f th e  b o u n d a ry  la y e r  in  th e  
e x p e r im e n ta l e je c to r  m u s t be u n d e r ta k e n  b e fo re  th is  q u e s t io n  c a n  be 
a n s w e re d . I f  th e  b o u n d a ry  la y e r  e f fe c ts  w e re  in  fa c t  v e r y  s ig n if ic a n t ,  i t  
is  q u ite  p o s s ib le  th a t  e je c to r s  w ith  le s s  b o u n d a ry  la y e r  p ro n e  g e o m e tr ie s  
m a y  b e h a v e  in  a m a n n e r  m o re  l i k e  th a t  p re d ic te d  b y  th e  T w o  S tre a m  T h e o r ie s

S u g g e s tio n s  f o r  F u r t h e r  W o rk .

F u r t h e r  in v e s t ig a t io n  is  s u g g e s te d  in  th r e e  p a r t i c u la r  d ir e c t io n s ;  
th e s e  a re  b r ie f l y  ; -

1. T h e  c o m p le t io n  o f th e  e x p e r im e n ta l p ro g r a m m e  as se t o u t in  
S e c tio n  4 , in c lu d in g  a th o ro u g h  in v e s t ig a t io n  o f th e  b o u n d a ry  
la y e r  e f fe c ts .

2. T h e  d e s ig n  and e x e c u t io n  o f som e  e x p e r im e n ts  to  te s t  th e  
v a l id i t y  o f th e  s u g g e s te d  g e n e ra l th e o ry  o f c h o k in g .

3. A  n u m e r ic a l  in v e s t ig a t io n  u s in g  som e  o f th e  o n e -d im e n s io n a l 
th e o r ie s  s u g g e s te d  in  S e c t io n  2 .4 .  In  p a r t i c u la r  an  a s s e s s m e n t 
o f  th e  b e h a v io u r  o f th e  p a r a m e te r  B  (a p a r a m e te r  th a t  is  p o s i t iv e

■ in  " s u p e r s o n ic "  f lo w  and n e g a tiv e  in  " s u b s o n ic "  f lo w ) as th e  
m ix in g  p ro c e e d s  and  th e  m a s s  f lo w  is  in c re a s e d  in  an e je c to r  
o f  f ix e d  g e o m e try  and  s ta g n a t io n  c o n d it io n s .



L IS T  O F  R E F E R E N C E S .

1. " T h e o r y  and  E x p e r im e n ts  on  S u p e rs o n ic  A i r - t o - A i r  E je c to r s " .
J .  F a b r i  and  J . P a u lo n . N . A . C . A .  T M  1410 . S ep t. 1958.

2. " A  T h e o r y  o f  th e  C y l in d r ic a l  E je c to r  S u p e rs o n ic  P r o p e l l in g  
N o z z le " .  H . P e a rs o n , J . B .  H o l l id a y  and  S. F . S m ith .  Jo u . 
R .A e .S .  O c t.  1958 .

3. " I n t e r a c t io n  B e tw e e n  P r im a r y  and S e c o n d a ry  S tre a m s  o f S u p e r­
s o n ic  E je c to r  S y s te m s  and t h e i r  P e r fo rm a n c e  C h a r a c t e r is t ic s " .  
W . L .  C h o w  and A .  L .  A d d i.  A IA A  Jo u . A p r i l  1964,

4 . "C h o k e d  F lo w  : A  G e n e ra l is a t io n  o f th e  C o n c e p t and so m e  
E x p e r im e n ta l  D a ta " . H . J .  H oge  and R . A .  S e g a rs . A IA A  
J o u . D e c e m b e r  1965.

(
5 . " A n  In v e s t ig a t io n  o f  E je c to r  D e s ig n  b y  A n a ly s is  and E x p e r im e n t "  

J ..H . K e e n a n , E . P .  N e u m a n n  and  P .  L u s tw e r k .  J . A p p l.M e c h .  
S e p t. 1950 .

6 . " M ix in g  o f  C o m p re s s ib le  F lu id s " .  E . D .  K e n n e d y . J . A p p l.  
M e c h . S e p t. 1961 .

7. "T h e  D e s ig n  o f  E je c to r s  D r iv e n B y  and E n t r a in in g  C o m p re s s ib le  
F lu id s " .  S .T .  B o n n in g to n . B . H . R . A .  T N  717 . F e b . 1962.

8 . T h e  E f fe c t  o f  a C y l in d r ic a l  S h ro u d  on th e  P e r fo r m a n c e  o f a
S ta t io n a ry  C o n v e rg e n t N o z z le " .  J . R e id .  A . R . C .  R & N  3320 . 
1963.

9. " T h e  P e r fo rm a n c e  o f  an  A i r - A i r  E je c to r  A c c o r d in g  to  a Q u a s i-
O n e -D im e n s io n a l T h e o ry " .  W .T .  H a n b u ry .  A . R . C .  29 341. 
F . M .  3877 .

10. " T h e  S ta te  o f th e  A r t  o f  J e t P u m p  D e s ig n " .  S .T .  B o n n in g to n
and  D . W a tts .  B . H . R . A .  1965.



A P P E N D IX  1 .
D E R IV A T IO N  O F  T H E  NIA.SS F L O W  D E N S IT Y  A N D  

M O M E N T U M  F L O W  F U N C T IO N S .

T h e  m a s s  f lo w ,  ih ,  o f  a p e r fe c t  gas f lo w in g  s te a d i ly  p a s t a 
c e r ta in  c r o s s - s e c t io n  in  a d u c t, is  g iv e n  o n e -d im e n s io n a lly  b y  th e  
fo l lo w in g  e x p re s s io n

ih  = A p v  w h e re  A  is  th e  d u c t c r o s s - s e c t io n ,
p is  th e  d e n s ity  o f  th e  gas, 

and  V th e  v e lo c i t y  o f  th e  gas .

In t r o d u c in g  th e  p e r fe c t  gas la w ,

p = pR  T  w h e re  p is  th e  p re s s u r e ,
R  th e  gas c o n s ta n t,  

and  T  th e  te m p e r a tu r e ,

and  u s in g  th e  n o r m a l is e n t r o p ic  r e la t io n s  th e  e x p r e s s io n  f o r  th e  m a s s  
f lo w  m a y  be r e w r i t t e n ,

rh  = A p  V

= a M / ( R T )

V R  T  V y  -  1

w h e re  M is  th e  M a c h  n u m b e r ,
T t  th e  t o t a l  te m p e r a tu r e ,
P t  th e  t o t a l  p r e s s u r e  
7  th e  r a t io  o f th e  s p e c i f ic  h e a ts ,

p
m th e  is e n t r o p ic  p r e s s u r e  r a t io  —

N o w  i f  w e d e f in e  th e  m a s s  f lo w  d e n s ity  fu n c t io n  y  a s  th e  fu n c t io n  

1 -CD 7 ? CD o f  CD , w e  see th a t  th e  m a s s  f lo w  m a y  be w r i t t e n

A  ,

®  = T t T  1) ' ■

S im i la r ly  th e  e n e rg y  f lo w  m a y  be w r i t te n .

1 27
m C p T t  = A  P t  T t '  . C g . ÿ  . y  (m)



T h e  m o m e n tu m  f lo w ,  M , is  g iv e n  b y ,

M  = A (p  + p f  ) .

T h is  m a y  a ls o  be w r i t t e n  in  t e r m s  o f th e  s ta g n a t io n  c o n d it io n s  and  a 
s in g le  p r o p e r ty  w h ic h  in  th is  ca se  we s h a l l  c a l l  th e  m o m e n tu m  f lo w  fu n c t io n  
f  (co).

M  = A (p  +  pv^ ),

-  A {P xqj + P , Q M  ),

= A  P.
7 + 1

t * 7 -  1
•CD

_7 + 1

CD (1 "7 ) f y
-  1

= A  p .
7 + 1

f ( ^ ) .t 7 - 1

w h e re  f(co), th e  m o m e n tu m  fu n c t io n ,  is  d e f in e d  as  :



A P P E N D IX  2.
E X T E N S IO N  O F  T H E O R Y  T O  T H E  C A S E  O F  

M IX IN G  T W O  D IF F E R E N T  G A SE S .

