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Results are presented of an experimental  investigation of the interaction between a supersonic 
underexpanded jet and an obstacle mounted at various distances f rom the nozzle exit. It is 
shown that for  certain distances h unstable modes of flow around the obstacle are  observed 
for Ma = 2.18, n = 1.9, 3.6 < h < 5.6, say. 

A number of papers [1-3] investigating the interaction between an underexpanded supersonic jet im- 
pinging on an infinite flat obstacle mounted at a short  range f rom the nozzle exit perpendicular ly to the jet 
axis when the s t a t i c -p re s su re  maximum is at the center  of the obstacle has recent ly  appeared. In this case 
the typical d iagram of the shock location is that presented in Fig. 1. A central  compress ion  shock 2 de- 
velops ahead of the obstacle, and by intersecting the hanging shock of the free jet 1 resul ts  in the fo rma-  
tion of the reflected shock 3. The subsonic flow behind the central  shock is separated f rom the cus tomar i ly  
supersonic flow behind the reflected shock by the surface of tangential discontinuity 4. The reflected shock 
3 emerges  at the point B on the jet boundary, causing a discontinuity and intense jet spreading in the form 
of a fan jet along the obstacle surface.  
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Fig. 1. Diagram of the wave configura-  
tion for  supersonic underexpanded jet 
interaction with an obstacle:  1, 2, 3) 
hanging, central,  and reflected com-  
press ion shocks, respectively;  4) tan- 
gential discontinuity. 

As the obstacle recedes f rom the nozzle exit, an "acous-  
tic vibration" mode can set in, whose origination and mecha-  
nism have still not been fully studied. The physical  picture of 
the flow has also not been clarified in the case when the maxi-  
mum value of the static p re s su re  holds on the per iphery ra ther  
than at the center  of the obstacle. 

Experimental  investigations of the interaction between a 
jet and an unbounded flat obstacle were conducted to clar i fy 
these complex questions. Supersonic air jets were investigated 
for different Mach numbers at the nozzle exit Ma = 1.5-2.5, 
degrees of off-design n = 1.5-12, and ranges h _~ 3 f rom the 
nozzle exit. By using the optical instrument IAB-451, the 
wave configuration of the jet interaction with the obstacle was 
photographed. The obstacle had an orif ice of 0.3 mm diameter  
for  measurement  of the static pressure .  The total p ressu re  
was measured by using a miniature Pitot tube, whose opening 
had a rectangular  shape of 1,6 • 0.08 mm 2 size and a 0.06 mm 
wall thickness. The p re s su re  was measured by DD-10 inductive 
t ransducers  in combination with an ID-21 measur ing unit and 
the results  recorded on an N-109 loop oscillograph. To obtain 
a continuous static and total p re s su re  distribution, the obstacle 
w a s  displaced in its plane at a 6 mm/sec velocity during the 
blowing. The obstacle displacement was recorded by a path 
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Fig. 2. Toepler  photographs of jet interaction with an obstacle:  a) h = 4; 
b) 4.8; c) 5.0; d) 6.0; e) 6.8. 

Fig. 3. S ta t i c -pressure  distribution over the obstacle surface:  1) h = 2.8; 
2) 3.6; 3) 4.0; 4) 5.2; 5) 6.0; 6) 6.6; 7) 6.8. 

t ransducer  after 0.5 mm of obstacle motion. The total measurement  e r ro r ,  including osci l logram p r o c e s s -  
ing, did not exceed 4%. 

The flow in the boundary layer  near the wall on the obstacle was visualized by using injection of anti- 
f reeze (spindle o[l). The s t r eam direction on the obstacle was determined visually by the direction of oil- 
film spreading. Besides the injection of ant i - f reeze  to visualize the flow, wire probes were also mounted 
in the s t ream,  which also permitted estimation of the flow direction. By using the wire probes a quali ta-  
tive picture of the gas flow was successful ly  obtained, even outside the boundary layer near the wall. 

