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A flow pa t t e rn  c r ea t ed  by the in te rac t ion  of a supersonic  flow with a t r a n s v e r s e  sonic or  s u p e r -  
sonic je t  in jected no rm a l l y  to the d i rec t ion  of the main flow through a c i r cu l a r  ape r tu re  in a 
plate  is cons idered .  The p r e s s u r e  r i s e s  in f ront  of the jet  owing to the r e t a rd ing  action of the 
incident flow. The boundary l aye r  building up on the wall  in f ront  of the injection nozzle is 
accordingly detached.  The flow pa t te rn  in the region of in terac t ion  between the jet  and the 
ex te rna l  flow is  i l lus t ra ted  in Fig. 1. The t h r ee -d imens iona l  zone of de tachment  thus fo rmed  
def lec ts  the incident  flow f rom the wall, and in front  of the je t  a compl ica ted  s y s t e m  of sharp  
jumps  in cont rac t ion  develops .  A th ree -d imens iona l  sys t em of jumps  also develops  in the je t  
i tself .  

The a im of this invest igat ion was to de te rmine  the physica l  c h a r a c t e r i s t i c s  of the flow pa t te rn  fo rmed  
by the in terac t ion  of a supersonic  flow with an injected jet, and to es tab l i sh  the pr inc ipa l  re la t ionships  
governing the g e o m e t r i c a l  c h a r a c t e r i s t i c s  of the flow in t e r m s  of the p a r a m e t e r s  of the incident flow and 
the injected jet .  

1. The region of in te rac t ion  between the injected je t  and the supersonic  flow was studied e x p e r i m e n t -  
ally under  the following conditions. The Mach number  of the incident flow was 2.1, 2.9, and 3.7; the l~eynolds 
number  calculated in the plane of s y m m e t r y  of the flow f rom the length of the plane (up to the line of de tach-  
ment) and the p a r a m e t e r s  of the incident flow was var ied  between 2.10 ~ and 2 .10 ' ,  which co r re sponds  to a 
turbulent  boundary l aye r .  The "degree  of was tage"  n of the  injected gas  jet, equal to the ra t io  of the s ta t ic  
p r e s s u r e  in the injected je t  to the s ta t ic  p r e s s u r e  of the incident flow, var ied  f rom 0 to 200. The Mach num-  
be r  of the injected je t  M a = 1.0, 1.96, and 2.96. The th ickness  of the boundary l aye r  in front  of the line of 
detachment  5 = 6 m m .  The d i am e t e r  of the exit  c r o s s  sect ion of the sonic injection nozzle equalled 2, 4, 
and 8 m m  and that  of the superson ic  injection nozzle 8 m m .  
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The length of the detachment zone was determined experimentally (by the oil-coating method) as a 
function of the parameters of the principal and injected flows. The geometry of the jumps in contradiction 
was examined using the shadow method. In the detachment zone, the temperature distribution was measured 

on the heat-insulating surface for T0a < T0~. 

2. The system of jumps in contraction (compression) observed in the incident flow in front of the jet 
and in the jet itself is illustrated in Fig. I. The system of jumps in the incident flow comprises the prin- 
cipal jump I, the oblique jump 2, and the closing jump 3. Inside the jet is a barrel-shaped jump (indicated 
by the numbers 5 and 6 in Fig. I) and a central jump 7 (Maeh disc). The configuration of the jumps in the 
jet is asymmetrical. The jump 5 has a break which arises from the fact that high pressure gradients occur 
in the space in front of the jet. At the point of the break there is a jump 4. The figure also illustrates a 
jump 8 which is formed beyond the injection nozzle when the flow bent around the injected jet passes to 
the wall. 

The flow in the region of interaction between the jet and the external flow may be characterized by 
the following parameters in the plane of symmetry of the flow: I is the length of the zone of detachment 
measured from the edge of the injection nozzle to the line of detachment, h 7 is the distance from the wall 
to the middle of the central jump, 17 is the distance from the center of the cross section of the tip of the 
injection jet to the middle of the central jump, d m is the greatest distance between jumps 5 and 6 and c~ is 
the angle between the barrel-shaped jump and the horizontal (Fig. i). 

