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The nons ta t ionary  gas flowing out of sonic nozzles  was cons ide red  in [1-4]. The study of a nons ta t ionary  
j e t  flowing out  of supe r son ic  nozzles  is a development  and continuation of these  e x p e r i m e n t a l  inves t iga t ions .  

A l a rge  number  of p a r a m e t e r s  c h a r a c t e r i z i n g  the outflowing gas and the r e s i d u a l  gas of the p r e s s u r e  
chamber ,  as well  as the g e o m e t r y  of the outflow conditions a r e  de te rmined  in the gene ra l  formula t ion  of the 
p r o b l e m  of motion of a f ront  of outflowing m a t e r i a l  and its accompanying pe r tu rba t ions  dur ing the fo rmat ion  of 
a pulsed jet .  If the s tagnat ion p a r a m e t e r s  of the outflowing gas a r e  l imi ted  to values  at  which it can be con- 
s i de r ed  as idea l  and pe r f ec t ,  and the e x p e r i m e n t  is organized  so that  the r e s i d u a l  and working gases  a r e  iden-  
t ica l ,  then the number  of governing p a r a m e t e r s  is reduced .  Within the f r amework  of the cons t ra in t s  accepted ,  
the outflow can be d e s c r i b e d  by the following gene ra l i zed  p a r a m e t e r s :  

r/r., O, "~c,/r., p , /p~  , T . /T~ ,  7,-G~ 

where  r is the r a d i u s - v e c t o r  coord ina te ,  0 is  the po la r  angle,  r ,  is the r ad ius  of the c r i t i c a l  nozz]e sect ion,  c , ,  
p , ,  T .  a r e  the sound speed,  p r e s s u r e  and t e m p e r a t u r e  in the c r i t i c a l  nozzle sect ion,  p~,  Too a re  the p r e s s u r e  
and t e m p e r a t u r e  in sur rounding  space ,  G is a fac tor  desc r ib ing  the nozzle  geomet ry ,  T is the r a t io  of the gas 
spec i f i c  hea ts ,  and ~- is  the t ime  of the s tage of the p r o c e s s .  

The conica l  nozzles  used in this r e s e a r c h  were  computed by using the geome t r i c  Mach number  at  the exi t  
for the s t a t i ona ry  flow mode 4.8; 4.5; 3.2 (T = 1.4) with an ident ica l  c r i t i c a l  sec t ion d iame te r .  The nozzle was 
mounted in the endface of a shock tube and the gas heated by the r e f l ec t ed  shocks escaped into a chamber  with 
reduced  p r e s s u r e  (p~ = 5-40 mm Hg). 

Va r i a t i on  of the incident  wave Mach number  in the tube provided  the opportuni ty to va ry  the s tagnat ion 
p a r a m e t e r s  of the outflowing gas and to model  the nons ta t ionary  j e t  by means of the p a r a m e t e r s  p , / p ~ ,  T,/T00. 
The in i t i a l  o f f -des ign  value p , / p ~  v a r i e d  a lso  because  of the change in p r e s s u r e  in the p r e s s u r e  chamber  P00. 
Modeling the j e t  in the p a r a m e t e r s  G and 7 was r e a l i z e d  by mounting nozzles  of d i f ferent  conf igurat ions  in the 
tube endface and by using d i f ferent  gases .  

The inc ident  wave ve loc i ty  in the tube was m e a s u r e d  during the e xpe r i m e n t a l  inves t iga t ions  p e r f o r m e d ,  
and s u c c e s s i v e  s tages  of the outflowing m a t e r i a l  motion and its accompany ing  pe r tu rba t ions  were  r e c o r d e d  by 
a Sch l i e ren  method in the p r e s s u r e  chamber  for known in i t ia l  p a r a m e t e r s .  The t ime of r e c o r d i n g  the outflow 
s tage  r e l a t i v e  to the beginning of the outflow is fixed c l e a r l y  on the Sch l ie ren  photograph.  

I l l u s t r a t ions  of the s u c c e s s i v e  change in the s t r u c t u r e  of a nons ta t ionary  carbon  dioxide gas j e t  a r e  
shown in Fig .  1 for d i f fe ren t  nozzles .  The nozzle c h a r a c t e r i s t i c s  a r e  given in Table 1. 