T h e  th e o r y  d e v e lo p e d  above  is  a ls o  a p p lic a b le  w h e n  th e  c o m p o ­
s it io n s  o f th e  tw o  s t re a m s  a re  n o t th e  s a m e . H o w e v e r ,  th e  e q u a tio n s  
p re s e n te d  w ith  t h is  th e o r y  h a v e  to  be r e w r i t t e n  in  a m o re  g e n e ra l f o r m  
in  o r d e r  to  ta k e  in to  a c c o u n t th e  d i f fe re n c e s  in  p r o p e r t ie s .  E a c h  s t r e a m  
w i l l  h a ve  i t s  ow n  v a lu e s  o f  gas c o n s ta n t,  R , and  r a t io  o f s p e c i f ic  h e a ts ,

7  . T h e  v a lu e s  o f  th e s e  c o n s ta n ts  f o r  th e  m ix e d  s t r e a m  w i l l  depend
u po n  th e  r a t io  o f  th e  p r im a r y  and  s e c o n d a ry  m a s s  f lo w s  and th u s  m a y  o n ly  
be d e te rm in e d  w h e n  th e s e  a re  a lre a d y  kn o w n . T h e  m a s s  f lo w  d e n s ity  and  
m o m e n tu m  f lo w  fu n c t io n s  m u s t  be re d e f in e d  as fu n c t io n s  th e  tw o  v a r ia b le s  
CD and 7 .

T h e  m a s s  f lo w  p a s t a c r o s s - s e c t io n  n ow  b e c o m e s  

m = A P (R T , ) " 2  y(m , 7 ) .

w h e re  y(cc^ 7 ) ^  ( 1  -  J ’ ’ -  )

S im i la r ly  th e  e n e rg y  f lo w .

and th e  m o m e n tu m  f lo w ,

1ÎI = A P f(cD; 7 )

w h e re  f  is  re d e f in e d  as

f  (œ, 7 ) = CD
27 (1 -  y ) j y 7 + 1

7 - 1 “  7 - 1

I f  th e  m a s s  f lo w s  o f  th e  p r im a r y  and  s e c o n d a ry  s t re a m s  a re  m  ^ 
and  m e  r e s p e c t iv e ly ,  th e  gas c o n s ta n t R 3  f o r  th e  m ix e d  s t r e a m  w i l l  be 
g iv e n  b y

T h e  r a t io  o f  th e  s p e c i f ic  h e a ts  7 f o r  th e  m ix e d  s t r e a m  w i l l  be  g iv e n  b y



APPENDIX 3 .

I n  t h e  f o l l o w i n g  a p p e n d i x  t h e  o u t l i n e s  o f  t h r e e  
A l g o l  p r o c e d u r e s  a r e  g i v e n .  T h e s e  p r o c e d u r e s  m a y  b e  u s e d  t o  
s o l v e  t h e  e q u a t i o n s  s e t  u p  b y  t h e  o n e - d i m e n s i o n a l  t h e o r y  o f  
s e c t i o n  2 . 1 .  T w o  o f  t h e m  d e t e r m i n e  t h e  c h a r a c t e r i s t i c s  o f  t h e  
p r i m a r y  e x p a n s i o n  f o r  t h e  c a s e  w h e r e  t h e  c h o k i n g  t a k e s  p l a c e  
a t  t h e  e n d  o f  t h e  e x p a n s i o n  a n d  t h e  o t h e r  d e t e r m i n e s  t h e  s t a t e  
o f  t h e  f u l l y  m i x e d  s t r e a m  g i v e n  k n o w n  c o n d i t i o n s  a t  t h e  s t a r t  
o f  t h e  m i x i n g .  T h e  p r o c e d u r e s  a r e  w r i t t e n  f o r  t h e  m i x i n g  o f  
t w o  s t r e a m s  o f  t h e  s a m e  g a s  w i t h  a  s p e c i f i c  h e a t s  r a t i o  o f  1 .4  
E a c h  p r o c e d u r e  u s e s  s u b - p r o c e d u r e s d e t e r m i n i n g  f u n c t i o n s  s u c h  
a s  t h o s e  d e r i v e d  i n  a p p e n d i x  l ^ a n d  t h e s e  a r e  g i v e n  b e l o w .

1 .  T h e  n e c e s s a r y  s u b - p r o c e d u r e s .

a .  r e a l  p r o c e d u r e  p h y ( p ) j  v a l u e  p ;  r e a l  p j

p h y  : =  ( 1 - p T ü . 2 8 6 ) î ü . 5 X p T Ü . . 7 l 4 ;

b .  r e a l  p r o c e d u r e  f ( p ) ;  v a l u e  p *  r e a l  p *

f  px(7xpt(-0.286)-6);

c . r e a l  p r o c e d u r e  P ( p ) ;  v a l u e  p ;  r e a l  p ;

b e g i n  r e a l  e e , f f ;

e e  ( p T O . 4 2 9 - 1 . 2 x p T 0 . T l 4 ) / ( l . 4 x p h y ( p ) ) ;  

5 X p T ( - ü . 2 8 6 ) - 6 ;

=  ( p h y ( p ) x f f - f ( p ) x e e ) / p h y ( p ) T 2 ;

f f

P

e n d :

d .  r e a l  p r o c e d u r e  P ( p ) ;  v a l u e  p ;  r e a l  p ;  

b e g i n  r e a l  e e ;

e e  : =  ( p T O . 4 2 9 - 1 . 2 x p t o . 7 i 4 ) / ( l , 4 x p h y ( p ) ) ;  

P  : =  ( p h y ( p ) - p X e e ) / p h y ( p ) T 2 ;

e n d ;



2 .  T h e  p r o c e d u r e  f i n d i n g  t h e  c h o k e d  s o l u t i o n  a c c o r d i n g  t o

F a b r i  s  T h e o r y .

V a r i a b l e s . i n  p r o g r a m j  i n  t e x t .

K n o w n

T o  b e
d e t e r m i n e d

N o n - l o c a l

P R O C E D U R E  :

z z P r i m a r y  t h r o a t / m i x i n g  t u b e  a r e a

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

Wl  1 P r i m a r y  i n j e c t i o n  p r e s s u r e  r a t i o

p 2 2 w 2 2 S e c o n d a r y  c r i t i c a l  p r e s s u r e  r a t i o

p 2 1 w 2 1 S e c o n d a r y  i n j e c t i o n  p r e s s u r e  r a t i o

p 1 2 w 1 2 S t a t i c / t o t a l  p r e s s u r e  r a t i o  
d e f i n i n g  t h e  s t a t e  o f  t h e  p r i m a r y  
s t r e a m  a t  t h e  e n d  o f  t h e  
e x p a n s  i o n .

r e a l f 1 1 ^ y 1 I j Z l j Z
p 1 2 , f 1 2 , F 1 2

, a l , a ^ p 1 , p i e ^ p 2 1 , y 2 1 , y l 2 ,
, P 2 2 ;

i n t e g e r  n , m ;

p r o c e d u r e  Z 2 ( p ) ;  v a l u e  p ;  r e a l  p ;

b e g i n  f 1 1 : = f ( p ) ; y 1 1 : = p h y ( p ) ; z 1 : “ Z X Ü . 2 5 8 8 / y l 1 ; a 1 : - 1 - z 1 ; 

p i : = ( p X p i e - 0 . 5 2 8 3 ) / 2 ; p 2 1 : = 0 . 5 2 8 3 + p 1 ;  

a  : 1 / ( z x p i e x o . 2 5 8 8 ) ; f o r  n : - 1  s t e p  1 u n t i l  l 4  d o  

b e g i n  y 2 1 ; = p h y ( p 2 1 ) ; y 1 2 : " Z 1 X Ü . 2 5 8 8 x y 1 l / ( u . 2 5 8 8 - a l X y 2 1 ) ;  

p 1 2 ; = p / 2 ; f o r  m : = 1  s t e p  1 u n t i l  1 4  ^  p 1 2 : =  

p i  2 - s i g n ( p h y ( p i  2 ) - y 1 2 ) x p / 2 T ( m + 1 ) ;  f 1 2 : - f ( p 1 2 ) ; 

F 1 2 : = y 1 2 x ( z l X p i e X f 1 1 + a l x ( f ( p 2 1 ) - y 2 l x 4 . g ) ) / ( z l X  

p l e x y l 1 ) ;  p 2 1 : = p 2 1 + s i g n ( f 1 2 - F 1 2 ) x p l / 2 T n ;

e n d ;

p 2 2 : = 0 . 5 2 8 3 ;

e n d ;

P R O C E D U R E  C A L L : - Z 2 ( p 1 l ) ;



3.  An a l g o l  procediji re  f i n d i n g  th e  s t a t e  o f  t h e  f u l l y  mixed 

s t r e a m  a c c o r d i n g  to  t h e  S t r a i g h t  Mixing T h e o r y .