3. By analyzing the interaction between the injected gas jet and the incident supersonic flow on the 
basis of dimensional theory, we see that the geometrical characteristics of the flow, such as din, should 
depend on the dimensions of the parameters of the main and injected flows in the form 

d.~/d~,=l(n,  M~, M~,, t~ ,  ~/d~,, To,~/To~, u~, • . . . . .  ) (1) 

Here d a is the d iameter  of the c ros s  section of the injection jet at the tip. 

The case of the three-d imens ional  detachment of the boundary layer  in front of a solid obstacle in a 
supersonic  flow around, for exam p le  a cylinder set in a plate has already been fully studied [1]. One of the 
main features  in the detachment of the boundary layer  in front of a cyl inder  is the fact that the length of the 
zone of th ree-d imens iona l  detachment ceases  to depend on the height of the cyl inder  H star t ing f rom some 
par t icu lar  value of H/d. Here d is the diameter  of the cylinder.  

In the case of the detachment of a turbulent boundary layer,  the length of the zone of detachment 
var ies  l inearly with the d iameter  of the cylinder.  Bear ing this in m i n d  we may reasonably consider  that 
the length of the zone of detachment in front of a jet obstacle will also depend l inearly on the c ross  section 
of the jet. It is well known that, in the efflux of a gas jet into a submerged space, the geomet r ica l  p a r a m -  
e te r s  of the ba r re l - shaped  jump in compress ion  is direct ly proport ional  to dan0"5 [2]. An analogous re la -  
tionship probably holds in the ease of the t r ansve r se  injection of a gas jet into a supersonic  flow. 

The effect of the Mach numbers  of the main and injected flows on d m may be est imated f rom the fol-  
lowing considera t ions .Let  us suppose that the m a s s  of injected gas m a is accelera ted  in the direction of 
the main flow from 0 to V~o. Then a force maV~ will act on the main flow from the direction of the injected 
jet (we are considering the ease in which there are no chemical reactions between the injected jet and the 
main flow). If we equate maV~ to the force of the head (frontal) resistance of a thin object,such as would 
exert an influence equal to that of the injected jet on the main flow, then from the equation 

we may determine the charac te r i s t i c  size of the equivalent object. Here C is the coefficient of head r e s i s -  
tanee, A is the a rea  of the "midship section" of the equivalent object, O~ and V~ the density and velocity of 
the main flow. It follows that tile dimension dm, proport ional  to the d iameter  of the equivalent object, should 
depend on the p a r a m e t e r s  of the main and injected flows in the following way: 

dm cno.~ ( ~2 ~--t + O'eM~ ) ~ 

Here C is a constant factor .  Equations (3) is derived for the ease of the injection of an air  jet into a 
supersonic air  flow at T0a = T0~o. 
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4. Figure 2 shows the experimental  values of the geometr ica l  oharac -  
8 ~ ~.,6 / t e r i s t i c s  of the jumps in compress ion  dm/d  a (curve 1), h J d  a (curve 2), 

~ ' ~  f f  17/d a (curve 3) observed in the jet in relat ion to n0.5 for the number  

/ ~ M. ~2.9, M ~ t ,  /~ ~i07and ~ / d ~ 3  

r / / ~  2~. ~ We see f rom Fig. 2 that the experimental  points are grouped around 
P ~ s t ra ight  lines. Analogous resul ts  were obtained for  other  values of the Moo 

~ / / ~ / ~  number.  We readi ly  see f rom the data here presented that the of the slope 
injected jet ~ is independent of the degree of wastage for constant values 

2 ~ !  of Moo and Ma. 
#g.t 

~ z5 12.5 Figure 3 shows the experimental  values of both the relat ive quantities 
t dm t b7 Fig. 2 d , , o = _ - - ,  z,,o_ 

da ~ da 

and the angle ~ for  M a = 1 and R~o =2 �9 10~to 2 - 107 in re la t ion to  the number  Moo. The relat ive t r ansve r se  
dimension of the jet  in the plane of symmet ry  of the flow dm~ falls with increas ing Moo. This happens be-  
cause an increase  in Moo causes  a r i se  in the cr i t ical  p r e s su re  drop. In view of this, the degree of wastage 
calculated f rom the stat ic  p r e s s u r e  in the region of interaction direct ly behind the jump 3 falls with in- 
c reas ing  Moo, and the angle of inclination of the jet to the main flow correspondingly diminishes.  