Insofar  as the qualitative picture of jet interaction with an obstacle was observed in the investigated 
range of variat ion of the jet pa ramete r s  and the range Fa, then the data obtained for Ma = 2.185, d a = 5 ~ 
r a = 15 mm, n = 1.9 are henceforth presented to il lustrate the resul ts .  The range h between the nozzle 
exit section and the obstacle varied f rom 2.8 to 6.8 in 0.4 steps. Typical resul ts  of the experiments are 
presented in Figs. 2-5. 

It is seen f rom the graphs in Fig. 3 that the s t a t i c -p re s su re  curve has a maximum at the center  of the 
obstacle up to the range h <_ 3.6, and drops gradually to the per iphery  down to the possible zone of jet bound- 
a r y - t a y e r  separation f rom the obstacle surface.  

A peripheral  s t a t i c -p re s su re  maximum appears on the obstacle at the range h > 3.6. Hence, the p r e s -  
sure  at the center  of the obstacle drops as h increases,  and the peripheral  p ressu re  maximum changes 
slightly in magnitude. This can be explained by the fact that ahead of the central  compress ion  shock the 
Mach number increases as h increases ,  and therefore,  the total p r e s su re  losses grow and the p ressu re  at 
the center  of the obstacle decreases .  The total p ressure  losses of the gas which has passed the oblique 
compress ion shocks 1 and 3 (Fig. 1) remain tess than for the gas which has passed the central  shock. More-  
over, since the gas discharge through the shock 3 increases  and through the central  shock 2 diminishes as 
the range h grows, then the line of tangential discontinuity 4 approaches c loser  and c loser  to the obstacle 
surface.  

Because of the reasons mentioned, the mixing zone of the s t r eams  being developed along the tangential 
discontinuity is closed at some ~a on the obstacle surface and results  in the appearance of a peripheral  
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Fig. 4. S ta t i c -p ressure  and s tagna t ion-pressure  distributions along the obstacle:  1, 2, 3) h = 3.6, 
6 = 0.5 mm; 4, 5, 6) h = 6.0, 5 = 0.1 ram. 1, 4) Static pressure ;  2, 5) stagnation p re s su re  for 
the Pitot tube at a; 3, 6) stagnation p re s su re  for  the Pitot tube at b; R) spreading point determined 
in a visualization for h = 6.0. 

Fig. 5. Diagram of the flow in the s tat ionary mode and in the presence of a maximum peripheral  
p r e s su re :  1, 2, 3)hanging,  central ,  and reflected compress ion  shocks; 4, 5 )mixing  zones; 6) 
separat ing streamline;  7) line of zero longitudinal velocities.  

s t a t i c -p r e s su re  maximum at the obstacle.  Par t  of the gas which has passed the central  compress ion  shock 
is hence drawn into the mixing zone and leaves the central  domain, while another part  cannot overcome the 
per ipheral  maximum pres su re  and accumulates in the central  domain. The p res su re  therein r i ses  and the 
central  shock 2 s tar ts  to be displaced upst ream until the p res su re  behind it becomes somewhat g rea te r  
than the per ipheral  maximum. Then the gas accumulated in the central  domain of the obstacle has the op- 
portunity to leave it; the p r e s s u r e  behind the central  shock drops and it s tar ts  to move downstream to i t s  
initial position. The process  is later  duplicated and nonstat ionary jet interaction with the obstacle is r e -  
alized. The shock displacements occur  at high frequency, hence, the jet wave configuration on the Toepler  
photographs becomes diffuse (Fig. 2b, c). 

As h increases  further,  the shock standoff f rom the obstacle and the length of the mixing zone in- 
c rease ,  a g rea te r  and g rea te r  portion of the gas which has passed the shock (Fig. 1) is entrained into the 
mixing zone by the gas s t r eam and leaves the central  domain of the obstacle. The amplitude and frequency 
of fluctuation of the shock 2 diminish (Fig. 2c). At some h all the gas which has passed the central  com-  
press ion shock leaves the central  domain because of mixing with the peripheral  s t ream.  The jet in terac-  
tion with the obstacle becomes stable (Fig. 2d). 