The r e s u l t s  obtained during the outflow of gases  heated by shocks with M 0 = 2.5-3.5 r e f l ec t ed  f rom the 
tube endface a r e  cons ide red  in this pape r .  

The gas p a r a m e t e r s  behind the wave r e f l e c t e d  f rom the shock tube endface with the ment ioned Mach 
values  of the inc ident  wave a r e  a s sumed  to be the equ i l ib r ium values .  The c r i t i c a l  sound speed in the gen- 
e r a l i z e d  coord ina tes  was a s sumed  to be f rozen.  Qual i ta t ive ly ,  the max imum deviat ion of this  value f rom the 
co r r e spond ing  equ i l i b r ium value  in the p a r a m e t e r  r ange  inves t iga ted  is not more  than 5%. 

The picture of the wave structure of a nonstationary sonic jet is described in [2]. The structure of the 
flow being developed during outflow from a supersonic nozzle is distinctive in that it has a prehistory of flow 
formation in the nozzle. In this case, the front of the outflowing material approaches the nozzle exit, before 
which the shock being formed moves. The secondary compression shock, which is seen well in a gas escaping 
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TABLE 1 
Nozzle 
numb~ ~a 

I 15 

i0 

15 

Fig. 1 

f r o m  a s lot  is scanned through the vor tex  r ings  escaping  f r o m  a c i r cu l a r  hole (sonic nozzle) and a supersonic  
nozzle.  In many cases  s e v e r a l  secondary ,  succes s ive  waves  occur .  In addition to the secondary  wave o r  the 
s y s t e m  of secondary  shocks in the init ial  s tage of exhaust  f r o m  a nozzle,  a s y s t e m  is observed  which is s i m i l a r  
in wave s t ruc tu re  to a s t a t ionary  underexpanded j e t  which va r i e s  with t ime,  a b r idge - shaped  shock (Mach disk) 
of  this s t ruc tu re  d iminishes  during downs t r eam movemen t  and degenera tes  into an X-shaped  s t r u c t u r e  which 
vanishes  a l together .  This is c h a r a c t e r i s t i c  for nozz l e s  1 and 2, i .e . ,  for  nozzles with a large " g e o m e t r i c "  Mach 
number  a t  the exit .  In those cases  when the secondary  shock is seen  on the Toepler  d i ag rams  during the flow 
development  and its d i sp l acemen t  along the axis ,  the change in its shape can be t raced .  At la rge  t imes  f rom 
the beginning of the outflow it  is a l r eady  not an e l emen t  of a sphere ,  and a t  t_> 100 ~sec the wave becomes  
planar .  For  t>_ 150 #sec it  vanishes  in Ar ,  and N2, while for t _  300 psec it  vanishes  in CO 2. Vor tex  r ings  f o r m  
a t  the nozzle edge in the outflowing gas ,  and their  number  is l ess ,  as  a ru le ,  than in the case  of outflow f r o m  a 
sonic nozzle.  The r ings  i nc r ea se  in s i ze  during the flow development  and d issoc ia te ,  and the je t  is turbulized.  
After  100-150 ~sec f r o m  the beginning of the outflow, under the g e o m e t r y  conditions of the exper imen t  when the 
vo r t ex  r ings  m e r g e  and f o r m  a developed turbulent  s t ruc tu re ,  a s y s t e m  of per turba t ions  or ig inates  in the reg ion  
between the su r face  and the shock going a long the  p r e s s u r e  chamber  gas.  The pe r tu rba t ion  c lo ses t  to the f ront  
of  the outflowing m a t e r i a l  dupl icates  its shape ,  and the whole s y s t e m  of per tu rba t ions  moves  downst ream.  

No wave s t ruc tu re  fo rmat ion  c h a r a c t e r i s t i c  for  a s t a t ionary  j e t  co r responding  to the init ial  of f -des ign  
was obse rved  in the t ime  (up to 400 psec) and governing p a r a m e t e r  r ange  invest igated.  

