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Sharp var ia t ion  of p r e s s u r e  was obse rved  downs t r eam of:the di f fusor  on invest igat ing the 
r e t a rda t i on  of an underexpanded sonic jet  by means  of the d i f fusor .  Th is  phenomenon is ex-  
plained by examining the Sohl ieren photographs .  A re la t ionship  was obtained fo r  d e t e r -  
mining~ the m a s s  r a t e  of flow through the cen t ra l  shock. 

The underexpanded jet  has  p a r a m e t e r s  which va ry  o v e r  sect ions ,  espec ia l ly  a f t e r  the cen t ra t  c o m -  
p r e s s i v e  shock where  a subsonic  co re  is  developed which is sur rounded on the pe r iphery  by a supersonic  
flow. In the l i t e ra tu re  the re  is a lack of in format ion  about s tagnat ion of subsonic  or  superson ic  flow by 
d i f fusors  with such nonuniformity of p a r a m e t e r s .  A r epor t  is given below about r e su l t s  of appl icat ion of a 
subsonic  di f fusor  fo r  r e ta rd ing  an underexpanded sonic jet .  

The expe r imen t s  were  c a r r i e d  out on an expe r imen ta l  r ig  which has  a chambe r  with t r a n s p a r e n t  side 
walls  into which a r e  built a coaxial  nozzle and dif fusor .  At 1V[ a = 1 the p r e s s u r e  ups t r eam of the nozzle PR 
is  regula ted  according  to the exper imen ta l  p r o g r a m  b y  means  of a reducing va lve .  The re la t ive  gap x / d  a 
between the outlet edge of the nozzle and the inlet to the di f fuser  can be var ied  within the range of 0 to 9 by 
means  of a s c r e w  a r r a n g e m e n t .  The ra t io  between the d i a m e t e r  of the nozzle and the inlet to the diffusor  
was va r i ed  by changing the nozzles  within a range  f r o m  0.47 to 0.92. The m e a s u r e m e n t  of the t e m p e r a t u r e  
was c a r r i e d  out by a t h e r m o m e t e r  at th ree  points: u p s t r e a m  of the nozzle,  downs t ream of the diffusor ,  and 
in the chamber .  The f l o w r a t e  of the a i r  fed into the nozzle Gc and hence not en ter ing  into the diffusor  Gk, 
is  m e a s u r e d  by c h a m b e r  d i aphragms .  The s tagnat ion p r e s s u r e  u p s t r e a m  of the nozzle PR, and downs t ream 

o 2 ~ x/da 

Fig.  1. Coefficient  of the r e c o v e r y  of p r e s -  
sure  in the diffusor  in re la t ion  to the r e l a -  
t ive  dis tance f r o m  the outlet  edge of the noz-  
zle to the di f fusor  at h~[ a = 1; n = 3.7~ ~ = 1.4: 
1) posi t ion of the cen t ra l  shock; 2) curve  of 
the va r i a t ion  of tk~e Much number  along the 
axis  of the jet  (M); 3) p r e s s u r e  r e c o v e r y  coef -  
f icient .  
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D __ ~- ~- -~ ~.~ of the diffuser is found by a standard pressure gage. All mea- 

-- 3 .. ~.~ i o.. *'~".~ ~ surements were carried out at steady state of the flow. The 

-- ,'~ ---~ .~-'~ -~ o2 error of the measurements made was 10-15%. 

/ v..r .~ % / ~ / oj~ The visualization of the flow between the nozzle and the 

~ ~ ] /o ~ / diffuser was accomplished by the dark schlieren apparatus 
/ v  / !~ ~/  . / o ~/ , IAB-451, which made it possible to investigate the s t ruc ture  

~,1 / v /  /%ff~ of the flow, and record  it on a photographic plate. 

~ ~ r  r"-' 1~ v/ 1o ~ . ~ -  - ~  The resul ts  of the experimental  work a re  shown in Fig. ! 
I I I ' / /  �9 , in the form of the relationship P D / P R  = f (x /d  a) for the range 

/ z of values of PD, corresponding to those settings of the valve 
II . I ,I ] ~ ~ / | �9 " established downstream of the diffuser, in which its maximum 

� 9  zone of maximum recovery  of p r e s su re  is to the left of the Itne 
o @4, ................. q8 a~/~ which charac te r i zed  the position of the centra l  shock of c o m -  

press ion  of the f i r s t  " b a r r e l . "  F r o m  the analysis  of the data 
Fig.  2. Coefficient of the p res su re  
r ecove ry  in the diffuser in re lat ion t o  of P D / P R  for  different values of d a / d  D it is seen that with the 

reduction of d a / d  D the coefficient of p ressu re  recovery  will 
relat ive flow rate of the lost gas and 
the relative distance f rom the outlet drop sharply.  

edge of the nozzle to the diffuser.  1) Results of the measurements  of P D / P R  = f (x/d a) at n 
x / d  a = 0,192; 2) 0.576; 3) 0.963; 4) = 3.7 to 10 were compared  with the curve of distr ibution of the 
1A4. M x on the axis of the jet [1]. F r o m  Hle graph in Fig.  l i l t s  seen 

that up to Mx -< 1.5 the P D / P R  is approximately unity. Hence 
the relationship x / d a ,  which cor responds  to M x -< 1.5, is con-  
s idered as optimal.  