Figure 4 shows the dependence of the same quantities on the Mach number of the injected jet for Moo = 
2.1 and R~ = 2 "106. We see f rom this figure that a r i se  in M a leads to an increase  in both the d iameter  of 
the ba r re l - shaped  jump in compress ion  and also the angle of inclination of the jet. Figure 5 shows the ex- 
per imenta l  values of dm ~ for  values of Moo = 2.1; M a = 1 .0  1.96, 2.96 (points 1) and for M a = 1.0; Moo = 2.1, 
2.9, 3.7 (points 2) in re lat ion to the p a r a m e t e r  K(Ma = Moo). The experimental  values of dm presented in 
this fo rm lies excellently on a single s t ra ight  line. 

5. To a f i r s t  approximation, the effective solid obstacle equivalent to the jet as r egards  its action on 
the main flow may be taken as a cyl inder  with d iameter  dm and height h 7 set in a plate at an angle ~.  
Figure 6 shows the dependence of the rat io l / dm on the degree of wastage of the injected gas jet n for the 
case M a = 1 and 6/(]o = 1.5, and also for the case M a = 1 and M~ = 2.1, where the points 1', 2', 3' c o r r e -  
spond to the values 5/d a = 0.75, 1.5, 3.0. 

It follows f rom Fig. 6 that the number Moo has no effect on the relat ive length of the zone of detach-  
ment  as the wastage factor  var ies .  The ver t ica l  line in this figure indicates the charac te r i s t i c  value of the 
degree of wastage n . .  For  values of n less  than n. ,  the relat ive length of the zone of detachment l / dm de- 
pends on the pa rame te r  6/d a. This is because, for n < n. ,  the length of the zone of detachment depends both 
on the d iameter  of the effective object and also on the depth of the penetration of the jet into the main flow 
in the same way as in the ease of the flow around a cylinder set in a plate. When n > n. ,  the depth of 
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penetrat ion has no effect on the value of l / d m ,  and the length of de-  
tachment  zone only depends l inear ly  on the d iameter  of the effective 
obstacle.  We see f rom Fig. 6 that the value of n.  inc reases  with in- 
c reas ing  p a r a m e t e r  6/d  a .  This is because the "piercing" of a thicker 
boundary layer  takes place for a g rea te r  degree of wastage.  No ef-  
fect  of the M~o number on n.  was observed in the range of g ~  values 
studied. 

6. As a resul t  of the mixing of the main and injected flows, 
some of the injected gas is thrown right up to the line of detachment, 
whereas  mos t  of the injected air  is ca r r i ed  down the flow from the 
point of injection. This is confirmed by measur ing  the tempera ture  of 

the heat- insulated wall in the neighborhood of the injection aperture .  Fig~re 7 i l lus t ra tes  the measured  
tempera tu re  distribution of the heat- insulated surface in the plane of symmet ry  of the three-d imens ional  
region of interaction between the injected and main flows. Injection was ca r r i ed  out perpendicular ly  to the 
direct ion of the main flow, with numbers  M~o = 2.9, M a = 1, Boo =6 �9 l0 G, n = 15.5, 5/d a = 0.75. The t empera -  
ture  of the main flow T0~o = 395 ~ K, the t empera tu re  corresponding to the re tardat ion of the injected jet 
T0a = 295 ~ K. The ver t ical  line indicates the position of the line of detachment.  

As a resu l t  of the foregoing investigations,  which confirmed the s imi lar i ty  between the detachment 
phenomena respect ively  taking place in front of solid obstacles  and jets,  we may expect to find regions of 
high p r e s s u r e  and thermal  flux in the front of the detachment region.  

i. 

2. 
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