The quanti tat ive informat ion  obtained f r o m  the photographs examined cons is t s  in de termining  the r e g u l a r i -  
t ies of the d i sp lacemen t  of  the outflowing m a t e r i a l  f ront  and the wave f ront  ahead of it  in space.  These r egu -  
l a r i t i e s ,  r e p r e s e n t e d  in genera l ized  p a r a m e t e r s ,  de sc r i be  the change in t ime of the s t ruc tu re  of any jets  in the 
s ta r t ing  modes.  
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TABLE 3 

Number 
Nozzle 
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Fig. 3 

L e t  us  e x a m i n e  the  mo t ion  a long  the j e t  a x i s  (0 = 0) o f  a f ron t  of  m a t e r i a l  K and the wave  ahead  of  i t  S in 
the  c o o r d i n a t e s  x = x / r , ,  [=  r c , / r , .  In t h e s e  c o o r d i n a t e s  the  e x p e r i m e n t a l  p o i n t s  l i e  on  one  c u r v e  for  e a c h  of  
the  g a s e s  unde r  i n v e s t i g a t i o n  and for  each  no z z l e .  E x p e r i m e n t a l  po in t s  c h a r a c t e r i z i n g  the mot ion  of  the  
wave  S d u r i n g  the  out f low of CO2, A t ,  and  N 2 f r o m  nozz l e  2 a r e  p r e s e n t e d  in F ig .  2. The a p p r o p r i a t e  d e p e n -  
d e n c e s  for  n o z z l e s  1 and 3 a r e  a n a l o g o u s .  C o m p a r i s o n  o f  the p r i m a r y  wave  mo t ions  for  the  n o n s t a t i e n a r y  
ou t f low of  CO 2 f r o m  d i f f e r e n t  n o z z l e s  i s  p r e s e n t e d  in F ig .  3. 

The r e s u l t s  of  g e n e r a l i z i n g  the  e x p e r i m e n t a l  da t a  in  the  c o o r d i n a t e s  x and t a r e  p r e s e n t e d  in the t a b l e s .  
V a l u e s  of the  exponen t s  and the c o e f f i c i e n t s  in f ron t  of the  p o w e r  t e r m  in a f o r m u l a  of the f o r m  x = A [  ~ which  
d e s c r i b e s  wave  m o t i o n  ahead  of  a f r o n t  of  m a t e r i a l  a r e  p r e s e n t e d  in  T a b l e  2. A de f in i t e  r e g u l a r i t y  in the 
n u m e r i c a l  v a l u e s  o b t a i n e d  is  o b s e r v e d  d u r i n g  the p a s s a g e  f r o m  CO 2 .to A r  (with the g rowth  in the n u m b e r  7), 
however the data on N 2 drop out of the regularity for nozzle 3, and this circumstance requires further investi- 
gation. 

Taking account of the difference in nozzle geometry, it is expedient to start with the change in the origin 
of the motion of the gradient stream domain along the axis by eliminating the nozzle length and shifting the 
time origin correspondingly. Intersection of the origin will be sufficiently correct if it is performed by using 
the approximation obtained above. Extrapolation of the graphical dependences of x and t to the coordinate of 
the nozzle exit x=/ yields the value of the time ti0 corresponding to the wave emergence from the nozzle exit. 

Passage to the new coordinates 

x '  = ( x  - -  O / r , ,  -t '  = ~ c , / r  , - -  t lo 

and c o n s t r u c t i o n  of  the  a p p r o x i m a t e  r e l a t i o n s h i p s  in t h e s e  c o o r d i n a t e s  r e s u l t  in a s a t i s f a c t o r y  exLension of  the  
da ta  o v e r  a l l  the n o z z l e s  fo r  each  of the  g a s e s .  

The  fo l lowing  equa t i ons  of  wave  m o t i o n  ahead  of the  f ron t  of m a t e r i a l  a r e  ob t a ined :  

x '  = 1.44[ '~ for CO> 

x ' - - t . 3 8 [  '~ for N.,. 

x '  = 0,63-t' for At. 

No a n a l o g o u s  g e n e r a l i z a t i o n  is ob t a ined  in the  c o o r d i n a t e s  u sed  for  the m a t e r i a l  f ron t  mo t ion ,  which  is 
a p p a r e n t l y  a s s o c a i t e d  with the  m o r e  s u b s t a n t i a l  i n f luence  of  the  f low s t a g e  in the  nozz l e  on the r e g u l a r i t y  of 
f r e e  s t r e a m  mot ion .  
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Fig. 4 

The data on the m a t e r i a l  f ront  motion a r e  genera l ized  sa t i s f ac to r i ly  by the dependence of the f o r m  ~-- 
B t B f o r  each gas and nozzle s epa ra t e ly  in the whole range  of init ial  values  considered.  The coefficients  B and 

a r e  r e p r e s e n t e d  in Table 3 for  nozzles 2 and 3. 

