
S U P E R S O N I C  A N N U L A R  J E T  

A .  I .  S h v e t s  UDC 532.525.2 

The flow in supersonic annular jets has been investigated experimentally.  Schemes for  shock 
interaction during recons t ruc t ion  from an open to a closed base region a re  determined. The 
fundamental pa ramete r s  charac ter iz ing  the s t ruc ture  of the separat ion flow are  extracted.  

When a compact  c lus ter  of nozzles is ar ranged around the c i r cumference  of the base section, the es -  
caping jet in cer tain modes is s imi lar  to an annular jet. Moreover,  the possibil i ty of using special  annular 
nozzles in a number of cases  is not excluded. Annular  nozzles have a number of advantages over Laval 
nozzles (for example, less loss of thrust  during o.verexpansion, convenience of the configuration in the root  
part). In pract ice ,  radical ly  shortened annular nozzles are  expedient; hence, the thrus t  determination of 
such nozzles is associated with a study of the separation flow behind the endface of the central  body. Also 
of interest  is an investigation of the flow modes in annular jets during p re s su re  changes in the external me-  
dium. 

In recent  years ,  there  has been a number of publications in which a re  contained resul ts  of investiga- 
tions of flows in annular nozzles and jets.  Numerica l  computations of the flow in annular nozzles are  p re -  
sented in [1]. The flow in an annular nozzle with a central  body has been computed by using a difference 
scheme [2] and the method of charac te r i s t i cs  [3]. 

Approximate methods of computing annular jets have also been developed. The method of the separa t -  
ing s t reamline has been used to compute the-base p re s su re  at the endface of an annular nozzle. A computa-  
tion of the separat ion flow in annular nozzles [4], performed on the basis  of integral  methods, was car r ied  
out by star t ing f rom quasi -one-dimensional  models for flows with open and closed base regions.  A solution 
for inviscid main and ejected s t r eams  [5] has been obtained for a nozzle with a central  body having mass 
supply in the base region. The supersonic s t ream paramete r s  in the jet were determined by the method of 
charac te r i s t i cs ,  and the pa ramete r s  of the additional s t ream,  by using one-dimensional  theory. 

There  are  approximate computations and experimental  investigations of the base p res su re  for  annu- 
lar imcompress ib le  fluid jets. Then, low-speed annular jets have been investigated in application to air  
cushion apparatus.  A number of publications is devoted to turbulent mixing of coaxial jets :  free,  in a chan- 
nel, in the presence  of secondary flows, solid par t ic les ,  and chemical  react ions .  

Great attention has been paid to a study of the flow in the base region of multinozzle configurations. 
The base p re s su re  has been computed on the basis of the method of the separat ing s t reamline for  a number 
of jets escaping into the "cutoff" mode of the base region [6]. Numerical  computations have been performed 
for severa l  cases  of jet escape f rom a four-nozzle  module into a supersonic co-flow [7]. The influence of 
the number of nozzles and their  a r rangement  on the magnitude of the base p r e s s u r e  and on the thrust  char -  
ac te r i s t ics  has been studied experimental ly for anozz le  cluster .  Data about the flow pa ramete r s  di rect ly  
in the separat ion zone and about the nature of compress ion  shock interaction as the annular jet flow modes 
changes are  of interest .  

Represented below are  resul ts  of experimental  investigations of the flow in supersonic  annular jets. 
These investigations permit ted studying the flow modes on s impler  models compared to an annular nozzle 
c lus ter  on the one hand, and obtaining some additional data for the construct ion of computational schemes,  
on the other. Annular jets formed by plane nozzles in radial  flow have been tested with the design Mach 
numbers  Mj = 1.35 ; 2 ; 3.1 and 3.6, inner edge diameter  87.6 mm and outer (D) diameter  110 mm, and a 
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36.5% r a t i o  be tween  the  annu lus  a r e a  to the  t o t a l  n o z z l e  a r e a .  A n o z z l e  wi th  M = 2.5 and an i n n e r  edge  d i -  
a m e t e r  101.8 m m  was a l s 0  t e s t e d .  The  p l ane  end f ace  of the  a n n u l a r  n o z z l e  was  d r a i n e d  in r a d i u s  wi th  a 
AD = 0.045 s t ep .  The  p r e s s u r e  was m e a s u r e d  in the  a n n u l a r  j e t  by us ing  t o t a l  and s t a t i c  p r e s s u r e  p r o b e s  
with a 1.2 m m  ou te r  d i a m e t e r ,  which  w e r e  mounted  on an a u t o m a t i c  t r a v e r s i n g  g e a r .  

