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By a genera l iza t ion  of numerous  exper imenta l  data,  the s imi l a r i t y  p a r a m e t e r s  a r e  found 
with which the jet d i scharge  f r o m  a nozzle  into a channel with a suddenly changing c r o s s  
sect ion can be s imula ted .  

A g rea t  many engineer ing devices  involve a supersonic  jet  flowing within a confined space .  A theo-  
re t i ca l  ana lys is  of this phenomenon is difficult,  s ince the p r o c e s s e s  occurr ing  here  a re  ve ry  complex and 
a lso  because  the phys ica l  mechan i sm here  is not c l ea r ly  enough unders tood.  A huge quantity of d ive r se  
expe r imen ta l  data cannot be genera l ized  p rope r ly ,  as long as the n e c e s s a r y  s imi l a r i t y  c r i t e r i a  have not been 
es tab l i shed .  Fo r  s e v e r a l  r ea sons ,  the methods of s imi l a r i t y  theory  and dimensional  ana lys is  (e.g., the 
~r-theorem) do not yield s a t i s f ac to ry  resu l t s  when applied to the specif ic  ins tances  of in te res t  here .  Any 
s i m i l a r i t y  c r i t e r i a  obtained for  the expansion of a jet  into a confined space will,  the re fore ,  be very  i m p o r -  
tant .  

The flow of a single or  mult iple (bundled) supersonic  jet  along channels with a cyl indrical  or  a sud-  
denly changing c ro s s  sect ion,  as shown schemat ica l ly  in Fig .  1, has been analyzed in [1, 2, 3, 4]. The p u r -  
pose  of such devices  is to mainta in  a sufficient degree  of r a r e f ac t ion  in the exit reg ion  of the nozzle .  The 
jet  in case  A or the jet  bundle in case  B en te rs  into a he rme t i ca l ly  sea led  chamber  at the other end of which 
the re  is a cyl indr ica l  d i f fuser .  In cases  C and D the jet  is d i scharged  into a cyl indr ical  channel.  Fu r the r ,  
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Fig.  1. Typica l  curves  of p r e s s u r e  Pch in the space  
around a jet  enter ing into a channel with sudden 
c r o s s  sect ion changes,  as a function of p r e s s u r e  P0 
at the nozzle  en t rance ,  for  different  g e o m e t r i e s  of 
the analyzed channel model:  n = nse  p (1); n = nejec 
(2); 2 = ninde t (3); l- = 0 (4); l-0 ->'l -> 0 (5); and 
l -> l0 (6). 

with l" = 0, the jet flows through a chamber  with 
a thin d iaphragm at the other  end. 

The p rob l em is to de t e rmine  the p r e s s u r e  
Pch (in the chamber  space  outside a jet  at the 
exit sect ion of the nozzle) which de t e rmines  the 
nozzle  d ischarge  c h a r a c t e r i s t i c s .  In addition, 
one must  a lso  know the device g e o m e t r y  which 
will yield the s a m e  p r e s s u r e  in the chamb e r .  

The dependence of p r e s s u r e  Peh  on p r e s -  
sure  P0 at the nozzle  ent rance  has been analyzed 
in [1, 2] for  var ious  conf igurat ions .  A typical  
curve  represen t ing  this re la t ion  is shown in Fig.  
1. As is evident here ,  the shape of this curve  
depends on the d i f fuser  o r  tube l e n g t h .  For  a 
ce r ta in  diffuser  length l = 10, which depends on 
the Mach number  M a [2], the fal l ing range  of the 
curve  co r responds  to eject ion and is s m o o t h .  
When l ->/0,  the chamber  p r e s s u r e  Pch at ta ins  
i ts  lowest  value poss ib le  for  the given geome t ry .  
Beyond the min imum point Pch becomes  p r o p o r -  
t ional to p r e s s u r e  P0 (cr i t ical  inde termina te  
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Fig.  2. P r e s s u r e  Pch in the chamber  space  around a jet  d i s -  
charging by eject ion into a channel with a suddenly changing c ross  
sec t ion ,  as  a function of the s imi l a r i t y  p a r a m e t e r  ~ l  for  l ->/0: n 
= 0.45 (1); 0.2 (2); 0.3 (3); 0.4 (4). 