The nonsta t ionary  wave s t ruc tu re  of  pulsed je ts  is cha rac t e r i zed  in a sufficiently broad range  of init ial  
p a r a m e t e r s  by the p r e s e n c e  of  analogs of  the Riemann wave and the Mach disk in s t a t ionary  je ts ,  secondary  
c o m p r e s s i o n  waves .  

Many papers  [5-12] a r e  devoted to the de te rmina t ion  of the location and s ize  of the Mach disk and the 
Riemann wave in a s t a t iona ry  jet .  However ,  the assumpt ions  taken for the foundation of the computat ion 
hypotheses  a r e  con t rad ic to ry  [5-8] and the e m p i r i c a l  re la t ionships  a re  not suff icient ly genera l .  An analys is  of 
the secondary  wave behavior  in the je t  fo rmat ion  s tage can and should yield the information needed for  a phys i -  
cal ly  well-founded se lec t ion  of the initial  hypotheses  for the computat ion of the location and s ize  of the Mach 
disk and Riemann wave in s ta t ionary  je ts  as well.  

The question of the secondary  c o m p r e s s i o n  wave motion during je t  fo rmat ion  is examined in detai l  below. 

Recording of the success ive  outflow s tages  in this s e r i e s  of  expe r imen t s  was p e r f o r m e d  both by the 
method of f r a m e - b y  f r a m e  photography by using a spa rk  light source  {flash t ime 1 usec ,  f r a m e  s ize  45 • 100 
mm2), and by the method of continuous scanning by using an IFK-120 pulsed tamp and a pho to reco rde r  of  the 
type ZhFR-1 .  These two record ing  methods supplemented each other by a s su r ing  high t ime  and space  r e s o l u -  
tion. A ca re fu l  ana lys is  of the je t  s t ruc tu re  was accompl i shed  by means  of the photographs obtained in the 
f r a m e - b y - f r a m e  survey ,  and the deve lopment  of the flow pic ture  in t ime was analyzed by means  of the con-  
tinuous sweep in addition. 
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Sweeps of the ni t rogen outflow f rom plane (Fig. 4a) and a x i s y m m e t r i c  (Fig.  5a) nozzles  a r e  r e p r e s e n t e d  
in the photographs .  Let  us note the c h a r a c t e r i s t i c  l ines on the Toepler  photographs p re sen t ed :  1) t r a j e c t o r y  of 
p r i m a r y  shock su r face  motion; 2) contact  su r face  of the outflowing gas ;  3a and 3b) s econda ry  shocks in the 
outflowing gas.  The five succeeding s tages  in n i t rogen outflow f rom a plane nozzle,  obtained by using the s ~ r k  
l ight  sou rce ,  a r e  r e p r e s e n t e d  in Figs .  4b-f.  

Let  us examine  the flow s ingu l a r i t i e s  which can be c l a r i f i ed  in a c om pa r i s on  between the f r a m e - b y - f r a m e  
and the continous pho to record ing  p r o c e s s e s .  Fo r  both the p lanar  and a x i s y m m e t r i c  outflow the gas motion 
occurs  with intense vo r t ex  format ion .  The v e r y  compl ica ted  in te rac t ion  between the vo r t i ce s  within the out-- 
flowing gas is r e f l e c t ed  in both the motion t r a j e c t o r y  of i ts f ront  of c o a r s e  and f i n e - s c a l e  pu l sa t ions ,  which 
r e s u l t s  in turn in the genera t ion  of sonic and s t ronge r  dens i ty  pe r tu rba t ions .  T r a c e s  of these  pe r tu rba t ions  a r e  
seen  between the motion t r a j e c t o r i e s  of the p r i m a r y  shock and the contact  su r face  in the photographs ,  and 
which as any pe r tu rba t ion  behind a shock,  r each  it,  make up, and a r e  one of the causes  spoi l ing the s e l f - s i m i -  
l a r i t y  of the flow. 