For  pract ical  purposes  it is important  to find the optimum between the weight loss of the gas G k and 
the p ressu re  loss AP, induced by the nonisentropy of the flow at the inlet to the expanding sect ion of the 
diffuser.  

At the given relat ionship de/riD the magnitude of the weight losses  of the gas will be dependent a lso 
on the position of the boundary Of the underexpanded jet.  

By locating the optimal conditions of stagnation of the sonic jet the instability of the flow which is 
associa ted  with the peculiar i t ies  of the s t ruc ture  of such a jet was detected. In Fig. I the zone of instability 
of PD is shown by a broken line. It has a significant length and it is positioned in the interval  between the 
centra l  shock of the f i rs t  "barre l"  and the end of the second one. A qualitative picture of such instability 
is shown in Fig.  3. 

The fai lure of the stable operat ion of the diffuser was also observed indirect ly by measur ing  P D / P R  in 
relation to the relative flow rate of the lost gas Gk/G c. In Fig. 2 this zone is characterized by wide scatter 
of the points, by sharp drop of the coefficient of the pressure recovery PD/PR, and the increase of the flow 
of lost gas.  

This phenomenon can be explained, apparently,  by the fact that at x >- x 0 the flow in the inlet into the 
diffuser is charac te r i zed  by marked nonuniformity of the pa rame te r s .  Direct ly  upstream of the centra l  
shock in the zone in the vicinity of the axis of the jet the flow has high velocity and low density; on t r a n s i -  
tion through the central  shock this zone of the flow is converted into subsonic flow, the d iameter  of which 
is determined by the diameter of the central shock. The subsonic zone is encompassed by the periphery 
of the supersonic flow. In this zone the pressure of the retarded flow downstream of the diffuser can pro- 
pagate upwards along the flow of the jet which is seen in Fig. 3b. Opposing flow is formed and, at the in- 
stant of the sharply decreased PD, the diffuser operates as a nozzle. 

By using the correspondence with one-dimensional gas dynamics for the flow along the axis of the jet 
"upstream of the central shock, and downstream of it, and also the determined value of ql 

the relative specific flow rate of the gas ups t ream of the centra l  shook can be represented in the fo rm 
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Fig.  3. Sch l i e renpho tographs  ofthe a i r  flow between the noz-  
zle and the diffusor  (inlet of the di f fusor  is posit ioned down- 
s t r e a m  of the cen t ra l  shock):a)  instant  of the gradual  i nc r ea se  
of the p r e s s u r e  downs t ream of tkm diffusor;  b) instant  of the 
sudden p r e s s u r e  drop downs t ream of the diffusor .  
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Fig.  4. Relat ive d i a m e t e r  of the cen t ra l  shock 
jump in re la t ion  to the ra t io  of p r e s s u r e s  n = Pa 
/Poo a i m  a =  1: 1) ~r 2) 1.4; 3) 1.67; un- 
fi l led points,  T O = 289~ Dark  points,  T o = 700~ 

1/2 x+l 
( 2u ~ ~---I[• ii,/2 P01 (1) 

q =  \ •  , \ 2x ] P-~" 

Assuming  that  the flow along the axis of the 
je t  up to the cen t ra l  shock is  i sent ropic ,  and on 
using the de te rmin ing  re la t ionship  P01/Pi  

limPo J =l imf2(M ' •  [(• + 1)~1~-' 

and a lso  the es tab l i shed  exper imen ta l  re la t ionship  
Pt  ~ P~ [4], the fo rmu la  (1) can be wri t ten in the 
f o r m  

o r  for  M a = 1 (sonic nozzle) 

( •  i 1/2 I 2a) 
q=  4~ / 7 "  

E x p r e s s i o n s  (2) and (2a) a r e  c o r r e c t  when the Maeh number  ups t r eam of the cent ra l  shock M >> 1, 
which co r r e sponds  to a value of n > 5 to 7. 

Using the e m p i r i c a l  re la t ionship  for  re la t ive  d i a m e t e r  of the cen t ra l  shock of the sonic jet  

d o t. 1 n0~, (3) 
da  •  

which is  obtained f r o m  the work  [5]* (see Fig.  4), and the e x p r e s s i o n  (2a),can show that  an insignif icant  
par t  of the ove ra l l  m a s s  flow of the gas  which is d ischarged f r o m  the nozzle pas ses  through the cen t ra l  
shock. 

