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The cumulat ive effect  or iginat ing during shock ref lec t ion f r o m  a cyl indrical  concave wall at the end of a 
r ec t angu la r  shock- tube  channel is desc r ibed  in [1]. The intensi ty  of the re f lec ted  wave (the Mach numb er  M) 
hence g rew  ~ 1.5-fold as com pa red  with the case  of  wave ref lect ion f rom a flat  wall.  

Expe r imen t s  were  p e r f o r m e d  in a shock tube whose construct ion is  s i m i l a r  to that desc r ibed  in [2], The 
shock- tube  chambe r  and channel were  fabr ica ted  f r o m  ord inary  s teel  tubing with a 208 m m  inner  d i ame te r .  The 
m e a s u r i n g  section,  a s tee l  tube with 120 m m  inner  d i ame te r ,  was placed at the end of the channel.  The forward  
pa r t  of this tube with sha rp  edges was se t  deep in the channel with such a design that the wave running between 
the channel walls and the measu r ing  sect ion would not influence the flow in the l a t t e r  during the exper iment~ 
Acetate cel lulose f i lms  0.2 m m  thick in two l aye r s  were  used as the working d iaphragm.  Air  was on both s ides  
of the d iaphragm;  at a tmosphe r i c  p r e s s u r e  in the channel and at a 2.5 gage arm p r e s s u r e  in the chamber ;  the 
shock-wave  Mach num ber  was 1.27 * 0.01. 

P re sen ted  in Fig.  1 is a d i ag ram of the m e a s u r i n g  sect ion appara tus ,  where the exper imen t  was pe r fo rmed ,  
The ends of the m e a s u r i n g  sect ion were  compact ly  plugged by the organic  g lass  en t rance  plug 1. The plug end 
face  had a hollow in the f o r m  of a spher ica l  cup. A ~ 1 - m m - w i d e  sli t  2 was sawed through the body of the plug. 
The plane of the s l i t  coincided with the axis of the m e a s u r i n g - s e c t i o n  tube. Two ~ 10 -mm-wide  windows 3 in 
which g l a s s  with f lat  s u r f ace s  was se t  were  cut out of the measu r ing  sect ion wall.  A 0o4-0 .5-mm-wide  r egu-  
la table  sli t  was mounted on the outer  sur face  of one of the windows~ D u r i n g  a s semb ly  of the measu r ing  sect ion 
and i ts  apparatus  in the shock tube, the shock- tube  axis ,  the s l i t  in the plug, the windows in the walls of the 
measu r ing  unit, the re  gu l at ab l e s l i t ,  and the optical  axis of  the photorecording sy s t em were  all in one plane.  

The p roce s s  of  shock ref lec t ion  was r eco rded  by using an IAB-451 shadowgraph and a coupled SFR c a m -  
e r a  in the photo-chronograph mode .  An IFK-120 pulsed light source  was used for  b ias  lighting. S tar t -up  of 
the l ight sou rce  was accompl ished by a pulse  f r o m  a p iezosensor .  

The shock- tube d iaphragm was broken by using the e lec t r i ca l  explosion of a wire .  This pe rmi t t ed  syn- 
chronizat ion of shock tube and SFR c a m e r a  opera t ion .  

The magni tude of the concavi ty  of the wall f r o m  which the shock is  re f lec ted  is  cha rac t e r i zed  by the d i -  
mens ion le s s  p a r a m e t e r  h /R ,  where  h is  the height and R the radius  of a spher ica l  segment  (see Fig .  1). A s e r i e s  
of expe r imen t s  was p e r f o r m e d  in which h / R  var ied  between 0.1 and 0.90 

The geomet ry  of the exper imen t  excludes the poss ib i l i ty  of  obtaining shadow photographs of individual 
instants  of the flow p ic ture ,  as had been done in [1]; however ,  the s imi l a r i t y  of the x vs t d i ag ram in any case  
p e r m i t s  a quali tat ive r ep re sen t a t i on  of the flow pic ture  (Fig~ 2) in the exper imen t s  descr ibed  below. In the 
case  h / R  _> 0.5, the shock being re f l ec ted  f r o m  the bot tom of the segment  acquires  the spher ica l  shape r I {Fig. 
2a). The cumula t ive  effect  o r ig ina tes  upon col lapse  of the cyl indrical  t r a n s v e r s e  wave w on the tube axis,  and 
the t r a n s v e r s e  wave or ig ina tes  under  the effect  of a s t r e a m  of substance sliding along the segment  walls toward 
the cen te r .  This  s t r e a m  appears  during ref lect ion of an incident wave on the sloping walls of the spher ica l  
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segment .  Col lapse  of  the t r a n s v e r s e  wave w r e s u l t s  in a jump in the r e f l e c t e d - w a v e  veloci ty  c (Fig.  2b) in the 
axial d i r ec t ion .  Then the wave d i v e r g e s  and i ts  in tens i ty  drops  rap id ly .  