We sha l l  not examine  the secondary  wave 3a which occur s  near  the outflowing gas f ront  in this pape r  but 
we sha l l  s tudy wave 3b which tends to occupy the qua s i s t a t i ona r y  locat ion of the Riemann wave and the Mach 
disk.  On the bas i s  of an ana lys i s  of a l a rge  quanti ty of sweeps ,  the nature  of the c o m p r e s s i o n  wave motion in 
the outflowing gas ,  the nons ta t ionary  Mach disk (3b) is detected.  A graph of the motion of the nons ta t ionary  
Mach disk as n i t rogen flows out of a sonic nozzle of 4 - m m d i a m e t e r  (n=Pa/po o is the o f f -des ign ,  Pa is the p r e s -  
su re  at  the nozzle  exi t ,  h is  the spacing along the axis f rom the nozzle exi t  to the nons ta t ionary  Mach disk) is 
r e p r e s e n t e d  in Fig .  5b in the d imens ion les s  s i m i l a r i t y  coord ina tes  h / r ,~n  and ~-c,/r,~fn. It is seen f rom Fig. 5b 
that  the nons ta t ionary  Mach disk c r o s s e s  i ts  s t a t i ona ry  locat ion by 10-15% in the modes  cons ide red  during je t  
fo rma t ion  and then r e t u r n s  back to occupy the qua s i s t a t i ona r y  locat ion a f te r  ~ 140 psec f rom the beginning of 
the outflow. In d i f ferent  t e s t s ,  the ampl i tude  of the v ibra t ions  and the f requency have a l a rge  spread .  The 
mean  va lues  of the v ib ra t ions  ampl i tude  of the Mach d isk  coord ina tes  a r e  ~ 7% and of the v ibra t ions  f requency 

15 kHz. The q u a s i s t a t i o n a r y  Mach d isk  locat ion r e a l i z e d  in our expe r imen t s  is in s a t i s f a c t o r y  a g r e e m e n t  
with that  p roposed  in [9] for s t a t i ona ry  j e t s .  

The fo rmat ion  of a Riemann wave in t h r e e - d i m e n s i o n a l  je ts  has been inves t iga ted  for N2, Ar and CO 2 out-  
flows f rom p lanar  sonic nozzles  with the c r i t i c a l  sec t ion d imens ions :  1) 1.5 x 40 mm 2, 2) 2.2 x 40 m m  2, 3) 0.8 x 
32 mm 2. One of the mos t  impor t an t  c h a r a c t e r i s t i c s  of the wave s t ruc tu r e  is  the d is tance  to the Riemann wave 
in plane s t a t i ona ry  j e t s ,  which is p ropor t iona l  to n. This same  c r i t e r i o n  was used to analyze  the motion of a 
nons ta t ionary  Riemann wave in the fo rmat ion  of a t h r e e - d i m e n s i o n a l  je t .  A dependence of the Riemann wave 
motion in t ime  in the in i t ia l  s tage (to 140 psec) is  cons t ruc ted  in the d imens ion les s  coord ina tes  h / r , n =  
f (Tc . / r . n ) .  The dependences  obtained for d i f ferent  gases  were  approx ima ted  by power  functions of the form 
y = A x  ~ by using the MHK, where  A and ~ a r e  p re sen ted  in the table  in Fig. 6. 

Let  us examine  the quest ion of the app l i cab i l i t y  of the model  of flow format ion  f rom a source  to the flows 
under  inves t iga t ion .  Flows f rom c y l i n d r i c a l  and s p h e r i c a l  sou rces  in the a spec t s  of i n t e r e s t  to us. turn  out to 
be qua l i t a t ive ly  analogous ,  consequent ly ,  unless  s t ipula ted  o the rwise ,  we sha l l  not d is t inguish between them. 
The p r i m a r y  shock which fo rms  in the gas of the sur rounding  space slows down with t ime  and degenera tes  into 
a sound wave a t  infinity.  The contact  su r face  a lso  moves with r e t a r d a t i o n  and as the t ime tends to infinity,  its 
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Fig. 6 