SEPARATION FLOW 

The p r e s s u r e  d i s t r i b u t i o n  o v e r  the  r a d i u s  of the  c e n t r a l  p ~ r t  of the  n o z z l e  was  kep t  a p p r o x i m a t e l y  
cons tan t .  The  dependence  of the  r e l a t i v e  b a s e  p r e s s u r e  P =  P i / P ~  (Pi  i s  the  m e a s u r e d  p r e s s u r e ,  and P ~  
is  the  p r e s s u r e  in the  s u r r o u n d i n g  space )  on the d e g r e e  of o f f - d e s i g n  of the  e m e r g i n g  j e t  n = Pa/Poo (Pa  i s  
the  s t a t i c  p r e s s u r e  a t  the  ex i t  e d g e o f  the  nozzle)  fo r  n o z z l e s  wi th  M = 2 ,  3.1, 3.6 ( c u r v e s  1 -3 ,  r e s p e c t i v e l y )  
is  r e p r e s e n t e d  in F ig .  1. An i n c r e a s e  in the  d e g r e e  of o f f - d e s i g n  r e s u l t s  in a d i m i n u t i o n  in the  b a s e  p r e s -  
s u r e ,  w h e r e  the  p r e s s u r e  c u r v e  is  loca ted  be low fo r  h igh  v a l u e s  of M. A p r e s s u r e  r i s e  was  o b s e r v e d  for  a 
n o z z l e  wi th  Mj = 1.35 fo r  a 0 .1-0 .2  o f f - d e s i g n .  F o r  each  Mj a de f in i t e  va lue  of the  o f f - d e s i g n  n ~ e x i s t s  fo r  
which  a p a s s a g e  f r o m  a r e d u c t i o n  to  a r i s e  in p r e s s u r e ,  the  c r i t i c a l  mode ,  is  r e a l i z e d .  Th i s  v a l u e  of n ~  
be  l e s s ,  the  g r e a t e r  the  n u m b e r  Mj of the  e m e r g i n g  j e t .  A d iminu t ion  in the  p r e s s u r e  c o r r e s p o n d s  to an 
open b a s e  r e g i o n ,  and an i n c r e a s e ,  to  a c l o s e d  r e g i o n .  M e a s u r e m e n t s  of the  t o t a l  p r e s s u r e  showed tha t  
c l o s u r e  of the  b a s e  r e g i o n  o c c u r s  upon ex t ens ion  of the  s u p e r s o n i c  p a r t  to  the  s i t e  of the  j e t  i n t e r a c t i o n ;  
hence  the b a s e  p r e s s u r e  is  l o w e r e d  by a j u m p  and r e a c h e s  the  m i n i m a l  v~lue.  P r i o r  to  c l o s u r e  the  v e l o c i t y  
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along the jet axis is subsonic, af ter  closure the base region 
is surrounded by a supersonic s t r eam in which the p res su re  
is independent of the p res su re  of the external  medium and 
grows in proport ion to the p ressu re  in the prechamber .  

Presented in the graph in addition to the experimen-  
tal resu l t s  is a computational two-pa ramete r  dependence 
of the relat ive base p re s su re  (Mj=2 and 3, curves  4 and 5) 
on the degree of off-design and the Math number in the exit 
sect ion of the nozzle, where the s t r eam is taken uniform 
and paral lel  to the axis [4]. For  a nozzle with Mj =2 the 
computed values are  located above the experimental  values 
in the open base region mode and below in the closed mode. 
A nonmonotonic change in the base p res su re  in the closed 
base region is obtained in the computations as a function of 
Mj, which is explained by the opposite influence of the r a r e -  
faction wave intensity incident on the nearby wake, and the 
quantity Mj. 