V a r i a b l e s . i n  p r o g r a m , i n  t e x t .
Known a lp h a S  -  Area r a t i o  p r i m a r y / s e c o n d a r y

a t  s t a r t  o f  m ix in g .
T o t a l  p r e s s u r e  r a t i o  a t  s t a r t  
o f  m ix in g .
S t a t i c / t o t a l  p r e s s u r e  r a t i o  o f  
pr i î ï ia ry  a t  s t a r t  o f  m ix in g .  
S t a t i c / t o t a l  p r e s s u r e  r a t i o  o f  
s e c o n d a r y  a t  s t a r t  o f  m ix in g .  
T o t a l  e n t h a l p y  r a t i o .

Mass f low  r a t i o  s e c o n d a r y / p r i m a r y  
T o t a l  p r e s s u r e  r a t i o  m ix e d /

s e c o n d a r y .
Mixed s t a t i c  p r e s s u r e /

Secon d ary  t o t a l  p r e s s u r e .  
T o t a l  e n t h a l p y  r a t i o , m i x e d /

se c o n d a r y .
r e a l  f 1 , f 2 , y 1 , y 2 , a l p h a 3 , a l p h a 2 , C , Q , R , V , a a , b b ,

d d , k 3 , k 3 1 , k 3 2 , f 3 , y 3 , p i e 2 2 , p 1 2 , p 2 2 , p 3 , m e w ,  
p i e 3 , h 2 , h 3 ;

To be
d e te r m in e d

a lp h a 2 "

p i e 2 2 TT’

p12 w12

p22 w22

h2 h

mew
p i e S TT"

P3 -

h3 h3

N o n - l o c a l

P R O C E D U R E : -

p r o c e d u r e  Z A ( p ) ;  v a l u e  p ;  r e a l  p ;
b e g i n  f  1 ; = f  ( p 1 2 )  ;  f 2  ; = f  ( p 2 ' 2 ' 7 ‘ " y 1  : = p h y ( p 1 2 ) ;  y 2  : = = p h y  ( p 2 2 )  ;

a l p h a s : = 1 + a l p h a 2 ;  C : = = p i e 2 2 x p X y 1 X y 2 x ( h 2 T 0 . 5 + h 2 T ( - 0 ,  5 ) ) ;  
R ; = f 2 + p x p i e 2 2 x f 1 ;  Q : = ( p X p i e 2 2 x y 1  ) T 2 ;  V : =  ( y 2 T 2 + C + Q , ) / R T 2 ;  
a a : = 4 9 X V - 1 ;  b b : = l 4 x V - l ;  d d : = b b t 2 - 4 x a a x V ;  
i f  d d < 0  t h e n  b e g i n  k 3 1 î “ ( - b b + s q r t ( d d ) ) / ( 2 x a a ) ;

k 3 2 : = ( - b b - s q r t ( d d ) ) / { 2 x a a ) ; 
m e w : = y 2 / ( y 1x p x p  i e 2 2 x h 2  Î { - 0 . 5 ) ) ;  
f o r  k 3 : = k 3 1 , k 3 2  d o  

b e g i n  f 3 T = ( l + 7 x k 3 ) / ( l + I 8 3 ) T 3 . 5 ;  
y 3 : = k 3 T 0 . 5 / ( 1 + k 3 ) T 3 . 0 ;  
p i e 3 : = R / ( a l p h a 3 x f 3 ) ;  
p 3 : - p i e 3 / ( l + k 3 ) T 3 . 5 ;

end:

e n d ;

end;

h 3 := ( ( y 2 + p x p ie 2 2 x y lX h 2 T 0 ,5 ) /
( a lp h a S x p ie S x y S ) ) T 2 ;

P R O C E D U R E  C A L L : - Z A ( a lp h a 2 ) ;



4.  An a l g o l  p r o c e d u r e  f i n d i n g  th e  choked s o l u t i o n  a c c o r d i n g  

t o  t h e  P o l y t r o p i c  Two Stream T h e o r y .

V a r i a b l e s . i n  p r o g r a m , i n  t e x t ,

K n o w n  z  z  P r i m a r y  t h r o a t  a r e a / m i x i n g  d u c t
a r e a .

p i e  ■ I T  T o t a l  p r e s s u r e  r a t i o .
p i  1 w l  1 P r i m a r y  i n j e c t i o n  p r e s s u r e  r a t i o .

T o  b e  p 2 1  w 2 1  S e c o n d a r y  i n j e c t i o n  p r e s s u r e  r a t i o ,
d e t e r m i n e d  p 1 2  w 1 2  S t a t i c / t o t a l  p r e s s u r e  r a t i o s

p 2 2  w 2 2  d e f i n i n g  s t a t e s  o f  s t r e a m s  a t  t h e
e n d  o f  t h e  p r i m a r y  e x p a n s i o n .

Non-local real f11,y11,a,a1,s,pie,u1,p21,f21,y21,p2,W,p22,
?12,aa,p121,p12,P12,q; 

i n t e g e r  n , l , m ;

PROCEDURE ;-
p r o c e d u r e  Z 1 ( p ) ;  v a l u e  p ;  r e a l  p ;  

b e g i n  f 1 1 : “ f ( p ) j y 1 1 : = p h y ( p ) ; a 1 : = 1 - z x O . 2 5 8 8 / y l 1 j  

a : = a 1 / ( z x p i e x o . 2 5 8 8 ) ; p 1 : = { p x p i e ~ 0 . 5 2 8 3 ) / 2 ; 

p 2 1 : = 0 . 5 2 8 3 + p 1 ;  f o r  n : = 1  s t e p  1 u n t i l  d o  

b e g i n  f 2 1 : = f ( p 2 1 ) ; y 2 1 ; = p h y ( p 2 1 ) ; p 2 ; = 0 , 2 3 5 8 5 j U ; = f 1 l / y 1 1 + a X f 2 1 ;

p 2 2 : = 0 . y 6 4 1 5 ;  f o r  m ; = 1  s t e p  1 u n t i l  1 4  d o  

b e g i n  E 1 2 : = W - a X y 2 1 x f ( p 2 2 ) / p h y ( p 2 2 ) ; a a : = p 1 2 1 : = p 1 2 : = 0 . 2 6 4 l 5 ;

f o r  1 ;  =  1 s t e p  1 u n t i l  l 4  d o  p 1 2 ; = p 1 2 + s i g n ( f ( p 1 2 ) / p h y ( p 1 2 )

-F12)xaa/2T1;■ 
P12:=axp22x(l/a1-y2l/phy(p22)); for 1:=1 step 1 until 
14 do p121 :=p121+sign(P12-p12l/phy(p121 ))xaa/2Tl; 
q:=(y21xP(p22)-l/a1 )/P(p121 )-y21xF(p22)/P(p12) ; 
p22 :=p22-sign(q)xp2/2tm;

end;
p21;=p21+slgn(p12-p121)xpl/2Tn;

end;
end;
PROCEDURE CALL:- Zl(p1l);