A sma l l  por t ion  of the gas  heated and a c c e l e r a t e d  to high veloci ty  (1-2 k m / s e c )  by  the shock c at  the t ime  
of i t s  format ion i s  expande d and forms  the vo r t ex  r ing v (Fig. 2c) whose veloci ty  then dies  out r ap id ly .  The 
motion t r a j e c t o r i e s  of these  waves and the vor tex  can be t r aced  on the x vs t d i a g r a m  of one of the expe r imen t s  
~/R= 0.5) p r e s e n t e d  in F ig .  3, where  s i s  the f ront  of the incident  wave, r I is  the converging sphe r i ca l  wave 
ref lec ted  f rom the bot tom of the segment ,  r 2 i s  the t r a j e c t o r y  of the front  of the wave b ranch  re f l ec ted  f rom the 
forward  edge of the segment ,  w i s  the wake of the co l lapse  of the t r a n s v e r s e  wave, and v is  the motion t r a j e c -  
to ry  of the vor tex  r ing .  

The seconda ry  effect  of the s l i t  in the body of the segment  i s  the o r ig ina t ion  of the wave r~ moving along 
the s l i t  and lagging the waves r I and c; the t r a n s v e r s e  wave co l l apses  into the shape of a cone with apex turned 
toward the re f l ec ted  wave. The wave r 4 o r ig ina t e s  during co l l apse  of  the t r a n s v e r s e  wave w on the bottom of 
the segment .  

In the cases  h / R  <_ 0.5 ce r t a in  devia t ions  are  obse rved  f rom the flow p ic tu re  d e s c r i b e d  above. F o r  
h / R  _< 0~3 rio vor tex  i s  fo rmed ,  but in the case  h / R  = 0.1 the b reak  in the r e f l ec t ed  wave t r a j e c t o r y  on the x vs 
t d i a g r a m  is  r ep laced  by a smooth bend. According to the t ime sweeps (the x vs t d iagrams)  of the flows along 
the axis of the shock- tube  channel ,  the veloci ty  and ce r t a in  other  p a r a m e t e r s  of the s ta te  behind the r e f l e c t ed -  
wave f ront  can be de te rmined .  The ve loc i t i es  of the incident  and re f lec ted  waves,  as well as the veloci ty  of 
vor tex  motion,  were  m e a s u r e d  by means  of the s lope of the t r a j e c t o r i e s  on negat ives  of the x vs t d i ag rams  by 
using a B M I - l m i c r o s c o p e .  The r e f l ec t ed -wave  Maeh number  1VI 2 and t e m p e r a t u r e  T2behind the r e f l ec t ed -wave  
front  were  computed under  the assumpt ion  of a constant  value ~/ = 1.4 and an in i t i a l  speed of sound of 344 n~/ 
sec  in the a i r  in f ront  of the inc ident -wave  front .  

P r e sen t ed  in F ig .  4 i s  the dependence of M 2 o n  the path x t r a v e r s e d  by the re f lec ted  wave r fo r  d i f ferent  
values  of h/R= Let  x be m e a s u r e d  f rom the bot tom of the segment .  The b lackened points a re  obtained f rom 
m e a s u r e m e n t s  of the vor tex  ve loc i ty .  These  m e a s u r e m e n t s  actual ly  de t e rmine  the mass  flow ra t e  of the m a -  
t e r i a l  behind the shock f ront  and yie ld  an addit ional  conf i rmat ion  of the shock veloci ty  by d i r ec t  m e a s u r e m e n t s .  
The e r r o r s  he r e  and hencefor th  are  p re sen ted  with a 500/0 p robab i l i t y .  In the ca se  h / R  >_ 0.3 the wave in tens i ty  
in i t i a l ly  g rows  s l ight ly  and then i n c r e a s e s  by a jump; hence,  the max imum value of 1Yl 2 is  reached .  Right a f te r  
t h i s ,  M 2 s t a r t s  to diminish~ These  s ingu la r i t i e s  appear  m o r e  r a r e l y ,  the g r e a t e r  the r a t i o  h /R .  In the case  
h / R  = 0.1, a r i s e  in the r e f l ec t ed -wave  in tens i ty  is  obse rved ,  but without a jump. 