Sharp fluctuations in the jet s t ruc ture  have been ob- 
served by means of high-speed moving pictures of the flow 

during passage through the cr i t ical  mode, and intense discharge fluctuations in the b~se p r e s s u r e  at a low 
frequency have hence been real ized (Ap~  0.4, frequency ~20 Hz). The p re s su re  values and the values of 
n differ by 10-20% upon approaching n ~ from the g rea t e r  or lesser  off-designs.  The hys teres i s  is a s soc i -  
ated with the p reh is to ry  of the mode change during passage f rom one stable position to another. The pos-  
sibility of the origination of quasis ta t ionary fluctuations is indicated in the computations [4] and an approxi-  
mate est imate  of the hys te res i s  domain is given. Let us note that it is necessa ry  to go over to the "through" 
numer ica l  methods of computing an inviscid flow in order  to investigate it in detail and to determine n ~ ex- 

203 



f Z 
0.5 s ~.6" 

Fig. 5 

actly. The p r e s s u r e  fluctuations during flow recons t ruc t ion  were observed in experiments with multinozzle 
configurations and with disk nozzles [8]. It is in teres t ing to note that the acoustic radiat ion of an annular 
jet, including the discrete  component in the p res su re  fluctuation spec t rum also, is reduced during the r e -  
construct ion [9]. 

The static p r e s su re  distribution along the wake axis of a model with Mj = 2 is given in Fig. 2. The 
maximum static p ressu re  shifts downstream as the off-design increases ,  and upstream af ter  r econs t ruc -  
tion (n ~  1.8), the p r e s s u r e  hence r i ses  sharply. The minimum value of the static p r e s su re  on the wake 
axis corresponds to the maximum velocity of the r eve r se  flow. The static p r e s su re  near the base section 
r i ses  as a resu l t  of decelerat ion of the r e v e r s e  flow. 

The stagnation point on the wake axis was determined on the basis of measurements  of the static and 
total p re s su res  of the r e v e r s e  s t reams.  The displacements of the minimum and maximum static p re s su re  
points and the stagnation point as the off-design of the jet  var ies  f rom Mj=2 a re  shown in Fig. 1 (curves 
6-8, respectively}. As the off-design increases  the stagnation point approaches the nozzle end face. 

Relative dimensions of the jet and the separat ion zone a re  determined f rom photographs of the flow 
(Fig. 3a, Mj = 3 . 6 ;  l '  = I / D ;  d '  = d/D). The data obtained indicate that toroidal  circulation flow, terminat ing 
in a contraction recal l ing a nozzle throat,  is formed in the separat ion zone of an annular jet. The cont rac-  
tion formed by the f i rs t  cell  (d'2, 1'2, curves 1 and 2) differs little f rom the diameter  of the central  body for 
low off-design values. An increase  in the off-design above n=0.4 rea l izes  a diminution in the f i rs t  cont rac-  
tion and its shift downstream, where this process  occurs  especially intensively in the neighborhood of the 
cr i t ical  mode. A change in the degree of off-design exerts an analogous influence on the quantities d'3 and 
l 's  (curves 3 and 4}; however, flow recons t ruc t ion  occurs  for an off-design n~  0.8 and the second cell  van- 
ishes. The external  throat  of the jet (d'4,/ '4,  curves 5 and 6) broadens and recedes  f rom the base section 
as the off-design grows. 

The behavior of the inner and outer boundaries of the annular jet is different as the degree of off- 
design changes .  If the governing factor  for the inner boundary is the flow mode with an open or closed base 
region, then the outer boundary changes analogously to a jet emerging f rom a Laval nozzle, the boundaries 
stand off from the axis as the external  p r e s s u r e  is reduced, and the length of the cell increases .  

SHOCK INTERACTION 

The main distinction between a supersonic annular jet and a solid circular jet is the existence of two 

escape modes: with an open and closed base region, as well as the pressure difference on its outer and 
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inner surfaces. These factors realize a flow scheme with sys- 
tems of compression and rarefaction waves which are different 
at the outer and inner parts of the jet. Since the magnitude of 
the off-design is given with respect to the external pressure, 
modes are possible when the flow in the jet will be overexpanded 

relative to the outer stream and underexpanded relative to the 
inner. For concrete escape conditions dependent on the IVlach 
number and the degree of off-design, flow reconstruction relative 
to the external pressure can occur for both over- and underex- 
panded jets. At the same time, reconstruction will always set in 0 2 4 n 

Fig. 6 
for an underexpanded jet relative to the internal pressure. 