A P P E N D IX  4 .
S P E C IM E N  E X P E R IM E N T A L  R E S U L T S

T h is  a p p e n d ix  c o n ta in s  th e  f u l l  n o r m a lis e d  r e s u l t s  f r o m  tw e lv e  
e x p e r im e n ta l e je c to r  f lo w s  r e c o r d e d  d u r in g  th e  p i lo t  e x p e r im e n ta l 
p r o g r a m m e .  E a c h  page r e p re s e n ts  th e  r e s u l t s  f r o m  a d i f fe r e n t  f lo w .  
B e lo w  th e  p a r t i c u la r s  o f  each  f lo w  a S c h l ie re n  p ic tu r e  o f th e  i n i t i a l  
m ix in g  r e g io n  is  g iv e n . T h e  p o s i t io n s  o f  th e  f i r s t  fe w  p r e s s u r e  ta p p in g s  
a re  m a rk e d  a lo n g  th e  edge o f  th e  p ic tu r e  to  h e lp  to  e s ta b l is h  th e  r e la t io n  
b e tw e e n  th e  p ic tu r e  and  th e  p re s s u r e  d is t r ib u t io n s .  T h e  s ta t ic  p re s s u r e  
d is t r ib u t io n  a lo n g  th e  p r im a r y  and  s e c o n d a ry  w a l ls  o f  th e  m ix in g  d u c t 
a re  g iv e n  in  th e  g ra p h  b e lo w  th e  p ic tu r e .  T h e  p r e s s u r e s  on th e  p r im a r y  
w a l l  a re  m a rk e d  b y  s o l id  t r ia n g le s  and  th o s e  on th e  s e c o n d a ry  b y  h o l lo w  
t r ia n g le s .  A t  th e  b o t to m  o f  each  page  th e  t o ta l  p re s s u r e  d is t r ib u t io n  
a c ro s s  th e  end  o f  th e  m ix in g  d u c t is  p lo tte d  on  a s m a l l  g ra p h .



c J a c 10 r Test Number 11

I n j a c t i o n  N o z z l a  Ar o a  R a t i o z = 0 . 5

E x h a u s t  Ar oa A3 = 1 . 4 9 1 2

T o t a l  E n t h a l p y  R a t i o h = 1 . 0

T o t a l  P r a s s u r e  R a t i o i r 1 . 2 7 2 7

P r i m a r y  I n j o c t i o n  P r e s s u r e w , .X X 0 . 6 5 1 9

S o c o n d a r y  I n j e c t i o n  P r e s s u r e "'21 0 . 7 5 2 1

E x h a u s t  S t a t i c  P r e s s u r a P; 0 . 5 2 4

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e TT " = 1 . 1 0 2 8

S c h l i c r o n  P i c t u r a  o f  I n i t i a l m i x i n o  R e o i c n

S t e t i c  P r o G s u r c D i s i s u t i c n s Te and Sc 1 1 0 n l'J a i l sZt

02

T  v v ^  T  - jc y V V  ^  f

10 11

T o t a l  P r s s s u r c  D i s t r i b u t i o n  a c r o s s  [ n d  cf* nc i x i no Tubo

y/D



Ejnctor Test Number 21

I n j e c t i o n  N o z z l e  Ar ea  R a t i o z 0 . 5

E x h a u s t  Ar ea A3 1 . 4 9 1 2

T o t a l  E n t h a l p y  R a t i o - h 1 . 0

T o t a l  P r e s s u r e  R a t i o i r 1 . 5 0 0 8

P r i m a r y  I n j e c t i o n  P r e s s u r e
^ 1

0 . 5 8 7 4

S e c o n d a r y  I n j e c t i o n  P r e s s u r e
"'21 = 0 . 8 0 0 3

E x h a u s t  S t a t i c  P r e s s u r e
P3

r 0 . 5 7 5 3

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e -rr n = 1 . 2 1 8 3

S c h l i e r o n  P i c t u r e  o f  I n i t i a l D ' i x i n q  R e q i o n

P

02

.tn:

J  y ;r;:Y?..T  :Y v .T _ ^ .y _ T
w

10 11

T o t a l  P r e s s u r e  D i s t r i b u t i o n  a c r o s s  End o f  Pf l ixinq Tuba

y / D
vtt;

02



Ejector Test Number 22

I n j e c t i o n  N o z z l e  A r e a  R a t i o z 0 . 5

E x h a u s t  A r e a A3 1 . 1 1 8 4

T o t a l  E n t h a l p y  R a t i o h 1 . 0

T o t a l  P r e s s u r e  R a t i o i r 1 . 4 9 5 8

P r i m a r y  I n j o c t i o n  P r o s s u r o ^ 1
0 . 5 8 8 2

S e c o n d a ry  I n j e c t i o n  P r e s s u r e
■ ' "21

0 . 7 9 8 6

E x h a u s t  S t a t i c  P r e s s u r e P3
0 . 6 2 4 4

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e TT " 1 . 2 2 8 4

S c h l i e r e n  P i c t u r e  o f  I n i t i a l  [T' .ixinq R e g i o n

S t a t i c  P r e s s u r o  D i s t r i b u t i o n s  a l o n g  Top and B o t t o m  W a l l s

0 1  2 3 4 5 6 7  8 9 10 11 1 2  13

T o t a l  P r e s s u r o  D i s t r i b u t i o n  a c r o s s  End o f  P^ixi ng Tube

y/D
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CjBctor Test Number 23

I n j e c t i o n  N o z z l o  A r e a  R a t i o z 0 . 5

E x h a u s t  A r e a A3 0 . 9 3 2

T o t a l  E n t h a l p y  R a t i o h s 1 . 0

T o t a l  P r o s s u r o  R a t i o TT = 1 . 4 7 2 6

P r i m a r y  I n j o c t i o n  P r e s s u r o ^ 1 0 . 6 1 1 5

S o c o n d a r y  I n j e c t i o n  P r e s s u r a
“̂ 21 0 . 8 3  08

E x h a u s t  S t a t i c  P r e s s u r a
P3 0 . 7 5 2 9

A v o r a g o  E x h a u s t  T o t a l  P r e s s u r e TT M = 1 . 2 2 3 5

S c h l i e r o n  P i c t u r e  o f  I n i t i a l m i x i n g  R e g i o n

L J L J
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  a l o n g  Top and B o t t o m  W a l l s

02

0 . 4
1 0

T o t a l  P r o s s u r o  D i s t r i b u t i o n  a c r o s s  End o f  [ f i x i n g  Tubo

y / D
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EJector Test Number 24

I n j e c t i o n  N o z z l o  Ar oa  R a t i o z 0 . 5

E x h a u s t  Ar ea A3 0 . 8 2 0 2

T o t a l  E n t h a l p y  R a t i o h 1 . 0

T o t a l  P r e s s u r e  R a t i o IT 1 . 4 8 4 2

P r i m a r y  I n j o c t i o n  P r e s s u r o
• " i i = 0 . 6 3 8

Seconda  ry  I n j e c t i o n  P r e s s u r e
“ 21 * 0 . 8 9 7 2

E x h a u s t  S t a t i c  P r e s s u r o P3
s 0 . 9 6 5 2

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e TT M * 1 . 2 4 3 8

S c h l i e r o n  P i c t u r e  o f  I n i t i a l m i x i n g  R e q i o n

S t a t i c  P r o s s u r o  D i s t r i b u t i o n s  a l o n g  Top and B o t t o m  llJal 1 s

02
1 . 2

***'T• f * * ̂  • •-h :: t
I : :

# S ? V :-T^: V ,: f - \V : :Y -3 L 7  Y ii.W .i Y ~  V  V.V,f".l77'

ttinx:

i-V:

0 1 2 3 4 5 6 7 8 9 10 11 1 2  13

T o t a l  P r e s s u r e  D i s t r i b u t i o n  a c r o s s End o f  lY^ixing Tube

y / D
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Ejecto r Tost Number 25

I n j e c t i o n  N o z z l o  A r e a  R a t i o z 0 . 5

E x h a u s t  Ar ea A3 0 . 7 4 5 6

T o t a l  E n t h a l p y  R a t i o h 1 . 0

T o t a l  P r o s s u r o  R a t i o TT = 1 . 5 1 8 7

P r i m a r y  I n j e c t i o n  P r e s s u r e " 1 1 - 0 . 6 4 6 1

Seconda  ry  I n j e c t i o n  P r e s s u r e
"21

0 . 9 3 8 8

E x h a u s t  S t a t i c  P r o s s u r o
P3

= 1 . 0 6 6 3

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r o TT I» s 1 . 2 8 6 4

S c h l i e r e n  P i c t u r e  o f  I n i t i a l  m i x i n g R e o i o n

L J
S t a t i c  P r o s s u r o  D i s t r i b u t i o n s  a l o n g  Top and B o t t o m  W a l l s

