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This paper examines the s t ructure  of the near -gasdynamic  section of a jet discharging into 
a raref ied volume. The experimental  part  of the ar t ic le  deals with unsteady discharge of a 
h igh- temperature  gas. Discharge f rom a slot and f rom a c i r cu la r  aper ture  is investigated 
for air ,  nitrogen, CO2, and argon with nonuniformities f rom 20-200. Approximate relat ions 
are  obtained to descr ibe  the motion of the front o fad i scharg ing  substance lndimens ioa less  
coordinates  and the associa ted  perturbation along the flow axis. It is established that the t ime 
for  a steady geometr ic  s t ructure  to form in the gasd)-aamic section of the jet is g rea te r  than 
the values obtained f rom data available in the l i terature.  

Starting p rocesses  in nozzles and the initial phases of discharge into free space have received little 
investigation. The problem is usually solved in the one-dimensional  approximation, and there is ag ree -  
ment with experimental  data only along the axis of the nozzle and the jet in the initial stages of the process .  
The experimental  data on start ing p roces se s  can be divided into two groups: data on flow in nozzles and 
near  the nozzle exit, and data on the discharge of the p r imary  shock wave, observed at distances of several  
nozzle diameters .  The l i terature  contains no experimental  and numerical  data pertinent to the formation 
of a j e t and i t s  gasdynamic section. 

The formation of flow in a nozzle has been investigated experimental ly [1-3]. A few papers  have de-  
scr ibed investigation of the initial stage of discharge into free space [4-7]. 

The formation of steady flow in a jet and a nozzle can be divided into two stages:  the stage where all 
the perturbat ions accompanying the front of the discharging gas pass through a given point in space, and the 
stage where established flow is formed in the discharging gas.  

The p rocess  of establishing s ta t ionary pa rame te r s  in a discharging gas in the region ups t ream of the 
secondary shock wave occurs  independently of the presence  of an opposing p re s su re .  The time to establish s ta-  
t ionary flow in the discharging gas can be evaluated from the resul ts  of [6 ]. Reference  [6] examined the problem 
of formation of s tat ionary flow under the assumption that the discharge takes place in a vacuum, that the 
discharging gas is perfect ,  inviscid, and non-heat  conducting, and that there a re  no physical  or  chemical  
t ransformat ions  in the gas during the discharge.  It is assumed that the flow depends on one spatial coord i -  
nate, Le., ax i symmetr ic  and cen t rosymmet r i c  flows are  considered.  The t ime to establish s ta t ionary dis-  
charge  into vacuum for  ax isymmetr ic  and cen t rosymmet r i c  flows at a distance of severa l  tens of ca l ibers  
f rom the throat  differ by two orders  of magnitude and more. At this distance appreciable differences exist 
in the t ime to establish s~.eady conditions, depending on 3: =Cp/Cv.  The t ime to establish s tat ionary flow 
for a gas with 3, =1.4 is less  than the corresponding t ime for ~ = 1.2 by a factor  of 4-5.  

The present  work was per formed using a shock tube of c r o s s  section 40 • ram, a l o w - p r e s s u r e -  
chamber  length of 3.5 m, and the IAB-451 shadowgraph unit. A nozzle was mounted at the end of a shock 
tube with two-dimensional  or  cyl indrical  symmetry ,  and the shock-heated gas discharged through the 
nozzle. The nozzle throat  a rea  was -<- 5% of the a rea  of the end of the tube, so that the gas pa rame te r s  in 
the "test  slug" could be calculated with sufficient accuracy.  The tube and the p re s su re  chamber  were filled 
with t he t e s t  gas to a p r e s su re  of 20 tor r .  The Maeh number of the incident shock was M =2.5-4. 
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Fig. 1 

Fig. 2 

The photographs (Figs. 1-3) show success ive  stages in the change of s t ructure  of the unsteady flow of 
N2, Ar,  and CO 2 discharging f rom a slot. F r a m e s  2, 3, and 4 and also f rames  5 and 6 for  CO 2 show typical 
p ic tures  of per turbat ions  accompanying the front in the discharging gas. 