The shape of an annular nozzle also plays an important part in the organization of the flow scheme. 
Thus, for example, a nozzle with Mj =2.5 has an exit slot almost twice as narrow as the rest of the nozzle. 
In this case, it is necessary to have a large off-design to extend the supersonic section to the axis. If the 
characteristics standing off from the outer edge of the nozzle intersect on the jet axis behind the sonic point, 
then external perturbations cannot affect the separation flow. Hence, the off-design given with respect to 
P~ cannot determine the flow in an annular jet uniquely; however, for a given nozzle shape it is an objective 
indicator of the process. 

An annular jet and the compression shocks formed therein are curved considerably towards the axis 
of symmetry. This is related to the pressure difference on the outer and inner jet surfaces, to the curva- 
ture of the characteristics in an axisymmetric flow, and to the change in the degree of stream expansion 
along the slot of the annular nozzle. Separation of the jet from the nozzle walls occurs for a considerable 
overexpansion of an annular jet (n < 0.3) because of compression shock interaction with the boundary layer, 

and the jet dismeter becomes somewhat less than for a jet with separation-free flow. 

External hanging shocks form a Maeh wave configuration in the critical mode for a jet with Mj = 2. 
This case recalls the structure of a single cylindrical jet for large off-design values when only the first 
cell, terminating in a normal or bridge-shafted shock behind which the jet is turbulized strongly and the 
flow continues at a subsonic velocity, rem~iins out of the cellular structure. A s the off-deisgn grows, the 
Mach disk stands off from the nozzle, the outer and inner hanging shocks first intersect regularly for n = 
2.5, and then a Mach interaction of the reflected external shocks occurs. 

The external and internal hanging shocks in the critical mode first intersect regularly at a distance 
1.3D from the nozzle for a jet with Mj = 3.1 and then (at approximately 0.1D) Mach interaction of the reflected 
external shocks is realized. 

As the pressure increases, the cell size grows and the number of cells diminishes. For example, 
if a jet with Mj=3.6 consists of three cells for n<0.5 then it consists of two for n=0.8. The jet instantane- 
ously is reconstructed between the off-designs 0.8 and 0.9 in such a way that only the first, considerably 
enlarged, cell is seen, which is elongated sharply and is expanded inward. The internal and external hang- 
ing shocks in the critical mode of a jet with Mj = 3.6 first interact regularly, and then the external reflected 
shocks reach the jet axis without the formation of a Mach disk. As the jet Mach number increases, the 
slope of the internal hanging shock to the axis of symmetry diminishes and for Mj = 3.6 the internal shock 
is almost parallel to the axis. 

Upon approaching the critical mode, the expansion wave starts to interact with the near wake, which 
results in a sharp diminution in the pressure inthe separation zone. The dead-water zone is surrounded just 
by the first cellular jet in the postcritical mode for all the nozzles tested although the flow structure is dis- 
tinct depending on the jet parameters. The degree of nozzle expansion exerts great influence on the jetstruc- 
ture. According to photographs of jets with Mj = 3.1 and 3.6, it is seen that the base region is closed in the 
first case and open in the second for the same pressure in the prechamber (P0 = 45 gage atm). 

The dependence of the relative distence between the nozzle exit and the point of shock interaction in 
the jet /'I(Mj=2; 3.1 and 3.6, carves 7-9) on the degree of off-design in represented in Fig. 3a. This dis- 
tance increases linearly as the off-design rises, just as for a circular jet, and the growth of the quantity l' I 
grows more intensively in a nozzle with a high escape velocity. Let usnotethat in the case of supplying gas 
to the central portion of an annular nozzle, the total pressure of the injected gas plays a governing role in 
the formation of the jet contours, for example, as the total pressure doubles, the distance between the noz- 
zle edge and the point of shock intersection is halved [5]. 
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The fundamental nozzle and jet parameters governing the flow mode have been extracted as a result 

of tests. It is shown that reconstruction from an open to a closed base region is realized during interac- 

tion between supersonic sections of the jet, the base pressure is hence reduced by a jump and reaches a 

minimal value. Intense discharge fluctuations in the pressure at a low frequency are realized during the 

reconstruction; at the same time the acoustic radiation of the jet and the discrete component in the pres- 

sure pulsation spectrum are reduced [9]. 