02

' j y  T rf|:V .V r„  V iy :V Y ::W | y 7. ry?;

0 . 4
10 11

T o t a l  P r e s s u r o  D i s t r i b u t i o n  a c r o s s  End o f  (Yl ixing Tube

y/D

02



Ejector Test Number 26

I n j e c t i o n  N o z z l e  Ar oa  R a t i o z 0 . 5

E x h a u s t  A r e a A3 0 . 6 7 1

T o t a l  E n t h a l p y  R a t i o h 1 . 0
1 . A 7 7 3

T o t a l  P r e s s u r e  R a t i o ir

P r i m a r y  I n j e c t i o n  P r e s s u r e
* 1 1

' 0 . 5 7 9 1

S o c o n d a r y  I n j e c t i o n  P r e s s u r o
* 2 1 * 0 . 9 7 2 5

E x h a u s t  S t a t i c  P r o s s u r o
P3

= 1 . 0 5 3 4

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e TT M = 1 . 2 7 8 3

S c h l i e r o n  P i c t u r e  o f  I n i t i a l m i x i n q  R e g i o n

S t a t i c  P r e s s u r o  D i s t r i b u t i o n s  a l o n g  Top and B o t t o m  W a l l s

02
1 . 2

t-trr:

0 1 2  3 6 7 8 9 10 11 1 2  13

T o t a l  P r e s s u r o  D i s t r i b u t i o n  a c r o s s  End o f  oni x i nq Tube

y/D

02



Ejector Test Mumber 27

I n j e c t i o n  (Vozz l o  Ar ea R a t i o z 0 . 5

E x h a u s t  A r e a A3 0 . 5 9 5 5

T o t a l  E n t h a l p y  R a t i o h 1 . 0

T o t a l  P r e s s u r o  R a t i o • i r 1 . 4 7 7 3

P r i m a r y  I n j o c t i o n  Pr e s s u r o '^11
' 0 . 6 8 7 9

S o c o n d a r y  I n j e c t i o n  P r e s s u r e
“̂ 21

0 . 9 9 1 9

E x h a u s t  S t a t i c  P r o s s u r e
. P3

1 . 1 1 8 5

A v e r a g e  E x h a u s t  T o t a l P r e s s u r e TT " 1 . 2 9 6 4

S c h l i e r e n  P l c t u r o  oF I n i t i a l  m i x i n g  R e q i o n

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  a l o n g  Top and B o t t o m  U J a l l 3

---------- ----------

0 1  2 3 4 5 6 7 0 9 10 11 1 2  13

T o t a l  P r e s s u r o  D i s t r i b u t i o n  a c r o s s  End o f  lY^ixinq Tube

y / D

02



Ejector Test Number 28

I n j e c t i o n  N o z z l e  Ar oa  R a t i o z = 0 . 5

E x h a u s t  Ar ea A3 s 0 . 5 2 1 9

T o t a l  E n t h a l p y  R a t i o h 1 . 0

T o t a l  P r e s s u r e  R a t i o IT 1 . 5 3 9 8

P r i m a r y  I n j e c t i o n  P r e s s u r a
'“ 11

0 . 6 6 3 7

Seconda  ry  I n j e c t i o n  P r e s s u r e
“'21 = 1 . 0

E x h a u s t  S t a t i c  P r e s s u r e P3
= 1 . 2 1 1 5

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e i r  II = 1 . 3 4 0 8

S c h l i e r e n  P l c t u r o  o f  I n i t i a l  m i x i n g  R e q i o n

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  a l o n g  Top and B o t t o m  UJal l  a

' ' 0 2  k g  
1 . 2
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0 . 8  
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0 . 4

- ^ . I .r. —rrn yy_ ry . y y  "  T V y - r - y — --------

t a r t i m r r " ----
*• L— • f * • . - 4 .-■» ̂ 4̂ * mmm 4 . ..fct >* 1. WN. i .4̂4.» t. A.*.

ttrr^rr.-

T H t H H - r  - r ^ r i  1 1 - - r  t ; j  »• : t - r r *  r -

S I

10 11 1 2  13

T o t a l  P r e s s u r e  D i s t r i b u t i o n  a e r o s s End o f  Mi i x i ng  Tube
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Ejector Test Number 29

I n j e c t i o n  N o z z l o  A r e a  R a t i o z 0 . 5

E x h a u s t  Ar oa A3 0 . 4 4 7 4

T o t a l  E n t h a l p y  R a t i o h = 1 . 0

T o t a l  P r e s s u r o  R a t i o i r = 1 . 3 6 1 5

P r i m a r y  I n j o c t i o n  P r e s s u r o “ i i = 0 . 7 4 3 1

S o c o n d a r y  I n j e c t i o n  P r e s s u r o
" 2 1 = 0 . 9 9 3

E x h a u s t  S t a t i c  P r e s s u r o P3 = 1 . 1 5 9 5

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r o "rr M * 1 . 2 4 0 4

S c h l i e r o n  P i c t u r e  o f  I n i t i a l mix i n q  R e g i o n

S t a t i c  P r e s s u r o  D i s t r i b u t i o n s  a l o n g  Top and B o t t o m  W a l l s

02
1 . 2
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10 11 1 2  13

T o t a l  P r e s s u r o  D i s t r i b u t i o n  a c r o s s  End o f  i T i x i n g  Tube
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[ject or Tost Number 30

I n j e c t i o n  N o z z l e  A r e a  R a t i o z 0 . 5

E x h a u s t  Ar ea A3 0 . 4 8 4 6

T o t a l  E n t h a l p y  R a t i o h 1 . 0

T o t a l  P r e s s u r o  R a t i o TT 1 . 4 2 8 9

P r i m a r y  I n j o c t i o n  P r e s s u r e “'11 = ■ 0 . 7 1 3 6

S e c o n d a r y  I n j e c t i o n  P r e s s u r o “ 21 » 0 . 9 9 5 1

E x h a u s t  S t a t i c  P r o s s u r o
P3

= 1.  1838

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e TT M = 1 . 3 2 9 9

S c h l i e r o n  P i c t u r e  o f  I n i t i a l  m i x i n g  R e o i o n

S t a t i c  P r o s s u r o  D i s t r i b u t i o n s  a l o n g  Top and B o t t o m  lUa 11s

02
n

tt trtn ♦ ttt: f ttq, r*ttttttlrr _t: ^  : iy - V V:t

zttz:
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T o t a l  P r e s s u r e  D i s t r i b u t i o n  a c r o s s End o f  I T i x i n g  Tube
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Ejector Test Number 3 1

I n j e c t i o n  N o z z l o  A r e a  R a t i o z 0 . 5

E x h a u s t  A r e a A3 1 . 4 9 1 2

T o t a l  E n t h a l p y  R a t i o h 1 . 0

T o t a l  P r e s s u r e  R a t i o TT 1 . 7 0 6 6

P r i m a r y  I n j o c t i o n  P r e s s u r e * 1 1 = ' 0 . 5 4 5 5

S e c o n d a r y  I n j e c t i o n  P r e s s u r e * 2 1 « 0 . 8 1 9 6

E x h a u s t  S t a t i c  P r e s s u r o
P3

= 0 . 6 1 8 9

A v e r a g e  E x h a u s t  T o t a l  P r e s s u r e TT M * 1 . 3 1 2

S c h l i e r e n  P i c t u r e  o f  I n i t i a l m i x i n g  R e q i o n

S t a t i c  P r o s s u r o  D i s t r i b u t i o n s  a l o n g  Top and Bo t t o m UJa 11s

10 11 1 2  13

T o t a l  P r e s s u r o  D i s t r i b u t i o n  a c r o s s  End o f  pnixing Tube

y/D
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F i g u r e  2 .

The mixed Regime in a Sonic E j e c t o r .