We will a s s u m e  that the p a r a m e t e r s  of the gas  at any given point of the c r o s s  sect ion of the jet  a re  
equal  to the p a r a m e t e r s  on the axis  of the je t  which co r re spond  to i sen t rop ic  flow in some  ideal Laval  
nozzle.  In this case  the e x p r e s s i o n  (2a) r e p r e s e n t s  a re la t ionship  between an a r e a  of c r i t i ca l  sect ion (in 
our ca se  the a r e a s  of a sonic  nozzle at the outlet edge) and the plane of the sec t ion  of the a s sumed  Laval  
nozzle at the location of the cen t ra l  shock 

1 Apt = 4 r  ( 4x~]  ~2 
q -- A~ d--~--= \ •  n. (4) 

*The influence of T O on the magni tude of the d i ame te r  of the cen t ra l  shock M a = 1 is insignificant  in the 
in te rva l  T O = 289 to 700~ and it can be ignored.  
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On squaring the expression (3) and on substituting the result into (4) we will obtain a relationship for that 
part of the mass flow of the gas whic, h passes through the central shock 

A6o = / = 1.2 = ,  (5) 

Hence  we a s s u m e  tha t  the  f low d i r e c t l y  u p s t r e a m  of the  c e n t r a l  shock  has  p a r a m e t e r s  which a r e  c o n s t a n t  
o v e r  the  s e c t i o n  and equa l  to  the  p a r a m e t e r s  on the a x i s .  

The  f o r m u l a  (5) shows  tha t  the  m a s s  f low of  the  gas  t h rough  the c e n t r a l  shock  depends  b a s i c a l l y  on the  
m a g n i t u d e  of r which is  g iven  a s t h e  func t ion  of the  r a t i o  of s p e c i f i c  h e a t s  ~t= Cp/Cy.  

C a l c u l a t i o n  shows  tha t  the  m a g n i t u d e  of ~(~) << 1 and f o r  ~4 = 1.3 to 1.67 i s  c o r r e s p o n d i n g l y  wi th in  the  
r a n g e  0 . 1 0 - 0 . 0 4 .  

C o n s i s t e n t  with e x p e r i m e n t a l  da t a  ob t a ined  by  p r o c e s s i n g  of S e h l i e r e n  p h o t o g r a p h s  of  the  j e t  [5], the  
r a t i o  b e t w e e n  the  s e c t i o n  o c c u p i e d  by the  c e n t r a l  shock  and the  m a x i m u m  s e c t i o n  of the  j e t  f o r  M a 
= 1 can  have  s i g n i f i c a n t  v a l u e s ,  p a r t i c u l a r l y  at  h igh v a l u e s  of n and at  low ~4: 

d~ --  0,3 -j-1 r t0"14. (6) 
2 ~43 

Drnax 

The r e l a t i o n s h i p  (6) s a t i s f a c t o r i l y  a g r e e s  with e x p e r i m e n t a l  v a l u e s  f o r  v a r i a t i o n  of n f r o m  4 to 103 and 
--- 1.3 to  1.67.  Hence  in the  c e n t r a l  zone of the  j e t  d e t e r m i n e d  by the d i a m e t e r  of the  c e n t r a l  shock  the m a s s  
f low of the  g a s  i s  i n s i g n i f i c a n t ;  the  b a s i c  m a s s  of the  gas  f lows in  the  c i r c u l a r  zone which s u r r o u n d s  the  
c e n t r a l  s h o c k .  

In a l l  p r o b a b i l i t y ,  the  u n s t a b l e  r e g i m e  which o c c u r s  d u r i n g  r e t a r d i n g  of the  j e t  can  be  e l i m i n a t e d  by 
m e a n s  of app ly ing  an a n n u l a r  d i f f u s o r .  
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NOTATION 

coordinate along the axis from nozzle outlet edge; 
degree of underexpansion; 
Mach number; 
gas  pressure; 
gas density; 
absolute gas temperature; 
ratio of specific heats; 
diameter of the central shook; 
mass flow rate; 
diameter of the nozzle outlet section; 
cross section area; 
r e l a t i v e  s p e c i f i c  f low r a t e ;  
m a x i m u m  d i a m e t e r  of the  f i r s t  " b a r r e l "  of the  jet ;  
d i a m e t e r  of d i f f u s o r  i n l e t  sec t ion ;  

d i s t a n c e  f r o m  the nozz l e  edge  to  c e n t r a l  shock .  

S u b s c r i p t s  

1 

oo 

0 
01 
D 
R 
C 

gas parameters downstream of the primary shock; 
in the nozzle outlet section; 
in the ambient medium; 
isentropic retardation; 
retardation downstream of the primary shock; 
downstream of the diffusor; 
in the receiver; 
nozzle; 
c r i t i c a l  s e c t i o n .  
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