FLOW IN A CO-STREAM 

Investigations on jets escaping into a co-stream have been performed on models consisting of a cylin- 
der (ii0 mm diameter and 300 mm length) and a conical forward part with a 21 ~ half-angle. The model was 

fastened on a side plate whose leading and trailing edges had a wedge taper. The plate was located at a 1.5 

caliber distance from the bottom section. 

The jets were tested in a wind tunnel with 600 • 600 mm working section at M=0.5-1.4, 2, and 3 free- 

stream Maeh numbers. The Reynolds numbers computed by means of the free-stream parameters and re- 

ferred to the model diameter varied between 1.3 �9 106 and 3" 106. 

Annular nozzles with Mj =2, 3.l,and 3.6 were mounted in the base part of the model. As the free- 

stream velocity grew, the static pressure in the working section was reduced, hence the appropriate pres- 

sure in the receiver of the jet model was determined in order to conserve a constant off-design value for 

each number M. 

Considering the dependence of the base pressure, measured at the central point of the nozzle end face, 
on the  d e g r e e  of o f f - d e s i g n  of a j e t  with Mj = 3.6 e s c a p i n g  in a s u b -  and t r a n s o n i c  co - f low,  s o m e  g e n e r a l  
r e g u l a r i t i e s  about  the change  in b a s e  p r e s s u r e  and about  the  o r ig in  of a c r i t i c a l  f low m o d e  ( see  F ig .  3b) can  
be  e x t r a c t e d .  F o r  a c o - s t r e a m  v e l o c i t y  of M = 0 . 5 - 0 . 8  the c r i t i c a l  mode  s e t s  in a t  a g r e a t e r  o f f - d e s i g n  than 
for  e s c a p e  into a s u b m e r g e d  s p a c e ,  whi le  fo r  M = 0 . 9  the  o f f - d e s i g n  is  l e s s  (n=0 .6 ) .  The  s t r u c t u r e  of a s u -  
p e r s o n i c  j e t  e s c a p i n g  f r o m  a n o z z l e  into a subson ic  c o - f l o w  is m a i n l y  ana logous  to the s t r u c t u r e  of a j e t  

e s c a p i n g  into a s u b m e r g e d  s p a c e .  

At  a low s u p e r s o n i c  e x t e r n a l  s t r e a m  v e l o c i t y ,  the  p r e s s u r e  I n c r e a s e  in the  p r e e h a m b e r  f i r s t  c a u s e s  
a d i m i n u t i o n  in the  b a s e  p r e s s u r e ,  the  b a s e  p r e s s u r e  r i s e s  for  n = 0 .6 -0 .8  and the  t r a n s i t i o n  to the  c r i t i c a l  
mode is aga in  a s s o c i a t e d  with a p r e s s u r e  r e d u c t i o n .  An  e x t e r n a l  c o m p r e s s i o n  shock  is  f o r m e d  upon the 
e s c a p e  of a j e t  into a s u p e r s o n i c  s t r e a m  ahead  of an  expanding  j e t ,  j u s t  a s  ahead  of a so l id  body,  but  the  
p r e s s u r e  on the con tac t  s u r f a c e  s e p a r a t i n g  the  j e  t f r o m  the  e x t e r n a l  s t r e a m  is  v a r i a b l e .  The p r e s s u r e  r i s e  
noted is d e t e r m i n e d  by the  p r e s s u r e  g rowth  behind the e x t e r n a l  c o m p r e s s i o n  shock  s i n c e  the  b a s e  r e g i o n  
is open and the r i s e  in e x t e r n a l  p r e s s u r e  a f fec t s  the  magn i tude  of the  b a s e  p r e s s u r e .  In the  c a s e  of e s c a p e  
into a s u b m e r g e d  s p a c e  a f t e r  the  c l o s u r e  of the  b a s e  r e g i o n ,  the  e x t e r n a l  p r e s s u r e  does  not  e x e r t  in f luence  
on the magn i tude  of the  b a s e  p r e s s u r e  and i t  is  d e t e r m i n e d  j u s t  by the  e s c a p i n g  j e t  p a r a m e t e r s .  The  m a g -  
n i tudes  of P in the  c r i t i c a l  mode  and in the  c l o s e d  b a s e  r e g i o n  mode  a r e  loca ted  on one l ine  p a s s i n g  th rough  
the o r ig in  fo r  a l l  o f f - d e s i g n s  i ndependen t ly  on the  c o - s t r e a m  v e l o c i t y  (M = 0 .5-3) .  