F u l l y  mi xed  S t a t e
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UJ*X 11

Figure 3

Diaqramat ic  Representat ion of the I se n t r op i c  Two Stream Theory

A Choked pr imary i n j e c t i o n  s t a t e .
AB I s en t r o p i c  pr imary expanssion,supersonic . 
C Choked secondary i n j e c t i o n  s t a t e .
D,F&H Secondary i n j e c t i o n  s t a t e s .
DE,
FG

& Hi I s en t r o p i c  secondary expansion, subsonic. 
3,K&L States at  end of  expansion.
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Figure 5

The Supersonic Regimes fo r  a Supersonic E j ec tor  of f i xed  Geometry

A comparison of the p r e d i c t i o ns  of the one- and two-dimensional  theor ies

Secondary i n j e c t i o n  Pflach number versus
the r a t i o  of the secondary i n j e c t i o n  pressure

over the primary t o t a l  pressure.

21

‘ Supersaturated  
I Supersonic  
I Regime

Saturated
Supersonic
and
Supersonic
Regimes

Base
Pressure
Regime

11

21/p

Figure 5 i l l u s t r a t e s  the forms of the so l ut ions  fo r  the 
performance of a supersonic e j e c t o r  exhaust ing i n t o  a vacuum;that  is  
operat ing in the Supersonic Regimes, The continuous curve represents  
the form of the so l ut ion  according to the two-dimensional  theory of  
Messrs.Chow and Addi ( r e f  3)  and the dot ted curve i n d i c a t e s  the form 
of the one-dimensional  so l ut ions  provided by the I s e n t r o p i c  and Poly-  
t r o p i c  t h e o r i e s .  The l i n e  AF, represent ing the Supersaturated Supersonic  
Regime,may be considered common to both types of s o l u t i o n .  The t o t a l  
pressure r a t i o  TT is  high at  the Base Pressure ends of the curves and 
f a l l s  as the so l u t ion  points  move along the curves towards the point  F .
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Pressure d i s t r i b u t i o n s  f or  the l i n e a r  mixing t heory .
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Cross-sect ion through the Mixing Duct.
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D i a g r a m  Sh o wi ng  P o s i t i o n s  oF P r e s s u r e  T a p p i n g s  and P i t o t  Tubes

0 = 1 . 5 " T a p p i n g .

P r i m a r yS e c o n d a r y

D i s t a n c e  — f r o m  

i n j e c t i o n  p l a n e

0 . 0 8 3 3  
0 . 3  750 
0 . 6 6 6 7
1 . 2 5 0 0  
1 . 5 4 1 7  
1 . 8 3 3 3  
2 . 0 8 3 3  
2 . 3 7 5 0
2 . 6 6 6 7
3 . 2 5 0 0
3 . 7 0 8 3
4 . 2 0 8 3
4 . 6 6 6 7
5 . 2 5 0 0
5 . 7 0 8 3
6 . 2 0 8 3  
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F i g u r e  4 2 . P i t o t  r a k e  mount ed  i n  t h e  i n j e c t i o n  p l a n e

F i g u r e  4 3 .  T h e r m o c o u p l e  m o u n t i n g .



The Opt i ca l  Bench Assembly

beam

polystyrene blocks

heavy s t e e l  stands 
"" ad j us t ab l e  in height

rubber f ee t

The o p t i c a l  bench consisted of a s ix teen foot  box beam of 4 by B inch 
cross -sec t ion  mounted on blocks of expanded polystyrene which were in  
turn mounted on heavy stands.  These stands were ad j us t ab l e  in height  
and were themselves mounted on rubber f e e t .  E n t i r e  o p t i c a l  systems can 
be mounted on the beam f ree from v i b r a t i o n s .

Figure 4 5 .

The Double Pass Schl i eren System.

E j ec t or  Schl i eren windows, isolated from rest  of system 
( i . e .  not touching)

Ruby l ase r

camera synchronised 
wi th laserlens

f l a t  
f  ron t 
surface  
mirror

h o r i z o n t a l  k n i f e  edge

prism

o p t i c a l  bench beam

A l l  i tems except  the 
e j e c t o r  are mounted on 
the o p t i c a l  bench beam.

6 foot  focus spher ica l  f ro n t
surface mi r ror



F i g u r e  4 5 . The S c h l i e r e n  S y s t e m .

F i g u r e  4 6 .  A Sp e c i me n  S c h l i e r e n  P h o t o g r a p h



 ̂ P i t o t  Tubes in i n jec t ion  plane.

 ̂ Double wedge süppor t  wing >

Four 22 gauge s t a i n l e s s  s t e e l  tubes 
t ransmi t  pressures down mixing duct  
through one 10 gauge tube.

Pack a d j ustment screws,  

Tongue Packs.

R e t a i n i n g p l a t e s .

F igur e 47. Dra wing of Mixing
Duct, sect  i oned down the plane
of  sy mmetry and showi ng P i t o t
rake mounte d f o r c a l i b r a t ion  of

. prima ry i n j e c t i o n noz z l e ,

Movable tongue.

Ten. gauge tube passes through 
ZTZZP blocking centrebody.

pressure connect ion to i n f l a t a b l e  
sea l .

Pressure valves for  i n f l a t a b l e  sea l .

Four smal l  tube emerge For connect ion to 
manometers.



The F u l l  Back Pressure Dependent Solut ions according to the P o l y t r o pic Two 
Stream Theory for  an Ej ector  wi th the c c n r i qura t ion  ; -

Sonic i n j e c t i o n ,  z = 0 . 5 ,  h = 1 .0 ,  w i t h i n  the range 1.0 to 2.0  .

The Exhaust Pressure versus the Secondary I n j e c t i o n  Pressure f o r  a ser ies
of Tot a l  Pressure Rat ios,

L ï i ,  L î^ , 1 .4 .  1 . 6 . 1 . 8 .  2 .0

m #
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rUnTi-u
to tol+i+
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maximum Flow Solut ions For a Supersonic E j ec t or

In the f o l l ow ing  f igu re s  r e su l t s  from the two stream choking 
theory are compared wi th those from the two dimensional  theory  
of Messrs.  Chow and Addy and also wi th those from Fabris one 
dimensional  theory .  The two f igures  represent  two d i f f e r e n t  
e j e c t o r  systems,both wi th Mach 2 i n j e c t i o n  nozz l es , bu t  wi th  
d i f f e r e n t  nozzle area r a t i o s .  The exper imental  points  shown 
are due to Messrs. Chow and Addi,

Secondary I n j e c t i o n  ftlach Number

2 1
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. 8 td-
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- li t:
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0 . 1 0 0 . 1 1 0 . 1 2 0.13 0.14
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0 1

Ej ec t or
Conf i gura t i on
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0.1937

1 . 0

2 . 0

in range 3 . 5  to 8

T.S.C.

Chow & Addy -----------
Fabr i  ---------- ---------

Exper imental  © & O

Secondary I n j e c t i o n  Mach Number E j ec t or  
Con f i g u r a t i o n

21

0.3025

11

Chow & Addy 

Fabr i  ____

Exp
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Figure 5 C .

A Comparison oF the f u l l  back pressure dependent so l u t ion  wi th  
Exper imental  r e s u l t s  for  an e j e c t o r  wi th the c o n f i g u r a t i o n ; —

Sonic i n j e c t i o n ,  z = 0 . 5 ,  h = 1 . 0 ,  = 1 . 5 .

Exhaust pressure v . Secondary i n j e c t i o n  pressure.



Figure 5 1 .
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The V a r i a t i o n  o f  S t a t i c  P r e s s u r e  a t  v a r i o u s  p o i n t s  i n  t h e  e j e c t o r  
as t h e  end o f  t h e  m i x i n g  t u b e  i s  g r a d u a l l y  b l o c k e d .

E j e c t o r  C o n f i g u r a t i o n  : -  z = 0 . 5 ,  h = 1 . 0 ,  = 1 . 5 .