velocity diminishes to zero,  but the p r e s s u r e  approaches the p r e s s u r e  in the surrounding space asymptotically.  
Retardat ion of.the contact surface motion is caused.bY the fact that the mass of gas enclosed between the wave 
and contact  surface grows with the course  of time, while the a rea  of the contact  surface also increases  in time 
but the influx of momentum in the expanding gas sys tem remains  constant. Retardation of the contact surface 
in the initial stage of the expansion resul ts  in compress ion  of the impinging gas. The compress ion  f i rs t  occurs  
isentropical ly,  and with the growth of time in the secondary  shock whose intensity increases  as the outflow 
develops. This shock tends to occupy a s ta t ionary location and modes [13] a re  possible when it passes  its 
s ta t ionary location and only then re turns  to it. The secondary  wave moves over the nonstat ionary ra refac t ion  
wave in the initial expansion stage, and in tersects  it in the course  of t ime (see, e.g. ,  the experiments in [14]), 
and fur ther  motion occurs  on a s tat ionary ra refac t ion  wave. Under cer tain conditions, the secondary shock 
s tar ts  to move along the s ta t ionary ra re fac t ion  wave a lmost  at  once (hypersonic source ,  p ressu re  not ve ry  low 
in the surrounding space). In its general  features ,  such is the qualitative picture of the flow according to 

[13, 15]. 

The asymptot ic  laws for the behavior of the charac te r i s t i c  flow surfaces  a re  found in [13] within the 
f ramework  of the theory of an ideal fluid. The approximate  laws for the motion of the same surfaces  in the 
initial expansion stage are  found in [15] in the hypersonic source approximation,  the accuracy  of the formulas 
proposed is ~ 10% (it is assumed that the domain thicknesses a re  r 1 - r 2 and r 2 - r3<<rl). Using cer ta in  analo-  
gies with se l f s imi la r  problems on the motions of convergent  shocks and flows caused by an expanding piston, 
the author of [15] compiled the mass and energy balance equations f rom which the appropria te  relat ionships 
were obtained for the cha rac te r i s t i c  surfaces .  Moreover ,  the solution of the nonstat ionary problem of flow 
from a s ta t ionary cyl indrical  and spher ica l  source  is per formed numerical ly  in [15], taking into account the 
v iscos i ty  and heat conductivity in the whole stage of flow formation. The resul ts  of the numerica l  computations 
verif ied the qualitative picture of the p rocess  which was described above, and disclosed slight influence of the 

Reynolds number on the flow. 

Let us examine the question of how the problem solved in [13, 15] and the problem of jet formation a re  
related.  It is known that the solution for the steady flow f rom a s tat ionary source is applicable to the cent ra l  
par t  of a s ta t ionary jet. It would be ca re less  to c a r r y  such a method over to a nonstat ionary jet  since: 

1) It is impossible  to set  the s ta t ionary isentropic ra re fac t ion  wave existing in the flow f rom a source 
throughout the t ime of p rocess  development into a one- to-one  correspondence  with some flow domain in the 
nonstat ionary jet. 

2) After a cer ta in  time the secondary  shock in the model of nonstat ionary flow from a source  occupies the 
s ta t ionary position. However, in the experiments  we performed with N=20-200,  the jet formation is accom-  
panied by two secondary shocks. The f i r s t  of them, ar ranged c loser  to the contact  surface (3a), is p resen t  in 
experiments  with different values of the governing pa rame te r s  (n< > 1). Its existence is apparently associated 
with the presence  of a quite extensive zone of r ec ip roca l  vor tex motion near the outflowing gas front, and in 
cont ras t  to the wave 3b, the secondary  wave 3a in the gas re tu rn  motion zone is called the "dynamic secondary 
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wave. ~ The secondary shock (3b, Figs. 4 and 5) is the analogy of the stationary Riemann wave and Maeh disk 
in the experiments under consideration and for n < 1 should not be formed as is verified by experiments per- 
formed with plane and axisymmetric nozzles (geometric Mach number at the exit 3.5, and 7 = 1.4). 

3) The characteristic surface locations computed numerically in [15] for a gas flowing out of a source 
agree only qualitatively with the locations of the corresponding surfaces measured experimentally in non- 
stationary jets. The discrepancy is 30% and more. 

The results presented, while not exhaustive~ afford the possibility~ however, of reproduction of the 
formation of the wave structure of pulsed jets in the nonstationary flow stage for ~vlach number ranges on the 
nozzle exit which are of practical interest and for values of 7 of the outflowing gases. 
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