
Thus the spatial wave structure of flow at different outflow stages was reproduced, based on an experi- 

mental study of a nenstationary jet outflowing from a planar nozzle. Our scheme for reconstructing the flow 
also allows us to construct the wave structure of the gas-driven jet segment for stationary outflow based on 
published experimental data. The resulting nonstationary wave structure is transformed in space and time to 
a model of stationary outflow from a computationally obtained rectangular nozzle. The dimensions of the Rie- 

mann wave are established as a result of an oscillatory process. 
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TYPES OF WAVE STRUCTURE IN THE INTERACTION 

OF A CONVERGENT JET WITH AN INFINITE 

TWO-DIMENSIONAL OBSTRUCTION 

I. P. Ginzburg, E. I. Sokolov, 
and V. N. Uskov 

UDC 532.525.2 : 533.6.011.72 

Poss ib le  types of wave s t ruc ture  formed in the f i rs t  rol l  of a convergent  supersonic jet as it 
interacts  with an infinite two-dimensional  object are  indicated in this work based on a gener-  
alization of resul ts  f rom theoretical  and experimental  studies. The influence of the Math  num- 
ber,  over  p re s su re  pa rame te r  n, isentropic exponent k, and the location h of the obstacle on the wave 
s t ruc ture  is considered.  

w The interaction of jet effiux into a vacuum (n = ~} f rom an infinite two-dimensional obstacle [1, 2] 
beyond the point of ref lect ion f rom the f i rs t  charac te r i s t i c  axis AB (BD is the reflection character is t ic)  of a 
rarefac t ion  fan (Fig. 1) has been studied chiefly theoretically.  

It has been indicated [1] that the influence of flow i r regu la r i ty  at  a nozzle exit is substantial only in di- 
r ec t  proximity to it and does not a l ter  the qualitative flow pattern.  A shock wave concave with respec t  to the 
nozzle is formed in front of the obstacle (central shock wave). Two types of flow distinguished by the con- 
figuration of the Mach line are  possible behind the shock [1]. 
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1) S - S  Math  line, closed in the central  shock wave 1. Calculations using the range method [1] have 
demonst ra ted  that in this case  a second sonic point S appears  in the shock at some distance f rom the point 
o f  emergence  of the Mach line (Fig. la) .  

2) A nar row subsonic region (Fig. lb) forms along the central  shock wave and no sonic point forms 
in the shock. The type of sonic region is determined by the values of M and k [1]. 

w A compress ion  layer  between the jet boundary 4 and barre l  shock wave 3 appears  in the jet 
when n < co. This layer  is a source  of d is turbances  that a re  t ransmi t ted  ups t ream of the subsonic reg ion  
between the central  shock 2 and the obstacle.  The central  and barre l  p re s su re  shocks interact  with the 
formation of configurations made of three or four shock waves, as a function of the position of the point at 
which the p re s su re  shocks in tersect .  A mixing zone (with boundary 5) is formed here along the tangential 
discontinuity. A tr iple configuration (Fig. lc) is formed at the intersect ion point T in the case  of subsonic 
flow behind the central  shock. 

The shape of the central  shock near  the point T will v a r y  re la t ive  to n = ~, such that p r e s su re s  at the 
angles of rotation a re  equated on the spatial discontinuity beginning from this point. Such a s t ruc ture  is 
rea l ized for high M. A s imi la r  p roces s  a lso occurs  in the presence  of two sonic points in the central  p r e s -  
sure  shock. A variat ion in the shape of the central  shock leads to a variat ion in its intensity and brings 
about a reduction of the supersonic  flow segment  behind it in compar ison with the case when the jet in ter -  
acts  with an obstacle in a vacuum. 

Interact ion between the bar re l  and central  shocks within the supersonic  flow segment  can occur  with 
the formation of two resul tant  shock waves (cL Fig. l c ,  scheme in the upper r ight  corner) .  

P r e s s u r e  dis turbances  due to ba r r e l  shocks reach the jet axis as the over  p r e s su re  parameter  fur ther  de- 
c reases .  The jet compress ion  layer  influences the position and shape of the ent ire  central  shock and, 
consequently, flow in front of the obstacle beginning with an over  p res su re  pa ramete r  of n , ,  which we will call the 
l imiting factor.  If depar ture  of the central  shock f rom the obstacle to the jet axis is equal to the shock 
departure  in interaction in a vacuum when n> n, ,  and if its shape is dis tor ted only as the point T is ap-  
proached, a d e c r e a s e  inthe over  p res su re  pa ramete r  whenn< n ,  will continuously va ry the  posi t ionofthe shock 
waves in front of the obstacle. A viscous  migrat ion layer  that develops along the s ta t ionary discontinuity 
issuing f rom the tr iple point begins to substantial ly influence flow formation.  

w The following flow reg imes  between the central  shock and the obstacle may be rea l ized as a 
function of the set  of pa r ame te r s  M, n, k, and h, when n < n , :  

1) stable radial flow (Fig. ld). In this case,  the p r e s s u r e  maximum is situated at the center  of the 
obstacle and gas spreads  (s t reamline 6) f rom the flow axis. 