The front surface of the discharging gas (frame 2 of Fig. 1) is a contact  discontinuity separat ing the 
p r e s s u r e - c h a m b e r  gas and the gas which a r r ives  through the slit f rom the volume heated by the reflected 
shock in the tube. The surface has a typical  s t ructure ,  s imi lar  for  Ar  and N 2 and somewhat different for  
CO 2. In CO 2 this surface is more complex and more per turbed in the initial stages.  The photographs for 
success ive  s tages show that i t i s  more stable and bet ter  defined at la ter  t imes,  and that it is smeared  some-  
what la ter  than for At ,  Nz, and air .  

Ahead of the contact surface a layer  of dense gas forms as the d ischarge  p rocess  develops~ thedense gas 
or iginates  in the p re s su re  chambe r  and is displaced by the heated gas discharging from the shock tube. The front 
of the perturbat ion thus formed (Fig. 1) separa tes  fur ther  and fur ther  f rom the contact surface as the process  
de velops and the speed of  the front diminishes as distance from the slot inc reases .  In the initial stage of develop- 
ment of the process  there is no evidence of spatial  separat ion of the contact surface and the forward boundary of 
the dense layer .  After a t ime of the o rde r  of 5-10 p sec  from the s tar t  of the discharge,  a smooth boundary is 
c lear ly  seen (on the Schlieren photograph) and the motion of  the front for the f i rs t  10-15 psec takes place 
at the maximum velocity. 

The photographs re la t ing to 10-15 ~sec  f rom the beginning of the discharge c lear ly  show, for  the 
gases examined, a second compress ion  wave (3 in Fig. 1), a r i s ing  in the discharging gas. 

We shah comment  on some special  fea tures  of the s t ruc ture  of the unsteady picture of the CO 2 dis-  
charge  (Fig. 1). In the CO 2 jet a c lear lydis t inguishable  secondary  compress ion  wave (3) is observed at 
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Fig. 3 

Fig. 4 

200 ~sec  in the d ischarge;  for  Ar ,  N 2 and a i r  a f t e r  125-150 ~sec  the secondary  shock wave is not seen in 
the photographs.  Fo r  d ischarge  of CO 2 for  a lmos t  the whole t ime  invest igated one does not see a wave 
s t ruc tu re  like a s ta t ionary  flow pic ture .  The unsteady suspended discontinuit ies  change the i r  posit ion and 
the angle of the i r  inclination to the jet  axis  v a r i e s  f r o m  f r a m e  to f r ame .  

In the photographs obtained at 1.5-2 ~sec  f r o m  the s t a r t  of the flow, the p ic ture  appea r s  p rac t i ca l ly  
identical  for  all  the gases ,  and c o r r e s p o n d s  to d ischarge  of a mixture  of the d r ive r  and the dr iven gases .  
When this t ime  is over ,  the initial  nonuniformity of the r e g i m e s  cons ide red  changes ,  since the gas which has 
now reached  the p r e s s u r e  c h a m b e r  i nc rea se s  the p r e s s u r e  in the chamber ,  and the wave front t r ave l ing  
ahead of the d i scharge  gas  front  r eaches  the p r e s s u r e - c h a m b e r  wall,  and d is turbs  the or iginal  condit ions in 
the chamber .  

The d i scharge  f rom a c i r c u l a r  ape r tu re  p roceeds  analogously to d ischarge  f r o m  a slot  in the initial 
s tages  of the unsteady reg ime .  In the immedia te  vicini ty  of the edge of the ape r tu r e  the re  a r e  pe r tu rba t ions  
accompanying the d i scharge  gas front  (Fig. 4). The l a t t e r  f o r m s  a sy s t em of vo r t ex  r ings ,  the re  being 
th ree ,  as a rule ,  in the cour se  of the f i r s t  45-75 ~sec  in these  conditions. The size of the second and 
th i rd  r ings  i n c r e a s e s  not iceably with t ime,  while that  of the f i r s t  r ing r e m a i n s  unchanged, and a f t e r  100- 
125 ~sec  we cannot distinguish it against  the turbulent  s t ruc tu re  which resu l t s  f r o m  the growth and decay 
of the second ring. In the 25-~sec p ic ture  the per turba t ion  fo rming  ahead of the d ischarge  gas front  is a 
f ront  r ep re sen t ing  in te r fe rence  of per tu rba t ions  f r o m  each of the vo r t ex  r ings ,  i .e. ,  the envelope of the 
pe r tu rbed  region is not smooth and follows the s t ruc tu re  of the r ing sys t em.  Af ter  35-45 ~ sec the leading 
frunt  of the pe r tu rbed  region is quite f a r  f rom the contact  sur face ,  becomes  smooth,  and has  a shape like 
an e l l ipse  with ma jo r  axis  elongated along the flow axis.  
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dimension at the c r i t ica l  sound speed. 