E x p e r i m e n t a l  p o i n t s
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F igure 5 2 .
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O 3

V a r i a t i o n  oF s t a t i c  p r e s s u r e  v . E x h a u s t  a r e a  

E j e c t o r  C o n f i g u r a t i o n ;  z = 0 . 5 ,  h = 1 . 0 ,  fF = 1 . 5

E x p e r i m e n t a l  p o i n t s :
o r e p r e s e n t s t h e s t a t i c p r e s s u r e a t  x / D = 3 . 0
o s 5 . 0
n f t If = 9 . 0
□ t l I t = 1 1 . 3

V a l u e  o f  a t  w h i c h  t h e  s t a t i c  p r e s s u r e  a t  x / P  becomes i n d e p e n d e n t o f  A.
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Figure 53 .
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V a r i a t i o n  o f  S t a t i c  P r e s s u r e  a t  v a r i o u s  p o i n t s ,  i n  t h e  e j e c t o r  
as t h e  end o f  t h e  m i x i n g  t u b e  i s  g r a d u a l l y  b l o c k e d »

o n f  i g u r a t i o n : z -  0 . 5 ;  h = 1 . 0 , = 1 . 3

t a  1 p o i n t s :

o r e p r e s e n t s P i i
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F igure 54.

0 . 6

r i a t i o n  oF s t a t i c  p r e s s u r e  v . E x h a u s t  a r e a  A

E j e c t o r  c o n f i g u r a t i o n :  z = 0 . 5 ,  h = 1 . 0 ,  TT = 1 . 3

E x p e r i m e n t a l  p o i n t s :
o r e p r e s e n t s t h e  s t a t i c p r e s s u r e a t  x / D = 3 , 0
o = 5 . 0
H t l  f l = 9 , 0
□ M t t = 1 1 , 3

V a l u e  o f  a t  w h i c h  t h e  s t a t i c  p r e s s u r e  a t  — becomes i n d e p e n d e n t  o f

10

F l o w i s  e n t i r e l y  s u b s o n i c  o v e r  c r o s s  s e c t i o n  x / D  = 9 , 0  
F l o w  i s  e n t i r e l y  s u b s o n i c  o v e r  c r o s s  s e c t i o n  x / D  = 1 1 , 0
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V a r i a t i o n  oF S t a t i c  P r e s s u r e  a t  v a r i o u s  p e i n t s  i n  t h e  e . j e c t o
as t h e  end oT t h e  m i x i n g t u b e  i s  g r a d u a l l y  b l o c k e d .  

E j e c t o r  c o n f i g u r a t i o n ;  z = 0 . 5 ,  h = 1 . 0 ,  TT = 1 , 7  , 

E x p e r i m e n t a l  p o i n t s ;
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F igure 56.

0 2

i a t i o n  o f  s t a t i c  p r e s s u r e  v . F x h a u s t  a r e a  A

E j e c t o r  C o n f i g u r a t i o n  : z = 0 . 5 ,  h = 1 , 0 ,  tt = 1 . 7

E x p e r i m e n t a l  p o i n t s :
r e p r e s e n t s  t h e  s t a t i c  p r e s s u r e  a t  —

f t  If

3 . 0
5 . 0
9 . 0  

1 1 . 3
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1 0
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Figure 57 .

The Total Pressure Distribution Assumed for the Flow in Ejector Test 21 ,
The i d e a l i s e d  d i s t r i b u t i o n  a c r o s s  t h e  end o f  t h e  m i x i n g  d u c t .

I n  t h e  F o l l o w i n g  g r a p h  a s t r a i g h t  l i n e  has been dr awn t h r o u g h  
t h e  e x p e r i m e n t a l  p o i n t s  d e p i c t i n g  t h e  t o t a l  p r e s s u r e  d i s t r i b u t i o n  a c r o s s  
t h e  end o f  t h e  m i x i n g  d u c t .  T h i s  l i n e  i n t e r s e c t s  w i t h  t h e  two l i n e s  P / P^
= 1 . 0  and P / P g  = 1 * 5  a t  t h e  p o i n t s  B and C.  The i d e a l i s e d  t o t a l  p r e s s u r e  
d i s t r i b u t i o n  i s  t h e n  t a k e n  t o  be t h a t  g i v e n  by t h e  l i n e  ABCD. The p o i n t s  
B and C a r e  a l s o  assumed t o  r e p r e s e n t  t h e  b o u n d a r i e s  o f  t h e  m i x i n g  r e g i o n  
a t  t h e  d u c t  e x i t .

75

The t o t a l  p r e s s u r e  d i s t r i b u t i o n  assumed t h r o u g h o u t  t h e  m i x i n g  d u c t .

Assumi ng  t h a t  t h e  m i x i n g  r e g i o n  s p r e a d s  l i n e a r l y  w i t h  d i s t a n c e  
down t h e  d u c t , i t s  b o u n d a r i e s  may be dr awn as i n  t he  g r a p h  b e l o w .  I f  i t  i s  
a l s o  assumed t h a t  t h e  t o t a l  p r e s s u r e  v a r i e s  l i n e a r l y  a c r o s s  t h e  m i x i n g  
r e g i o n  a t  a l l  c r o s s - s e c t i o n s , t h e  p o s i t i o n  o f  t h e  s o n i c  l i n e  may t h e n  be 
c o m p u t e d , s i n c e  t h 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  i s  a l r e a d y  k n o w n . T h e  s o n i c  

l i n e  i s  shown i n  t h e  f o r m o f  a s e r i e s  o f  d o t s  c o n n e c t e d  by a d o t t e d  l i n e .

y / D
. 7 5

l a

25

1 0



F i g u r e  5 8 .

The T o t a l  P r e s s u r e  D i s t r i b u t i o n s  assumed f o r  t h e  F l o ws  i n  E j e c t o r  T e s t s
11 and 3 1 .

T e s t  1 1 .  T o t a l  p r e s s u r e  r a t i o  = 1 . 3 ( n o m i n a l )

y / D

y / D

n:

T e s t  3 1 .  T o t a l  p r e s s u r e  r a t i o  = 1 . 7 ( n o m i n a l )

y / D

:::

:inti

LO

y / D



FiQure 59.
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C o m p a r i s o n  o F t h e o r y  and e x p e r i m e n t  f o r  f u l l y  c h o k e d  f l o w s .

T o p ; -  T h e o r e t i c a l  s t a t i c  p r e s s u r e  a t  end o f  p r i m a r y  e x p a n s i o n  c ompar ed  
a g a i n s t  s t a t i c  p r e s s u r e  a t  x / D  = 1 . 6  on s e c o n d a r y  w a l l .

middle:-  S e c o n d a r y  i n j e c t i o n  p r e s s u r e s .

B o t t o m : -  E x p e r i m e n t a l  e x h a u s t  p r e s s u r e  and t h e o r e t i c a l  e x h a u s t  p r e s s u r e s  
f o r  f u l l y  mi x e d  s t r e a m .

K e y : -  P c l y t r o p i c  two s t r e a m  t h e o r y  
S o n i c  c h o k i n g  a t  d u c t  e x i t —

F a b r i ' s  me t hod  
E x p e r i m e n t a l



Figure 6 0 .

The D e g r e e  oF M i x i n g  r e a c h e d  by t h e  End o f  t h e  f Oi x i ng Due L 
f o r  t h e  F u l l y  Choked F l o w s .

xr:

I T

F o r  t h e  p u r p o s e  o f  t h i s  c o m p a r i s o n  t h e  d e g r e e  o f  m i x i n g  i s  
gau g e d  by t h e  d i f f e r e n c e  i n  t h e  t o t a l  p r e s s u r e s  i n d i c a t e d  by t h e  
t op  and b o t t o m  P i t o t  t u b e s  mount ed  i n  t h e  b l o c k i n g  c e n t r e b o d y .
T h e i r  p o s i t i o n s  a r e  g i v e n  by y / D  = 0 . 1 6 7  and y / D  = 0 . 8 3 3 .  I f  no 
m i x i n g  t a k e s  p l a c e  t h e n  t h i s  d i f f e r e n c e  wo u l d  t a k e  t h e  v a l u e  ^ - 1 .
The c h a i n  d o t t e d  l i n e  i n  t h e  g r a p h  a bo v e  r e p r e s e n t s  t h i s  s i t u a t i o n .
The s o l i d  s q u a r e s  r e p r e s e n t  t h e  e x p e r i m e n t a l l y  me a s u r e d  d i f f e r e n c e s .  
The h o l l o w  s q u a r e s  r e p r e s e n t  t h e s e  d i f f e r e n c e s  as f r a c t i o n s  o f  i n i t i a l  
d i f f e r e n c e s , t h a t  i s  T T _ i .