Flow visualization by using fluid injection and wire probes showed that there is a r eve r se  flow to the 
center  of the obstacle in this case.  Results of measur ing the stagnation p re s su re  (Fig. 4) also indicate this. 
If the p ressu re  measured with the Pitot tube suggests thepresence  of flow f rom the center  in regimes pr ior  
to the appearance of instability (h < 4), then the results  of s tagnat ion-pressure  measurements  corresponding 
to s ta t ionary flow around an obstacle in the presence of a per ipheral  maximum for h ~ 5.6 indicate flow to- 
ward the center  of the obstacle (Fig. 4). The position of the spreading line, bounding the reverse - f low do- 
main to the center  of the obstacle and defined by the equality of the static and total p re s su res ,  pract ical ly  
coincides with the resul ts  visualized by injection of ant i - f reeze  (Fig. 4, point R). 
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A simplif ied flow configuration cor responding  to s ta t ionary  interact ion between a jet  and obstacle  is 
p ic tured in Fig. 5 in the p resence  of a pe r iphera l  max imum p r e s s u r e .  The gas which has passed  the cen-  
t ra l  compres s ion  shock 2, having been developed in the mixing zone 4 along the sur face  of tangential  d i s -  
continuity is mixed with the gas which has passed  the shock 3. Its total p r e s s u r e  hence inc reases  so much 
that it can overcome the pe r iphera l  s t a t i c - p r e s s u r e  max imum and leave the cen t ra l  domain of the obstacle .  
However,  a par t  of the gas f r o m  the mixing domain 5 unrolls around the line of spreading  R and flows to the 
center  of the obstacle  to f o r m  a stagnant vor t i ca l  flow. The gas f rom the stagnant domain is mixed in zone 
5 with the s t r e a m  which has passed  the cent ra l  compres s ion  shocks,  and then with the pe r iphera l  s t r e a m  in 
zone 4 also. Hence, par t  of the gas f r o m  the s tagnant  domain leaves ,  and a new batch of gas en te rs  the 
stagnant zone f r o m  the line of spreading  R. 

A s i m i l a r  flow configuration holds up to the range h < 6.8, a f t e r  which jump changes occur  in both the 
jet  wave configuration ahead of the obstacle  (Fig. 2e) and in the s t a t i c - p r e s s u r e  d iag ram (Fig. 3, curve 7). 
A compres s ion  shock or ig inates  in the jet  ahead of the obstacle  at a shor t  dis tance f r o m  the obstacle  s u r -  
face,  and the jet  wave configuration within the f i r s t  b a r r e l  co r responds  to the wave configuration of a f ree  
submerged  jet.  The s t a t i c - p r e s s u r e  distr ibution is cha rac te r i zed  by a max imum at the center  of the ob- 
s tacle  (Fig. 3, curve  7) and there  is no re tu rn  flow to the cent ra l  domain of the obstacle .  

The detailed exper imenta l  investigation conducted pe rmi t s  giving a sufficiently c l ea r  descr ip t ion  of 
the qualitative picture  of supersonic  jet  interact ion with a f lat  obstacle  for  var ious  dis tances  between the 
obs tac le  and the nozzle exit, which will l a t e r  allow construct ion of a mathemat ica l  scheme to analyze the 
interact ion mentioned and the origination of unstable modes.  
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N O T A T I O N  

is the dis tance along the obstacle  f r o m  the cent ra l  point; 
is the dis tance f r o m  the nozzle exit to the obstacle;  
is the radius  of the nozzle exit section; 

is the Mach number  at the nozzle exit; 
is the nozzle ape r tu re  angle; 
is the degree  of off-design; 
is the p r e s s u r e  at the nozzle exit; 
is the p r e s s u r e  in the ambient  medium. 
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