Af ter  75-100 ~ sec, when the second and third vor tex  rings 
merge,  fo rming  a developed turbulent s t ruc ture ,  a sys tem of pe r t u r -  
bations a r i s e s  in the region between the contact  surface and the front 
(Fig. 4). The per turbat ions  c loses t  to the contact  surface repeat  their  
shape at a given t ime,  and since this shape becomes complicated as 
t ime goes on, the sys tem of per turbat ions  seen on the Schlieren photo- 
graphs also becomes complex. The per turbat ions  interact  amongst  
themselves ,  and if they are  not attenuated, the leading front is d i s -  
tot ted,  since in the limit the speeds of all the per turbat ions  are  
equal to the speed of sound, but in the medium behind the leading 
front sound is propagated with somewhat  g rea t e r  speed than in the 
unperturbed gas. These considerat ions  a re  valid when the visible 
per turbat ions  are  not compress ion  waves having an absolute veloci ty 
in the ups t ream d i r e c t i o n  

The secondary  compress ion  wave in the  d ischarging gas, 
c l ea r ly  seen for the case  of d ischarge  f rom a slot, is not visible on 
the photographs (Fig. 4), since the internal s t ruc ture  of the cloud of 
d ischarging gas is closed by the vor tex  r ings of the outer  flow r e -  
gion. On the individual f r ames  of Fig. 4, inside the volume between 
the third and second vortex r ings of cha rac te r i s t i c  shape, one can 
see a nonuniformity which is a secondary  shock wave. The sequential 
photographs of the d ischarge  p roces ses ,  with evenly spaced r e c o r d -  
ing t imes  for each stage, enable us to descr ibe  the quantitative motion 
of the mater ia l  front and the per turbat ions  which precede it. 

The numerica l  p rocess ing  of the experimental  data takes the 
form of cons t ruc t ing  approximate formulas  to descr ibe  the change in 
position of the per turbat ion front with t ime. It was convenient to ex-  
p r e s s  all the resu l t s  in a d imensionless  coordinate sys tem:  the d is -  
tance in ca l ibe rs  (X/r  0) where there  is a nonuniformity under investi-  
gation, at a t ime expressed  as a function of the dimensionless  t ime 
t = T C */r 0, where C * is the c r i t ica l  speed of sound for the d is -  
charging gas. The t ime t shows how the t ime of observat ion is r e -  
lated to the t ime required  for  the flow to t rave l  the charac te r i s t i c  
The c r i t i ca l  sound speed, which enters  into the determination of t 

brings information about the original conditions of the discharge gas, since it is a unique function of tem- 
perature in the reservoir for a perfect gas. 

In the case of discharge of shock-heated gas the gas parameters in the reservoir are the parameters 
of the gas behind the reflected shock. The equilibrium and the fully frozen state behind the reflected shock 
waves in CO 2 for regimes corresponding to Mach numbers M _<4 differ by 20-25%as regards the tempera- 
ture. These differences are less in N2, and in Ar for M _<4 the ionization does not produce noticeable change 
in t empera tu re  behind the ref lected shock. 

In reducing the experimental  data it was assumed that the condition in CO 2 and N 2 behind the ref lected 
shock co r responds  to equil ibrium excitation of the gas molecules.  The cr i t ica l  speed of sound was ca lcu-  
lated without accounting for  relaxatio~ effects.  

These calculat ions were  based on the relat ive smal lness  of the numer ica l  effect of the influence of 
var ia t ion in 7 and the value of the speed of sound in the conditions examined (6-7%). In principle there  
should be a real  gas effect in determining C *, pa r t i cu la r ly  where the gas d ischarge  is c rea ted  by r e f l ec -  
tion of shock waves with M~ 4 in the gases  listed. 

In the coordinates  x =X/r0,  t = ~ C */r  0 the experimental  points lie on a single curve,  different for 
each of the tes t  gases  (a difference in T is apparent). 