discharge  mode,  nor  ). It  is well  known that the value of ncr  does not depend on the diffuser  length. It  can 
be de te rmined  theore t ica l ly  by the method given in [3]. P r e s s u r e  P0m can a lso  be calculated,  by the me th -  
od given in [4], The falling por t ion  of the curve  has not been calculated yet and, if n e c e s s a r y ,  exper imen t s  
mus t  be p e r f o r m e d  for  each specif ic  s y s t e m  g e o m e t r y .  

When T 0 -> T _> 0, the re la t ion  Pch = f (P0) becomes  m o r e  compl ica ted.  The curves  a r e  p r e c i s e  within two 
r anges .  In range  1 Pch d e c r e a s e s  continuously as P0 inc reases  till  point K is reached ,  where  a condition 
of instabi l i ty  p r e v a i l s .  F u r t he r ,  Pch d e c r e a s e s  at P0 = const t i l l  n = ninde t .  This  range  is t rans i t ional  
and has been  thoroughly descr ibed  in [1]. 

Thus ,  there  is no known method for  calculat ing the por t ions  of these  curves  which cor respond  to the 

range  0 < n < nejec .  

The range  of nozzle d i scharges  into the chamber  a f te r  eject ion ceases  and before  the mode becomes  
inde te rmina te ,  cor responding  to a separa t ion  of the s t r e a m  f r o m  the nozzle wal ls ,  is indicated in Fig .  1. 
The p e r f o r m a n c e  of the given devices  when the s t r e a m  s e p a r a t e s  f r o m  the nozzle is of no p rac t i ca l  in te res t .  
As has been mentioned a l ready ,  the port ion of the curve  for  l = l0 and nse  p < n < nejec has a shape which 
is different  for  different values  of L ,  Ma, and dex. I t  appea r s ,  however ,  that it is poss ib le  to define a p a r a m -  
e te r  

~D q (L) 
~t ~---- " - - " ~ - - -  ' 

with which these  por t ions  of the Pch = f(P0) curves  will be  identical  for  any geome t ry  and any Math  number  
M a.  If ~l  = const ,  in other words ,  then a lso  the chamber  p r e s s u r e  Pch = const .  This  is e x p r e s s e d  by the curve  
Pch =f (~tl) in Fig.  2, where  the resu l t s  of s tudies on s eve ra l  model va r ian t s  a r e  shown. As canbe  seen  he re ,  p r e s -  
su re  Pch var ia t ion  as a function of ~l  is the s a m e  for  s ing le-nozz le  and multLaozzle dev ices .  We will note that F a 
in the express ion  for  ~t l is ,  in the case  of mult inozzle  devices ,  the combined exit sect ion a r e a  of all  the nozzles .  

As F ig .2  indicates,  at M a = 3.37 the p r e s s u r e  Pch depends on the geome t r i ca l  p a r a m e t e r  ~,, This  is 
explainable by the fact  that in this case  the s t r e a m  s e p a r a t e s  f r o m  the nozzle (n < n s e  p ~ 0.5-0.6).  The 
dashed l ines on the d iag ram cover  points which cor respond  to n = const .  The curves  merge  when the inde-  
t e r m i n a c y  of d i scharge  exceeds  nse p .  Exper imenta l  data conf i rm that,  during eject ion with l" = T0, the p r e s -  
su re  Pch  depends only on the p a r a m e t e r  ~t l when single or  bundled supersonic  je t s  flow along a cyl indrical  
channel o r  along a cyl indrical  channel t e rmina t ing  into a chambe r .  In the tes t  s e r i e s  descr ibed  here  we 
checked the sca le  effect .  Thus ,  the ra t io  of nozzle  exit a r e a s  in va r ian t s  1 and 2 (see the table in Fig .2)  
was equal to 39. In both cases  the tes t  points fel l  on the s a m e  curve .  
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F i g . 3 .  P r e s s u r e  Pch in the 
chamber  space  around a jet  d i s -  
Charging by eject ion into a chan-  
nel with a suddenly changing 
c ro s s  sect ion,  as a function of the 
s i m i l a r i t y  p a r a m e t e r  ~40 for  l ' =  0: 
( P c h / P a m b ) c r  = 0.528 (1); n=  0.5 
(2); 1.0 (3); and 2.0 (4). 