In the  c a s e  of e s c a p e  into a co - f low,  the  a n n u l a r  j e t  has  s o m e  s i n g u l a r i t i e s  a s  c o m p a r e d  with  a c i r c u -  
l a r  s o l i t a r y  j e t .  F o r  a c i r c u l a r  j e t  (Mj > M) the m i n i m a l  magn i tude  of the  b a s e  p r e s s u r e  is  r e a l i z e d  in the 
e s c a p e  of an o v e r e x p a n d e d  j e t  and c o r r e s p o n d s  a p p r o x i m a t e l y  to the  nozz l e  " s t a r t i n g "  mode .  A s  has  been  
shown above ,  the  m i n i m a l  v a l u e  of the  b a s e  p r e s s u r e  fo r  an a n n u l a r  j e t  (Mj > M) is r e a c h e d  b e f o r e  r e c o n -  
s t r u c t i o n  of the  f low f r o m  an open to  a c lo sed  b a s e  r e g i o n ,  which  can c o r r e s p o n d  to both an  o v e r e x p a n d e d  
and u n d e r e x p a n d e d  j e t .  

Le t  us e x a m i n e  the f low r e c o n s t r u c t i o n  o c c u r r i n g  in the  s u b -  and t r a n s o n i c  v e l o c i t y  r e g i o n  in an e x -  
a m p l e  oi  the  e s c a p e  of an  a n n u l a r  j e t  wi th  Mj = 3.6 fo r  an o f f - d e s i g n  c l o s e  to  the  c r i t i c a l  v a l u e  (M=0.8) .  An 
i n c r e a s e  in the  c o - s t r e a m  v e l o c i t y  f r o m  M = 0.5 to M = 0.8 c a u s e s  no s u b s t a n t i a l  changes  in the  s t r u c t u r e :  
the  length  of t h e  f i r s t  c e l l  and the d i a m e t e r  of the  wake  t h r o a t  in the  r e g i o n  of the  f i r s t  and second  c e l l s  r e -  
ma in  p r a c t i c a l l y  cons t an t .  P a s s a g e  f r o m  IVi = 0.8 to  0.9 i nvo lves  r e c o n s t r u c t i o n  of the  j e t ,  the  b a s e  r e g i o n  
is c l o s e d ;  the  j e t  is  o v e r e x p a n d e d  r e l a t i v e  to the  e x t e r n a l  s t r e a m  and u n d e r e x p a n d e d  r e l a t i v e  to  the  i n t e r -  
na l  s t r e a m .  The  c o m p r e s s i o n  shock  s t and ing  off f r o m  the  o u t e r  nozz l e  edge  p a s s e s  o v e r  a j e t  expanded  
s t r o n g l y  wi thin  the f i r s t  c e l l ,  r e g u l a r l y  i n t e r s e c t s  f i r s t  the  i n t e r n a l  hanging shock  and then  the e x t e r n a l  
shock  f r o m  the oppos i t e  edge ,  and  r e a c h e s  the  j e t  bounda ry .  

The g r o w t h  in v e l o c i t y  f r o m  M = 1.1 to M = 1.2 is  a s s o c i a t e d  with r e p e a t e d  r e c o n s t r u c t i o n  of the  j e t  
s t r u c t u r e ,  the  b a s e  r e g i o n  is open.  Th is  i s  a c c o m p a n i e d  by the  a p p e a r a n c e  of a s e c o n d  c e l l  and a d i m i n u t i o n  
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in the s ize  of the f i r s t  (mainly because  of an i n c r e a s e  in the th roa t  d i ame te r ) .  The flow obtained r e c a l l s  the 
s t ruc tu r e  of an annular  je t  a t  M = 0.5 with the so le  d i f fe rence  that the f i r s t  ce l l  is shor tened  somewhat  and 
the sect ion of the annular  je t  is c o m p r e s s e d .  