The M2max i n c r e a s e s  with the i n c r e a s e  in h / R  (Fig.  5), and the d i s tance  x at which the jump in r e f l e c t ed -  
wave ve loc i ty  occur s  d imin i shes  s imul taneous ly ,  but the r e l a t ive  magnitude of x i / R  depends weakly on h /R .  
Resul t s  of computing the g r e a t e s t  achievable  values  of the t empera tu re  T 2 m a x  a r e  presen ted  in Fig~ 5 as a func- 
tion of h /R .  F o r  a shock with M 1 =1 .27  in a i r  r e f l ec t ed  f rom a f la t  r ig id  wal l ,  the computat ion y ie lds  the value 
400~ for  the t e m p e r a t u r e  T 2. At the s a m e  t ime,  i t  follows f rom the da ta  in Fig.  5 tha ta  t e m p e r a t u r e . f ~  3500~ 
is  achieved behind the r e f l e c t e d - w a v e  f ront  in the case  h / R  = 0,9. At Such t e m p e r a t u r e s  a not iceable  change 
in the value of ~/ should occur ;  however ,  the c h a r a c t e r i s t i c  d i s t ances  at  which max imum values  of the 
wave ve loc i ty  a re  r ea l i zed  are  v e r y  s m a l l ,  and the c h a r a c t e r i s t i c  t imes  a re  co r r e spond ing ly  s m a l l ,  F o r  the 
case  b/R = 0.9, the r e f l e c t e d - w a v e  Mach number  d rops  f rom ~ 8 to 4 in d i s t ances  on the o r d e r  of 1-2 mm du r -  
ing a t ime  on the o r d e r  of 0.5-1 # s e c .  Equi l ib r ium is not e s tab l i shed  succes s fu l l y  at <_ 3500~ t e m p e r a t u r e s  
during such b r i e f  t imes ,  and the change in 3, can be neglected.  
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The presence of the slit  in the body of the segment  somehow per turbs  the flow; however,  the per tu rba-  
tions on the shock front  damp out approximately 10-fold within the distances .., 3), (Xis the perturbat ion wave-  
length) [3]. In our  case  k is on the o r d e r  of the slit  width. The minimum distance within which a velocity jump 
occurs  in the experiments  descr ibed (for h / R  = 0.9) is x 1 = 12 mm, which is much g rea te r  than the sl i t  width 
of ~ 1 mm. The presence  of the slit, i f i t does  exer t  an influence, will exert  an influence which is more  often 
toward the diminution in the effect of cumulation. 

In conclusion, let us note tha tmore  special fo rms  of the hollow in the end face of the plug at the end of 
the shock-tube channel can resul t  in a still g r ea t e r  effect. In par t icular ,  the shape of a segment surface in 
which collapse of the t r ansve r se  wave would be real ized in the form of a cylinder or  of a cone with apex turned 
toward the bottom of the segment  can resul t  in magnification of the effect. 
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w 1. A free supersonic  off-design jet is often the incoming s t r eam or  background for  more  complex phenom- 
ena and p rocesses  (Fig. 1. where the dashes are contact discontinuities and the solid l ines are shocks). Hence, 
the simplicity of the analytical descript ion of such jets is an important  condition for  the successful  solution of 
problems of a higher  degree of difficulty than the jet itself~ Let us examine the following most  simple model of 
a f ree  jet: a one-dimensional  supersonic  s t r eam moves in a channel with permeable  walls. The escape velocity 
through the holes in the walls equals the local speed of sound~ By increas ing  the a r e a  of the holes,  we obtain 
a one-dimensional  s t r eam in the limit in which the velocity along the normal  to the cylindrical  surface equals 
the speed of sound. If the escape occurs  into a medium with counterpressure ,  then a shock will appear at some 
intermediate  secton of the channel. Its position is easily determined and corresponds  pract ical ly  exactly with 
the position of a central  shock in an underexpanded jet~ A simple improvement  of this rough model permits  
obtaining good qualitative resul ts  re la t ive to all the fundamental supersonic jet pa ramete r s  in the free expansion 
domain (domain I in Fig. 1). The flow in a channel ~4th variable c ross - sec t iona l  a r e a  and with permeable  walls 
is considered as the approximating s t ream.  In the limit, the role of the permeable  wall is played by one of the 
charac ter i s t ic  sur faces ,  which converge ~x4th the nozzle edge whose shape is determined to fou r th -o rde r  accu-  
racy relative to the angle of s t ream divergence.  

Let us form the mathematical ly  presented considerat ions by using the follox~4ng notation: x, y a re  the 
coordinates  in the plane of the axial s t r eam section; u, v are velocity project ions on the x, y axes; w is the 
absolute value of the velocity; $ is  the slope of the velocity vector  to the axis of symmet ry ;  M is the Mach 
number;  c~ is the Mach angle (sin a' = l /M);  k is the ratio of the specific heats; p is the p ressure ;  p is the 
density; h is the static heat content; h m is the total heat content; S is the entropy; ~b is the s t ream function; and 
the equation of state is assumed given in the form h(p, S). The pa rame te r s  on the jet boundary are denoted by 
the subscr ipt  H and on the nozzle exit by ao We consider  all the quantities dimensionless:  the coordinates are 
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