The experimental  curves  can be descr ibed by exponential functions of the type 

(t) X / r o = A (~C* / ro) ~ (1) 

in the section of X / r  0 and T C* / r  0 considered,  where A and ~ are  given in Table 1. 
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TABLE 1 

Coefficients 

Gas front 1 front 2 

A ~ A a 

Co~ 
Ar 
N2 

TABLE 2 

3.8 
3.1 
3.1 

0.7t 
0.69 
0.7t 

3.2 
2.5 
2.6 

0.68 
0.65 
0.7t 

Coefficients 

front ,ll ,. front 2 
Gas 

A ] a A a 

3.04 I 0.66 I 3.00 2.72 0.63 2.62 
N2 
Ar 

0.54 
0.52 

The cor respond ing  cu rves  cons t ruc ted  using these  fo rmu la s  and the exper imen ta l  points a r e  shown 
in Fig. 5. 

F r o m  these  approx imate  re la t ions  one can obtain fo rmu la s  for  the veloci ty  

d x  / dt  = A a t (~-t) 

The graphs  of ve loc i ty  for  the ca se  of d ischarge  f rom a slot  a r e  shown in Fig. 6 for  f ront  2. The 
speed is given as  a ra t io  to C* [• =(dx/dt)  x (1/c*)] .  The re la t ions  assumed  only hold in the region c o r r e -  
sponding to the exper imenta l  points,  and do not i nd i ca t e the  l imit ing Stage of the motion, s ince the condit ions 
for  t rans i t ion  to the l imi t  have not been imposed on re la t ions  of this  type.  The front  of the c o m p r e s s i o n  
wave propagat ing  in the p r e s s u r e  c h a m b e r  must  move in the l imit  with the speed of sound right  up t o t h e  
point of comple te  at tenuation resul t ing  f rom dissipat ion.  The intensi ty  of this  pe r tu rba t ion  can diminish 
accord ing  to different  laws, depending on the p r o p e r t i e s  of the gas,  and the speed cannot r e m a i n  l e s s  than 
the speed of sound in the unper turbed  medium. The re fo re  the approx imate  cu rves  for  dx/dt  a r e  val id in 
the region v <-75 for  Nz; ~ -< 100 for  CO2, and 7 -  < 175 p s e c  for  At .  

The photographs of the initial s tage of the d ischarge  ( T -< 15 ~ sec) do not show the per tu rba t ion  front  
in the p r e s s u r e - c h a m b e r  gas,  nor  the boundary of the d ischarging gas (1 and 2). The per turba t ion  front  
follows the shape of the boundary of the d ischarg ing  gas,  becomes  smooth, and d i f fe rs  marked ly  f r o m  the 
d ischarg ing  gas  a f t e r  at a t ime  20-30 ~ sec f rom the s t a r t  of the d ischarge .  

Using the approximat ions  and the dependence der ived  f r o m  them for  d imens ion less  ve loc i ty  as  a func-  
tion of t ime ,  it has  been es tabl i shed that  during the per iod cor responding  to va lues  of ~ for  which the d i -  
mens ion less  speed d x / d t  is l e s s  than 1.5 C *, the wave front  (and the front  of the d ischarging gas,  since 
they a r e  not resolved) moves  with a speed  g r e a t e r  than that  of the shock wave in the tube before  ref lec t ion 
f r o m  the end wall.  

The exper imen ta l  re la t ions  for  va r i a t ion  in the posit ion in the shock wave which p ropaga tes  ahead 
of the front  in the gas  d ischarg ing  f rom a c i r c u l a r  ape r t u r e  a r e  shown in Fig. 7. 

The c u r v e s  given in the f igures  desc r ibe  the approx imate  dependence of the type of Eq. (1), where  A 
and ~ a r e  given in Table 2. 

F r o m  the approximat ions  in the data of [6] one can es t ima te  the expected  t ime  fo r  e s t ab l i shment  of a 
s ta t ionary  d ischarge  in these  specif ic  conditions. The expe r imen t  for  the c a s e s  of d i scharge  f rom a slot  
and f rom an ape r tu re  shows that the theory  gives underes t ima ted  t imes .  Since t h e t i m e f o r  the ma te r i a l  
f ront  and the pe r tu rba t ions  assoc ia ted  with it to pa s s  have been es tab l i shed  exper imenta l ly ,  the d i sc repancy  
should be a t t r ibuted to the second t e r m ,  which was obtained f r o m  re su l t s  of computa t ions  in [6]. 
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