C losure  of the base  reg ion  in the t r anson ic  ve loc i ty  r ange  for  a l m o s t  c r i t i c a l  of f -des igns  can be ex-  
plained as  fol lows.  A local  supe r son ic  zone bounded by a c o m p r e s s i o n  shock in the a r e a  of the je t  th roa t  
o r ig ina tes  nea r  the nozzle  edge for a t r anson ic  ex te rna l  s t r e a m  veloci ty .  In this  zone the p r e s s u r e  is be -  
low the p r e s s u r e  in the f ree  s t r e a m ,  hence the degree  of off -des ign r e a l i z a b l e  becomes  g r e a t e r  than the 
given value and r e a c h e s  the c r i t i c a l  value.  This  r e s u l t s  in c losu re  of the base  reg ion  for  values  of n less  
than for  the escape  into a submerged  space .  A r i s e  in the ex te rna l  s t r e a m  ve loc i ty  is accompanied  by the 
pa s sage  to a comple te ly  superson ic  flow p ic tu re  with supe r son ic  ve loc i ty  behind the c losing shock. A com-  
p r e s s i o n  shock a r i s e s  in front  of the f i r s t  je t  cel l ,  and the p r e s s u r e  grows on the sur face  of s epa ra t ion ;  
t h e r e f o r e ,  f o r a  given off -des ign the value of n r e a l i z a b l e  will  be l ess  than the c r i t i c a l  and the base  region  
is opened. 

Inves t iga t ions  of an annular  j e t  escap ing  into a superson ic  co- f low were  pe r fo rmed  on a model  mounted 
on a s ide  plate ,  w h i c h o r d i n a r i l y  r e s u l t s  in the a ppe a r a nc e  of flow pe r tu rba t ions  in the base  region,  e spec ia l ly  
in ca ses  of s u b m e r s i o n  of the holder  in the  sepa ra t ion  zone fo rmed  as a r e s u l t  of in te rac t ion  between the 
s t rong ly  underexpanded je t  and the superson ic  f ree  s t r e a m  [10]. The r e l a t ive  holder  th ickness  in the e x p e r i -  
ments was l e s s  than 1/5, the je t  escaped e i the r  overexpanded or  s l igh t ly  underexpanded;  in the case  of s e p a -  
ra t ion  zone fo rmat ion  on the cy l inder  it  would not r e a c h  the holder  but the pe r tu rbed  sec t ion  of the f r e e -  
s t r e a m  would i n t e r ac t  with the su r face  of the supe r son ic  annular  je t .  This r e su l t ed  in a de f l ec t ionof the  
annular  je t  by a one degree  o r d e r  of magnitude and exer ted  no e s s e n t i a l  influence on the flow in the s e p a r a -  
tion zone and on the data of the p r e s s u r e  m e a s u r e m e n t s  in sec t ions  outside the pe r tu rbed  a r e a .  

As in the escape  into a submerged  space ,  the p r e s s u r e  d i s t r i bu t ion  over  the nozzle  end face v a r i e s  
ins ignif icant ly .  The values  of the base  p r e s s u r e  for  a je t  escap ing  into a supe r son ic  c o - s t r e a m  with Mj =2 
and 3 a r e  p re sen ted  in Fig.  i (curves  9 and 10). In the f i r s t  case ,  a loca l  maximum in the quantity P is 
r e a l i z e d  for  the open base  reg ion  mode. The following flow p ic tu re  can be cons t ruc ted  by compar ing  the 
behavior  of the p r e s s u r e  curve  with the photographs  of the s t r e a m .  Fo r  the flow around a model  without 
a jet ,  the ex te rna l  s t r e a m  is turned into a r a r e f ac t i on  wave up to a value  of the base  p r e s s u r e  c o r r e s p o n d -  
ing to M=2.  As the deg ree  of off -des ign grows,  the escaping je t  f i r s t  is a sou rce  of addi t ional  mass  in the 
base  region,  then the je t  is s epa ra t ed  nea r  the c r i t i c a l  sect ion up to s t a r t i ng  of the nozzle ,  and the s ta t ic  
p r e s s u r e  at the exi t  becomes  g r e a t e r  than the des ign value for  a given number  Mj. These  fac tors  produce 
an i n c r e a s e  in the base  p r e s s u r e .  

The dependence Pb/Pa  = f (P~ /Pa ) ,  cons t ruc ted  for  the escape  into a submerged  space  and in a co-  
s t r e a m  (M=0; Mj=2 ;  3.1 and 3.6; computat ion M=0,  Mj=2 a n d 3  [4]; M=0.5 and 0.7; Mj=3.6;  M=2 and 
3; Mj =2,  curves  1-9,  r e spec t ive ly )  is  r e p r e s e n t e d  in Fig.  4. In the o p e n - b a s e - r e g i o n  mode, these  depen-  
dences differ  s l ight ly  f rom the l inear ,  and the slope is a lmos t  one for  a l l  the curves .  In the c r i t i c a l  mode 
the quantity Pb/Pa  is reduced  by a jump and in the closed base  region  is kept  constant .  