We have cons idered  one ex t r eme  case ,  where  the di f fuser  
length l = l0 was such as to ensure  a max imum ra re fac t ion  in the 
chamber .  We will now consider  the other ex t r eme  case ,  where  
there  is no dif fuser ,  i .e . ,  l ' =  0. 

As follows f r o m  Fig.  3, the s imi l a r i t y  p a r a m e t e r  he re  is 

FD 

The chamber  p r e s s u r e  Pch does not depend on the Mach 
number  of the jet at the nozzle  exit and the s imi l a r i t y  p a r a m e t e r  
is a pure ly  geome t r i ca l  quantity.  This  fact  can be eas i ly  ex-  
plained.  Indeed, it is well  known that for  l < l0 there  appea r s  an 
annular  backward  s t r e a m  flowing f r o m  the surrounding a t m o -  
sphere  into the chamber  through an annular  c l ea rance  between 
the fo rward  s t r e a m  boundary and the flanging d iaphragm.  This  
backward  s t r e a m  compensa tes  the adjacent  m a s s  of the jet along 
the dis tance L .  Within this annular  c lea rance  the backward s t r e a m  
a c c e l e r a t e s  to a ce r t a in  veloci ty  while its p r e s s u r e  drops f r o m  
a tmosphe r i c  to that in the chamber  (Pch). We a l s o  know that r je  t 

~n.  T h e r e f o r e ,  an inc rease  of Y~ or  n as well  as a dec r e a se  of 
F D r e su l t s  in a reduction of the a r e a  a c r o s s  which the backward  
s t r e a m  flows.  This  in turn i nc rea se s  the veloci ty  of the backward  

s t r e a m  and thus d e c r e a s e s  Pch,  as can be seen  in Fig.  3. Since veloci ty  of the backward  s t r e a m  cannot be 
higher  than the veloci ty  of sound, hence Pch -> 0.528 Pamb and this can a lso  be deduced f r o m  the g raph .  

Thus ,  consider ing the st ipulat ion that ~l  be maintained constant for  l = l0 or n 0 be maintained con-  
s tant  for  l-= 0, p r e s s u r e  Pch a lso  r e m a i n s  constant .  In o rder  to de te rmine  Pch during d ischarge  by e j ec -  
tion for  l = l0 and for  l" = 0, m o r e o v e r ,  one now may use  the two graphs  (Fig. 2 and Fig.  3) r a t he r  than a 
huge number  of tes t  cu rves .  With the aid of re la t ion  Pch = f (~4l) one can a lso  de te rmine  the min imum p o s -  
s ible  p r e s s u r e  Pch,  a f t e r  having f i r s t  found the value of nindet f rom the data in [3]. 
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N O T A T I O N  

p r e s s u r e  at the nozzle  entrance;  
s ta t ic  p r e s s u r e  at the nozzle  exit; 
ambient  p r e s s u r e ;  
chamber  p r e s s u r e ;  
d i scharge  indeterminar:~ index; 
i nde t e rmina ry  index when the jet s e p a r a t e s  f r o m  the nozzle 

i nde t e rmina ry  when eject ion ceases ;  
c r i t i ca l  i nde t e rmina ry  index; 
d i scharge  velocity;  
c r i t i ca l  velocity;  
Mach number  at the nozzle  exit; 
d i ame te r  of the nozzle  exit section; 
d i f fuser  d iamete r ;  
a r e a  of the nozzle  exit sect ion;  
a r e a  of the d i f fuser  en t rance  section;  
length of the chamber ;  
length of the diffuser;  
equivalent d i ame te r  of bundle of nozzles ;  
radius  of jet boundary;  
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I, = L/da; 

! = I/dD; 
d s = ds/d a. 

L I T E R A T U R E  C I T E D  
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