2) highly unstable interact ion begins with a fur ther  decrease  in the ove rp re s su re  pa ramete r  at which the 
compress ion  layer  exer ts  an e v e r - g r e a t e r  influence on near-axia l  flow. Since gas with l e s se r  total p r e s -  
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sure  flows near  the obstacle than does gas that has passed through the bar re l  and ref lected jet shocks, it 
becomes possible to c lose the v iscous  mixing region issuing f rom the triple point to the obstacle with the 
formation of a per ipheral  stopping point. Closure of the central  point flow zone leads to a build-up of gas 
in it and a displacement  of the central  shock towards the nozzle ,  which leads to an increase  in p ressu re  in 
front  of the obstacle followed by the opening of this zone [3, 4]. The central  shock osci l la tes  at a frequency 
depending on the nozzle d iameter  (for example, when d = 20 ram, the frequency is about 4 Hz). Such self-  
osc i l la tory  instabili ty can be considered as an intermediate regime.  

3) Flow from the central  circulat ion zone (Fig. le) ,  which is charac te r ized  by a per iphera l  p r e s su re  
maximum on the obstacle and by three stopping points, namely,  in the viscous at tachment zone to the ob- 
s tacle  of the mixing zone issuing f rom the triple point of the jet, at the center  of the obstacle,  and on the 
flow axis between the obstacle and the central  shock [5]. Flow to the obstacle is d i rected towards the cen- 
ter  near  the axis. The exper imental ly  observed stable flow pattern osci l lates at  a high frequency. 

4) The regime of weak instability is a transit ional  regime to flow with an undisturbed f i r s t  toi l  as 
the over  p r e s su re  pa r ame te r  fur ther  dec reases .  It is cha rac t e r i zedby  ah ighf requency  and l e s se r  amplitude of 
oscil lat ion of the central  shock than is the case for high instability; the p res su re  maximum is situated on 
the periphery.  

5) Flow regime with an undisturbed f i rs t  ro l l  a r i s e s  when the central  p r e s s u r e  shock in front of the 
obstacle is situated in the second roll  as the off-design factor  fur ther  dec reases  [6]. 

w Interaction of a jet escaping into a vacuum from an infinite plane situated in front of the point of 
reflection B f rom the axis of the f i rs t  r a re fac t ion  fan charac te r i s t i c  is in many ways analogous to that con- 
s idered in Sec. 1 (Fig. lf). It is different in that in the f i rs t  case  the central  shock has a double curvature ,  
that is, it is convex towards the nozzle within the region between the axis and the point B'  and concave out- 
side it (Fig. if). This fact has been exper imental ly  and theoret ical ly  conf i rmed [2, 6]. The intensity of 
the centra l  shock behind the charac te r i s t i c  AB'  increases  with distance from the central  axis. The a rgu -  
ments  given in See. 2 regard ing  the influence of external dis turbances  on flow in front of an obstacle also 
hold in this case, though some influence begins to be manifested at significantly l e s se r  over  p res su re  pa rame te r s .  
Its mechanism somewhat differs f rom that considered in Sec. 2, since the barrel  shock wave formed when 
n < o0 has an ext remely  low intensity near  the nozzle and the central  shock immediate ly  escapes  to the jet 
boundary, which also introduces dis turbances into the interaction zone. 

An experimental  study was car r ied  out in order  to investigate the h~fluence of the ove rp re s su re  pa rame te r  
on flow of a jet interact ing with an obstacle near  the nozzle section (h < i, where l is the distance between 
the nozzle section and the point B). In the course  of this investigation, the position of the central  shock in 
front of the obstacle was determined on Schtieren photographs for dist inct  M, n, and h. TabIe 1 i l lus t ra tes  
the range of var ia t ion of these pa rame te r s  in the course  of the experiment.  The nozzle with calculated 
M = 2.9 had a chopped profile,  the other nozzles with 0 > 0 were conical (0 is half the apex angle of the noz-  
zle); M was determined using a one-dimensional  scheme. 

Figure  2 i l lustrates  the influence of these pa ramete r s  on the distance x between the nozzle and cen- 
t ra l  shock for M = 2.0 and k = 1.4. 