F igure 61

The S e c o n d a r y  I n j e c t i o n  P r e s s u r e s  For  F l o w s  C h o k i n g  i n  t h e  Manner  
P r e d i c t e d  by t h e  P o l y  t r o p i c  Two S t r e a m  T h e o r y .

S e c o n d a r y  I n j e c t i o n  P r e s s u r e  v . T o t a l  P r e s s u r e  R a t i o  
L i n e s  o f  c o n s t a n t  g e o m e t r i c  r a t i o , z .

rrr

t r

:z:

The S e c o n d a r y  I n j e c t i o n  P r e s s u r e  a t  w h i c h  t h e  two s t r e a m  
c h o k i n g  p r o c e s s  t a k e s  p l a c e  i s  i n d e p e n d e n t  o f  t h e  T o t a l  E n t h a l p y  
r a t i o , h , b u t  i f  t h e  t o t a l  e n t h a l p y  r a t i o  i s  t o o  h i g h  t h e  f l o w  w i l l  
cho k e  a t  t h e  end o f  t h e  m i x i n g  p r o c e s s  i n s t e a d  o f  due t o  t h e  two  
s t r e a m  e f f e c t .



S e c o n d a r y  I n j e c t i o n  P r e s s u r e s  f c r  the- f u l l y  cho k ed  r l c u s  a c c o r d i n g  t i  
t d j  P o l y  t r o p i c  Two Si r -c . v .  T h e o r y .

F i g u r e  62 z = 0 . 0 1  s o n i c  i n j  o t i c n .

S e c o n d a r y  I n j o c t i o r r  P r e s s u r o  v .  T o t a l  E n t h a l p y  R a t i o .

To R a t i ossu

. r_

t.rt:±rt:



£ -wDPdary I r jo cti on  P r e s s u r e s  
zhz  P G1y t  r  c p i  c

G G o rc i rn  t o

F i o ’J r t  63 .  = = 0 . 1 1C.- .

S e c o n d a r y  I n j e c t i o n  P r e s s e r a  v , T o t a l  S r i h a l c y  Rzt

s s u r o  R a t i o



rz^ssurjs f o r  t ' r . - j  f ul i >'  cwckcd f lo«
:.13 Po iy i rcp ic  Tuo Sh.jzit. V.iccry.

:corcinq to

: l o u r o  6 4 . = 0 . 3 , so .iic  i n j e c t i o n .

Soco.ndgry In je c t io n  Pressure v , Tota l Enthalpy Rotio.

Ü
;ut



Scr.c.*d3rv / a c t i o n  P r e s s u r e s  f c r  t h o  f u l l y  c ho k e d  f l o u s  a c c o r d i n g  t o  
%.no p Q l y t r o p i c  Tuo S t r e w n  T h o o r y .

L L iiljS ^  6 5 .  z  = 0 , 5  s o n i c  i n j e c t i o n .

S e c o n d a r y  I n j e c t i o n  P r e s s u r e  v .  T o t a l  E n t h a l p y  R c t i o .

/  1

:tir



S e c o n d a r y  I n j e c t i o n  P r e s s u r e s  f o r  t h e  f u l l y  c ho k e d  F l o ws  a c c o r d i n g  t o  
t h e  P o l y t r o p i c  Two S t r e a m  T h e o r y .

F i g u r e  6 6 . z = 0 . 7  f s o n i c  i n j e c t i o n .

S e c o n d a r y  I n j e c t i o n  P r e s s u r e  v . T o t a l  E n t h a l p y  R a t i o .

^ 2 1

1 . 0

0 . 9

0 . 8

0 . 7

0 . 6

0 . 5

T o t a l  P r e s s u r e  R a t i o ,  u 
—  4 . 0

r i t t u i l

iUtttri!
rnnHrr

- 3 . 0

- 2 . 5
2 . 1

" ' 1 . 7
1 . 3



i 0 ,1 Pro35urcs for thp fully chckcd floue sccordir.g to'
,10 P o l y t r c p i c  Tco S t r c o . i  T . i o o r y .

6 7 . z  = 0 . 9  , s o . i i c  i n j e c t i o n

S e c o n d a r y  I n j e c t i o n  P r e s s u r e  v .  T o t a l  E n t h a I p y R a t i o .

T o t a l  P r a s s u r o  R a t i o

HHt;

u . O

:r:-t



Figures 68 to 73 , The Exhaust Nach Numbers.

Th e s e  F i g u r e s  d e p i c t  t h e  E x h a u s t  Hlach Number  s o l u t i o n  s u r f a c e s  
as  c o n s t a n t  t o t a l  p r e s s u r e  r a t i o  c o n t o u r s  i n  t h e  Hlach Number  -  T o t a l  
E n t h a l p y  r a t i o  f i e l d  a c c o r d i n g  t o  t h e  P o l y  t r o p i c  Two S t r e a m  T h e o r y .

E x h a u s t  
fllach No.

F i g u r e  6 8 . 

2 =  0 . 0 1

T o t a l
r a t i o
i n s i drr;;

rrr

Ertf

0 . 6

T o t a l  E n t h a l p y  R a t i o

1 . 3
1 . 7
2 . 1
3 . 0
6 . 0

F i g u r e  69  

2 =  0 . 1

E x h a u s t  
IKlach No. Ü

t::'

Total Enthalpy Ratio

T o t a l  P r e s s u r e  ' 
r a t i o s  f r o m t he  
i n s i d e  o u t w a r d s

1.1
1 . 3
1 . 7
2 . 1
2 . 5
3 . 0
4 . 0
6 . 0



Fiqures 63 to 73 , The Exhaust Mech Numbers.

Thes e  f i g u r e s  d e p i c t  t h e  E x h a u s t  filach N u n b e r  s o l u t i o n  s u r f a c e s  
as  c o n s t a n t  t o t a l  p r e s s u r e  r a t i o  c o n t o u r s  i n  t h e  Mach Number  -  T o t a l  
E n t h a l p y  r a t i o  f i e l d  a c c o r d i n g  t o  t h e  P o l y  t r o p i c  Tiuo S t r e a m  T h e o r y .

E x h a u s t  
fllach No.

F i g u r e  70  

2 r  0 . 3

T o t a l
r a t i o s
i n s i d e

t t t i

T o t a l  E n t h a l p y  R a t i o

F i g u r e  71 

2 = 0 . 5

E x h a u s t  
Dflach No. T o t a l  P r e s s u r e  . 

r a t i o s  f r o m  t he  
i n s i d e  o u t w a r d s .

1.1
1 . 3
1 . 7
2 . 1
2 . 5
3 . 0
4 . 0
6 . 0

Total Enthalpy Ratio



Figures 68 to 73 , The Exhaust Plach Numbers.

T h e s e  F i g u r e s  d e p i c t  t h e  E x h a u s t  Tiiach Nu^iber s o l u t i o n  s u r f a c e s  
as c o n s t a n t  t o t a l  p r e s s u r e  r a t i o  c o n t o u r s  i n  t h e  It’ach  Number  -  T o t a l  
E n t h a l p y  r a t i o  f i e l d  a c c o r d i n g  t o  t he  P o l y  t r o p i c  Two S t r e a m  T h e o r y .

F i g u r e  7 2 

z = Ü . 7

E x h a u s t  
fllach No. T o t a l

r a t i o s
i n s i d e

T o t a l  E n t h a l p y  R a t i o

E x h a u s t  
(tiach No.

F i g u r e  73 

2 = 0 . 9

T o t a l  P r e s s u r e  
r a t i o s  f r o m  t h e  
i n s i d e  o u t w a r d s

rr tr

Total Enthalpy Ratio



Figure 74,

The A p p l i c a t i o n  o f  a G e n e r a l  T h e o r y  o f  C h o k i n g  t o  a G e n e r a l

S h e a r  F l o w .

F l o w ,

F l e x i b l e  W a l l

E l e m e n t a l  s t r e a m  t u b e

■77V/ / / / /7 /  IT  f  U  / / / / / / / / / /  
F i x e d  W a l l

S t a t i c  and T o t a l  P r e s s u r e  D i s t r i b u t i o n s ,

s t a t i c  t o t a l
y

A

p & P
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