The to ta l  p r e s s u r e s  and flow contours  a r e  r e p r e s e n t e d  by Toepler  photographs  (dashes) in Fig.  5 for  
superson ic  je t  flow (M = 3, M] =2). The magnitude of the p r e s s u r e  measu red  by a to ta l  head tube Pj is r e -  
f e r r e d  to the p r e s s u r e  behind a n o r m a l  shock in the design j e t  P ' j .  The inner  je t  boundary a g r e e s  with the 
p r e s s u r e  m e a s u r e m e n t  data,  the constant  p r e s s u r e  sec t ion  at  the center  of the je t  co r r e sponds  to c i r c u l a -  
tion flow. As the degree  of of f -des ign  grows,  the maximum p r e s s u r e  zone in the je t  approaches  the axis .  
Recons t ruc t ion  of the flow is accompanied  by a subs tan t i a l  diminution in the s ize  of the c i rcu la t ion  zone, 
where the tot~l p r e s s u r e  in the cen t r a l  pa r t  of the je t  grows in the c l o s e d - b a s e - r e g i o n  mode and the j e t  
boundar ies  expand. 

An escaping  annular  je t  is nar rowed and the l ea s t  j e t  sect ion can be cal led the th roa t  by analogy with 
the near  wake, where  a c o m p r e s s i o n  shock o r ig ina tes  during flow around this  throat .  An i n c r e a s e  in the 
off -des ign expands the jet  and the throa t ,  the shock approaches  the nozzle,  the p r e s s u r e  on the outer  bound- 
a ry  of the f i r s t  ce l l  grows,  and flow r econs t ruc t i on  occurs  l a t e r  than for  the escape  into a submerged  space .  
Af t e r  flow recons t ruc t ion ,  the p r e s s u r e  i n c r e a s e  in the model  p r e c h a m b e r  is  not only a s soc ia t ed  with d i -  
minution in the angle of ex t e rna l  flow ro ta t ion ,  but a l so  with the e m e r g e n c e  of the annular  jet  outside the 
nozzle ,  accompanied  by the fo rmat ion  of a c o m p r e s s i o n  shock. But the de a d - w a t e r  region in the c losed-  
base  reg ion  mode is surrounded by a supersonic  s t r e a m  and the magnitude of the base  p r e s s u r e  is indepen-  
dent of the p r e s s u r e  on the outer  je t  boundary.  In this  case ,  in o r d e r  to de t e rmine  the escape  p a r a m e t e r s  
the base  p r e s s u r e  is  de te rmined  constant  independently of whether  the annular  je t  e scapes  into a submerged  
space  or into a c o - s t r e a m .  
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The charac te r i s t ic  dimensions of the circulat ion zone (Fig. 6, M = 3, Mj = 3.6, the notation is the same 
as in Fig. 3a) a re  determined from the flow photographs. An increase  in the degree of off-design of an un- 
derexpanded jet causes a diminution in the circulat ion zone the throat  d iameter  of the total jet; and the dis-  
tance to it hence grow. After the formation of a Mach wave configuration, the hanging shock diminishes the 
slope to the axis and the Mach disk recedes  f rom the nozzle. Investigations of the s t ruc ture  of cylindrical  
underexpanded turbulent jets showed that a supersonic co-flow exerts  substantial  influence on the jet, r e -  
sulting in "degeneration" of the centra l  shock and diminution of the s ize  of the initial section [11]. 

It has been established as a resu l t  of tests  with jets in a subsonic c o - s t r e a m  that for  a lmos t - c r i t i -  
cal off-designs,  a closed base region is realized.  This is explained by the origination of a local supersonic 
zone near  the nozzle edge. The dependences Pb /Pa  = f(Poo/Pa) in the open-base- reg ion  mode differ slightly 
f rom the linear,  and the slope of the curves  is a lmost  one; the values of P b / P a  remain  constant in the 
c losed-base - reg ion  mode. 
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