Clearly,  all the experimental  resul ts  for low h (when n = 2.5, c i rc les ,  and n = 6.2, triangles) a re  
grouped about a single curve and are  independent ofn withinthis interval.  The over  p res su re  pa ramete r  has an 
effect with increas ing  h on the position of the central  shock in front of the obstacle. Curve 1 depicts the 
dependence of distance x on efflux pa ramete r s  obtained based on an approximate solution [7] descr ibing 
interaction of flow from a spherical  source  with an obstacle in a vacuum, at which h>> r ,  (here r .  is the 
cr i t ical  radius  of the source) ,  

1 § I/ .-~--, (m§ 
x = ~ ~ (h -- h.), (1) 

where m = k(k - I) M 2. 
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The magnitude h .  is the distance between the nozzle and the obstacle at  which the central  shock 
touches the nozzle edge [8]. 

F igure  2 implies that Eq. (1) can be used to determine the dependence of x on h and M when h< l, x 
being independent of n. Similar  resu l t s  of calculat ing x(h; M) when h< l a re  given by the techniques set  
forth in [9] (curve 2). Whenthe over  p r e s su re  pa r ame te r  influences the position of the shock in front of the 
obstacle,  the empir ica l  equation presented in [10] can be used to determine x, 

c--~ ~= 0.745 -- 0.83 exp -- 1.73 h__ (2) 
C z ' 

where 

C--MVkn (3) 

is the geometric similarity parameter. An analysis of the experimental data demonstrates that the value 
h~ C = 0.35 is the lower limit at which Eq. (2) can be used. Points corresponding to h/C = 0.35 for jets with 
n = 2.5 and n = 6.2 are indicated in Fig. 2 by squares. Curves 3 and 4 correspond to a computation of the 
position of the central shock in front of the obstacle using Eq. (2). 

Clearly, this equation describes well the experimental results when h /C-0 .35 .  The use of Eq. (2) 
when h/C <0.35 contradicts the experimental results, since in this case x is independent of n and a calcu- 
lation using Eq. (2) will lead to separation of the curves x(h) relative tothe over pressure parameter. 

On this bas is, we will assume that the over pres sure parameter begins to affect the position of the shock in 
front of the obstacle when h< 0.35 C, this position coinciding here with the position of the shock when the 
jet in terac ts  with an obstacle in the vacuum. 

Accordingto  Sec. 2, the over  p r e s su re  pa r ame te r  cor respondingto  h = 0.35 C is limiting. In view of Eq. (3), 
we may also obtain the form for determining it, 

s.2~( ~ ]2 (4) 
n ,  = T k-V#/" 

Data a re  presented in Fig. 3 charac te r i z ing  the influence of cer tain efflux pa ramete r s  on the value 
of the l imiting over  p r e s su re  pa r ame te r  (curves 1-3 for M =1, 2, and 3, respect ively) .  

Equations presented in [7, 9] to determine the depar ture  of a shock from an obstacle when h> l and 
n> n,  can be direct ly  used. When n < n . ,  the distance x is determined f rom Eq. (2). 

Thus our  analysis  allows us to c lar i fy  the possible types of wave s t ruc ture  formed in front of an in- 
finite two-dimensional  obstacle when a supersonic  convergent  jet overflows it (cf. Fig. 1). The cr i ter ion 
(4), in conjunction with empir ical  dependences [10] to calculate the boundaries of interaction regimes  when 
n < n , ,  allow us to determine flow types when a jet overflows an obstacle. The region within which differ-  
ent interact ion reg imes  exist  as a function of n and h is shown as an example in Fig. 4 for a jet with M = 2.0 

and k = 1.4. 

Departure  of the centra l  pres  sure shock in region I is independent of the over  p ressu re  parameter .  In region 
II, flow into the jet  compress ion  layer  affects the position of the shock in front of the obstacle. Region III 
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is a t r ans i t iona l  region for  flow with undis turbed f i r s t  ro l l  (region IV). Here  a r e  r e a l i z ed  unstable  i n t e r -  
act ion r e g i m e s  and flow f rom the cen t ra l  c i rcu la t ion  zone. 

The cu rves  bounding reg ions  I and III and III  and IV were  cons t ruc ted  using the empi r i ca l  fo rmulas  

(1) and (4), r e spec t ive ly ,  as  p resen ted  in [10]. 

The quali tat ive analogy noted above between the in teract ion of a jet  with an obs tac le  in a vacuum 
when h >/.and at g rea t  d i s tances  f r o m  the nozzle  in the case  of a bounded o v e r p r e s s u r e  p a r a m e t e r  al lows us to ex-  

t rapo la te  r e su l t s  p re sen ted  in Fig. 4 to the case  of la rge  n. 
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